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t-oreword 

Experience has shown all too clearly that ignition and explosion can occur wherever com-
bustible dusts are handled or permitted to accumulate as a by-product of related activi-
ties. Despite reasonable precautions, accidents can and do happen; recognition of this 
universal hazard and the potential means for its control is widespread, as evidenced by 
the many individuals and groups worldwideperforming research and developing codes 
and regulations. 

The primary means of controlling and minimizing this recognized hazard are study, 
regulation, and education;to accomplish this, specific knowledge must be generated and 
disseminatedfor the benefit of all interested people. Rolf Eckhoff has, in my estimation, 
prepared an outstanding book. It presents a detailed and comprehensive critique of all 
the significant phases relating to the hazard and control of a dust explosion and offers 
anLup-to-date evaluation of prevalent activities, testing methods, design measures, and 
safe operating techniques. 

The author is in an outstanding position to write this text, having spent a lifetime in 
relsearch on dust and gas explosions. He assimilates information from worldwide con-
tacts while retaining his independence of thought and the ability to see clearly through 
prloblems.His clear and concise language and thorough approach will benefit his fellow 
workers and all who read his book. His presentation of the mathematics, tables, and fig-
ures is clear and striking. The inclusion of a comprehensivebibliography indicates not 
only his own thoroughness but also the widespread nature of research into dust explo-
sions throughout the world. 

To my knowledge this book is the most complete compilation to date of the state of 
the art on industrial dust explosions. 

John Nag3 Finleyville, PA 
(Formerly of the U.S. Bureau of Mines) 





Prefaces 

PREFACE TO THIRD EDITION 

As with the second edition, I have not revised the entire book, which, although desir-
able, would have been an impossible task for me to undertake. However, the entire orig-
inal body of the book (Chapters 1-7) had, for various reasons, to be reproduced for this 
new edition. This has given me the opportunity, when reading through the new produc-
tion, to make minor adjustments in the original text, where this was considered neces-
sary in the light of more recent evidence. 

The major revision has been limited to the final review chapter of the second edition, 
which has been expanded and rewritten to cover the whole span 1990-2002. Nearly 400 
new literature references have been added. I am indebted to all the colleagues, over the 
whole world, who have kindly provided reprints and reports of their valuable work. 

An entirely new chapter on electrical equipment for areas containing explosible dusts 
has been added to the book. I became acquainted with this special field over the last 12 
years and gradually realized that a chapter devoted to this topic would be useful. I am 
greatly indebted to Thore Andersen, secretary of the Norwegian national Ex committee, 
NIK 31,for many valuable discussions, help with retrieving printed information, proof-
reading the new chapter, and arranging for me to take part in some of the meetings of 
the IEC working group 31H WG3. Sincere thanks are due also to Dr. Gerold Klotz-
Engmann, Endress + Hauser, Germany, for valuable advice and help during the prepa-
ration of the section on intrinsic safety. 

My special thanks goes to my outstanding research student Trygve Skjold, for numer-
ous stimulating discussions and bringing to my attention many important papers. He also 
kindly proofread both Chapters 8 and 9. 

In the original part of the book, the adjective expEosible is used both in connection with 
dust and dust cloud, hence explosibledust and explosibledust cloud. In the new Chapters 
8 and 9, I distinguish between explosible dust and explosive dust clouds. The reasoning 
is that a combustible dust as such is only potentially explosive, whereas a dust cloud that 
can propagate a flame is explosive in the same sense as a premixed gas cloud. 

PREFACE TO SECOND EDITION 

The present book was first published in August 1991 as a hardcover version, which was 
out of print by spring 1994. The publisher then decided to produce a new paperback ver-
sion, which was essentially the original book with some minor adjustments. This second 
version was out of print by mid-1996. 

In 1992 I was asked to give a review lecture on the state of the art of research on dust 
explosion prevention and mitigation, at an international summer school. This provided 
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an opportunity to pick up from where I had to stop reviewing the most recent literature 
for inclusion in the original book manuscript. The summer school was repeated both in 
1993and 1994,which encouragedme to update the review accordingly.It gradually came 
clear to me that the review would only need to be modified slightly to form a useful new 
Chapter 8 of my book. The publisher agreed to this idea and decided that such a chap-
ter, covering material published after 1990,be included in the second addition of the book 
to appear in 1996/1997.I therefore continued to incorporate new material right up to the 
submission of the final manuscript. 

After having worked for more than 30 years at CMR (CMI up to 1992), performing 
contract research and consultancy work for industry, I started, from 1996, a new chal-
lenging career as a full-time professor in process safety technology at the University o f  
Bergen. It is my hope that my students will find the present book, with the new Chapter 
8, a helpful guide into one of the important facets of process safety. 

PREFACE TO FIRST EDITION 

The ambitious objective of this book is to provide an overview of the present state of 
the art. However, the amount of published information on dust explosions worldwide is 
vast, and a substantial amount of additional work was never printed in retrievable liter-
ature.While I feel that I may have been able to cover some of the EnglisWAmericanand 
German open literature fairly well, most of the valuable research published in other lan-
guages had to be left out simply because of the language barrier. 

Although I have tried to give a reasonably balanced account,the book also reflects my 
personal research background.To me the important role of powder mechanics in under-
standing dust explosions is evident. I have, therefore, included a separate chapter on the 
mechanics of dust particles and dust deposits.The book also reflects that most of my dust 
explosion research has been related to ignition, venting, and testing. 

The confrontation with the early research carried out by the pioneers in the United 
Kingdom, Germany, United States, and other countries creates deep humility and admi-
ration for the outstanding work performed by these people. Lack of sophisticateddiag-
nostics did not prevent them from penetrating the logical structuresof the problems and 
to draw long-lasting conclusions from their observations. It is a pity that much of this 
work seems to be forgotten in more recent research. Too often humankind “reinventsthe 
wheel.” This also applies to dust explosion research. 

I am indebted to professor emeritus H. E. Rose for bringing the existence of the phe-
nomenon of dust explosions to my attention for the first time and for giving me the 
opportunity to become acquainted with the subject, during my two years of post-graduate 
studies at King’s College, London, 1966-1968. 

I am also indebted to Mr. Alv Astad and Mr. Helge Aas for their encouragementand 
active participation when dust explosion research, sponsoredby Norwegian industry,was 
initiated at Chr. Michelsen Institute, Bergen, Norway, about 1970. 

The Royal Norwegian Council for Scientificand Industrial Research (NTNF) has given 
valuable financialsupportto CMI’sdust (and gas) explosionresearch from 1972until today, 
and also allocated a generous special grant for the writing of their book. An additional 
valuable grant for the work with the book was given by the SwedishFire ResearchBoard 
(Brandforsk). 
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I am also most grateful to all the industrial companies, research institutions,and COI-
leagues in many countries, who made available to me and allowed me to make use of their 
photographs and other illustrations.A specialthanks to BerufsgenossenschaftlichesInstitut 
fiir Arbeitssicherheit (BIA), in Germany, for permission to translate and publish the tables 
in the Appendix. 

I also wish to express my gratitude to those who have kindly read through sections of 
the draft manuscript and/or given constructive criticism and advice: John Nagy, Derek 
Bradley, Geoffrey Lunn, Bj@rnHjertager, Gisle Enstad, Dag Bjerketvedt, Ivar @. Sand 
and Claus Donat should be mentioned specifically. 

Also my indebtedness goes to Chr, Michelsen Institute, Department of Science and 
Technology, with its director Dr. Jan A. Andersen, which in its spirit of intellectual free-
dom coupled with responsibility, offered me the opportunity to establish dust explosion 
research as an explicit activity of CMI. The institute also gave high priority to and allo-
cated additional resources for the writing of this book, for which I am also most grateful. 

This short Preface does not allow me to mention all the good people with whom I had 
the privilege to work during my 20 years of dust explosion research at CMI and who 
deservemy sincere thanks. The exception is Kjell Fuhre, who worked with me from 1970 
to 1988. I wish to thank him specially for having devoted his exceptional engineering 
talent to our experimental dust and gas explosion research, in laboratory scale as well 
as in full-size industrial equipment. 
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more than 20 years’ experiencein interpreting my handwriting, was able to transform the 
untidy handwritten manuscript to a most presentable format on CMI’s word-processing 
system. Many thanks also go to Mr. Per-GunnarLunde, CMI, for having traced the major-
ity of the drawings in the book. 

Rolf K. Eckhoff 





Rust Explosions 
in the Process Industries 





apter 1 
Dust Explosions-Origin, Propagation, 
Prevention, and Mitigation: An Overview 

1 .  
THE NATURE OF DUST EXPLOSIONS 

1.1 .1 
THE PHENOMENON 

1.I . I  . I  
What Is an Explosion? 

The concept of explosion is not unambiguous. Encyclopedias give varying definitions 
that mainly fall in two categories. The first focuses on the noise or “bang” due to the 
sudden release of a strong pressure wave, or blast wave. The origin of this pressure 
wa.ve, whether a chemical or mechanical energy release, is of secondary concern. This 
definition of an explosion is in accordance with the basic meaning of the word (“sudden 
outburst”). 

The second category of definitions is confined to explosions caused by the sudden 
release of chemical energy. This includes explosions of gases and dusts and solid explo-
sives. The emphasis is then often put on the chemical energy release itself, and explo-
~ i o nis defined accordingly. One possible definition could then be “An explosion is an 
exothermal chemical process that, when occurring at constant volume, gives rise to a 
sudden and significant pressure rise.” 

In this text, the definition of an explosion shifts pragmatically between the two alter-
natives, focusing on either cause or effect, depending on the context. 

1 . I  . I  .2 
What Is a Dust Explosion? 

The phenomenon named dust explosions is in fact quite simple and easy to envisage in 
terms of daily life experience. Any solid material that can burn in air will do so with a 
violence and speed that increases with increasing degree of subdivision of the material. 
Figure l.l(a) illustrates how a piece of wood, once ignited, burns slowly, releasing its 
heat over a long period of time. When cut in small pieces, as illustrated in Figure I.l(b), 
the combustion rate increases, because the total contact surface area between wood and 
air has increased. Also, ignition of the wood has become easier. I f  the subdivision is con-
tinued right down to the level of small particles of sizes on the order of 0.1 mm or less 
and the particles are suspended in a sufficiently large volume of air to give each particle 
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(a1 SLOW COMBUSTION (b) FAST COMBUSTION Id EXPLOSION 

Figure 1.I 
with increasing subdivision. 

Illustration of how the combustion rate of a given mass of combustible solid increases 

enough space for its unrestrictedburning, the combustionrate is very fast and the energy 
required for ignition very small. Such a burning dust cloud is a dust explosion. In gen-
eral, the dust cloud is easier to ignite and burn more violently the smaller the dust par-
ticles are, down to some limiting particle size that depends on the type of dust material. 
If such an explosive combustion of a dust cloud takes place inside process equipment 
or work rooms, the pressure in the fully or partly enclosed explosion space may rise rap-
idly; the process equipment or building may burst; and life, limb, and property can be 
lost. 

1.I .1 .3 
Specific Surface Area-A Convenient Measure of Dust Fineness 

The degree of subdivision of the solid can be expressed in terms of either a characteris-
tic particle size or the total surface area per unit volume or unit mass of the solid. The 
latter characteristic is called the specijic surface area of the subdivided solid. 

Figure 1.2illustrates the relationshipbetween the particle size and the specific surface 
area. After subdivision of the original cube to the left into eight cubes of half the linear 
dimensionof the original cube, the total surface area has increased by a factor of 2, which 
indicates that the specificsurface area is simply proportional to the reciprocal of the linear 
dimension of the cube. This can be confirmed by simply expressing the specific surface 
area S as the ratio between surface area and volume of one single cube of edge length x. 
One then finds 

This is also the specific surface area of a powder or dust consisting of monosized cubes 
of edge length x. 

The same result applies to spheres of diameter x,because 

m2 6--S =  
( n / 6 ) x 3- x 
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Figure 1.2 
Hammond and Kaye, 1963). 

lllustralion of the increase of the specific area ofa solid with increasing subdivision (From 

For flake-shaped particles, for which the thickness x is much smaller than the charac-
teristic flake diameter, one has 

2S = -
X 

If a spherical particle of diameter 5 pm, for example, is compressed and deformed plas-
tically to a thin flake of thickness, for example, 0.2 pm (flake diameter about 20 pm), 
equations (1.2) and (1.3) show that the specific surface area increases by a factor of 8.3. 
This effect is utilized when producing highly reactive aluminum flakes from atomized 
(spherical) aluminum particles (see Section 1.3.2). 

If the “particles”are fibers of large length-to-diameterratio and the diameter is x,one gets 

4S = -
X 

Fibrous dusts may either be natural (for example, cellulose) or synthetic (such as flock 
materials). Ignitability and explosibility of synthetic flock materials were discussed by 
Schenk (1984). 

In the case o f  polysized cubes or spheres, the specific surface area equals 

S = 6 CxfniI Cx:ni (1.5) 

where niis the number of particles in the size category xiin the sample considered. 
As the particles get smaller, the interparticleforcesplay an increasinglyimportantrole 

compared with gravity forces; and in a given practical situation,the dust in a dust cloud 
may not necessarily be dispersed into the small individual primary particles but rather 
into larger agglomerates,or lumps. The effective particle size therefore is larger and the 
effective specific surface area smaller than if the primary particles had been completely 
dispersed. This important aspect is discussed in Section 1.3.3 and in depth in Chapter 3, 
see also Section 7.4.2. 
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1.I .I .4 
Factors Influencing Ignition Sensitivity and ExplosionViolence of Dust Clouds 

Particle sizehpecific surface area of the dust is a central factor. However, there are other 
important factors too, and the comprehensive list may look as follows: 

1. Chemical composition of the dust, including its moisture content. 
2. Chemical composition and initial pressure and temperature of the gas phase. 
3. Distributions of particle sizes and shapes in the dust, determiningthe specificsurface 

area of the dust in the fully dispersed state. 
4. Degree of dispersion, or agglomeration, of dust particles, determining the effective 

specific surface area availableto the combustionprocess in the dust cloud in an actual 
industrial situation. 

5. Distribution of dust concentration in an actual cloud. 
6. Distribution of initial turbulence in an actual cloud. 
7. Possibility of generation of explosion-induced turbulence in the still unburned part 

8. Possibility of flame front distortion by mechanisms other than turbulence. 
9. Possibility of significant radiative heat transfer (highly dependent on flame tempera-

ture, which in turn depends on particle chemistry). 

Factors 3 and 4 have already been mentioned. These and other factors are discussed 
in more detail in the subsequent sections. Factors 1,2,3,  and 9 can be regarded as basic 
parameters of the explosible dust cloud. Factors 4 to 8 are, however, influenced by the 
actual industrial dust cloud generationprocess and explosion development.These, in turn, 
depend on the nature of the industrial process (flow rates, etc.) and geometry of the 
systemin which the dust cloud bums. The location of the ignition point is another param-
eter that can play an important role in deciding the course of the explosion. 

In view of the wide spectrum of dust cloud concentrations,degrees of dust dispersion and 
turbulence, and locations of potential ignition sources in industry, a correspondingly wide 
spectrumof possible dust cloud ignition sensitivitiesand combustionrates must be expected. 

This complex reality of the process industry is also shared by laboratory experimen-
tation and represents a constant challenge in the design of adequateexperiments and inter-
pretation of experimental results. 

of the cloud. (Location of ignition source important parameter.) 

1.I .I .5 
Previous Books on the Dust Explosion Problem 

Over the years, several textbooks on the dust explosionhazard have been produced. One 
of the first ones, by Beyersdorfer (1925),was published in Germany; he mentioned that 
his motivation for writing the book arose from three questions. The first, asked by most 
people, was, “Are dust explosions really existing?” The second question, asked by the 
plant engineer, was, “Why are we having so many dust explosions?”The final question 
was asked by the researcher, “Why are we not having many more dust explosions?” 
Although out of date on some points, Beyersdorfer’s pioneering book is still fascinat-
ing reading. 

Almosthalf a century elapsed from the publication of Beyersdorfer’stext until the next 
comprehensive book on dust explosions appeared. It should be mentioned though, that 



Dust Explosions: An Overview 5 

in the meantime some valuable summaries were published as parts of other books or as 
reports. Examples are the reports by Verein deutscherIngenieure (1957) and Brown and 
Jaimes (1962) and the sections on dust explosions in the handbook on room explosions 
in general, edited by Freytag (1965). In his book on hazards due to static electricity,Haase 
(1972)paid attentionto the dust explosionproblem as well. However, Palmer (1973a)pro-
duced the long-desiredupdated,comprehensiveaccount of work in the Western world up 
to about 1970.In Eastern Europe, a book on the prevention of accidental dust explosions, 
edited by Nedin (1971), was issued in the USSR two years earlier. Cybulski’s compre-
hensive account of coal dust explosionsappearedin Polish in 1973,that is, simultaneously 
with the publication of Palmer’s book, and the English translation came two years later 
(Cybulski, 1975).In the Federal Republic of Germany, Bartknecht had conducted exten-
sive research and testing related to dust explosions in coal mines as well as in the chem-
ical process industries.This work was summarized in a book (Bartknecht, 197&),which 
was subsequentlytranslated to English. The book by Bodurtha (1980) on industrialexplo-
sion prevention and protection also contains a chapter on dust explosions. 

Two years later, two further books were published, one by Field (1982a) and one by 
Cross and Farrer (1982), each quite comprehensive but emphasizing different aspects 
of the dust explosion problem. In the next year, a book by Nagy and Verakis (1983) was 
published, in which they summarized and analyzed some of the extensive experimen-
tal and theoretical work conducted by the US. Bureau of Mines up to 1980 on the initia-
tion, propagation, and venting of dust explosions. Three years later, a book by 
Korol’chenko (1986) was issued in the USSR, reviewing work on dust explosionspub-
lished in both the West and Eastern Europe. The next year, Bartknecht’s (1987) second 
book was published, describinghis extensive, more recent research and testing, at Ciba-
Geigy AG, related to dust explosion problems. The Institution of Chemical Engineers 
in the United Kingdom published a useful series of booklets reviewing the status of var-
ious aspects of the dust explosion problem (Lunn, 1984, 1988; Schofield, 1984; and 
Schofield and Abbott, 1988). The comprehensive book by Glor (1988) on electrostatic 
hazards in powder handling should also be specificallymentioned at this point. Valuable 
information on the same subject is also included in the book by Liittgens and Glor (1989). 

The proceedings of the international symposium on dust explosions, in Shenyang, 
Peoples Republic of China, published by North East University of Technology (19871, 
contains survey paprs  and special contributions from researchers from both Asia, 
America, and Europe. EuropEx (1990) produced a collection of references to publica-
tions related to accidental explosions in general, including dust explosions.The collec-
tion is updated at intervals and contains references to standards,guidelines, and directives 
as well as to books and papers. Finally, attention is drawn to the proceedings of three con-
ferences on dust explosions, in Nurnberg, published by the Verein deutscher Ingenieure 
(VDI) in 1978, 1984, and 1989 (listed under the publisher’s name in the References). 
Section9.1.2in Chapter 9 reviews books and conferenceproceedings published after 1990. 

1.1.2 
MA,TERIALSTHAT CAN CAUSE DUST EXPLOSIONS 

Dust explosions generally arise from rapid release of heat due to the chemical reaction 
Fuel + oxygen +oxides + heat (1-6) 
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Ca 

In some special cases, metal dusts can also react exothermallywith nitrogen or carbon 
dioxide, but most often oxidationby oxygen is the heat-generatingprocess in a dust explo-
sion. This means that only materials not already stableoxides can give rise to dust explo-
sions. This excludes substances such as silicates, sulphates, nitrates, carbonates, and 
phosphates and therefore dust clouds of Portland cement, sand, limestone, and the like 
cannot produce dust explosions. 

Natural organic materials (grain, linen, sugar, etc.). 
Synthetic organic materials (plastics, organic pigments, pesticides, etc.). 
Coal and peat. 
Metals (aluminum, magnesium, zinc, iron, etc.). 

The heat of combustion of the material is an important parameter,because it determines 
the amount of heat that can be liberatedin the explosion. However, when comparing the 
various materials in terms of their potential hazard, it is useful to relate the heat of com-
bustion to the amount of oxygen consumed.This is because the gas in a given volume of 
dust cloud contains a limited amount of oxygen, which determines how much heat can 
be released in an explosionper unit volume of dust cloud. Table 1.1lists the heat of com-
bustion of various substances,per mole of oxygen consumed. Ca and Mg top the list, with 
A1 closely behind. Si is also fairly high up on the list, with a heat of combustionper mole 
of oxygen about twice the value of typical natural and synthetic organic substances and 
coals. Table 1.1is in accordance with the experiencethat the temperatures of flames of 
dust of metals like A1 and Si are very high compared with those of flames of organic dust 
and coal. 

The materials that can cause dust explosions include 

CaO I 1270 

Table 1 .I Heats of combustion (oxidation)of various substances per mole O2consumed 

The equation of state for ideal gases describes the mutual interdependenceof the var-
ious parameters influencing the explosion pressure: 

TnRp=-
V (1.7) 
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Here P is the pressure of the gas, Tits temperature, Vthe volume in question,n the number 
of gas molecules in this volume, and R the universal gas constant. For constant volume, 
P is proportionalto T and n. Normally, the increase of T due to the heat developed in the 
burning dust cloud has the deciding influence on P,  whereas the change in n plays only 
a minor role. 

Combustion of metal dust can cause the maximum possible relative reduction of n, 
by consuming all the oxygen in the formation of condensed metal oxides. If the gas is 
ab-and all the oxygen is consumed and all the nitrogen is left, n is reduced by about 20%. 

In the case of organic dust and coal, assuming that CO, (gas) and H,O (gas) are the 
reaction products, the number of gas molecules per unit mass of dust cloud increases 
somewhat during combustion.This is because two H20molecules are generated per 0, 
molecule consumed.Furthermore, in organic substancescontaining oxygen, some H,O 
and CO, are generated by decompositionof the solid material itself, without a supply of 
oxygen from the air. 

Consider as an example a starch of composition (C6H1005)*suspended in air at the dust 
concentration that just consumes all the oxygen in the air to be completely transformed 
to GO2and H,O (= stoichiometric concentration); 1 m3of air at normal ambient condi-
tions contains about 8.7 moles of 0,and 32.9 moles of N2. When the starch is oxidized, 
all the 0, is spent on transforming the carbon to CO,, whereas the hydrogen and the 
oxygen in the starch are in just the right proportions to form H20by themselves. The 
8.7 moles of 0, is then capable of oxidizing 8.7/6 = 1.45 moles of (C6HI0Oj),that is, 
ablout 235 g, which is the stoichiometric dust mass per m3 of air at normal conditions. 
The reaction products then are 8.7 moles of CO, and 7.3 moles of H,O. The total number 
of 41.6 moles of gas in the original 1 m3 of dust cloud has therefore been transformed 
to 48.9 moles, that is, an increase by 17.5%. In an explosion, this contributes to increas-
ing the adiabatic constant-volumeexplosion pressure correspondingly. 

13must be emphasized,however, that this formal considerationis not fully valid if the 
combustion of the organic particles also results in the formation of CO and char parti-
cles. This is discussed in greater detail in Chapter 4. 

1. I  .3 
EXPLQSIBLE RANGE OF DUST CONCENTRATIONS-

RJMARY AND SECONDARY EXPLOSIONS 

Thle explosive combustion of dust clouds, illustrated in Figure l.l(c), cannot take place 
unless the dust concentration (i.e., the mass of dust per unit volume of dust clouds) is 
within certain limits. This is analogous to combustion of homogeneous mixtures of 
gas,eousfuels and air, for which the upper and lower flammability limits are well estab-
lished. Figure 1.3 shows the explosiblerange for a typical natural organic material, such 
as corn starch, in air at normal temperature and atmosphericpressure. 

The explosible range is quite narrow, extending over less than two orders of magni-
tude, from 50-100 g/m3on the lean side to 2-3 kg/m3on the rich one. As discussed in 
greater detail in Chapter 4, the explosibility limits differ somewhat for the various dust 
materials. For example, zinc powder has a minimum explosible concentration in air of 
about 500 g/m3.Explosible dust clouds have a high optical density, even at the lower 
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Figure 1.3 The range of explosible dust concentrationsin air at normal temperature and atmospheric 
pressure for a typical natural organic dust (corn starch), compared with typical range of maximum 
permissible dust concentrations in the context of industrial hygiene, and a typical density of deposits 
of natural organic dusts. (Note that self-sustainedflame propagation may also occur in such deposits.) 

explosible limit. This is illustrated by the fact that the range of maximum permissible 
dust concentrations specified in the context of industrial hygiene in working atmo-
spheres are three to four orders of magnitude lower than minimum explosible dust con-
centrations.This means that the unpleasant dust concentrationlevels that can sometimes 
occur in the general working atmosphereof a factory, and calls on the attention of indus-
trial hygiene authorities, are far below the concentration levels that can propagate dust 
flames.Therefore, the minimum explosible concentration corresponds to dust clouds of 
high optical densities, which are unlikely to occur regularly in work rooms of factories. 

A visual impression of the density of explosible dust clouds is provided in Figure 1.4, 
which illustrates a cubical arrangement of cubical particles. 

L 

Figure 1.4 Cubical dust particles of edge x 
arranged in a cubical pattern, with interparticle 
center-to-center distances of L. 

On average, there is one cubicalparticle of volume 2 per cube of dust cloud of volume 
L3.If the particle density is pp, the dust concentration equals 

c = p,(x/L)3 (1.8) 
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or, in a rearranged form, 

Lllx = (pp/c)1’3 

For particles of density 1 g/cm3,that is, lo6g/m3,a dust concentrationof 50 g/m3cor-
responds to L/x = 27. For 500 g/m3,which is a typical worst-case explosible concentra-
tion, L/x = 13.The actual density shown in Figure 1.4,of L/x = 4, corresponds to a very 
high dust concentration, 16 kg/m3,which is well above the maximum explosible con-
centration for organic dust (2-3 kg/m3). 

It is important to note that the absolute interparticle distance correspondingto a given 
dust concentrationdecreases proportionallywith the particle size. For example, at a dust 
colncentrationof 500 g/m3and a particle density of 1g/cm3,L equals 1.3 mm for 100pm 
particles, whereas it is only 13pm for 1pm particles. 

Zehr (1965)quoted a rule of thumb by Intelmann,saying that, if a glowing 25-W light-
bulb is observed through 2 m of dust cloud, the bulb cannot be seen at dust concentra-
tictns exceeding40 g/m3.This is illustratedin Figure 1.5.It followsfrom this that the dust 
clouds in which dust explosions are primarily initiated are normally found inside process 
equipment, such as mills, mixers, screens,dryers, cyclones, filters,bucket elevators,hop-
pers, silos, aspiration ducts, and pipes for pneumatic transport of powders. Such explo-
sions,initiatedby some ignition source(see Section 1.1.4) are calledprimary explosions. 

Figure 1.5 A cloud of40 g/m3of coal dust in air is so dense that a glowing 25-W lightbulb can hardly 
be seen through a dust of cloud 2 m thick. 

This reveals an important difference between primay dust and gas explosions.In the 
case of gases, the process equipment normally contains fuel only, with no air, and under 
such circumstances,gas explosionsinside process equipment are impossible.Therefore, 
most primary gas explosions occur outside process equipment, where gas from accidental 
leaks is mixed with air and explosible atmospheres generated. 

An important objective of dust explosion control (see Section 1.4)is to limit primary 
explosions in process equipment to the process units in which they initiate.A central con-
cern is then to avoid secondary explosions due to entrainment of dust layers by the blast 
wave from the primary explosion. Figure 1.3 shows that there is a gap of two orders of 
magnitudebetween the maximum explosible dust concentration and the bulk density of 
dust layers and heaps. The consequence of this is illustrated in Figure 1.6. This figure 
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1 mm LAYER OF DUST 
OF BULK DENSITY 

Figure 1.6 The potential hazard of even thin dust layers. A I-mm layer of a dust of bulk density 
500 kg/m3 (a) generates a cloud of average concentration 100 g/m3 if dispersed in a room of 5 m 
height (b).Partial dispersion up to only 7 m gives 500 g/m3 (c). 

shows that the simple relationship between the bulk density of the dust layer, Pbulk; the 
layer thickness, h;the height, H ,  of the dust cloud produced from the layer; and the dust 
concentration, c, is 

h 
= P b u k  (1.10) 

If a dust layer of thickness h on the internal wall of a cylindrical duct of diameter D 
is dispersed homogeneously over the whole tube cross section, one has 

4h 
= Pbulk 5 (1.11) 

In the case of a tube diameter of 0.2 m, typical of many dust extraction ducts in indus-
try, a layer thickness of only 0.1 mm is sufficient for generating a dust concentration of 
1000 g/m3with a dust of bulk density 500 kg/m3. 

In general, dispersibledust layers in process plants represent a potential hazard of exten-
sive secondarydust explosions,which must be reduced to the extent possible. Figure 1.7 
illustrates how secondary explosions in workrooms can be generated if preventive pre-
cautions are inadequate. 

1. I  .4 
IGNITION SOURCES 

1.I .4.1 
Background 

A combustible dust cloud will not start to burn unless it becomes ignited by a source of 
heat of sufficient strength. The most common ignition sources are 

Smoldering or burning dust. 
Open flames (welding, cutting, matches, etc.). 
Hot surfaces (hot bearings, dryers, heaters, etc.). 
Heat from mechanical impact. 
Electrical discharges and arcs. 
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PRIMARY EXPLOSION 

DUST LAYER IS 
ENTRAINED AND 
DUST CLOUD FORMED 

EXTENSIVE SECO 
EXPLOSION CAN 

ibl 

Figure 1.7 How the blast wave from a primary explosion (a) entrains and disperses a dust layer, 
which (b) is subsequently ignited by the primary dust flame. 

Some of these sources are discussed more extensively in Chapter 5, and only a brief out-
line is given here. 

There is considerable variation in the ignition sensitivity of various types of dusts. This 
is discussed in Section 1.3. To quantify the ignition sensitivity of dust clouds and dust 
deposits when exposed to various kinds of ignition sources, a range of laboratory-scale 
test methods have been developed, which are described in Chapter 7. 

1.I .4.2 
Smoldering or Burning Dust 

Experience has shown that combustible dust, when deposited in heaps or layers, may 
under certain circumstances develop internal combustion and high temperatures. This is 
due to the porous structure of dust deposits, which gives oxygen access to the particle 
surface throughout the deposit and makes the heat conductivity of the deposit low. 
Coinsequently, heat developed due to comparatively slow initial oxidation at moderate 
temperatures inside the dust deposit may not be conducted into the surroundings suffi-
cieiitly fast to prevent rising temperature in the reaction zone. As long as oxygen is 
available, the increased temperature increases the rate of oxidation, and the temperature 
inside the dust deposit increases even further. Depending on the permeability of the dust 
deposit and geometrical boundary conditions, the density difference between the hot com-
bustion gases and the air of ambient temperature may create a draft that supplies fresh 
oxygen to the reaction zone and enhances the combustion process. 

If a dust deposit containing such a hot reaction zone, often called a smoldering nest, 
is disturbed and dispersed by an air blast or a mechanical action, the burning dust can 
easily initiate a dust explosion if brought in contact with a combustible dust cloud. 
Sometimes,the dust in the deposit that has not yet burned, forms the explosible dust cloud. 
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The initial oxidation inside the deposit may sometimes be due to the dust or powder 
being deposited having a higher temperaturethan planned. However, some natural veg-
etablematerials may developinitial spontaneouscombustioneven at normal ambienttem-
peratures due to biochemical activity, if the content of fat or moisture is high. 

In other cases, the dust deposit or layer rests on a heated surface, which supplies the 
heat needed to trigger self-ignition in the dust. Such surfaces can be overheated bear-
ings, heaters in workrooms, lightbulbs, walls in dryers, and the like. If the surface is not 
intended to be covered with dust, the dust deposit may prevent normal coolingby forming 
an insulating layer. This may give rise to an undesirable temperature rise in the surface, 
which further increases the probability of ignition of the dust. In general, the minimum 
temperature of the hot surface for the dust layer to self-ignite decreases with increasing 
thickness of the dust layer. 

Figures 1.8, 1.9, and 1.10 illustrate various ways in which smoldering combustion in 
dust deposits can initiate dust explosions. The critical conditions for the generation of 
smoldering nests are discussed in Chapter 5,  and test methods assessing the self-heating 
tendency of various dusts are described in Chapter 7. 

DUST DEPOSIT 

SMOLDERING 
NEST 

Figure 1.8 A smoldering nest in a dust or 
powder deposit in a silo can initiate a dust 
explosion if the nest is discharged into an 
explosible dust cloud. 

GROWING 

NEST 
SMOLDERING 

Figure 1.9 Complex ignition sequence via gas 
explosion: Due to limited supply of oxygen, the 
smoldering nest develops CO and other com-
bustible gases and creates an explosible mixture 
above the dust deposit. When the edge of the 
smoldering nest penetrates the top surface of 
the dust deposit, the gas ignites and the gas 
explosion blows up the silo roof, Dust deposits 
in the room above the silo are dispersed and a 
major secondary dust explosion results. 
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Figure 1.1 0 A hidden dust deposit inside a 
duct can be brought to ignition by heat sup-
plied to the duct wall from the outside. 

It should be mentioned that van Laar (1981) found that burning cigarettes and cigars 
may give rise to smoldering fires in tapioca and soybean meal. Further information is 
given in Sections 1.4.2.5,and 9.2.3.3 and 9.3.5.2 in Chapter 9. 

1.'I .4.3 
Open Flames 

The flames of welding and cutting burners are sufficiently powerful to initiate explosions 
in anydust cloud able to propagate a self-sustainedflame. The cutting burner flame is par-
ticularlyhazardous,because it supplies excess oxygen to the working zone. If combustible 
dusts are dispersed in atmospheres containing more oxygen than in air, both ignition sen-
sitiLvityand explosion violence increases compared with clouds in air (see Section 1.3.6). 
All codes and regulations for preventing dust explosionscontain strict requirementsto the 
safety precautions that have to be taken when performing hot work in areas containing dust. 

Smoking should be prohibited in areas where combustible dusts exist. A burning 
wooden match develops about 100J of thermal energy per second. This is more than suf-
ficient for initiating explosions in most combustible dust clouds. Further information is 
given in Section 1.4.2.3. 

I . I  .4.4 
Hot Surfaces 

In ;additionto igniting dust layers, hot surfaces can initiate dust explosions by direct con-
tact between the dust cloud and the hot surface. However, the minimum hot surface tem-
peratures needed forthis are generallyconsiderablyhigher (typically40@-500°Cfor organic 
dusts) than for ignition of dust layers. Further details are given in Section 1.4.2.4, and in 
Chapters 5,7, and 9. 

1.I  .4.5 
Heat from Mechanical Impact 

The literature on dust explosions is sometimes confusing when discussing the ignition 
of dust clouds by heat from mechanical impact. This is reflected in the use of terms such 
asfriction orfriction sparks when categorizingignition sources.To clarify the situation, 
it seems useful to distinguish betweenfriction and impact. 
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Friction is a process of fairly long duration whereby objects are rubbed against each 
other and heat is gradually accumulated.This produces hot surfaces, and in some cases 
inflammation;for example, when an elevator or conveyor belt is slipping. 

Impact is a short-duration interaction between two solid bodies under conditions of 
large transient mechanical forces. Small fragmentsof solid material may be torn off, and 
if made of metal, they may start burning in airdue to the initial heat absorbedin the impact 
process. In addition, local “hot spots” may be generated at the points of impact. In some 
cases, the impact may occur repeatedly at one specific point; for example, when a fixed 
object inside a bucket elevator is repeatedly hit by the buckets. This may gradually gen-
erate a hot spot of sufficient size and temperature to ignite the dust cloud directly. 

A practical mechanical impact situation is illustrated in Figure 1.11.A steel bolt acci-
dentally enters the top of a large concrete silo during filling of the silo with corn starch. 
The bolt falls into the nearly empty silo and hits the concrete wall near the silo bottom 
at a velocity of 25-30 d s .  Visible sparks are generated. A dense, explosible cloud of 
corn starch occupies the region where the impact occurs. Is ignition of the cloud prob-
able? This problem is discussed in detail in Chapter 5 ,  but it should be indicated at this 
point that ignition by simple impact, where steel is the metal component, seems less 
likely than believed by many in the past. However, if the metal had been titanium or zir-
conium, ignition could have occurred in this situation. 

Figure 1 .I  1 A steel bolt falls into a tall silo for corn and collides 
with the concrete silo wall at high velocity. Can the steel sparks
generated initiate an explosion in the corn starch cloud in the silo? 

The thermite reaction (2A1f Fe203-+Al,03 + 2Fe + heat) is often mentioned as a 
potential ignition source from impact involving aluminum and rust. However, if a lump 
of normal soft aluminum collides with a rusty steel surface, a thermite reaction will not 
necessarily take place. In fact, due to the softness of the aluminum, the result is often 
just a thin smear of aluminum on top of the rust. However,if this sandwichof aluminum 
and rust is given a hard blow by a third object, a thermite flash capable of igniting dust 
clouds can easily be produced. The same applies to a rusty surface that has been painted 
with aluminumpaint, if the pigment content of the paint is comparativelyhigh. (Further 
information is given in Section 1.4.2.6 and Chapters 5 ,  7, and 9). 
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1. I  .4.6 
El'ectric Sparks and Arcs: Electrostatic Discharges 

It has been known since the beginning of this century that electric sparks and arcs can 
initiate dust explosions. The minimum spark energy required for ignition varies with the 
type of dust, the effective particle size distribution in the dust cloud, the dust concen-
tration and turbulence, and the spatial and temporal distribution of the energy in the elec-
tric discharge or arc. 

It was long thought that the electric spark energies needed for igniting dust clouds in 
air were generally much higher, by one or two orders of magnitude, than the minimum 
ignition energies for gases and vapors in air. However, it is now generally accepted that 
many dusts can be ignited by spark energies in the range 1-10 mJ, that is, close to the 
rainge of gases and vapors. Some dusts may ignite at even lower energies. 

It may be useful to distinguish between discharges caused by release of accumulated 
electrostatic charge and sparks or arcs generated when live electric circuits are broken, 
either accidentallly or intentionally (switches). In the latter case, if the points of rupture 
are separated at high speed, transient inductive sparks are formed across the gap, as illus-
trated in Figure 1.12.If the current in the circuit prior to rupture is i and the circuit induc-
tance k,the theoretical spark energy, neglecting external circuit losses, will be '/z Li2. 
As, an example, a current of 10A and L equal to H gives a theoretical spark energy 
of 0.5 mT. This is too low for igniting most dust clouds in air. However, larger currents 
or inductances can easily produce incendiary sparks. Sometimes, rupture results in only 
a small gap of permanent distance. This may result in a hazardous stationary arc if the 
circuit is still live. 

FAST SEPARATION 
t----l-

SPARK ENERGY = + L i z  I J I  

Figure 1.12 
broken and the points ofrupture are separated at high speed. 

inductive spark or "break flash" generated when a live electric circuit is suddenly 

Over the years, the question of whether electrostatic discharges can initiate dust explo-
sions has been discussed repeatedly. The basic mechanism causing accumulation of 
electrostatic charges in industrial plants is the transfer of charge between objects during 
rubbing. This occurs easily during the handling and transport of powders and dusts, 
where charge is exchanged between the powder or dust and the process equipment. The 
charge accumulated on process equipment or bulk powder can be released in various 
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ways, depending on the circumstances. Glor (1988) and Luttgens and Glor (1989) dis-
tinguished among six different types of electrostatic discharges: 

Spark discharge. 
Brush discharge. 
Corona discharge. 
Propagating brush discharge.

* Discharge along the surface of the powder or dust in bulk. 
Lightninglike discharge. 

The differentiationamong the various dischargetypes is not always straightforward,but 
Glor’s classificationhas turned out to be very useful when evaluating electrostatic haz-
ards in practice in industry. 

Spark discharges and propagating brush discharges are by far the most hazardous types 
of the six with regard to initiating dust explosionsin industry. Spark dischargesoccur when 
the charge is accumulated on an electrically conducting, nongrounded, object and dis-
charged to ground across a small air gap. The gap distance must be sufficiently short to 
allow breakdown and spark channel formation at the actual voltage difference between 
the charged object and ground. On the other hand, for the spark to become incendiary,the 
gap distance must be sufficiently long to permit the required voltage difference to build 
up before breakdown of the gap. The theoretical spark energy, neglecting external circuit 
losses, equals l/2CV2,where Cis the capacitanceof the nongrounded, charged process item 
with respect to ground, and V is the voltage difference. Figure 1.13illustrates a practical 
situation that could lead to a dust explosion initiated by an electrostatic spark discharge. 

ELECTRIC NONCONOUCTOR 

ELECTRICALLY CONDUCTING 
MATERIAL. GROUNOED 

Figure 1.I 3 A practical situation that could lead to a dust explosion initiated by an electrostatic spark 
discharge. 
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LRoad tanker 1000 50 1 200 450 

Glor' (1988) has given some typical approximate capacitance-to-ground values for 
objects encountered in the process industry. These have been incorporated in Table 1.2 
arid used for estimating the maximum theoretical spark energy '/zCV2 when discharg-
ing an object of capacitance C at a voltage V to ground. 

Minimum electric spark energies (MIE) for ignition of dust clouds vary, as already 
mentioned, with dust type, particle size, and so forth, but many dusts have MIE values 
well below the higher '/2CV2values in Table 1.2. However, it may not be appropriate 
to apply MIE values from standard tests directly to the electrostatic spark problem (see 
Chapter 5). 

Turbulence in the dust cloud raises the effective MIE and therefore provides a safety 
factor. For example, Yong Fan Yu (1985) was unable to ignite turbulent clouds of wheat 
grain dust in a container at the exit of a pneumatic transport pipe, even with soft elec-
tric sparks of energies on the order of 1J. 

Glor (1988) emphasized that, due to increasing use of nonconducting construction parts 
in modern industrial plants, the chance of overloolung nongrounded conducting items 
is high. Therefore, the effort to ensure proper grounding of all conducting parts must be 
maintained, in particular in plants handling dusts of low MIE. According to Glor (1988) 
adequate grounding is maintained as long as the leak resistance to ground does not 
exceed lo6i2 for process equipment and IOs Q for personnel. However, in practice, one 
aims for considerably lower resistances to ground. 

Brush discharges occur between a single curved, grounded metal electxode (radius of 
curvature 5-50 mm) and a charged nonconducting surface (plastic, rubber, dust). Brush 
discharges can ignite explosible gas mixtures. However, according to Glor (1988), no 
ignition of a dust cloud in air by a brush discharge has yet been demonstrated, not even 
in sophisticated laboratory tests using very ignition sensitive dusts. Section 9.2.3.4 in 
Chapter 9 gives further information. It must be emphasized, however, that this does not 
apply if the powder or dust contains significant quantities of combustible solvents (see 
Section 1.3.9). 

(Coronadischarges occur under the same conditions as brush discharges but are 
associated with grounded electrodes of much smaller radii of curvature, such as sharp 
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edges and needle tips. For this reason, such discharges occur at much lower field 
strengthsthan the brush discharges, and the discharge energiesthereforeare much lower. 
Consequently,the possibility of igniting dust clouds by corona discharges can be ruled 
out. 

Propagating brush discharges can, however, initiate dust explosions.Such discharges, 
which normally have much higher energies than ordinary brush discharges, occur if a 
double layer of charges of opposite polarity is generated across a thin sheet ( 4  mm 
thickness) of a nonconducting material (Glor, 1988).The reason for the high discharge 
energy is that the opposite charges allow the nonconductor surfacesto accumulatemuch 
higher charge densities than if the sheet had been charged on only one of the faces. 
Glor pointed out that, in principle, close contact of one face of the sheet with ground 
is not necessary for obtaining a charged double layer. However, in practice, ground on 
one side is the most common configuration. An example is illustrated in Figure 1.14. 
Powder is transported pneumatically in a steel pipe with an internal electrically insu-
lating plastic coating. Due to the rubbing of the powder against the plastic, a charge 
accumulates on the internal face of the plastic coating. The high mobility of the elec-
trons in the steel causes buildup of a corresponding charge of opposite polarity on the 
outer face of coating in contact with the steel. If a short passage between the two 
oppositely charged faces of plastic coating is provided, either via a perforation of the 
coating, due to electrical breakdown, or at the pipe exit, a propagating brush discharge 
can result. 

POSSIBLE SPARK GAP VIA HOLEr 

Figure 1 .I 4 Illustration of practical configuration of pneumatic powder transport that can lead to 
dust explosions initiated by propagating brush discharges. 

Luttgens (1985) and Luttgens and Glor (1989) discussed a dust explosion in the 
Federal Republic of Germany that was initiated by a propagatingbrush discharge.Acrylic 
powder was transported pneumatically in a 50-mm diameter plastic pipe outdoors, and 
the groundedelectrically conductingshield on the outer surfaceof the pipe was provided 
by rainwater and snow. 

Glor (1988) identified five typical situations that may lead to propagating brush dis-
charges during transport and handling of powders: 

High-velocity pneumatic transport of powder through an electrically insulating pipe 
or a conductive pipe with an insulating internal coating. 
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e Use of inspection windows of glass or Plexiglass in pneumatic transport pipes. 
0 Continuous impact of powder particles onto an insulating surface (e.g., a coated dust 

deflector plate in the cyclone of a dust separator). 
e Fast movement of conveyor or transmission belts made of an insulating material or a 

conductive material coated with an insulating layer of high dielectric strength. 
e Filling of large containers or silos made of insulating material (e.g., flexible inter-

mediate bulk containers) or metallic containers or silos coated internally with an insu-
lating layer of high dielectric strength. 

Discharge along the surface of powder or dust in bulk may occur if nonconducting 
powders are blown or poured into a large container or silo. This is a fifth type of elec-
trostatic discharge. When the charged particles settle in a heap in the container, very high 
space charge densities may be generated and luminous discharges may propagate along 
the surface of the powder heap, from its base to its top. However, theoretical callcula-
tions by Glor (1985) revealed that, under realistic industrial conditions, only very large 
particles, of 1-10 mm diameter, are likely to generate spark discharges due to this 
process. It further seems that very high specific electrical resistivity of the powder is also 
a requirement (>loloQ-m), which probably limits this type of discharge to coarse plas-
tic powders and granulates. Because of this large size, the particles generating the dis-
charge are unlikely to cause dust explosions, and therefore a possible explosion hazard 
must be associated with the simultaneouspresence of an explosible cloud of an additional, 
fine dust fraction. The maximum equivalent spark energy for this type of discharge has 
been estimated on the order of 10mJ, but still little is known about the exact nature and 
incendivity of these discharges. Glor (1988) pointed out that the probability s f  occur-
rence of such discharges increases with increasing charge-to-mass ratio in the powder 
and increasing mass filling rate. 

.Ligghtning-type discharge,which may in principle occur within an electrically insulating 
container with no conductive connection from the interior to the ground, was the last type 
of discharge mentioned by Glor (1988) and Luttgens and Glor (1989). However, as Glor 
stated, there is no evidence that lightning discharges have occurred in dust clouds gen-
erated in industrial operations. Thorpe et al. (1985) investigated the hazard of electro-
static ignition of dust clouds inside storage silos in a full-scale pneumatic conveying and 
staring facility. Sugar was used as test dust. They were able to draw some spark discharges 
from the charged dust cloud, but these were of low energy and incapable of causing igni-
tion. In fact, these spark discharges were not able to ignite even a propane/air mixture 
of minimum ignition energy less than 1mJ. 

Figure 1.15 provides an overall comparison of the equivalent energy ranges of the var-
ious electrostatic discharges just discussed and typical M E  ranges for gases/vapors and 
dusts in air. Equivalent energy, introduced by Gibson and Lloyd (1965), is defined as the 
energy of a spark discharge that has the same igniting power as the actual electrostatic 
discharge. 

Further details on the generation and nature of the various types of electrostatic dis-
charges are given by Glor (1988) and Luttgens and Glor (1989). Some further details con-
cerning electric sparks and their ability to ignite dust clouds are given in Chapter 5. 

Appendix 2 gives some MIE values, determined by a standardized method, for vari-
ous dusts. Further information on ignition of dust clouds by electric sparks and electro-
static discharges is given in Sections 1.4.2.7, and 9.2.3.4 and 9.3.5.4 in Chapter 9. 
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Figure 1 . I5  Comparison of ranges of minimum 
ignition energies of dusts and gases in air, with the 
equivalent energies of various types of electrostaticP 
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1.2 
SIGNIFICANCE OF THE DUST EXPLOSION HAZARD: 
STATISTICAL RECORDS 

1.2.1 
RECORDING DUST EXPLOSIONS, A N  ACTIVITY 
OF LONG TRADITIONS 

Dust explosions have been a recognized threat to humans and property for a long time. 
One of the earliest comprehensive reports known is Count Morozzo’s (1795) detailed 
analysis of an explosion in the flour warehouse of Mr. Giacomelli in Turin in 1785 (see 
full report in Chapter 2). It is interesting to observe that Morozzo also mentions even 
earlier incidents of violent combustion of clouds of flour in air. 

However, at the time of Morozzo, the coal mining industry was not fully aware of the 
importantpart played by coal dust in the serious coal mine explosions, which had become 
quite common. Faraday and Lyell (1845) were probably some of the first scientists to 
realize the central role of coal dust in these explosions. In their report to Sir James 
Graham, they discussed the fatal explosion in the Haswell coal mine near Durham, 
United Kingdom, on September 28, 1844. It was concluded that the primary event was 
a methane/air (“fire-damp”)explosion initiated by a defective Davy lamp. However,the 
central role of the coal dust in developing the devastating main explosion was empha-
sized, based on a systematic analysis that is exemplary even today. In their report Faraday 
and Lyell stated: 

In considering the extent of the fire for the moment of explosion, it is not to be supposed that fire-
damp is its only fuel;.the coal dust swept by the rush of wind and flame from the floor, roof, and 
walls of the works would instantly take fire and burn, if there were oxygen enough in the air present 
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to support its combustion; and we found the dust adhering to the face of the pillars, props, and walls 
in the direction of, and on the side towards the explosion, increasing gradually to a certain distance, 
as we neared the place of ignition. This deposit was in some parts half an inch, and in others almost 
an inch thick it adhered together in a friable coked state; when examined with the glass it presented 
the fused round fisrm of burnt coal dust, and when examined chemically, and compared with the coal 
itself reduced to powder, was found deprived of the greater portion of the bitumen, and in some 
instances entirely destitute of it. There is every reason to believe that much coal-gas was made from 
this dust in the very air itself of the mine by the flame of the fire-damp, which raised and swept it 
along; and much of the carbon of this dust remained unburned only for want of air. 

During the 150-200 years that have passed since the days of Morozzo and Faraday, 
the phenomenon of dust explosions has become fully accepted as a serious industrial 
hazard. Furthermore, since that time, the expanding chemical and metallurgical indus-
tries have given birth to a steadily increasing number of new, finely divided combustible 
solid materials that have caused dust explosions to remain a significant hazard in many 
industries. As an important element in the constant efforts to fight the dust explosion 
hazard, actual accidents are carefully investigated. In some countries, valuable statisti-
cal records are available, some of which are discussed in the following sections. 

1.2.2 
DUST EXPLOSIONS IN THE UNITED STATES, 1900-1 956 

The National Fire Protection Association published a report of important dust explosions 
in the United States from 1900 to 1956 (NFPA, 1957).The report gives informative details 
of a selection of 75 of the most serious and recent of the 1123explosions recorded. The 
selection covers a wide range of dusts from all the categories-wood, food and feed, 
metals, plastics, coal, paper, and chemicals. In addition, each of the 1123 explosions is 
mentioned briefly individually by specifying the date, location, dust involved, probable 
ignition source, number of fatalities and injuries, and material losses. 

Table I .3 gives an overall summary of the consequences of explosions involving vani-
ous dust categories.The table illustrates some interesting differences.For example,the metal 
dust explosions, representing 7.1% of the total number of explosions, were responsible 

Table 1.3 
in a sample of 1123 accidental explosions 

Dust explosions in the United States, 1900-1 956: fatalities, injuries, and material losses 

*Numerical value in U.S. dollars at year of explosion, not inflated. 
Source: Data from NFPA, 1957. 
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for 16% of all the fatalities and 11.2% of all the injuries but only 3.2% of the material 
losses. The food and feed dust explosions also were responsible for higher percentages 
of fatalities and injuries than the 51.4% share of the number of explosions.Furthermore, 
food and feed caused by far the highest material loss per explosion.The pulverized coal 
dust explosions (not mining), on the contrary, caused lower percentages of fatalities, 
injuries, and material losses than their share of the total number of explosions. 

1.2.3 
DUST EXPLOSIONS IN THE FEDERAL REPUBLIC 
OF GERMANY, 1965-1 985 

Berufsgenossenschaftliches Institut fur Arbeitssicherheit (Institute of Safety at Work of 
the Trade Unions) in the Federal Republic of Germany conducted a program of record-
ing dust explosion accidents in the Federal Republic of Germany since the beginning of 
the 1960s.The first comprehensivereport, covering 1965-1980, was by Beck and Jeske 
(1982). A condensed version of the findings was written by Beck (1982). The compre-
hensive report contains a brief description of each explosion accident,specifying the type 
of plant, the precise plant item, the type of dust, the likely ignition source, the numbers 
of fatalities and injuries, and the material losses. A further comprehensivereport cover-
ing explosions recorded from 1981 to 1985 was written by Jeske and Beck (1987), the 
corresponding short version by Beck and Jeske (1988). Finally, Jeske and Beck (1989) 
produced an informative overview covering the whole span 1965-1985. 

The total numbers of explosions recorded were 357 for 1965-1980 and 69 for 
1981-1985. Beck and Jeske (1982) estimated the recorded explosions from 1965 to 
1980to be about 15% of the total number of explosions that actually occurred. The esti-
mated number of actual dust explosions in the Federal Republic of Germany from 1965 
to 1980was therefore about 2400, that is, about 160per year. The number of explosions 
recorded per year for 1981-1985 was somewhat lower than for 1965-1980. However, 
because of the low percentageof recorded explosions,it may not be justified to conclude 
that the annual number of accidental explosions dropped significantly after 1980. 

Table 1.4 provides some data from the Federal Republic of Germany that can be com-
pared directly with the older data from the United States in Table 1.3.There are interesting 

Table 1.4 Dust explosions in the Federal Republic of Germany 1965-1 980: fatalities and injuries 
in a sample of 357 explosions 

Source: Beck, 1982. 
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Mixing plants 
Grinding and 
polishing plants 

Sieves and 
classifiers 

Unknown and 
others 

All 

differences in the distribution of the number of explosion accidents on the various dust 
categories. This may reflect both a change with time, from the first to the second part of 
this century, and differences between the structure of the industry in the United States and 
the Federal Republic of Germany. One example is food and feed, which only represented 
25% of all the explosionsin the Federal Republic of Germany, whereas in the United States 
the percentage was more than 50. However, the percentages of both fatalities and injuries 
for this dust group both in the Federal Republic of Germany and the United States was 
higher than the percentage of explosions. On the other hand, the percentage of the explo-
sions involving metal dusts was about twice as high in the Federal Republic of Germany 
as in the United States. The higher percentage of both fatalities and injuries for metal 
dust explosions than the percentage of the number of explosions is, however, in agree-
ment with the older data from the United States. This probably reflects the extreme vio-
lence and temperatures of flames of metals like magnesium, aluminum, and silicon. 

Table 1.5shows how the involvement of various categories of plant items in the explo-
sions varies with dust type. This reflects differences between typical processes for pro-
ducing, storing, and handling the various categories of powders and dusts. 

20 4.7 +0.2 0 5.1 2.0 

19 4.5 0 3.9 0 0 

12 2.8 -0.3 4.7 0 2.8 

60 14.1 -2.6 4.7 28.8 8.4 

426 100.0 0 100.0 100.0 100.0 

Table 1.5 Dust explosions in the Federal Republic of Germany 1965-1 985: frequencies in percent 
of primary involvement of various plant items in a total of 426 dust explosions and in the explosions 
of various categories of dusts 

Plastics Metals 

2 2 

13.5 45.6 

qq
22.8 

0 1 3.5 I 

4100.0 100.0 

Table 1.6 shows the frequencies of the various ignition sources initiating explosions 
in the same dust categories as used in Table 1.5. The category Mechanical sparks may 
not be entirely unambiguous, which causes some problems with interpreting the data. 

Table 1.7provides an interesting correlation between the various plant items involved 
in the explosions and the probable ignition sources. Mechanical sparks are frequent igni-
tion sources in dust collectors, mills, and grinding plants, whereas smoldering nests are 
typical when the explosion is initiated in silos, bunkers, and dryers. Apart from in dryers, 
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Table 1.6 Dust explosions in the Federal Republic of Germany: frequencies in percent of initiation 
by various types of ignition sources in a total of 426 explosions and in the explosions of various cat-
egories of dusts 

Others 3.5 I +0.1 I 
All I 426 I 100.0 I 0 100.0 I 100.0 I 100.0 I 100.0 I 100.0 

*This figure also includes “others.” 

Table 1.7 
of various types of ignition sources of explosions initiated in various plant items 

Dust explosions in the Federal Republic of Germany 1965-1 985: frequencies in percent 

Source: Jeskeand Beck, 1989. 

spontaneous ignition was not very frequent. The distinction between smoldering nests 
and spontaneous heating may not always be obvious. 

Electrostatic discharges were the dominating ignition source in mixing plants, but as 
Table 1.6 shows, electrostatic discharge ignition occurred almost solely with plastic 
dusts. Presumably,mixers are quite frequentin plantsproducing and handling plastic dusts, 
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and the combination of mixers and plastic dusts is favorable for generating electrostatic 
discharges. Section 9.5 in Chapter 9 provides references to more recent German statistics. 

Proust and Pineau (1989) showed that there is reasonably good agreement between the 
findings of Beck and Jeske for the Federal Republic of Germany and statistics of indus-
trial dust explosionsin the United Kingdom from 1979to 1984,as reportedby Abbot (1988). 

1.2.4 
RECENT STATISTICS OF GRAIN DUST EXPLOSIONS 
1P-d THE UNITED STATES 

Schoeff (1989)presented some statisticaldata that are shown in a slightlyrearrangedform 
in Table 1.8.The data for 1900-1956 are from the same source as the data in Table 1.3. 
The alarming trend is that the annual number of explosions seems to increaserather than 
decrease. The annual number of fatalities is also higher for the last period, 1979-1988, 
than for the previous one, 1957-1975. The annual number of injuries for the last period 
is higher than for both previous periods. From 1957-1975 to 1979-1988, the annual esti-
mated damage to facilities seems to have increased more than what can be accounted 
for by inflation. Section9.5 in Chapter 9 provides references to more recent U.S. statistics. 

Table 1.8 Grain dust explosions in the United States: recent development 

Source: Data from Schoeff, 1989. 

It can be misleading to take the figures in Table 1.8too far. However, the data do indi-
cate that dust explosions remain a persistent threat to human life and limb and to prop-
erty. Therefore, the efforts to fight the dust explosion hazard have to continue. 

l " 3  
DUST AND DUST CLOUD PROPERTIESTHAT INFLUENCE 
KNITABILITY AND EXPLOSIONVIOLENCE 

1.3.1 
DUST CHEMISTRY, INCLUDING MOISTURE 

There are two aspects to consider, the thermodynamics of the explosion and the kinet-
ics. Thermodynamicsis concernedwith the amount of heat liberatedduring combustion; 
kinetics with the rate at which the heat is liberated. 
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Dust chemistry influences both thermodynamicsand lunetics, which are also to some 
extent coupled. Table 1.1 shows a considerable difference between the amounts of heat 
developed per mole of oxygen consumed for various groups of materials. Calcium, 
magnesium, and aluminum top the list with 1100-1300 kJ/mole 02.The lowest value is 
300 kJ/mole O2for copper and sulfur. It would be expectedthat this differenceis to some 
extent reflected in the maximum pressure of explosions, when performed adiabatically 
at constant volume. Zehr (1957) made some calculations of the maximum pressures to 
be expected under such conditions. In Figure 1.16 his results have been plotted against 
data from experiments in either 1 m3or 20 liter closed bombs, taken from Table A1 in 
Appendix 1. For aluminum and magnesium, Zehr indicated only that the theoretical 
values would be larger than 10 and 13.5bar (g), respectively. Figure 1.16 suggests a fair 
correlation between the theoretical and experimental data, with the theoretical results 
somewhathigher than the experimentalones. This would be expectedbecause of the ide-
alized assumptionsof stoichiometry and complete oxidationof all fuel, on which the cal-
culations were based. 
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Figure 1.I 6 
or 20 liter closed vessels (Table A. 1, Appendix 1) and theoretical P,,, calculated by Zehr ( 1  957). 

Correlation between experimental P,,, at constant volume from experiments in 1 m3 

As discussed in detail in Chapter 7, the maximum rate with which the explosionpres-
sure rises in closed-bomb experiments is a frequently used relative measure of the vio-
lence to be expected from explosions of a given dust. 

Figure 1.17 shows how the maximum rates of pressure rise of starch (potato and corn 
starch) are systematically higher than for protein (two fish powders with fat removed) 
for the same specific surface area. The nitrogen compounds in the protein probably in 
some way slow the combustion process. 

Eckhoff (1977/1978) used the data in Figure 1.17 to produce an empirical equation, 
based on simple linear interpolation, for predicting maximum rates of pressure rise for 
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Figure 1.I 7 Influence of chemistry (starch or 
protein) and specific surface area of natural 
organic materials on maximum rate of pressure 
rise in a closed 1.2 liter Hartmann bomb (From 
Eckhofc 7 977/1978). 

natural organic dusts. Reasonable agreement with experiments was found for a range of 
food and feedstuffs dust, fish meals, and cellulose. 

Another example of the influence of dust chemistry on the explosion kinetics is shown 
in Figure 1.18. The heats of combustion of PVC and polyethylene are not very differ-
ent. Closed-bomb experiments also find about the same maximum pressure for very 
small particle sizes. However, the chlorine in the PVC causes quite a dramatic drop in 
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MEDIAN PARTICLE SIZE Iuml 

Figure 1.I 8 The influence of chlorine in molecule of dust material on maximum explosion pressure 
an'd maximum rate of pressure rise in 1 m3 standard I S 0  vessels, for various particle sizes (From 
Bartknecht, 7978). 
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the rate of heat release as the median particle size increases beyond about 20 pm. Due 
to the very slow combustion,the P,, for PVC also drops much faster as the particle size 
increases than for polyethylene. The retarding influence of chlorine on the combustion 
process most probably is of the same nature as that of the halogens in the halons, which 
were extensively used for explosion and fire suppression before the negative influence 
of such materials on the global environment was fully realized. 

Moisture in the dust reduces both the ignition sensitivity and explosion violence of 
dust clouds. Figure 1.19 illustrates the influence of dust moisture on the minimum elec-
tric spark ignition energy. The vertical axis is logarithmic, and it is seen that the effect 
is quite significant. If safety measures against electric spark ignition are based on MIE 
data for a finite dust moisture content, it is essential that this moisture content is not sub-
sided in practice. The influence of dust moisture on the minimum ignition temperature 
of dust clouds is less marked. For example, van Laar and Zeeuwen (1985) reported that 
flour of 14% moisture had a minimum ignition temperature of 470°C, whereas dry 
flour had 440°C. For starch, the values were 400°C for the dry powder and 460°C with 
13% moisture. 

Figure 1.20 illustrates how the explosion violence is systematically reduced with 
increasing dust moisture content.The ignition delay characterizesthe state of turbulence 
of the dust cloud at the moment of ignition in the sense that the turbulence intensity 
decreases as the ignition delay increases (see Chapter 4). 
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Figure 1.20 Influence of moisture content in 
maize starch on maximum rate of pressure rise 
in Hartmann bomb for various ignition delays 
(time from dust dispersion to ignition) (From 
Eckhoff and Mathisen, 7 977/1978). 

Figure 1.19 lnfluence of dust moisture 
content on minimum electric spark igni-
tion energy for three dusts (From van Laar 
and Zeeuwen, 1985). 

The specific role of moisture in reducing both the ignition sensitivity and explosion 
violence of clouds of organic dusts is complex. First, evaporation and heating of water 
represents an inert heat sink. Second, the water vapor mixes with the pyrolysis gases in 
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the preheating zone of the combustion wave and makes the gas mixture less reactive. 
Third, moisture increases the interparticle cohesion of the dust and prevents dispersion 
into primary particles (see Chapter 3). 

More detailed analyses of flame propagation in dust clouds of various materials are 
given in Chapter 4. 

1.3.2 
PARTICLE SIZE OR SPECIFIC SURFACE AREA 

Figure 1.17, in addition to illustrating the influence of dust chemistry on the dust cloud 
combustion rate, shows a clear dependence on particle size or specific surface area for 
both materials. This is a general trend for most dusts. However, as discussed in detail in 
Chapter 4 for coal, this trend does not continue indefinitely as the particles get smaller. 
In the case of coal and organic materials, pyrolysis or devolatilization always precedes 
combustion, which primarily occurs in the homogeneous gas phase. The limiting parti- 
cle size, below which the combustion rate of the dust cloud ceases to increase, depends 
on the ratios between the time constants of the three consecutive processes: devolatiliza- 
tion, gas-phase mixing, and gas-phase combustion. Particle size primarily influences the 
devolatilization rate. Therefore, if the gas-phase combustion is the slowest of the three 
steps, increasing the devolatilization rate by decreasing the particle size does not increase 
the overall combustion rate. For coals, it was found that the limiting particle diameter is 
on the order of 50 pm. However, for materials yielding gaseous pyrolysis products that 
are more reactive than volatiles from coal, e.g., due to unsaturated gaseous compounds, 
one would expect the limiting particle size to be smaller than for coal. For natural organic 
compounds, such as starch and protein, the limiting particle diameter is probably not much 
smaller than about 10 pm; whereas for reactive dusts, such as some organic dyes, it may 
well be considerably smaller. 

Figures 1.21 and 1.22 show scanning electron microscope pictures of two typical nat- 
ural organic dusts, a wood dust containing very irregular particle shapes and maize 
starch having well-defined, nearly monosized, spherical particles. 

Figure 1.21 Scanning electron microscope Figure 1.22 Scanning electron microscope 
picture of wood dust (Courtesy of W. C. picture of native maize starch; typical particle 
Wedberg). size 10- 15 pn (Courtesy of W C. Wedberg). 
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Figure 1.23 Influence of specific surface area of 
aluminum dust on the maximum rate of pressure 

For metals, in particular those at the top of Table 1.1, the limiting particle size, below 
which the ignition sensitivity and explosion violence no longer increase, is considerably 
smaller than for most organic materials. This is because these metals do not devolatilize 
or pyrolyze, but melt, evaporate, and burn as discrete entities (see Chapter 4). Figure 1.23 
shows how the combustion rate of clouds of aluminum dust in air increases systemati- 
cally with the specific surface area of the dust, in agreement with the trend in Figure 1.17. 
However, the range of specific surface areas in Figure 1.23 is more than 10 times that 
of Figure 1.17. For aluminum, a specific surface area of 6.5 m2/g corresponds to mono- 
sized spheres of diameter 0.34 pm, or flakes of thickness 0.11 pm, which is a more-likely 
particle shape for the most violently exploding powders in Figure 1.23. 

Figure 1.24 shows a comparatively coarse atomized aluminum powder of specific sur- 
face area only 0.045 m2/g, and Figure 1.25 shows a fine aluminum flake powder. Note 
that the maximum rate of pressure rise of 2600 barb found for this powder in the 1.2 
liter Hartmann bomb is not comparable to the values in Figure 1.23. This is due to dif- 
ferent degrees of turbulence, degrees of dispersion into primary particles, and vessel 
volumes. 

Figure 1.25 Scanning electron microscope 
picture of aluminum flakes of thickness < 1 pn. 
Minimum ignition energy < 1-2 mJ: (dP/dt),,, 
in Hartmann bomb 2600 bar/s (Courtesy of 
W. C. Wedberg). 

Figure 1.24 Scanning electron microscope 
picture of atomized aluminum: typical par- 
tide size 50 pm, minimum ignition energy 
3000 m] (Courtesy of W. C. Wedberg). 
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Figures 1.26 and 1.27 shows typical particle shapes in ground silicon in the compar- 
atively coarse and fine particle size regions. The shapes are not very different for the two 
fractions. Note that the size fraction, 37-53 ,um, is unable to propagate a dust flame. It 
is necessary to add a tail of much finer particles. The influence of the detailed shape of 
the particle size distribution on the ignitability and explosibility of metal dust clouds needs 
further investigation. 

Figure 1.26 Optical microscope picture of Figure 1.27 Scanning electron microscope 
a metal-shadowed (shadowing angle 25" picture of fine fraction of ground silicon: typ- 
with focal dane) 37-53 um fraction of ical Darticle size 2-3 um (Courtesv of W. C. 
ground silicbn. Wedberg). 
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0 5 10 15 20 25 from natural organic materials, as functions of par- 
MEDIAN OR AVERAGE PARTICLE SIZE [urn] ticle size (From Eckhoff et al., 1986). 

Figure 1.28 summarizes some data for the maximum rate of pressure rise for various 
dusts as functions of median or average particle size. 

Figure 1.29 illustrates how the minimum explosible dust concentration is influenced 
by the particle size. The particles used in these experiments were close to monodis- 
perse, that is, of narrow size distributions. In practice, the distributions may be quite wide, 
and simple relationships for monosized dusts may not be valid. Hertzberg and Cashdollar 
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Figure 1.29 Influence of mean particle diame-
te; on minimum explosibleconcentrationfor three 

0 20 40 60 80 100 120 140 different dusts in a 20 liter USBM vessel (From 
Hertzberg and Cashdollar, 1987).MEAN PARTICLE DIAMETER [pml 

(1987) interpreted the data in Figure 1.29 in terms of the existence of a critical particle 
size, above which the devolatilization process becomes the critical factor in the flame 
propagation process. Below this size, devolatilization is so fast that the combustion is 
controlled by gas mixing and gas combustion only. Note that the limiting particle size 
at the minimum explosible dust concentration is not necessarily the same as at higher 
concentrations, where the explosions are more violent. 

Figure 1.30 shows how particle size influencesthe minimum ignition energy for three 
differentdusts. The vertical scale is logarithmic,and it is seen that the effect is very strong. 

Kalkert and Schecker (1979) developed a theory indicating that the MIE is proportional 
to the cube of the particle diameter, as illustrated in Figure 1.30by their theoretical pre-
diction of the relationship for polyethylene. 

Investigations at the Chr. Michelsen Institute (CMI) showed that a 50-150 pm frac-
tion of atomized aluminum powder could not be ignited as a cloud in air, even with a 
welding torch. This contradicts somewhat with the data in Figure 1.30.The discrepancy 
could be due to the presence of a fine particle size fraction in the powders used by 
Bartknecht (1978). This emphasizesthe need for consideringthe entire size distribution 
rather than just a mean size. 

Figure 1.31 gives some independent experimentalresults for MIE as a function of par-
ticle size for methyl cellulose, confirming the trends in Figure 1.30. 

1.3.3 
DEGREE OF DUST DISPERSION EFFECTIVE PARTICLE SIZE 

In his experimental studies of burning times of pulverized fuels, Bryant (1973) found 
that persistent agglomeration was the reason for comparatively long burning times for 
apparently small particles. The situation is illustrated in Figure 1.32.A stable agglom-
erate behaves as a large single particle of the size of the agglomerate. 
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Bartknecht, 1987)and theoretical line for poly-
ethylene (From Ka/kert and Schecker, 1979). 

Figure 1.31 Influence of median particle 
size of mass on the minimum ignition energy 
of clouds of methyl cellulosein air. Experiments 
performed at Chr.Michelsen Institute, Bergen. 

Eckhoff and Mathisen (1977/1978) investigated the influence of the degree of dis-
persion of maize starch grains on the rate of pressure rise during explosions in a 1.2liter 
Hartmann bomb (see Chapter 7). As shown in Figure 1.22, maize starch consists of 
fairly monosized, close-to-spherical grains of typical diameters 10-15 pm. The degree 
of dispersion of the individual starch grains in the Hartmann bomb was studied by 
mounting a microscope slide with a double-sticky tape inside a specially made 1.5 liter 
dummy vessel that fitted to the dust dispersion cup of the Hartmann bomb (see Figures 
7.4 and 7.5). Microscopic analysis of the dust deposited on the tape revealed a consid-
erable fraction of stable agglomerates,which were probably formed during production 
of the starch. It was found that various qualities of maize starch had different degrees of 
ag,glomeration.This was reflected in differences in combustion rate, in agreement with 
Figure 1.32. Figure 1.33 shows a scanning electron micrograph of typical stable maize 
starch agglomeratesfound in a commercial maize flour purchased in Norway. Figure 1.34 
shows the results of Hartmann bomb experiments with this flour, as purchased and after 
removal of the agglomerates retained by a 37 pm sieve, and a maize starch purchased 
in the United States, all of which passed a 37 pm sieve. Figure 1.34 shows a consistent 
increase of (dP/df),,, as the effective particle size decreases. 
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Figure 1.32 
much larger effective particle sizes than those of the primary particles. 
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Figure 1.33 Scanning electron microscope 
picture of stable agglomerates of primary 
maize starch grains. Diameters of primary 
grains are typically 7 0- 15 pm (Courtesy of 
W. C. Wedberg). 

Figure 1.34 Maximum rate of pressure rise of 
the 1.2 Hartmann bomb of maize starches 
containing different fractions of agglomerates 
(From Eckhoff and Mathisen, 1977/1978). 

The extent to which a certain powder or dust appears in agglomerated form when dis- 
persed in a cloud, very much depends on the intensity of the dispersion process. This is dis- 
cussed in detail in Chapter 3. In general, the tendency of powders and dusts to form 
agglomerates increases with decreasing particle size, in particular in the range below 10 pm. 

1.3.4 
DUST CONCENTRATION 

Figure 1.3 illustrates the comparatively narrow explosible range of dust concentrations 
in air. However, neither ignition sensitivity nor explosion rate is constant within the 
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explosible range. Typical patterns of variation with dust concentration are illustrated in 
Fi,gure 1.35. C1is the minimum explosible concentration, Cstoichthe stoichiometric con-
centration, and C, the maximum explosible concentration. 

'1 Cstoich Cworst case 

DUST CONCENTRATION 

Figure 1.35 
energy with dust concentration within the explosible range. 

Illustration of typical variation of explosion rate and minimum electric spark ignition 

For maize starch of low moisture content in air at normal pressure and temperature, 
the minimum explosible concentration equals about 70 gJm3, the stoichiometric con-
centration 235 g1m3,the worst-case concentration about 500 g/m3, and the maximum 
explosible concentration probably somewhere in the range 1500-2500 g/m3. (Note: 
Figure 4.16 in Clhapter 4 suggests a worst-case concentration equal to the stoichiomet-
ric concentration, based on laminar flame speed measurements. However, peak values 
of (dpldt),,, in closed bomb experiments most often seem to occur at higher concen-
traltions than stoichiometric.) For metal dusts, the minimum explosible concentrations 
are normally considerably higher than for organic dusts and coals. For example, for zinc 
dust, it is about 500 g/m'. The stoichiometric and worst-case concentrations then also 
are correspondingly higher. 

Figure 1.36 shows a set of results from experiments with maize starch (11% moisture) 
in a 1.2 liter closed Hartmann bomb. The maximum rate of pressure rise peaks at about 
400-500 g/m3,whereas the maximum pressure reaches a fairly constant peak level in the 
range from 500 g/m3and upwards. Figure 1.37 shows some results from large-scale exper-
iments with the same starch in a 22 m high experimental silo of volume 236 m3and vented 
at the top. The results indicate a peak in the maximum vented explosion pressure at a 
concentration range not very different from the one that gave the highest (dP/dt)maxin 
the Hartmann bomb experiments. However, measuring the dust concentration distribu-
tion in the 236 m3silo was not straightforward and undue emphasis should not be put on 
this coincidence. 

Figure 1.38 illustrates the influence of dust concentration on the ignition sensitivity 
by some experimental data from Bartknecht (1979). 
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Figure 1.36 Influence of nominal dust concen-
tration in a Hartmann bomb on maximum explo-
sion pressure and maximum rate of pressure rise. 
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Figure 1.37 Influence of estimatedaverage dust concentration in exploding cloud in 236 m3silo of 
L/D = 6, on maximum explosion pressure in vented silo. Vent area at the top of the silo is 5.7 m2. 
Maize starch contains 1 I % moisture. Ignition is close to the bottom of the silo (From Eckhoff et al., 
1985). 

1.3.5 
TURBULENCE 

In practical terms, turbulence in the present context is a state of rapid internal, more or 
less random movement of small elements of the dust cloud relative to each other in 
three dimensions. If the cloud is burning, turbulence gives rise to mixing of the hot 
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Figure 1.38 The influence of average dust con-
centration in a 7 m3 I S 0  standard vessel on the 
minimum electric spark ignition engery of ciouds 
of an antioxidant in air (From Bartknecht, 7979). 

burned and burning parts of the cloud with the unburned parts, and the cloud becomes 
a lkind of three-dimensional laminate of alternating hot burned or burning and cold 
unburned zones. Therefore, a turbulent cloud burns much faster than when a single plane 
flame sheet propagates through a quiescent cloud. 

In the case of ignition of the dust cloud, whether by an electric spark or a hot surface. 
the turbulence disturbs the heat transfer by removing heat from the ignition zone by rapid 
convection. Therefore, ignition of a turbulent dust cloud generally requires higher energy 
or temperature than ignition of quiescent clouds. 

In the context of dust explosions, two kmds of turbulence, differing by their origin, 
have to be considered. The first is turbulence generated by the industrial process in 
which the dust cloud is formed, whether an air jet mill, a mixer, a cyclone, a bag filter, 
a pneumatic transport pipe, or a bucket elevator. This lund of turbulence is often called 
initial turbulence. The second kind is generated by the explosion itself by expansion-
induced flow of unburned dust cloud ahead of the propagating flame. The level of tur-
bulence generated in this way depends on the speed of the flow and the geometry of the 
system. Obstacles, like the buckets in a bucket elevator leg, enhance the turbulence gen-
eration under such conditions. 

In long ducts or galleries a positive feedback loop can be established, by which the 
flame can accelerate to very high speeds and even transit into a detonation. This is dis-
cussed in Chapter 4. 

Figure 1.39 shows a characteristic example of the influence of initial turbulence on the 
rate of dust explosions in closed bombs. The dust cloud is generated in a closed vessel 
by dispersing a given mass of dust by a short blast of air. 

In the early stages of dust dispersion, the dust cloud can be quite turbulent, but the tur-
bulence fades away with time after the dispersion air has ceased to flow. Therefore, if 
explosion experiments with the same dust are performed in similar vessels at different 
delays between dust dispersion and ignition, they have different initial turbulence. As 
Figure 1.39shows, the explosion violence, in terms of the maximum gradient of the pres-
sure rise versus time, decreased markedly, by at least an order of magnitude, as the ini-
tial turbulence faded away. However, Figure 1.39also shows that the maximum explosion 
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Figure 1.39 Influenceof initial turbulenceon explosion rate ofa dust cloud. Experiments with 420 g/m3 
oflycopodium in air in a 1.2 liter Hartmann bomb; five experimentsper delay. Bars indicate * 1 stan-
dard deviation (From Eckhoft 1977). 

pressure remained fairly constant up to about 200 ms. This reflects the fact that the max-
imum pressure is essentially a thermodynamic property, as opposed to the rate of pres-
sure rise, which contains a strong kinetic component. 

Christill et al. (1989), having developed a comprehensivemodel for predicting flame 
propagation and pressure developmentin gas explosions,implying the k-E model of tur-
bulence (see Section 4.4.1 in Chapter 4), suggested that similar models might be devel-
oped even for turbulent dust explosions. Other work along similar lines is discussed in 
Section 4.4.8 in Chapter 4. 

Figure 1.40 shows the strong influence of initial turbulence on the minimum electric 
spark ignition energies of dust clouds. In this case, turbulence acts in the direction of 
safety, making it much more difficult to ignite the dust cloud compared with the quies-
cent state. The effect is quite dramatic, the minimum ignition energy increasing by sev-
eral orders of magnitude. This is fortunate in the context of the possible generation of 
electrostatic discharges in the presence of explosible dust clouds, because such dis-
charges are normally generated when the cloud is in turbulent motion. Section 5.3.4 in 
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Figure 1.40 The influence of initial turbulence 
on the minimum electric spark ignition of dust 
clouds. Experiments with various dusts in a 20 
liter spherical explosion bomb (From Clarner, 
1984). 

Chapter 5 gives some further information. Further analysis of the role of turbulence on 
propagation of dust flames is given in Section 4.4 in Chapter 4 and Section 9.2.4.4 in 
Chapter 9. 

1.3.6 
OXYGEN CONTENT OF OXIDIZER GAS 

As one would intuitively expect, both the explosion violence and ignition sensitivity of 
dust clouds decrease with decreasing oxygen content of the gas in which the dust is sus-
pended. Wiemann (1984) investigated the influence of the oxygen content of the gas (air+ 
nitrogen) on the maximum pressure and maximum rate of pressure rise of coal dust 
explosions in a 1m3closed vessel. The results, illustrated in Figure 1.41, show that both 
the explosion pressure and the rate of pressure rise decreased with decreasing oxygen 
content. Furthermore, the explosible dust concentration range was narrowed, in partic-
ular on the fuel-rich side. It is worth noting that a reduction of the oxygen content from 
that of air to 115%caused a reduction of the maximum rate of pressure rise by a factor of 
10 or more, whereas the maximum pressure was reduced by less than a factor of 2. This 
illustrates the strong influence of the oxygen content on the kinetics of the combustion 
process. The reduction of the maximum pressure is approximately proportional to the 
reduction of the oxygen content, as would be expected from thermodynamic considerations. 

Figure 1.42 shows some earlier results from the work of Hartmann (1948). The trend 
is similar to that of Wiemann's results in Figure 1.41. The maximum explosion pressure 
is approximately proportional to the oxygen content down to 16-17%, whereas the 
maximum rate of pressure rise falls much more sharply. For example, at 15% oxygen 
tie., 71% of that in air), (dP/dt),, is only 13% of the value in air. 

The influence of the oxygen content in the oxidizing gas on the minimum explosi-
ble dust concentration was studied in detail by Hertzberg and Cashdollar (1987). 
Some iresults for a high-volatile-content coal dust are shown in Figure 1.43. For par-
ticles smaller than about 10pm, a reduction of the oxygen content from that of air to 
15.5% caused only a moderate increase, from 130g/m3 to 160 g/m3, of the minimum 
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Figure 1.41 The influence of oxygen content in the gas on the maximum explosion pressure and 
maximum rate ofpressure rise of brown coal dust concentrations. Nitrogen as an inert gas is in a 1 m3 
I S 0  standard explosion vessel at 750°C and atm pressure (From Wiemann, 1984). 

explosible concentration. However, as the particle size increased, the influence of reduc-
ing the oxygen content became pronounced. At a mean particle size of 50 pm, 15.5% 
oxygen was sufficiently low to prevent flame propagation. It seems probable that the par-
ticle size fractions used by Hertzberg and Cashdollar (1987) were quite narrow. This can 
explain why particles of larger mean diameters than 100 pm did not produce explosions 
in air at all, irrespective of dust concentration. In practice, most powders and dusts 
involved in dust explosions have comparatively wide particle size distributions, and 
characterizing their fineness by only a mean particle size can be misleading in the con-
text of dust explosibility assessment. It would be expected that many coal dusts of mean 
particle diameter larger than 100 pm would be explosible in air if they contain a signifi-
cant “tail” of fine particles. 
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Figure 3.42 The influence of oxygen content in gas on the maximum pressure and maximum rate 
ofpressure rise in explosions of 100 g/m3 of <74 ym ethyl cellulose molding powder in a 7.2 liter 
Hartmann bomb (From Hartmann, 1948). 
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Figure 1.43 The influence of oxygen content in 
gas on the minimum explosible concentration of 
coal dust (high volatile content) versus particle 
size (From Hertzberg and Cashdollar, 7987). 
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Sweiss and Sinclair (1985) investigatedthe influence of particle size of the dust on the 
limiting oxygen concentration in the gas for flame propagation through dust clouds. 
Natural and synthetic organic dusts were studied. The results from experiments with 
narrow size fractions indicated that the limiting oxygen concentration decreased with 
decreasing particle size down to 100 pm. Below 100 pm, the limiting oxygen concen-
tration was practically independentof particle size. However, addition of only 5% by mass 
of a fine dust (=60pm) to a coarsemain dust (200-1000 pm) reduced the limiting oxygen 
concentrationby at least 60% of the differencebetween the values of the coarse dust only 
and the fine dust only. 

Wiemann (1984) found that, for brown coal, dust particle size had a comparatively 
small influence on the limiting oxygen concentration for inerting. Therefore, at an ini-
tial temperature of 50°C and nitrogen as inert gas, the values were 11.8 vol% for a 
median particle size of 19 pm and 12.4 vol% for 52 pm. 

The results in Figure 1.44, produced by Walther and Schacke (1986), show that the 
maximum permissible oxygen concentrationfor inerting clouds of a polymer powder was 
independent of the initial pressure over the range 1-4 bar (abs). For oxygen concentra-
tions above this limit, the data in Figure 1.44 can be represented by the simple approx-
imate relationship: 

(1.12)P,,,[bar(g)] = 0.35 %[bar(abs)] (vol%O,) 

where Po is the initial pressure. 

4 bar 

Figure 1.44 The influence of oxygen content in 
m 3 c  nn thn r n ~ v i r n r ~ mn v n l n c i n n  n r n c c i i r n  fnnp 2 nnh,. 

mer powder for various initial pressures in a 7 m3 
0 10 20 30 closed I S 0  vessel (From Walther and Schacke, 

7986).OXYGEN CONTENT IN GAS [ v o ~ .Yo1 

Figure 1.45illustrates the influence of the oxygen content of the gas on the minimum 
ignition temperature of a dust cloud. For <74 pm Pittsburgh coal dust, there is a sys-
tematic increase from 500°C in pure oxygen via 600°C in air to 730°C in 10 vol% 
oxygen. 

The influence of the oxygen content in the gas on the minimum electric spark ignition 
energy of dust clouds is illustrated by the data in Figure 1.46 for a subatmospheric 
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Figure 1.46 The influence of oxygen content in atmosphere on minimum electric spark ignition 
energy of dust clouds of various materials. Initial pressure 0.2 bar (abs):mean particle diameter 
40 pm, equivalence ratio 0.65 (;.e., excess oxygen for combustion), MIE defined for 80% probability 
of ignition (From Ballal, 1980). 
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pressure of 0.2 bar (abs). Areduction from 21 vol% to 10 vol% increased the minimum 
ignition energy by a factor of about 2. This is on the same order as the relative increase 
found by Hartmann (1948) for atomized aluminum; namely, a factor of 1.4from 21 vol% 
to 15 vol% oxygen and a factor of 2.0 from 21 vol% to 8.5 vol% oxygen. However, as 
the oxygen content approachedthe limit for flame propagation, a much steeper rise of the 
minimum ignition energy is expected. This is illustrated by Glarner's (1984) data for 
some organic dusts in Figure 1.47. 

0 10 20 30 
OXYGEN CONTENT IN GAS I V O l .  701 

'YROTECHN 
,GNlTERS 

I 
1 
-

CAPACITIVE 
ELECTRIC 
SPARKS 

Figure 1.47 The influence of oxygen content in 
gas of  minimum ignition energy of dust ciouds 
(From Clarner, 1984). 

It should finally be mentioned that Wiemann (1984) found that the maximum oxygen 
concentration for inerting clouds of a brown coal dust of median particle diame-
ter 52 pm varied somewhat with the type of inert gas. For an initial temperature of 
150"C,the values were 10.9vol% for nitrogen, 12.3vol% for water vapor, and 13.0vol% 
for carbon dioxide. The influence of initial temperature was moderate in the range 
50-200°C. Therefore, the value for nitrogen dropped from 12.4vol% at 50°C to 10.4vol% 
at 200°C. For carbon dioxide, the corresponding values were 14.0 and 12.5 vol%, 
respectively. 

1.3.7 
INITIAL TEMPERATURE OF THE DUST CLOUD 

Figure 1.48 summarizesresults obtained by Wiemann (1987) and Glarner (1983)for var-
ious coals and organic dusts, indicating a consistent pattern of decreasing minimum 
explosible dust concentrationswith increasing initial temperature. Furthermore, as the 
minimum explosible concentration decreases toward zero with increasing temperature, 
the data seem to convergetoward a common point on the temperature axis. For gaseous 
hydrocarbons in air, Zabetakis (1965) proposed linear relationships between the mini-
mum explosible concentration and the initial temperature,converging toward the point 
1300°C for zero concentration. For methane&-and butane/propane/air, Hustad and 
Sonju (1988) found a slightly lower point of convergence, 1200°C. However, linear 
plots of the data in Figure 1.48yield points of convergencefor zero minimum explosible 
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Figure I .48 The influence of initial temperature of dust clouds on minimum explosible dust con-
centration in air at 7 bar (abs) (Data from Wiemann, 7987, determined in a 7 m3 closed vessel with 
I O  k) chemical igniter, and from Glarner, 7 983, determined in a20 liter closed vessel with IO k] igniter). 

concentration in the range 30O-50O0C, much lower than the 1200-1300°C found for 
hydrocarbongases. This indicates that the underlyingphysics and chemistry is more com-
plex for organic dusts than for hydrocarbon gases. 

The influence of the initialtemperature of the dust cloud on the minimum electric spark 
ignition energy is illustrated in Figure 1.49, using the data of Glamer (1984). For the 
organic materials tested, a common point of convergence for the straight regression 
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.iB9 The influence of the initial temperature of a dust cloud on the minimum electric spark 
ignitior energy (From Garner, 7984). 
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lines at 1000°C and 0.088 mJ is indicated. This means that the M E  values for organic 
dusts at elevated temperatures can be estimated by linear interpolation between this 
common point and the measured MIE value at the ambient temperature. 

Figure 1.50 shows how the initial temperature influences the maximum explosion 
pressure and rate of pressure rise. The reduction of P,,, with increasing initial temper-
ature is due to the reduction of the oxygen concentration per unit volume of dust cloud 
at a given initial pressure, with increasing initial temperature. The trend for (dpldt),, 
in Figure 1.50 is less clear and reflects the complex kinetic relationships involved. 

0 250 500 750 
DUST CONCENTRATION [g/m31 

120 

0 250 500 750 
DUST CONCENTRATION [g/rn? 

Figure 1.50 
closed vessel, using bituminous coal dust in air (From Weimann, 1987). 

The influence of the initial temperature of a dust cloud on the development in a 7 m3 

Figure 1.51 indicates an approximately linear relationship between the reciprocal of 
the normalized initial temperature and the normalized maximum explosion pressure for 
some organic materials and coals. 
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:/ Figure 1.51 Influence of normalized initial tem-

perature (K)  of dust clouds on normalized maxi-
mum explosionpressure (absolute).Tois the lowest 
initial temperature investigated for a given dust, 
mostly 323 K. T jis the actual initial temperature.Po 
and Pi are the maximum explosion pressures for 
initial temperatures To and Tj,  respectively. Data 
are for coal, beech, peat, jelly agent, milk powder, 

0.6 0.8 1.0 '.2 methyl cellulose, and napthalic acid anhydride 
(From Wiemann, 7 987).To /Ti 
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1.3.8 
INITIAL PRESSURE OF A DUST CLOUD 

Wiemann’s (1987) data for brown coal dust in air in Figure 1.52 illustrate the charac-
teristic pattern of the influence of initial pressure on the maximum explosion pressure 
in closed vessels (constant volume). Two features are apparent. First, the peak maximum 
pressure (abs) is close to proportional to the initial pressure (abs). Second, the dust con-
centration that gives the peak maximum pressure is also approximately proportional to 
the initial pressure, as indicated by the straight line through the origin and the apexes of 
the pressure-versus-concentrationcurves.This would indicate a given ratio of mass dust 
to mass air that gives the most efficient combustion, independent of initial pressure. 

40 

4 bar (abs.) 

30 

‘-@\I0.. 2 bar (abs.) 

@-@-e- 1 bar (abs.) INITIAL PRESSURE 

0 500 1000 1500 2000 

DUST CONCENTRATION [ g/rn31 

Figure 1.52 Maximum explosion pressure in a 1 m3 closed vessel as function of dust concentration 
for different initial pressures, using brown coal dust in air. A straight line through the origin passes 
through the apexes of the curves (From Wiemann, 1987). 

Walther and Schacke (1986) presented results for polymer powdedair explosions in a 
20 liter closed vessel, revealing the same trends as Figure 1.52, from an initial pressure 
of 3 bar (abs) down to 0.2 bar (abs). These results are in completeagreementwith the ear-
lier results for starch presented by Bartknecht (1978), covering the initial pressure range 
0.2-2.0 bar (abs). Figure 1.53 summarizes the results from the three investigations. 

The results in Figure 1.54, obtained by Pedersen and Wilkins for higher initial pres-
sures, indicate that the trend of Figure 1.53 extends at least to 12 bar (abs). This is in 
agreement with correspondinglinear correlationsfound for methane/airup to 12bar (abs) 
initial pressure, as shown by Nagy and Verakis (1983). For clouds of fuel mists in air, 
Borisoiv and Gelfand (personalcommunication,December 1989)found a linear correlation 
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Figure 1.54 The influence of initial pressure on 
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rise in explosions of clouds of subbituminous coal 
dust in air in a 15 liter closed bomb: median par-
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Figure 1.53 
sure (Data from Bartknecht, 1978; Walther and Schake, 1986; and Wiemann, 1987). 

The maximum explosion pressure at a constant volume as a function of initial air pres-
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between initial pressure and maximum explosion pressure up to very high initial pres-
sures, approaching 100 bar. 

Figure 1.54 also gives the maximum rate of pressure rise as a function of initial pres-
sure. The excellent linear correlation is the result of somewhat arbitrary adjustment of 
the dust dispersion conditions with increasing quantities of dust to be dispersed. 

The more arbitrarynature of the rate of pressurerise is reflectedby the data in Figure 1.55, 
which show that in Wiemann's experiments (dPldt),, started to level out and depart from 
the linear relationship for initial pressures exceeding 2 bar (abs). 
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Figure 1.55 Normalized highest (dP/dt),,, as a function of initial pressure for explosions of poly-
mer and brown coal dust in closed compatible I m3 and 20 liter vessels (Data from Walther and 
Schacke, 7986, for polymer, and Wiemann, 1987, for brown coal). 

Figure 1.56 illustrates how the minimum explosible concentration of dusts increases 
systematicallywith increasing initial pressure. Hertzberg and Cashdollar (1988) attrib-
uted the close agreement between polyethylene and methane to fast and complete 
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Figure 1.56 
methane in air (From Hertzberg and Cashdollar, 1988). 

Influence of initialpressure on the minimum explosible concentration of two dusts and 
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devolatilization of polyethylene in the region of the minimum explosible concentration. 
In the case of coal, only the volatiles contribute significantly to flame propagationin this 
concentration range. A more detailed discussion of these aspects is given in Chapter 4. 

1.3.9 
COMBUSTIBLE GAS O R V A P O R  M I X E D  WITH A D U S T  C L O U D  
("HYBRID" MIXTURES) 

It is not clear who was the first researcher to study the influence of comparatively small 
amounts of combustible gas or vapor on the ignitability and explosibility of dust 
clouds. However, more than a century ago, Engler (1885) conducted experiments in a 
wooden explosion box of 0.25 m2cross section, 0.5 m height, and essentially open at 
the bottom. The box was filled with a mixture of air and marsh gas (methane) of the 
desired concentration, and a cloud of fine charcoal dust, which was unable to produce 
dust explosions in pure air, was introduced at the container top by a vibratory feeder. 
Engler made the interesting observationthat methane concentrationsas low as 2.5 vol% 
made clouds of the charcoal dust explosible, whereas the methane and air alone, with-
out the dust, did not burn unless the gas content was raised to 5.5-6 ~01%.One gen-
eration later, Engler (1907) described a simple laboratory-scale experiment by which 
the hybrid effect could be demonstrated. The original sketch of the apparatus is repro-
duced in Figure 1.57. 

Figure 1.57 Apparatus for demonstrating the hybrid 
interaction of combustible dust andgas: A is a glass explo-
sion vesselof volume 250-500 cm3,B is a glass dust reser-
voir connected to A via a flexible hose, b is the inlet tube 
for the dispersing air, and a is the gap for the spark igni-
tion source (From Engler, 1907). 

The experimental procedure was first to raise reservoir B to allow an appropriate 
quantity of dust (unable to propagate a flame in pure air) to drop into vessel A.  A con-
tinuous train of strong inductive sparks was then passed across the spark gap a, while a 
short blast of air was injected via b by pressing a rubber bulb, to generate a dust cloud 
in the region of the spark gap. With only air as the gaseousphase, no ignition took place. 
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The entire vessel A was then replaced by another one of the same size and shape but filled 
with a mixture of air and the desired quantity of combustible gas, and the experiment 
was repeated. Engler advised the experimenter to protect himself against the flying frag-
ments of glass that could result in the case of a strong hybrid explosion. 

Adding small percentages of combustible gas to the air influences the minimum 
explosible dust concentration, depending on the type of dust. This is illustrated by the 
data of Foniok (1985) for coals of various volatile contents, shown in Figure 1.58. The 
effect is particularly pronounced for dusts that have low ignition sensitivity and low com-
bustion rate in pure air. A similar relationship for another combination of dust and gas 
is shown in Figure 1.59. 

0 1 2 3 L 5 

METHANE CONTENT IN THE AIR [vo~YoI 

Figure 1.58 The influence of methane con-
tent in the air on the minimum explosible 
concentration of coal dusts of different 
volatile contents. Average particle size 40 pm 
with 700% <71 pm, 4.5 kJ ignition energy 
(From Foniok, 1985). 
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Figure 1.59 The influence of small percent-
ages of hydrogen in the air on the minimum 
explosible concentration of  maize starch at 
normal ambient conditions (From Hertzberg 
and Cashdollar, 1987). 

Nindelt, Lukas, and Junghans (198 1) investigated the limiting concentrations for 
flame propagation in various hybrid mixtures of dusts and combustible gases in air. The 
dusts and combustible gases were typical of those represented in the flue gases from coal 
powder plants. 

Reeh (1979) determined the critical minimum contents of volatiles in coals and 
methane in the air for self-sustained flame propagation in clouds of coal dust in a 200 m 
experimental mine gallery. With no methane in the air, flame propagation was possible 
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only for volatile contents above 14%. With 1 vol% methane in the air, the critical value 
was 13%; for 2% methane, about 12%; and for 3% methane, about 9% volatiles. 

Cardillo andAnthony (1978) determinedempirical correlationbetween the content of 
combustible gas (propane) in the air and the minimum explosible concentration of 
polypropylene, polyethylene, and iron. It is interesting to note that iron responded to the 
propane addition in the same systematicway as the organic dusts. For no propane in the 
air, the minimum explosible iron dust concentration was found to be 200 g/m3,whereas 
for 1 vol% propane, it was 100 g/m3. 

The influence of small fractions of methane in the air on the minimum electric spark 
energy for ignitingclouds of coal dusts was investigated systematicallyby Franke (1978). 
He found appreciable reductions in MIE, by factors on the order of 100, when the 
methane content was increased from 0 to 3 ~01%. 

Pellmont (1979) also investigatedthe influenceof combustiblegas in the airon the min-
imum ignition energy of dust clouds.A set of results, demonstratinga quite dramaticeffect 
for some dusts, is given in Figure 1.60. Pellmont found that the most ignition sensitive 
concentration of the various dusts decreased almost linearly with increasing content of 
propane in the air. For example, for 20 ,um PVC in pure air the most sensitive concentra-
tion was 500 g/m3,whereas with 2 vol% propane in the air,it was 250 g/m3.Figures 1.61 
and 1.62 give some results presented by Foniok (1985). In agreement with the findings 
of Pellmont, Foniok observed that the dust concentration most sensitive to ignition, and 
at which the reported MIE values were determined,decreased systematicallywith increas-
ing combustible gas content in the air. For example, for the 31% volatile dust, for which 
data are given in Figure 1.61, the most sensitive concentration was 750 g/m3 with no 
methane in the air, whereas with 3.5% methane in the air, it dropped to 200 g/m3. 

A PVC, 125 prn 

Figure 1.60 The influence of small fractions of 
propane in the air on the minimum electric spark 

1 2 3 4 at normal ambient conditions (From Pellmont, 
PROPANE CONTENT IN AIR [val%l 

Torrent and Fuchs (1989), probably using more incendiary electric sparks of longer 
discharge times than those used by Foniok (1985),found little influence of methane con-
tent in the air on MIE for coal dusts up to 2 vol% methane. For all the coal dusts tested 
but one, the MIE in pure air was 4 0 0  d.For one exceptional coal dust, containing 18% 
moisture and 12% ash, the MIE dropped from 300 mJ for no methane to about 30-50 mJ 
for 2% methane. 

I I ignition energy of clouds of various organic dusts 
0 

1979). 
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Figure 1.61 The influence of methane content in 
the air on the minimum electric spark ignition energy 
of a coal dust of  3 1 % volatile content. Average 
particle size is 40 pm. Note: This uses presumably 
short-duration sparks from a low-inductance, low-
resistance capacitive discharge circuit (From Foniok, 
1985). 
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Figure 1.62 Nomograph for minimum ignition 
energy of hybrid mixtures of dust and methane in 
air as a function of the methane content in the air 
and the minimum ignition energy of the dust in air 
only. Note: This uses a presumably short-duration 
capacitive circuit (From Foniok, 7 985). 

It has been suggested that hybrid mixtures involving dusts that are very easy to ignite 
even without combustible gas in the air (MIE <10 mJ) may be ignited by electrostatic 
brush discharges, but definite proof of this has not been traced. 

Figure 1.63illustrateshow the content of combustiblegas in the air influences the per-
centage of inert dust required for inerting coal dust clouds. 

One of the first systematicinvestigations of the influence of combustiblegas in the air 
on the explosion violence of dust clouds was conducted by Nagy and Portman (1961). 
Their results are shown in Figure 1.64.The dust dispersion pressure is a combined arbi-
trary measure of the extent to which the dust is raised into suspension and dispersed and 
of the turbulence in the dust cloud at the moment of ignition. As can be seen, the maxi-
inum explosionpressure,with and without methanein the air,firstrose, as the dust dispersion 



54 Dust Explosions in the Process Industries 

80 

0 
I 

-
L " 0 0.5 1.0 1.5 2.0 

CONTENT OF METHANE IN AIR 1 ~ 0 l % l  

Figure 1.63 The necessary mass percentage of incombustible solid material for clouds of dry coal 
dust of38% volatiles and 10% ash in air containing various low percentages ofmethane (from Torrent 
and Fuchs, 1989). 
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Figure 1.64 Influence of 2 vol% methane in the air on maximum explosion pressure and maximum 
rate of pressure rise of coal dust in a 28 liter closed vessel at various levels of initial turbulence (from 
Nagy and Portman, 796 I ) .  

was intensified.However, as the dust dispersionpressure was increased further,the dust 
without methane started to burn less efficiently, probably due to quenching by intense 
turbulence. In the presence of methane, this effect did not appear, presumably due to 
faster combustion kinetics. The influence of the methane was even more apparent for 
the maximum rate of pressure rise, which, for a dust dispersion pressure of 30 arbitrary 
units, dropped to less than 100 bark without methane, whereas with 2% methane, it 
increased further up to 500 bar/s. This comparatively simple experimentrevealed impor-
tant features of the kinetics of combustion of turbulent clouds of organic dusts. Ryzhik 
and Makhin (1978) also investigated the systematic decrease of the induction time for 
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ignition o f  hybrid mixtures of coal dust/methane/air, in the methane concentration range 

Reeh (1978) conducted a comprehensive investigation of the influence of methane in 
the air on the violence of coal dust explosions. He concluded that the influence was 
strongest in the initial phase of the explosion. In the fully developed, large-scale, high-
turbulence explosion, it made little difference whether gas or coal dust was the fuel. 

Further illustrations of the influence of combustible gas or vapor in the air on the explo-
sion violence are given in Figures 1.65 from Bartknecht (1978) and 1.66 from Dahn 
(1986). Dahn studied the influence of small fractions of xylene, toluene, and hexane in 
the air, on the maximum rate of pressure rise of explosions of a combustible waste dust 
in a 20 liter closed bomb. The waste dust originated from shredded materials, including 
paper and plastics. Its moisture content was 20% and the particle size <74 pm. Results 
for maize starch of4-5% moisture content in hexane and air are also shown in Figure 1.66. 

0-5 ~01%. 

P 
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PVC DUST CONCENTRATION [g/rn31 

Figure 1.65 The influence of small fractions of 
methane in the air on maximum explosion pres-
sure and maximum rate of pressure rise in a 1 m3 
closed vessel, with a 10 k] pyrotechnical igniter 
(From Bartknecht, 1978). 

Torrent and Fuchs (1989) found that both maximum explosion pressure and maximum 
rate o f  pressure rise of a dry coal dust of 38% volatiles and 10% ash in a closed 20 liter 
vessel, increased by 30% when 3 vol% methane was added to the air.There was a signifi-
cant decrease of the dust concentrationsthat gave the most violent explosions,with increas-
ing methane content, from 600-700 g/m3without methane to about 300 g/m3with 3 vol% 
methane.This agrees with the trend found by Foniok (1985) for the minimumignitionenergy. 

1.3.10 
ANERTlNG BY MIXING INERT DUST WITH COMBUSTIBLE DUST 

This principle of inerting the dust cloud is of little practical interest apart from in mining. 
In coal mines, stone dust has been used extensively for this purpose for a long time. 

Comprehensiveinformationconcerningthat specificproblem was provided by Cybulski 
(1975). Michelis (1984) indicated that satisfactory protection against propagation of coal 
dust explosions in mine galleries cannot be obtained unless the total content of com-
bustible material in the mixture of coal dust and limestone is less than 20 wt%. This is 
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Figure 1.66 Influence of low concentrations of various organic solvent vapors in the air on the max-
imum rate ofpressure rise during explosions of organic dusts in a 20 liter closed vessel (From Dahn, 
1986). 

not always easy to achieve in practice, and supplementary means of protection (water 
barriers etc.) must be employed. 

A useful, more general analysis of the problem of inerting combustibledust clouds by 
adding inert dust was given by Bowes, Burgoyne, and Rasbash (1948). 

Table A.3 in the Appendix gives some experimental data for the percentages of inert 
dusts required for inerting clouds in air of various organic dusts and coals. 

1.3.11 
CONCLUDING REMARKS 

Section 1.3 is included primarily to bring into focus the various important parameters 
that influenceignitability and explosibility of dust clouds and to indicate main trends of 
their influence. 

The extent to which the reader will find quantitativedata that satisfy specific needs is 
bound to be limited. In particular, size distributionsand specific surface areas of dusts of 
a given chemistry can vary considerably in practice. However, the quantitativeinforma-
tion provided can help in identifying the type of more specificinformation needed in each 
case. In many cases, the required data have to be acquired by tailor-madeexperiments. 
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1.4 
MEANS FOR PREVENTING AND MITIGATING 
DUST EXPLOSIONS 

1.4.1 
THE MEANS AVAILABLE: AN OVERVIEW 

The literature on the subject is substantial.Many authors have written short, general sur-
veys on the means of preventing and mitigating dust explosions in the process industry. 
A few examples are Gibson (1978); Scholl, Fischer, and Donat (1979); Kuhnen and 
Zehr (1980);Field (1982b, 1987);Woodcockand Reed (1983); Siwek (1986,1987); Swift 
(1987’a, 1987b); and Bartknecht (1988). For more recent works, see Section 9.3.3. The 
books mentioned in Sections 1.1.1.5 and 9.1.2 also contain valuable information. 

Table 1.9 gives an overview of the various means presently known and in use. They 
can be divided in two main groups, the means for preventing explosions and the means 
for their mitigation. The preventive means can again be split in the two categories, pre-
vention of ignition sources and prevention of an explosible or combustible cloud. One 
central issue is whether preventing only ignition sources can provide sufficient safety, 
or is it also necessary, in general, to employ additional means of prevention or mitiga-
tion. In the following sections, the means listed in Table 1.9 are discussed separately. 

Table l .9  Means of preventing and mitigating dust explosions: a schematic overview 

I e. Heat from mechanical 
impact (metal sparks and 

I n. Automatic suppression 

0.Good housekeeping 
(dust removal, cleaning) 

1.4.2 
PREVENTING IGNITION SOURCES 

I .4.2.1 
Introduction 

The characteristics of various ignition sources are discussed in Section 1.1.4, and some 
special aspects are elucidated more extensively in Chapter 5. The test methods used for 
assessing the ignitability of dust clouds and layers, when exposed to various ignition 
sources are discussed in Chapter 7. 
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Several authors have written survey papers on the prevention of ignition sources in 
process plants. Kiihnen (1978a) discussed the important question of whether preventing 
ignition sources can be relied on as the only means of protection against dust explosions. 
His conclusion was that this may be possible in certain cases but not in general. Adequate 
knowledge about the ignition sensitivity of the dust, both in cloud and layer form, under 
the actual process conditions, and proper understanding of the process, are definite pre-
conditions. Schafer (1978) concluded that relying on preventing ignition sources is 
impossible if the minimum electric spark ignition energy of the dust is in the region of 
vapors and gases ( 4 0  mJ). However, for dusts of higher MIE, he specified several types 
of process plants that he considered could be satisfactorilyprotected against dust explo-
sions solely by eliminating ignition sources. 

In a more recent survey, Scholl(l989) concluded that the increasedknowledge about 
ignition of dust layers and clouds permits the use of prevention of ignition sources as 
the sole means of protection against dust explosions, provided adequate ignition sensi-
tivity tests have shown that the required ignition potential, as identified in standardized 
ignition sensitivity tests, is unlikely to occur in the process of concern. Scholl distin-
guished between organizationaland operational ignition sources. The first group, which 
can largely be prevented by enforcing adequate working routines, includes 

* Smoking. 
Openflames. 
Open light (bulbs). 
Welding (gas or electric). 
Cutting (gas or rotating disc). 
Grinding. 

The second group arises within the process itself and includes 

Openflames. 
Hot surfaces. 
Self-heating and smoldering nests. 
Exothermic decomposition. 
Heat from mechanical impact between solid bodies (metal sparks or hot spots). 
Exothermic decomposition of dust via mechanical impact. 
Electric sparks and arcs and electrostatic discharges. 

1.4.2.2 
Self-Heating, Smoldering, and Burning of Large Dust Deposits 

The tendency to self-heating in powder and dust deposits depends on the properties of 
the material. Therefore, the potential for self-heating should be known or assessed for 
any material before admitting it to storage silos or other parts of the plant where condi-
tions are favorable for self-heating and subsequent further temperature rise up to smol-
dering and burning. 

Control of temperature,moisture content, and other important powder and dust prop-

Possible means of preventing self-heating include 

erties before admitting powder or dust to, for example, storage silos. 
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e Adjustment of powder and dust properties to acceptable levels by cooling, di-ying,and 
the like, whenever required. 

e Ensuring that heated solid bodies (e.g., a steel bolt heated and loosened by repeated 
impact) do not become embedded in the powder or dust mass. 

e Continuous monitoring of temperature in the powder mass at several points by ther-
mometer chains. 

@ Monitoring possible development of gaseous decomposition and oxidation products 
for early detection of self-heating. 

@ Rolling of bulk material from one silo to another, whenever the onset of self-heating 
is detected or as a routine after certain periods of storage, depending on the dust type. 

@ Inerting of bulk material in silo by suitable inert gas, such as nitrogen. 

Thermometer chains in large silos can be unreliable because self-heating and smol-
dering may occur outside the limited regions covered by the thermometers. 

Inerting by adding nitrogen or other inert gas may offer an effective solution to the 
self-heatingproblem. However, it introduces a risk of personnel being suffocated when 
entering areas that have been made inert. In the case of nitrogen inerting, the negative 
effects of lack of oxygen in the breathing atmospherebecome significant in humans when 
the oxygen content drops to 15 vol% (air 21 ~01%). 

If inerting is adopted, it is important to take into account that the maximum permis-
sible oxygen concentration for ensuring inert conditions in the dust deposit may be con-
siderably lower than the maximum concentration for preventing explosions in clouds of 
the same dust. Walther (1989) conducted a comparative study with three different dusts, 
using a 20 liter closed spherical bomb for the dust cloud experiments and a Grewer fur-
nace (see Chapter 7) for the experiments with dust deposits. In the case of the dust 
clouds, oxidizability was quantifiedin terms of the maximum explosionpressure at con-
stant volume, whereas for the dust deposits, it was expressed in terms of the maximum 
temperature difference between the test sample and a reference sample of inert dust 
exposed to the same heating procedure. The results are shown in Figure 1.67.In the case 
of the pea flour, it is seen that self-heatingtook place in the dust deposit down to 5 vol% 
oxygen or even less, whereas propagation of flames in dust clouds was practically impos-
sible below 15 vol% oxygen.Also, for the coals, there were appreciabledifferences. 

Extinction of smoldering combustion inside large dust deposits, such as in silos, is a 
dual problem. The first part is to stop the exothermic reaction. The second, and perhaps 
more difficult part, is to cool down the dust mass. In general, the use of water should be 
avoided in large volumes. Limited amounts of water may enhance the self-heatingprocess 
rather than quench it. Excessive quantities may increase the stress exerted by the powder 
or dust mass on the walls of the structure in which it is contained, and failuremay result. 
Generally, addition of water to a powder mass, up to the point of saturation, reduces the 
flowability of the powder and makes discharge more difficult (see Chapter 3 ) .  

Particular care must be taken in the case of metal dust fires, where the use of water 
should be definitely excluded.Possible developmentof toxic combustion products must 
be taken into account. 

The use of inert gases such as nitrogen and carbon dioxidehas proven successful both 
for quenching the oxidation reaction and the subsequent cooling of smolderhg com-
bustion in silos. However, large quantities of inert gas are required, on the order of 10 
tonnes or more, for a fair size silo. In the case of fine-grained products such as wheat 
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Figure 1.67 Comparison of the influence of oxygen content in the gas on the oxidizability of dust 
clouds and dust deposits (From Walther, 1989). 

flour or corn starch, the permeability of the inert gas may be too low for efficient inert-
ing of large bulk volumes. 

Further details concerning the extinction of powder and dust fires are given by Palmer 
(1973a) and Verein deutscher Ingenieure(1986).The use of inert gas for extinctionof smol-
dering fires in silos was specificallydiscussedby Dinglinger (1981) and Zockoll and Nobis 
(1981). Chapter 2 gives some examples of extinction of smoldering fires in practice. 

Some synthetic organic chemicals, in particular cyclic compounds, can decompose 
exothermally and become ignited by a hot surface, a smolderingnest, frictional heat, or 
another ignition source. Such decompositionrequires no oxygen, and therefore inerting 
has no effect.Zwahlen (1989) gave an excellentaccount of this specialproblem. He pointed 
out that this type of exothermic decomposition can be avoided only by eliminating all 
potential ignition sources. However, by taking other processing routes, one can elimi-
nate or reduce the problem. Zwahlen suggested the following possibilities: 

Process the hazardous powder in a wet state, as a slurry or suspension. 
If wet processing is impossible, avoid processes involving internal moving mechan-
ical parts that can give rise to ignition. 
If this is not possible, strictly control to prevent foreign bodies from entering the 
process. Furthermore,use detectors to observe early temperature and pressurerise and 
provide sprinkler systems.Adiabatic exothermal decompositionof bulk powder at con-
stant volume, due to the very high powder concentration, can generate much higher 
pressures than a dust explosion in air. 
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e Generally, the processed batches of the powder should be kept as small as feasible. 
0 Use of additivesthat suppressthe decompositiontendency may be helpful in some cases. 

Section 9.3.5.2in Chapter 9 gives furtherreferences to works on self-heatingand smoldering. 

1.4.2.3 
Open Flames and Hot Gases 

Most potential ignition sources of the open flame type can be avoided by enforcing ade-
quate organizational procedures and routines. This, in particular, applies to the prohibi-
tion of smoking and other use of lighters and matches and to the enforcement of strict 
rules for performing hot work. Hot work must not be carried out unless the entire area 
that can come in contact with the heat from the work, indirectly as well as directly, is 
free of dust, and hazardous connections through which the explosion may transmit to other 
areas have been blocked. 

Gas cutting torches are particularly hazardous, because they work with excess oxygen. 
This gives rise to ignition and primary explosion development where explosions in air 
would be unlikely. 

In certain situations in the process industry, hot gaseous reaction products may entrain 
combustible dust and initiate dust explosions. Each such case has to be investigated 
separately and the required set of precautions tailored to the purpose in question. 

Factory inspectors in most industrialized countries have issued detailed regulations for 
hot work in factories containing combustible powders or dusts. 

1.4.2.41 
Hot Surfaces 

As pointed out by Verein deutscher Ingenieure (1986), hot surfaces may occur in indus-
trial plants both intentionally and unintentionally.The first category includes external sur-
faces of hot process equipment, heaters, dryers, steam pipes, and electrical equipment.The 
equipment where hot surfaces may be generated unintentionally include engines, blow-
ers and fans,mechanical conveyors, mills, mixers, bearings, and unprotected lightbulbs. 

A further category of hot surfaces arises from hot work. One possibility is illustrated in 
Figure 1.10. During grinding and disk cutting, glowing hot surfaces are often generated, 
which may be even more effective as initiators of dust explosions than the luminous spark 
showers typical of these operations. This aspect has been discussed by Muller (1989). 

A hot surface may ignite an explosible dust cloud directly or via ignition of a dust layer 
that subsequently ignites the dust cloud. Parts of glowing or burning dust layers may 
loosen and be conveyed to other parts of the process, where they may initiate explosions. 

It is important to realize that the hot surface temperature in the presence of a dust layer 
can, due to thermal insulation by the dust, be significantly higher than it would normally 
be without dust. This both increases the ignition hazard and may cause failure of equip-
ment due to the increased working temperature. The measures taken to prevent ignition 
by hot surfaces must cover both modes of ignition. The measures include 

@ Removal of all combustible dust before performing hot work. 
vention or removal of dust accumulations on hot surfaces. 

@ Isolation or shielding of hot surfaces. 
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Use of electrical apparatus approved for use in the presence of combustible dust. 
Use of equipment with a minimal risk of overheating. 
Inspection and maintenance procedures that minimize the risk of overheating. 

1.4.2.5 
Smoldering Nests 

Pinkwasser (1985,1986) studied the possibility of dust explosionsbeing initiated by smol-
dering lumps (“nests”) of powdered material conveyed through a process system. The 
object of the first investigation(1985) was to disclosethe conditions under which smol-
dering material that had entered a pneumatic conveying line would be extinguished,that 
is, cooled to a temperaturerange in which the risk of ignition in the downstreamequip-
ment was no longer present. In the case of >1 kg/m3pneumatic transport of screenings, 
low-gradeflour and C3 patent flour,it was impossibleto transmit a 10 g smoldering nest 
through the conveying line any significant distance. After only a few meters, the tem-
perature of the smoldering lump had dropped to a safe level. In the case of lower dust 
concentrations,between 0.1 and 0.9 kg/m3,that is, within the most explosiblerange, the 
smoldering nest could be conveyed for an appreciable distance, as shown in Figure 1.68, 
but no ignition was ever observed in the conveying line. 

Figure 1.68 The distance traveled in pneumatic 
tranmort bv a smoldering nest before becoming

Y v 

0 0.2 0.4 0.6 0.8 1.0 extinguished, as a function of dust concentration in 
the pipe. The air velocity in the pipe is 20 m/s (from

DUST CONCENTRATION [kg/m31 Pinkwasser, 7985). 

In the second investigation,Pinkwasser (1986) allowed smoldering nests of 700°C to 
fall freely through a 1m tall column containing dust clouds of 100-1000 g/m3of wheat 
flour or wheat starch in air. Ignition was never observed during free fall. However, in 
some tests with nests of at least 25 mm diameter and weight at least 15 g, ignition 
occurred immediately after the nest had come to rest at the bottom of the test column. 
This may indicate the possibility that a smoldering nest, falling freely through a dust cloud 
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in a silo without disintegrating during the fall, has a higher probability of igniting the 
dust cloud at the bottom of the silo than during the fall. 

Jaeger (1 989) conducted a comprehensive laboratory-scale investigation on formation 
of smoldering nests and their ability to ignite dust clouds. He found that only materials 
of flammability class larger than 3 (see Section A. 1.2.9 in the Appendix) could generate 
smoldering nests. Under the experimental conditions adopted, he found that a minimum 
smoldering nest surface area of about 75 cm2 and a minimum surface temperature of 
900°C were required to ignite dust clouds of minimum ignition temperatures 1600°C. 

Zockoll(l989) studied the incendivity of smoldering nests of milk powder and con- 
cluded that such nests would not necessarily ignite clouds of milk powder in air. One 
condition for ignition by a moving smoldering nest was that the hottest parts of the sur- 
face of the nest were at least 1200°C. However, if the nest were at rest and a milk powder 
dust cloud settled on it, inflammation of the cloud occurred even at nest surface tem- 
peratures of about 850°C. 

Zockoll suggested that, in the case of milk powder, the minimum size of the smoldering 
nest required for igniting a dust cloud is so large that carbon monoxide generation in the 
plant would be adequate to detect formation of the smoldering nests before the nests reach 
hazardous sizes. 

Alfert, Eckhoff, and Fuhre (1989) studied the ignition of dust clouds by falling smol- 
dering nests in a 22 m tall silo of diameter 3.7 m. They found that nests of low mechan- 
ical strength disintegrated during the fall and generated a large fire ball that ignited the 
dust cloud. Such mechanically weak nests cannot be transported any significant distance 
in, for example, pneumatic transport pipes before disintegrating. They further found 
that mechanically stable nests ignited the dust cloud either some time after having come 
to rest at the silo bottom or when broken during the impact with the silo bottom. However, 
as soon as the nest had come to rest at the silo bottom, it could also be covered with dust 
before ignition of the dust cloud got under way. 

Infrared radiation detection and subsequent extinction of smoldering nests and their 
fragments during pneumatic transport, such as in dust extraction ducts, has proven an 
effective means of preventing fire and explosions in downstream equipment; for exam- 
ple, dust filters. One such system, described by Kleinschmidt ( 1  983), is illustrated in 
Figure 1.69. Normally, the transport velocity in the duct is known, and this allows effective 

TINCTION SYSTEM 

Figure 1.69 
ments, applied to a multiduct dust filter system (From Kleinschmidt, 1983). 

An automatic system for detection and extinction of smoldering nests and their frag- 
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extinction by precise injection of a small amount of extinguishing agent at a convenient 
distancejust when the smolderingor burning nest or fragmentpasses the nozzles. Water 
is the most commonly used extinguishing agent, and it is applied as a fine mist. Such 
systems are used mostly in the wood industries but also to some extent in the food and 
feed and some other industries. The field of application is not only to smoldering nests 
but also glowing or burning fragments from, say, sawing machines and mills. Further 
information is given in Sections 9.2.3.3,9.3.5.2, and 9.3.5.3 in Chapter 9. 

1.4.2.6 
Heat from Accidental Mechanical Impact 

Mechanical impacts produce two different kinds of potential ignition sources, small 
flying fragments of solid material and a pair of hot spots where the impactingbodies touch. 
Sometimes, such as in rotating machinery, impacts may occur repeatedly at the same 
points on one or both impacting bodies, and this may give rise to hot spots of apprecia-
ble size and temperature. The hazardous sourceof ignition then is a hot surface, and what 
has been said in Section 1.4.2.4 applies. 

When it comes to single accidental impacts, there has been considerable confusion. 
However, research during the last decade has revealed that, in general, the ignition 
hazard associated with single accidental impacts is considerably smaller than often 
believed by many in the past. This applies,in particular, to dusts of natural organic mate-
rials, such as grain and feedstuffs, when exposed to accidental sparks from impacts 
between steel hand tools like spades or scrapers and other steel objects or concrete. In 
such cases, the ignition hazard is probably nonexistent, as indicated by Pedersen and 
Eckhoff (1987). The undue significance often assigned to “friction sparks” as initia-
tors of dust explosions in the past, was also stressedby Ritter (1984) and Muller (1989). 

However, if more sophisticatedmetals are involved, such as titanium or some aluminum 
alloys, energetic spark showers can be generated, and in the presence of rust, luminous, 
incendiary thermite flashes can result. Thermite flashes may also result if a rusty steel 
surface covered with aluminum paint or a thin smear of aluminum is struck with a 
hammer or another hard object. However, the impact of ordinary soft, unalloyed alu-
minum on rust seldom results in thermite flashes but just a smear of aluminum on the 
rust. For a given combination of impacting materials, the incendivity of the resulting 
sparks or flash depend on the sliding velocity and contact pressure between the collid-
ing bodies (see Chapter 5).  

Although the risk of initiation of dust explosionsby accidental single impacts is prob-
ably smaller than believed by many in the past, there are special situations where the igni-
tion hazard is real. It would in any case seem to be good engineering practice to 

Remove foreign objects from the process stream as early as possible. 
Avoid construction materials that can produce incendiary metal sparks or thermite 
flashes. 
Inspect work processes and remove the cause of impact immediately in a safe way 
whenever unusual noise indicating accidentalimpact(s) in process streamis observed. 

Figures 1.70 and 1.71 show two examples of how various categories of foreign objects 
can be removed from the process stream before they reach the mills. 
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Figure 1.70 A permanent magnetic separa- 
tor fitted in the feed chute of a grinding mill 
to remove magnetic tramp metal (From 
Department of Employment and Productivity, 
1970). 

Figure 1.71 A pneumatic separator can be 
used to remove most foreign bodies from the 
feed stock: the air current induced by the mill 
is adjosted to convey the feed stock and reject 
heavier foreign bodies (From Department of 
Employment and Productivity, 1970). 

1.4.2.7 
Electric Sparks and Arcs and Electrostatic Discharges 

The various types of electric sparks and arcs and electrostatic discharges are described 
in Section 1.1.4.6. Sparks between two conducting electrodes are discussed in more 
detail in Chapter 5. Sparks or arcs due to breakage of live circuits can occur when fuses 
blow, in rotating electric machinery, and when live leads are accidentally broken. The 
main rule for minimizing the risk of dust explosions due to such sparks and arcs is to 
obey the regulations for electrical installations in areas containing combustible dust. 
The electrostatic hazard is more complex and it has not always been straightforward to 
specify clearly defined design guidelines. However, Glor (1 988) contributed substantially 
to developing a unified approach. As a general guideline, he recommends the following 
measures: 

Use conductive materials or materials of low dielectric strength, including coatings, 
(breakdown voltage across dielectric layer or wall, <4 kV) for all plant items that may 
accumulate very high charge densities (pneumatic transport pipes, dust deflector 
plates, and walls of large containers that may become charged due to ionization 
during gravitational compaction of powders). This prevents propagating brush 
discharges. 
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0 Ground all conductive parts of equipment that may become charged. This prevents 
capacitive spark discharges from equipment. 
Ground personnel if powders of minimum ignition energies <lo0 mJ are handled. This 
prevents capacitive spark discharges from humans. 
Ground electrically conductive powders (metals, etc.) by using grounded conductive 
equipment without nonconductivecoatings.This prevents capacitivedischargesfrom 
conductive powder. 
If highly insulating material (resistivity of powder in bulk >loloQm) in the form of 
coarse particles (particle diameter >1 mm) is accumulated in large volumes in silos, 
containers, hoppers, or the like, electrostatic discharges from the material in bulk 
may occur. These dischargescan be hazardous when a fine combustible dust fraction 
of minimum ignition energy <10-100 mJ is present simultaneously. So far, no reli-
able measure is known to avoid this type of discharge in all cases,but a grounded metal-
lic rod introduced into the bulk powder will most probably drain away the charges 
safely. It is, however, not yet clear whether this measure is always successful. 
Therefore, the use of explosionventing, suppression,or inerting should be considered 
under these circumstances. 
If highly insulating,fine powders (resistivity of powder in bulk >1O1O Qm) with a min-
imum ignition energy 110 mJ, as determined with a low-inductance capacitive dis-
charge circuit, is accumulated in large volumes in silos, containers, hoppers, or the 
like, measures of explosion protection should be considered. There is no experimen-
tal evidence that fine powders with no coarse particles generate discharges from 
powder heaps, but several explosions have been reported with such powders in situ-
ations where all possible ignition sources,with the exceptionof electrostatic,have been 
effectively eliminated. 

If combustible powders are handled or processed in the presence of a flammable gas 
or vapor (hybrid mixtures), the use of electrically conductive and grounded equipment 
is absolutely essential. Insulating coatings on grounded metallic surfaces may be toler-
ated, provided the thickness is less than 2 mm, the breakdown voltage is less than 4 kV 
at locations where high surface charge densities have to be expected, and the conduc-
tive powder cannot become isolated from the grounding by the coating. If the powder 
is nonconducting (resistivity of the powder in bulk >lo6Qm), measures of explosion pre-
vention (e.g., inert gas blanketing) are strongly recommended. If the resistivity of the 
powder in bulk is less than lo6Qm, brush discharges, which would be incendiary for 
flammable gases or vapors, can also be excluded. 

Glor pointed out, however, that experience has shown that, even in the case of pow-
ders of resistivities in bulk <IO6 Rm it is very difficult in practice to exclude all kinds 
of effectiveignition sources when flammable gases or vapors are present. In such cases, 
large amounts of powders therefore should be handled and processed only in closed sys-
tems blanketed with an inert gas. 

Further details, including a systematicstep-by-stepapproach for eliminatingthe elec-
trostatic discharge ignition hazard, were provided by Glor (1988). He also considered 
the specific hazards and preventive measures for different categories of process equip-
ment and operations, such as mechanicaland pneumatic conveying systems, sieving oper-
ations, and grinding, mixing, and dust collecting systems. Sections 9.2.3.4 and 9.3.5.4 
in Chapter 9 give references to more recent works. 



Dust Explosions: An Overview 67 

I .4.3 
PREVENTING EXPLQSIBLE DUST CLOUDS 

1.4.3.1 
lnerting by Adding Inert Gas to the Air 

The influence of the oxygen content of a gas on the ignitability and explosibility of dust 
clouds was discussed in Section 1.3.6. For a given dust and type of added inert gas, there 
is a certain limiting oxygen content, below which the dust cloud is unable to propagate a 
self-sustained flame. By keeping the oxygen contentbelow this limit throughoutthe process 
system, dust explosions are excluded.As the oxygen content in the gas is gradually reduced 
from that of air,the ignitability and explosibilityof the dust cloud is also gradually reduced, 
until ultimately flame propagation becomes impossible. Figure 1.72 shows some of the 
results from the experiments by Palmer and Tonkin (1973) in an industrial-scale experi-
mental facility. Solid lines separate the experiments that yielded no flame propagation at 
all, flamepropagation in part of the tube, and flamepropagated the entire length of the tube. 
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Figure 1.72 Concentration range of flammability of clouds of phenol formaldehyde (15 p is: CO,. 
Experiments are in a vertical tube of diameter 0.25 m and length 5 m. Flame propagated upward (From 
Palmer and Tonkin, 1973). 

Schofield and Abbott (1988) and Wiemann (1989) have given useful overviews of the 
possibilities and limitations for implementing gas inerting in industrial practice. Five types 
of inert gases are in common use for this purpose: 
Q Carbon dioxide. 
@ Water vapor. 
0 Flue gases. 
@ Nitrogen. 
Q Raregases. 

Fischea:(1978) also included halogenated hydrocarbons (halons) in his list of possi-
ble gases for inerting. However, due to the environmental problems caused by these sub-
stances, they may no longer be permitted for protecting against explosions and fires. 
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The choice of inert gas depends on several considerations, such as availability and cost, 
possible contaminating effects on products,and effectiveness.In the case of dusts of light 
metals, such as aluminum and magnesium, exothermic reactions with C02and also in 
some situations with N2are known, and the use of rare gases may have to be considered 
in certain cases. 

TableA.2 in the Appendix gives some data for the maximum permissibleoxygen con-
centration in the gas for inerting clouds of various dusts. 

The design of gas inerting systems depends on whether the process is continuous or 
of the batch type, the strength of the process equipment, and the type and source of inert 
gas. Two main principles are used to establish the desired atmosphere in the process: 

0 Pressure variation method. 
Flushing method. 

The pressure variation method operates either above or below atmospheric pressure. 
In the former case, the process equipment, initially filled with air at atmospheric pres-
sure, is pressurized to a given overpressure by inert gas. When good mixing of air and 
inert gas has been obtained, the process equipment is vented to the atmosphere and the 
cycle repeated until a sufficiently low oxygen content has been reached. The alternative 
is to first evacuate the process equipment to a certain underpressure,then fill with inert 
gas to atmospheric pressure, and repeat the cycle the required number of times. By 
assuming ideal gases, as shown by Wiemann (1989), there is a simple relationship 
between the oxygen content c2(~01%)at the end of a cycle and the content c1at the begin-
ning, as a function of the ratio of the highest and lowest absolutepressures of the cycle. 
c2 = C 1 ( P m a / P ~ J 1 ’ ~  (1.13) 

where n = 1for isothermal and n = C,/C,, for adiabatic conditions. 
The flushing method is used if the process equipment has not been designed for the 

significant pressure increase or vacuum demanded by the pressure variation method. It 
is useful to distinguish between two extreme cases of the flushing method, the replace-
ment method (plug flow) and the through-mixing method (stirred tank). To maintain plug 
flow, the flow velocity of inert gas into the system must be low (4d s )  and the geom-
etry must be favorable for avoiding mixing. In practice, this is very difficult to achieve; 
and the stirred tank method, using high gas velocities and turbulent mixing, is normally 
employed. It is essential that the instantaneous through mixing is complete over the 
entire volume; otherwise, pockets of unacceptably high, hazardous oxygen concentra-
tions may form. Wiemann (1989) referred to the following equation relating the oxygen 
content c2(~01%)in the gas after flushing and the oxygen content c1before flushing: 

c2 = (cl -c , ) P  +c, (1.14) 

where c, is the content of oxygen, if any, in the inert gas used, and v is the ratio of the 
volume of inert gas used in the flushing process, and the process volume flushed. Leaks 
in the process equipment may cause air to enter the inerted zone. Air may also be intro-
duced when powders are charged into the process. It is important, therefore, to control 
the oxygen content in the inerted region, at given intervals or sporadically, depending 
on the size and complexity of the plant. The supply of inert gas must also be controlled. 

Oxygen sensors must be located in regions where the probability of hitting the highest 
oxygen concentrationsin the system is high. A sensor located close to the inert gas inlet is 
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unable to detecthazardous oxygen levels in regions where they are likely to occur.Wiemann 
(1989)recommended that the maximum permissible oxygen content in practice be 2-3 ~01% 
lower than the values determined in standard laboratory tests (see Chapter 7 and TableA.2 
in the Appendix). 

Various types of oxygen detectors are in use. The fuel cell types are accurate and fast. 
However, their lifetime is comparatively short, of the order of 6 months-1 year, and they 
operate only within a comparatively narrow temperature range. Zirconium dioxide detec-
tors are very sensitive to oxygen and cover a wide concentration range with hig 
racy and fast response. They measure the partial pressure of oxygen irrespective of 
temperature and water vapor. However, if combustible gases or vapors are present in the 
gas, they can react with oxygen in the measurement zone and cause systematically lower 
readings than the actual overall oxygen content, which can be dangerous. There are also 
oxygen detectors that utilize the paramagnetic or thermomagnetic properties of oxygen. 
Even these detectors are sufficiently fast and accurate for monitoring inerting systems 
for industrial process plants. However, nitrogen oxides can cause erratic results. 

Wiemann emphasized two limitations of the gas inerting method when applied to dust 
clouds. First, as already illustrated by Figure 1.67, inerting to prevent dust explosions 
does not necessarily inert against self-heating and smoldering combustion. Second, also 
mentioned earlier, the use of inert gas in an industrial plant inevitably generates a risk 
of accidental suffocation. The limit where significant problems start to arise is I§ ~ 0 1 %  
oxygen. If flue gases are used, there may also be toxic effects. 

Fischer (1978) also mentioned several technical details worth considering when design-
ing systems for inerting of process plants to prevent dust explosions. He discussed spe-
cific examples of protection of industrial plants against dust explosions by gas inerting. 
Heiner (1986) was specifically concerned with the use of carbon dioxide for inerthg silos 
in the food and feed industry. 

The actual design of gas inerting systems can take many forms. Combinations with 
other means of prevention and mitigation of dust explosions are often used. Figure 1.73 
illustrates nitrogen inerting of a grinding plant. More recent works on inerting are 
reviewed in Section 9.3.6.1 in Chapter 9. 

In Table 1.9, partial inerting, as opposed to the complete inerting discussed SO far, is 
included as a possible means of mitigating dust explosions.This concept implies the addi-
tion of a smaller fraction of inert gas to the air than required for complete inerting. In this 
way, the ig&on sensitivity, the explosion violence, and the maximum constant-volume 
explosionpressure all can be reduced appreciably, which means a correspondingreduction 
of the explosion risk. Partial inerting may be worth considering in combination with other 
means of prevention or mitigation when complete inertingis financiallyunacceptable. More 
recent works on partial inerting are reviewed in Section 9.3.7.4 in Chapter 9. See also 
Section 1.3.6. 

1.4.3.2 
Dust Concentration Outside the Explosible Range 

In principle, one could avoid dust explosions by running the process in such a way that 
explosible dust concentrations are avoided (see Section 1.3.4). In practice, however, 
this is difficult in most cases, because the dust concentration inside process equipment 
most often varies in unpredictable and uncontrollable ways. 
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Figure1.73 Grindingplant inerted by nitrogen (Simplified version of illustration from Bartknecht, 1978). 

On the other hand, maintaining the powder or dust in the settled state by avoiding 
entrainment or fluidizationin the air is one way of ensuring that the dust concentration 
is either zero or well above the upper explosible concentration.Good process design can 
significantly reduce the regions in which explosible dust concentrations occur, as well 
as the frequency of their occurrence. One example is the use of mass flow silos instead 
of the traditional funnel flow type (see Perry and Green, 1984). 

In some special cases, it may be possible to avoid explosible dust clouds by actively 
keeping the dust concentration below the lower explosible limit. One such case is dust 
extraction ducts, another is cabinets for electrostatic powder coating, and the third is 
dryers. The second case is discussed in Section 1.5.3.5. 

Ritter (1978) indicated that the measure of keeping the dust concentration below the 
minimum explosible concentration can also be applied to spray dryers, and Table 1.13 
in Section 1.5.2 shows that Noha (1989) considered this a means of protection for sev-
eral types of dryers. Noha also included dust concentration control when discussing 
explosionprotection of crushers and mills (Table 1.12),mixers (Table 1.14),and conveyors 
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and dust removal equipment (Table 1.15). However, in these contexts, the dust concen- 
tration is below the minimum explosible limit due to the inherent nature of the process 
rather than active control. 

An essential requirement for controlling dust concentration is that the concentration can 
be adequately measured. Nedin et al. (1971) reviewed various methods used in the met- 
allurgical industry in the USSR, based mostly on direct gravimetrical determination of 
the dust mass in isokinetically sampled gas volumes. Stockham and Rajendran (1984) and 
Rajendran and Stockham (1985) reviewed a number of dust concentration measurement 
methods with a view to dust control in the grain, feed, and flour industry. In-situ meth- 
ods based on light attenuation or backscattering of light were found to be most suitable. 

Ariessohn and Wang (1985) developed a real-time system for the measurement of dust 
concentrations up to about 5 g/m3 under high-temperature conditions (970°C). Midttveit 
(1 988) investigated an electrical capacitance transducer for measuring the particle mass 
concentration of particle/gas flows. However, such transducers are unlikely to be suffi- 
ciently sensitive to allow dust concentration measurements in the range below the min- 
imum explosible limit. 

Figure 1.74 shows a light attenuation dust concentration measurement station devel- 
oped by Eckhoff and Fuhre (1975) and installed in the 6 in. diameter duct extracting dust 
from the boot of a bucket elevator in a grain storage plant. The long-lifetime light source 
is a conventional 12 V car lamp run at 4 V. Aphotoresistor and a bridge circuit were used 
to measure the transmitted light intensity at the opposite end of the duct diameter. 

Figure 1.74 Light attenuation dust concentration measurement station mounted in the dust explosion 
duct on a bucket elevator boot in a grain storage facility in Stavanger (From Eckhoff and Fuhre, 1975). 

The light source and photoresistor were protected from the dust by two glass windows 
flush with the duct wall. The windows were kept free from dust deposits by continuous 
air jets (the two inclined tubes just below the lamp and photoresistor in Figure 1.74). 

Figure 1.75 shows the calibration data for clouds of wheat grain dust (10% moisture) 
in air. The straight line indicates that Lambert-Beer’s simple concentration law for 
molecular species applies to the system used. 

Figure 1.76 illustrates a type of light attenuation dust concentration measurement probe 
developed more recently, using a light emitting diode (LED) as light source and a photodiode 
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Figure 1.75 
of light path is 150 mm, optical density D lois defined as 

loglo light intensity after 150 mm 

(From Eckhoff and Fuhre, 1975). 
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Figure 1.76 
Eckhoff et al. ( 1985). 

Light attenuation probe for measurement of concentration of dust clouds, used by 

for detecting transmitted light. This concept was probably first introduced by Liebman, 
Conti, and Cashdollar (1977), with subsequent improvement by Conti, Cashdollar, and 
Liebman (1982). The particular probe design in Figure 1.76 was used successfully by 
Eckhoff, Fuhre, and Pedersen (1985) to measure concentration distributions of maize 
starch in a large-scale (236 m3)silo. The compressed air for flushing the glass windows of 
the probe was introduced via the metal tubing constituting the main probe structure. 

However, in the case of dust explosions in the silo, the heat from the main explosion 
and from afterburns,required extensive thermal insulation of the probes to prevent damage. 

A light path length of 30 mm was chosen to cover the explosiblerange of maize starch 
in air. The calibration data are shown in Figure 1.77. If this kind of probe is to be used 
for continuous monitoring of dust concentrations below the minimum explosive limit, 
such as in the range of 10 g/m3,paths considerably longer than 30 mm are required to 
make the instrument sufficiently sensitive. Other dust materials and particle sizes and 
shapes may also require other path lengths. In general, it is necessary to calibrate light 
attenuation probes for each particulate dust and concentration range to be monitored. 

The use of dust control in dust extractionsystemsis most likely to be successfulif a small 
dust fraction is to be removed from a coarse main product, such as grain dust from grain or 



Dust Explosions: An Overview 73 

Figure 1.77 Calibration data for light attenuation 
loo *O0 300 400 500 6oo 700 dust concentration probe in Figure 1.76for native 

maize starch in air (From Eckhoff et al., 1985).ACTUAL DUST CONCENTRATION lg/rn31 

plastic dust from pellets. By monitoring dust concentrations and controlling airflows, the 
desired level of dust concentrationcan be maintained. However, if the airvelocities are too 
low to prevent dust deposits on the internal walls of the ducting over time, dust explosions 
may neverthelessbe able to propagate through the ducts (see Section 1.3.4and Chapter 4). 

Possible dust entrainmentand formation of explosible dust clouds by the air blast pre-
ceding a propagating dust explosion may also occur in mixers, conveyors, and the like, 
where sufficient quantities of fine dust are deposited. This means that, in many cases, 
dust concentration control is feasible for preventing only the primary explosion initia-
tion, not propagationof secondary explosions.References to more recent works on rnin-
imum explosion dust concentrations are reviewed in Section 9.2.4.3 in Chapter 9. 

1.4.3.3 
Adding Inert Dust 

This principle is used in coal mines, by providing sufficient quantities of stone dust either 
as a layer on the mine gallery floor or on shelves and the like. The blast that always pre-
cedes the flamein a dust explosion then entrains the stonedust and coal dust simultaneously 
and foms a mixture that is incombustiblein air;and the flame,when arriving, is quenched. 

In industries other than mining, adding inert dust is seldom applicable, due to con-
tamination and other problems. It is neverthelessinteresting to note the special wartime 
applicationfor protecting flour mills against dust explosionsinitiated by high-explosive 
bombs, suggested by Burgoyne and Rashbash (1948). Table A.3 in the Appendix con-
tains some data for the percentage inert dust required for producing inert dust clouds with 
various combustible materials. 

1.4.4 
PREVENTING EXPLOSION TRANSFER BETWEEN PROCESS 
UNITS VIA PIPES AND DUCTS: EXPLOSION ISOLATION 

1.4.4.1 
Background 

There are three main reasons for trying to prevent a dust explosion in one process unit 
from spreading to others via pipes and ducts. First, there is always a desire to limit the 
extent of the explosion as far as possible. 

Second, a dust flame propagating in a duct between two process units tends to accel-
erate due to flow-inducedturbulencein the dust cloud ahead of the flame.For a sufficiently 
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long duct, this may result in a vigorous flame jet entering the process unit at the down-
stream end of the duct. The resulting extreme combustion rates can generate very high 
explosion pressures, even if the process unit is generously vented. This effect was demon-
strated in a dramaticway for flame-jet-initiatedexplosions of propane/air in a generously 
vented 50 m3 vessel by Eckhoff et al. (1980, 1984), as shown in Figure 1.78. There is 
no reason not to expect very similar effects for dust explosions. 

0 100 200 300 

FLAME JET VELOCITY [rn/sl 

Figure 1.78 Influence of flame jet ignition in the maximum explosion pressure for stoichiometric 
propane/air in a 50 m3 vented chamber: vent orifice diameter 300 mm, vent 4.7 m2, no vent cover 
(From Eckhoff et al., 1980). 

The third main reason for preventing flame propagationbetween process units is pres-
sure piling. This implies that the pressure in the unburned dust cloud in the downstream 
process unit(s) increases above atmosphericpressure due to compression caused by the 
expansionof the hot combustion gases in the unit where the explosion starts and the con-
necting duct(s). As shown in Section 1.3.8,the final explosionpressure in a closed vessel 
is proportional to the initial pressure. Therefore, in a coupled system, higher explosion 
pressures than would be expected from atmospheric initial pressure can occur transiently 
due to pressure piling. This was demonstratedin a laboratory-scalegas explosion exper-
iment by Heinrich (1989), as shown in Figure 1.79. 

In spiteof the marked cooling by the walls in this comparativelysmallexperiment,the tran-
sient peak pressure in V, significantly exceeded the adiabatic constant volume pressure of 
about 7.5 bar(g) for atmosphericinitialpressure.Extremely serioussituationscan arise ifflame 
jet ignition and pressure piling occur simultaneously.See also Section 9.3.7.3 in Chapter 9. 
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Figure 1.79 Pressure development in two closed 
vessels of 12 liters each, filled with 10% methane 
in air at atmospheric initial pressure and connectedn o  

E o 50 100 150 with a 0.5 m long duct, following ignition at the 
location indicated (From Heinrich, 1989). 
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1.4.4.2 
Published Overviews of Methods for Isolation 

Basically there are two categories of methods, the passive ones activated directly by the 
propagating explosion and the active ones, which require a separate flame or pressure 
sensor system that triggers a separately powered system to operate the isolation mech- 
anism. For obvious reasons, the passive systems are generally preferable, if they func- 
tion as intended and are otherwise suitable for the actual purpose. 

Several authors have discussed the different technical solutions for interrupting dust 
explosions in the transfer system between process equipment. Walter (1 978) concentrated 
on methods for stopping or quenching explosions in ducts. The methods included auto- 
matic, very rapid injection of extinguishing agent in the duct ahead of the flame front, 
and various kinds of fast response mechanical valves. Scholl et al. (1979) also included 
the concept of passive flame propagation interruption in ducts by providing a vented 180" 
bend system (see Figure 1.82). Furthermore, they discussed the use of rotary locks for 
preventing explosion transfer between process units or a process unit and a duct. Czajor 
(1984) and Faber (1989a) discussed the same methods as covered by Scholl et al. and 
added a few more. See also Section 9.3.7.3 in Chapter 9. 

I .4.4.3 
Screw Conveyors and Rotary Locks 

One of the first systematic investigations described in the literature is probably that by 
Wheeler (1935). Two of his screw conveyor designs are shown in Figure 1.80. 

Figure 1.80 Screw conveyors designed to prevent 
transmission of dust explosion (From Wheeler, 
1935) 

. -- 

The removal of part of the screw ensures that a plug of bulk powder or dust always 
remains as a choke. Wheeler conducted a series of experiments in which rice meal explo- 
sions in a 3.5 m3 steel vessel were vented through the choked screw conveyors and 
though a safety vent at the other end of the vessel. Dust clouds were ejected at the down- 
stream end of the conveyors but no flame. 
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Wheeler conducted similar experiments with rotary locks. A hopper section mounted 
on top of the rotary lock was connected to the 3.5 m3 explosion vessel. Even when the 
hopper was empty of rice meal, there was no flame transmission through the rotary lock. 
When the hopper contained rice meal and the rotary lock was rotating, there was not even 
transmission of pressure, and the rice meal remained intact in the hopper. 

In more recent years, Schuber (1989) and Siwek (1989a) conducted extensive studies 
of the conditions under which a rotary lock is capable of preventing transmission of dust 
explosions. Schuber provided a nomograph by which critical design parameters for 
explosion-transmission-resistantrotary locks can be determined. The minimum igni-
tion energy and minimum ignitiontemperature of the dust must be known. However, the 
nomograph does not apply to metal dust explosions. Explosions of fine aluminum are 
difficult to stop by rotary locks. Schuber’swork is described in detail in Chapter 4 in the 
context of the maximum experimentalsafe gap (MESG) for dust clouds. Figure 1.81illus-
trates how a rotary lock may be used to prevent transmission of a dust explosion from 
one room in a factory to the next. 

reinforced concrete 

G.S. 2c.to.o~ 

Figure 1.81 
C. Schuber, Buhler, Switzerland). 

Explosion isolation of  two rooms using a rotary lock [Courtesy of T: Pinkwasser and 
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1.4.4.4 
Passive Devices for Interrupting Dust Explosions in Ducts 

The device illustrated in Figure 1.82 was described relatively early by Scholl et al. 
(1979) and subsequently by others. 

BURSTING DISK 
-/-OR OTHER VENT COVER 

Figure 1.82 Section through device for interrupt- 
ing dust explosions in ducts by combining change 
of flow direction and venting. Flow direction may 
also be opposite to that indicated by arrows. 

The basic principle is that the explosion is vented at a point where the flow direction 
is changed by 180". Due to the inertia of the fast flow caused by the explosion, the flow 
tends to maintain its direction rather than making a 180" turn. However, the boundaries 
for the applicability of the principle have not been fully explored. Parameters that may 
influence performance include the explosion properties of dusts, velocity of flame enter- 
ing the device, direction of flame propagation, and direction, velocity, and pressure of 
initial flow in duct. Faber (1989) proposed a simplified theoretical analysis of the system 
shown in Figure 1.82, as a means of identifying proper dimensions. Figure 1.83 shows 

Figure 1.83 
direction and venting (Courtesy of Fike Corporation, Blue Springs, MO, USA). 

Device for interrupting dust (and gas) explosions in ducts by combining change of flow 
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a commercial unit. Figure 1.84 illustrates how the same basic principle may be applied 
to 90" bends at comers of buildings. Another passive device for interrupting dust (and 
gas) explosions in ducts is the Ventex valve described by Rickenbach (1983) and illus-
trated in Figure 1.85. 

EXPLOSION 
VENT 

Figure 1.84 Arrangement for interrupting or mit-
igating dust explosions in ducts by venting at 90" 
bends in corners of buildings. 

VALVE POPPE 

/
SPRING-LOADED SUPPORTING 
SYSTEM, AND CATCHING SYSTEM 
FOR VALVE POPPET 

Figure 1.85 Ventex valvefor passive interruption of dust explosions inducts (From Rickenbach, 7983). 

In normal operation, the dust cloud being conveyed in the duct flows around the valve 
poppet without causing any significantoffset as long as the flow velocity is less than about 
20 d s .  However, in an explosion in the duct, the preceding blast pushes the valve poppet 
in the axial direction until it hits the neoprene gasket, where it is held in position by a 
mechanical catch lock, which can be released from the outside. Because of the inserts, 
the Ventex valve is perhaps more suitable when the dust concentration is low than for 
clouds of higher concentrations. 

Active Ventex valves are also being used. In this case, a remote pressure or flame sensor 
activates a separatelypowered system that closes the valve in the desired directionprior 
to arrival of the flame. 

1.4.4.5 
Active Devices for Interrupting Dust Explosions in Ducts 

Bartknecht (1980, 1982), Ebert (1983), Brennecke (1987), and Chatrathi and De Good 
(1988) discussed the ability of various types of fast-closing slide valves to interrupt dust 
explosionsin ducts.The required closing time depends on the distancebetween the remote 
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pressure or flame sensor and the valve and on the type of dust. Often closing times as short 
as 50 ms, or even shorter, are required. This most often is obtained by using an electri- 
cally triggered explosive charge for releasing the compressed air or nitrogen that oper- 
ates the valve. The slide valve must be sufficiently strong to resist the high pressures of 
5-10 bar(g) that can occur on the explosion side after valve closure (in the case of pres- 
sure piling effects and detonation, the pressures may transiently be even higher than this). 

Figure 1.86 shows a typical valve and compressed gas reservoir unit. Figure 1.87 
shows a special valve triggered by a fast-acting solenoid instead of by an explosive 
charge. This permits nondestructive checks of valve performance. Bartknecht (1978) 

Figure 1.86 
(Courtesy of Fike Corporation, Blue Springs, MO, United States). 

Compressed-gas-driven, fast-clocking slide valve actuated by an explosive charge 
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Figure 1.87 Compressed-gas-driven, fast-closing 
slide valve actuated by a fast solenoid (Courtesy of 
IRS, Darmstadt, Germany). 

described successful performance of a fast-closing (30 ms) compressed-gas-operated flap 
valve, illustrated in Figure 1.88. Figure 1.89 illustrates an active (pressure sensor) fast- 
closing compressed-gas-driven valve that blocks the duct at the entrance rather than fur- 
ther downstream. 

Figure 1.88 A compressed-gas-driven, fast-closing 
flap valve. 

The.last active isolation method of dust explosions in ducts and pipes to be men- 
tioned is interruption by fast automatic injection of extinguishing chemicals ahead of 
the flame. The system is illustrated in Figure 1.90. This is a special application of the 
automatic explosion suppression technique, which is described in Section 1.4.7. 
Bartknecht (1978, 1987) and Gillis (1987) discussed this special application and gave 
some data for the design of adequate performance by such systems. Important param- 
eters are the type of dust, initial turbulence in primary explosion, duct diameter, dis- 
tance from vessel where primary explosion occurs, method used for detecting the onset 
of the primary explosion, and type, quantity, and rate of release of the extinguishing 
agent. 
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Figure 1 3 9  Active fast-closing, compressed-gas-driven valve system for blocking the opening 
between the process unit where the primary explosion occurs and the duct or pipe. Nitrogen is injected 
into the duct or pipe simultaneously with the valve being closed, to obtain additional protection. 

PRESSURIZED 
CONTAINER FOR 
EXTINGUISHING AGENT 

FAST-OPENING VALVE 
(EXPLOSIVE CHARGE OPERATED) 

\ 
----------- 

,NOZZLE 

INFRARED 
FLAME DETECTOR 

.___ 0 
/ I \ 

\ 
DISPERSION OF EXTINGUISHING MEDIUM 

/ 
FLAME FRONT 

/ IGNITION SOURCE 

Figure 1.90 A system for interrupting dust explosions in ducts by fast automatic injection ofan extin- 
guishing agent ahead of the flame. 

1.4.5 
EX P LOS IO N - P R E S S U RE- R ES I STA N T E Q U I PM E N T 

1.4.5.1 
Background 

If a dust cloud becomes ignited somewhere in the plant, a local primary dust explosion 
occurs. As discussed in Sections 1.4.6 and 1.4.7, the maximum explosion pressure in such 
a primary explosion can be effectively reduced to tolerable levels. However, in some 
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cases, it is preferred to make the process apparatus in which the primary explosion 
occurs so strong that it can withstand the full maximum explosion pressure under adia-
batic, constant volume conditions. Such pressures are typically in the range 5-12 bar(g) 
(see Table A1 in the Appendix. See also Sections 9.3.7.2 and 9.3.7.7 in Chapter 9.) 

1.4.5.2 
The “Explosion Strength” of a Process Unit 

The development of a stringentphilosophy for the design of process equipment that has 
to withstand dust explosions is to a large extent due to the work of Donat (1978, 1984). 
More recent summaries of the subject were given by Kirby and Siwek (1986), Pasman 
and van Wingerden (1988) and Margraf and Donat (1989). 

Donat (1978) introduced the useful distinctionbetween pressure-resistantdesign and 
pressure-shock-resistantdesign. The first applies to pressure vessels that must be capa-
ble of withstanding the maximum permissiblepressure for long periods without becoming 
permanently deformed. In principle, this concept could be used to design explosion-
resistant equipment, by requiring that the process unit be designed as a pressure vessel 
for a maximum permissible working pressure equal to the maximum explosion pressure 
to be expected.However, experiencehas shown that this is a very conservativeand expen-
sive design. Pressure-shock-resistantdesign means that the explosionis permitted to cause 
slight permanent deformationof the process unit, as long as the unit does not rupture. This 
means that, for a given expected maximum explosion pressure, a considerablyless heavy 
constructionis sufficient than is required for pressure vessels. The differenceis illustrated 
in Figure 1.91,which applies to enclosures made of ferritic steels (plate steels). The pres-
sure vessel approach would require that the apparatusbe constructed so heavy that the max-
imum deformation during an explosion inside the vessel would not exceed two-thirds the 
yield strength or one-quarter the tensile strength. The pressure-shock-resistant approach 
allows the explosion pressure to stress the construction right up to the yield point. 

For austenitic(stainless)steels the stress-versus-straincurve does not show such a dis-
tinct yield point as in Figure 1.91. In such cases, the pressure vessel approach specifies 
the maximum permissible working stress as two-thirds the stress that gives a strain of 
1%, whereas for the pressure-shock-resistantdesign, the maximum permissible stress is 

YIELD STRENGTH 

1/4 x TENS. STRENGTH---_-_- __-_ -

STRAIN - Figure 1.91 Schematic stress-versus-straincurve 
for ferritic steel (From Kirby and Siwek, 1986). 
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the one that gives a strain of 2%. However, in the latter case, repair of deformed process 
equipment must be foreseen, should an explosion occur. 

If dust explosions in the plant of concern were fairly frequent events, one might con- 
sider the use of the pressure vessel design approach, because the deformations that often 
result with the pressure-shock-resistant design would be avoided. This is a matter of ana- 
lyzing cost versus benefit. From the point of view of safety, the main concern is to pro- 
tect personnel, that is, avoid the rupture of process equipment. 

The field of structural response analysis has undergone substantial development over 
the past decades. Finite element techniques are now available for calculating stress and 
strain distributions on geometrically complex enclosure shapes, resulting from any given 
internal overpressure. Two examples are shown in Figures 1.92 and 1.93. 

Figure 1.92 Finite element design of a rotary lock 
housing capable of withstanding 7 0 bar(g) inter- 
nal pressure (Courtesy of T. Pinkwasser, Buhler, 
Switzerland). 

Figure 1.93 Section of finite element network of 
cylindrical casing of a pneumatic unloaded tower, 
with explosion vent opening. The diameter of the 
tower is 2 m (Courtesy of T. Pinkwasser, Buhler, 
Switzerland). 
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1.4.5.3 
The Influence of the Dynamics of the Explosion Load 

Pasman and van Wingerden (1988) discussed the influence of the dynamic characteris-
tics of the explosion load on the structuralresponse.Typical dust explosionpressure pulses 
in industrial equipment have durations in the range 0.1-1.0 s. In general, the shorter the 
load pulse, the stiffer and stronger the equipment behave. Some quantitative data illus-
trating this were given by Kirby and Siwek (1986). However, the energy transfer from 
the dust cloud to the enclosure walls is enhanced if the load pulse frequency equals the 
characteristicresonancefrequencyof the enclosure system.In this case, accelerationand 
inertial forces become important, and the load exceeds the value that would result if the 
maximum explosion pressure were applied as a static load. 

Pasman and van Wingerden conducted a series of propane/air and acetylene/airexplo-
sions in various equipment typical of the powder production and handling industry. 
These included bins, ducts, an elevator head, eight cyclones, and a fan housing. The 
observed structuralresponse (deformation etc.) was correlated with the maximum explo-
sion pressure and details of the construction of the equipment (number and dimensions 
of bolts in flanges, plate thicknesses). In spite of the complexity of the problem, it was 
possible to indicate some quantitative design criteria. 

It nevertheless seems that direct explosion testing of full-scale process equipment 
prototypes will remain a necessity for some time. But, as illustrated in Figures 1.92 and 
1.93, finite element techniques for structural response calculations are developing rap-
idly; and if these can be coupled to realistic dynamic explosion loads, the computer may 
replace full-scale explosion tests in a not too distant future. 

Valuable further information concerning the response of mechanical structures to 
various types of explosion load was provided by Baker et al. (1983) and Harris (1983). 

1.4.6 
EXPLOSION VENTING 

1.4.6.1 
What Is Explosion Venting? 

The basic principle of explosionventing is illustratedin Figure 1.94.The maximum explo-
sion pressure in the vented explosion, Pred,is a result of two competing processes: 

Burning of the dust cloud, which develops heat and increases the pressure. 
Flow of unburned, burning, and burned dust cloud through the vent, which relieves 

The two processes can be coupled via flow-inducedturbulence that can increase the burn-
ing rate. 

The maximum permissible pressure, Pred,depends on the construction of the enclo-
sure and whether a pressure vessel design or a pressure-shock-resistantdesign is adopted, 
as discussed in Section 1.4.5. Constmctions of comparativelythin steel plates may require 
reinforcement to obtain the Predrequired. An example is shown in Figure 1.95. 

the pressure. 
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PRESSURE IN VESSEL 

f 

TIME 

Figure 1.94 The basic principle of dust explosion venting: Provision of an opening controlled dis- 
charge of unburned, burning, and burned dust cloud keeps the maximum pressure inside the vessel 
below a predetermined limit, Pred. 

k 

Figure 1.95 Reinforced vented 6 m3 bag filter 
enclosure: Pred = 0.4 bar(@, pressure-shock-resist- 
ant construction. The vent cover is a 0.85 m2 three- 
layer bursting panel (Courtesy of lnfastaub Brilon, 
Rembe, Germany). 

1.4.6.2 
Vent Area Sizing 

Through the systematic work by Bartknecht (1978) and others, it has become generally 
accepted that the required area of the vent opening depends on the 
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0 Enclosure volume. 
Enclosure strength (Pred). 
Strength of vent cover (Pstat). 
Burning rate of dust cloud. 

For some time it was thought by many that the burning rate of the dust cloud was a 
specific property of a given dust, which could be determined once and for all in a stan-
dard 1 m3closed vessel test (Kstvalue, see Chapter 4). 

However, some researchers, including Eckhoff (1982a), emphasizedthe practical sig-
nificance of the fact that a given dust cloud at worst case concentrationcan have widely 
different combustion rates, depending on the turbulence and degree of dust dispersion 
in the actual industrial situation. The influence of the dust cloud combustion rate on the 
maximum vented explosion pressure is illustrated in Figure 1.96. 
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IN FULLY CLOSED VESSEL 

.-

LOW 
BURNING 
RATE 

w 

TIME 

Figure 1.96 Explosion pressure versus time in vented dust explosions with a given dust at worst case 
concentration in a given enclosure with a given vent, for three different dust cloud burning rates (dif-
ferent turbulence intensities and degrees of dust dispersion). 

During the 1980s,new experimentalevidence in support of the differentiatedview on 
dust explosion venting was produced, as discussed in detail in Chapter 6. Over the next 
decade, the differentiated nature of the problem has also become gradually accepted as 
a necessary and adequate basis for vent sizing. Sections 9.2.4.7 and 9.3.7.5 in Chapter 
9 review the statistics per 2003. 

As discussed in Chapters 4 and 7, a measure of the combustion rate of a dust cloud in 
air can be obtained by explosion tests in a standardizedclosed vessel. In these tests, the 
maximum rate of rise of the explosion pressure is determined as a function of dust con-
centration, and the highest value is normally used for characterizingthe combustionrate. 
Eckhoff, Alfert, and Fuhre (1989) found that, in practice, it is difficult to discriminate 
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between dusts of fairly close maximum rates of pressure rise; and it seems reasonable 
to work with a few, rather wide hazard classes of dusts. The classification used in the 
past in the Federal Republic of Germany comprises three classes. The first, Stl,  covers 
dusts that generate up to 200 bar/s in the 1 m3 closed vessel test adopted by the 
International Standards Organization (1985). The second class, St2, covers the range 
200-300 bar/s, whereas the most severe class, St3, comprises dusts of >300 bark. 
Pinkwasser (private communication, 1989) suggested that the large Stl  class be split in 
two at 100bark, which may be worth considering. 

Various vent area sizing methods used in different countries are discussed in Chapter 6. 
Figure 1.97 summarizes what presently seems to be a reasonable compromise for dusts 
in the St1 class. The example shown is a 4.5 m3enclosure designed to withstand an inter-
nal prlcssure of 0.4 bar(g). If the process unit is a mill or other equipment containing hghly 
turbulent and well-dispersed dust clouds, the vent area requirement is 0.48 m2$If, how-
ever, the equipment is a silo, a cyclone, or a bag filter, the required vent area is smaller, 
in the range 0.1-0.25 m3. 

LARGE EMPTY 
ENCLOSURES OF 

MILLS AND OTH 
EQUIPMENT WIT 
HIGH RUST-CLO 

$P III 

20 10 1 0.1 0.01 0 1 1 EXAMPLE+ 10 100 1000 

NECESSARY VENT AREA lm21 ENCLOSURE VOLUME [m? 

Figure 1.97 Modified nomograph from VDI 3673 (1979) for St 1 dusts (0 iK,, < 200bar - rn /s )  and 
static vent cover opening pressures P,,,, of 50.1 bar(@. Length of diameter ratio of enclosure 14.The 
example shown is an enclosure of volume 4.5 m3 and strength Predof 0.4 bar(@. 

Further details concemingvent area sizing,such as for enclosures of large length-to-&am-
eter ratios, are given in Chapter 6. Vent areas may be scaled using approximate formulas, 
as also discussed in Chapter 6. See also Sections 9.2.4.7,9.2.4.8, and 9.3.7.5 in Chapter 9. 

1.4.6.3 
Vent Covers 

A wide range of vent cover designs are in use, as shown in the comprehensive overview 
by Schofield (1984). Some designs are based on systematic research and testing, whereas 
others are more arbitrary. Beigler and Laufke (1981) carried out a critical inventory of 
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vent covers used in the Swedish process industries for venting of process equipment as 
well as workrooms. Their conclusion was that a number of the vent covers inspected 
would not have performed adequately in the event of an explosion. They emphasized the 
need for ensuring that the static opening pressure of the vent cover is sufficiently low 
and remains so over time and that the mass of the cover is sufficiently small to permit 
rapid acceleration once released. Beigler (1983) subsequentlydeveloped an approximate 
theory for the acceleration of a vent cover away from the vent opening. 

One quite simple type of vent cover is a light but rigid panel, such as an aluminum 
plate, held in position by a rubber clampingprofile as used for mounting windows in cars. 
The principle is illustrated in Figure 1.98. 

TO BE VENTED 

Figure 1.98 
a rubber clamping profile. 

Vent cover plate held in position by 

Other methods for keeping the vent cover in place include various types of clips. 
When choosing a method to secure the panel, it is important to make sure that the pres-
sure, Pstat,needed to release the vent panel is small compared with the maximum toler-
able explosion pressure, Pred.  It is further important to anchor the vent panel to the 
enclosureto be vented; for example, by means of a wire or a chain. Otherwise,the panel 
may become a hazardous projectile in an explosion.Finally, it is important to make sure 
that rust formation or other processes do not increase the static opening pressure of the 
vent cover over time. 

Bursting panels constitute a second type of vent covers. In the past, such panels were 
often “homemade,”and adequate data for the performance of the panels were lacking. 
A primary requirement is that PStat,the static bursting pressure of the panel, is consider-
ably lower than the maximum permissible explosion pressure, Pred. Figure 1.99 shows 
a classic example of what happens if P,,,, is higher than Pred. The enclosure bursts, 
whereas the explosion panel remains intact. 

Today, high-quality bursting panels are manufactured by several companies through-
out the world. Such panels burst reliably at the P,,, values for which they are certified. 
An example of such a panel is shown in Figure 1.100 (see also Figure 1.95). 
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Figure 1.99 Damaged cyclone after a dust explo- 
sion. The vent cover was too strong to open before 
the cyclone itself ruptured (From Department of 
Employment and Productivity, 1970). 

Figure 1 .I 00 Epoxy-coated explosion vent panel: (left) mounted on vent, (right) after having relieved 
an explosion (Courtesy of Fike Corporation, Blue Springs, MO, United States). 

Such panels are manufactured in a wide range of sizes and shapes, and coatings may 
be provided that allow permanent contact with various types of chemically aggressive 
atmospheres. Often, a backing film of Teflon is used as environmental protection, to pre- 
vent the vent panel from contaminating the product inside the enclosure that is equipped 
with the vent. However, the upper working temperature limit of Teflon is about 230°C. 
Brazier (1988) described special panels designed for service temperatures up to 450°C. 

Figure 1.101 shows a bursting panel design originally developed for bucket elevators 
but that may have wider applications. It consists of the bursting panel itself, which is a 
0.04 mm thick aluminum foil of P,,, 0.1 bar(g), supported by a 0.5 mm metal gauze and 
a second 0.5 mm metal gauze for further cooling of the combustion gases (“flame 
arrester”). Additional layers of metal gauze may be added as required for adequate cool- 
ing. The combustion gases should be cooled to the extent that unburned discharged dust 
and dust that may be whirled up in the building are not ignited. In an explosion, the explo- 
sion detection panel is blown out and operates a proximity switch that triggers whatever 
preprogrammed automatic actions that should be taken (closing of the plant or valves, 
automatic suppression, and so forth). 
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Figure 1 .I 01 Bursting panel combined with metal gauze for mechanical protection of vent panel 
and cooling of combustion gases. Displacement of explosion detection panel operates proximity 
switch (Courtesy of T. Pinkwasser,Buhler, Switzerland). 

He Kuangguo et al. (1987) investigated the dynamic strength and venting character-
istics of bursting disks of various materials. Reasonable agreement was found between 
experimental results and theoretical predictions. 

Hinged explosion doors constitute a third category of vent covers. Such doors may take 
a variety of different forms, depending on the equipment to be vented and other cir-
cumstances.Various kinds of calibratedlocking mechanisms to ensure release at the pre-
determinedp,,,, have been developed. Hinged doors may be preferable if explosions are 
relatively frequent. Figure 1.102 shows an example of the use of hinged doors as vent 
covers. Figure 1.103shows the opened explosion doors on a milling plant similarto that 
in Figure 1.102,just after a dust explosion. 

Donat (1973) discussed various advantages and disadvantages of bursting panels and 
hinged doors. Siwek and Skov (1989) analyzed the performance of hinged explosion 
doors during venting with and without vent ducts (see Section 1.4.6.5).Both theoretical 
and experimental studies were carried out and a computer model of the venting process 
developed. 

The final category of vent covers to be mentioned are the reversible ones, that is, 
covers that close as soon as the pressure has been relieved. The purpose of such covers 
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Figure 1.1 02 Four hinged explosion doors of 0.8 m2 each, with energy dissipation buffers, mounted 
on inlet hopper to a twin-rotor hammer mill for grinding household waste and bulky refuse: Pred = 
1 .O bar(@ (Courtesy of T. Pinkwasser, Buhler, Switzerland). 

is to prevent secondary air being sucked into the enclosure after the primary explosion 
has terminated, giving rise to secondary explosions and fires. The reversible vent covers 
include counterbalanced hinged doors and spring-loaded, axially traversing vent covers. 
One type of reversible hinged explosion vent cover is shown schematically in Figure 1.104. 

The bafile plate is spring-loaded and acts as a shock absorber when hit by the vent cover. 
Additional shock absorption is provided by the air cushion formed between the vent cover 
and baffle plate during impact. The adjustable prestressing device sets the static opening 
pressure, Pstat, of the vent cover to the desired level. Figure 1.105 shows the type of dust 
explosion vent illustrated in Figure 1.104 installed in the roof of a silo. Kappeler (1 978) dis- 
cussed the successful use of reversible hinged explosion doors on dust filter enclosures. 

One problem that can arise when using reversible explosion covers is implosion due 
to the internal underpressure that follows the cooling of the gases inside the enclosure, 
when sealed just after the explosion. Wiemann, Bauer, and Moller (1989) showed 
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BAFFLE PLATE 

Figure 1 .I 03 Hinged vent doors on a mill similar 
to that in Figure 1.102, just after a dust explosion. 
Damaged shock absorbers are replaced by new ones 
after each explosion before the doors are closed 
(Courtesy of T. Pinkwasser, Biihler, Switzerland). 

Figure 1 .I 04 Reversible low-mass hinged explosion door, which closes by gravity once the explo- 
sion has been relieved (Courtesy of Silo-Thorwestern, Beckurn, Germany). 

experimentally and theoretically that the internal underpressure can be limited to a 
desired nondamaging level by providing a small opening through which the small quan- 
tity of air required for preventing implosion is allowed to enter the enclosure in a con- 
trolled'manner. They presented a nomograph from which the necessary leak opening cross 
section can be determined from the vessel volume and the maximum permissible under- 
pressure. 

1 A.6.4 
Potential Hazards Caused by Venting 

Venting of dust explosions prevents rupture of the enclosure in which the explosion 
takes place. However, significant hazards still remain. These include 
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Ejection of strong flame jets from the vent opening. 
Emission of blast waves from the vent opening. 
Reaction forces on the equipment, induced by the venting process. 
Emission of solid objects (vent panels and parts that can be tom off by the venting process). 
Emission of toxic combustion products. 

In general, flame ejection is more hazardous the larger the vent is and the lower the static 
opening pressure of the vent cover. This is because, with a large vent and a weak cover, 
efficient venting starts at an early stage in the combustion process inside the enclosure. 
Therefore, in the early stages of venting, large clouds of unburned dust are pushed out 
through the vent and subsequently ignited when the flame passes through the vent. The result- 
ing, secondary fireball outside the vent opening can present a substantial hazard. If, on the 
other hand, the enclosure is strong, allowing the use of a small vent and a high Prd, only 
the combustion products are vented and the flame outside the vent is considerably smaller. 

If a dust explosion is vented indoors, the blast waves and flame jet may generate seri- 
ous secondary explosions in the workrooms (see Section 1.1.3). Some methods for pre- 
venting this are discussed in the following section. 

1.4.6.5 
Vent Ducts 

One traditional solution to the flame jet problem is the use of vent ducts. This implies 
that a duct of cross-sectional area at least equal to the vent area is mounted between the 
vent and a place where a strong flame jet presents no hazard. The principle is illustrated 
in Figure 1.106. 

Vent ducts generally increase the flow resistance and, therefore, the pressure drop to the 
atmosphere. Consequently, adding a vent duct increases the maximum explosion pressure 
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Figure 1.I 06 The use of a vent duct for guiding dis-
charged unburned dust cloud and flames to a safe 
place. 

. .in the vented vessel. Furthermore, the pressure increases with increasing duct lengtn, 
increasing number of sharp bends, and decreasing duct diameter. These trends are con-
firmed by experiments. 

Figures 1.107 and 1.108 give some results from small-scale experiments. The com-
paratively high pressures in Figure 1.107 for dextrin are due to the use of a smaller vent 
and duct diameters than those employed for acquiring the data in Figure 1.108. The 
same trend as exhibited by Figures 1.107 and 1.108 is found in larger scale, as shown 
by the data from TNO (1979) in Figure 1.109. 

Walker (1982) analyzed availabledata at that time and proposed the generalrelationship 
forthe maximum explosionpressure in a vented vessel with a duct as shown in Figure 1.110. 
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Figure 1 .lo8 The influence of the length 
of a straight vent duct of internal diameter 
130 mm on the maximum pressure during 
explosions of three different dusts in air in a 
20 liter spherical vessel with vent cover of 
diameter 130 mm and bursting strength 0.1 
bar(g) between vessel and duct (From 
Crowhurst, 19881. 
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Figure 1 .I 09 The influence of the length ofa 
straight vent duct of internal diameter 0.35 m on 
the maximum dust explosion pressure in a 7 m3 
vessel vented into the duct via a 0.35 m diam-
eter bursting disk of bursting pressure 0.47 
bar(@ (From TNO, 1979). 
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Figure 1.1 10 Maximum pressure in a vented vessel with a vent duct as a function of maximum explo-
sion pressure without a duct, for various duct lengths. The diameter of the duct equals the diameter 
of the vent. There are no sharp bends (From Walker, 1982). 
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It is felt that this correlation still holds good as a first approximation. For example, the 
data in Figure 1.109 are reasonably well accounted for in Figure 1.110. However, as 
reviewed in Section 9.3.7.5 in Chapter 9, the length-to-diameter ratio of the duct is a more 
basic parameter than just the duct length. 

Aellig and Gramlich (1984) studied the influence of various geometrical features of 
the vent duct design, in particular the details of the coupling between vessel, vent, and 
duct, and the geometry of the bends. They proposed an overall correlation that looks sim- 
ilar to that of Walker in Figure 1.110, but the ratio of duct volume to vessel volume was 
used as parameter instead of the duct length. 

Pineau (1984a) conducted a comprehensive series of experiments with explosions of 
wheat flour and wood dust in vented vessels of 0.1 m3 and 1 .O m3 volumes connected to 
vent ducts of various diameters and lengths, with and without bends. Some experiments 
were also conducted with larger vessels of volumes 2.5-100 m3 vented through ducts. 
In general, the main trends observed in the small-scale experiments were confirmed for 
the large-scale ones, and it was recommended that vent ducts be as short as possible and 
have a minimum number of sharp bends. 

More recently, Lunn, Crowhurst, and Hey (1988) conducted a comprehensive theo- 
retical and experimental study of the effect of vent ducts on the maximum explosion pres- 
sure in vented vessels. Experiments were performed in a 20 liter vessel (same experiments 
as Crowhurst, 1988), and in a large-scale 18.5 m3 vessel. Figure 1.11 1 shows the 18.5 m3 
vessel fitted with a straight duct, whereas Figure 1.112 shows the same vessel during a 
coal dust explosion with a 90" bend at the end of the duct. 

Figure 1.1 11 
and Safety Executive, United Kingdom). For a much clearer picture, see Color Plate 1.  

18.5 m3 vented explosion vessel connected to a straight vent duct (Courtesy of Health 

In general, the trends of the experimental data for the five dusts-coal, aspirin, toner, 
polyethylene, and aluminum-used by Lunn et al. were similar to that in Figure 1.109. 
The maximum explosion pressure in the vessel increased systematically with duct length 
and the length-to-diameter ratio of the duct. The theoretical analysis generally confirmed 
this trend and yielded predictions in reasonable agreement with the experimental data, 
although some discrepancies were found. The theory developed by Lunn et al. may serve 
as a useful tool for estimating the influence of various types of vent ducts on Pred. The K,, 
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Figure 1.112 Coal dust explosion in 18.5 m3 vessel vented through a duct with a 90" bend at the 
end (Courtesy of Health and Safety Executive, United Kingdom). For a much clearer picture, see Color 
Plate 2. 

value, which is numerically identical to the maximum rate of pressure rise in the standard 
1 m3 IS0  test, was used as a measure of the inherent explosibility of the dusts. The K,, 
values ranged from 144 b m d s  for the coal to 630 b m d s  for the aluminum. 

1.4.6.6 
The Quenching Tube 

This promising new concept was developed by Alfert and Fuhre (1989) in cooperation 
with Rembe GmbH, Federal Republic of Germany (see also Anonymous, 1989). The main 
principle is illustrated in Figure 1.1 13. 

If a dust explosion occurs in the enclosure to be vented, the bursting panel, which con- 
stitutes an integral part of the quenching tube assembly, bursts, and the explosion is vented 

$- EXPLOSION 

BURSTING PANEL 

WENCHING TUBE 

Figure 1.1 13 A quenching tube for dust and 
flame-free venting of dust explosions 
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through the comparatively large wall area of the quenching tube. The wall is designed 
to yield a low-pressure drop but high retention efficiency for dust particles and efficient 
cooling of combustion gases. This means that flame ejection from the vent is effectively 
prevented and the blast effects significantly reduced. 

Furthermore, burning lumps of powder and other smaller objects that could be ejected 
through an open vent are retained inside the quenching tube. However, any toxic gaseous 
combustion products, such as carbon monoxide, escape to the atmosphere. 

The increase of the maximum explosion pressure in the vented enclosure due to the 
flow resistance through the quenching tube wall is mostly moderate and can normally 
be compensated for by a moderate increase in the vent area. 

Section 9.3.7.5 in Chapter 9 gives references to more recent work on this promising 
principle of dust explosion protection. Bucket elevator legs and silos in congested areas, 
where normal venting is prohibited, are likely areas of application. The very high tem- 
peratures of burning light metal dust clouds (magnesium, aluminum, silicon) place heavy 
demands on the design of the quenching tube wall, but there is no a priori reason for not 
assuming that even this problem will be solved. Whether the remaining problem of pos- 
sible toxic gas emission can be tolerated, depends on the actual circumstances, and must 
be considered specifically in each particular case. 

Figure 1.114 shows a commercial prototype of a quenching tube. Figure 1.115 shows 
venting of a 5.8 m3 bag filter unit without and with the quenching tube. The white smoke 
in the lower picture is mostly condensed water vapor. 

Figure 1.1 14 Commercial prototype of a 
quenching tube (Courtesy of  Rembe GmbH, 
Brilon, Germany). 

1.4.6.7 
Reaction Forces and Blast Effects 

Experience has shown that the reaction forces from dust explosion venting can increase 
significantly both the material damage and the extent of the explosion. Equipment can 
tilt and ducts be torn off, and secondary dust clouds can be formed and ignited. Whenever 
installing a vent, it is therefore important to assess whether the equipment to be vented 
can withstand the reaction forces from the venting, should an explosion occur. A very 
simple, static consideration says that the maximum reaction force equals the maximum 
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Figure 1.1 15 Venting of a polypropylene/air explosion in a 5.8 m3 bag filter unit without (top) and 
with (bottom) a quenching tube (Courtesy of F. Alfert and K. Fuhre, Chr. Michelsen Institute, Bergen, 
Norway). For a much clearer picture see Color Plate 3. 

pressure difference between the interior of the vessel being vented and the atmosphere, 
times the vent area. Careful experiments by Hattwig and Faber (1984) revealed that in 
actual explosion venting, the reaction force is about 20% higher than the value result- 
ing from the simplified static consideration. The experimental relationship found by 
Hattwig and Faber is 

F,, (MN)=0.12*A(m2)*P,, (bar(g)) (1.15) 
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This equation can be used for estimating maximumreaction forces expected in practice. 
P,,, is then the maximum permissible pressure Predfor which the vent is designed. 
Bmnner (1983) found that the experimental reaction force was reduced by about 6% by 
vent ducts. 

As discussed in Section 1.4.5.3, a given pressure pulse interacts with the mechani-
cal structure exposed to it. This is also a relevant aspect in the present context. As 
pointed out by Pritchard (1989), the strength of some materials, including structural 
steels, is highly sensitive to the strain rate. This means that the stress at which plastic 
deformation starts depends on the rate of loading. On the other hand, the damage to a 
structure also depends on how quickly the structure responds to the pressure loading. 
The natural period of vibration of the mechanical structure is normally used as a meas-
ure of the response time. If the duration of the pressure peak is long compared with the 
natural period of vibration, the loading can be considered essentially a static load. If, 
on the other hand, the pressure pulse is short compared with the response time of the 
structure, the damage is determined by the impulse, that is, the time integral of pres-
sure. Pritchard (1989) provided a qualitative illustration of these relationships, shown 
in Figure 1.116. 

Brunner (1983, 1984)performed a detailed theoretical and experimental study of the 
structuralresponse of supports and buildings due to the reaction forces from dust explo-
sion venting of a vessel. An analysis of experimental explosion pressure versus time 
revealed two different regimes: P,, < 0.9 bar(g) and P,, > 0.9 bar(g). In the first 
regime, the pressure pulses generally had several peaks, whereas in the high-pressure 
regime, there was normally only one main peak. Theoretical equations for pressure 
versus time were developed for both regimes. 

Brunner considered both linear and nonlinear models for the structures subjected to 
the reaction forces and developed response spectra for both fully elastic and ductile sys-
tems. The theoretical strain predictions were in good agreement with experimental 
results. Some practical guidelines for safe design of structures subjected to reaction 
forces from explosion venting were proposed. 
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Hattwig (1980) investigated the blast peak pressure, Pblast,outside a vented dust and 
gas explosion as a function of the distance D from the explosion and found that 

(1.16) 

where the dimensionless parameterA is given by 

log,, A = -~o*26 +0.49 
F (m2> 

and P,, is the maximum explosionpressure inside the vented enclosure.Both Pblastand 
Pm,, are gauge pressures. 

According to Kuchta (1985), the static, or “side-on,’’gauge pressure of a blast wave 
front ns 

(1.18) 

where Pois the ambient absolute pressure, y the specificheat ratio of air, and M, the ratio 
of the actual wave front velocity to the velocity of sound. However, the total blast pres-
sure sensed by an object exposed to a blast wave is the sum of the static gauge pressure 
and the dynamic pressure l/zpV2due to the gas flow (V is the gas velocity and p the gas 
density). Strehlow (1980) gave an instructive overview of the nature of blast waves and 
their damaging potential. A useful review was also given by Pritchard (1989). 

1.4.7 
AUTOMATIC SUPPRESSION OF DUST EXPLOSIONS 

1.4.7.1 
General Concept 

According to D ~ r n(1983), the first patent for a fast fire suppressionsystem, a “rapid dry 
powder extinguisher,”was allotted to a German company as early as 1912.The Second 
World War acceleratedthe development.The British RoyalAir Force found that 80% of the 
total losses of aircraft in combat were due to fire. Based on this evidence,a military require-
ment was issued specifying a lightweight high-efficiencyfire extinguishing system for pro-
tecting aircraft engines and their fuel systems.A similar situation arose in Germany. As a 
result mew, fast-acting fire extinguisherswere developed based on three main principles: 

The extinguishing agent is permanently pressurized. 
The discharge orifice is large in diameter. 
The valve for immediate release of extinguishing agent by means of an explosive 
charge opens very fast. 

These principles, combined with a fast-response flame or pressure-rise detection 
system,form the basis for even today’s automatic explosion suppression systems. Figure 
1.117 illustrates the operation of a dust explosion suppression system. 
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Figure 1.1 17 The sequence of events and typical time scale of automatic suppression of dust explo- 
sions in process equipment. Actual figures apply to a starch explosion in a 1 m3 vessel (Courtesy of 
Kidde-Craviner, Colnbrock, United Kingdom). 

The suppressor contains a suitable extinguishing agent (suppressant) and a driving gas, 
normally nitrogen at 60-120 bar. The onset of pressure rise in the vessel due to the 
growing dust flame is detected and an electric signal triggers the explosive charge that 
opens the suppressor valve. A special nozzle design ensures that the suppressant is dis- 
tributed evenly throughout the vessel volume. In principle, the pressure sensor can be 
made sensitive enough to detect even a very small initial flame. However, if the pres- 
sure rise for triggering the opening of the suppressor valve is chosen so small that sim- 
ilar pressure variations may occur in normal plant operation, false activation of the 
suppression system becomes likely. This is not desirable and therefore the triggering pres- 
sure is normally chosen sufficiently high to avoid false alarms. The use of two pressure 
detectors oriented at 90" to each other can make it easier to discriminate between pres- 
sure rise due to explosions and other disturbances. Figure 1.118 shows a pressure detec- 
tor of the membrane type, which is the most common type used in automatic dust 
explosion suppression systems. 

Ultraviolet or infrared optical flame sensors may be used instead of pressure sensors 
for detecting the initial explosion. However, careful consideration is required before 
doing so, because explosible dust clouds have high optical densities even at distances 
of only 0.1 m. This can make it difficult to sense a small initial flame in a large cloud. 
Optical detectors may be used in advance inerting systems (see later) for detecting flames 
entering ducts between process units. Figure 1.119 shows a typical suppressor unit with 
pressure gauge for controlling the driving gas pressure, and suppressant dispersion 
nozzle. Figure 1.120 shows a very large suppressor developed for suppressing explosions 
in large volumes of several hundred cubic meters. 

Figure 1.121 shows a special explosion suppression unit that is completely self- 
contained, even with respect to power supply. This gives great flexibility with respect to 
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Figure 1.1 18 A pressure sensor of the membrane type used for activating automatic dust explo- 
sion suppression systems. The diameter of the membrane is about 100 mm (Courtesy of Kidde- 
Graviner, Colnbrock, United Kingdom). 

mounting the unit at any desired location. However, regular inspection and testing of 
power supply and the like is required. This unit was originally designed for using halon 
as suppressant, but transfer to powder suppressants is probably not too difficult. 

The status on explosion suppression technology has been reviewed repeatedly in the 
literature. A fairly early paper discussing large-scale experimental research in France in 
the late 1960s was presented by Winter (1970). Bartknecht (1978) has a comprehensive 
discussion of extensive research in the Federal Republic of Germany and Switzerland 
in the 1970s. A summary covering similar evidence was given by Scholl(l978). Singh 
(1 979) summarized theoretical and experimental work from various countries including 
the United Kingdom, United States, Federal Republic of Germany, and Switzerland. 
Moore (198 1) discussed the results of his own comprehensive experimental and theo- 
retical research, which resulted in a basis for systematic design of industrial suppres- 
sion systems. He introduced the concept of critical mass M ,  of suppressant that is just 
sufficient for suppressing the flame when being evenly distributed throughout the 
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1 1 
i Figure 1 .I 21 A self-contained automatic 

explosion suppression unit (X-PAS) con- 
Figure 1 .I 20 Large 45 liter high-rate suppres- sisting of a pressurized spherical sup- 
sor for very fast discharge of 35 kg of MH,H,PO, pressant container with an explosive 
powder. The diameter of the explosive charge- charge-operated valve, a pressure detec- 
operated valve is 127 mm (5 in.) and the driv- tor, and a long-life lithium battery power 
ing gas is nitrogen at 60 bar (Courtesy of unit (Courtesy of Fenwal Inc., Ashland, 
Kidde-Craviner, Colnbrock, United Kingdom). MA). 

flame volume. He assumed a critical minimum mass concentration of any given sup- 
pressant for suppressing a flame of a given dust and that a suppressant cloud of this con- 
centration or higher must occupy at least the flame volume for successful suppression. 
It then follows that the critical mass Mt increases with time, because the flame volume 
increases with time. 

A similar line of thought was applied to the mass of suppressant actually delivered 
at any time after onset of flame development. Successful suppression would result if 
&ft,delivered > Mt,requlred. This is illustrated in Figures 1.122 and 1.123. 

Moore, Watkins, and Vellenoweth (1984) reviewed the status in the early part of the 
1980s, including industrial experience with a number of automatic dust explosion sup- 
pression installations. More recently, Hiirlimann (1 989) presented a detailed, compre- 
hensive review of dust explosion suppression, in general, and the research conducted by 
Ciba Geigy, Switzerland, in particular. Siwek (1989b) discussed then-recent research on 
explosion suppression in large vessels as well as explosion isolation by automatic sup- 
pression systems. 
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Figure 1.I  22 Mass of suppressant required and delivered as functions of time, for reliable sup-
pression, critical suppression, and failed suppression (From Moore 198 1, 1987). 
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Figure 1.I 23 
low an injection rate, and too small a quantity of suppressantinjected (From Moore, 198 I ,  7987). 

How failed suppression can result from too late a start of suppressant injection, too 

Automatic dust explosion suppressionhas proven feasible for organic dusts of the max-
imum rate of pressure rise in the standard 1 m3closed ISO-vessel of up to 300 bar/s (i.e., 
Ks,= 300 bar m/s, see Chapter 4). It remained uncertain, however, whether the method 
could also be used for aluminum dusts of Ks, in the range 300-600 bar d s .  Moore and 
Cooke (1988) investigated this experimentally in a 18.5 m3 vessel, using aluminum 
flakes of Ks, = 600 bar d s .  A special powdered suppressant, consisting essentially of 
NaHC03 (IC1DessicarbTM),proved to be the most effective for suppressing aluminum 
dust explosions and was therefore used in all experiments. 

However, they found that, for aluminum flakes of Ks, = 320 bar d s ,  even under opti-
mum conditions for suppression, it was difficult to ensure lower suppressed explosion 
pressures than about 2 bar(g). In the case of dusts of natural organic materials and plas-
tics of Ks, up to 300 bar d s ,  the corresponding suppressed explosion pressures would 
have been 0.2-0.4 bar(g). 

Moore and Cooke (1988) concluded that reliable suppressionof aluminumflake explo-
sions is difficult. However, they showed that a combination of explosion suppression and 
venting can reduce the maximum explosionpressure to a level significantlylower than the 
level from venting only. For an aluminumflake cloud of Ks,=600 bar m/s and a staticopen-
ing pressure of the vent cover of 0.5 bar&), venting only (about 1 m2 vent area) yielded 
8.2 bar(g). When combined with optimal suppression, the maximum pressure was 3.8 
bar(g). However, althoughthis is considerablylower than 8.2 bar, it is still a high pressure. 

Et should be mentioned that Seneca1(1989), over the range 240 to 340 bar d s  inves-
tigated, found that the correlation between Ks, and reduced explosion pressure in simi-
lar suppression experiments, was rather poor. 
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1.4.7.2 
Design of Dust Explosion Suppression Systems 

As discussed by Moore et al. (1984), one distinguishes among three different suppres-
sion strategies: 

Advance inerting. Detect the explosion, identify its location, activate the appropriate 
suppressors, and establish suppressant barriers to prevent explosion spread to other 
process units. 
Local suppression. Detect the initial explosion, identify its location, and activate the 
appropriate suppressors for ensuring no flame propagation beyond explosion kernel. 
Total suppression. Detect the explosion and deluge the entire system with suppres-
sant to ensure that the explosion is totally suppressed. 

The design of any particular industrial suppression system depends on the suppres-
sion strategy chosen, the type of suppressant, the chemical and explosibility properties 
of the dust, the nature of the process and enclosure to be protected (mill, cyclone, silo, 
etc.), the volume and shape of the enclosure, and other actions taken to prevent or mit-
igate against dust explosions in the plant. Moore and Bartknecht (1987) conducted dust 
explosion suppression experiments in large vessels of volumes up to 250 m3and could 
show that successful suppression of explosions in clouds of organic dusts is possible even 
in such large volumes. However, as the vessel volume increases, more suppressant and 
faster injection are required for successfulsuppression.The actual design of suppression 
systems depends very much on the specific design of the suppressors and other details, 
which vary somewhat from supplier to supplier. Therefore, it is difficult to specify gen-
erally applicable quantitative design criteria. Figure 1.124gives an example of a design 
guide developed by one specific equipment supplier, based on the experiments with 
organic dusts by Moore and Bartknecht (1987). 

As can be seen, three standardizedtypes of suppressors were employed. The smallest 
type, of volume 5.4 liters, was used for vessel volumes up to 5 m3,whereas 20 liter sup-
pressors were used in the range 5 to 30 m3,and the very large 45 liter type for the larger 
volumes. The large-volume range was verified experimentally only up to 250 m3,for 
which 10 of the 45 liter suppressorswere required for successfulsuppressionof St2 dust 
explosions (organic dusts). For Stl dusts, seven such suppressors were sufficient. 

Moore (1989) compared venting and suppression, referring to Figure 1.124, and 
showed that the two explosion protection methods are to a great extent complementary. 
In practice, cost effective safety is achieved by using either one of the two methods, or 
a combination of both. 

Moore et al. (1984) provided a number of specific examples of automatic dust explo-
sion suppression systems in industrial practice. One of these is shown in Figure 1.125. 

Kossebau (1982) discussed the particular problem of suppressing dust explosions in 
bucket elevators, as illustrated in Figure 1.126. Schneider (1984) was concerned with 
applying the suppression method to dust explosions in milling and grinding plants. 

1.4.7.3 
Influence of Type of Suppressant (ExtinguishingAgent) 

Traditionally halogenated hydrocarbons (halons) were used as suppressants in auto-
matic dust explosion suppression systems. However, long before the environmental 
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Figure 1.124 
based on the Graviner suppressor system: 

Pressure resistance of vessel: t1.0 bar(g) 
Explos.ionof pressure detection level: SO. 1 bar(g) 
Suppressant: NH,H, PO, 
Driving gas pressure: 60 bar 

St I means dusts that cause maximum rates of pressure rise in the standard closed 1 m3 I S 0  vessel 
of up to 200 bar/s (Ks, = 200 bar m/s). St2 means dusts that cause 200-300 bar/s (Ks,= 200-300 bar 
m/s). (From Moore and Bartknecht, 1987). 

Guide for designing dust explosion suppression systems for vessels of various voiumes, 
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Figure 1.I 25 
filter, using a comprehensive automatic explosion suppression system (From Moore et a/., 7 984). 

Dust explosion protection ofa grinding plant consisting of a mill, a cyclone, and a bag 
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Figure 1.1 26 Application of automatic dust explo- 
sion suppression to bucket elevators (Courtesy of 
T. Pinkwasser, Biihler, Switzerland). For a much 
clearer picture, see Color Plate 4. 

problems caused by these chemicals became a major issue, Bartknecht (1978) showed 
that powder suppressants, such as NH4HzP04, in general, were much more effective for 
suppressing dust explosions than halons. Therefore, powder suppressants have been 
used to suppress dust explosions for many years. But powders differ in their suppres- 
sive power, and efforts have been made to identify the most effective ones. 

Figure 1.127 shows that the addition of only 30 weight% of NH4H2P04 powder is 
required to prevent flame propagation in dust clouds in air of Pittsburgh bituminous 
coal, whereas with CaC03 dust (limestone), 70 weight% is needed. 

Similar systematic investigations were undertaken by Szkred (1983). He used a coal 
dust of 38% volatiles, 7% moisture, and 38 pm mean particle size as fuel and found that 

Figure 1.1 27 The influence of the chemistry of 
inorganic powder suppression on mass per- 
centage required for suppressing coal dust 

0 10 20 30 40 50 60 70 80 explosions: 400 1 ignition source and 20 liter 
closed explosion vessel (From Hertzberg et a/., 
1984). 

CONTENT OF SUPPRESSANT IN MIXTURE 
WITH COAL DUST Iwt. %1 
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25 weight% NH4H2P04,35 weight% NaC1, and 80 weight% CaCO, were required to sup-
press flame propagation. 

As already mentioned, the new powdered suppressant Dessicarb (>98.5% NaHCO,) 
so far has proven the most effective agent for suppressing aluminum dust explosions. 
Furthermore, this material is suitable for use even in the food industry. It is soluble in 
water and can therefore be removed effectively by water only. Recently, superheated 
steam (water at >180°C) has also been used as a nonpolluting suppressant. Further, more 
recent works on automatic suppression are reviewed in Section 9.3.7.6 in Chapter 9. 

1.4.8 
CONTROL AND lNTERLOCKlNG SYSTEMS TO PREVENT AND 
MITIGATE DUST EXPLOSIONS IN INTEGRATED PROCESS PLANTS 

1.4.8.3 
Overview 

The subject has been discussed in two papers by Faber (1985, 1989b). A wide range of 
sensors for automatic measurement of a number of physical and chemical process vari-
ables are in use. Microprocessor technology has made it simple to utilize the signals from 
the sensors for control and interlocking purposes in a variety of ways. 

The variety of process variables measured or detected includes 

@ Rotational speed, position, and translatory motion of mechanical objects, level of 
dusts and powders in silos, filter hoppers, and so forth. 

0 Temperaturein powder and dust deposits,bearings and electricalmotors, and gas flows. 
0 Gas pressure in process equipment and connecting ducts. 
0 Concentration of specific components in gases, such as oxygen in inert atmospheres 

0 Presence of flames and hot gases. 
0 Concentration of dust suspended in a gas. 
0 Simple, digital quantities, such as whether an explosion vent door has opened or 

A comprehensive account of physical and chemical principles used for measuring such 
quantities and instruments using these principles has been given by Bentley (1988). 

0 Normal process control. 
e Warning in case of abnormal process conditions. 
0 Triggering and control of measures for mitigating hazardous process conditions, such 

and carbon monoxide in the case of self-heating. 

remains closed. 

Faber (1989b) mentioned three objectives for monitoring process variables: 

as dust explosions. 

1.4.8.2 
A Practical Example 

Faber (1985,1989b) used the plant for grinding and drying of coal shown in Figures 1.128 
and 1.129as an example. Such plants produce the fuel for pulverized-coalfired power plants. 
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Figure 1 .I 28 
for milling and drying coal. The explosion protection is based on inerting C 0 2 :  

CO = carbon monoxide concentration sensors. 
D = dust concentration sensor. 
L = level sensors for coal and coal dust in silos. 
M = movement sensors for mechanical components. 
O2= oxygen concentration sensors. 
T = temperature sensors. 

(From Faber, 1985, 19896 with minor adjustments) 

Comprehensivesensor system for monitoring, controlling, and interlocking a process 

The basic process is simple. Lump coal is fed via a belt conveyor and a rotary lock to a 
rotary mill, which is flushed with gas to dry the coal and pneumatic transport of ground 
material to a gas classifier. The classifier separates the conveyed ground coal into a 
coarse fraction, which is returned to the mill, and a fine product fraction, which is 
removed from the gas in a cyclone and a subsequent filter. The coal dust collected in the 
cyclone and filter is conveyed to a coal dust silo. 

Figures 1.128 and 1.129 show how the plant can be protected against damaging dust 
explosions utilizing two alternative measures, inerting and venting. The instruments for 
monitoring, controlling, and interlocking the process varies somewhat with the protec-
tive measure chosen. 

In the case of inerting, one relies on keeping the plant inerted. To achieve this, as Figure 
1.128 shows, continuous monitoring and control of a range of process variables is rec-
ommended. Automatic alarms can be activated as soon as a variable attains an unac-
ceptable value. Interlocking by automatically turning off the power to the mill, the fan, 
the conveyor, and the rotary locks, should the oxygen level become too high, adds to the 
safety. Should the temperature of the gas from the mill become unacceptably high, water 
can be added automatically to the mill feed, as indicated. Development of carbon nionox-
ide in the coal dust silo or filter indicates smoldering combustion, and this should also 
lead to automatic closedown of the plant. 
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Figure 1.1 29 Comprehensive sensor system for monitoring, controlling, and interlocking a pro-
cess for milling and drying coal. The explosion protection is based on venting and explosion shock-
resistant design: 

CO = carbon monoxide concentration sensors. 
D = dust concentration sensor. 
F = flame sensor. 
L = level sensors for coal and coal dust in silos. 
M = movement sensors for mechanical components. 
P = pressure sensors. 
T = temperature sensors. 

(From Faber, 1985, 1989a with minor adjustments). 

If venting and explosion shock-resistant design is the basic measure against damag-
ing dust explosions (Figure 1.129),the probability of ignition is higher than with inert-
ing. The plant is therefore designed to be able to withstand dust explosions without 
becoming damaged, but such events are clearly undesirable. Therefore, continual mon-
itoring and control of a series of process variables is again recommended.In addition to 
the sensors in Figure 1.128,Figure 1.129indicates sensors for detection of abnormalpres-
sure rise in the mill, the filter, and the coal dust silos and detectorsfor flames in the ducts 
from the mill. On the other hand, measurement of oxygen concentrationis of less inter-
est in this case, because one has to accept that the oxygen content can be as high as in 
air (21 ~01%). 

In addition to stopping the mill, the fan, the rotary locks, and the conveyors, the pres-
sure and flame sensors can be used to activate various kinds of active isolation 
in the ducting between the various process units that are not already isolated by the 
rotary locks, a screw conveyor, or a passive explosion interrupter (see Section 1.4.4). 

t may be argued that the instruments suggested in Figures 1.128 and 1.129is exces-
sive. This is a matter of discussion in each case. The main purpose has been to indicate 
the possibilities that exist and from which one should select the appropriatemeasures to 
suit a specific application. 
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1.4.9 
PREVENTION AND REMOVAL OF DUST ACCUMULATIONS 
OUTSIDE PROCESS EQUIPMENT: GOOD HOUSEKEEPING 

1.4.9.1 
General Outline 

The main prerequisite for disastrous secondary explosions in factories is that sufficient 
quantitiesof combustible dust have accumulated outside the process equipmentto permit 
development of large secondary dust clouds (see Section 1.1.3). In other words, the pos-
sibility of extensive secondary explosions can be eliminated if the outside of process 
equipment and shelves, beams, walls, and floors of workrooms are kept free of dust. 

Significantquantities of dust may accumulate accidentallyoutside process equipment 
due to discrete events, such as bursting sacks or bags or erratic discharge from silos or 
filters. In such cases, it is important that the spilled dust be removed immediately. In case 
of large dust quantities, the main bulk may be sacked by hand using spades or shovels, 
but industrial, explosion-proof vacuum cleaners should be used for the final cleaning. In 
the case of moderate spills, dust removal may be accomplishedby vacuum cleaning only. 

Effective dust extraction should be provided in areas where dust occurs as part of 
normal operation, such as bagging machines. 

Considerable quantities of dust can accumulate outside process equipment over time 
due to minor but steady leaks from process equipment. The risk of such leaks is com-
paratively large if the working pressure inside the process equipment is higher than the 
ambient pressure, whereas running the process at slightly lower than ambient pressure 
reduces the leaks. 

It is important that process equipmentbe inspectedregularly to discover and seal off obvi-
ous accidental leak points as early as possible. However, often one has to accept a certain 
unavoidable level of dust leaks from process equipment.It is then important to enforcegood 
housekeeping routines by which accumulationsof explosible dust outside process equip-
ment are removed at regular intervals, preferably by explosion-proof vacuum cleaning. 

Use of compressedair to blow away spilled dust should be prohibited. By this method, 
dust is not removed, only transferred to another location in the same room. In addition, 
dust explosions can result if the dust concentration in the cloud so generated is in the 
explosible range and an ignition source exists in the same location. 

1.4.9.2 
Industrial Explosion-ProofVacuum Cleaners 

The subject of industrial explosion-proof vacuum cleaners was discussed by Kuhnen 
(1978b), Wibbelhoff (1984), and Beck and Jeske (1989). Beck and Jeske listed the 
requirements for mobile type 1vacuum cleaners recommended in the Federal Republic 
of Germany for removal of combustible dusts: 

The fan must be on the clean side and protected against impact by foreign bodies. 
The electric motor and other electric components must satisfy the generalrequirements 
for such components to be used in areas containing explosible dusts. Motors must be 
protected against short circuit and overheating. 
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The exhaust from the vacuum cleaner must be guided in such a way that it does not 
hit dust deposits and generate dust clouds. 
All electrically conducting parts of the equipment, including the hose and mouthpiece, 
must be grounded with a resistance to earth of less than 1 M a .  
Vacuum cleaner housings must be constructed of materials that are practically non- 
flammable. Aluminum and aluminum paints must not be used. 
A clearly visible sign saying “No suction of ignition sources” should be fitted to the 
housing of the vacuum cleaner. 

Figure 1.130 shows an example of a large mobile vacuum cleaner for combustible dusts 
in industry. 

,- 

,\ “ 

. ... 1.. . .. .. ‘“Ti - 

Figure 1.1 30 Large mobile vacuum cleaner for explosible dusts in industry. The vessels and connecting 
ducts are designed to withstand internal pressures of 9 bar@). The power requirement is 45-55 kW 
(Courtesy of Edelhoff Polytechnik GmbH, Iserlohn, Germany). 

Sometimes it can be useful to install stationary vacuum cleaning systems rather than 
having mobile ones. Figure 1.13 1 is a schematic illustration of the main principle. A cen- 
tral dust collecting station with a suction fan is connected to a permanent tube system 
with a number of plug-in points for the vacuum cleaning hose at strategic locations. 

The importance of good housekeeping is sometimes overlooked. Always remember 
that clean workrooms exclude the possibility of extensive secondary explosions. Further, 
cleanliness improves the quality of the working environment in general. 

1.4.1 0 
DUST CONTROL BY THE ADDITION OF LIQUID 

As discussed in Chapter 3, adding liquids to dusts can give rise to particle enlargement 
by the formation of agglomerates held together by liquid bridges or capillary forces. 
Furthermore, if the main product is coarse, such as grains of wheat or oats, adding a suitable 
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Figure 1.1 31 A central stationary vacuum clean- 
ing system with a number of alternative plug-in 
points for vacuum cleaning hoses. 

liquid may soften the grain surface and reduce dust formation by rubbing and abrasion 
during handling and transport. Adding liquids for controlling dust formation and dust- 
ing has been used primarily in the grain and feedstuffs industries. However, it is not 
unlikely that the method may also find other applications. 

In grain handling and storage plants, the addition of small quantities of refined min- 
eral oil, vegetable oils, or lecithin to the grain has turned out to be effective for suppressing 
dust cloud generation. The method was investigated by Lai et al. (198 1, 1986). One type 
of system used in practice is illustrated in Figure 1.132. 

Figure 1.1 32 System for spraying small quantities of oil onto grain on a belt conveyor (Courtesy of 
American Soybean Association). 
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Weight % of particles 
4 2 5  p I 4 3  pm I <32 pm I <10 p 

The oil may be sprayed onto the grain stream by conventional spraying equipment used 
in agriculture. The drop size should be sufficiently small to ensure even distribution of 
oil across the entire grain stream but not so small that the oil becomes airborne (aerosol). 
This would indicate an optimal drop size diameter somewhere in the range 0.1-1 .O mm. 
The oil may wet and penetrate into the surface of the grain. This counteracts formation 
of new fine dust by rubbing and impact. The oil layer on the grain surface may also act 
as an adhesive for fine dust particles. The oil further causes agglomeration of the fine 
primary dust particles to larger effective particles. 

The relative significance of the two mechanisms, grain surface wetting and adhesion 
of dust and dust agglomeration, to some extent depends on the way in which the oil is 
applied. If oil is sprayed while the grain rests on a belt conveyor, the grain wetting mech-
anism may play a main role. If, however, the oil is applied inside the inclined feed duct 
to a bucket elevator bottom, where the high turbulence in the airflow causes most of the 
dust to be in suspension, direct agglomeration of dust particles is the more likely main 
result of adding the oil. 

The latter configuration was used successfully by Johansen (1989). When handling var-
ious kinds of grain (wheat and barley, containing 700-800 g dust per tonne of grain), appli-
cation of only 100 g soybean oil per tonne of grain was sufficient to reduce the dust level 
outside the process equipment substantially. The amount of dust, per tonne of grain, col-
lected in the dust filters for the process stream was nearly the same as with no oil added. 
This was because of high airflow rates in the dust extraction system, which ensured col-
lection of practically all the dust. However, the content of fine, unagglomerated parti-
cles in the collected dust, was considerably reduced by adding oil, as shown in Table 1.10. 

spark ignition temperature 03 Kst Pmax 
energy [mJ] dust cloud [“C] [bar\c.m/s] [bat(g)] 

Table 3.10 Influence of treatment of wheat grain with soybean oil on the effective particle size, 
ignitability, and explosibility of the grain dust resulting from handling the grain (1 15-230 g of oil per 
tonne of grain) 

Withoutoil I 75 I 60 I 50 I 25 I 10-1 00 

I I I Minimum electric I Minimum ignition I I I 

430 I 115 I 7 

Withoil I 50 40 30 10 I 100-1000 I 430 80 7 

The oil treatment method does not eliminate the dust explosion hazard. However, it 
reduces the hazard significantly in two ways. First, the quantity of the airborne fine dust 
that normally escapes from the process equipment and accumulates in workrooms, gal-
leries, and the llke is substantiallyreduced. Second, the clouds of agglomerated dust inside 
the process equipment have lower ignition sensitivity and explosibility than the clouds 
of unagglomerated dust that would be inside the equipment in the absence of oil treat-
ment. Some figures for dust collected in grain handling plants with and without oil treat-
ment are given in Table 1.10. The independence of the minimum ignition temperature 
on oil treatment is in accordance with this parameter being rather insensitive to changes 
in particle size for organic dusts. 

According to Johansen (1989), the oil spraying dust control method, when applied to 
a grain storage and handling plant, in fact reduced the running cost of the plant, in addi-
tion to reducing the dust explosion hazard. 
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In the case of products that are fine in themselves, such as wheat flour and tapioca, oil 
addition for suppressing dust is less suitable than in the case of a coarse main product 
containing a small dust fraction. However, in some cases, circumstancespermit addition 
of larger amounts of oil, up to several percent, which can give a significant reduction of 
dust emission even for such fine products. 

1.4.11 
CONSTRUCTION AND LAYOUT OF BUILDINGS 

It is important to distinguishbetween ideal requirements and realistic possibilities.In all 
circumstances,it is stronglyrecommendedthat the dust explosionproblem be taken into 
account as early as possible in the planning process, whether a completely new plant is 
to be constructed or an existing plant rebuilt. 

Ideally, any factory in which dust explosions may occur should be located a safe dis-
tance from other buildings. Furthermore, the various parts of the factory should be sep-
arate to enable effective isolation of the explosion to the section of the factory where it 
starts. 

Buildings should be one story whenever otherwisesuitable.If multistory buildings have 
to be used, the parts of the plant representing the greatest explosion hazard should be 
located as high up as possible, preferably on the roof. Alternatively, the hazardous plant 
items can be locatedin special, isolated,well-vented niches, as illustrated in Figure 1.133. 
Depending on the location, the floor and roof of the niche may also have to be explo-
sion proof. 

EXPLOSION-PROOF DOOR 

\ 
XPLOSION-PROOF 

AZARDOUS PART 

‘LIGHT WALL (EXPLOSION VENT PANEL) 

Figure 1.133 
within the factory building.

Top view of location o f  hazardous part of plant in an isolated, well-vented niche 

In modern facilities for grain, feed, and flour, the bucket elevator legs are sometimes 
mounted on the outside of the buildings rather than inside. The elevator legs can then be 
vented outdoors. 
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Figure 1 .I 34 Hazardous construction of factory 
buildings. Minor overpressures due to an internal 
dust explosion displace and break the weak walls 
and cause the roof and floors to fall. 

In the past, floors and roofs of factory buildings were often supported by recesses in 
comparatively weak walls with no reinforcement, as illustrated in Figure 1.134(a). In the 
case of an explosion, the walls were displaced outward, even at very modest overpres- 
sures, and the floors and roof fell down into the building, as illustrated in Figure 1.134(b). 
Clearly, under such circumstances the consequences of even minor dust explosions in 
the building could be catastrophic. 

However, if the building is constructed of reinforced concrete, it can be made suffi- 
ciently strong to enable the windows to serve as vents. Figure 1.135 shows an actual exam- 
ple of successful venting of an explosion inside a building through the windows. It is 
important, however, to ensure that flying pieces of glass present no hazard to humans. 
To avoid this hazard, it may be necessary to replace glass panes with anchored, trans- 
parent plastic panes. 

Figure 1 .I 35 Result of malted barley dust explo- 
sion in grain silo facility in Oslo, Norway, in 1987. 
The windows provided sufficient venting to pre- 
vent destruction of building, which is of reinforced 
concrete (Courtesy of A. F. Johansen, Oslo Port 
Silo, Norway). 
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As long as there are no special reasons for choosing other solutions, it is recommended 
that factory buildings in which dust explosions may occur, be constructed as indicated 
in Figure 1.136. The basic principle is that the roof and intermediate floors are supported 
by a strong frame structure. The walls are lightweight panel sections that function as vent 
covers, should an explosion occur. If required, the panels may be anchored to the frame 
structure (see Figure 2.7). 

RlGlO FRAME STRUCTURE 
SUPPORTING ROOF AND 
INTERMEDIATE FLOORS 

Figure 1.1 36 Recommended construction of factory buildings to prevent collapse of building in a 
dust explosion. 

Some final points to be taken into account when planning the layout and construction 
of factory buildings to reduce the explosion and fire hazard, include 

0 Safe escape routes in case of explosion and fire. 
0 Fire-resistant construction materials. 

Fire-resistant doors. 
Electrical installations according to latest regulations and recommendations. 

1.4.1 2 
THE “HUMAN FACTORS” 

Proper construction and maintenance of an integrated system for preventing and miti- 
gating dust explosions very much depends on human relations and human behavior. 

A number of different personnel categories may be involved, including 

Workers and foremen in the plant. 
Workers from the maintenance department. 
Plant engineers. 
Safety engineers. 
kchas ing  department officers. 
Safety manager. 
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0 Middle management. 
0 Top management. 
0 Suppliers of equipment. 
0 Dust explosion experts and consultants. 

Adequate prevention and mitigation of dust explosions cannot be realized unless there 
is meaningful communication among the various categories of personnel involved. If such 
communication is lacking, the result can easily become both unsatisfactory and confus- 
ing, as illustrated in Figure 1.137. 

System for dust 
explosion prevention 
and mitigation when 
the “’luman factors” 
are neglected. 

Version first delivered 
for being installed in plant. 

System ready for start-up. 

jystem originally conceived 
~y the expert. 

Mounting instructions tor 
second, adiusted delivery. 

Third party’s conception 
of .the system. 

Version specifiediordered 
by the safety/planning/ 
purchasing department. 

-low the system was actuall) 
nstalled and implemented 

The management’s 
wesentation of the system. 

Figure 1 .I 37 
factors” are neglected (Adapted version of original by Klapp, 1977). 

implementation ofsystem for dust explosion prevention and mitigation when “human 
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In general terms, meaninel  communication may be defined as the conveyance and 
proper receipt and appreciation of adequate information whenever required. However, 
to receive, appreciate, and use the information in a proper way, one must have 

Adequate knowledge. 
Adequate motivation. 
Adequate resources and deciding power. 

Knowledge about dust explosionscan be acquired by reading, listening to lectures,talk-
ing to experts, and the like, although experience from actual explosion prevention and 
mitigation work is perhaps the best form of knowledge. 

Genuine motivation is more difficult to achieve. It seems to be a law of life that people 
who experienced serious explosion accidents possess the highest level of motivation, in 
particular if the accident caused injuries and perhaps even loss of life. This applies to 
workers as well as top management. However, high levels of motivation can also result 
from good demonstrationsof real explosions,including their initiation by various igni-
tion sources, as well as their propagation and damaging effects. Video and film can help, 
if used properly. 

The find element, adequateresources and the authority to put the good plans into prac-
tice, is in reality controlled by the top management. Verhaegen (1989) concluded from 
this that the real responsibility for establishing and running a proper safety assurance 
system always lies on the top management. Summarizing the experience of a large, 
multinational chemical company, Verhaegen suggested that the following 10 essential 
elements be involved to ensure proper safety management: 

Top management responsibility. 
Safety statement (explicit commitment from top management). 
Objectives and goals (specification of long- and short-term expectations). 
Stated standards (written guidelines and rules). 
Safety committees (a dedicated organization for handling safety issues at a1 

Safety audits (regular reexamination of work practices). 
Accident records (writtenanalyses of accidents: Why did they happen? How can sim 

Safety personnel (qualified specialists are essential as advisers, but responsibility 

Motivation (by information and involvement and so on). 
Training (a continual process, courses are essential, the message must get 

levels). 

ilar accidents be prevented?). 

remains with top management). 

through!). 

Verhaegen emphasized the problem that a good safety organization is in reality often 
kept active by one or two dedicated individuals.If they change position within the com-
pany, or even leave, the safety organization may suffer.Management should foreseethis 
problem and provide a workable solution. 

Burkhardt (1989) gave an informative,more theoretical psychological analysis of the 
role of human factors in accident prevention in general. Atkinson (1988) and Proctor 
(1988) discussed various aspects of the training of safety personnel. 
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SELECTING APPROPRIATE MEANS FOR PREVENTING 
A N D  MITIGATING DUST EXPLOSIONS 

1.5.1 
BASK PHILOSOPHY, COST ESTIMATION, AND RISK ANALYSIS 

1.5.1 .I 
The Optimal Solution, or Striking the Balance 

The extensive menu of means of preventing and mitigating dust explosions, summarized 
in Table 1.9, is discussed in Section 1.4. 

Noha (1989) emphasized that the concepts of “primary” and “secondary” means of 
protection against dust explosions, used in the Federal Republic of Germany in the past, 
can be misleading, by indicating that mitigation is of secondary importance as compared 
to prevention. The rational approach is to seek an optimal combination of means of both 
categories for each specific application. In doing so, Noha suggested the need to break 
down the problem and evaluate specifically 

@ The efficacy of the protective means. 
@ The technical feasibility. 
@ The environmental acceptability. 
@ The financial acceptability. 

Figure 1.138 illustrates the situation. 

Figure 1 .I 38 The appropriate set of means for 
preventing and mitigating dust explosions de-
pends on type of dust, type of process, and the 
boundary conditions in terms of plant layout, 
type of building(s1, environmental constraints, 
financial constraints, and so forth. 

One pitfall related to assessing the efficacy of the protective means is the selection of 
the dust sample on which the assessment is to be based. Noha (1989) mentioned as an 
example a comparatively coarse polypropylene powder to which 4%of fine calcium 
stearate had been added to increase flowability. Such additives have large specific sur-
face areas and correspondingly low minimum ignition energies. But, as long as they are 
homogeneously mixed with the polypropylene, the small fraction of additive has little 
influence on the ignitability and explosibility of the polypropylene powder as a whole. 
However, if segregation OCCLU-s,the fine, reactive additive may accumulate in certain areas 
of the process, for example, in a filter. This can create a much more hazardous situation 
than would have been anticipated on the basis of the properties of the polypropylene 
powder. Ilnsuch cases, it may be wise to base the assessmentof the efficacy ofthe protective 
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means on the properties of the additiverather than the main product. This, not in the least, 
applies to the incendivity of the dusts in terms of their minimum ignition energies. 

The protective means to be used must be technically and financially feasible. For 
example, there is no point in installing vents on an enclosure that is so weak that it could 
not withstand the maximum pressure to be expected, even with the largest vent area that 
can be provided. 

Traditionalventing may sometimesbe unacceptable due to the inevitable emission of 
unburned, burning, and burned dust. This is particularly so in congested urban areas and 
for some special synthetic organic powders like pesticides, pharmaceuticals, and dye 
stuffs. However, the further development of the quenching tube for dust and flame-free 
venting of dust explosions (see Section 1.4.6.6) may alter this situation and make vent-
ing a feasible means of mitigating dust explosions even in some of these situations. 

In the case of very reactive dusts, of K,, values >>300 bar d s ,  automatic explosion 
suppression must most often be excluded because the injection of the suppressant is too 
slow to produce any significant mitigating effect on the explosiondevelopment.Inerting 
is feasible only if sufficient inert gas is available at an acceptable cost, whereas rein-
forcement of process equipment to an explosion shock-resistant standard may often be 
both technically and financially unacceptable. 

Figure 1.139 outlines a general approach to fighting the dust explosion hazard in 
industry. Sometimes,the required ignitabilityand explosibilitydata for the dust(s)in ques-
tion are availablefrom earlier test work or from the literature.However, most often, spe-
cific laboratory testing is needed. 

1.5.1.2 
Cost Considerations 

Ritter (1978) compared the cost of the various means of dust explosion prevention and 
mitigationby means of cost indices. The index for proper eliminationof ignition sources 
was, by definition, set equal to unity and used as a basis for cost comparisonfor all types 
of plant units except milling plants. Ignition sourceeliminationincluded use of approved 
electrical equipment in all areas, grounding of all conducting equipment to avoid static 
electricity, avoidance of overheating by friction, safe maximum temperatures on all 
heated surfaces,and avoidance or elimination of smoldering nests.A summary of fitter’s 
figures is given in Table 1.11. 
Table 1.1 1 Relative costs for various means of preventing and mitigating dust explosions using the 
costs of eliminating ignition sources as a basis for comparison 

*Ignition sources cannot be eliminated in mills, and therefore the cost of the plant itself is used as the cost 
basis of index 1.O. 
Source: Ritter, 1978. 



Dust Explosions: An Overview 123 

Dust is not explosible, 
i.e. there is no dust 

informationabout 
specific plant and 
explosion hazard. 

determine ignitability 

Figure 1.139 A general approach to practical dust explosion protection (Modified, extended ver-
sion o fscheme suggested b y  Field, 7 982a). 

Table 1.11 indicates that the use of pressure-resistant equipment is generally compar-
atively expensive. However, the cost of pressure shock-resistantequipment is significantly 
lower. The relative costs in Table 1.11of inerting, venting, and automatic suppression are 
fairly equal, perhaps with a slight increase in the order mentioned. However, technology 
has changed somewhat since 1978, and the more liberal vent area requirements justified 
by more recent research (see Chapter 6) suggest that venting may be somewhat cheaper 
than indicated by Table 1.11. Table 1.11 should rather serve as an illustration of the use-
fulness of systematic cost comparison, than as a final, generally valid ranking of costs. 
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1.5.1.3 
Hazard Analysis 

Hazard analysis is a large subject in itself, coveredby a substantialquantity of published 
information.The term hazard analysis comprises a number of different systematicmeth-
ods for identifying, and sometimes also quantifying,the hazards associated with a given 
process or plant. In principle, such analyses can also be used as a basis for optimizing 
the selection of means to prevent and mitigate dust explosions. 

Cox (1986,1987) presented an informative summary of the various techniques in use 
for hazard analysis, which is quoted more or less literally, under the following five 
headings. 

Hazard Surveys or Inventories These methods are essential preliminaries to many safety 
studies. The survey consists of making an inventory of all stocks of hazardous material 
or energy and noting relevant details of storage conditions.When carried out at the con-
ceptual stage of a project, such a survey can contribute to layout optimization and may 
suggestprocess changes to reduce stored quantities.It generates information that can be 
used in a preliminary risk assessment, but the hazard survey itself is little more than a 
“screening” exercise designed to identify problem areas. 

Hazard and Operability Studies (HAZOP) and Failure Modes and Effects Analysis (FMEA) 
These two techniques have very similar objectives and methods of approach. The pur-
pose is to identify systematicallyall the possible ways in which the system investigated 
could fail, evaluate these, and formulate recommendations for preventive and mitigat-
ing measures. 

FMEA is the simpler of the two techniques. The procedure is to take each plant item 
and component in turn, list all possible failure modes and consider the consequences of 
each. The results are recorded in a standardformat in which recommendations for action 
can be included. The weakness of FMEA is that there is no specified method for identi-
fying the failure modes and their effects. The engineer is expected to do this from first 
principles or past experience, and the only discipline imposed on him or her is that of 
the reporting format itself. 

HAZOP overcomes this difficulty by introducing a systematicmethod for identifying 
failure modes. This involves scrutiny of a large number of possible deviations from 
normal operating conditions, which are generated by applying guide words such as 
more, less, and reverse, to each parameter describing process conditions in each com-
ponent, plant item, or line in the plant. However, HAZOP in its original form has dis-
advantages, and some industrial companies have modified the way in which the results 
of the study are handled. Instead of “recommendations,”the output is “identified prob-
lems,” which leaves more room for a coordinatedrational design revision, which is not 
only cheaper but probably safer also. 

Analysis of Systems Reliability by Fault Tree Analysis This method is applied to complex 
systems, whether the complexity is due to the nature of the process itself or the instru-
ments required to run the process. In the basic technique, the fault tree analysis, the fail-
ure modes must first be identified, such as by HAZOP. These failure modes are named 
top events. An example of a top event could be a dust explosion in a milling plant. 
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For each top event, the analyst must identify all those events or combinations of events 
that could lead directly to the failure. The precise logical relationship between cause and 
effect is expressed by AND or OR gates and is usually presented in diagrammatic form. 
The immediate causes of the top event have their own contributory causes, and these can 
be presented in a similar way, so that a complete fault tree is built up. The process ceases 
when all the causative factors at the bottom of the tree are of a simple kind for which 
frequencies of occurrence or probabilities can be estimated. 

The synthesis of fault tree is a job that is best done by an engineer with good experi-
ence irk the type of system under consideration; it is much easier to teach such a person 
how tcc construct a fault tree than to teach a reliability specialist everything about the 
system. However, the quantitative analysis of a fault tree is a separate activity in which 
the reliability specialist plays the dominant role. 

An illustrative example of a quite comprehensive fault tree for a grain dust explosion 
in a grain storage facility was given by National Materials Advisory Board (1982). 

Risk Analysis by Event Tree Analysis Risk analysis consists of four major steps: identifi-
cation of a representative set of failure cases, calculation of consequences, estimation 
of failure probabilities, and assessment of overall impact. 

Failure cases are identified first by establishing the location of the main inventories 
of hazardous material and then by detailed scrutiny of the process flow and instrumen-
tation diagrams using checklist methods or HAZOP. 

Once the failure cases have been identified, the consequences of the failure must be 
calculated. Event tree analysis is a useful method in this process. An event tree is the 
reverse of a fault tree, starting with the initial or “bottom events” and exploring all pos-
sible “lop events” that can result from it. Each outcome has further outcomes, and all 
these can be related by means of decision gates. At each gate, the conditional probabil-
ities must be estimated for each of the alternative branches. On this basis, the probabil-
ities of the final hazard, or “top event,” can be calculated. 

Criteria have been suggested whereby calculated risks can be judged. Almost all cri-
teria proposed so far are based on the concept of comparability with the existing gen-
eral r i s k  background. Costhenefit and “risk perception” arguments have been advanced, 
but they have not yet been developed to a practical and accepted form for being used in 
risk analysis. 

Risk analysis has been criticized by pointing at 

0 Inaccurate mathematical models. 
8 Incomplete analysis of actual practical problem. 
8 Inaccurate primary failure probability data. 
@ Inadequate acceptability criteria. 
8 Difficulty of checking final result. 

Complexity and laboriousness of method. 

Hawksley (1989) discussed the conditions under which the various elements of quan-
titative risk analysis are useful in the assessment of risks in practice. 

Safety Audits Once a plant enters operation, hardware and procedures start to change from 
those originally established by the commissioning team. Usually, there are good reasons 
for this: The plant engineers and operators may find simpler or more economic procedures, 



126 Dust Explosions in the Process Industries 

and the operational requirements themselves may change. However, it is also quite pos-
sible that safety standards fall off with time because experience of satisfactory opera-
tion leads to overconfidenceand a false sense of security. 

For these reasons, safety audits are used in many operating companies.These may vary 
from a half-day tour by the works manager to a review lasting several weeks carried out 
by a team of engineers covering different disciplines and independent of the regular oper-
ational management of the plant. For the most penetrating audits, the study should not 
be announced in advance. 

In practice, the assessment of dust explosion hazards is bound to be subjective,because 
the problem is too complex for quantitative analytical methods to yield an indisputable 
answer. In Figure 1.140,four different scenarios for a given industrialplant are indicated. 
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Figure 1.I 40 Effect of various means of preventing and mitigating dust explosions. Four different 
scenarios for a given plant. Extended and generalized presentation based on an originalscenario (A) 
by Pinkwasser and Haberli ( 1987). 

ScenarioA, which was assumedby Pinkwasser and Haberli (1987)for the grain, feed, 
and flour industry, suggests that most of the dust explosion hazard can be eliminated by 
“soft” means, such as training, motivation, improving the organization, good house-
keeping, and proper maintenance.The alternative scenario (B) suggeststhat concentrating 
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on preventing ignition sources gives the greatest benefit. Scenarios C and D focus on keep-
ing the dust cloud nonexplosive and using mitigating measures, respectively. Other sce-
narios can easily be envisaged. 

However, experience suggests that some scenarios, depending on the type of powder 
or dust and plant, are more credible than others. For example, it can be argued that a plant 
producing or handling fine aluminum flake is well represented by Scenario C in Figure 
1.140,because inerting by nitrogen would probably reduce the dust explosion risk from 
high to acceptably low. 

Inn spite of the objections that can be raised against the use of the various hazard analy-
sis methods, several authors have suggested that risk analysis and other methods be 
adopted specifically for reducing the dust explosion hazard in the process industry, 
including grain, feed, and flour storage plants. These include Beck (1974, 1985); 
Sorgdrager (1985); Kameyama et al. (1982); Lai, Shenoi, and Fan (1985); and Piotrowski, 
Mrzewinski, and Proskurmicki (1988). 

1.5.2 
SELECTION SCHEME SUGGESTED BY NOHA FORTHE CHEMICAL 
PROCESS INDUSTRY 

1.5.2.1 
General Background 

Noha (1989) restricted his analysis to four groups of process equipment: 

0 Crushing and milling equipment. 
0 Dryers. 
0 Mixers. 
0 Conveyors and dust removal equipment. 

Informative descriptions and illustrations of the various kinds of process equipment 
typical of powder producing and handling plant are provided by Perry and Green (1984). 

Before deciding how a given plant should be protected against dust explosions, it is 
necessary to evaluate the extent to which protection is really necessary. This requires 
knowledge of ignitability and explosibility parameters of representative dust samples as 
well as information about the plant design, layout, and operation. It may be necessary 
to investigate the possibility of generation of hybrid mixtures (dust + explosible gas or 
vapor). 

Tables 1.12, 1.13, 1.14, and 1.15 give Noha’s suggestions for selecting appropriate 
means for preventing and mitigating dust explosions in four categories of process equip-
ment in the chemical process industry. The symbol X indicates the most appropriatemeans 
of protection, whereas (X) implies that the use of the means indicated is possible, but 
that it is not implemented very often in practice. 

Noha emphasized that a given plant item, for example, a specific dryer, should not be 
considered in isolation. It is always necessary also to consider the entire plant or the part 
of it likely to become involved in a dust explosion in the system. Identification of prob-
able ignition sources and ignition points is an important part of the analysis. 
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Table 1.12 Appropriate means for preventing and mitigating dust explosions in a chemical process 
plant: crushing and milling equipment 

f (x) 0 
0 
(x) 
-

Ball mills 
Vibratory mills 

Crushers 
Roll mills 

Screen mills 
Air jet mills 
Pin mills 

Impact mills 
Rotary knife cutters 

Hammer mills 

X 
X 
-

-
(x) 

(x) 
(x) 
(x) 
(x) 

Source: Noha, 1989. 

Table 1.13 
plant: powder dryers 

Appropriate means for preventingand mitigating dust explosions in a chemical process 

Means of 
explosion 

Powder 
dryers 

Spray dryers (nozzle) 
Spray dryers (disc) 
Fluidizd bed dryers 
Stream dryers 
Spin-flash dryers 
Belt dryers 
Plate dryers 
Paddle dryers 

q-
X 
X 
-
-
0 
0 
0 

X-

0 
0 

X-+ 
X 

X 
X 

-
-
-

I + 
X- 0 

Source: Noha, 1989. 
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Table 1. I 4  Appropriate means for preventing and mitigating dust explosions in a chemical process 
plant: oowder mixers 

Means of 
explosion 
prevention1 
mitigation 

\ 

Powder 
mixers 

With mixing tools: 
High-speed 

Low-speed 
Without mixing tools: 
Drum mixers 

Tumbling mixers 

Double cone mixers 
Air flow mixers: 
Fluidized bed mixers 

Air mixers 
0 
0 

Source: Noha, 1989. 

1.5.2.2 
Crushing and Milling Equipment 

The justification for some of the suggestions in Table 1.12 for crushing and milling 
equipment are as follows. In crushers and roll mills, the concentration of fine dust that 
can produce explosions is mostly below the minimum explosible concentration, just 
because of the nature of the process itself. In the case of screen mills and air jet mills, 
the probability of ignition sources can be regarded as low. Inerting is most common in 
the case of batch mills, whereas other mill types are often made strong enough to with-
stand an internal dust explosion. 

ayerhauser (1978) considered the dust explosion protection of mills and air classi-
fiers specifically. He concluded that pressure-resistant or pressure shock-resistant con-
struction and inerting the two most suitable methods for these kinds of equipment. 

Ruttmann (1989) described the systematic design of one specific plant, in which 
inerting was used to protect a combined milling and mixing system against dust 
explosions ~ 

enever possible, one should use mill types that minimize dust cloud formation and 
generation of ignition sources by high-speed impact. Figure 1.141 shows a type of open 

shredder that, to an increasing extent, replaces enclosed high-speed 
slow motion minimizes both dust cloud formation and the prob 
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Screw conveyors 
Chain conveyors 

Conveyor belts 
Shaker loaders 
Rotary locks 
Pneumatic transport equipment 

Dust filters and cyclones 
Industrial vacuum 
cleaning instaltations 

Bucket elevators 

Table 1.15 Appropriate means for preventing and mitigating dust explosions in a chemical process 
plant: powder and dust conveyors and dust removal equipment 

(X) (X) 

(X) 
(X) 

X 

(X) 

(X) 
(X) (X) 

X 

Source: Noha, 1989. 
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Figure 1 .I 41 Open slow-speed screw shredder 
for size reduction of combustible waste materials: 
(top) complete installation in operation, (bottom) 
the shredding screw section in the lower part of 
the installation (Courtesy of T. Pinkwasser, Buhler, 
Switzerland). 
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of ignition source generation. Furthermore, the open construction provides generous 
venting should an explosion nevertheless occur. 

In Table 1.12,Noha also indicated that adding inert dust to the explosible dust is a means 
of preventing dust explosions in crushers and mills, in principle. However, as pointed 
out in Section 1.4.3.3, most often this method is not feasible in practice, due to con-
tamination of the product by the inert additive. 

1.5.2.3 
Dryers for Powders and Granular Materials 

In the case of dryers (Table 1.13), the special protective method “intrinsic inerting” can 
be a good solution in some cases, particularly for spray dryers. This method implies that 
the required quantity of inert gas is generated in the plant itself by controlled combus-
tion in the hot-gas generator and recirculation of the gas. Such hot gases consist mainly 
of nitrogen, carbon dioxide, and water vapor. The residual concentration of oxygen is 
kept at a sufficiently low level to ensure inert conditions. Intrinsic inerting of dryers was 
discussed specifically by Hammer (1978) and Klais (1989). 

Spray dryers normally operate at dust concentrations significantly below the lower 
explssible limit, which clearly adds to safety. However, dust deposits are often gener-
ated on walls and the like and smoldering nests may develop, depending on the local tem-
perature and oxygen concentration. Klais (1989) emphasized that oxygen concentrations 
as low as 4 vol%, which exclude dust explosions for most organic powders, may still be 
too high to prevent certain autooxidation processes in the dried powder when deposited 
as a layer or a heap (see also Figure 1.67 in Section 1.4.2.2). If a smoldering nest loosens 
and gets carried away with the product stream, it can initiate a dust explosion in down-
stream cyclones and silos. 

In the case of disc type spray dryers, one cannot fully exclude the possibility that a 
disk that flies away and impacts the walls of the dryer generates a hot spot of sufficient 
size and temperature to initiate a dust explosion. 

The powder and dust in belt and plate dryers are mostly in deposited form. In paddle 
dryers, the dust Concentration normally is expected to exceed the upper explosible limit 
in the areas where occurrence of an ignition source might be envisaged. 

Gibson, Harper, and Rogers (1985) evaluated the fire and explosion risk in powder 
dryers with particular emphasis on the detection of exothermic decomposition. Their con-
clusion was that existing methods for evaluating dust explosion risk, combined with an 
adequate method for characterizing the exothermic decomposition properties of the 
powder, provide a means of specifying safe drying conditions. Most often, control of the 
atmosphere to keep the dust cloud nonexplosive or the use of venting, automatic sup-
pression, or explosion- (shock-)resistant equipment is required. However, in certain 
cases, safety can be based solely on avoidance of decomposition and ignition. 

1.5.2.4 
Powder and Dust Mixers 

In mixing equipment (Table 1.14), ignition sources may be avoided as long as there are 
no fast-moving mixing tools. Inerting by adding, for example, nitrogen or another inert 



132 Dust Explosions in the Process Industries 

gas is feasible in batch mixers, whereas continuous mixers may preferably be designed 
to withstand the pressure rise caused by a possible dust explosion. 

Radandt (1969) discussed the dust explosion protection of mixing silos and contain-
ers and concluded that the choice of means to prevent and mitigate dust explosions 
depends on the specific equipment and process design. 

1.5.2.5 
Powder and Dust Conveyors and Dust Removal Equipment 

As Table 1.15 for conveyors and dust removal equipment shows, Noha recommended 
the use of explosion-resistantconstruction whenever fast-moving mechanical elements 
constitute part of the system. This, for example, applies to bucket elevators, which can 
preferably be equipped with cylindrical, pressure-resistant legs, vented to a safe place 
via the elevator top. In some cases, elevator legs can be mounted along the wall outside 
the building and vented directly to the atmosphere. 

Some materials collected in filters may form consolidated plugs in the dust dis-
charge hopper at the filter bottom. This may give rise to frictional heating and self-
ignition, which can result in dust explosions. Provided that the main enclosure as well 
as the filter bag supports are properly grounded, incendiary electrostatic discharges 
would not normally be expected in filters. (In the case of hybrid mixtures, the situ-
ation may be different.) However, if the equipment upstream of the filter, such as mills 
and spray dryers, can generate ignition sources that may be conveyed to the filter, 
the filter must be protected against possible explosions. By adopting a cylindrical or 
conical body shape, the use of pressure shock resistant filter enclosures is a feasible 
possibility. 

According to Noha (1989), industrial vacuum cleaners operate mostly at dust con-
centrations below the lower explosible limit. The fan is normally located on the clean 
side of the filter and therefore constitutes no ignition hazard. However, the possibility 
of internaldust explosions in industrialvacuum cleaners cannot be fully excluded in gen-
erally; therefore, such equipment is often designed to be explosion- (shock-)resistant. 
Various aspects of preventing and mitigating dust explosions in pneumatic and other sys-
tems for conveying powders and dusts were discussed by Palmer (1973b) and Eckhoff 
(1982ab). Pinkwasser (1985) described the extinction of smoldering powder nests in a 
dust cloud during pneumatic transport, and Gopfert (1981) discussed means of dust 
explosion prevention and mitigation in continuous conveying equipment in general. 
Palmer (1975) paid specific attention to dust explosions in dust collecting plant includ-
ing cyclones and filters. 

1.5.2.6 
ConcI us i on 

Noha (1989) emphasized that Tables 1.12-1.15 should be regarded as a starting point 
for discussion rather than as a final answer. The solution ultimately adopted must be 
the result of detailed analysis of the relevant factors in each specific case. General 
guidelines are useful as a point of departure, but the end result will always be tailor-
made. 
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1.5.3 
SPECIAL ASPECTS FOR SOME SPECIFIC GROUPS OF POWDERS 
AND DUSTS: A BRIEF LITERATURE SURVEY 

1.5.3.1 
Grain and Feed Dusts and Flour 

The literature on preventing and mitigating dust explosions in the grain, feed, and flour 
industry is substantial.This is easy to understand in view of the large losses of life and 
property caused by dust explosions in this branch of industry. One of the earliest con-
tributions, by Weber (1878), is still relevant in many respects. In particular, he empha-
sized the marked influence of the moisture content of the dust or flow on the explosion 
hazard.Almost a century later, Theimer (1972) gave his well-known summary of causes 
and means of prevention of dust explosions in grain storage facilities and flour mills. 

A useful summary of existing knowledge and experience at that time was collected 
during an international symposium arranged by National Materials Advisory Board of 
the United States (1978). Aldis and Lai (1979) reviewed literature related to the engi-
neering aspects of grain dust explosions.The National MaterialsAdvisory Board (1982) 
produced a set of well-structuredrecommendationsfor the selection of adequate means 
to prevent and mitigate dust explosions in grain storage facilities and flour mills. The 
reason why soybean oil is used to reduce dust formation in grain storage facilities (see 
Section 1.4.10) was not mentioned but is simple. The potential of this very promising 
method of dust control was just not known at that time. This illustrates that knowledge 
and technology change continuously,necessitatingregular updating of sources of infor-
mation. 

A most informative document was issued by the Committee on Agriculture (l982), of 
the U.S. House of Representatives.A number of witnesses, including both people from 
industry and scientists, were asked to express their views on how to reduce the proba-
bility of dust explosionsin the U S .  grain industry. Severalwitnesses emphasizedthe need 
for improved dust control. 

Solymos (1985) discussed various “dry” methods of dust control as a means of pre-
venting dust explosions in grain storage facilities. Erling (1984) outlined the very com-
prehensive system for preventing and mitigating fires and dust explosions in the rebuilt 

oland flour mill in the Federal Republic of Germany. The mill suffered a catastrophic 
explosion and fire in 1979. 

Radandt (1987) reviewed the prevention and control of dust explosions in the grain, 
feed, and flour industry in the Federal Republic of Germany in general; Zhang Fenfen 
and Zhang Chunxiao (1987)consideredgrain dust explosionsand their prevention in grain 
storage facilities in the Peoples Republic of China. 

Tesler and Semyonov (1988, 1989) discussed new concepts for reducing the dust 
explosion hazard in grain storage facilities, with particular reference to the situation in 
the USSR. The latter paper included schemes of explosion protection systems for inte-
grated grain storage facilities and quantitative methods for design of equipment, struc-
tures, and buildings. 

The venting of large silos in the grain, feed, and flour industry has been a topic for dis-
cussioinfor a long time. Experimentalfull-scale work conducted in Norway and discussed 
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in Chapter 6 provides some evidence. Pinkwasser and Haberli (1987) described specific 
designs of relief panels in the roof of large silo cells. 

Bucket elevators are well-known sites of primary dust explosions. Wilcoxen (1981) 
reported on an actual dust explosion in a grain storage facility in which the bucket ele-
vators were in part located outdoors and fitted with explosion vents. Due to the vents in 
the elevator legs, the extent of the explosion and resulting damage was comparatively 
minor. It was concluded that the design adopted had proven successful. 

The French organizationfor standardization,Afnor (1986), issued a recommendation 
for mitigating dust explosions in the grain, feed, and flour industry by venting. However, 
in view of the fast development in the field, one may wish to revise the recommenda-
tion at some points by including recent experimental evidence. 

The ignitability and explosive characteristicsof dusts influence the choice and design 
of means of dust explosion prevention and mitigation. Ignitability and explosibility,in 
turn, depend on basic dust chemistry, effective particle size (see Section 1.3.3), and 
moisture content. Contributionselucidatingvarious relationships for grain, feed, and flour 
dusts were written by Hartmann, Cooper, and Jacobson (1950); Jacobson et al. (1961); 
Eckhoff (1977/1978);Eckhoff and Mathisen (1977/1978);Enright and Bullock (1983a, 
1983b); Chiotti and Yoshizaki (1983); and Ambroziak (1985) 

1.5.3.2 
Milk Powder, Fish Meal, and Sugar 

According to Beever (1984), the number of reported fires and explosions in operations 
involving spray drying of milk increased during the early 1980s. Spray drying of milk 
is known in particular to generate self-heatingand charring of the dried product. In milk 
spray dryers, there will always be some regions containing explosible dust clouds. The 
question is only whether an ignition source is also present. Self-heating and charring in 
deposited dried milk powder can generate effective ignition sources, and Beever (1984) 
concluded that glowing or burning powder deposits were the most likely source of igni-
tion in milk spray dryers. She estimated the minimum thicknesses for self-ignition of 
deposits of various types of milk powders at 7-14 mm for 200°C ambient temperature 
and 100-320 mm for 100°C. 

Following an extensive explosionin a milk spray dryer in France, Pineau (1984b, 198s) 
conducted a comprehensive study of the self-ignitionproperties of milk powders and their 
ignitability and explosive properties in cloud form. 

Fish meals constitute anotherproduct group that can give rise to dust explosions.One 
example is given in Chapter 2. The self-heatingproperties of fish meals as functions of 
meal chemistry,moisture content,and so forth were discussedby Dreosti (1980). Eckhoff 
(1980) gave some further data for the ignitability and explosibility of fish meals. 

In a series of full-scale sugar dust explosion experiments in the dust removal plant of 
a disused sugar factory, Scholl(l973) demonstratedthe potential of this material to give 
rise to serious dust explosions. Meek and Dallavalle (1954) tried to correlate explosi-
bility properties of various types of sugar (C18.C1,, and C,) with molecular structure and 
particle size. However,possibly due to a very weak ignition source and nonhomogeneous 
dust clouds, this was only partly successful. 
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1.5.3.3 
Wood, Cellulose, and Peat Dusts 

The fire and explosion hazards in the production of chipboard, hardboard, and wood 
powder have been recognized for a long time. As new insight and technology have become 
available, the methods of preventing and mitigating the hazards have been improved. 

Thelning and Laufke (1970) mainly focused on mitigation, in particular by venting and 
automatic suppression of explosions, and fire extinction by carbon dioxide and water 
vapor. Schmid (1972) gave detailed recommendations for both fire, explosion and envi-
ronmental protection of chip board producing plants. He included prevention of ignition 
sources by recommending removal of foreign stone and metal objects before admitting 
the raw material to the process, and avoidance of overheating. The specific processes of 
chip preparation, pressing and cutting of the board, and the final finishing of the board 
surface were considered separately. 

Arvidsson, Back, and Ostman (1977) conducted a very comprehensive investigation 
of the explosion and fire hazards in the production of chipboard. They summarized their 
recommendations for preventive and mitigating measures in a list of 59 specific points, 
paying particular attention to removal of foreign objects in the plant feed, transport, 
storage, and further size reduction of undried wood chip, drying of the chip, storage of 
the dried chip, milling of the dried chip, finishing of the board, and general housekeep-
ing. Special attention was paid to the chip drying process. Continuous control of the 
oxygen concentration in the drying gas, maintaining it as low as possible, was strongly 
recommended. 

The work ofkvidsson et al. (1977) was presumably not known to Drossel (1984), who 
suggested a similar list of means to prevent and mitigate dust explosions and fires in chip-
board production. However, Drossel included automatic extinction of potential ignition 
sources in the form of small glowing wood or board fragments in gas and dust extrac-
tion ducts as an additional element. This method, which resulted from newer technological 
development, has proven particularly useful in the wood industry and was described in 
greater detail by Schroder (1984) (see also Section 1.4.4). 

Scholl(l975) investigated the flame development following ignition inside mobile 
vacuum collectors for wood dust and wood chips. He found that only smoldering or 
open fires occurred, but no dust explosions. Furthermore, fire was only initiated if the 
ignition source was comparatively energetic, and the dust/chip mixture contained 
an appreciable fraction of fine dust (<lo0 pm). May et al. (1981) concentrated on the 
prevention of fire and explosion in wood chip dryers. They found that considerable 
overall improvement could be achieved by adequate process control and energy econ-
ornization. Pfeiffer, Kuhnen, and Armbruster (1985) investigated particle size distri-
butions of airborne dusts from wood sawing and finishing operations. The particle size 
at which 30% of the dust mass was finer varied between 22 pm and 10 pm depending 
on operation and wood type. The mass fractions of very fine dust (<7 pn) varied 
between 20 and 2%. 

Natinral cellulosic dusts that can give rise to explosions are also generated in the cotton 
and linen textile industries. A catastrophic linen dust explosion in Harbin, Peoples 
Republic of China, is discussed in Chapter 2. Kuczynski (1987) suggested a compre-
hensive scheme for protecting cotton processing plants against dust explosions. Particular 
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attention should be paid to dust collecting systems and systems for storage of raw mate-
rials. Early detection of self-heating and self-ignition in deposits of dust and raw mate-
rial and adequate systems for extinctionwere recommended. It was found that automatic 
injection of NH4H2P04in ducts connecting to other plant sections provided effectiveiso-
lation of the primary explosion (see Section 1.4.4). 

As a result of the country’slarge peat resources, the use of peat as fuel has become a 
major concern in Finland. The ignitability and explosibility of peat dust depend on the 
origin and decomposition of the peat and its moisture content and particle size distribu-
tion. Weckman et al. (1981) investigatedthe possibilitiesfor reducing the fire and explo-
sion hazard in Finnish peat handling plants, with particular reference to peat power 
plants. They concluded that every effort should be made to prevent ignition, but it would 
also be necessary to take mitigating actions, should explosionsneverthelessbe initiated. 
The recommended means of mitigation were use of pressure- (shock-)resistant equip-
ment, explosion venting, automatic explosion suppression, and isolation. 

1.5.3.4 
Coal Dust and Pulverized Coal (Excluding Mines) 

The literature on the ignitability and explosibility of coal dust is extensive. Originally, 
the objective was limited to reducing the dust explosion hazard in coal mines and asso-
ciated activities, as discussed in detail by Cybulski (1975). However, as pulverized coal 
has become an increasingly important fuel both for general heat production in power 
plants and other purposes (cement furnaces, for example), the coal dust explosionprob-
lem has also become an important issue in these areas. 

The influences of the chemical composition,particle size, and moisturecontent of coal 
dust on its ignitability and explosibility has been studied systematically since early in 
the last century. Much information was collected by Nagy, Dorsett, and Cooper (1965) 
and Cybulski (1975). Ignitabilityand explosibilityproperties of coal dust have also been 
investigated by Carpenter and Davies (1958), Scholl (1981), Bracke (1984), Enright 
(1985),Nettleton (1986),Wall et al. (1988), andWoskoboenko (1988). Torrent,Armada, 
and Pedreira (1988) found a good statisticalcorrelationbetween two canonical variables 
representing the explosibility properties and the chemical composition of coal dusts, 
respectively. Some further data related to the combustion of coal dust are given in 
Chapter 4 and Table A.l in the Appendix. 

Self-heating leading to self-ignition can be a significant problem when storing coal 
powder or dust in bulk. This problem and its prevention and mitigation have been dis-
cussed by Korotov and Polferov (1978); Heinrich (1981); Thatcher (1982); Chauvin, 
Lodel, and Philippe (1985); Wiemann and Scholl (1985); and Braun (1987). Schlieper 
(1984) was particularly concerned with self-ignition of pulverized coal during transport 
by rail and road. 

The extinction of coal dust explosion flames by various gaseous and pulverized solid 
additiveswas studied by Rahimian,Choi, and Essenhigh (1982) in a laboratory-scalejet-
stirred reactor. Most additives tested were just thermal heat sinks; NaCl and NH4H2P04 
also caused chemical reaction chain termination. Rae and Thompson (1979) investi-
gated the effectivenessof various halogenated hydrocarbons as inerting agents and sup-
pressants for coal dust explosions. However, due to the negative environmental effects 
of such substances, they are currently being replaced by other extinguishing agents. 
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Scherrer (1984) and Wehland (1984) discussed prevention of self-ignition in dust deposits 
and explosions in dispersed dust in plants for the production and storage of pulverized 
coal, by inerting with combustion gases, nitrogen, or carbon dioxide. 

The overall dust explosion protection of coal pulverizing plants was discussed by 
Birolini and Sammartin (1979), Wibbelhoff (198l), Diliberto (1983, Garini and Hules 
(1987), and Dansk Brandvaerns-Komitk (1987). Fire and explosion protection of sys-
tems for the conveyance and storage of pulverized coal was treated by Korner (1984) 
and Ghauvin et al. (19871, whereas dust removal from pulverized coal plants was con-
sidered by Parpart (1979). Mullinger (1987) was concerned with fire and explosion grs-
tection of pulverized firing systems, and Egesoe (1978) discussed dust explosion 
prevention in systems for preparing and burning coal dust in cement kilns. Patzke (1984) 
considered venting of dust explosions in plants for milling and drying coal. 

Finally, Ruygrok et al. (1983) were concerned with the prevention and mitigation of 
coal diust explosions in surface facilities for the transport, storage, and handling of coal. 
The possibility of gas explosions due to release of methane from the coal, in particular 
from ,anthracites,was also investigated. 

1.5.3.5 
Polyester and Epoxy Powders for Electrostatic Powder Coating 

Electrostatic powder coating, to an increasing extent, is replacing traditional liquid paint 
spraying systems for painting industrial metal products. The basic principle is that the 
metal object is first covered with an even layer of electrostatically bound epoxy/poly-
ester powder. By subsequent treatment in an oven, the powder melts and hardens to an 
even, strong protective, decorative coating. 

In the actual process, the powder is transported pneumatically from a powder hopper 
to an electrostatic spraying gun. As the powder particles flow through the spraying gun, 
they become electrostatically charged by passing a strong electrostatic field on the order 
of tens of kilovolts. The charged particles are then attracted to and deposited on the 
grounded workpiece. The powder continues to be deposited on the grounded workpiece 
until, at a certain powder layer thickness, the layer acts as an insulator and prevents fur-
ther deposition of powder. Powder not deposited on the workpiece is normally collected 
in a powder recovery unit by a dust extraction system. 

As technology developed and knowledge increased, the overall concepts of pre-
venting and mitigating dust explosions in electrostatic powder coating systems were 
revised periodically. An early summary was given by Eckhoff and Enstad (1975). One 
of the preventive measures recommended was to keep the dust concentration in the 
spraying boot lower than the minimum explosible concentration. In a later paper, Liere 
(1983) omitted this possibility, concentrating instead on inerting, automatic flame 
extinction, and isolation. Bartknecht (1986) and Liere (1989) conducted realistic full-
scale explosion experiments in a powder spraying cabin and showed that dust flames 
in cloiilds of concentrations just above the minimum explosible concentrations are weak 
and s1,ow. Bartknecht and Liere also determined ignitability and explosive properties 
of typical polyester and epoxy powders used for electrostatic powder coating. Ec 
Pedersen, and Arvidsson (1988) were unable, in a subsequent investigation, to repro-
duce the lowest minimum explosible dust concentrations of 15 g/m3 reported by 

artknecht. In view of the fact that the minimum explosible concentration of typical 
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hydrocarbon gases in air is about 35 g of gas per m3 of air and gas phase combustion 
is the basic flame propagation process for organic dusts, the value of 15g/m3seems unre-
alistically low. Eckhoff et al. further found that, in up to 50 wt% of noncombustibles, 
the minimum explosibledust concentration increased systematicallywith increasing pro-
portions of noncombustiblesin the powder, in such a way that the minimum explosible 
concentration of the combustible fraction was constant, in the range of 32-35 g/m3.A 
dust containing 50 wt% noncombustibles, therefore, had a minimum explosible con-
centration of 65-70 g/m3. 

Both Bartknecht (1986) and Eckhoff et al. (1988) observed that some coating pow-
ders had exceptionally low minimum electric spark ignition energies, of <3 mJ. 

CENELEC (1989) issued a comprehensiveEuropean standard for electrostaticpowder 
coating, where keeping the dust concentration in the spraying cabinet and dust extraction 
system below the minimum explosible concentration was reintroduced as a central pre-
ventive measure. Another preventive measure was use of antistatic materials to avoid 
accumulation of electrostatic charge. Mitigating measures included interlocking sys-
tems and use of noncombustible construction materials. 

1.5.3.6 
Aluminum and Magnesium Powder and Dust 

The fire and explosion hazards associated with production and handling of aluminum 
and magnesium powders has been the subject of extensive research for many years. As 
for metal powders in general, the hazard increases with decreasing particle size, right 
down into the range below 1 pm. Dust clouds in air of very fine aluminum and mag-
nesium powders have exceptionally low electric spark minimum ignition energies and 
produce exceptionally violent explosions (see Appendix 1j. On the other hand, coarser 
aluminum powders, such as particle diameters of 100 pm, present only a moderate 
explosion hazard. However, if a comparativelycoarse aluminum powder contains a fine 
dust fraction, even if it represents only a few percent by mass, the explosion hazard is 
considerably increased. For metal dusts like aluminum, it is particularly true that keep-
ing a watch on the explosion hazard to a large extent means keeping a watch on parti-
cle size. 

Beck, Foerster, and Faber (1984) discussed the prevention and mitigation of dust 
explosions in aluminum grinding plants. By using wet grinding (e.g., water), the alu-
minum particles can be collected as a slurry and the dust explosion problem eliminated 
altogether.Alternatively, the grinding operationitself can be dry,with the fine metal dust 
collected in a liquid either immediately after the grinding point or in a separate wet col-
lector further downstream.In general, the need for measures to prevent and mitigatedust 
explosions depends on the extent to which the process is dry. 

Beck et al. (1984) recommended several types of measures, adapted to the nature of 
the actual process. The list included interlocking systems to prevent grinding without dust 
extraction or sufficientliquid (water) supply,location of fans in dust-fi-eeareas, prevention 
of mechanical and electric sparks and hot surfaces, no smoking, and good housekeep-
ing (cleanliness) in the workrooms. 

Reinke (1987) described the safety measures taken in a plant for the production of com-
paratively coarse atomized aluminumpowder (63-1200 pm). The fine fraction, <63 pm, 
representing the most severe explosion hazard, was separated out in an air jet filter. 
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A high-speed automatic isolation valve was installed in the duct between the filter and 
the other parts of the process, and the filter enclosure was equipped with a vent. Detectors 
for airflow and pressure were integrated in the interlocking system. 

In plants producing very fine aluminum and magnesium powders, extensive gas inert-
ing is necessary. For aluminum, nitrogen is normally suitable as inert gas, whereas a rare 
gas (helium or argon) is required for magnesium. However, to enable the particle sur-
face to become oxidized and thus avoid extreme reactivity when the powder or dust is 
later exposed to air, a certain fraction of oxygen, normally between 3 and 5 vol%, should 
remain in the inerting gas. The National Fire Protection Association (1987) discussed 
inerting and other necessary measures more extensively. 

Eckhoff and Alfert (1988) reviewed the influence of particle size on the ignitability 
and explosibility properties of aluminum powders. 

1.5.3.7 
Silicon, Silicon Alloys, and Other Metals 

As indicated by Table 1.1in Section 1.1.2, silicon dust has the potential to generate nearly 
the same explosion strength as aluminum dust of the same particle size. This has been 
confirmed in practice. Fine silicon dust has given rise to catastrophic explosions in pro-
duction and handling plants (see Chapter 2). Like magnesium and aluminum dust clouds, 
clouds of silicon in air burn at a very high temperature, and thermal radiation from the 
burning cloud represents a severe threat to personnel. 

If silicon is alloyed with iron, ignitability and explosibility is generally reduced as the 
iron content increases. On the other hand, the presence of magnesium in silicon alloys 
significantly increases the explosion hazard. In particular, the minimum electric spark 
ignition energy drops significantly if the magnesium content approaches 5-10 wt% or 
more. In general, understanding the influence of various alloy compounds on the ignitabil-
ity anid explosibility of silicon alloys is incomplete, and specific investigation is often 
required. 

Eckhoff et al. (1986) investigated the ignitability and explosibility of silicon dust 
clouds in air and confirmed that the minimum electric spark ignition energy decreases 
and the explosion violence increases systematically with decreasing particle size. 
However, very fine powders and dusts of particle sizes in the range of 1 pm and even 
smaller may be difficult to disperse completely into primary particles and therefore 
behave as If they were coarser. This can complicate the correlation of primary particle 
size with ignitability and explosibility data (see Chapters 3 and 9 for further details on 
dust dispersion). 

In manganese and ferromanganese, flashes that can initiate flame propagation in dust 
clouds are easily produced by mechanical impact of lumps of the material or in cmsh-
ing operations. (This particular feature has also been observed with ferro-silicon-
magnesium.) Clouds of fine manganese dust in the aircan have very low minimum electric 
spark ignition energies, on the order of 1 mJ. On the other hand, flame propagation in 
clouds in the air of dusts of manganese and manganese alloys is comparatively slow and 
the flame temperature comparatively low. Qian Qiyong, Wang Taisheng, and Xiao Hechai 
(1987) studied how dust explosions and fires in the cyclone separator of a ferromanganese 
milling plant could be prevented, despite unavoidable flashes in the crushing and milling 
units. As part of the work, they also studied ignition of layers of ferromanganese dusts 
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on a hot plate. Even for a layer thickness of only 2 mm, the minimum ignition temper-
ature was as low as 320°C. 

Allenbach (1984) proposed a special system for classifying the fire and explosion 
hazards associated with dusts of various metals and ferro alloys in industrial plants. 
He introduced three combustibility classes based on observation of the flame devel-
opment in clouds of freshly ground <44 pm dust fractions in a laboratory-scaleexplosion 
vessel: 

Class 1. Very active: Very violent flame propagation. 
Class 2. Active: Quite fast flame propagation. 
Class 3. Combustible: Slow propagation of weak flame. 

The hazard of a particular powder or dust was evaluated by combining the flamma-
bility class of the ground <44 pm dust sample and the actual particle size of the prod-
uct. Allenbach provided a list of the combustibilityclass ratings of a wide range of ferro 
alloys and other metals. All listed calcium alloys and most alloys containing aluminum 
and magnesium were of Class 1. The other metals and alloys tested, including boron 
alloys, chromium and chromium alloys, manganese and its alloys, and silicon and sili-
con alloys were of Class 2 or Class 3. 

Allenbach did not provide sufficientinformationabout the experimental apparatus and 
procedure to permit further evaluation of his proposed classification system. 

Ma et al. (1987) and Xiao et al. (1987)produced kinetic data and mathematical models 
for the oxidation of calcium silicon alloys, which may prove useful in future modeling 
of dust explosions involving these materials. 

1.5.3.8 
Miscellaneous Powders and Dusts 

Baklygin and Nikitina (1978) investigated the minimum explosible dust concentration 
and minimum ignition temperature(dust layer) of various dust mixtures generated in the 
mixing plant of the Moscow Tyre Works. 

Gehring, Friesenhahn, and Rindner (1978) studied the explosiveness of clouds in air 
of dust of a propellant containing 84% nitrocellulose, 10% dinitrotoluene, 5% dibutyl-
phthalate, and 1% diphenylamine. For a <75 pm fraction of this particularpropellant, the 
minimum explosibledust concentrationin air was 100-200 g/m3,whereas the minimum 
electric spark ignition energy of dust clouds was about 150 mJ. This means that, when 
dispersed as clouds in air, such materials exhibit ignitability and explosibility proper-
ties similar to, or even less severe than, those of normal organic solid fuels like starch 
and proteins of the same particle size. However, the pressure and temperature waves 
generated by the initial dust explosion may in some cases initiate more hazardous sec-
ondary exothermal reactions in adjacent condensed propellant deposits. 

The fire and dust explosion hazard connected with mine blasting of oil shale has been 
considered by several authors, including Cashdollar, Hertzberg, and Conti (1984); 
Richmond and Beitel (1984); Weiss, Cashdollar, and Sapko (1985, 1986); Miron and 
Lazzara (1985); Sapko, Weiss, and Cashdollar (1986); and Hertzberg and Cashdollar 
(1988). Karim, Bardon, and Hanafi (1979), in a more basic investigation, studiedthe com-
bustion of oil sand fragments in hot, flowing, oxidizing gas. 
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Dust explosions can also result from mining sulfide ores containing substances like 
pyrite, pyrrhotite, arsenopyrite,sphalerite,and galena. The hazards of sulfidedust explo-
sions also include the toxic effects of the combustion products. Various aspects of sul-
phide ore dust explosionswere discussedby Polikarpov (1984),Enright (1984a, 1984b), 
and Amaratunga (1988). 

Finally, a quite special dust explosion hazard arises when burned-out fuel rods in 
nuclear power plants are cut in reprocessing plants and fine zircaloy dust is generated. 
Zircaloy is essentially zirconium with small percentages of antimony, iron, and nickel. 
t is used as claddingfor nuclear fuel rods. Because of the hazardous radioactivityof the 

zircaloy dust, very specialprecautionsmust be taken when assessingthe ignitability and 
explosibilityproperties of the dust. Andriessen et al. (1987),Hensel(1988), and Hattwig 
et al. (1988) discussed the methods used and results obtained and suggested possible 
means of preventing and mitigating zircaloy dust explosions in reprocessing plants. 

1.5.4 
STANDARDS, RECOMMENDATIONS, AND GU IDELlNE§ 

Most industrialized countries have their own officialcodes of practice for preventing and 
mitigating dust explosions in industry.Examples include Germany, the United Kingdom, 
France, Holland, Sweden, Norway, the United States, and Russia. Normally, the official 
national factory inspectorate or health and safety inspectorate is the responsible author-
ity issuing the codes and controlling whether they are practiced. 

In addition, independentbodies in many countries issue their own regulations, some of 
which.are in reality consideredauthoritative.Examples of such bodies are the National Fire 
Protection Association (NFPA) in the United States and the Verein deutscher Ingenieure 
(VDI) in Germany. Sometimes,various industrialbranches in a country,such as the grain, 
feed, and flour industry or the ferro alloy industry, issue their own set of specific guide-
lines. It is important that these comply with the general authoritativecodes of the country. 

Codes and standards are also issued on an international level, through cooperation 
among many countries.Examples of internationalorganizations set up for such work are 
the International Standards Organization (ISO), the International Electrotechnical 
Commission (IEC), and European Community bodies (CEN, CENELEC). 

All the various codes, standards, regulations, and guidelines are, or should be, peri-
odically revised to keep pace with the development of knowledge and technology. One 
should therefore always make sure that the document at hand is the latest, valid version. 
Some recent standards and guidelines are mentioned in Chapters 8 and 9. 
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hapter 2 

2.1 

Experience has shown that “learning by doing” is an effective way of acquiring new 
knowledge. Unfortunately, this also applies to learning about dust explosions. Those who 
have experienced a dust explosion in their own plant, whether workers or management, 
have a much more profound appreciation of the reality of this hazard than those who only 
heard or read about dust explosions in general terms. Real understanding, in turn, pro-
duces the groper motivation for minimizing the probability of occurrence of such events 
in the future. 

Clearly, accidental dust explosions are highly undesirable in any plant, and one there-
fore seeks less dramatic means of transferring knowledge and motivation. One way is 
the use of case histories, that is, fairly detailed accounts of dust explosions that actually 
occurred elsewhere. 

The number of well-documented dust explosions worldwide is considerable and only 
a small fraction can be covered in this text. Because of my close cooperation with 
Norwegian industry in investigating accidental dust explosions for nearly 20 years, I 
have access to detailed information on many explosions that have occurred in Norway 

e years. It is natural, therefore, to include some of this information in the present 
book. 

On the other hand, it is considered appropriate also to include accidents in countries 
other than Norway. However, some well-known explosions described extensively else-
where in the open literature have not been included; for example, the catastrophic wheat 
flour explosion in the Roland Mill in Bremen, Federal Republic of Germany, which was 
discussed in detail by the Fire and Police Authorities of Bremen (1979). Also, many of 
the large dust explosions in the United States after 1975 have been discussed in detail 
by Kauffman (1982, 1987) and Kauffman and Hubbard (1984). A few of these never-
theless are included in the present account. Section 9.5 in Chapter 9 gives references to 
reports of more recent accidents. 

2.2 

ON DECEMBER 14,1785 
HE EXPLOSION IN A FLOUR WAREHOUSE IN TURl 

This is probably the most-frequently quoted of all dust explosions that occurred. However, 
only very rarely are details of Count Morozzo’s (1795) fascinating account mentioned. 
It is therefore appropriate to start this sequence of case histories with the full original 
account of the wheat flour explosion in Mr. Giacomelli’s bakery in Turin. The explosion 
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was a comparatively minor one, but there is still much to learn from Count Morozzo’s 
analysis. The considerations related to the low moisture content of the flour due to dry 
weather are important and still relevant. The same applies to the primary explosion caus-
ing a secondary explosion by entrainment of dust deposits. 

LIV. Account of a violent Explosion which happened in a Flour-Warehouse, at Turin, December the 
14th, 1785;to which are added some Observations on spontaneous Inflammations; by Count Morozzo. 

From the Memoirs of the Academy of Science of Turin. 
The Academy having expressed a desire to have a particular account of the explosion which I men-

tioned to them a few days after it happened, I have made all possible haste to fulfil their desires, by 
ascertaining, with the utmost attention, all the circumstances of the fact, so as to be able to relate it 
with the greatest exactness. 

I shall take the liberty to add to it a short account of several spontaneous inflammations, which 
have happened to different substances, and which have been the cause of very great misfortunes. 
Although the greater number of these phenomena is already well known to philosophers, I trust the 
collecting them together in this place will not be displeasing, as it is impossible to render too well 
known facts which so strongly interest the public utility. 

On the 14th of December, 1785, about six o’clock in the evening, there took place in the house of 
Mr. Giacomelli, baker in this city, an explosion which threw down the windows and window-frames 
of his shop, which looked into the street; the noise was as loud as that of a large cracker, and was 
heard at a considerable distance. At the moment of the explosion, a very bright flame, which lasted 
only a few seconds, was seen in the shop; and it was immediately observed, that the inflammation 
proceeded from the flour-warehouse, which was situated over the back shop, and where a boy was 
employed in stirring some flour by the light of a lamp. The boy had his face and arms scorched by 
the explosion; his hair was burnt, and it was more than a fortnight before his burns were healed. He 
was not the only victim of this event; another boy, who happened to be upon a scaffold, in a little 
room on the other side of the warehouse, seeing the flame, which had made its passage that way, and 
thinking the house was on fire, jumped down from the scaffold, and broke his leg. 

In order to ascertain in what manner this event took place, I examined, very narrowly, the ware-
house and its appendages; and, from that examination, and from the accounts of the witnesses, I have 
endeavoured to collect all the circumstances of the event, which I shall now describe. 

The flour-warehouse, which is situated above the back shop, is six feet high, six feet wide, and 
about eight feet long. It is divided into two parts, by a wall; an arched ceiling extends over both, but 
the pavement of one part is raised about two feet higher than that of the other. In the middle of the 
wall is an opening of communication, two feet and a half wide, and three feet high; through it the 
flour is conveyed from the upper chamber into the lower one. 

The boy, who was employed, in the lower chamber, in collecting flour to supply the bolter below, 
dug about the sides of the opening, in order to make the flour fall from the upper chamber into that 
in which he was; and, as he was digging, rather deeply, a sudden fall of a great quantity took place, 
followed by a thick cloud, which immediately caught fire, from the lamp hanging to the wall, and 
caused the violent explosion here treated of. 

The flame shewed itself in two directions; it penetrated, by a little opening, from the upper cham-
ber of the warehouse, into a very small room above it, where, the door and windowframes being well 
closed and very strong, it produced no explosion; here the poor boy, already mentioned, broke his 
leg. The greatest inflammation, on the contrary, took place in the smaller chamber, and, taking the 
direction of a small staircase, which leads into the back shop, caused a violent explosion, which threw 
down the frames of the windows which looked into the street. The baker himself, who happened then 
to be in his shop, saw the room all on fire some moments before he felt the shock of the explosion. 

The warehouse, at the time of the accident, contained about three hundred sacks of flour. Suspecting 
that this flour might have been laid up in the warehouse in a damp state, I thought it right to enquire 
into that circumstance. I found, upon examination, that it was perfectly dry; there was no appearance 
of fermentation in it, nor was there any sensible heat. 

The baker told me that he had never had flour so dry as in that year [1785], during which the weather 
had been remarkably dry, there having been no rain in Piedmont for the space of five or six months: 
indeed, he attributed the accident which had happened in his warehouse to the extraordinary dryness 
of the corn. 
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SMALL 9OOM 
WITH DOOR 
AN0 WINDOWS 

Figure 2.1 
December 14, 1785, as described by Count Morozzo (1795). 

Reconstruction ofpossible scene of wheat flour explosion in Mr. Giacomelli's bakery on 

The phzenomenon, however striking at the time it happened, was not entirely new to the baker, who 
told me that he had, when he was a boy, witnessed a similar inflammation; it took place in a flour- 
warehouse, where they were pouring flour through a long wooden trough, into a bolter, while there 
was a light on one side; but, in this case, the inflammation was not followed by an expiosion. 

He mentioned to me several other instances, which I thought it my duty to enquiry into; amongst 
them, one which had happened to the widow Ricciardi, baker in this city, where (there being, on the 
other side of the wall of the flour-warehouse, a lock-smith's forge) the flour was heated to such a degree, 
that a boy who went into the warehouse could not remain there, so much were his feet scorched by 
the heat; this flour was of a dark brown colour, and whilst the people were examining it, sparks began 
to appear, and fire spread itself around, without producing any flame, like a true p);uophorus*. 

He also informed me, that an inflammation like that above-mentioned had happened at the house of 
a baker in this city, called Joseph Lambert; it was occasioned by shaking some large sacks, which had 
been filled with flour, near a lighted lamp, but the flame, though pretty brisk, did cot do any mischief. 

According to the foregoing accounts, it appears to me, that it is not difficult to explain the phzenom- 
enon in question. The following is the idea I have conceived of it: as the flour fell down, a great quan- 
tity of inflammable air, which had been confined in its interstices, was set free; this, rising up, was 
inflamed by the contact of the light; and, mixing immediately with a sufficient quantity of atmospheric 
air, the explosion took place on that side where there was the least resistance. As to the burning of 

* I was very anxious to ascertain by experiments, whether it were possible to bring flour alone into the state 
of pyrophorus, but it was in vain; for though I calcined flour with a strong heat, in a small retort, with the 
same precautions as used in making other pyrophori, I never could succeed in making it take fire by expo- 
sure to the air. By joining alum with it I obtained a true pyrophorus, as Lemery had already done. 
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the hair, and the skin, of the boy who was in the warehouse, the cause of it must be attributed to the 
fire of the fine particles of the flour, which, floating in the atmosphere, were kindled by the inflam-
mable air, in the same manner as the powder from the stamina of certain vegetables, (particularly of 
the pine, and of some mosses,) when thrown in the air, takes fire if any light is applied to it. 

But it may be objected, that as the flour was not at all damp, and had not any sensible degree of 
heat, there should not be any fermentation in it, and consequently no inflammable air should be pro-
duced: to this I answer, 

First. That flour is never entirely free from humidity, as is evidently shewn by distillation. 
Secondly. That although the degree of heat was not so great as to set free inflammable air by fer-

mentation, a sufficient quantity was set free, by what may be called a mechanical mean, to inflame 
upon the contact of light; and to disengage, at the same time, all that which communicated with the 
atmospheric air. 

Thirdly. We must recollect that flour also furnishes alkaline inflammable air, which is produced 
from the glutinous vegeto-animal part of the corn; and we know that this kind of inflammable air is 
of a very active nature. 

After having described this singular event, I shall beg leave to collect together, in this place, all 
the known facts respecting spontaneous inflammations produced by different substances. A circum-
stantial account of these phaenomena cannot but be very interesting to those concerned in govern-
ment; not only as it may tend to prevent the unhappy accidents which result from them, but also as 
it may sometimes hinder the suspicion and persecution of innocent persons, on account of events which 
are produced merely by natural causes. 

2.3 
GRAIN DUST EXPLOSIONS IN NORWAY 

2.3.1 
WHEAT GRAIN DUST, STAVANGER PORT SILO, JUNE 1970 

The explosion, which was discussed by Astad and Mo (personal communicationsfrom 
A. Astad, director, Stavanger Port Silo, and A. Mo, Norwegian Grain Corporation, 1970), 
occurred in Norway’s largest and newly built import grain silo in Stavanger on a hot, 
dry summer day. Fortunately, no persons were killed, but some workers suffered first-
degree burns. Although the extent of flame propagation was considerable, the material 
damage was moderate, due to the comparatively strong reinforced concrete structure of 
the buildings and the venting through existing openings. 

The entire event lasted for a period of about 25-30 seconds, during which a sequence 
of six or seven distinct, major explosions were heard. In the middle of this sequence was 
an interval of 10-12 seconds.The flame propagated a total distance of about 1500meters, 
through a number of bucket elevators, horizontal conveyors, ducting, filters, and rooms in 
the building. Dust explosions occurred in six of the large, cylindrical storage silos of total 
volume 2000 m3 each, in one large, slightly smaller silo, in seven of the slimmer, inter-
mediate silos of capacities400 or 1000m3,in one 150m3silo, and in seven loading-out silos 
with capacities of 50 m3each. The six largest silos had no venting, whereas the explosions 
in the large silo of slightly smaller volume and in all the intermediate and loading-out silos 
were vented through 0.4 m2manholes, which had their covers flung open. 

It is of interest to note that only one silo was damaged in the incident, namely, one of 
the six unvented,large storagesilos, which had its roof blown up, as shown in Figure 2.2. 
It is thereforeclear that the maximum explosion pressures in all the other 21 silos, vented 
and unvented, were lower than about 0.2 bar(g), which would be required to blow up 
the actual type of silo roof. 
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d 

Figure 2.2 
(Courtesy of Egil Eriksson). 

Damaged silo roof after the wheat grain dust explosion in Stavanger in June 1970 

Almost all the windows, except those in the offices, were blown out, as was a large 
provisional light wall at the top of the head house, as shown in Figure 2.3. The legs of 
all five bucket elevators (0.65 m x 0.44 m cross section) were torn open from bottom to 
top. The dust extraction ducts were also in part tom open. 

The source and site of initiation of the explosion were never fully identified. However, 
two hypotheses were put forward. The first was self-ignition of dust deposited in the boot 
of the elevator in which the explosion was supposed to start. The self-ignition process 
was thought to have been initiated by a bucket that had been heated by repeated impacts 
until it finally loosened and fell into the dust deposit in the elevator boot. The second 
hypothesis is that the chain of events leading to ignition started with welding on the out- 
side of the grain feed duct to one of the elevator boots. Due to efficient heat transfer 
through the duct wall, self-heating could then have been initiated in a possible dust 
deposit on the inside of the duct wall (see Figure 1.10 in Chapter 1). Lumps of the smol- 
dering deposit could then have loosened and been conveyed into the elevator boot and 
initiated an explosion in the dust cloud there. 
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Figure 2.3 
Stavanger'in June 1970 (Courtesy of Egil Eriksson). 

Provisional lightweight wall acting as vent during the wheat grain dust explosion in 

2.3.2 
WHEAT GRAIN DUST, NEW PART OF STAVANGER PORT SILO, 
OCTOBER 1988 

The explosion was described by Olsen (personal communication from 0. Olsen, 1989). 
Because of effective mitigation by explosion suppression and venting, both the extent 
of and damage caused by the explosion were minor. There were neither fatalities nor 
injuries. The incident deserves attention, however, because the chain of events leading 
to explosion initiation was identified and the incident illustrates that proper measures for 
explosion mitigation are effective. 

The explosion occurred in a bucket elevator head immediately after termination of 
transfer of Norwegian wheat grain between two silo cells. At the moment of explosion, 
the transport system was free of grain. In this new part of Stavanger Port Silo, the bucket 
elevator legs are cylindrical and mounted outdoors, along the wall of the head house. A 
number of vents are located along the length of the legs. The vent covers on the eleva- 
tor legs involved were blown out, which undoubtedly contributed to reducing the extent 
of the explosion. There was no significant material damage, either by pressure or by heat. 

Figure 2.4 illustrates the head of the bucket elevator in which the explosion occurred. 
Because of a slight offset, the steel cover plate for the felt dust seal for the pulley shaft 
touched the shaft and became heated by friction during operation of the elevator. The 
hot steel plate, in turn, ignited the felt seal, from which one or more glowing fragments 
dropped into the wheat grain dust deposit on the inclined surface below and initiated 
smoldering combustion in the deposit. Figure 2.5 shows the burned, charred felt seal when 
investigated just after the explosion. Just after the elevator had stopped, presumably 
still enough dust was in the air to be ignited by the smoldering dust and be able to prop- 
agate a flame. Alternatively, some of the smoldering dust may have slid down the inclined 
surface and become dispersed into an explosible dust cloud. Just after the explosion, some 
smoldering dust was still on the inclined plate below the elevator pulley. 
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FELT SEAL FOR 
PULLEY SHAFT 

NO STEEL COVER 

Figure 2.4 Head of bucket elevator at new part of Stavanger Port Silo, where the minor 1988 wheat 
grain dust explosion was initiated (Courtesy of 0. Olsen, Stavanger Port Silo, Norway). 

Figure 2.5 Burned, charred felt seat of the eleva- 
tor pulley shaft at Stavanger Port Silo (Courtesy of 
0. Olsen, Stavanger Port Silo, Norway). 

2.3.3 
GRAIN DUST (BARLEY/OATS), HEAD HOUSE OF THE SILO 
PLANT AT KAMBO, JUNE 1976 

This explosion, described by Storli (personal communication, K. Storli, Norwegian fac- 
tory in reply to inspectorate, 1976), caused considerable material damage but, due to for- 
tunate circumstances, neither fatalities nor significant injuries. The dust involved was from 
Norwegian barley or oats. 
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Figure 2.6 
(Courtesy of Scan Foto, Oslo, Norway). 

Damaged silo head house after a grain dust explosion at Kambo, Norway, in June 1976 

The explosion probably started in a bucket elevator, initiated by burning or glowing mate- 
rial from an overheated hammer mill. The primary explosion developed into a secondary 
explosion in the head house itself, which pushed out most of the front wall of the head house, 
as shown in Figure 2.6. 

Two of the bucket elevators had bulged out along the entire length and the dust extrac- 
tion ducting had become torn apart; this gave rise to the secondary explosion. Because 
the floors were supported by the wall and the connections between wall and floors were 
weak, the entire wall sheet was pushed out at quite low explosion pressure, leaving the 
floors unsupported at the front (see Figure 1.134 in Chapter 1). 

After the explosion, the head house was reconstructed, utilizing the principle illustrated 
schematically in Figure 1.136 in Chapter 1. The floors were supported by a rigid frame- 
work, with the lightweight wall elements serving as vent covers, should an explosion 
occur again. The reconstructed head house is shown in Figure 2.7. 
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Figure 2.7 Reconstructed head house ( 1  977) after the grain dust explosion at Karnbo, Norway, in 
June 1976. The entire house front is covered with lightweight wall elements that can serve as explo- 
sion vent panels (Courtesy of 1. Kosanovic, Karnbo, Norway). 

2.3.4 
MALTED BARLEY DUST, OSLO PORT SILO, JULY 1976 

The explosion, described by Johansen (1976), occurred in an old silo building in the cen- 
tral harbor area of Oslo at about 7:30 on a dry summer morning. The material damage 
was extensive, and much debris was thrown into the surroundings. However, due to 
several fortunate circumstances, there were neither loss of life nor severe injuries. 

The dust involved was from malted barley, of only 5-6% moisture content. The igni- 
tion source was not identified, but the explosion probably started in a silo cell and prop- 
agated to other cells through the common dust extraction system. The primary explosions 
in the silo cells blew up the cell roofs, which were part of the floor of the silo loft, and 
gave rise to an extensive secondary explosion in the loft, blowing up the entire silo roof. 
The result is shown in Figure 2.8. The damage was so extensive that the entire building 
had to be demolished. 

2.3.5 
MALTED BARLEY DUST, OSLO PORT SILO, JUNE 1987 

The explosion, described by Johansen, Johansen, and Mo (1987), occurred on a warm, 
dry summer day during unloading of malted barley from a ship. There were neither 
fatalities nor injuries and no damage to the building, apart from broken window panes 
and a broken silo cell roof. 
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Figure 2.8 Damaged silo building after malted barley dust explosion at Oslo Port Silo in July 1976 
(Courtesy ofA.  F. Johansen, Oslo Port Silo, Norway). 

As in the 1976 explosion (Section 2.3.4), the malted barley was quite dry, containing 
only a few percent of moisture. The explosion probably started in a main dust filter, in 
which smoldering combustion had developed due to frictional heating caused by pack- 
ing dust in the unloading screw at the filter bottom. Due to buildup of explosion pres- 
sure in the filter, the airflow in the dust extraction duct to the filter was reversed, and the 
explosion propagated upstream to the silo cell to which the duct was connected. The 
resulting explosion in the silo cell blew up the part of the concrete floor of the loft that 
was also the roof of that particular silo cell, and a fairly strong explosion occurred in the 
loft. The explosion also propagated from the filter to a bucket elevator that was tom open, 
which gave rise to a secondary explosion in the room. Furthermore, the explosion prop- 
agated to the truck loading station of the silo plant. 

As Figure 1.135 in Chapter 1 shows, the windows of the main building served as 
vents and probably prevented damage to the main structure of the building. 

2.4 
FOUR GRAIN DUST EXPLOSIONS IN THE UNITED STATES, 
1980-1 981 (Source: Kauffman and Hubbard, 1984) 

2.4.1 
INLAND GRAIN TERMINAL AT ST. JOSEPH, MISSOURI, APRIL 1980 

The explosion, which occurred in the middle of the day, killed one person and injured 
four. Material damage was estimated at US$ 2 million. 
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The explosion probably started in a dust cloud in a silo cell used for the receipt and 
delivery of grain. The probable ignition source was an electric arc between the electric 
wires of the lower-level indicator in the silo. Repeated filling and discharge of grain had 
pulled the level indicator from the wall and the electric arc occurred between the bare 
wires that had been pulled out of their conduit. 

Severe structural damage occurred to almost all the silos in the head house and mod- 
erate damage to most of the head house structure. Most of the head house silo roofs were 
blown up, destroying the spout floor and the top of the cleaner floor. Rupture of the silos 
around the edge of the head house caused failures in the outside wall. The casings of all 
bucket elevators, steel as well as concrete, had opened up in many places. A silo com- 
plex comprising 18 cells suffered severe explosion damage to the gangway connecting 
it to the head house, to the gallery, to the far end of the tunnel, and to a small group of 
silos centered around an air shaft approximately one-third of the way along the gallery. 
At the location of the air shaft, the gallery wall and roof had been completely destroyed. 
Beyond this point the explosion damage to the gallery was still significant but not as 
severe. The exterior concrete silo walls had been extensively shattered, in many places 
leaving only the reinforcing rods. Figure 2.9 presents a detailed view down the air shaft 
made after the grain was removed. As can be seen, the concrete fragments were quite 
small and much concrete had been removed from the steel reinforcement. Concrete frag- 
ments from this area of the plant had been thrown about a hundred meters into the adja- 
cent railway yard. 

Figure 2.9 Air shaft along the damaged walls of reinforced concrete silo cells of the grain terminal 
at St. Joseph, Missouri, 1980 (Courtesy of C. W Kauffman, University of Michigan). 
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2.4.2 
RIVER GRAIN TERMINAL AT ST. PAUL, MINNESOTA, JUNE 10, 1980 

The explosion occurred just before lunchtime. There were no fatalities, but 13 persons 
were injured. The material loss was estimated at about US$0.3 million. 

The probable cause of the explosion was that an electrician was repairing live elec- 
trical equipment in a truck-receiving cross tunnel, while the elevator was unloading 
grain trucks. The ignition source probably was electric arcing in an open electric junc- 
tion box located within an explosible dust cloud. 

The blast and flame front moved in one direction along the tunnel into the head house 
basement. There were open spouts to the bucket elevators, and with the secondary explo- 
sion in the basement initiated by the cross tunnel explosion, the explosion was carried 
into all the bucket elevators and the dust extraction systems. The building was of struc- 
tural steel with nonsupporting metal clad walls, and this allowed rapid pressure relief by 
blowing out the wall panels (see Figure 1.136 in Chapter 1). Therefore, the blast that went 
out of the head house and up one of the bucket elevators did not do much damage to the 
galleries. This was fortunate because, as Figure 2.10 shows, the level of housekeeping 
in the gallery at the moment of the explosion was rather poor. With a stronger blast enter- 
ing the gallery and a flame following, a serious secondary gallery explosion could have 
resulted. 

Figure 2.1 1 shows another example of unacceptably large quantities of accumulated 
dust. Kauffman (1982) used this photograph as a reminder when emphasizing that even 

Figure 2.1 0 Accumulation of dust in the gallery of a river grain terminal at St. Paul, Minnesota, 1980 
(Courtesy of C. W. Kauffman, University of Michigan). 
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Figure 2.1 1 
States (Courtesy of C. W. Kauffman, University of Michigan). 

Dust accumulation on the floor in the head house of a grain silo plant in the United 

a dust layer only 0.5 mm thick may propagate a dust flame when being entrained by the 
blast wave preceding a propagating dust flame. This experience has been transformed 
into a simple rule of thumb, saying that, if footprints are visible, the dust layer is unac- 
ceptably thick. 

During the explosion at St. Paul, the flame front and pressure wave from the primary 
cross-tunnel explosion also traveled into the three tunnels under the grain storage tanks. 
However, these tunnels were clean, the blast was unable to pick up sufficient dust to sus- 
tain the flame propagation, and the explosion dissipated. However, the pressure wave con- 
tinued down the three tunnels, sweeping away objects in its path, and finally damaging 
the aeration fans before venting itself to the atmosphere at the tunnel ends. 

2.4.3 

IOWA, JULY 15, 1980 
TRAIN-LOADING COUNTRY GRAIN TERMINAL AT FONDA, 

This explosion, which occurred in the early afternoon, caused neither fatalities nor 
injuries. The material loss was modest, estimated at US$0.03 million. 

The probable cause of the explosion was electrical welding on a bucket elevator. 
However, the ignition source was not the welding spot itself, but probably a hot spot in 
the casing of the elevator boot caused by poor electrical contact between the grounding 
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Figure 2.12 
Iowa, 1980 (Courtesy of C. W. Kauffman, University of Michigan). 

Damaged bucket elevator following a corn dust explosion in a grain terminal at Fonda, 

clamp and the grounded elevator casing. The hot spot either ignited the corn in the ele- 
vator boot, which in turn ignited the corn dust cloud or the dust cloud was ignited directly 
by the hot spot. 

The explosion was transmitted to a second bucket elevator and blast waves and flames 
propagated upward in the legs of both elevators, bursting the casings. Figure 2.12 shows 
one of the elevator legs after the explosion. 

Kauffman (1982) emphasized the essential role played by bucket elevators in 14 care- 
fully investigated grain dust explosions in the United States. In 5 of the 14 accidents, the 
explosion originated in the bucket elevator. In six other accidents, bucket elevators were 
able to effectively amplify and propagate the explosion, although the combustion process 
did not originate there. Only in 3 of the 14 cases, the bucket elevators were not involved. 
Kaui%nan (1982) also discussed why the bucket elevator is so frequently involved in the explo- 
sions. When in operation, the elevator contains an explosible dust cloud that is confined. 
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Potential ignition sources can result fro, “Once a combustion process enters a bucket ele-
vator, things can only get worse.” 

Fortunately, in the Fonda explosion in 1980, the bucket elevator explosions did not 
result in secondary explosions in the head house. Proper housekeeping could be one 
reason for this. 

2.4.4 
LARGE EXPORT GRAIN SILO PLANT AT CORPUS CHRISTI, 
TEXAS, APRIL 1981 

In this catastrophic explosion, 9 persons lost their lives and 30 were injured. The mate-
rial loss was also substantial, estimated at US$ 30 million. 

The probable cause of ignition was smoldering lumps of sorghum that entered a bucket 
elevator together with the grain and ignited the dust cloud in the elevator. The sorghum 
was being unloaded from hopper-bottom railway cars. The grain had been stored in 
these cars for 30 days, and the weather had been quite warm. A fine screen had been put 
over the rail dump to prevent the larger lumps of the sorghum from entering the eleva-
tor. However, smaller lumps of smoldering sorghum nevertheless probably entered one 
of the operating bucket elevators and ignited the dust cloud there. 

From this elevator the explosion propagated into the other elevators and eventually 
broke into the head house basement, through the dust control system, spout mixers, or 
the head house silos. It then traveled from the basement into a tunnel to the basement 
of a large concrete silo complex, where the combustion process entered the hooded con-
veyors and found more than sufficient dust to sustain the combustion process. As it trav-
eled within this enclosure, the flame accelerated and generated a pressure wave moving 
ahead of it. Approximately halfway down the basement of the silo complex, the con-
veyor hoods blew upI throwing a large cloud of dust throughout the basement. The trail-
ing flame front then arrived at this dust cloud and a very rapid combustion process 
developed. This explosion then vented itself in four different directions. It blew out the 
north basement wall, it went upward through the grain silo cells, westward through the 
dog house, and eastward back into the head house, which eventually exploded. The explo-
sion then propagated further through the dust extraction system and into the hooded con-
veyors in the middle of the basement of the second large concrete silo complex, through 
which it was channeled to the railway dump area on the north and the shipping gallery on 
the south. The explosion in the basement of the second silo complex was vented through 
the basement windows. 

Figure 2.13 shows the silo plant just after the explosion. The entire gallery of the 
nearest large silo complex was totally demolished, and some of the silo cells had blown 
out along the entire length. The head house was also badly damaged. 

The extensive destruction of the railway dump area is shown in Figure 2.14. The wall 
cover sheets of the shelter have been shattered and blown away from the frame structure. 

According to Kauffman and Hubbard (1984), the housekeeping in the Corpus Christi 
plant was excellent. Therefore, the only explanation for the extensive flame propagation 
is accumulation of large dust quantities inside the process and dust extraction equipment, 
including the ducting. 
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Figure 2.1 3 
(Courtesy of C. W Kauffman, University of Michigan). 

Demolished Corpus Christi grain silo plant after major grain dust explosion in 198 1 

Figure 2.1 4 Destroyed dump area of the Corpus Christi grain silo plant after major grain dust explo- 
sion in 198 1 (Courtesy of C. W. Kauffman, University of Michigan). 
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2.5 
WST EXPLOSION IN A FISH MEAL FACTORY 

IN NORWAY IN 1975 

The explosion, described by Eckhoff (1980), took place at the end of a hot, dry day in 
August 1975, in one of the many fish meal factories located along the Norwegian west 
coast. A young worker lost his life due to severe burns, and another was injured. At the 
time of the explosion,the Norwegian factory inspectoratehad just about released its very 
first set of rules for fighting industrial dust explosions. Hence, the general appreciation 
of the dust explosion hazard in Norwegian industry was still meager. 

The part of the factory involved in the explosion was the fish meal grinding plant, illus-
trated in Figure 2.15. This plant was located in a 30 m tall building that also contained 
several fairly large storage and mixing silos.Aphotograph of the building, takenjust after 
the explosion and showing the damaged roof, is given in Figure 2.16. 

The three silos indicated on Figure 2.15, which played a key role in the development 
of the explosion, were 12 m high with diameters of about 3 m. The wooden floor of the 
loft of the building also served as the common roof of the three silos. Close to the top 
of the silos there were 0.1 m x 1 m open slots in the common wall between silos no. 1 
and no. 2, and no. 2 and no. 3. The original purpose of the three silos was to store the pro-
duction of fish meal accumulated during the night shift, allowing the screening operation 
to be limited to the day shift. However, the hopper parts of the silos were not properly 
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Figure 2.15 The fish meal grinding plant afflicted with a dust explosion in 1975. 
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Figure 2.1 6 The building of the fish meal factory in Norway afflicted with a dust explosion in 1975. 

designed, and severe flow problems were encountered when attempting to discharge the 
fish meal by means of the screw conveyors at the hopper outlets. Therefore, the use of 
the silos as buffer stores had to be abandoned. But instead of feeding the output from 
the hammer mills directly to the screens, the long transport loop via the large silos was 
maintained, the silos being mostly empty because of the large capacity of the screws at 
the hopper outlets. Nevertheless, arching problems still occurred across the hopper outlet 
just above the screw conveyors, and breaking such arches became part of the regular duties 
of the staff operating the plant. 

Although the grinding of the fish meal in the hammer mills in the loft produced large 
quantities of fine dust, no dust extraction system had been installed. As a consequence, 
the interior of the three large, empty silos acted as dust collectors, and considerable 
quantities of dust accumulated on the internal walls. Furthermore, appreciable amounts 
of dust escaped to most other parts of the building. In addition to having a much larger 
specific surface area than the main fish meal product, in periods of hot and dry weather. 
as on the day of the explosion, this fine dust would become quite dry. Because of the heat 
liberated by the production process itself, the temperature in the loft of the silo building 
would frequently be in the range 25-30°C. On the exceptionally hot day of the explo- 
sion, the temperature in the loft in the middle of the day was 45°C. 

One particular feature of the screw conveyors of this plant was that the bolts fixing 
the screw blades to the shaft (bolts of lengths 110-120 mm and diameters 12-16 mm) 
broke fairly regularly, presumably as a result of material fatigue. Figure 2.17 shows part 
of one of the screws with three bolt heads. 

In spite of frequent bolt failures, the plant made no provision for trapping tramp metal, such 
as broken bolts, before it reached the hammer mills. Neither were there any instructions for 
controlling the screws to replace defective bolts in advance. As a consequence, the entrance 
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Figure 2.1 7 Part of a screw conveyor in the exploded fish meal plant showing fixing bolts. 

of broken bolts and other tramp metal into the hammer mills was a fairly frequent event. 
The presence of bolts in the mills created a most unpleasant noise, which warned the oper- 
ators of the plant. The normal procedure for removal of bolts from the mill was to open 
the 250 mm x 180 mm door in the mill chute, shown by the arrow in Figure 2.18, and wait 
until the foreign metal object eventually found its way out of the opening. 

Just prior to the explosion, as part of the routine during startup of the night shift, a 
worker went up to the loft, where he at once heard, by the sound from the mills, that for- 
eign objects had entered several of them. By means of the usual procedure, bolts were 
first removed from mills 2 and 4. However, the noise of foreign objects continued, and 
the source was mill no. 1. As soon as the door in the mill chute was opened, a rapidly 
growing cloud of “sparks” (probably burning fish meal particles) was discovered. At the 
same time, flames just below mill no. 1 were observed through a narrow slot close to the 
mill. The main explosion occurred immediately after these observations had been made, 
blowing the hatch off the manhole and ejecting a strong flame through the loft room and 
against the roof of the building. According to the observer, the flame was bluish in color, 
similq to that of a brazing lamp. This first blast was followed by a kind of whistling or 
howling that moved in the direction from mill no. 1 to mill no. 4. This may have been 
flame propagation from silo no. 1 via silo no. 2 to silo no. 3 through the 0.1 m x 1 m 
slots at the top of the common wall between two neighboring silos. At this moment, 
the witness found his way out and escaped from the loft, which was now on fire. 

The explosion was also observed from the outside by two persons who just happened 
to pass by. One distinct and fairly strong explosion could be heard. This was followed 
by a large pyramidal flame lasting for 30-45 seconds and extending 4-5 m above the 
roof of the building. The explosion was sufficiently strong to blow out windows in the 
building even in other parts than the loft. 
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Figure 2.1 8 
mill chute, and the manhole in the floor. The manhole acted as vent for the explosion in silo no. 1. 

View of hammer mill no. 1, in which the fish meal explosion started, the door in the 

It seems highly probable that the ignition took place in hammer mill no. 1 and the 
ignition process was closely related to the presence of tramp metal in the mill. It seems 
unlikely that sparks struck between two steel objects would be able to ignite clouds 
of the fish meal in the mill. However, a metal object can be heated, even to glowing, 
by repeated impact or friction and thus act as a hot surface for direct initiation of dust 
explosion in a cloud. It is not unlikely that this latter process was in operation in the 
actual case, because after the explosion it was discovered that a 14 x 7 mm strip of 
steel was wedged into one of the 3 mm slots of the bottom screen plate of mill no. 1.  
In view of the high rotation speed of the mill (25 reds), such an object could easily 
have been heated to appreciable temperatures by repeatedly being struck by one of the 
mill hammers. 

This accident shows that normal fish meals can, under unfavorable circumstances, give 
rise to quite severe dust explosions, even though the explosions produced by such mate- 
rials in standard laboratory tests are relatively weak compared with those produced by 
many other dusts. Because the pressure needed to blow up very weak structures, like the 
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wooden floor of the loft, is low, even a modest dust explosion is hazardous under such 
circumstances. The housekeeping was very poor. There was neither any dust extraction 
system nor any routine for frequent and regular removal of the considerable amounts of 
fine dust accumulated throughout the plant and building. This dust certainly was the main 
source of the extensive secondary explosion and fire sweeping through the entire loft. 
Because of the dry weather, the dust moisture content was probably low and the dust easy 
to entrain and disperse. The process design was inadequate, in that the large silos below 
the hammer mills did not serve their purpose and merely acted as large potential dust 
explosion bombs. 

Also prevention of potential ignition sources was inadequate. In the grinding plant, 
no provision was made for removing foreign metal objects before they entered the 
hammer mills. Allowing tramp metal into the hammer mills at all created a considerable 
risk of potential ignition sources being introduced. Furthermore, the procedure for remov-
ing broken conveyor screw bolts from the hammer mills by opening the door in the mill 
chute was indeed questionable. 

Hence, the three key ingredients needed for generating a serious dust explosion were 
present: large enclosures that were empty apart from explosible dust clouds, large quan-
tities (of dust throughout the entire building, and an ignition source. 

2.6 
NG GAS EXPLOSION IN A SILO PLANT 
GER, NORWAY, IN NOVEMBER 1985 

This accident, described by Braaten (1985), was not primarily a dust explosion but an 
explosion of combustible gases released from a solid organic material during self-heat-
ing in a silo cell. At first glance, such an event may seem out of place in the context of 
dust explosions. However, smoldering combustion is most often related to powders and 
dusts; therefore, the initial smoldering gas explosion, in most cases, entrains combustible 
dust and the explosion can easily develop into a normal dust explosion. 

The cause of events was in accordance with Figure 1.9 in Chapter 1. The explosion 
occurred in a fairly modern reinforced concrete silo complex used to store various feed-
stuffs. Pellets of Canadian rape seed flour had been stored in one of the silos for some 
time, when it was discovered that the material in the bottom part of the silo had become 
packed to a solid mass and could not be discharged through the silo exit. Some time 
later, one week before the explosion, flames were observed in the silo. The fire brigade 
was called and covered the pellets in the silo with foam from above. Various unsuc-
cessful attempts were then made at discharging the pellets mass at the silo bottom. 
During this phase there was considerable development of smoke, which mixed with 
the air, not only in the silo cell in question but also in the silo loft above the cells. It 
is probable that the smoke contained combustible gases, such as 60, and that the 
strong explosion, which occurred just after the top of the pellets had been covered with 
foam once more, was mainly a gas explosion. However, any dust deposits in the loft 
may also have been involved. The entire roof of the building was blown up, and debris 
was thrown into the surrounding area (see Figure 2.19). Because the explosion occurred 
in the middle of the night (3:OO A.M.), just after the fire brigade had left, nobody was 
killed or hurt. 
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Figure 2.19 
sion in November 7 985 (Courtesy of 0yvind Ellingsen, Stavanger Aftenblad, Norway). 

View of damaged loft of silo plant in Stavanger, Norway, after smoldering gas explo- 

2.7 
SMOLDERING GAS EXPLOSIONS IN A LARGE 
STORAGE FACILITY FOR GRAIN AND FEEDSTUFFS 
IN TOMYLOVO, KNIBYSHEV REGION, USSR 

This extensive series of explosions were of the same nature as the smoldering gas explo- 
sion discussed in Section 2.6. The report of the event was provided by Borisov and 
Gelfand (personal communication from A. Borisov and B. Gelfand, USSR Academy of 
Science, Moscow, 1989). 

The large storage facility for grain and feedstuffs consisted of four sections of 60 silo 
cells each, that is, 240 silo cells altogether. As indicated in Figures 2.20 and 2.21, each 
cell had a 3 m x 3 m square cross section and 30 m height. The first explosion occurred 
in December 1987 in a silo cell containing moist sunflower seed, which was not sup- 
posed to be stored in such silos due to the risk of self-heating. However, this had nev- 
ertheless been done, and the resulting self-heating developed into extensive smoldering 
decomposition, during which methane and carbon monoxide were produced and mixed 
with the air in the empty top part of the silo, above the powder bed surface. It is rea- 
sonable to believe that the primary explosion was in this mixture of explosive gas and 
air and that the ignition source was the smoldering combustion when it penetrated to 
the powder bed top surface, as illustrated in Figure 1.9 in Chapter 1. However, dust 
deposits on the internal silo walls and roof may well have become entrained by the ini- 
tial blast and involved in the explosion. This was only the first of a large series of 20-30 
subsequent explosions that took place in the same facility, in one silo cell after the other, 
during 1988 and 1989. 
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Figure 2.20 
1987-1989 (Courtesy of A. Borisov and B. Celfand, USSR Academy of Science, Moscow). 

Corner of the silo complex in Tomylovo, USSR, damaged by smolderinggas explosions, 

There are two main reasons for this continued explosion activity in the silo complex. 
The most important is the heat transfer from a silo cell in which smoldering combustion 
is taking place to the neighboring cells. Such heat transfer is facilitated by the large con- 
tact surface area between the cells provided by the square cross section. Furthermore, 
the prefabricated construction elements used throughout the entire facility, as shown in 
Figures 2.20 and 2.21, may have been comparatively poor heat insulators. 

The second main reason for the repeated explosions was that sunflower seed was not 
the only material in the facility that was not supposed to be stored there. Some of the 
silo cells contained buckwheat and wheat grain of higher moisture contents than the max- 
imum permissible limits for storage in such facilities. 

During the period of repeated explosions, attempts were made to break the unfortu- 
nate chain of events. Cells were opened at the top for inspection. However, this admit- 
ted fresh air to the smoldering mass and enhanced the combustion process. Attempts also 
were made to quench and cool the powder mass with liquid nitrogen, but this was only 
partly successful. 
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Figure 2.21 
sions, 1987-1 989 (Courtesy A. Borisov and B. Celfand, USSR Academy of Science, Moscow). 

Central part of the silo complex in Tomylovo, USSR, damaged by smoldering gas explo- 

It was agreed that the use of water to extinguish the smoldering combustion in the silo 
cells was not feasible. Limited quantities of water would probably enhance the self- 
heating process rather than quench it, whereas use of extensive quantities would increase 
the load on the silo walls and cause collapse of the structure. 

At one stage, it was discussed whether the whole facility could be blown up to put an 
end to the problem. However, this was considered too hazardous. The final solution 
chosen was to just leave the entire facility to itself and await a natural termination of the 
problem over time. 

In addition to obeying the rules specifying which materials can be stored in silos, sys- 
tematic use of portable gas analyzers for early detection of hydrogen, methane, and 
carbon monoxide in the silo cells was suggested as the best means for preventing simi- 
lar accidents in the future. 
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LDERING GAS EXPLOSIONAND SUBSEQUENT 
ESSFUL EXTINCTION OF SMOLDERING 

OMBUSTION IN PELLETIZEDWHEAT BRAN IN A SI1 
ELL AT NBRD MILLS, MALMO, SWEDEN, IN 1989 

A cross-section of the silo is shown in Figure 2.22. The course of events, as recorded by 
Templin (personal communication from G. Templin, Nord Mills, MalmB, Sweden, 19901, 
was as follows: 

Saturday 28th January, 0700: The night shift stopped the production for the weekend according to 
schedule, and all activity in the grain silo plant terminated. 

Saturday 28th January, 1000:According to Nord Mills’ safety procedures, the safety guard team 
made its inspection round through the entire plant. Nothing special was observed. No persons were 
encountered. 

Saturday 28th January, 2300: A bang, muffled by the noise of strong winds, was heard in the 
neighborhood, but no action was taken. 

DESTROYED 
SILO CELL 
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Figure 2.22 Cross section of the silo in Malmo, Sweden, 
in 1989, with smoldering wheat bran pellets, showing 
inlets for carbon dioxide and nitrogen for extinction and 
cooling (Courtesy of  C. Templin and B. Person, Nord 

INLET Mills, Sweden). 
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Sunday 29th January, 0930: During its scheduled inspection round, the safety guard team discov-
ered fragments of shattered window panes spread over the entire yard. Inspection of the roof of the 
silo building revealed that the roof of an intermediate star cell had blown up, as shown in Figure 2.23, 
and dense smoke was emerging from the open cell top. The height of the cell involved was about 36 
m and its cross-sectional area about 20 mz.Most of the silo was empty, the pelletized wheat bran occu-
pying only the first 7 m above the cell bottom. 

Sunday 29th January, rest of day: Fire brigade and other personnel were called, and the entire 
plant area was cordoned off. About 2000 kg of gaseous carbon dioxide was pumped into the burning 
silo from above through a long vertical pipe extending right down to the surface of the smoldering 
pellets. 

Monday 30th January, early morning: The discharge valve at the cell bottom was removed, and 
discharge of the pellets mass, using a mobile suction unit, was started. This gave rise to increased 
smoke production, and at 03.30, more carbon dioxide was loaded into the silo cell from above. 

Tuesday 31st January: The discharge operation was interrupted. Carbon dioxide was emerging 
through the bottom silo exit, and more was loaded into the silo at the top. 

Wednesday 1st February: More carbon dioxide was loaded into the silo at the top. From 03:OO to 
1250, the smoke development was enhanced by vibrations due to operation of another silo cell. The 
smoke temperature just above the pellets was 96°C and just above the silo top, 45°C. 

Thursday 2nd February-Wednesday 8th February: Smoke development and temperature rise was 
suppressed temporarily by loading several tonnes of carbon dioxide into the silo from the top, but 
there was only slow permanent progress. Temperature rise was observed in the material stored in the 
four larger adjacent silo cells. 

Thursday 9th February-Saturday 11th February: Holes were drilled through the silo bottom and 
at intervals a total of several tonnes of nitrogen were pumped into the pellets from below, while carbon 
dioxide was charged from above. 

Monday 13th February-Wednesday 15th February: Some 6000 kg of carbon dioxide and 3000 kg 
of Nzwas injected into the burning pellets. Temperatures in the burning and adjoining cells and con-
tents of oxygen, CO, and COz in the gas above the pellets were monitored regularly. 

Monday 20th February: The smoldering combustion in the wheat bran pellets had finally been 
brought to an end. 

This case history illustratesthat fighting smolderingcombustion in large silo complexes 
is not only a matter of quenching, or terminating, the oxidation reaction but also indeed 
a matter of cooling massive bulks of poor heat conductors to a temperature level at 
which the combustion process will not start again once air is readmitted to the system. 

2.9 
LINEN FLAX DUST EXPLOSION IN HARBIN LINEN 
TEXTILE PLANT, PEOPLES REPUBLIC OF CHINA, 
IN MARCH 1987 

2.9.1 
GENERAL OUTLINE 

In the middle of the night (2:39 A.M.), on March 15, 1987, the spinning section of the 
large linen textile plant in Harbin, Peoples Republic of China, was afflicted with a cat-
astrophic dust explosion. The losses were substantial. Out of the 327 women and men 
working the night shift in the spinning sectionwhen the explosion occurred,58 lost their 
lives and 177 were injured; 13,000 m2 of factory area was demolished. 

This explosion accident has been discussed in detail by Xu Bowen (1988) and Zhu 
Hailin (1988). Xu Bowen et al. (1988) reconstructed a possible course of the explosion 
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development on the basis of a seismicrecording of the explosion by the State Station of 
Seismology, located only 17 km from the Harbin Linen Textile Plant. 

2.9.2 
EXPLOSION INITIATION AND DEVELOPMENT, SCENARIO 1 

Figure 2.24 illustrates the 13,000m2spinning section through which the explosion swept 
and the possible locations and sequence of the nine successive explosions that consti-
tuted the event according to Xu Bowen (1988) and Xu Bowen et al. (1988). These work-
ers based their reconstructionof the explosionon three independent elements of evidence. 
First, they identified the location of the various explosion sites throughout the damaged 
plant. Second, they ranked the relative strengths of the local explosions by studying the 
extent and nature of the damage. Third, they arranged the various local explosions in time 
by means of the relative strengths of the nine successive explosions, identified by decod-
ing the seismic recording of the event. 

Figure 2.25(A) shows a direct tracing of the amplitude-modulatedseismic signal actu-
ally recorded 17km from the explosion site. Figure 2.25(B) shows the sequenceof nine 
energy pulse impacts on the earth at the location of Harbin Linen Textile Plant, deduced 
from the signal in Figure 2.25(A). Figure 2.25(C) finally shows the theoretical predic-
tion of the seismic signal to be expected from the sequence of explosions in Figure 
2.25(B). The agreement between the (A) and (C) signals is striking, which supports the 
validity of the energy impact pulse train (B). 

- - _ _ _ _ _  J 

UNDERGROUND 

NOT DIRECTLY INVOLVED 

CENTRAL DUST 

LINEN FLAX STORES 
k- APPROX. 100 rn d 

Figure 2.24 The 12,000 m2spinning section of the Harbin Linen Textile Plant, Peoples Republic of 
China, that was afflicted with a catastrophic dust explosion on March 15, 1987. Numbered circles, 
ovals, and triangles indicate location and sequence of a postulated series of nine successive explo-
sions (From Xu Bowen et al., 1988). 
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Figure 2.25 Sequence of nine impact energy pulses from nine successive explosions in the Harbin 
Linen Textile Plant, Marbin, Peoples Republic of China, March 15, 1987, postulated on the basis o f a  
seismic record of the event (From Bowen et al., 1988). 
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Explosion 
number 

1 
2 
3 
4 
5 

6 
7 
a 
9 

Table 2.1 Sequence, relative strengths, and locations of nine successive dust explosions in the 
Harbin Linen Textile Plant, Harbin, Peoples Republic of China, March 15, 1987, postulated on the 
basis of damage analysis in the plant and a seismic recording of the explosion 

Selsmic 
Onset of energy 

explosion (s) (T erg) Location of explosion in plant 
0.0 50.7 Southern central dust collector 
0.6 5.4 Northern central dust collector 
1.2 2.5 Precarding machine 
1.6 7.6 Carding and prespinning shops 
3.0 6.8 Eastern dust collectors 
4.8 1.4 
6.0 3.9 Undergroundlinen flax stores 
7.3 2.2 
8.2 0.45 

Table 2.1 summarizes the findings of Xu Bowen et al. (1988) that led to the sugges-
tion of the explosion development indicated in Figure 2.24. According to this scenario, 
the explosion was initiated in one of the nine units in the central dust collector system. 
All nine units were connected by ducting. The ignition sources were not identified, but 
an electrostatic spark was considered a possibility, a local fire or glow another. The ini-
tial flame was transmittedimmediately to the next dust collectingunit and both units (1) 
exploded almost simultaneously, giving rise to the first major impact pulse in Figure 
2.25(B). The explosion then propagated through the other seven dust collecting units in 
the central collecting plant (2), and into the precarding area, where the blast wave pre-
ceding the flame generated an explosible dust cloud in the room, which was ignited by 
the flamejet from the dust collectors (3). The room explosion propagated further to the 
carding and prespinning shops (4), right up to the eastern dust collectors, where another 
distinct explosion (5 )  occurred. The final four explosion pulses were generated as the 
explosion propagated further into the underground linen flax stores, where it finally ter-
minated after having traveled a total distance of about 300 m. The chain of nine explo-
sions lasted for about 8 seconds. 

2.9.3 
EXPLOSION INITIATION AND DEVELOPMENT, SCENARIO 2 

This alternative scenario originates from the investigation of Zhu Hailin (1988), who 
found evidence of an initial smoldering dust fire caused by a live 40 W electricalportable 
light lamp lying in a flax dust layer of 6-8 cm thickness in a ventilation room. He also 
found evidence of flame propagation through the underground tunnels for the dust col-
lection ducting. On the basis of his analysis, Zhu suggested that the explosion was ini-
tiated in the eastern dust collectors (5  in Figure 2.24) from which it transmitted to nine 
units of the central dust collecting plant (1 and 2 in Figure 2.24) via the ducting in the 
underground tunnels. Severe room explosions were initiated when the ducting in the 



Case Histories 187 

tunnel ruptured, and the resulting blast dispersed large quantities of dust in the workrooms 
into explosible clouds that were subsequently ignited. From the eastern dust collectors, 
the explosion also propagated into the underground flax stores. It is not unlikely that even 
this scenario could be developed further in such a way as to agree with the evidence from 
the seismic recording. 

2.9.4 
ADDlTlONAL REMARKS 

The investigation of the Harbin disaster exposed the great difficulties in identifying the 
exact course of events of major explosions creating massive damage. In addition to 
causing pain and grief, loss of life also means loss of eyewitnesses. Besides, the imme-
diate need for fire-fighting and rescue operations changes the scene before the investi-
gators can make their observations. Also, the explosion itself often erases evidence, 
such as of the ignition source. This problem was shared by the experts who investigated 
the Harbin explosion, and it seems doubtful that the exact course of events will ever be 
fully resolved. 

However. the Harbin disaster unambiguously demonstrated the dramatic consequences 
of inadequate housekeeping in industrial plants where fine dust that can give dust explo-
sions, is generated. 

.I 0 
FIRES AND EXPLOSIONS IN COAL DUST PLANTS 

2.1 0.1 
METHANE EXPLOSION IN 17,000 m3COAL SILO AT ELKFORD, 
BRITISH COLUMBIA, CANADA, IN 1982 

As mentioned in Section 1.5, the handling and storage of coal can, in addition to the dust 
explosion hazard, present a gas explosion risk, due to release of methane from some types 
of coal. An account of such an explosion was given by Stokes (1986). 

The silo of height 48 m and diameter 21 m that exploded was used for storage and load-
out of cleaned, dried metallurgical coal. The capacity of the silo was 15,000 tomes. 

rior to the explosion, a methane detector had been installed in the roof of the silo. 
The detector activated a warning light in the silo control room when a methane con-
centration of 1% was detected, and an alarm light was activated when detecting 2% 
methane. A wet scrubber was located in the silo head house to remove dust from the dust-
laden air in the silo during silo loading. A natural ventilation methane stack was also 
located in the silo roof to vent any buildup of methane gas from the silo. 

The explosion occurred early in the morning on May 1, 1982, devastating the silo roof, 
head house, and conveyor handling system. Witnesses stated that a flash was noticed in 
the vicinity of the head house, followed seconds later by an explosion that displaced the 
silo top structures. This was followed by an orange-colored fireball that rolled down the 
silo walls and extinguished prior to reaching the base of the silo. Fortunately, neither injury 
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nor death resulted and damage to surrounding structures was minimal, although large 
blocks of concrete and reinforcing steel had been thrown several hundred meters from 
the silo. However, the plant itself suffered substantialdamage. 

The silo was full of coal 24 hours prior to the explosion. During the evening before 
the explosion, 10,000 tonnes of coal were discharged. At the same time, conveying of 
deep-seam coal into the silo commenced and continueduntil the explosion occurred.At 
the time of the explosion,approximately 12,300tonnes of coal were in the silo, of which 
7,600 tonnes were deep-seamcoal. Testing had shown that this quality of coal has a high 
methane emission rate and produces a low volatile coal dust. Clouds in air of this dust 
could not be ignited unless the air was mixed with methane. 

The ignition source was not identified, but the following three possible sources were 
considered: 

Spontaneouscombustion of the stored coal. 
An electrical or mechanical source. 
Hot coal from the thermal dryer. 

During 10 years of operation, with coal being stored in different environments for 
varying lengths of time, spontaneous combustion had never presented a problem and, 
consequently, was not considered a probable source of ignition. During demolition of 
the damaged silo, all electrical and mechanical components were recovered and 
inspected; they showed no evidence of being the ignition source. Stokes (1986)did not 
exclude the remaining possibility that hot coal from the thermal dryer was the source 
of ignition. 

2.10.2 
METHANEKOAL DUST EXPLOSION IN A COAL STORAGE SILO AT 
A CEMENT WORKS IN SAN BERNARDINO COUNTY, CALIFORNIA 

This incident was reported by Alameddin and Foster (1984).Afire followed by an explo-
sion occurred inside a coal silo of 900 tonnes capacity while the silo was nearly empty, 
and the remaining 85 tonnes of coal were being discharged. Prior to the explosion,a hot 
spot of 0.6 m x 1.0 m had been detected on the lower part of the silo wall by means of 
an infrared heat detector. The hot spot originatedfrom smolderingcombustionin the coal 
in the silo. This process liberated methane, carbon monoxide, and other combustible gases 
from the coal. The explosion probably resulted from ignition of a mixture of combustible 
gas and airborne coal dust in the space above the bulk coal by the smolderingfire or glow 
when it reached the surface of the coal deposit (see Figure 1.9 in Chapter 1). 

It was concluded that the supply of carbon dioxide from the top, which was used to 
suppress the fire and prevent explosion, was insufficient to prevent the development of 
an explosible atmosphere in the space above the bulk coal. 

To prevent similar accidents in the future, it was recommended that a carbon dioxide 
system be installed in both the top and bottom of the coal silo. Sufficient inerting gas 
should be added for development of a slight positive pressure inside the silo. The inert-
ing gas must be of sufficient quantity to ensure a nonexplosible atmosphere above the 
coal and sufficientpressure to prevent a sudden inrush of fresh air into the silo. 
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2.1 0.3 
GAS AND DUST EXPLOSION IN A PULVERIZED COAL 
PRODUCBION/COMBUSTIONPLANT IN A CEMENT FACTORY 
IN LbiGERDORF, FEDERAL REPUBLIC OF GERMANY, 
IN OCTOBER 1980 

According to Patzke (198l),who described this explosion accident,the explosion occurred 
while coal of about 30% volatiles was milled at a rate of 55 tonnes per hour. The startup 
of the cement burner plant followed a compulsory break of at least 20 minutes of the ani 
operation to allow all airborne dust to settle out. A few seconds after the main gas 

been opened, there was a violent explosion. The probable reason was a failure in the 
em for electric ignition of the gas. Within the period of 6 seconds before the gas valve 

was reclosed automatically, about 1m3 of gas had been discharged to the atmosphere of 
the hot combustion chamber and become mixed with the air to form an explosible gas 
cloud. The temperature of the walls of the chamber was sufficientlyhigh to ignite the gas, 
and a gas explosion resulted. The blast and Name jet from this comparatively mild initial 
explosion was vented into the milling system, where a large, turbulent dust cloud was gen-
erated and ignited, resulting in a violent secondary dust explosion. 

Various parts of the milling plant, some unvented and some vented, had been designed 
to withstand the pressure generated in an extensive dust explosion. Furthermore, a pas-
sive device for explosion isolation ofthe type shown in Figure 1.82 in Chapter 1had been 
installed upstream of an electrostatic dust filter. 

Apaxt from the deformation of some explosion vent doors, the dip tubes of two 
cyclones, and the coal feeder upstream of the mill, the plant had been able to withstand 
the explosion without damage. The passive explosion isolation device effectively 
tected the electrostatic filter from becoming involved in the system. 

2.1 0.4 
FURTHER EXPLOSION AND FIRE INCIDENTS INVOLVING COAL 

Andersson (1988) gave a step-by-step account of the process of extinction of a smoldering 
fire in a 50 m3coal dust silo in Arvika, Sweden, in August 1988. It was necessary to pay 
attention to the risk of explosion of combustible gases driven out of the coal by the heat 
from the fire. 

First, gaseous carbon dioxide was loaded into the silo at the top to build up a lid of 
inert atmosphere immediately above the coal deposit. Then, all the coal was discharged 
carefully through the exit at the silo bottom. In this particular case, supply of carbon diox-
ide at xhe silo bottom was considered superfluous. 

Wibbelhoff (1981)described a dust explosion in a coal dust burner plant of a cement 
works in the Federal Republic of Germany, in March 1981. Prior to the explosion, an 
electrical fault had caused failure of an air blower. The explosion occurredjust after restart 
of the repaired blower. During the period in which the blower was out of operation, dust 
had accumulated on the hot surfaces inside the furnace and ignited; and as soon as the 
blower was restarted, the glowing and burning dust deposits were dispersed into a dust 
cloud that exploded immediately. 
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Pf2ffle (1987)reported on a dust explosion in the silo storage system of a pulverized coal 
powder plant in Diisseldorf, Federal Republic of Germany, in July 1985. The explosion 
occurred early in the morning in a 72 m3coal dust silo. The silo ruptured and burning mate-
rial thrown into the surroundings initiated a major fire, which was extinguished by water. 
Fortunately, no persons were killed or injured in this primary accident. However, during 
the subsequent cleaning-up process, a worker was asked to free the damaged silo of ashes 
by hosing it down with water. It then appeared that a glowing fire had developed in the dust 
deposit covered by the ashes. The worker had been warned against applying the water jet 
directly to the smoldering fire, but for some reason he nevertheless did this. The result was 
an intense dust flame that afflicted him with serious third degree bums. The smoldering 
fire was subsequentlyextinguishedby covering its surface with mineral wool mats and sub-
sequently soaking the whole system with water containing surface-active agent. 

2.1 1 
DUST EXPLOSION IN A SILICON POWDER GRINDING 
PLANT AT BREMANGER, NORWAY, IN 1972 

In this serious explosion accident, five workers lost their lives and four were severely 
injured. The explosion, which occurred in the milling section of the plant, was exten-
sive, rupturing or buckling most of the process equipment and blowing out practically 
all the wall panels of the factory building. Figure 2.26 is a flowchart of the plant. 

VIBRATION 
REFINED SILICON POWDER 

(4mrn) FROM WET-CLASSIFIER 

4 SILOS 

PACKING 

Figure 2.26 The dry part ofthe plant for production ofrefined silicon products at Bremangel; Norway 
The grinding plant that was totally damaged in the explosion in 1972 is shown to the right in the chart. 
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Figure 2.27 Totally destroyed milling section of sil- 
icon powder production plant at Brernanger, 
Norway, after the dust explosion in October 7 972. 

Figure 2.28 
Brernanger, Norway, October 1972. 

Detailed view of the extensive material damage cause by the silicon dust explosion at 

Figure 2.27 shows the total damage of the entire grinding plant building, and Figure 2.28 
gives a detailed view of the extensive damage. 

Eyewitnesses reported that the flame was very bright, almost white. This is in accor- 
dance with the fact that the temperature of silicon dust flames, like flames of aluminum 
and magnesium dust, is very high due to the large amounts of heat released in the com- 
bustion process per mole of oxygen consumed (see Table 1.1 in Chapter 1). Because of 
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the high temperature, the thermal radiation from the flame is intense, which was a main 
reason for the very severe burns that the nine workers suffered. 

The investigation after the accident disclosed a small hole in a steel pipe for convey-
ing Si powder from a mechanical sieve to a silo below.An oxygedacetylene cutting torch 
with both valves open was found lying on the floor about 1m from the pipe with the hole. 

According to Kjerpeseth (personal communication from E. Kjerpeseth, Elkem-
Bremanger, Svelgen, Norway, 1990), there was strong evidence of the small hole having 
been made by the cutting torchjust at the time when the explosion occurred.At the moment 
of the explosion, part of the plant was closed down for various repair work. However, the 
dust extraction system was operating, and this may in part explain the rapid spread of the 
explosion throughout the entireplant. The interior of the perforatedpipe had probably not 
been cleaned prior to the perforation. In view of the high temperature and excessive ther-
mal power of the cutting torch, and not least that it supplied oxygen to the working zone, 
a layer of fine dust on the internalpipe wall may well have become dispersed and ignited 
as soon as the gas flamehad burned its way through the pipe wall. The blast from the result-
ing primary silicon dust explosion then raised dust deposits in other parts of the plant into 
suspension and allowed the explosion to propagate further until it eventually involved the 
entire silicon grinding building. The grinding plant was not rebuilt after the explosion. 

2.1 2 
TWO DEVASTATING ALUMINUM DUST EXPLOSIONS 

2.12.1 
MIXING SECTION OF PREMIX PLANT OF SLURRY EXPLOSIVE 
FACTORY AT GULLAUG, NORWAY, IN 1973 

The main source of information concerning the original investigation of the accident is 
Berg (personal communicationfrom E. Berg, Dyno Industries, Gullaug,Norway, 1989). 
The explosion occurred during the working hours, just before lunch, while 10 workers 
were in the same building. Five of these lost their lives, two were seriously injured, two 
suffered minor injuries, only one escapedunhurt.A substantialpart of the plant was totally 
demolished, as illustrated by Figure 2.29. 

The premix preparation plant building was completely destroyed. Debris was found 
up to 75 m from the explosion site. The explosion was followed by a violent fire in the 
powders left in the ruins of the plant and in an adjacent storehouse for raw materials. 

The explosion occurred when charging the 5.2 m3batch mixer, illustrated in Figure 
2.30. It appeared that about 200 kg of very fine aluminum flake, sulfur, and some other 
ingredientshad been charged at the moment of the explosion.The total charge of the for-
mulation in question was 1200 kg. 

The upper part of the closed vertical mixing vessel was cylindrical, and the lower part 
had the form of an inverted cone. The feed chute was at the bottom of the vessel. The 
mixing device in the vessel consisted of a vertical rubber-lined screw surrounded by a 
rubber-lined grounded steel tube. The powders to be mixed were transportedupward by 
the screw, and when emerging from the top outlet of the tube, they dropped to the sur-
face of the powder heap in the lower part of the vessel, where they were mixed with other 
powder elements and eventually retransported to the top. 
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Figure 2.29 Scene of total demolition after aluminum dust explosion in t .? premix plant ofa slurry explo- 
sive factory at Gullaug, Norway, in August 1973 (Courtesy of E. Berg, Dyno Industries, Cullaug, Norway). 
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Figure 2.30 
Norway, in 1973 (Courtesy of E. Berg, Dyno Industries, Cullaug, Norway). 

Cross section of the mixer for production of dry premix for slurry explosives at Cullaug, 
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The construction materials of the mixer had been selected to eliminate the formation 
of mechanical sparks. This was probably why both the screw and the internal wall of the 
surrounding grounded steel tube were lined with rubber. 

During operation, the 5.2 m3 vessel was flushed with nitrogen, the concentration of 
oxygen in the vessel being controlled by a direct reading oxygen analyzer. According to 
the foreman’s statement, the oxygen content at the moment of explosion was within the 
specified limit. 

After the explosion, the central screw part of the mixer, with the mixer top, was 
retrieved, as shown in Figure 2.31, about 12 m away from the location that the mixer 
had prior to the explosion. More detailed investigation of the part of the screw shielded 
by &e steel tube Eevealed, as shown in Figure2.32, that the screw wings had been 

Figure 2.31 Top of 5.2 m3 premix and 3.3 m long mixing screw with surrounding steel tube (see 
Figure 2.30), as found after the explosion 12 m away from location of the mixer prior to the explo- 
sion (Courtesy of E. Berg, Dyno Industries, Cullaug, Norway). 

Figure 2.32 Section of screw after splitting and removal of surrounding steel tube, showing bidi- 
rectional deformation of the screw wings from the explosion center. Part of rubber lining of steel tube 
removed from upper half of tube (Courtesy of E. Berg, Dyno Industries, Cullaug, Norway). 
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deformed bidirectionally, as if an explosion in the central part had expanded violently 
in both directions. This evidence was considered a strong indication of the explosion 
having been initiated inside the steel tube surrounding the screw. 

The blast and flame from this primary explosion, in turn, generated and ignited a 
larger dust cloud in the main space inside the mixer; and finally the main bulk of the 
powder in the mixer was thrown into suspension and ignited when the mixer ruptured, 
giving rise to a major explosion in the workrooms. 

Subsequent investigations at the Chr. Michelsen Institute, Bergen, Norway, revealed 
that clouds in air of the fine aluminum flake powder was both extremely sensitive to igni-
tion and exploded extremely violently. The minimum electric spark ignition energy was 
on the order of 1 mJ, and the maximum rate of pressure rise in the Hartmann bomb, 2600 
bark. Both values are extreme. The thickness of the aluminum flakes was about 0.1 pm, 
which corresponds to a specific surface area of about 7.5 m2/g (see Section 1.1.1.3 in 
Chapter 1). 

The investigation further disclosed that the design of the nitrogen inerting system of 
the mixer was inadequate. First, the nitrogen flow was insufficient to enable reduction 
of the average oxygen concentrationto the specified maximum level of 10 vol% within 
the time allocated. Second, even if the flow had been adequate, both the nitrogen inlet 
and the oxygen concentration probe were located in the upper part of the vessel, which 
rendered the measured oxygen concentration unreliable as an indicator of the general 
oxygen level in the mixer. It is highly probable that the oxygen concentration in the lower 
part of the mixer, and in particular in the space inside the tube surrounding the screw, 
was considerably higher than the measured value. This explains why a dust explosion 
could occur in spite of the use of a nitrogen inerting system. 

The final central concern of the investigators was identification of the probable igni-
tion source. In the reports from 1973, it was concluded that the primary explosion in 
the tube surrounding the screw was probably initiated by an electrostatic discharge. 
Mowever, this conclusion was not qualified in any detail. In more recent years, the 
knowledge about various kinds of electrostatic discharges has increased considerably 
(see Section 1.1.4.6).It now seems highly probable that the ignition source in the 1973 
Gullaug explosion was a propagatingbrush discharge,brought about by the high charge 
density that could be accumulated on the internal rubber lining of the steel tube sur-
rounding the screw, because of the grounded electrically conducting backing provided 
by the steel tube itself. The discharge could then have occurred through a hole in the 
lining (see Figure 1.14). 

2.12.2 
ATOMIZED ALUMINUM POWDER PRODUCTION PLANT 
AT AWGLESEY, UNITED KINGDOM, IN 1983 

This accident was discussed in detail by Lunn (1984), and the following brief summary 
is based on Lunn’s account. 

The explosionoccurredon a Saturdayevening in July 1983.Only three employeeswere 
working on the site at the time of the explosion. Two of these were injured whereas the 
third escaped unhurt. The plant was substantiallydamaged. Figure 2.33 shows the basic 
layout of the plant. 
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Figure 2.33 Layout of plant for atomized aluminum powder production, in Anglesey, United 
Kingdom, damaged by an extensive dust explosion in July 1983. Ignition probably occurred in the 
no. 1 stream collector system marked with * (From C. Lunn, 1984). 

Molten aluminum from the furnaces was broken into small droplets by ajet of air. The 
aluminum powder so formed was carried by a current of air along sections of horizon-
tal ducting at ground level before entering a riser that deliveredit to a two-stagecollecting 
system. There were two parallel collector streams, as shown in Figure 2.33. After the 
powder had been separated out in the collectors, the airpassed through a fan and out to 
the atmosphere via a vertical stack. The powder dropped through rotary valves into a 
“Euro-bin,” one for each stream. When full, the bins were transported along a covered 
walkway from beneath the collector to the screen room, where the aluminumpowder was 
separated into particle-size fractions. The fractions were bagged in the bagging room, 
and the bagged powder was taken through a short corridor to the storeroom. 

The explosion swept through almost the entire plant. Examples of the extensivedamage 
are given in Figures 2.34 and 2.35. Figure 2.34 shows the no. 2 stream collector plant 
and Figure 2.35 the screen room. 

According to Lunn (1984), neither the ignition source nor the location of the point of 
ignition was identified conclusively,but the fact that only no. 1 stream was in operation 
at the moment of the explosion would indicate that the explosion started there. The 
damage picture suggested that ignition could have occurred either before or within the 
first stage of the no. 1stream collectors.Air blasts from the initialexplosions then stirred 
up dust deposits in the walkways and screen room, allowing the flame to propagate into 
these areas. 

The combination of a turbulent aluminum dust cloud ejected at a relatively high pres-
sure from the no. 1stream collectorsand a large, energetic, and turbulent ignition source 
provided by the flames ejecting from the open vents generated ideal conditions for a dust 
explosion in the space between the no. 1 and no. 2 stream collectors capable of gener-
ating significant blast overpressure. In fact, the damage to the no. 2 stream collectors 
(Figure 2.34) suggested that overpressure had been exerted downward, collapsing the 
structure. However,the evidence also suggestedthat a relatively violent explosion inside 
the no. 2 stream collectors had taken place. Air movement from an external explosion 
and collapse of the structure could be sufficient to disperse dust inside the collectors. 
Ingress of flame from the external explosion into the collectors through tears in the 
bodywork caused by the collapse would provide multiple ignition sources. 

An external explosionoccurring somedistance from the ground between the two collectors 
would also explainthe damageto the cladding on the furnace room and the covered walkway 
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Figure 2.34 Damaged no. 2 stream collectors after a dust explosion in an aluminum powder pro- 
duction plant at Anglesley, United Kingdom, in 1983 (Courtesy of G. Lunn, Health and Safety 
Executive, United Kingdom). 

Figure 2.35 Damaged screen room after a dust explosion in an aluminum powder production plant 
at Anglesley, United Kingdom, in 1983 (Courtesy of C. Lunn, Health and Safety Executive, United 
Kingdom). 
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beneath the no. 2 stream collectors. The cladding on the furnace room had not been blown 
out by an internal explosion but must have been pulled away from its fastenings by suc-
tion. This could have been caused by air movement generatedby an explosion in the open 
air between the collectors. Similarly,cladding on the walkway was pulled away rather 
than blown out. 
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hapter 3 
Generation of  Explosible Dust Clouds 
by Reentrainment and Redispersion 
of Deposited Dust in Air 

3.1 
BACKGROUND 

The dust concentration range, within which flames can propagate through a cloud of com-
bustible dust in air, spans from the order of 50 g/m3to a few kg/m3.The bulk density of 
powders and dusts, when settled in a layer or a heap, range from a few hundred kg/m3 
and upward. Therefore, there is a gap of a factor of at least 100 between the maximum 
explosible dust concentration and the bulk density in the settled state. Consequently, for 
an explosible dust cloud to be formed, the dust must be suspended in the air to the 
extent that the concentration of dust per unit volume of cloud drops into the explosible 
range. 

In dust explosion research, the important role played by this resuspension process has 
often been overlooked or underestimated. It is realized that particle size plays a key role 
both with respect to the ignition sensitivity and the explosibilityof dust clouds. However, 
it has not always been realized that fine, cohesive powders cannot be dispersed in a gas 
as individual primary particles unless particle agglomerates are exposed to very high shear 
or tensile stresses. This means that the effective particle size in a dust cloud can be much 
larger than the size of the primary particles. 

It is interesting to note that Professor Weber, one of the pioneers of dust explosion 
research, stressed the importance of dust cohesion and dispersibility more than 100years 
ago. In his excellent paper on the ignitability and explosibility of flour, Weber (1878) 
emphasized that the “cohesion of the flour, which is caused by inter-particle adhesion, 
plays an important role with respect to the ability of the flour to disperse into explosible 
dust clouds.’’Weber suggested that two large dust explosion disasters, one in Szczecin 
(Stettin) and one in Munich, were due mainly to the high dispersibility of the flours. He 
also demonstrated, using simple but convincing laboratory experiments, that the dis-
persibility or dustability of a given flour increased with decreasing moisture content in 
the flour. 

In some special situations, such as in air jet mills, explosible dust clouds may be gen-
erated in situ; that is, the dust particles become suspended in the air as they are produced. 
However, in most cases, explosible dust clouds are generated by reentrainment and 
redispersion of powders and dusts produced at an earlier stage and allowed to accumu-
late as layers or heaps. Such accumulation may be either intentional, as collectionof pow-
ders and dusts in silos, hoppers, and bag filters, or unintentional, as deposition of dust 
on beams, external surfaces of process equipment, or walls and floors of work and stor-
age rooms. 
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Resuspension and redispersion of dust may either occur intentionally, such as by han-
dling and transport in various process equipment (powder mixers, bucket elevators, 
pneumatic transport, etc.), or unintentionally, by bursting of sacks and bags that contain 
powder, leaks of dust from process equipment, or sudden blasts of air generated by an 
explosion that started elsewhere in the plant. 

The characterizationof the “state” of a dust cloud is far more complicated than char-
acterizingthe “state” of a premixed quiescentgas mixture. For a quiescentgas, the ther-
modynamic state is completely defined by the chemical composition, the pressure, and 
the temperature. For a dust cloud, however, the state of equilibrium is complete separa-
tion, with all the particles settled out at the bottom of the system. 

In the context of dust explosions, the relevant state therefore always is dynamic. In 
various industrial environments as well as in experiments with dust clouds, gravity and 
other inertia forces act on the dust particles, giving rise to a complex dynamic picture. 
In the ideal static dust cloud, all the particles are located in fixed positions, either ordered 
or at random. The closest approximation to the ideal dust cloud that can be encountered 
in practice is probably a cloud in which the particles are settling in quiescent gas under 
the influence of gravity alone. 

3.2 
STRUCTURE OF THE PROBLEM 

Formation of explosible dust clouds from powder deposits implies that particles origi-
nally in contact in the powder deposit must be separated and distributed in the air to give 
concentrationswithin the explosible range. There are two aspects to consider. The first 
is the spectrum of forces originally acting on and between the particles in the deposit, 
resisting the separation of the particles. The second aspect is the forces and energy 
required for the separation process under various conditions. 

Eckhoff (1976) suggested that a global dispersibility parameter for a powder deposit 
may be defined by considering these two aspects. A given mass of powder at equilib-
rium with the ambient atmosphere contains a finite number of interparticlebonds, each 
of which requires a specificamount of work to be broken. The total minimum work W ~ n  
needed to break all these bonds in one unit mass of powder could, in principle, be calcu-
lated by integratingthe work required for breaking all the individualinterparticlebonds. 
The influence of gravity would depend on whether the particles have to be raised into 
suspension or whether dispersion is downward. One could then define a theoretical 
upper limit value of the dispersibilityfor that specific powder deposit by 

When defined in this way, the “dispersibility”has the dimension mass per unit of energy 
or work and is therefore a measure of the quantity of powder that can be completely dis-
persed by spending one unit of energy from external sources in the process. However, 



Generation of Explosible Dust Clouds 201 

no realistic dispersion process can be 100% efficient. This can be accounted for by 
incorporatingan efficiency factor, K: 

The particle size distribution of the powder has a great influence on W,, at a given 
powder bulk density. It also is well known that powders consistingof smallparticles are com-
pressible. The reason is that the various interparticle forces other than gravity are stronger 
than the gravity forces and therefore permit the formation of loosely packed particle 
arrangementsthat would have collapsedhad gravity been the only force in operation. This 
means that the number of interparticle bonds per unit mass of cohesive powder can be 
increasedby compacting the powder, that is, by increasingthe bulk density of the powder 
deposit. Therefore, W,, also increases with the degree of compaction. Moisture influ-
ences W,, by influencing the strength of certain types of interparticlebonds. 

The logical link between W,, and the nature and number density of the interparticle 
bonds in a powder has given rise to detailed studies of various types of interparticlebonds. 
Attempts have further been made at predicting aggregated powder/mechanical strength 
properties from microscopic interparticlestructure and forces. This kind of work is con-
cerned with the quantity D,,, (equation (3.1)). 

However. the efficiency factor 0 <K <  1in equation (3.2) allowsDredto have any value 
between 0 and D,,,, depending on the way in which the work W,,, is applied to the 
powder to be dispersed. This, in turn, depends on the geometrical arrangement of the 
powder and the form of the mechanical energy available for the dispersion process. If a 
comparatively coarse noncohesive powder is charged into a silo from a hopper at the silo 
top, for example, the potential energy of the powder, when transformed to kinetic energy 
in the gravity field, may be sufficient to generate a well-dispersed explosibledust cloud in 
the silo. The same applies if deposits of this powder falling from shelves and beams in 
a factory workroom. However, very energetic airflows may be required to raise deposits 
of such a powder on the factory floor into explosible suspensions. 

When consideringthe other end of the scale, cohesive powders composed of very small 
particles, interparticle forcesplay a major role and interparticle bonds may not be broken 
unless the particle agglomerates are exposed to large shear forces.This means that com-
plete dispersion into primary particles is possible only in high-velocity flow fields or if 
the particles are exposed to high-velocity impacts. 

Consequently, the understanding of how explosible dust clouds can be generated 
requires knowledgeboth of the nature of the powder (W,,) and of the actual dispersion 
process ( K ) .  The dispersionprocess, in turn, depends very much on the actual industrial 
situation, which is different in bucket elevators, pneumatic transport systems, fluidized 
beds, various kinds of mills, driers, mixers, cyclones, filters, and silos. Therefore, inti-
mate knowledge of the nature of the industrial environment is required. 

It has not been possible to trace any comprehensive theory of the generation of dust 
clouds leading from the properties of the powder deposit via the nature of the energy avail-
able for dispersionto the structureof the dust cloud. However, in view of the wide vari-
ation in possible boundary conditions in industrialpractice, one would not expect to find 
one single, unified theory covering all possible situations. On the contrary, each situa-
tion needs to be analyzed separately.Much work has been conducted on various limited 
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elements inherent in the total problem complex. Some of this is reviewed in the following 
sectionsin sufficient detail for the genuine nature of the various problems to become vis-
ible. This is considered important in a text on dust explosions because, in the past, dust 
explosionresearch was often conducted without paying appropriateattention to the cen-
tralrole played by powder mechanics and particle technology. Section 9.2.2 in Chapter 9 
reviews some further works on dust cloud generation processes. 

3.3 
ATTRACTION FORCES BETWEEN PARTICLES 
IN POWDER OR DUST DEPOSITS 

Two categories of interparticle forces exist, one that operates even in dry powders and 
one due to the presence of a viscous liquid. Useful summarieshave been given by Green 
and Lane (1964), Corn (1966), Rumpf (1974), Schubert (1979), and Enstad (1980). 

3.3.1 
VAN DER WAALS FORCES 

The van der Waals force F, between two spherical particles has been estimated theo-
retically by integrating London-van der Waals forces over all interacting pairs of mole-
cules. The resulting expression is 

where A is a constant, a the smallest distance between the sphere surfaces, and x1and x2 
the diameters of the two spheres. 

Van der Waals forces between particles are of significance as long as x< 100 nm. If 
x1>> x2,the force is determined by the size of only the smallest particle, and equation 
(3.3) reduces to 

A 
a 

F,=-x 2 2 (3.4) 

Most particles in real life are not smooth spheres but of irregular shape and surface 
topography. Schubert (1979) showed that F, between a plane surface and a point on an 
irregularparticle of diameterx,having a smallelevation of radius r that touches the plane 
surface. is 

(3.5) 

The distance, ao,is the smallest distance that can exist between two bodies in touch, and 
it is estimated at 0.4 nm. 
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3.3.2 
ELECTROSTATIC FORCES 

When considering electrostatic forces, one distinguishes between electrically conduct-
ing and nonconducting particles. In the case of conducting particles, electrostatic inter-
particulate attraction between touching particles may occur even if the particles did not 
initially carry any net excess charge, provided their electron work functions are differ-
ent. Electrons then are transferred from one particle to the other. Different electron work 
functions can occur in particle systems of apparently identical materials, due to differ-
ences in impurities, oxide layers, and the like. Provided the smallest distance a between 
the twso surfaces is shorter than 100 nm, that is, the particles are in electric contact, the 
electrostatic contact attraction force between the two conducting particles is 

Here eois the permittivity of vacuum and the dielectric constant of the gas surround-
ing the particles; U is the contact potential between the two particle surfaces. 

For electrically nonconducting particles, such as plastics, the electrostatic contact 
force is negligible. In this case, electrostatic attraction between particles is caused by 
excess charges on the particle surfaces, acquired triboelectrically during the preceding 
production and handling. The attraction force between two nonconducting particles 
having total excess opposite charges on the surfaces of q1 and q2equals 

(3.7) 

For a >> (xl +x2),equation (3.7) reduces to Coulomb’s equation for attraction between 
two opposite point charges. If a is much smaller than the diameter of the largest parti-
cle, Fe,nessentially is independent of a. 

Equations (3.3)-(3.7) are concerned with the attraction between two single particles 
under idealized conditions. It is clear, therefore, that these equations are of limited value 
for predicting interparticle attraction forces in real powders and dusts, where many par-
ticles interact and the particle shape and surface properties may be complex. In the case 
of electrostatic forces, realistic assessment of the particle charges q1 and q2is also diffi-
cult, even for idealized particle geometries. 

In industrial practice the relative humidity of the air has different values, and this 
influences the strength of the electrostatic attraction forces between particles in powders. 
This influence was investigated by Nguyen and Nieh (1989). They proposed a general 
mechanism of charge elimination in flowing powders in humid air by “hydrated ion 
clusters” (H,O),H+ and (H20),0H- and their polymers. 

Ross (1988), working with clouds of lycopodium in air, was able to significantly 
reduce electrostatic agglomeration of particles, as well as electrostatic adhesion to the 
wall of an experimental flame tube, when the air was ionized by means of an alpha emit-
ter mounted on the flame tube wall. 
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3.3.3 
INTERPARTICLE FORCES DUE TO LIQUIDS 

It is a common experience from practice in industry that dry dusts are usually easier to 
disperse than moist dusts (one exception can be heavily electrostatically charged dry plas- 
tic powders). Even small quantities of adsorbed moisture can, in some cases, increase 
the attraction forces between particles considerably. Adsorbed layers of up to 3 nm thick- 
ness can adhere firmly to the particle surface and make it more smooth. This can appre- 
ciably reduce the effective distance between two touching particles. Even for a spherical 
particle as small as 1 pm diameter, the volume of a 3 nm layer of liquid water consti- 
tutes only 2% of the particle volume. (The situation is different if the moisture is also 
absorbed by the interior of the particle rather than just on its surface.) 

The next stage is reached when the moisture content in the powder has become so 
high that excess water starts to form liquid bridges between particles, as illustrated in 
Figure 3.l(a). If the moisture content increases further, a transition range is reached that 
is characterized by some of the space between particles being completely filled with water 
(Figure 3.l(b)). Figure 3.l(c) illustrates the capillary range where the capillary under- 
pressure is the main source of the cohesion. If the water content is increased beyond this 
point, the system is transformed from a cohesive powder to a suspension of particles in 
a liquid (Figure 3.1(d)). 

To assess the strength of liquid bridges between particles in a powder (Figure 3.l(a)), 
Schubert (1973) used the approximate relationship derived by Rumpf (1970) for the ten- 
sile strength 0, of a bed of monosized spheres (see Section 3.4.1): 

1--E F(E) 
0 T = - - . -  

E x2 

Figure 3.1 Distribution of a liquid in a powder (From Schubert, 1973). 
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Figure 3,2 Liquid bridge between two identical spherical particles (From Schubert, 1973). 

Here E is the porosity of the bed, F(E)the mean interparticleforce (dependent on E ) ,  and 
x is the particle diameter. Equation (3.8) is derived from equation (3.10) via the rela-
tionship E x k( E )  = 3.1 = x,found experimentally for spherical particles. 

Schubert’s equation for the tensile strength of a powder due to interparticle liquid 
bridges is as follows: 

(r =-Y . 1 - E-OF,(€, S,  6, ;)U 
T X E (3.9) 

Here y is the surfacetension of the liquid. FF(e,S,  6, d x )  is the dimensionlessliquid-bridge 
interparticle attraction force, where S is the fraction of the total pore volume between 
the particles that is filled with liquid, and uand 6are as shown in Figure 3.2. Equation 
(3.9) cannot be solved analytically, but Schubert (1973) arrived at a graphical solution. 

The liquid bridge regime extends up to about S = 0.25 (Schubert’s experiments with 
70 pm limestone particles). This regime is the most relevant one with a view to trans-
formation of dust deposits into explosible dust clouds. For a powder of specific density 
of 1g/cm3packed to a porosity E of 0.4, S = 0.25 represents a moisture content of 14% 
(neglecting moisture absorbed by the interior of the particles). The transition regime in 
which the liquid partly forrns bridges between particles and partly fills the voids com-
pletely spans from S=0.25 to S=0.8. When the voids between the particles arejust filled 
with liquid, the tensile strength of the bulk powder is determined solely by the internal 
underpressurecaused by capillary forces. In practice, this is the case for 0.8 < S < 1.0. 

Figure 3.3 summarizessome of Schubert’s (1973) experimentaland theoreticalresults. 
He found that equation (3.9), using alx =0.05,yielded excellent agreementwith the exper-
iments in the liquid bridge regime, for which there is a strong increase of o,as S increases 
from 0 to 0.1. 

For particles of density 1g/cm3packed to a porosity of 0.4, S =0.1 correspondsto a mois-
ture content of 6.25%. It is therefore to be expected that the influence of the moisture con-
tent on the dispersibilityof the powder is particularly strong in the range of a few percent 
of moisture. However, this does not apply if a significant fraction of the moisture is 
absorbed by the interior of the particles rather than adhering to the particle surfaces. 

As S increases and moves into the capillary pressure region, the tensile strength of the 
powder bed increases further. As Figure 3.3 shows, the tensile strength of the powder 
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Figure 3.3 Tensile strength 0,of a powder bed as a function o f  the fractions of the voids between 
the particles that are filled with liquid. Experiments are with limestone of 70 pm particle diameter; 
E = 0.4 15; and -, -- - and --- are theoretical calculations using different assumptions (From 
Schubert, 1973). 

bed in the region just before complete saturation is three times the maximum tensile 
strength in the liquid bridge region. 

However, as pointed out by Enstad (1980), the tensile strength of the powder bed in the 
capillary underpressureregime can never exceed a pressure difference of 1atmosphere. In 
the liquidbridgeregime, there is no suchlimitation;and for smallparticle diameters<<70 pm, 
equation (3.9)can easily give tensile strengthscorrespondingto pressure differencesof sev-
eral atmospheres.In this range of particle sizes,the shape of the curve of or(S)differs from 
that in Figure 3.3 by having its maximum in the liquid bridge range of S < 0.25. 

Adding liquids to dusts is sometimes used intentionallyin industry for reducting dust 
dispersibility. One application of this method is addition of soy bean oil to grain to pre-
vent the generation of grain dust clouds in grain storage plants. See Section 1.4.10 in 
Chapter 1. 

3.4 
RELATIONSHIP BETWEEN INTERPARTICLEATTRACTION 
FORCES AND STRENGTH OF BULK POWDER 

3.4.1 
THEORIES 

The question arises whether it would be possible to deduce some measure of the inter-
particle forces in powder deposits from measurement of bulk powder properties such as 
shear strength and tensile strength. As already mentioned, Rumpf (1970) developed the 
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following equation for the relationship between the bulk strength CT of a powder bed of 
monosized particles and the mean interparticle force F( E),the coordinationnumber k(E )  

(averagenumber of neighboring particles with which a given particle is in contact), par-
ticle diameter x,and porosity of the powder bed E: 

l - E  E(€)
0-= - k ( € ) 7

7T X 
(3.10) 

Equation (3.10) shows that, for geometrically similarpowder beds, differing only in par-
ticle size x,and assuming that the mean attraction force per interparticle contact is inde-
pendent of particle size, the strength of the bulk powder is inversally proportional to x2; 
that is, the powder strength increases strongly as the particle size decreases. 

Rumpf (1970) was able to show that equation (3.10) is valid not only for spherical par-
ticles, but also for irregular ones provided certain statistical conditions concerning the 
arrangement of the particles in the bed and the particle shape are fulfilled.By extending 
his treatment to beds containing a variety of particle sizes, he arrived at the equation 

(3.11) 

Heref, is a particle shape factor and M30the “third moment” of the particle size distri-
bution (distribution of particle volume). 

For integration of equation (3.11), the coordination number k(x) as a function of par-
ticle size and the interparticle force F(x, n(x) )as a function of particle size and particle 
size distributionmust be known. The practical usefulness of equation (3.11) is therefore 
limited, but it establishes a formal logical link between the bulk strength of a powder 
and the mean microscopic interparticle attraction force. 

Molerus (1978) also studied the link between interparticle forces and bulk powder 
strength. He used the following empirical relationship between the adhesive force F 
between a limestoneparticle and a plane metal surface and the external force Nused ini-
tially for pressing the particle against the surface: 

F=F,+KN (3.12) 

F, is the attractionforce for particles that arejust touching the plate without having been 
pressed against it by an external force. On the basis of theoretical considerationsof the 
interparticle forces in a cohesive bulk powder, Molerus developed a relationship of the 
same form as equation (3.12), where F, and Kwere expressed in terms of the Hamaker 
constant, the plastic yield pressure of the particle material, a characteristic distance of 
adhesion (about 0.9 nm), and the size of the spot where the particles touch. An encour-
aging agreement with experiment was obtained for limestone. Molerus then developed 
a theoretical model for the connection between such interparticle forces and the cohe-
sive properties of the bulk material by assuming that 

1. Van der Waals forces and deformation of the contact areas where the particles touch 

2. The coordinationnumber k ( ~ )is a unique function of the porosity of the particle bed. 
each other are responsible for the interparticle adhesion. 
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3. Equation (3.10) is generally applicablefor relating the macroscopic tensile and shear 
strength of the bulk powder to the corresponding microscopic interparticle forces. 

4. Breakdown of interparticleadhesion occurs at a critical ratio between shear force and 
compressive force, defining the internal angle of friction of the powder bed. 

The theory predicts yield loci (see Section 3.4.2.1) for a bulk powder, with the corre-
sponding cohesion and tensile strength values as a function of the degree of compaction 
(or porosity E). Encouraging agreement between experiments and theoreticalprediction 
was found for a cohesive barite powder. 

3.4.2 
MEASUREMENT OF THE MECHANICAL STRENGTH 
OF COHESIVE BULK POWDERSAND DUSTS 

3.4.2.1 
Basic Concepts 

If a sample of dry sand is subjectedto a compressiveforce, the volume reduction, or reduc-
tion in the porosity E, is very small. Furthermore, as soon as the compressive force is 
released, the sand flows freely again. Such behavior is characteristicof noncohesivepow-
ders, in which interparticleforces of the nature discussed in Section 3.3 play little or no 
role compared with gravity. If, however, a sample of finer dust or powder, such as an 
organic pigment, is subjected to compression,the powder sample shrinks and the poros-
ity E is reduced. Removal of the compressive force does not cause the powder sample 
to return to its original state of loose packing, rather it maintains a lower porosity and 
sticks together as a lump. The larger the compressiveforce is, the lower the resulting E 
and the stronger the powder sample becomes. 

The science of powder mechanics, which deals with these relationships in a system-
atic way, was established by the pioneering work of Jenike (1964). Jenike used 
Sokolovski’s (1960) theory of the statics of soils as his starting point. Schwedes (1976) 
produced a concise summary of the basic concepts in Jenike’s theory. The powder 
mechanical state of one specific cohesive powder sample of a given porosity E is char-
acterized by the so-called yield locus, as illustrated in Figure 3.4. The yield locus is an 
envelope curve for all the Mohr circles describing stress combinations causing yield 

I 
OVERCONSOLIDATED I UNDERCONSOLIDATED 

I 
-1-

GT Gi Figure 3.4 Yield locus and effective yield locus of a 
given powder at a givenporosity E (From Schwedes,Nc;=-----t

rn N R 1976). 
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referred to a specific powder sample for which olis the maximum principal consolida-
tion stress during preparation of the sample.The porosity (and bulk density) of the spe-
cific powder in question is a unique function of 0,. S is the tensile force, N the normal 
force, and A is the area of the powder specimen in the shearing plane. The quantityfc is 
the maximum principal stress at failure when the powder sample is in a situation where 
the minor principal stress is 0. Here, o,is the tensile strength of the powder sample and 
c is the cohesion, defined as the shear strength of the powder sample at zero normal load. 

For a given type of cohesive powder, there exists a continuousrange of yield loci, each 
locus characterized by a given porosity ~(o,) .Further,f,, the cohesion c, and the tensile 
strength o,increase systematically with decreasing E or increasing 0,. The straight line 
z= oArx tan qeis called the efective yieZd locus. The angle qeis a measure of the inter-
nal friction in the powder during steady flow (plastic deformation). 

For a noncohesive, free-flowing powder, the yield locus and the effective yield locus 
coincide and pass through the origin, and both 0,and c are 0. 

3.4.2.2 
Shear Cells 

Yield loci as illustrated in Figure 3.4 are determinedby means of shear cells.A cross sec-
tion of the well-known Jenike cell is shown in Figure 3.5. 

Figure 3.5 Vertical cross section of the Jenike 
shear cell for measuring the mechanical strength 
of powders. All dimensions are in mm (From 
Schwedes, 1976). 

This cylindrical cell of 95 mm diameter is split, and the upper ring can be pushed hor-
izontally in relation to the lower, fixed part. The test procedure for obtaining a point on 
a yield locus (Figure 3.4) consists of two steps. First, the powder is consolidated during 
plastic flow to a given porosity E under the action of a major principal stress 0,. In the 
second step, the sample is shear strained at a constant strain rate, while being com-
pressed by a constant normal stress o,=N/A, where N is the normal force and A is the 
cross section of the cell (71 cm2).The shear force S,  which is recorded continuously 
during the process, increases with the strain to a maximum value, at which the powder 
sample fails and S drops suddenly. This maximum value of S defines the z= S/A value 
that, together with the corresponding o,=N/A, gives a point on the yield locus. By shear-
ing identical powder samples (the same ~(q)),at different o,, the entire yield locus is 
determined. 

In the context of dust dispersibility, the mechanical “strength” of a given powder, 
consolidated to a given porosity E by a major principal stress o,,can be characterized 
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byf,(E), c(E), or or(€) (Figure 3.4). The Jenike shear cell gives a measure off,(€). The 
value of C(E)can be estimated only by extrapolating Jenike cell failure loci to 0, = 0, 
which may be uncertain, whereas or(E)cannot be determined by the Jenike shear cell. 
A detailed standardized procedure for conducting the Jenike shear cell tests has been 
worked out via international cooperation (EFCE Working Party on the Mechanics of 
Particulate Solids, 1989). 

The validity off,(€) from the Jenike shear cell in absolute terms has been questioned. 
Arthur, Dunstan, and Enstad (1985) developed a biaxial test apparatusthat enables more-
direct measurement off,(€), right down to very low consolidation stresses, wheref,= 0,. 

3.4.2.3 
Tensile Strength Testers 

Figure 3.6 illustrates the traditional split-plate tilting-table tensile strength tester. 
Schubert and Wibowo (1970) also used a more sophisticated cell by which the capil-
lary underpressure, during the tensile strain of powder saturated with liquid, could be 
measured. 

Figure 3.6 Split-plate tilting-table tensile strength tester for powders: (a) base plate, (b) movable 
plate, (c)powder or dust sample, (d) rupture plate (From Schubert and Wibowo, 1970). 

By slowly increasingthe tilting angle a shown in Figure 3.6, a point is reached where 
the powder sampleruptures. When the mass of the system that travels down the inclined 
plane after the rupture is known, the tensile force is also known, assuming that frictional 
losses can be neglected. This is a reasonable assumption when the cell is supported by 
steel balls as indicated in Figure 3.6. 

The ratio of the estimated tensile force at the point of rupture and the cross-sectional 
area of the powder samplein the plane of rupture have traditionallybeen taken as a meas-
ure of the tensile strength of the powder. However, Schubertand Wibowo (1970) inves-
tigated the influence of the depth of the powder bed on the measured tensile strength. 
Although the maximum tensile force just before the rupture increased somewhat with 
the bed thickness, the ratio of the two decreased as the thickness increased. This is 
because it is impossible to apply the tensile force evenly over the entire rupture plane. 
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Instead, the tensile stress in the powder is concentratedin the region close to the bottom 
of the cell, where the movable and stagnant bottom plates separate.When rupture occurs, 
it propagates from the bottom, upward in the powder bed. Therefore, tensile strength 
values of powders determined fromjust one bed thickness are bound to be arbitrary num-
bers, although relative comparison of different powders may be possible. Schubert and 
Wibowo (1970) suggested that this problem can be overcome by determining the nom-
inal tensile strength (tensile forcejust before the rupture divided by the rupture area) for 
various powder bed thicknesses, extrapolating to zero thickness.A typical set of results 
are given in Figure 3.7. 
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Figure 3.7 
of a fine limestone powder of mean particle diameter 3 pm (From Schubert and Wibowo, 1970). 

Influence of powder bed thickness and powder porosity E on nominal tensile strength 

The question is now whether the tensile strength 0, for a powder, determined by 
Schubert and Wibowo's extrapolation method, fits together with the yield loci from 
shear cell measurements,ips would be expected from Figure 3.4. Eckhoff,Leversen, and 
Schubert (1978) investigated this using a fine Sic  powder. The results from the tensile 
strength measurements are shown in Figure 3.8, and Figure 3.9 shows that the q-values 
from extrapolation for the various major principal stresses 0, (Le., various porosities E )  

could be joined to the yield loci by approximatelystraight lines, assuming isostatic con-
ditions in the tensile tests. However, if uniaxial conditions are assumed, the deviations 
between the extrapolatedyield loci and the experimental shear cell data in the low stress 
regime become pronounced. 

The results indicate that the Jenike shear cell underestimatesthe shear strength at low 
normal stresses.When performingthe necessary extrapolationof yield loci data for esti-
matingf, and c by the Jenike cell, results for 0, < 0.3 0, should definitely be discarded. 
Even 0,data in the range 0.3 0, < 0, < 0.5 0, should be treated with caution. 
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Figure 3.8 Nominal tensile strength of a fine Sic powder as a function of the powder bed thick-
ness and bulk density (or porosity E )  (From Eckhoff et al., 1978). 
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Figure 3.9 
et al., 1978). 

Combination of shear test data assuming isostaticconditions in tensiletests (Fromfckhoff 

This emphasizes the need for improved methods for measuring basic properties of pow-

An interesting experimentalstudy of the correlationbetween the tensile strength of a 
ders, as proposed by Arthur et al. (1985). 

bulk powder and its dispersibilityin a gas was performed by Yamamoto (1990). 
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3.5 
DYNAMICS OF PARTICLES SUSPENDED IN A GAS 

3.5.1 
TERMINAL SETTLING VELOCITY OF A PARTICLE 
IN THE GRAVITATIONAL FIELD 

Terminal settling velocities of particles in air have been determined experimentally in 
numerous investigations.An early exampleis the work of Zeleny and McKeehan (1910), 
who conducted careful measurements of the terminal velocities of spherical drops and 
particles of paraffin, black wax, and mercury in air at atmospheric pressure and room 
temperature.The measurementswere in excellent agreementwith Stokes’theory for the 
laminar flow regime. 

Some pollens and spores were also included in this investigation,but for these parti-
cles, the experimental terminal settling velocities were generally somewhat lower than 
the theoretical Stokes’velocity. This also applied to lycopodium,the spore of club moss, 
which has been widely used all over the world in dust explosion research (Eckhoff, 
1970).Lycopodium particles are close to monosized, with an arithmetic mean diameter 
of about 30 pm. The particle density is about 1.18g/cm3.According to Figure 3.10, this 
corresponds to a Stokes’terminal velocity of 0.035 m / s ,  whereas the experimentalvalue 
was only 0.017 d s .  The difference by a factor of 2 was attributed to the formation of 
eddies in the wake of the spore and rotational settling, due to assymetric particle shape 
and a very rough surfacetexture (see Figures 3.11 and 3.12). If, on the other hand. a lower 
particle density based on the hydrodynamic envelope volume is used, agreement with 
Stokes’law might be found. Geldart (1986) gives a simple method for measurement of 
appropriate particle densities of porous particles. 

Figure 3.10 gives the terminal settling velocity in air in the gravitational field for 
smooth spherical particles of various diameters and densities. The straight parts of the 
lines in Figure 3.10 essentially represent the Stokes’law regime for the terminal settling 
velocity, vt,of smooth spherical solid particles in a quiescent gas: 

As smooth, spherical particles get smaller than a few pm diameter, they attain some-
what higher terminal settling velocities than predicted by Stokes’law (Cunningham slip 
correction). For comparatively large particles, the viscous drag becomes greater than 
assumed in Stokes’law and the terminal settlingvelocities are lower thanpredicted. This 
is the reason for the curving of the lines in Figure 3.10 in the range of large particles. 

The settling velocities indicated in Figure 3.10 apply even to particles in a dust cloud, 
provided the particle concentrationis not too high and particle agglomerationcan be ne-
glected. For solids volume fractions below 0.001, the hindered settlingeffect causes less 
than 1%reduction of the settlingvelocities given in Figure 3.10 (Perry and Chilton, 1973). 
For a dust of particle density 1 g/cm3,a volume fraction of 0.001 corresponds to a dust 
concentration of 1 kg/m3, which would be in the upper part of the explosible range. 
Therefore, Figure 3.10 is also adequate for a rough evaluation of the gravitational set-
tling velocities of particles in explosible dust clouds. 
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Figure 3.1 1 Optical micrograph of a metal shad- 
owed sample of lycopodium. The shadowing angle 
is 20". 
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Figure 3.1 2 Scanning electron micrograph single 
lycopodium particle showing the rough surface 
topography. 

3.5.2 
DRAG ON A PARTICLE I N  GENERAL 

Figure 3.10 covers the terminal settling velocities of the particle sizes of primary inter- 
est in relation to dust explosion problems, and as shown, Stokes' laminar theory applies 
over most of the range. However, in many situations in industry and particularly during 
dust explosions, general inertia forces may dominate the gravity force, and other flow 
regimes may be of primary interest. The Reynolds number of the particle is an impor- 
tant indicator of the flow regime. The Reynolds number for a particle of diameter x trav- 
eling in a gas is defined as 

(3.14) 

where pp is the density of the gas, vIe1 is the relative velocity between the particle and 
the gas, and p is the viscosity of the gas. The drag coefficient C4 is another important 
parameter. It is the ratio between the drag force acting on the pmc le  and the product of 
the cross-sectional area of the particle and the dynamic pressure acting on that area. For 
laminar flow conditions (Stokes' range), 

24 c =- 
Re 

(3.15) 

The change of the drag coefficient C, as Reynolds number increases is shown in Figure 3.13 
for three different particle shapes. 

According to Haider and Levenspiel (1989) one can find more than 30 equations in 
the literature that relate the drag coefficient C, to the Reynolds number for spherical par- 
ticles falling at their terminal velocities. They also give more recent experimental data 
confirming that Figure 3.13 is adequate for isometric particles of sphericities Q, of 
0.7-1.0, where @ is defined as the ratio of the surface area of a sphere having the same 
volume as the particle to the actual surface area of the particle. For disks of lower Q, 
values, in the range 0.2-0.02, the C, at a given Re are higher, by a factor on the order 
of 10, than that shown by the curve in Figure 3.13. 
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0.25<Re<103 

Figure 3.13 
numbers (From Perry and Chilton, 1973). 

Drag coefficient C, for particles of various shapes, moving in a fluid at various Reynolds 

Significant deviation from perfect streamline flow around the 
particle and eddy formation in its wake starts at about Re = 25. 
The regime of eddy formation is fully developed at Re = lo3. 
Navier-Stokesequations are applicable up to Re = 100. 

Haider and Levenspiel also presented a series of graphs,corresponding to Figure 3.10, 

The general expression for the terminal gravitational settling velocity of a particle in 
for the terminal settling velocities of nonspherical particles of various sphericities a. 
a gas is 

l o 3 <  Re<  Re, 
( R e c = 3 .lo5)  

(3.16) 

The size of the eddy liberation zone in the wake of the particle 
remains approximately constant, and C, is also approximately 
constant and equal to 0.4-0.5. 

where V, is the particle volume, A is the projected particle area in a plane perpendicu-
lar to the gas flow direction, and ppis the particle density. 

Rumpf’s (1975) discussion of the various regimes of Re for smooth spherical parti-
cles is summarized in Table 3.1, 

Table 3.1 
pressible viscous medium 

Ranges of drag forces on smooth spherical particles moving in a quiescent, noncom-

Re = Re, 

I G O 0 2 5  ~ I Range of Stokes’drag (i.e.2, equals 24/Re). 

At this point, the laminar boundary layer around the upstream part 
of the particle breaks down, the boundary region becomes fully 
turbulent, and C, suddenly drops to the order of 0.1. 

Re > Re, In this supercritical range, C,again starts to increase with the Re. 
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Relative velocity, v,, , between particle and air h / S l  

Figure 3.34 
20°C and atmospheric pressure, at velocity vel. 

The Reynolds number for a spherical particle of a diameter x moving relative to air of 

In the context of a dust particle in a gas, Re = lo5is an extremely high number. As an 
example, a 100 pm diameter particle in air at atmosphericpressure and room tempera-
ture has a relative velocity with respect to the gas of 17 W s ,  which is far beyond even 
detonation front velocities. 

Considerations based on assuming noncompressible conditions hold only at low Mach 
numbers (the Mach number is defined as the ratio between the relative velocity between 
the particle and the gas and the speed of sound in the gas). Figure 3.14 shows the vari-
ation of Re for the particle with the relative velocity for particles of various diameters, 
traveling in air at atmospheric pressure and 20°C. For transformations to higher gas 
temperatures,Sutherland's formula for the influence of temperature (absolute) on the vis-
cosity of gases is useful (Forsythe, 1959): 

(3.17) 

For ais, p, (the viscosity at 0OC) is 1.7 x kg/sm, whereas the temperature constant 
C equals 118 K. 

According to Rumpf (1975), the assumption of noncompressible conditions holds 
with reasonable accuracy up to Mach number 0.6, provided Re > 100. For smaller Re, 
the situation at such large Mach numbers becomes very complicated, because the gas 
can no longer be regarded as a continuum. 

Figure 3.14 shows that, at qel=200 m / s  (i.e., a Mach number of 0.6),Re is 13for a 1,urn 
particle, 130 for a 10pm particle, and 1300 for a 100pm particle. Therefore, the condi-
tion of Mach number < 0.6 and Re > 100 means that the particles must be larger than 
about 8 prn. 
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Figure 3.15 Particles in sample of  dust fr 
Australian wheat grain. Elongated fibrous partic 
(hairs) are typical of  wheat grain dusts. 

om 
des 

If the particle shape differs appreciably from sphericity, as illustrated in Figure 3.15, 
Stokes’ law for the terminal velocity of a sphere cannot be applied unless some equiva- 
lent particle diameter is used, as indicated in Figure 3.13. This is often done by regard- 
ing an Gbitrary particle as having a nominal “Stokes”’ diameter equal to that of a sphere 
of the same density, which has the same terminal velocity as the arbitrary particle. 

According to Herdan (1960), calculations have been made of the drag on ellipsoids 
and infinitely long cylinders, flat blades, and infinitely thin disks. The theoretical drag 
depends on the particle orientation with respect to the direction of motion. Therefore, 
the viscous drag for a disk moving edge on is equal to that on a sphere with a diameter 
16/9n times that of the disk, compared with 24/9z times that when the disk is moving 
broadside. As a rough approximation, it has been suggested that the viscous drag on a 
particle of any shape, taking an averaged orientation, is equivalent to the drag on a 
sphere having the same surface area as the particle. Rumpf (1975) also discussed the influ- 
ence of the particle shape on the drag acting on the particle. 

The particle density may not be known in some cases, as discussed by Rudinger (1980). 
One may then define an “aerodynamic” or “kinetic” diameter as the diameter of a spheri- 
cal particle of density 1 g/cm3 that has the same terminal settling velocity as the particle. 

3.5.3 
MOVEMENT OF A PARTICLE IN AN ARBITRARY FLOW 

In an arbitrary, nonsteady flow, the influence of gravity can be neglected whenever the 
drag force exerted on the particle by the motion of the gas is considerably greater than 
the weight of the particle. As an illustration, Rudinger (1980) discussed the case where 
a particle is introduced into a gas flow of velocity 

v(t) = v,+ bt (3.18) 

at time t = 0. The initial velocity of the particle is 0. The constant b can be either posi- 
tive or negative. Then, the velocity v,(t) of the particle at time t equals 

v,(t) = v( t ) -bzV+vo(bzV/~,- l )exp(- t /zv)  (3.19) 
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z,,called the velocity relaxation time of the motion, is a characteristic time constant for 
the particle to reach its terminal velocity. 

Rudinger differentiated among three cases of equation (3.19). In the first case, the flow 
is stationary (i.e., b is O), and vJt) approaches vo asymptotically. If b has a finite, posi-
tive value, v,(t) approaches v(t)- bz, asymptotically. For a negative b, v,(t) catches up 
with and starts to exceed v(t)at the time 

t = z,In (I -vo /bzl,) (3.20) 

after which it approaches v(t)- bz, asymptotically. The three different cases are illus-
trated in Figure 3.16. 

Figure 3.1 6 
Rudinger, 7980). 

Velocity v,,(t) of a particle introduced in a gas flow of velocity v, + b, at t = 0 (From 

In a turbulent dust cloud, b varies with time and space. The flow changes continuously 
both in direction and magnitude, the particles move in all directions, and never attain the 
same velocity as the gas element in which it is at any instant. The fact that real particles 
not only are in translatory motion but also rotate adds to the complexity of the problem. 
The irregular movement of particles causes the local dust concentration to vary irregu-
larly with time. 

A number of experimental and theoretical studies have been published on various 
aspects of the interaction of dust particles and gas in turbulent flows. Some of these are 
discussed in Section 3.8. 

3.5.4 
SPEED OF SOUND IN A DUST CLOUD 

The speed of sound plays an important role in all compressible flow phenomena, includ-
ing dust explosions. Rudinger (1980) distinguished between two extreme cases. In the 
first case, the particles are considered in equilibrium with the gas at all times; that is, the 
particles follow the gas movement exactly and have the same temperature as the gas. 
Provided the volume fraction of the particles in the cloud is small, as it is in an explosi-
ble dust cloud, the equilibrium speed of sound, a,, is given by the expression 

(3.21) 
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where a is the sound speed in the particle free gas, @ is the mass fraction of particles in 
the dust cloud, 6is the ratio between the specificheat of the particle material and the spe-
cific heat at a constant pressure of the gas, and y is the specific heat ratio CJC, for the 
gas. Values for the specificheat of various solids as a function of temperature, partly based 
on interpolation, are given in Table 3.2. 

Table 3.2 Specific heats of various solids (kJ/”C x kg) 

Source: Hodgman, Handbook of Chemistry and Physics, 1963. 

For air at atmosphericpressure and room temperature, the specificheat at constantpres-
sure is 1.O U/”C kg. Most of the values in Table 3.2 are within a factor of 2, upward and 
downward, of the air value. A variation spectrum of 6 of 0.5-2 has only modest influ-
ence on a,. For a dust cloud of q =0.5, which is in the rich or centralpart of the explosi-
ble dust concentrationrange, 6=0.5 gives a, = 0.66a, whereas 6= 2.0 gives a, = 0.63a. 
For a cloud of q = 0.1 (i.e., in the lean concentration range), 6= 0.5 gives a, = 0.88a, 
whereas 6 = 2.0 gives a, = 0.84a. These examples also show that the “equilibrium” 
sound speed in explosibledust clouds may be lower than in the dust free gas, by a factor 
of down to 0.5-0.6. 

The other extreme value of the sound speed in a dust cloud considered by Rudinger 
(1980) is the so-called frozen-flow speed of sound. In this case, it is assumed that the 
changes of the gas flow are so fast that the particles cannot respond and remain fixed in 
space. The “frozen” sound speed is somewhat higher than the sound speed, a, in dust-
free gas. However, if the particle volume fraction is negligible, as in an explosible dust 
cloud, the frozen sound speed becomes practically identical to the sound speed in the 
particle-free gas. 

In practice, the sound speed in a dust cloud has a value somewhere between the equi-
librium and frozen values, depending on the frequency of the sound wave, which in the 
context of dust explosions is determined by the characteristic dimension of the enclo-
sure in which the explosion takes place. 
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3.5.5 
PROPAGATION OF LARGE-AMPLITUDE PRESSURE WAVES 
IN DUST CLOUDS 

Rudinger (198O), also discussed the propagation of shock waves and large-amplitude 
waves of arbitrary form in dust clouds. Shock waves are of primary importance in the 
propagation of dust cloud detonations but are also generated in fast, high-turbulencedust 
cloud deflagrations.Because the volume fraction of the particles in an explosibledust cloud 
at atmospheric pressure is very small, it can be neglected in the theoretical treatment. 

The speed of a shock wave is at least on the order of the speed of sound. This means 
that, even for a particle of only 0.1 pm diameter,the velocity and thermal relaxation times 
z, and z, are about lo3times longer than the period during which a shock passes the par-
ticle. Therefore, the dynamic and thermal conditions of particles are the same immedi-
ately after the shock front has passed as just before it passes, and particle movement can 
be omitted from the equations describing conservation of mass momentum and energy 
of the gas across the shock front itself. 

However, immediately after a shock has passed, the dust cloud is in a state of non-
equilibrium and the particles start to move in relation to the gas. The distancebehind the 
shock required to reach velocity equilibrium between particles and gas is on the order 
of 0.5 in (0.3 m for 10pm glass spheresin air at a particle mass fraction q= 0.17 accord-
ing to Rudinger, 1980). Temperature equilibrium is established at a similar distance 
behind the shock. However, these estimates are somewhatuncertain because they depend 
on a number of assumptions. 

The theoretical analysisor arbitrarynonsteady, large-amplitudepressure waves through 
dust clouds is even more complicated than the shock wave analysis. As pointed out by 
Rudinger (1980), it is necessary to solve a complete set of partial differentialequations, 
using the method of characteristics.An analysis of this kind was undertaken by Rudinger 
and Chang (1964). 

3.6 
DISLODGEMENT OF DUST PARTICLES FROMA DUST OR 
POWDER DEPOSIT BY INTERACTIONWITH AN AIRFLOW 

3.6.1 
AIRFLOW PARALLELTO A MONOLAYER OF PARTICLES 
ON A PLANE, SMOOTH SURFACE 

A simple configuration for investigating particle dislodgement is a monolayer of parti-
cles adhering to a plane of smooth surface. This well-defined geometry enables system-
atic comparisonbetween the drag force exerted on the particle by the gas and the adhesion 
force between the particle and the substrate. Corn and Stein (1965) carried out particle 
monolayer dislodgementstudies in a small laboratory-scalewind tunnel of cross section 
only 1 mm x 25 mm. In such systems, the gas velocity profile is well defined and hence 
also the gas velocitypast the particles, and the drag forces acting on them can be estimated 
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fairly accurately.Figure 3.17 shows the velocity profile calculatedby Corn and Stein (1965) 
for the airflow in their tiny 1nxn x 25 mm wind tunnel. The thickness of the laminar sub-
layer close to the substratewas calculatedto be 40 pm, but in reality the transition between 
the laminar sublayer and the buffer layer is not sharp. Figure 3.18 shows some results from 
Corn and Stein’sreentrainment experimentsin one of their small high-velocity wind tun-
nels. Initially, 430 glass spheres were placed on the wall of the test chamber and exposed 
to airstreams with successively increasing mean velocities; the number and size distri-
butions of the remaining particles after each run were determined by microscopy. 

A i r  v e l o c i t y ,  u (  cm / sec I 

Figure 3.1 7 Examples of calculated air velocity profile in the boundary layer near the wall in a shal-
low wind tunnel of l mm x 25 mm cross section (From Corn and Stein, 1965). 

As can be seen, the size distribution on a number basis was systematically shifted 
toward smaller particles with increasing air velocity, showing that in a given airstream 
and with particle diameters on the order of 1 to 10 pm, a small particle is more difficult 
to reentrain than a larger one. Comparison was also made between the force needed to 
separate a particle from a substrate by centrifugation and the calculated drag force 
required for separation in an airstream, and fair agreement,mostly within one order of 
magnitude, was found between theory and experiment. 

Singer, Greninger and Grumer (1967)carried out experimentsin a wind tunnel of some-
what larger cross section. Figure 3.19 shows the same effect as exhibited by Figure 3.18. 

As the average air velocity in the wind tunnel is increased, the particle size for which 
75% entrainment is obtained, is shifted systematically toward smaller particles for all 
the three types of particles. Singer et al. (1 967) compared their results with those of Corn 
and Stein (1965) and concluded that the two studies agreed within a factor of 5. 

Figures 3.18 and 3.19 illustrate that, in the cohesive size range, smallparticles are more 
difficult to dislodge and entrain in an airflow than larger ones. This has important impli-
cations for the understanding of dispersion of cohesivepowders and dusts in air in prac-
tical industrial situations. 
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Figure 3.1 8 
in a 2 mm x 6.4 mm wind tunnel (From Corn and Stein, 196.5). 

Dislodgement of fly ash particles adhering to a glass substrate in high-velocity airflows 

100 -
80 --

( n -

\ 
E 6 0  -

c -u 

; 4 0  
-

> 
w -
a 
B
P 

20 -

ITTSBURGH SEAM 
OAL ON GLASS 

Figure 3.19 Average air velocity for 75% dislodgement of different sizes of rock and coal particles 
from a smooth glass surface in a 51 mm x 76 mm wind tunnel (From Singer et al., 1967). 
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3.6.2 
AIRFLOW PARALLELTO THE SURFACE OF A POWDER 
OR DUST DEPOSIT 

Several investigations have also been carried out on the entrainment of particles from 
powder beds by a gas flowing past the bed. Under steady conditions of turbulent gas flow 
parallel with the surface of a powder bed of uniform roughness, the Prandtl-Karmanrela-
tion for rough boundaries applies (Bagnold, 1960): 

(3.22) 

Here v is the mean gas velocity parallel with the powder surface, measured at a distance 
z from the surface,x is the characteristic surfaceroughness dimension (characteristicpar-
ticle size), zois the shear stress at the interface between gas flow and powder surface, 
and p is the density of the gas. The term ( ~ ~ / p ) l / ~= v+ called the drag velocity, has the 
dimensions of a velocity. It characterizes a specific gas flow. 

Bagnold (1960) suggested a two-stage mechanism for the reentrainment process. In 
the first stage, the horizontal gas flow fluidizes a relatively thin layer of the powder sur-
face, whereby the interparticlebonds are broken. In the second stage, the detached par-
ticles are moved upward against gravity by eddies in the turbulent gas. This requires that 
at least some of the eddies have upward vertical gas velocities exceedingthe gravitational 
settling velocity of the particle in the gas. Bagnold reported experiments showing that, 
in the case of deposits of particles of uniform size, the gas flow required to generate such 
conditions is much higher than that needed to produce the initial fluidization of the 
powder surface layer. His experimental values for v* for initial fluidization of the sur-
face of beds of monosized silica sand are shown in Figure 3.20. Bagnold suggested that 
the measured increaseof v*as the particle diameterbecomes smallerin the range 80-40 pm 
is not primarily caused by interparticleadhesion but by the way in which the viscous gas 
interacts with the particle surface. (Interparticleforces, however, dominate when the par-
ticles become considerably smaller than 40 pm.) 
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0.0 Figure 3.20 Critical drag velocity v* for initial 
fluidization of the surface of a bed of monosized 
silica sand as a function of particle size of thelo 40 loo *O0 400 6o08001000 l5Oo 

Particle diameter [pml sand (From Bagnold, 1960). 
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Even if the gas flow passing over the powder bed is turbulent, there is a thin laminar 
boundary layer of thickness on the order of pl(pvx) ,where p is the viscosity of the gas 
and p is its density. If the particles are on the same order or smaller than the thickness 
of the laminar layer, they cannot be caught by the turbulent eddies and entrained in the 
gas flow. Furthermore,reducing the particle size also reduces the effect of the disturbance 
of one particle in the surface layer by the impact of others. 

According to Gutterman and Ranz (1959), the thickness 6of the laminar boundary layer 
of gas in contact with a smooth powder surface is given by 

(7,P) 1'26- -11.4 
2) 

(3.23) 

where 7, is the shear stress at the interfacebetween the flowing gas and the powder sur-
face, "L) is the kinematic viscosity of the gas, and p is the gas density. The total bound-
ary layer is then the sum of the laminar sublayer and the buffer layer, as illustrated in 
Figure 3.17. The simple approximate expression (an alternative to the Prandtl-Karman 
equation (3.22)) for the gas velocity gradient in the laminar layer near the powder sur-
face, adopted by Gutterman and Ranz (1959), is 

(3.24) 

For the experimentalconditionsemployed by Gutterman and Ranz, 6was at least 250 pm. 
Therefore, in the case of a smooth dust surface,most particle sizes associated with dust 
explosions would be submerged in the boundary layer and subjectedto velocities accord-
ing to equation (3.24). 

To estimate the aerodynamic force acting on a particle of diameterx in the powder layer 
surface, Gutterman and Ranz assumed sphericalparticles, no interparticleforces except 
gravity, the effective velocity of the laminar flow acting on the particle is given by equa-
tion (3.24) for z = x/2, the aerodynamic drag force on the particle is the same as if the 
particle had been suspended in an infinite gas volume, and the aerodynamic drag is 
resisted by the particles having to roll over neighboring particles against gravity. 

Gutterman and Ranz then arrived at the following set of equations for the critical 
shear stress at the particle bed surface for initiation of particle movement 

C$e2 = 0.65 1012x3pp$ 

z0 = 5.9* 10-l' Relx2 [N/m2] 

(3.25) 

(3.26) 

where C, is the viscous drag coefficientas discussed in Section 3.5.2,Re is the Reynolds 
number,x is the particle diameter,ppis the particle density, q is the internal friction factor 
of the bulk powder (0 < q < l),and q was measured in a shear box similar to the Jenike 
shear cell (Section 3.4.2). The powder was charged gently into the shear box by means 
of a funnel, after which the box was rapped sharply three times to obtain a standard degree 
of consolidation of the powder. The shear force required for causing powder samplespre-
pared in this way to fail was measured as a function of the vertical force acting on the 
sample (similar to the determination of failure loci as discussed in Section 3.4.2). The 
plot of shear stress at failure versus vertical force usually gave an approximately straight 
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line, and the tangent of the angle between this line and the vertical force axis was defined 
as the internal friction factor 9.When comparing this approach with the comprehensive 
approach described in Section 3.4.2, it seems that a measure of the degree of consoli-
dation of the powder sample, either in terms of the porosity E,  the bulk density, or the 
major principal consolidation stress o,,was lacking in this early work of Gutterman and 
Ranz (1959). 

To determine z, from equation (3.26),C, x Re2was first calculatedfrom equation (3.25), 
after that Re was found by trial and error from the universal C,(Re) graph (Figure 3.13). 

Gutterman and Ranz also conducted wind tunnel experiments with different powder 
types, and found reasonable agreement between the critical experimental z,for the onset 
of particle movement on the powder surface and the theoretical values from equations 
(3.25) and (3.26). Reasonable agreement was also found between the corresponding 
theoretical and experimental critical gas velocities for initial particle movement. Initial 
bulk movement (fluidization) of the powder surface was the result of a cascade process, 
starting with a particle upstream being lifted into the airflow.When this particle impinged 
on the bed surface, one or more new particles were ejected from the bed, and their return 
to the bed surface ejected further particles, and so on. 

Bagnold (1960) largely limited his studies to silica sand in the noncohesive range of 
particle diameters >40 pm. He was fully aware of the strong influence of cohesion on 
the range of smaller particles but found that the knowledge of the nature of interparticle 
forces was insufficientto allow him to conduct any systematic studies. He nevertheless 
carried out an entrainmentexperiment with a smooth layer of fine, uncompressed cement 
in a wind tunnel. Even at a wind speed of 36 d s ,  measured 10 cm above the powder 
layer, there was no continuing disruption of the powder surface. However, as also implied 
by Bagnold, deposits of fine, cohesive powders can be easily disrupted if the character-
istic surface roughness is considerably larger than the particle size and the laminar 
boundary layer. This is particularly so if the surface topography of the bed is character-
ized by sharp edges rather than rounded contours. 

Figure 3.21 illustrates how agglomerates of fine cohesive particles can be entrained 
by and carried along with the airflow as apparent single “particles.” As long as the 
agglomerate is not exposed to shear or tensile stresses that exceed its cohesive strength, 
it will not be broken down further. 

PARTICLE 

DISLODGEMENT 
MAIN AIRFLOW AGGLOMERATE 

Figure 3.21 Rough surface topography of a deposit of fine, cohesive particles. 

In the case of powders having very wide particle size distributions, the entrainment 
of the large particles can include mechanical disturbance of the fine ones and facilitate 
their deagglomeration (breaking of cohesive interparticle bonds) and entrainment. This 
process is called saltation. 
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Fairchild, Tillery, and Wheat (1985) studied the reentrainment of fine, cohesive alu-
minum particles of <lo pm diameter in a wind tunnel, without and with large saltation 
particles in the airflow sweeping over a fine-particle bed. The saltation particles were 
monosized spheres of 100,240, and 500 pm diameter, and they were introducedinto the 
airstream upstream of the bed of fine particles after stationary flow conditionshad been 
established. Measurement of dust concentration as a function of distance above the bed 
surfacewas conductedbetween 10 and 150mm. It was concluded that, within the exper-
imental range, resuspension of particles from a bed of loosely packed aluminum parti-
cles increased monotonicallywith increasing gas velocity and size of saltationparticles. 

Singer et al. (1967) studied the entrainmentof coal and rock dust in an airstreampass-
ing over a loosely packed dust ridge placed on the floor of a laboratory scale wind tunnel, 
as illustratedin Figure 3.22. The properties of the three dusts tested are given in Table 3.3 

22mm 

Figure 3.22 
The length of the ridge is 25 mm (From Singer et a/., 1967). 

Cross section of  typical dust ridge used in wind tunnel dust entrainment experiments. 

Table 3.3 Properties of dust used in dust ridge entrainment experiments 

Dust type 
Bulk density (g/cm3) 

Solid density (g/cm3) 
Porosity ( E )  0.59 0.57 
Median particle size (pm) 10 27 

Source: Singer et al., 1967. 

Photographicstudizesdisclosedvarious mechanismsof dust dispersion.These included 
erosion from a dust surface and denudation from a dust surface under the influence of a 
pulsating airstream.In erosion, the dust is dispersedparticle by particle from the deposit 
surface. In denudation,the entire dust layer leaves the surface suddenly without the par-
ticles being separated at the instant of lifting. Denudation was considerably faster than 
erosion for similar deposit geometries. 

Even at air velocities only slightly higher than the minimum air velocity for particle 
entrainment, the ridge dispersion was relatively rapid, having a characteristictime con-
stant of less than 0.1 s. Minimum air velocities for dust dispersion at half ridge height 
above the wind tunnel floor were calculated to be 10-20 d s ,  using classical boundary 
layer theory. There was no clear differencebetween the minimum velocitiesfor Pittsburgh 
coal and the finer anthracite.However, as Table 3.3 shows, the finer anthracitehad a con-
siderably higher porosity than the coal; and this probably compensated for finer parti-
cles being more difficult to entrain than larger ones at the same bed porosity. As would 
be expected, the bulk density of the dust ridge had a significantinfluenceon the minimum 
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air velocity for dispersion of the ridge. It was further suggested that the tensile strength, 
o,,of the powder deposit (Section 3.4.2) was a significant factor. 

Based on resolution of velocity vectors, Singer et al. (1967) proposed a simple empir-
ical model for estimation of lift and drag coefficients on particles in deposits exposed to 
airflow.The model neglected the pressure differencebetween both the windward and the 
leeward sides of the dust ridge and the surface roughness. It took the following form: 

C, = k(Re)" cosp 

CL= k(Re)" sinp 
(3.27) 

where C, and CLare the drag and lift coefficients;Re is a special Reynolds number based 
on the upstream air velocity at midheight of the dust ridge, the ridge height, and the den-
sity and viscosity of air; p is the angle between the base and the windward side of the 
ridge; and m and k are empirical constants. 

Singer et al. (1967) also found that large-amplitudeairstreampulsations,of up to 33 Hz, 
superimposedon the main airflow by a rotating vane in a vent duct,broke dust ridges into 
lumps. The lumps were lifted almost vertically into the turbulent pulsating airstream, 
where they were eventually dispersed as individual particles into the turbulent core. 

Iversen (1985) determined reentrainment rates of fine powders of Al, Cu, Mo, and W 
of average particle size 5 ,um in a wind tunnel of width 0.50 m and height 0.71 m. The 
length of the powder layer was 1.8 m and its width 0.14 m. The bed was prepared by 
dispersing dust via air guns and allowing the dispersed dust to settle under gravity and 
form the bed. 

The data for particle mass collected as a function of height above the surface,wind speed, 
and particle density were analyzed using the following solution of the equations for dif-
fusion from a two-dimensional source oriented laterally to the mean wind direction: 

(3.28) 

Here Cis the dust concentration at height z above the powder bed surface,and n is a veloc-
ity profile exponent defined by 

v = VI (z/z,)'/" (3.29) 

and 

where A is a diffusion coefficient and y is the coordinate in the wind direction. 
Equation (3.28) was used for calculating the averagevertical flux, qv,of particles from 

the bed surface (equal to horizontal flux divided by the area of the powder bed) for 
molybdenum particles. The following empirical equation was found to fit the experimental 
data for all four powders: 
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where pp is the particle density, v, is the actual “drag velocity” of the air (see the para-
graph following equation (3.22)), and v , , ~ ~is the minimum “drag velocity” for entrain-
ment of particles (Figure 3.20). The v , , ~ ~values for the four powders were 20, 23, 24, 
and 2 7  d s ,  in order of increasing particle density. 

Akiyama and Tanijiri (1989) used a wind tunnel of 3.6 m length and a rectangular cross 
section of 30 mm width and 150 rnm height in their study of reentrainment of dust par-
ticles from a powder bed having its plane surface flush with the wind tunnel floor. The 
particles studied included glass beads, talc, alumina, and fly ash of volume-surface diam-
eters ranging from 15 to 80 pm, solid densities in the range from 2.3 to 4.0 g/cm3,and 
bulk porosities in the uncompressed state from 0.47 to 0.77. 

The bed of particles to be tested in the wind tunnel was conditioned in a humidistat 
of relative humidity H for more than 6 hours before being exposed to the reentrainment 
experiment. The humidity of the air in the wind tunnel was not controlled, but it was 
assumed that the short test period of about 60 s did not significantly influence the 
humidity inside the bed, To obtain H =  0, the particle bed was kept at 177°Cfor more than 
10 hours. 

With a powder bed of 220 mm length and 30 mm width and an average air velocity 
of 15 d s  in the wind tunnel, the entrained particle mass per unit time was independent 
of relative humidity up to 65%. For higher humidities, there was a drop of the entrain-
ment rate with increasing humidity, increasing with decreasing particle size. However, 
at the given conditions, some of the particle systemstested could not be entrained at all, 
even at low air humidity.It should be pointed out that the particles investigated were non-
hygroscopic, in the sense that moisture did not penetrate into the bulk of the individual 
particles but accumulated only on the particle surface. For some natural organic mate-
rials, the influence of the relative humidity may therefore be more complex. 

Akiyama and Tanijiri then investigatedthe relationshipsbetween the entrainmentrate 
and the four powder mechanical properties: angle of repose, angle of spatula, com-
pressibility, and cohesivenessor cohesion.All these parameters are somewhat arbitrary 
and not easy to relate to the more fundamentalpowder mechanical properties described 
in Section 3.4.They are determinedin a set of somewhatarbitrary tests, specified in terms 
of apparatuses and procedures. An overall dimensionless flowability coefficient F was 
defined as a function of the four measured parameters, and the rates of reentrainment 
measured in the wind tunnel were correlatedwith F for the various powders. Reasonable 
monotonic correlations comprising all seven powders were obtained for the three over-
all wind tunnel velocities 8, 12, and 15 m / s  investigated. 

Urd (1989a, 1989b)postulatedthat the dispersibilityof dusts can be characterizedby 
two parameters: the minimum aerodynamic shear stress required for dust entrainment 
from a horizontal surface and the settling velocity distribution of a dust cloud. This is 
an interesting approach, which will be discussed in greater detail in Chapter 7, treating 
various test methods related to the dust explosion hazard. 

It should finally be noted that Bagnold (1960) briefly mentioned the reentrainment 
of a powder layer by a sudden blast of gas rather than a steady flow. This clearly is an 
important case in the context of dust explosions. Even if the Mach number is consid-
erably smaller than unity and the static pressure gradient in the direction of air move-
ment is negligible, the dynamic pressure gradient (gas velocity gradient) can be 
considerable. Section 9.2.2.4 in Chapter 9 gives further references to works on gener-
ation of dust clouds by dispersion of dust layers and deposits. 
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3.6.3 
ENTRAINMENT OF PARTICLES BY AN UPWARD AIRFLOW 
THROUGH A PARTICLE BED 

Entrainment of particles of equal shape in a fluidized bed configuration, illustrated in 
Figure 3.23, was studied by Schofield, Sutton, and Waters (1979). 
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Figure 3.23 The emission of dust from a fluidized1 I bed (From Schofield et a/., 1979). 

Let v, be the minimum local air velocity inside zone C needed to lift a particle of aero-
dynamic cross section a, from zone C into zone B, and v, be the average vertical airveloc-
ity in zones B and A corresponding to v, in zone C. Often, v, is denoted the “superficial” 
gas velocity through a fluidized bed. Because the effectivecross section for vertical air-
flow in zone C is smaller than in zones A and B, v, < y,. Therefore, the largest particles 
injected from zone C to zone B drop back into zone C. Only particles of aerodynamic 
cross sections smaller than a maximum value a, are lifted further into zone A. At a 
given v,, all the particles in zone C of smaller aerodynamic cross section than a, even-
tually are extracted from zone C and pass through zone B into zone A. Therefore, the 
concentration of these particles in zone C can be regarded as only approximately con-
stant during the initial phase of the fluidization process. This was accounted for in the 
investigation by Schofield et al. (1979), who used a fluidized bed of 46 cm2cross sec-
tion in their experiments. All experimental data were acquired during the initial flu-
idization phase. Grade emission curves, illustrated in Figure 3.24, were determined for 
a chalk powder exposed to various values of v,. 

The grade emissioncurveexpressesthe mass per unit time at which particles smallerthan 
a given size are emitted from the bed under a given set of experimental conditions.For exam-
ple, with reference to Figure 3.24 and 0.205 m / s  airvelocity, particles smaller than 10 pm 
are emitted at a rate of 20 mg/min, whereas particles smaller than 2 pm are emitted at 
4.5 mg/min. This means that particles between 10 and 2 pm are emitted at 15.5 mg/min. 
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Figure 3.24 Grade emission curves for a chalk 
powder at various fluidization velocities (From 
Schofield et ai., 7 9791. 

The grade emission curve represents a useful empirical concept, which permits rela-
tive comparisons of the “dustability” of various powders and dusts. Schofield et al. 
(1979) give results illustrating the effect on the grade emission curve of dust moisture 
content and particle size distribution of the initial dust bed. 

In the fluidized bed studies of cohesive powders by Geldart and Wong (19841, the 
expansion of the entire powder bed due to airflow through the bed was used as an indi-
cation of the strength of the interparticle forces, or the cohesive strength of the powder. 
The data were analyzed using the Richardson-Zakiequation: 

V,,€ -- V,.,=l €IZ (3.32) 

where is the superficialgas velocity through the bed, and v,,,=~is the minimum super-
ficial velocity needed for dispersing the entirebed; E is the porosity of the bed and a direct 
measure of the bed expansion; and n is an empirical constant. For laminar liquidholid 
systems,n has been found to equal 4.65. For gadsolid systems, n is generally higher than 
4.65 and therefore d4.65 > 1. Geldart and Wong (1984) correlated the ratio d4.65 with 
the ratio between the tapped and loose bulk density of a range of cohesive powders and 
found 

4.16 
n 

4.65 (3.33) 

Both the loose and the tapped densities are sensitive to the methods of sample prepara-
tion, and Geldart and Wong (1984) specify detailed experimental procedures for deter-
mining the two densities. 
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Geldart and Wong (1984) also found a correlation similar to equation (3.33) using the 
superficial gas velocity v,: 

0.132 

--n -1.65[ -1 
4.65 

(3.34) 

Expansion of beds of cohesive powders is caused by proliferation and enlargement of 
horizontal and inclined cracks. Powders become more cohesive as the particle size is 
reduced. For any given superficial air velocity, Geldart and Wong (1984) found that the 
bed expansionratio (or ratio of E after and before expansion) increased with decreasing 
mean particle size down to about 12pm. However, a further decrease of the particle size 
caused the bed expansion ratio to drop markedly. This was attributed to the generation 
of vertical cracks and channels in very cohesive powders. (See also Section 9.2.2.4.) 

3.7 
DISPERSION OF AGGLOMERATES OF COHESIVE 
PARTICLES SUSPENDED IN A GAS BY FLOW 
THROUGH A NARROW NOZZLE 

The effective “particles” in clouds of very fine, cohesive dusts often are large agglom-
erates of primary particles rather than the small primary particles themselves. Depending 
on the actual degree of dispersion, or deagglomeration, the effective particle size distri-
bution in the dust cloud can differ considerably for the same cohesive powder. This 
results in correspondingdifferences in both ignition sensitivity and explosibility of the 
dust cloud, because an agglomerate behaves as a single particle of the agglomerate size. 

Bryant (1973) studied the degree of agglomeration of fine boron carbide particles of 
diameters 1pm or less, dispersed as a cloud in a gas. He generated the cloud by blow-
ing dust through a narrow nozzle and measured the mean effective “particle” size (agglom-
erates) as a function of the injectionpressure (injectionvelocity).At a pressure of 3.5 bar(g), 
the mean diameter of the particles in the cloud was 6.2 pn; whereas at 7 bar(&, it had 
been reduced to 3.5 pm. 

This important phenomenon was investigated in greater detail by Yamamoto and 
Suganuma (1984), and their findings are significantto both the actual industrial dust explo-
sion hazard and the design of experimental methods to assess ignitability and explosi-
bility of clouds of cohesive dusts. Figure 3.25 shows the dispersing nozzle used in the 
investigationby Yamamoto and Suganuma (1984). 

The dust was first dispersedin the upstream airflow by simply feeding it into the 26 mm 
diameter air supply pipe from a vibration feeder via a funnel. For cohesivepowders, this 
gave comparatively poor dispersion and large effective particle size. The primary dust 
cloud was then forced through the narrow nozzle, where the agglomerateswere dispersed 
to varying extents, depending on the flow conditions in the nozzle. A sample of the sec-
ondary, dispersed dust cloud was sucked through a five- or six-stage cascade impactor, 
from which the effective,aerodynamic in-situ size distributionin the secondary dust cloud 
was obtained. (Cascade impactors,sedimentationbalances, and other methods for deter-
mining particle size distributions are described by Herdan, 1960; Green and Lane, 1964; 
Allen, 1981; Kaye, 1981;and Bunville, 1984.) Figure 3.26 gives a set of typical results. 
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Figure 3.25 The nozzle for dispersing agglomer-
ates of cohesive dust particles (Yamamoto and 
Suganuma, 7 984). 

The distribution of effective particle sizes is shifted systematically toward smaller par-
ticles as the dispersion process in the nozzle gets more effective, that is, as the average 
air velocity through the nozzle increases. 

The effect is quite dramatic.For an airvelocity in the nozzle of 10.5m/s ,  the median effcc-
tive particle size is somewhat larger than 10 pm; whereas for velocities in the range 
100-150 m/s ,  it is only 1pm. For the primary dust cloud, which was generated in a way 
that would be typical in industry,the median particle size would probably be considerably 
larger than 10pm. It can be observed from Figure 3.26 that, at the highest air velocities in 
the nozzle, the distribution of the sizes of “effective”particles in the secondary dust cloud 
approachedthe size distributionfound in a sedimentationbalance after having dispersedthe 
powder in a liquid in a way that would be expected to produce close to perfect dispersion. 

Yamamoto and Suganuma arrived at the following empirical relationship for the effi-
ciency of the nozzle dispersion process: 

(3.35) 
xs 

where x, is the effective in-situ median particle diameter determined by the cascade 
impactor for the actual secondary dust cloud, and x, is the ultimate median particle size 
determinedby the sedimentation balance. The parameter h is defined by 

h = 0.44Ap,V/do [J/m3s] (3.36) 

where Apo is the pressure drop across the dispersing nozzle, V is the mean air velocity 
through the nozzle, and dois the orifice diameter. 

It is interesting to compare the results in Figure 3.26 with those of Corn and Stein 
(1965),in Figure 3.18, from particle dislodgement experimentsin a narrow wind tunnel 
of cross section comparable with those of the smallest nozzles in Figure 3.26. The order 
of airvelocities required to dislodgeparticles in the sizerange 1-10 pm in Corn and Stein’s 
experiments is the same as required to break up agglomerates of 1-10 pm in the Yamamoto 
and Suganuma’s nozzle dispersion experiments. This indicates that the adhesive forces 
between particles in an agglomerate,a particle, and a plane substrate are of the same nature 
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Figure 3.26 Effective particle size distributions of airborne talc dust after dispersal by different ori-
fices and air velocities, where R, is the percentage of the effective "particles"1arger than size x (From 
Yanamoto and Suganuma, 7 984). 

(probably mostly van der Waal forces) and that viscous drag forces are dominant dis-
lodging forces in both cases. 

3.8 
DIFFUSION OF DUST PARTICLES IN ATURBULENT 
GAS FLOW 

Gutterman and Ranz (1959) determined the dust concentration gradient in turbulent air-
flow, following the injection of a given quantity of dust in a closed-loop laboratory-scale 
wind tunnel system. The average solid volume concentration of dust was about 200 cm3 
per 1m3of air, that is, in the explosible concentration range for most combustible dusts. 
Typical experimental dust concentration profiles are shown in Figure 3.27. 
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Figure 3.27 
Cutterman and Ranz, 1959). 

Dust concentration gradients in horizontal turbulent airflow in a wind tunnel (From 

According to Guttermanand Ranz (1959), the general differentialequation for the dis-
tribution of dust concentrationin a dust cloud moving in a two-dimensionalflow can be 
written as 

ac ac ac ac= Deff(d”c a2c)  
ay2 +a22-+v -+vz-+vt, 

at y a y  az aZ (3.37) 

Here, c is dust concentration, t is time, vyis the average gas velocity in the horizontal 
flow direction y, v, is the average gas velocity in the vertical direction z ,  vt, is the ter-
minal particle settling velocity in the gravitational field, and DeEis the effective diffu-
sion coefficient for the particles. De, is a function of both y and z. The system studied 
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Particles 

Glass 
3-40 pm 
2.50 g/cm3 
Sand 

30-1 65 pm 
2.65 g/cm3 
Tin 
30-90 pm 
7.3 glcm3 

by Gutterman and Ranz was stationaryin both time and y direction, and the average ver-
tical gas velocity vz was 0. Therefore, 

DexplDturb DexplDbounce 

-1.I 

5.6 1.8 

-4.3 

(3.38) 

Here, c is a function of z only, dcldz could be determined from experimental c(z)corre-
lations (Figure 3.27), vtem can be calculated, and therefore an “experimental”diffusion 
coefficient, D,. could be found. This was compared with the theoretical turbulent dif-
fusion coefficient Dmrb (related to the turbulent eddy viscosity) for the gas and for par-
ticles so small that they follow the turbulent gas motion. Some results are shown in the 
middle column of Table 3.4. 

Table 3.4 Average ratios between experimentally determined diffusion coefficients for various par-
ticle types and theoretical turbulent diffusion coefficients for the gas 

Because of the small size of the glass beads, Dexpwas very close to &b; that is, the 
glass beads followed the gas motion fairly well, whereas the coarser sand particles and 
the high-density tin particles had considerablyhigher diffusioncoefficients than the gas. 

According to Gutterman and Ranz, the turbulent gas diffusion behavior of particles 
can be expected if the Weiss-Longwellcriterion for diffusion of solid particles in an oscil-
latory gas velocity field 

(3.39) 

is close to unity. This is the case for smallparticle diametersx,for which w 2<< 18p/pgx2, 
w being the average rotational frequency (radians per second) of the gas eddies. 

Guttermanand Ranz also compared their experimentaldiffusioncoefficientsbased on 
measured dust concentrationgradients with coefficients derived theoreticallyby assum-
ing the governing diffusion mechanism was back-mixing of particles into the gas flow 
by irregular statistical bouncing when the particles hit the bottom and roof of the wind 
tunnel. The third column of Table 3.4 gives the result for angular sand particles. This 
shows that, for coarse particles in a narrow boundary zone of a few cm from the wall of 
the wind tunnel, the theory of back-mixing by bouncing against the wall findsbetter agree-
ment with experiments than the theory of turbulent gas diffusion. 
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Hwang, Singerand Hartz (1974) performed theoretical studies of the dispersion of dust 
in a turbulent gas flow in a duct, following the initial entrainment of the dust deposits 
from the duct wall. In particular, they studied the entrainment of deposited dust by the 
nonstationary turbulent air blast ahead of a self-sustained dust explosion sweeping 
through a long duct. The objective was to predict the dust concentration in the gas flow 
as a function of time and location in the duct. 

The dust flux leaving the duct walls was treated as originating from single or multiple 
stationaryor moving sources.Formulas and samplecomputationsfor various types of dust 
somces in circular and rectangular channels were derived based on experimental dust 
entrainment rates. The theoretical results appeared to agree with the physical characteris-
tics of explosion-drivendust dispersion in a 0.6 m diameter and 50 m long explosiontunnel. 

In the theoretical analysis, the process of turbulent mixing was treated as a diffusion 
process, using diffusion-type equations that had been successfully applied to the dis-
persion of dusts in pipes, open channels, and semi-infinite systems. The generalized 
form of the diffusion equation used was 

ac -

at 
-+v .grad c = div ( k  grad c) (3.40) 

where c is the dust concentration,kis the diffusioncoefficient (assumed to be 25-100 cm2/s), 
and i r  is the velocity with which the dust particles were convected, in addition to being 
diffused, V differs from the gas velocity because of the inertia of the dust particles in the 
flow. It was assumed that the effect of gravity could be neglected during the initial period 
of the dispersion process and that equation (3.40), employing an appropriate value of k, 
determined the gross behavior of the dust cloud. 

Figure 3.28 shows an example of the computational results obtained. Dust concen-
trations that would be in the middle of the explosible range for combustible dusts have 
developed at 2.5 m downstream of the dust source. However, at 3.5 m downstream, the 
concentrations are below the typical minimum explosible limit range. 

Hinze (1975) discussed the Tchen theory of diffusion of discrete solid particles in a 
fluid of homogeneous turbulence. This theory makes the following assumptions: 

1e The turbulence of the fluid is homogeneous and steady. 
2. The domain of turbulence is infinite in extent. 
3 .  The particle is spherical and so small that its motion relative to the ambient fluid fol-

4. The particle is small compared with the smallest structure present in the turbulence. 
5. The particle is embedded in the same fluid element during the motion. 
4 .  Any external force acting on the particle originates from a potential field, such as the 

field of gravity. 

All assumptions, except number 5, may in reality actually be satisfied. However, the 
mechanism of a real turbulence is such that it is hardly possible for assumption 5 to be 
satisfied. If the element of fluid containing a small discrete particle could be considered 
nondefonnable, it might satisfy this assumption, provided its size was larger than the 
amplitude of the motion of the discrete particle relative to the fluid (no overshooting). 
However, in turbulent motion, the fluid elements are distorted and stretched into long, 
thin ribbons and it seems; unreasonable that the fluid element should continue to con-
tain the same discrete particles during this stretching process. 

lows Stokes’law of resistance. 
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Figure 3.28 Computed two-dimensionaldust concentration distributionsat two locations in a wind 
tunnel of square cross section 0.53 m x 0.53 m at 1.O s after onset of dust dispersion. Dust source 
is 140 g of rock dust distributed as a 0.2 m long, even layer over the entire channel width. The aver-
age wind velocity is 5 m/s and the dust diffusion coefficient k =  50 cm2/s (From Hwang et a/., 1974). 

As part of an account on the use of laser-doppler anemometry to characterize turbu-
lence, Durst, Melling, and Whitelaw (1981) also discussed various theories for the move-
ment of small particles in a turbulent flow. 

During the 1980s,a number of furtherexperimental and theoretical studies on the inter-
action of dust particles and a gas in turbulent flowswere published. Some centralpapers 
are those by Alquier, Gruat, and Valentian (1979); Tomita et al. (1980); Genchev and 
Karpuzov (1980); Tadmor and Zur (1981); Ebert (1983); Elghobashi and Rzk  (1983); 
Chen and Wood (1983); Beer, Chomiak, and Smoot (1984); Lee (1984); Krol and Ebert 
(1985); Picart, Berlemont, and Gouesbet (1986); Bachalo, Rudoff, and Houser (1987); 
Johansen (1987); Shrayber (1988); and Lee (1989). These and other similar investiga-
tions are important to the development of comprehensive computer codes for numeri-
cal simulation of combustion and explosion of dust clouds (see Chapter 4). 

A number of different methods are now availablefor experimentalinvestigationof the 
turbulence in gases and dust clouds. Some of those discussed by Smolyakov and 
Tkachenko (1983) are 

Hot-wire and hot-film anemometer. 
Laser-doppler anemometer. 
Flow visualization by means of small particles (4pm) as “markers.” 
Flow analysis by thermal markers (rapid heating of a small gas volume by hot wires: 



Generation of Explosible Dust Clouds 239 

the movement of the heated gas volumes is followed by another set of hot wires; poor 
spatial resolution).

* Acoustic anemometer (poor spatial resolution).
* Electric discharge anemometer (corona and glow discharge).
* Cold-wire anemometer (for measurement of temperature fluctuations). 

Durst et al. (1981) presented an in-depth discussion of one of the most versatile meth-
ods, the laser-doppler anemometer. 

Beer et al. (1984) discussed the application of such methods in the study of turbulence 
effects in burning dust clouds. Laser anemometers may be used for local particle velocity 
measurements, particle sizing, and concentration fluctuationmeasurements. Very accurate 
measurements of both mean and fluctuating particle temperatures are possible by other opti-
cal methods. As long as the flow is optically thin, which means low dust concentrations, 
flow visualization is no more difficult in dust clouds than in gas flows. Some techniques, 
like direct high-speed photography, are even simpler for two-phase combustion than for 
gas flames, due to the strong radiation of the flames. However, the investigations are 
extremely time consuming and difficult. Multipoint, conditionally sampled measurements 
have to be performed for flame structure studies. Advanced data-reduction techniques 
must be applied to evaluate and interpret and to extract information about individual events. 
The development of controlled excitation studies provides the possibility of investigating 
the details of the coherent structures through phase lock on the induced perturbation. 

Hatta et al. (1989) extended the theoretical equations for flow of dust/gas mixtures 
through nozzles to the complicated case of polysized particle systems.The equations cov-
ered both subsonic and supersonic gas flow. Some numerical solutions were discussed. 

Fan Jiaren, Zhao Hua, and Cen Kefa (1989) studied the flow of polysized particledgas 
mixtures in a coaxialjet system, both theoretically and experimentally. Advanced instru-
mentation was used to experimentally determine particle movement. Numerical com-
putations gave results in good agreement with the experiments. 

Lockwood and Papadopoulos (1989) described a powerful method to calculate dis-
persion (not deagglomeration) of solid particles in a turbulent flow. An equation, which 
correctly accounts for particle momentum conservation, was derived for the evolution 
of the probability of particle velocity and position. The method enabled determination 
of the position and velocity probability density functions for all cells within the com-
putational domain at a fraction the cost of conventional stochastic computations. 

3.9 
METHODS FOR GENERATING EXPERIMENTAL DUST 
CLOUDS FOR DUST EXPLOSION RESEARCH 

3.9.1 
BACKGROUND 

Over half a century ago Hartmann, Nagy, and Brown (1943) found it necessary, when 
discussing research in the field of dust explosions, to make the following statement: 

Over the past 30 years, various investigators have worked on means of producing uniform dust 
clouds; comparison of results indicated that none of them has been wholly successful. The mecha-
nisms to produce such a cloud, of sufficient volume to be usable for test work, remain to be perfected. 
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Although a substantialamount of work has been carried out during the years sincethe 
statementof Hartmann et al. to overcomethis basic problem in dust explosionresearch, 
their words are still valid. 

It appears, however, that the problem does not merely arise from experimental diffi-
culties. The basic question is, perhaps, not how to produce the “perfect” experimental 
dust cloud but rather whether a realistic definition of such a dust cloud can be given at 
all. The ideal static, fully dispersed, and uniform dust cloud is impossible to realize in 
practice, whether in the laboratory or real life. In any realistic dust cloud, the particles 
and supportinggas are in motion, the dust concentration is only to some extent uniform, 
and the dispersion of agglomerates may not be complete. 

Sophisticatedmeans of overcomingthe problems have been attempted. These include 
the use of free-falling explosion chambersby which the influence of gravity is eliminated 
(Ballal, 1983;Gieras et al., 1986)and steady-statesuspensionof the dust cloud in a strong 
electrostatic field (Gardiner, Caird, and Bardon, 1988). However, while such methods 
may provide useful insight into basic details of ignition and combustion of dust parti-
cles and clouds, they do not representpractical industrial conditions. Disregarding such 
highly sophisticated techniques, the methods used for the formation of experimental 
dust clouds for dust explosion research may be classifiedin the three main groups, illus-
trated in Figure 3.29. 

Fan I Dust in 

. _ . .. . . 

1 Dust out 

I Air blast 
(a) lb) 

Figure 3.29 Three basic principles used for generating dust clouds for dust explosion research: 
(a) transient clouds generated by dispersing a given quantity of dust by a short blast of air, (b) stationary 
circulation of a given quantity of dispersed dust in a closed system, and (c) stationary formation of 
a dust cloud in an open system. 

3.9.2 
TRANSIENT DUST CLOUDS GENERATED BY A SHORT AIR BLAST 

Due to the relatively simple equipmentand minimal dust quantitiesneeded, the transient 
dust cloud method has been adopted in the major part of published investigations,both 
in small and large scale. 

According to Brown and James (1962), the transient air blast method was probably 
first introducedby Holtzwart and von Meyer (1891).Their very simple explosion appa-
ratus consisted of a glass tube of 50 cm3capacity, fitted with a pair of platinum electrodes, 
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across which an induction spark was passed. The dust was placed in a piece of a narrower 
tube attached to one end of the explosiontube, and the dust cloud was formed in the region 
of the spark by means of a short blast of compressed air. Engler (1907) used glass flasks 
of 250 to 500 cm3capacity as explosionvessels (see Figure 1.57).In the spherical explo-
sion bomb of 1.4 liter capacity used by Trostel and Frevert (1924), the dust was placed 
in a small cup near the bottom of the bomb, and the dispersing blast of air was introduced 
through a glass tube, entering the bomb through the bottom and, having a bend of 180°, 
facing the opening downward toward the dust heap in the dispersion cup. In their explo-
sion vessels of 1 liter capacity, Boyle and Llewellyn (1950) and Eckhoff (1970) used 
arrangements practically identical to that introduced by Trostel and Frevert. 

The well-known Hartmann apparatus, which was first described by Hartmann et al. 
(1943), consists of a vertical cylinder having a volume of about 1.2 liter, supported by 
a metal bottom part shaped like a cup, in which the powder is placed (see Chapter 7). 
The dispersing airblast is introduced axially from below and deflected downwardtoward 
the dust heap by means of a small conical “hat” or “mushroom.”As discussed by Dorsett 
et al. (1960),this apparatus, in the form of either an open tube or a closed bomb, has been 
used to determine the numerous values of minimum ignition energy, minimum explosi-
ble dust concentration,rates of pressure rise, maximum explosionpressure, and so forth 
that have, through the years, been published by the U.S. Bureau of Mines. 

Carpenter (1957) used a slightly modified form of the Hartmann apparatus, the main 
features, however, being identical. In a subsequent work, Carpenter and Davies (1958) 
used a smaller, detached dust dispersion cup of 2 cm diameter fitted in the lower part of 
a cylindrical275 em3combustion chamber.Meek and Dallavalle(1954) employed a rather 
large explosion chamber of about 60 liters. The dust was dispersed from a polished 
funnel-shaped cup, fitted with a special dispersing cone. 

Vanous versions of the transient air blast method have been used in a number of other 
investigations.Nagy et al. (1971) adapted this technique over a wide range of explosion 
vessel volumes, ranging from 1 liter to 14 m3.Moore (1979) employed the method in 
three different vessels of volumes from 1to 43 liters; and Enright (1984) used it in three 
vessels of volumes from 1 to 20 liters. 

The simplest version of the transient air blast method, based on just directing a blast of 
air towards a dust heap, was found to give a rather poor dispersion of very fine, cohesive 
dusts.To improve dust dispersion, more refined versions of the airblast method were devel-
oped, based on forcing the dust/air suspension through narrow nozzles (see Section 3.7). 

This was done, for example, by Helwig (1965), who generated his dust clouds from 
the 100 cm3 cylindrical “whir1ing”chamber shown in Figure 3.30. The chamber was 
placed inside the 43 liter explosionbomb. By means of a blast of compressed air admit-
ted through the bottom of the whirling chamber, the dust was fluidized and the fluidized 
suspension forced through a number of holes in the chamber lid at the top. There is little 
doubt that the nozzle dispersion mechanism discussed in Section 3.7 played an essen-
tial role in this process. 

In his 1m3explosion vessel, Bartknecht (1971)used a dust dispersion systemby which 
the dust was forced at high velocity by high pressure airthrough a number of 4-6 mm diam-
eter holes in a U-shaped tube of 19 mm internal diameter. Barthecht’s 1 m3vessel and 
dust dispersion system has later been adopted as an IS0 standard (InternationalStandards 
Organization, 1985).From what has been said in Section 3.7, it is quite clear that this stan-
dard test method produces a high degree of dispersion, even for very cohesive dusts. 
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Figure 3.30 "Whirling" chamber for fluidizing the 
dust sample and subsequently forcing the dense 
dudai r  suspension through a series of parallel 
nozzle holes (From Helwig, 1965). 

Siwek (1977) developed a smaller spherical apparatus capable of yielding approxi-
mately the same degree of dust dispersion and turbulence as the 1 m3 IS0  vessel. 
However, obtaining an acceptable correlation with the 1m3IS0 vessel required a large 
experimental effort, starting with a bomb of volume 5 liter, continuing with one of 
volume 10 liter, and ultimately finishing up with the final bomb of 20 liter. In particu-
lar, it was necessary to investigate a range of different dispersion nozzle systems before 
finally arriving at one that produced turbulence and dust dispersion levels in acceptable 
agreement with those generated in the 1 m3 standard chamber. It is not surprising that 
the dispersion system finally arrived at was very similar to the perforated U-tube system 
of the 1 m3vessel. 

However, Siwek (1988) introduced a quite different dispersal nozzle for the 20 liter 
sphere, based on the high-velocity impact of agglomerates on target plates. This system 
was claimed to produce degrees of dust dispersion comparableto those generated by the 
original nozzle (see Figure 7.58). 

Following the development of the 20 liter vessel by Siwek, an alternative 20 liter 
vessel was proposed by Cashdollar and Hertzberg (1985). They mention the interesting 
possibility of inserting interchangeabledust dispersion units at the bottom of their vessel. 
This makes it possible to work with the intensity of dust dispersion relevant for the 
problem to be investigated. 

The Institute of Iron and Steel in Kiev, USSR, developed a dust dispersion unit par-
ticularly suitable for dispersing cohesive metal powders. The unit, which was mounted 
at the upper end of a 4 liter vertical cylindrical explosion vessel of internal diameter 
110 mm, is shown in Figure 3.31. The basic philosophy behind this design is the same 
as for several of the methods already discussed. The dust cloud, after having been ini-
tially dispersed by the air blast in the conventional way, is forced through a system of 
narrow nozzles at high speed, causing further breakup of particle agglomerates before 
the cloud is admitted to the explosion vessel (see Section 3.7). The concentration dis-
tribution of the resulting transient dust cloud in the vessel, as a function of time and posi-
tion in space, was investigated by means of a special gravimetric concentration sampling 
probe. The dust clouds were also studiedby means of high-speed photographyby replac-
ing the explosion vessel with a glass container. Generally, a reasonably homogeneous 
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Figure 3.31 
Kiev, USSR (From Eckhoft 1977): 

Cross section of dust dispersion system developed at the Institute of iron and Steel in 

1. Entrance for dispersing air blast. 
2. Nozzle directing air toward dust heap. 
3. Internal body of dispersion unit. 
4. Narrow peripheral nozzles for agglomerate breakup. 
5.  Slot for flow of primary dust cloud to the narrow peripheral nozzles. 
6. Intermediate body of dispersion unit. 
7. Slos for flow of dispersed dust toward perforated bottom. Tapering ensures even distribution of 

8. External body of dispersion unit, having the entire bottom penetrated by narrow nozzles for 

9. Initial dust sample. 

dust concentration over explosion vessel cross section. 

distribution of dispersed dust in the explosion vessel underneath. 

10. Wall of explosion vessel. 

cloud, filling the entire vessel volume, was obtained at some stage during the dispersion 
process. 

Nedin et al. (1975) compared the transient dust concentration distributions generated 
by the U.S. Bureau of Mines Hartmann tube dispersion system (see Chapter 7) with two 
systems used in the USSR to generate experimental laboratory-scale clouds for dust 
explosion testing and research. 

In spite of its extensive use, the transient air blast method has its clear limitations. The 
method inevitably yields both time- and space-dependent dust concentration. Schlapfer 
(1951) found that powders of different density, particles size, and surface properties 
were dispersed in different ways when exposed to the same air blast conditions. 

Consequently, it is difficult to make meaningful comparison of results obtained with 
different powders. Schlapfer concluded rather pessimistically that the best that could be 
expected from experiments based on the transient air blast technique is relative data for 
dusts of one material. 

It should finally be mentioned that Proust and Veyssiere (1988) generated laminar tran-
sient dust clouds by gently fluidizing a given quantity of maize starch (6% moisture con-
tent) from a bed of about 600 g of starch, initially resting on a porous bed at the bottom 
of a vertical column of 0.2 m x 0.2 m cross section. The average velocity of the fluidiz-
ing air was on the order of 0.1 m / s .  This setup enabled the study of genuinely laminar 
flame propagation, but the method is probably limited to powders that are comparatively 
easy to disperse and have relatively narrow size distributions (see also Chapter 4). 
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3.9.3 
STATIONARY DUST CLOUD IN A CLOSED 
CIRCULATION SYSTEM 

Several workers tried to experiment with systems in which a given quantity of dust, 
suspended in a given volume of air, circulates in a closed loop. An early attempt was 
made by Bauer (1918), who simply used a fan located near the bottom of the verti-
cal cylindrical explosion chamber, rotating at 90” with respect to the axis of the 
chamber, to keep the dust in suspension. However, the assumption that this arrange-
ment could produce a uniform dust concentration was not, according to Selle (1957), 
justified, because the dust could not be completely raised from the bottom of the 
vessel. 

Eckhoff (1970) attempted to adopt a similar system as that used by Bauer, by using a 
coaxial fan at the bottom of the cylindrical 1liter bomb and a “beater” rotating at 90” to 
the cylinder axis. However, it was impossible to generate a stationary dust cloud. The 
dust initially introduced in the bomb was raised into suspension, but the dust concen-
tration decreased systematically and comparatively fast with time due to the inevitable 
deposit of dust on parts of the vessel wall and such. 

Brown and Woodhead (1953) arrived at the same conclusion for another version of 
the closed circuit apparatus.These workers studied the dust cloud formed in a closed loop 
of 7.5 cm diameter glass tubing, through which the dust dispersion was circulated at var-
ious rates of flow. They concluded that it was impossibleto obtain a uniform cloud, and 
very high circulation velocities were required to prevent dust from depositing at the 
bends of the loop. Furthermore, at these high circulation speeds, it was noted that sig-
nificant comminution of the particles could take place. 

A special version of the method based on the circulationof a constant quantity of dis-
persed powder in a closed apparatus was developed by Gliwitzky (1936). To keep the 
dust dispersed,two propellers, rotating at different speeds and in oppositedirections, were 
situated coaxially inside a horizontd cylinder with open ends, which was placed inside 
the 43 liter explosion chamber.The closed circuit thus consisted of the inside of the inter-
nal cylinder and the annulus between this cylinder and the wall of the explosion cham-
ber. However, this system was not found to be satisfactory, since even with easily 
dispersed aluminum flakes, the dust dispersion was incomplete. 

It therefore appears to be justified to conclude that none of the various versions of the 
closed circuit system developedfor the formation of experimentaldust clouds has proven 
to offer an acceptable solution to the problem. 

3.9.4 
STATIONARY DUST CLOUD IN AN OPEN-CIRCUIT SYSTEM 

Because of the limitationsand shortcomings of the two other categories of methods, open-
circuit dust cloud generators have been used by a number of workers, despite the com-
paratively large dust quantities and more-complicated apparatus required. 

A simpleversion of the open-circuit principlefor dust dispersion was in fact described 
by Weber (1878) more than a century ago as part of a comprehensive investigation of 
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causes of dust explosions and fires in flour mills. The flour was placed on a 100mm diam-
eter sieve of a suitable mesh size, and by vibrating the sieve, a controlled column of falling 
dust was created in the region below the sieve. By means of an annulus, placed at the 
bottom of the sieve, the diameter of the dust column could be controlled. The measure-
ment of the dust concentration in the column was carried out simply by inserting two 
parallel plates, separated by a fixed distance, into the falling dust column, the plates being 
perpendicular to the axis of the column. Since the diameter of the column could be 
measured and the distance between the plates was known, the volume of the dust cylin-
der trapped between the plates was known; consequently,the dust concentrationwas given 
by the amount of flour that settled on to the lower plate, divided by the volume of the 
dust cylinder initially trapped between the plates. 

Seventy years later, Weber’sidea was adopted by Jones and White (P948), who by siev-
ing the dust into a vertical cylinder, avoided the gradual distortion of the falling dust 
column, which in Weber’s case occurred as the dust traveled away from the sieve. The 
sieving method for dispersing dust was also adopted by Craven and Foster (1967) as part 
of a more refined experimental setup and, on a comparatively large scale, by Palmer and 
Tonkin (1968). 

Schlapfer (1951) used a conveyor screw to supply the powder at a constant rate at the 
bottom of the vertical dust explosion tube, in which air was flowing upward at a con-
stant rate. The bottom part of the tube, where the dust was introduced, was narrow to 
ensure high turbulence during dispersion of the powder in the airstream. The upper part 
of the tube was considerably wider, and hence more laminarlike flow of the dust cloud 
could be obtained. 

A similar arrangement was used by Cassel (1964). In this apparatus, to obtain a con-
stant fl~owrate and dust concentration, the dust was dispersed by ajet of gas from a hypo-
dermic needle directed vertically downward toward a horizontal rotating dust layer of 
constant thickness. The arrangement also incorporated an electromagnetic vibrator, the 
purpose of which was to prevent the powder from depositing on the inner walls of the 
apparatus. 

Line, Clark, and Rahman (1957) used an apparatus where a turbulent dust cloud was 
initially formed by means of jets of oxidizer gas passing through a bed of the dust. This 
cloud was then directed downward through a vertical cylindrical tube, under laminar con-
ditions. The combustion chamber, having a considerably larger diameter, was attached 
to the tube; consequently, on leaving the tube, the dust cloud formed a continuous wall-
€ree column traveling downward through the combustion chamber. 

To investigate the burning velocity of laminar flames of lycopodium, Kaesche-Krischer 
and Zelv (1958) fed lycopodium into the lower end of a vertical 2 cm diameter tube, where 
it was dispersed into a stationary dust cloud by an upward-moving stream of air. This 
arrangement made it possible to obtain stable flames in the concentration range of dust 
between 200 and 500 g/m3.Mason and Wilson (1967), who also studied the burning veloc-
ity of stationary flames of lycopodium, described a dispersing arrangement where the 
lycopodium was elutriated from a fluidized bed. These workers could obtain stable dust 
flames in the concentration range 125-190 g/m3. 

Ballal(l983) also supplied the dust to be dispersed to a worm conveyor, from which 
it was fed at the desired rate at the top of the apparatus into the controlled downward 
airflow. In very fine powders, particle clusters or agglomerates tended to form at the output 
of the worm conveyor. The problem could be somewhat reduced by modifying the design 
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of the screw and optimizing its speed of rotation. However, to ensure proper dust dis-
persion, the dust output from the worm conveyor was fed into a swirl chamber driven 
by a controlled airflow. A high level of turbulence shear created within this chamber by 
the colliding whirlingjets produced cluster-free,uniform dust dispersion. For high dust 
concentrations and especially for coal dust, a secondarydust dispersion source in the form 
of a high-speed rotary disk was incorporated within the settling chamber. Thus, a uni-
form and finely dispersed dust cloud could be produced. This was gently drawn into the 
explosion chamber by a small suction pump. 

3.9.5 
CONCLUSION 

Provided the relatively large amounts of powder required and the relatively complicated 
experimental apparatus can be justified, the open-circuit principle is the most satisfac-
tory alternativefor dust dispersion.However, as for the transientcloud systems,it is essen-
tial that the dust dispersion system be designed carefully, to ensure that the degree of 
agglomeration of the particles in the cloud and the cloud turbulence corresponds with 
the state actually wanted. Quite often, it is desirable or even necessary to keep the con-
sumption of dust or powder at a minimum. In such cases, the transient air blast technique 
may, provided the limitations of the technique are borne in mind, offer the best solution. 
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Plate 1 
and Safety Executive, United Kingdom). 

18.5 m3 vented explosion vessel connected to a straight vent duct (Courtesy of Health 

6 .I 

Plate 2 
(Courtesy of Health and Safety Executive, United Kingdom). 

Coal dust explosion in 18.5 m3 vessel vented through a duct with a 90" bend at the end 



Plate 3 Venting of a polypropylene/air explosion in a 
5.8 m3 bag filter unit without (top) and with (bottom) 
quenching tube (Courtesy of F. Alfert and K. Fuhre, 
Chr. Michelsen Institute, Bergen, Norway). 

Plate 4 Application of automatic dust explosion suppres- 
sion to bucket elevators (Courtesy of T. Pinkwasser, Biihler, 
Switzerland). 



apter 4 
Propagation of  Flames in Dust Clouds 

4.1 
IGNITION AND COMBUSTION OF SINGLE PARTICLES 

4.1 .I 
ALUMINUM 

Friedman and Macek (1962, 1963) studiedthe ignition and combustion of aluminumpar-
ticles in hot gases of varying oxygen content. They concluded that ignition occurred only 
after melting of the oxide layer (melting point 2300 K) that coats the particle. The 
process of ignition did not appear to be affected by the moisture content of the hot ambi-
ent gas and was only slightly influenced by the oxygen content. At an oxygen content 
of only 2-3 mole percent (mol%), ignition occurred at 2300 K, whereas at 35 mol% 
oxygen,it occurred at 2200 K. On the other hand, the concentrationsof oxygen and water 
vapor had significant influence on the combustion of the metal. Oxygen promoted vig-
orous combustion and, if its concentration was sufficiently high, fragmentation of par-
ticles. In the absence of moisture, diffusion and combustiontook place freely in the gas 
phase, whereas in the presence of moisture, the process was impeded and confined to a 
small region, because the reactants had to diffuse through a condensed oxide layer on 
the surface of the molten particle. 

Cassel(1964) injected single 60 pm diameter aluminumparticles into the center of a 
laminar aluminum dust flame of known spatial temperature distribution.Ignition of the 
particles occurred at 2570 K, but this was probably higher than the minimum tempera-
ture required for ignition, because the residence time of the particle in the hot environ-
ment was no more than 2 ms. This is shorter than the induction period required for 
self-heatingof the particle from its minimum ignition temperatureto the minimum tem-
perature for self-sustainedoxidation. 

Cassel further observed that, within 2 rns after ignition, a concentricburning zone, of 
diameter about nine times the original particle diameter, developed around the particle. 
After 3 ms, a detached envelope appeared, which at first surrounded the particle con-
centrically but then became elongated and gradually developedinto a cylinder of length 
more than 10times its diameter.This expanding oxide envelope, being in the liquid state, 
followed the relative motion of the ambient atmosphere. 

Burning times of 60 pm aluminumparticles located between the lobes of the aluminum-
dust flame were found to be on the order of 10.5ms (about 4.5 times longer than for mag-
nesium particles burning under the same conditions).Cassel attributedthis to the greater 
oxygen requirement for the oxidation of aluminum. 

Prentice (1970) studied the ignition and combustion of single 300-500 pm aluminum 
particles in dry air, following initial heating and melting by a light flash from either a 
pulsed Nd-glass laser or a xenon-flash discharge lamp. In air (as opposed to in Ar/02), 
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oxide accumulated on the burning aluminum droplet. Because of this, the combustion 
process was terminated by fragmentationof the droplet (as shown by Nelson, 1965,for 
zirconium), The very fast flash-heatingmethod generated fully developed metal droplets 
with practically no oxide on the surface. This presented initial conditions for studying 
the subsequent ignition and combustion processes, when the virgin droplets interacted 
with the surrounding air. Detailed SEM studies of the oxide layer buildup revealed a 
porous structurewith a great number of fumaroles.Over the experimentalrange, the burn-
ing time to fragmentationincreased linearly with the particle diameter from about 200 
ms at 300 pm to 600 ms at 500 pm. Prentice studied the combustion of aluminum 
droplets in dry air over a range of pressures up to 4.5 bar (abs). The particles were found 
to fragmentin dry air at pressures up to about 2.4 bar (abs). Fragmentation became quite 
weak and sporadic at this pressure and finally ceased as the pressure was raised to 
approximately 4.0 bar (abs). The time to fragmentationwas found to be inversely pro-
portional to the air pressure, that is, to the oxygen concentration. 

Prentice also found that the nitrogen in the air played an active role in the combustion 
process, causing the oxide generated to adhere to the droplet surface and form an asym-
metrical, spin-generatingoxide layer that appeared to be a precondition for fragmenta-
tion. The driving gas causing particle fragmentationis in part aluminum vapor, but for 
combustion in air, the major constituent is nitrogen from nitride. 

Frolov, Pokhil, and Logachev (1972) studied ignition and combustion of single alu-
minum particles in high-temperature oxidizing gases, as a function of particle size and 
state of the gas. Various theories were reviewed. 

Grigorev and Grigoreva (1976) modified the theory of aluminum particle ignition 
by Khaikin, Bloshenko,and Merzhanov (1970), by including a fractional oxidation law 
accounting for possible changes of the structure of the oxide film during the preflame 
heating period. Experiments had revealed that the minimum ignition temperature of 
aluminum particles was independent of particle size, and Grigorev and Grigoreva 
attributed this to the oxidation rate depending very little on the thickness of the oxide 
layer. 

Razdobreev, Skorik, and Frolov (1976) studied the ignition and combustion of indi-
vidual 230-680 pm diameter aluminum particles in air, following exposure to station-
ary laser light fluxes.At incident fluxes approaching 150W/cm2,the particle melted, but 
ignition occurred only at fluxes higher than 250 W/cm2.Coefficients of reflection were 
not measured but assumed to be in the range 96-50%, which means that less than half 
the incident light flux was absorbed by the particle. The time from onset of radiant heat-
ing to ignition increased with particle diameter from 100ms for 230 pm, through 270 ms 
for 400 pm, to 330 ms for 680 pm. 

Ermakov et al. (1982) measured the surfacetemperatureof 400-1200 pm diameter alu-
minum particles at the moment of ignition. The heating was performed by a continuous 
laser of wavelength 10.6 pn at a constant flux incident on the particle in the range 
1500-4500W/cm2,that is, much higher than the experimentalrange of Razdobreev et al. 
(1976). The particle temperature was measured by a tungsten-rheniumthermocouple, 
whose junction of thickness 18-20 pm was located at the center of the particle. 
Microscopichigh-speed film records were made synchronously with recording the par-
ticle temperature at a rate up to 4500 frames/s. The simultaneous recording permitted 
detailed simultaneous comparison of the temperature of the particle with physical phe-
nomena observed on the particle surface. The appearance of a flame in the form of a 
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tongue on a limited section of the surface was noted at a particle temperature of 2070 &-
50 K. With further heating to 2170 K, the flame tongue propagated to the entire particle 
surface, and the particle temperatureremained constant at 2170 K during the subsequent 
burning. This temperature is slightly lower than the melting point of the oxide, and 
Ermakov et al. challenged the oxide melting point hypothesis. They concluded that the 
ignition temperature obtained in their experiments showed that ignition is not caused by 
melting the oxide film but the destruction of the integrity of the film due to thermome-
chanical stresses arising during the heating process. This was indicated by photographs 
of the particle surface at the time that the flame tongue appeared. No influenceof the inci-
dent heating flux density on the stationary combustion temperature of the particle was 
detected. See Section 9.2.3.2 in Chapter 9 for further works on aluminum particles. 

4.1.2 
MAGNESIUM 

Cassel and Liebman (1959) found that ignition temperatures of magnesium particles in 
air did not differ from those in pure oxygen. Therefore, they excluded oxygen diffusion 
as the reaction rate controlling mechanism in the ignition process and proposed a theory 
based on a simple chemical controlArrhenius term for describing the rate of heat gener-
ation per unit of particle surface area. An average value of the activation energy of 160k 
13 J/mole was derived from the available experimental data. 

Cassel and Liebman (1963) measured the ignition temperatures of single magnesium 
particles of 20-120 pm diameter by dropping the particles into a furnace containinghot 
air of known temperature. They found that the minimum air temperature for ignition 
decreased systematicallywith increasing particle size, being 1015 K for a 20 pm diam-
eter particle, 950 K for 50 pm, and 910 K for 120 pm. 

Cassel (1964) proposed a physical model for the combustion of individual magne-
sium particles, as illustrated in Figure 4.1. After ignition, the oxide layer that coats the 
particle prior to ignition, is preserved, growing only slightly in thickness. During com-
bustion, the oxide shell encloses the evaporating metal drop, while superheated metal 
vapor diffuses through the semi-permeable shell to the outside and reacts with oxygen 
that diffuses toward the particle from the ambientatmosphere. The rate of burning of the 
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Figure 4.1 Model of burning magnesium particle (From Cassel, 1964). 
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particle is therefore governed by the rate of oxygen diffusion toward the reaction zone. 
In the initial stage of combustion, the site of reaction is close to the outer surface of the 
oxide layer. However, owing to depletion of oxygen, this zone is detached from the 
oxide surface and shifted to a distance,L, from the particle shell. The rate of oxygen dif-
fusion and the rate of combustion are determinedby the gradient of oxygen partial pres-
sure at ro + L. This gradient remains approximately constant over the lifetime of the 
burning particle, except for the final stage,when the reaction zone withdraws to the oxide 
shell. 

Cassel(l964) also suggested a theoretical model for the combustion of a magnesium 
particle. On the assumption that the location of the liquid drop inside the oxide shell is 
unimportant and the rate of oxygen diffusionis always slower than the rate of the chem-
ical reaction, the burning rate of a magnesium particle is given by the quasistationary 
balance of the oxygen diffusion rate, 

DP P - P L  
RT P - P ,  

-
Wo2= 4;rd(r0+ L)-ln-

and the rate of metal vaporization, 

- 4;rdpr2 drw =---
Mg M E  dt 

Here D is the average oxygen diffusion coefficient at average temperature T,M is the 
mole weight of magnesium, p is density of magnesium, E is oxygen equivalent (=2 for 
oxidation of magnesium),p is the absolute total pressure at distance ro(just outside of 
the oxide shell), and p L  and p ,  are the partial pressures of oxygen at distances L and 
infinity. 

The time z required for complete combustion of a particle is obtained by combining 
equations (4.1) and (4.2) and integrating from the initial drop radius roto 0. The result-
ing equation is 

TI-
MEDp 3(ro + L) P - P ,  

(4.3) 

Equation (4.3) was used to derive values of (DIT)from observed Tvalues. Note that p, 
p,, and D refer to different temperatures; namely, the boiling point of the metal, the ambi-
ent gas temperature, and the temperaturein the diffusionzone near the reaction front, T. 
The estimates of D,assuming molecular diffusion, gave an unrealistically high T value 
of 4860 K for a magnesium particle burning in air. Cassel suggested, therefore, that the 
combustion of magnesium particles is governed predominantly by diffusion of atomic 
oxygen. He also suggested that the same must be true in any dust flame burning at 3000 K 
or more. 

Liebman, Cony, and Perlee (1972) studied experimentally the ignition of individual 
28-120 pm diameter magnesium particles suspended in cold air, by an approximately 
square laser light pulse of 1.06 or 0.69 pm wavelength and 0.9 ms duration. The results 
suggest that, during the heating of a magnesium particle by a short flash of thermal radi-
ation,the particle temperature first rises rapidly to the boiling point. Vaporized metal then 
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expands rapidly from the particle surface, and vapor-phase ignition may occur near the 
end of the radiant pulse. In accordance with the model proposed by Cassel (Figure 4.1), 
ignition is assumed to occur at some distance from the particle surface, where conditions 
(magnesium and oxygen concentrations and temperature) are optimal. The onset of igni-
tion was characterized by the rapid appearance of a large luminous zone. Radiant inten-
sities required to ignite the particles were found to increase with particle size and the 
thermal conductivity of the ambient gas environment. In accordance with the results from 
hot gas ignition, little change in the radiant intensities were required for ignition when 
replacing air by pure oxygen. 

Florko et al. (1982) investigated the structure of the combustion zone of individual mag-
nesium particles using various techniques of spectral analysis. They claimed that their 
results confirmed the assumption that the oxide, after having been generated in the gas 
phase in the reaction zone, condenses between this zone and the surface of the burning 
particle. This observation is an interesting supplement to the observation made and the 
physical model proposed by Cassel(l964). 

Florko et al. (1986) estimated the temperature in the reaction zone of burning mag-
nesium particles as a function of the pressure of the ambient gas, by analyzing the spec-
trum of the unresolved electron-vibration bands of the MgO molecules in the reaction 
zone. For large particles of 1.5-3 mm diameter, the reaction zone temperature was prac-
tically independent of the gas pressure and equal to 2700-2800 K in the range 0.3 to 1 
bar (abs). When the pressure was reduced to 0.05 bar (abs) the reaction zone tempera-
ture dropped only slightly, to about 2600 K. The burning time of 1.5-3 mm diameter par-
ticles was proportional to the square of the particle diameter. For a 2 mm diameter 
particle at atmosphere pressure, the burning time was about 6 s. Extrapolation to 60 pm 
particle diameter yields a burning time of 5.4 ms, which is quite close to the times of a 
few ms found by Cassel (1964) for Mg particles of this size. When the pressure was 
reduced to 0.2 bar (abs), Florko et al. (1986) found a slight reduction, by about IO%, of 
the burning time. See Section 9.2.3.2 in Chapter 9 for further works on Mg particles. 

4.1.3 
ZI RCQN I UM 

Nelson and Richardson (1964) and Nelson (1965) introduced the flash light heating 
technique for melting small square pieces of freely falling metal flakes to spherical 
droplets. They applied this method for generating droplets of zirconium, which were sub-
sequently studied during free fall in mixtures of oxygednitrogen and oxygenhrgon. 
The duration of the light flash was only on the order of a few ms. A characteristic fea-
ture was the sparking or explosive fragmentation of the drop after some time of free fall. 
This was supposed to be due to forcing out the solution of nitrogen, hydrogen, and 
carbon monoxide that had been chemically combined with the metal earlier in the com-
bustion process. The experimental results for air at atmospheric pressure showed, as a 
first-order approximation, that the time from droplet formation to explosive fragmenta-
tion was proportional to the initial particle diameter. The relative humidity of the air had 
only a marginal influence on this time. The heat initially received by a given particle by 
the flash was not specified. 
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4.1.4 
CARBON AND COAL 

Research on the explosibility of coal dust ,,as a long tradition. According to Essenhigh 
(1961), the possible role of coal dust in coal mine explosions was suggested as early as 
in 1630 by Edward Lloyd, when commenting on information received from Anthony 
Thomas concerningan explosion in England in about 1580.The role of coal dust in such 
explosions was certainly clear to Faraday and Lye11 (1845), discussing the disastrous 
explosion in the Haswell collieriesthe year before. More systematic investigationsinto 
the ignitability and explosibility of coal dusts started at the end of the 19th and the 
beginning of the 20th centuries. 

However,the combustion of coal dust particles is not only related to the explosionprob-
lem, the increasing use of pulverized coal in burners for energy production has become 
an important area of research and development, and much information on the combus-
tion of coal particles directly applicable to the coal dust explosion problem has been gen-
erated in that context.Furthermore, this use of pulverized coal in industry as well as the 
public sector has caused coal dust explosions to become a potential hazard, not only in 
mines but also in power generating plants utilizing powdered coal. 

Coal normally containsboth solid carbon and combustible volatiles. In addition, there 
is usually some ash and some moisture. The simplest system to study is the combustion 
of pure carbon or char. Nusselt (1924) proposed that the oxidation of pure carbon was 
essentially a direct conversion of solid carbon to COz at the particle surface. However, 
later investigationsdisclosed a more complex picture even for oxidation of pure carbon, 
as illustrated in Figure 4.2. 

R II 
rc LAMINAR DC TURBULENT 

Figure 4.2 Compositionof laminar gas layer during 
combustion of solid carbon according to the theory 
of Held ( 1  96 1 )  for surface temperatures >1400 K. 
Nitrogen is not considered,S = carbon surface; R = 
reaction zone (From Craaf, 1965). 

In zone I, the concentration of 0, is 0; whereas in Zone 11, the CO concentration is 
0. At the carbon surface, S, COzreacts with the solid carbon according to the endother-
mic scheme CO, + C +2CO. The required heat is supplied from the oxidation zone, 
R, where the temperature is at maximum and the exothermic reaction CO + 'h0, + 
CO, takes place. Using the theory of Held (1961), Graaf (1965) found that the tem-
perature in the oxidation zone R was about 2500 K for a coal surface temperature of 
1800 K. 

For low carbon surface temperaturesof 4 4 0 0  K, a significant concentration of 0, may 
exist right at the surface; and at very low surface temperatures of <800 K, direct oxidation 
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by oxygen accordingto the consecutivescheme 2C +O2-+ 2CO and 2CO + 0, -+ 2C02 
takes place close to the surface. Graaf carried out experiments that supported van der 
Held’s theory. 

However, conclusionsfrom experimentswith burning of comparatively large samples 
of carbon may not necessarily apply to the burning of very small particles. Ubhayakar 
and Williams (1976) studied the burning and extinction of single 50-200 pm diameter 
carbon particles in quiescent mixtures of oxygen and nitrogen, ignited by a light flash 
from a pulsed ruby laser. An initial objective of their study was to investigate whether a 
gas phase burning mechanism or a surface burning mechanism, possibly accompanied 
by pore diffusion, governs the combustion of submillimetercarbon particles. An addi-
tional objective was to obtain burning duration data for such small particles. The lowest 
mass fsaction of oxygen used in the oxidizer gas was 0.5, which is considerably larger 
than in air. They concluded that, in the temperature range 2000-3500 K, the kinetics of 
the carbon oxidation could be represented by a surface reaction producing CO and 
having an activation energy of 75 kJ/mole. As expected, the maximum temperature at 
the particle surface increased with increasing oxygen fraction in the oxidizer gas, At 
atmospheric pressure, it was about 3000 K in pure oxygen and about 2200 K at an 
oxygen mass fraction of 0.6. Typical particle burning durations at atmosphericpressure 
were 60 ms for 100pm diameter particles and 25 ms for 60 pm particles.For low oxygen 
mass fractions, extinction occurred before the particles had burned away, and this 
explairiedwhy burning times for a given particle size were shorter in atmospheres of lower 
oxygen mass fractions than in pure oxygen. 

In a purely theoretical investigation,Matalon (1982) considered the quasi-steady burn-
ing of a carbon particle that undergoes gasification at its surface by chemical reaction, 
followedby a homogeneousreaction in the gas phase. The burning rate M was determined 
as a function of the gas phase Damkbhler number D, (ratio of chemical and diffusioncon-
trolled reaction rates) for the whole range 0 < D, < 00. The monotonic M(D,) curve, 
obtained for Comparatively hot or cool particles, described the gradual transition from 
frozen flow to equilibrium.For moderateparticle temperatures,the transition was abrupt 
and the M(D,) curve was either S-shaped or Z-shaped, depending on the relative impor-
tance of the two competitive surface reactions 2C + O2-+ 2C0 and C + C02-+ 2GO. 

Specht and Jeschar (1987) also investigated the governing mechanisms for the com-
bustion of solid carbon particles of various diameters. The chemical reactions consid-
ered were the sameas discussed previously, but it was found that their relative importance 
depends on particle size via its influence on the Damkohler number D,. 

On the basis of idealized considerations, Fernandez-Pello (1982) derived theoretical 
expressionsfor the instantaneouslocal mass burning rate and the overall regression rate 
(rate of reduction of the particle radius) for the combustionof a sphericalcondensedfuel 
(e.g.?carbon) particle in a forced convective oxidizing gas flow. The model is illustrated 
schematicallyin Figure 4.3. 

The equations derived are of the form 

dwe a 
-= ---(Re)’/’f,(B, 6, 0)
dt re (4.4) 
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Figure 4.3 
theoretical model and coordinate system (From Fernandez-Pello, 1982). 

Combustion of a condensed fuel particle in a forced convective oxidizing gas flow, the 

where 

m is the remaining particle mass at time t; 
Y is the particle radius at time t; 

is the thermal conductivity of the oxidizing gas; 
C is the mean specific heat of the reaction products; 
p is the density of the particle; 
Re is the particle Reynolds number, referred to the velocity and viscosity of the oxidiz-

ing gas upstream of the particle;
fi andf, are functions of a mass transfer number B, a normalized energy species func-

tion G, and the angular coordinate 0. 

The predicted dependence of the overall particle regression rate, or the Nusselt 
number, on the Reynolds and mass transfer numbers was in qualitative agreement with 
semi-empirical correlations based on experiments with polymethyl methacrylate par-
ticles burning in mixtures of oxygen and nitrogen. Quantitative comparison between 
theory and experiments was difficult because of different definitions of the mass trans-
fer number B and difference between theoretical and experimental environment con-
ditions. However, it appeared that the theoretical analysis predicts higher (by a factor 
of approximately 2) mass burning rates than those observed experimentally.The choice 
of the thermophysical properties of the fuel and oxidizer used in the theory and the ide-
alized assumptionsimplicit in the theoretical analysis could explain the quantitativedis-
agreement with the experiments.The predicted variation of the particle radius with time 
is of the form r:” -P/, - t. 

Unless the total specific surface area (N2adsorption) of the particles exceeds about 
100 m2/g,clouds of pure carbon dust, such as graphite, in air at atmospheric pressure 
are unlikely to represent a significant explosionhazard in practice. Therefore, coals con-
taining volatiles are of greater practical interest. However, the volatiles complicate the 
ignition and combustion mechanisms, and the picture is less clear than for pure carbon 
combustion. 

Gomez and Vastola (1985) compared the ignition and combustion of single coal and 
char particles in an isothermal flow reactor, by measuring the concentrationsof CO and 
CO, in the downstream gas flow as functions of time. A subbituminouscoal containing 
22% moisture, 4.6% ash, 33.8% volatiles, and 39.6% fixed carbon was used in the study. 
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For each run, a single particle from a 850-1000 pm sieve fraction was injected into a 
reaction furnace swept with air. Experimentswere performed at five temperatures:928 K, 
980 K, 1076 K, 1118 K, and 1273 K. At each temperature, two types of run were per-
formed, coal combustion and char combustion. The char particles were prepared by 
injecting a coal particle into the reactor with a flowing nitrogen gas stream at the desired 
temperature.After pyrolysis was completed, the char was ignited by switching the car-
rier gas from nitrogen to air. 

The main conclusion drawn by Gomez and Vastola from their experiment was that 
two chemical reactions compete for the oxygen surrounding the coal particle. The two 
reactions are quite different in nature, one involving the carbon surface (heteroge-
neous) and the other involving the volatiles (homogeneous). The gas concentration 
curves obtained for the heterogeneously oxidized char particles were considered typi-
cal for the heterogeneous reaction involving the carbon surface. Oxidation of coal par-
ticles could be heterogeneous, depending on the temperature. The gas concentration 
curves obtained for heterogeneous oxidation were similar to the curves for char com-
bustion, except for an initial peak of carbon monoxide attributed to the combustion of 
volatiles on the surface or within the particle at low oxygen concentrations. However, 
when the coal particles ignited homogeneously, an initial pronounced peak of carbon 
dioxide was detected, which was attributed to the gas phase combustion of the volatile 
matter at conditions of sufficientoxygen for burning most of the carbon in the volatiles 
to carbon dioxide. The initial peaks of carbon monoxide for heterogeneous coal igni-
tion and carbon dioxide for homogeneous ignition can be used to measure the pyroly-
sis time during Combustion. 

Gomez and Vastola suggestedthat all the carbon in the volatiles is oxidized to carbon 
monoxide or carbon dioxide. This is because methane, the most difficult hydrocarbon 
to oxidize, which was detected in the volatiles of coal particles after pyrolysis in nitro-
gen, was not traced in the products from combustion in air. 

If the particle burns under external diffusion control, the reaction proceeds on the 
external surface of the particle at a very low oxygen concentration.The particle diame-
ter then reduces as the combustion advances, but the density of the remaining particle 
mass nz at time t is the same as of the initial particle mass mo.Integration of the reaction 
rate equation for this case, assuming spherical geometry, results in 

(mlmo)2’3= kt (4.6) 

where the global constant k embraces a number of constants and parameters.If this rela-
tionship describes the mechanism controlling the combustion process, a plot of the 
power two-thirds of the reduced mass m of the particle against time, determined exper-
imentally,should result in a straightline. For char particles, Gomez and Vastola’s exper-
iments gave straight lines at gas temperatures >1100 K; whereas for coal particles, 
straight Bines were found for gas temperatures >980 K. 

The total combustion times, determined by both the method just described and inde-
pendent light intensity measurements,varied from 5-10 s at a gas temperature of 1300K 
to 20 s at 930 K. These times are very long in the context of dust explosions and due 
mainly to the large particle diameter of about 1 mm and partly to the comparativelylow 
oxidizing gas temperatures in Gomez and Vastola’s experiments. 
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Howard and Essenhigh (1965, 1966, 1967), discussing the results of their extensive 
research on coal particle combustion, first indicated that ignition of a bituminous coal 
particle generally occurs on the solid surface of the particle rather than in the volatile 
pyrolysis products. However, in their final conclusion (Howard and Essenhigh, 1966), 
they differentiated among various mechanisms on the basis of particle size. The classi-
cal view, of ignition taking place in the volatiles, still seemed valid for particle diame-
ters larger than 65 pm. Smaller particles would, however, not be able to generate a 
sufficiently concentrated envelope of volatiles to prevent oxygen from diffusing to the 
solid carbon surface. For particle diameters smaller than 15 pm, the ignition reaction is 
more or less entirely heterogeneous oxidation at the particle surface. 

The essential point in Howard and Essenhigh’s argument is the assumption that, for 
particles of diameters smaller than 100 pm, the total devolatilization time is independ-
ent of particle size. This impliesthat the average flow of volatiles per unit of particle sur-
face area increases with the particle size. For very small particles, the volatile flux is 
insufficient to maintain a volatile flame envelope round the particle. 

In a more recent investigation of the devolatilizationprocess by Johnson, Murdoch, 
and Williams (1988), Howard and Essenhigh’s assumptionof negligible influence of par-
ticle size on devolatilizationrates (or total devolatilization times) was maintained for the 
range of particle sizes typical of most pulverized fuels and explosible dusts. These work-
ers studied the devolatilizationof monolayers of coal particles in an inert atmosphere, 
at heating rates from 100 to 1500 Ws. The results also indicated that, for 10-1000 pm 
diameterparticles of bituminous coal resting on an electrically heated filament,the heat-
ing rate had little influence on the devolatilizationyield, which rather was determined 
by the peak temperature. The maximum rate of devolatilization and maximum hydro-
carbon yield occurred at peak temperatures between 700 and 1000K. 

Froelich et al. (1987) studied the combustion in air at 1400 K of single 80-100 pm 
diameter coal particles containing 30% volatile matter. They used the experimentally 
determined relationshipbetween particle temperature (two-colorpyrometer) and time in 
a furnace of known temperature to calculate the rate of gasification of the solid carbon 
of a coal particle.After about 5 ms in the furnace, the particle temperaturereached a sharp 
peak of 2200 K, which was attributed to the devolatilization and ignition of the volatiles. 
A second, less-sharp temperature rise, which started at about 10 ms and terminated at 
about 60 ms, had a peak value of about 1800K and was associated with the gasification 
of the solid carbon. 

The particle was a perfect and homogeneous sphere. 
The temperature of the particle was uniform. 
Either the diameter or the density of the particle remained constant (devolatilization 

The furnace and the particle were black and gray bodies, respectively. 
The particle was in permanent thermal equilibrium with the gas and walls of the fur-

In their theoretical analysis, Froelich et al. assumed that 

or combustion of solid carbon). 

nace. 

The following equation was proposed: 
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where 

ifris the radiative heat flux received by the particle per unit time; 
Hc is the convective heat flux received by the particle per unit time; 
Hq is the heat of reaction per unit time; 
Cpis the specific heat capacity of the particle; 
Tpis the temperature of the particle; 
p, is the density of the particle; 
x is the diameter of the particle. 

radiative equilibrium with the furnace wall: 
HTwas determined from the Stefan-Boltzmann law by assuming that the particle is in 

H,, = Ez(T; - T i )  (4.8) 

where 

E is the total emissivity of the coal; 
zis the Stefan-Boltzmann constant; 
Tf is the furnace wall temperature. 

The convective heat flux H, was taken as 

where Tgis the temperature of the gas around the particle and h, is the convective heat 
transfer coefficientbetween the particle and the gas determined from the Nusselt number, 
assuming laminar flow around a spherical particle. 

The heat of reaction per unit time Hq was taken as 

7cHq =AW-x2
4 

(4.10) 

where W is the rate of devolatilization per unit of particle surface area and A is a constant. 
W,as a function of time, was calculated from the experimentally determined particle 

temperature as a function of time, by inserting equations (4.8), (4.9), and (4.10) in (4.7) 
and applying an iterative numerical method of solution. W was found to have a peak of 
4 x IOp2kg/m2 s at about 17 ms and remain fairly constant at 3 x loF2-2 x kg/m2 s 
from 20-40 ms to about 55 ms, after which it dropped rapidly to 0. 

In their study of ignition and combustion of single coal particles, Gieras et al. (1985, 
1986) eliminated the influence of gravity by performing the experiment during 1.4 s of 
free fall of the test chamber. In this way, gravity-driven convective heat transfer was 
avoided and the exclusive roles of conductive and radiative heat transfer could be stud-
ied. The experiment was performed with one or more coal particles glued onto thin 
quartz needles. The smallest particle size that could be used without the needle and glue 
significantly influencing the particle ignition and combustion was about 300 pm. 
Therefore, the most interesting particle sizes from a dust explosion point of view (diam-
eters 4 0 0  pm) could not be studied. The observed trends are nevertheless of interest. 

In one series of experiments, pairs of equal-size particles separated by a fixed center-
to-center distance D were studied after a particle had been ignited by the flame from a 
burning 1mm diameter drop of n-octane. For 700 pm diameter particles, the maximum 
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Figure 4.4 Influence of volatile content in coal and oxygen concentration in gas on the maximum 
center-to-center distance between particles for the ignition of a 700 pm diameter coal particle by a 
burning neighbor particle of the same size, at zero gravity (From Cieras, Klemens, and Wojcicki, 7 98.5). 

distance D,,, for the second particle to become ignited by the first one increased sys-
tematically with the volatile content of the coal and the oxygen content of the gas, as 
shown in Figure 4.4. It was also found that D,,, was proportional to the particle diam-
eter in the range 300-1200 pm investigated. For anthracite and coke in air, ignition of 
the second particle did not take place unless the particles were nearly touching, whereas 
particles of the coal of the highest volatile content in air could be separated by up to about 
two to three particle diameters. 

In Figure 4.5, the relative flame radius, Rfias observed on 48 fr/s movie photos, has 
been plotted as a function of time. Rfis defined as the ratio between the radius of the appar-
ent flame around the particle and that of the original particle. Figure 4.5 shows that the 
time required to reach the maximum flame radius decreased and the maximum flame 
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Figure 4.5 
coal particle at zero gravity (From Cieras et al., 198s). 

Change of relative flame radius Rfwith time during combustion of a 700 pm diameter 
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radius increased with increasing volatile content. This trend was interpreted in terms of 
the volatiles burning more rapidly than the char, in agreement with the general under-
standing of the combustion of coal particles. 

In a further series of experiments,Gieras et al. (1985) studiedthe propagationof com-
bustion through static linear chains of consecutive coal particles separated by a given 
optimal center-to-center distance Doptdepending on the volatile content. It was con-
firmed that the velocity of the “one-dimensional”flame propagation increased (approx-
imately proportionally) with the volatile content of the coal. 

When similarinterparticleflame transfer experiments were conducted at normal grav-
ity conditions, buoyancy played an important role (Gieras et al., 1986).The maximum 
interparticledistance for upward flame transfer was then significantlylarger than for hor-
izontal transfer. This has important implications in dust explosions, such as in the defi-
nition of the concept of minimum explosibledust concentration.Under gravity conditions, 
the limiting dust concentration for flame propagation depends on whether the propaga-
tion occurs upward, downward, or horizontally (see Section 4.2.6.2). 

Wagner et al. (1987) studied the ignition and combustion of single coke and coal par-
ticles of diameters 63-125 pm in a vertical reactor containing hot oxidizing gas, through 
which h e  particles settledfor predeterminedperiods (distances)before being captured and 
cooled rapidly. The initial volatile content for the materials investigated varied from 4.5% 
to 37%. The experimental data were compared with predictions by a numerical computer 
model, based on the earlierwork by Field (1969) and Smith (1971).The model also treated 
the devolatilization process, by considering it as a single-stage reaction of activation 
energy 228.5 kJhnole. The combustion was considered controlled partly chemically and 
partly by diffusionprocesses.Both convectiveand radiative heat transfer were considered. 

Figure 4.6 shows a set of experimentalresults for particles burning in airat atmospheric 
pressure and the corresponding predictions by the computer model. For all three coals 
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Figure 4.6 Burning-offof 63-125 p coalparticles 
of various volatile contents as functions of residence 
time in hot gas (1 170 K )  in a vertical reactor: 

0 = 37.1% volatiles 
= 20.7% volatiles 

x = 7.3 % volatiles 
-= computer model predictions 
(From Wagner et al., 1987). 
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and a gas temperature of 1170 K, devolatilization and combustion of volatiles is com-
pleted within about 0.5 s, whereas the burning-off time of the char increases markedly 
with decreasing content of volatiles. 

Levendis,Flagan, and Gavals (1989) studied mechanisms and rates of oxidationof char 
particles in the size range from a few pm to several tens of pm. The specific surface area 
of the char particles varied with the origin of the char (polymers with pore-forming 
additives). When heated in an inert atmosphere,the char particles maintained their amor-
phous nature up to 1600K. However, when oxidized at 1600K, the carbon matrix under-
went partial graphitization. 

Vareide and Sonju (1987) developed approximate computer models for predicting 
burn-off of char particles. Two alternative assumptions concerning the particle size 
and density were adopted, constant density/decreasing diameter and constant 
diameteddecreasing density. The total burn-off time decreased with initial particle 
diameter.In the shrinking particle model, the total bum-off time at 15vol% O2and 1500K 
was about 1 s for a 100 ,um particle and 0.1 s for a 10 pm particle. The corresponding 
burn-off times predicted by the constant particle-diameter model were about 0.3 s and 
0.04 s. 

Essenhigh, Misra, and Shaw (1989) provided a comprehensive survey of the status on 
coal particle ignition in the light of the historical development over the previous two 
decades. The possibility of extending the single-particleresults to dust clouds was exam-
ined. Theories are available,but experimental verification is incomplete.The boundary 
between conditions that produce heterogeneous ignition and those producing homoge-
neous ignition is not fully identified. 

4.1.5 
WOOD 

Malte and Dorri (1981) developed a complete theory for the life of a single wood parti-
cle, of diameter from 100 pm upward, in a wood waste furnace of the grate type. The 
particle was followed from the moment of injection via drying and pyrolysis to completion 
of combustion.A main objective was to study the extent to which small particles were 
entrained by the upward airflow before combustion was completed. 

Equation (3.16) in Chapter 3 was used to calculate the gravitational terminal settling 
velocity v,of the particle. The drag coefficient C, was determinedexperimentallyfor var-
ious particle sizes and shapes. One problem is that v, depends on particle drying and 
devolatilization,because these processes reduce the particle density. 

The homogeneous particle temperature was calculated by integrating the following 
equations, (4.11)-(4.15). The drying process was described by 

dT dM 
m,, dt dt 

= (C+ MC,)--hv-e (4.11) 

(4.12) 
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where 

Q is the rate of heat transfer to particle; 
C is the specific heat of dry wood; 
C, is the specific heat of liquid water; 
mD, is the dry mass of wood particle; 
T is the homogeneous particle temperature; 
h, is the latent heat of vaporization, including differential heat of wetting; 
M is the fractional moisture content: mass H,O/dry mass; parameter b (empirical corre-

lation) equals 

The pyrolysis process, neglecting particle swelling, was described by 

e dT dP 

vP 
-= PC- -[C,(T -T,)-41-

dt dt 

(4.13) 

(4.14) 

(4.15) 

where 

p is the particle density at time t; 
pFis the final particle density; 
Vpis the particle volume; 
C, is the specific heat of volatiles; 
Tois the reference temperature; 
q is the exothermic heat of pyrolysis at reference temperature; 
k is the Arrhenius rate constant equal to A exp (-EIRT). 

The value of k varies with temperature, activation energy, and the constant A. A and 
E in turn vary with the details of the composition of the wood, the rate of heating, and 
so forth. This aspect was investigated in some detail by Malte and Dorri (1981). 

Acomputer model was used to simulate trajectories of wood particles of various sizes 
and shapes, in the waste furnace. It could be shown that particles of diameters smaller 
than 500 pm had a significant tendency to become entrained by the upward air in the fur-
nace and escape ignition and combustion at the hot grate in the furnace bottom. 

4.2 
UST FLAMES 

4.2.1 
LAMINAR FLAME PROPAGATION IN PREMIXED, QUIESCENT GASES 

The basic concepts of flame propagation in dust clouds are adoptedfrom premixed gas prop-
agation theory. It is appropriate,therefore, to briefly introducesome central aspects of the latter. 
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The linear rate at which a laminar combustion wave or reaction zone propagates rel-
ative to the unburned gas of a flammable mixture is called thefundamental or laminar 
burning velocity, commonly denoted S,. As pointed out by Kuchta (1985), this velocity 
is a fundamentalproperty of the mixture and depends primarily on the thermal diffusivity 
A/pC, of the unburned gas, where A is the thermal conductivity, p is the density, and C, 
is the specific heat at constant pressure of the unburned gas, and on the chemical reac-
tion rate and heat of combustion of the gas. The reaction zone in a premixed gas is nor-
mally quite thin, on the order of 1 111111.According to the classical Mallard-le Chatelier 
(1883) theory, the fundamental laminar burning velocity of a homogeneous gas mixture 
equals 

(4.16) 

where Tiis the ignition temperature of the gas mixture and L is the thickness of the reac-
tion zone. One problem with this theory is that a relevant value of Tiis normally not known 
for a given gas mixture. The fundamental limitation of the theory is that it does not relate 
S,  to the heat release rate. Therefore, more refined theories have been developed, as are 
mentioned here. 

Of great practical interest is the flame speed S’ that is, the speed of the flame front rel-
ative to an observer or fixed geometries. It may be defined as 

Sf = S, +S, (4.17) 

where S,  is the gas velocity component caused by the expansion and buoyancy of the 
combustion product gases. Figure 4.7 illustratesthe experimentalrelationship among S,, 
S’, and S,  for spherical flame propagation in CH, air as a function of equivalenceratio 
(fraction of stoichiometricfuel concentration).The maximum Sf and S,  values occur on 
the rich side of stoichiometriccomposition and the ratio S’/S, is about 6. Under ideal adi-
abatic conditions,the maximum S,/S, ratio is about 7.5, which is typical of the combustion 
product expansion ratio E for most organic fuels. The plane, one-dimensional flame 

EQUIVALENCE RATIO 

Figure 4.7 Flame speed Sfi gas velocity Sg: and 
burning velocity S, versus equivalence ratio for 
sphericalmethane/air flame propagation and atmo-
sphericpressure (From Kuchta, 1985;originallyfrom 
Andrews and Bradley, 1972). 
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Fuel gas 

Hydrogen 

Acetylene 
Ethylene 
Methane to n-heptane 

speed may be calculated from the following expressions: 

S, [mkl 
3.25 
1.60 
0.80 

0.42-0.47 

S ,  = SUE= Supu/p, (4.18) 

(4.19) 

where M is the molecular weight, Tis the temperature (K), p is the pressure (absolute),p 
is the gas density,and the u and b subscriptsrefer to the unburned and burned states,respec-
tively. In the case of spherical flame propagation, the radial flame speed is given by equa-
tions (4.18) and (4.19) if the flame thickness is negligible compared with the radius of the 
spherical flame surface. For finite flame thicknesses, methods for correcting for flame 
stretch have been developed,as shown by Kawakami, Okajima, and Tinuma (1988). 

The burning velocity in air generally increases consistently with increasing initial 
temperature, whereas for many fuels, it decreases somewhat with increasing pressure. 
When the ratio of 02/Nzin the oxidizing gas is either smaller or larger than in air, the 
burning velocity decreases or increases correspondingly.In pure oxygen,burning veloc-
ities are considerablyhigher than in air because of increased reaction rates and heats, par-
ticularly at stoichiometricfuel concentrations,which are much higher in oxygen than in 
air at the same total pressure. Table 4.1 summarizesmaximum S, values for some gases 
mixed homogeneously with air, at atmospheric pressure and normal room temperature. 

Table 4.1 Maximum fundamental burning velocities S, for homogeneous mixtures of air and 
various combustible gases, at atmospheric pressure and normal room temperature 
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4.2.2 
DIFFERENCES BETWEEN FLAMES IN PREMIXED GAS 
AND IN DUST CLOUDS 

Leuschke (1965) pointed out some characteristicdifferences between a laminar, premixed 
gas flame and a laminar dust flame. One important difference is that the reaction zone 
in the dust cloud is considerably thicker than in the gas, irrespectiveof the type of dust, 
and on the order of at least 10-100 mm. When discussingthis feature of the dust flame, 
Cassel(l964) distinguished between two types of flames. The first, the Nusselt type, is 
controlledby diffusion of oxygen to the surface of individual, solid particles, where the 
heterogeneous chemical reaction takes place. In the second type, the volatile flame, the 
rate of gasification,pyrolysis, or devolatilizationis the controlling process and the chem-
ical reaction takes place mainly in the homogeneous gas phase. In Nusselt-type flames, 
the greater thickness of the combustionzone, compared with that of premixed gas flames, 
results from the slower rate of molecular diffusion, compared to diffusion in premixed, 
homogeneous gases. In the volatile flame type, the greater flame thickness is due to the 
preheating zone, where volatiles or pyrolysis gases are driven out of the particles ahead 
of the flame. When mixed with air, these gases and vapors burn almost as a premixed 
gas. The combustion of the remaining solid char particles occurs subsequently at a 
slower rate in the tail of the flame, and therefore the volatile flame in clouds of coals and 
organic dusts is also in fact coupled to a Nusselt-type flame. 

In metals, low melting-pointmaterials may oxidize in the vapor phase, but due to the 
oxide film around each particle, this does not result in a homogeneous metal vapor/air 
flame. Because of the large heat of combustionper mole of O2for example, of aluminum 
and magnesium dust compared with organic dusts, the temperature of the burning par-
ticles is very high and thermal radiation plays a central role in the transfer of heat in the 
combustion wave. Radiative heat transfer is also supposed to play a role in coal dust 
flames. However, because the thermal radiation is proportional to the fourth power of 
the temperature, the role of thermal radiation in coal dust flames is less important than 
in, for example, aluminum and magnesium dust flames. Radiative heat transfer in dust 
flames is a complex process, and it is of interest to note that Elsner, Koneke, and 
Weinspach (1988) investigated the solid particle emissivity in dust clouds as a function 
of dust cloud thickness, specific surface area of the particles, dust concentration, and 
absorption and scatter coefficients. Experiments were conducted with fluidized bed ash 
and quartz sand. Good agreement was found between the experiments and a theoretical 
equation. 

Leuschke (1965) conducted an illustrative series of experiments demonstrating the 
importance of radiative heat transfer in metal dust flames, using the experimental setup 
illustrated in Figure 4.8. Two transient dust clouds were generated simultaneouslyon the 
two sides of a double-glass window, one being ignited immediately by a gas flame. It 
was then observed whether the radiation from the burning cloud was able to ignite the 
other cloud. 

Table 4.2, summarizing the results, shows that only the flames of Zr, Ti, AI, and Mg 
produced sufficient radiation to ignite the other cloud. Ignition of graphite was not 
accomplishedat all, in agreement with the inability of graphite dust clouds to propagate 
a self-sustained flame in air at normal temperature and pressure. The reason why the gas 
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Table 4.2 
according to Figure 4.8 

Ignition of various dust clouds by radiation from various dust flames, experiments 
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Figure 4.8 Experiment demonstrating the ignition 
of a cloud of metal dust in air by radiation from a 
burning cloud of the same dust, through a double-
glass window (From Leuschke, 1965). 
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flame coal could be ignited by the radiation from zirconium and titanium clouds,whereas 
the brown coal did not ignite, is not clear. Leuschke (1965) pointed out that clouds in 
air of iron and zinc powder, wood and cork dust, and lycopodium ignited easily when 
exposed to light flashes of the type used for illumination in photography. As far as self-
sustained flame propagation in dust clouds is concerned, Table 4.2 confirms that radia-
tive heat transfer is much more important in high-temperature metal flames than in 
flames of organic materials and coal. 
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With respect to the role of radiative heat transfer in dust flames, Cassel (1964) rea-
soned that losses from the heat generated in the combustion zone necessarily make the 
maximum temperatures actually attained considerably lower than the temperatures pre-
dicted thermodynamically for adiabatic conditions.However, in the interior of sufficiently 
large dust clouds, temperatures undoubtedly approach theoretical values. Therefore, as 
heat losses by radiation decrease with decreasing surface-to-volumeratio of the burn-
ing cloud, dust flames should show a positive correlation between flame size and burn-
ing velocity not encountered in combustible gas mixtures. Therefore, in the absence of 
other scale effects, larger high-temperaturedust flames may be expected to burn faster 
than smaller ones. 

Another difference between flame propagation in a premixed gas and dust clouds has 
been elucidated by Goral, Klemens, and Wolanski (1988). They studied upward propa-
gation of flames in a lean methane/air mixture to which had been added inert particles 
(sand). It was found that the upward flame velocity increased with increasing sand grain 
size, from 0.33 m / s  for the 5.1 vol% methane/air with no sand particles, via 0.4 m / s  for 
40 pm particles, 0.65 m / s  for 180pm particles to 0.75 m / s  for 360 pm particles. The effect 
was attributedmainly to the enhanced combustion due to the microturbulence generated 
in the wake of the falling particles. However, thermal radiation effects were also assumed 
to play a role. 

4.2.3 
EXPERIMENTAL BURNING VELOCITIES, FLAMETHICKNESSES, 
QUENCHING DISTANCES, AND TEMPERATURES OF LAMINAR 
DUST FLAMES 

In the case of premixed gases, the properties of laminar flames can be investigated in 
detail in special stationary burners. The same technique has been adopted in the study 
of laminar dust flames. However, as Lee (1987, 1988)pointed out, laminar dust flames 
are difficult to stabilizewithout causing significantcooling of the flame. Therefore,such 
stabilized flames are nonadiabatic, and average burning velocities are lower than for an 
adiabatic flame. In addition,the flame is not uniform over its cross section, and burning 
velocities and flame thicknesses are not always easy to define. Nevertheless, much valu-
able information on the nature of laminar dust flames has been obtained from stationary 
burner flame studies. Section 9.2.4.2 in Chapter 9 gives references to further works on 
laminar flame propagation in dust clouds. 

4.2.3.1 
Metal Dusts 

Cassel (1964) developed a special burner for studying stationary propagation of flat 
“laminar” graphite and metal dust flames. Circular Mache-Hebra nozzles were used to 
ensure a reasonably uniform distribution of the upward velocity of the dust cloud into 
the flame region. Once ignited, the flat dust flame floated approximately 20-30 rnm 
above the burner port. The flame was stabilized by an enveloping divergent gas stream 
without using a pilot flame. Burning velocities were determined photographically both 
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Table 4.3 
particles in various oxidizer gases at atmospheric pressure 

Burningvelocities and brightness temperatures for flat, laminar flames of 6 pm aluminum 

Source: Cassel, 1964. 

by measuring the minimum upward vertical particle velocity in the preheating zone 
below the flame and the particle velocity in the cold dust cloud further down. 

Some results for dust clouds of 6 pm aluminum particles are given in Table 4.3. The 
results for argonlair mixtures show that both the burning velocity and the brightness 
temperature increase somewhat with nozzle diameter or flame area. This indicates that 
the values in Table 4.3 are minimum values in the dust explosion context. The bright-
ness temperatures were measured by optical pyrometry. Because the burning dust 
cloud is not a black body, the true flame temperatures are higher than the brightness 
temperatures. Cassel,using the particle track method of Fristrom et al. (1954),estimated 
the true temperature of a 240 g/m3 cloud of 6-7 pm diameter aluminum particles, 
burning in a mixture of 20 vol% O2and 80 vol% Ar at atmospheric pressure, to about 
2850 K. If AI is replaced by He, the temperature estimate rises to 3250 K. In both cases, 
the ratio of the estimated true flame temperature and the brightness temperature is 
about 1.4. 

If this factor is appliedto the brightness temperatures in Table 4.3 of the flames in air,the 
flame temperature estimates are 2500 K for 200 g/m3,2670 K for 250 g/m3,and 2900 K 
for 300 g/m3.Closed-bombexperimentswith aluminum dust clouds in air give the high-
est peak pressures, with dust concentrations above the stoichiometric, typically in the 
range of 500 g/m3.This could indicate that the temperature of a flame of 500 g/m3fine 
aluminum particles in air at atmosphericpressure would exceed 3000 K. 

In the discussion published with Friedman and Macek’s (1963) paper, Glassman 
asserted that the temperature of aluminumparticle diffusion flames does not depend on 
the concentration of oxygen in the atmosphere, except at very low concentrations.The 
flame temperature equals the boiling point of the oxide, 3800 K. 

Cassel(l964) has a photograph of a flat, laminar flame of 230 g/m36 pm diameter alu-
minum particles in air at atmosphericpressure, which suggests a flame thickness on the 
order of 10 mm; that is, at least 10 times the characteristic flame thickness of laminar 
premixed gas flames.The burning velocity for the 6 pm aluminum particles in air varied, 
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as seen from Table 4.3, with the dust concentration,being 0.21 m / s  for 200 g/m3and 0.35 
m/s for 300 g/m3. 

Other experimentsby Cassel(l964) showed that the burning velocity of aluminudair 
clouds also increased with decreasing particle size. At 200 g/m3,it was roughly 0.2 m/s 
for a “<30pm” atomized aluminumpowder and 0.4 m / s  for ‘ ‘40  pm” quality.The latter 
value agrees favorablywith the maximum value of 0.42 m / s  determined by Ballal(l983) 
for aluminum of a volume surface mean diameter (032)of 10 pm. The maximum flame 
speed occurred close to the stoichiometric concentration 310 g/m3.Ballal (1983) con-
ducted his sophisticatedexperimentsin a special vertical explosion tube during free fall 
(zero gravity conditions), and it is interesting to observe that, for particle sizes of about 
10pm, gravitational effects did not seem to play a dominatingrole in the laminar flame 
propagation through aluminum dust clouds. 

Gardiner, Caird, and Bardon (1988) studied flame propagationin comparatively small, 
electrostatically suspended clouds of 20 pm volume surface mean diameter aluminum 
particles in air in a small semi-closed cylindrical vessel and found maximum flame 
speeds in excess of 2.0 m / s .  

Alekseev and Sudakova (1983) measured radial flame speeds of spherical flames in 
essentially unconfined clouds of five different metal powders. The experimental dust 
clouds were generated by dispersing a given quantity of dust by means of a special 
atomizer during a period of 0.4 s. A glowing resistance wire coil or a pyrotechnical 
charge was used to ignite the dust cloud of about 10liter volume at its center. Flameprop-
agation was recorded by high-speedphotography. Dust concentrationwas assessed both 
from the volume of the dust cloudjust prior to ignition and by samplingthe cloud at var-
ious locationsusing a fast-response probe. Figure 4.9 gives some results for the five pow-
ders specified in Table 4.4. Particle size clearly plays a key role and explains, for example, 
why the magnesium powder (median particle size of about 45 pm) gave a considerably 
lower flame speed than the aluminum powder (median particle size of about 9 pm). As 
seen from Figure 4.9, the radial flame speed for the aluminum powder at 300 g/m3was 
about 1.5 m / s .  
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Figure 4.9 
special flame propagation (From Alekseev and Sudakova, 1983). 

Flame speed as a function of dust concentration in unconfined clouds of metal dusts, 
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Table 4.4 Size distributions of five metal powders used in flame propagation experiments 

*AI urn in u m/magnesium alloy. 
Source: Alekseev and Sudakova, 1983. 

Experiments in closed bombs give pressurerise ratios up to 12.5 for explosions of alu-
minum dust in air (BIA/BVS/IES, 1987).For ideal adiabatic expansion and assuming a 
specific heat ratio of 1.4, this gives expansionratios of up to 6.1, and accordingto equa-
tion (4.ls),the radial flame speed is then 6.l times the radial burning velocity.The burn-
ing velocity correspondingto a flame speed of 2.5 m / s  is then about 0.4 m / s ;  that is, close 
to the value found in laminar burner experiments for aluminum flames. 

Jarosinski et al. (1987) determinedthe quenching distance for laminar flames in air of 
aluminumflakes of thickness0.1 pm and average diameter 15pm and atomized aluminum 
particles of average diameter 8 pm. The smallest quenching distance found for both 
dusts was 10 mm. This occurred in the dust concentration range 700-1000 g/m3. 

4.2.3.2 
Coal Dusts 

In a comprehensive survey of a number of investigationson the propagation of laminar 
pulverized coal dust/air flames, Smoot and Horton (1977) discussed factors influencing 
experimentally determined burning velocities, flame temperatures, and flame thick-
nesses. Most experimentsare performed by stabilizingdust flames in burners of various 
kinds. Due to heat losses by radiation from the hot dust particles and conduction, typi-
cal stabilized burner flames have temperatures lower than the adiabatic flame tempera-
ture. In principle, heat losses can be avoided by using burners of very large diameters 
or equipped with walls having temperatureand emissivityprofiles matching those of the 
flame. However, according to Smoot and Horton, the use of such devices had not been 
reported up to the time of their survey (1977). 

Smoot and Horton found large differences in burning velocities observed by various 
investigators that could not be explained in terms of variations in dust properties or dust 
concentration.They consideredincompletedispersion of fine cohesive dusts as the main 
source of error (see Chapter 3) .  Figure 4.10 illustrateshow improved dispersionof a fine 
coal dust increases burning velocity by 50%and even more. Somemain conclusionsfrom 
the survey of Smoot and Horton are given in Table 4.5. 

Horcton, Goodson, and Smoot (1977), investigating flat, laminar coal dust flames, 
found that the peak burning velocities for a 9 pm (mass average particle size) Pittsburgh 
coal dust in air was about 0.33 d s ,  whereas a coarser fraction of the same coal (33 pm 
mass average fraction)gave peak velocities of about 0.22 d s .  A similar influence of par-
ticle size was found for a Pocahontas coal. 



274 Dust Explosions in the Process Industries 

Table 4.5 
spheric pressure 

Summary of some experimental observationsfor laminar coal dust flames in air at atmo-

1. Observed flame velocities depend on the burner used. 
2. Peak burning velocities range mostly from 0.05 to 0.35 m/s, depending on burner design, coal type, and particle size. 

An exception was the high value of 0.86 m/s measured by Ghosh, Basu, and Roy (1957), which was attributed to the 
use of a furnace with preheated walls. 

3. Peak burning velocities occur at higher fuel concentration than the stoichiometric, somewhere in the neighborhoodof 
the stoichiometric concentrationfor combustion of the volatile matter.The peak flame velocity increases with the 
specific surface area of the coal dust. 

compared to gaseous flames. 

rich side. Also, smaller particles shift the peak and rich flammability limit to a leaner concentration. 

4. The rich flammability limit occurs at higher fuel concentrationsthan that giving the peak burning velocities, as 

5. Decreasing coal-dust particle size increases burning velocity on the lean side of the peak but may decrease it on the 

6. Increasing volatiles content increases the burning velocity and slightly shifts the peak to a leaner concentration. 
7. Oxygen enrichment beyond the 21 vol% in air increases burning velocity, as does the addition of methane. 
8. Thicknesses of steady, laminar, coal dust flames are usually on the order of 5 mm, but larger thicknesses have been 

9. Measured peak flame temperatures range from 1000 to 1500 K and may be correlated with coal dust concentration. 
observed, especially for larger particles at high coal dust concentrations. 

These measured temperatures may be lower than the real temperatures due to inadequate measurement 
techniques. 

combustion of the char. 
10. In the flame front, liberated volatile matter burns rapidly in the gas phase, while there is very little heterogeneous 

11. In traversing the flame front, the irregularly shaped solid particlessoften and become rounded and filled with blow1 holes but remain about the same size. 
12. A considerable amount of volatile matter remains in the char leaving the flame front, the amount being a strong 

13. The extent of coal devolatilization is related especially to coal dust Concentration. 
14. The volatile material liberated during rapid pyrolysis in this type of flame has a higher C/H ratio than the volatile 

15. Only small amounts of H, or CH4 are observed in the flame. 

function of coal dust concentration. 

matter liberated during proximate analysis. 

Source: Smoot and Horton, 1977. 
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Figure 4.10 
pension of 10 pm, 28% volatile content Sewell coal dust (From Smoot and Horton, 7 977). 

Effect of very fine Si02 fluidizing agent (Acrosil) on the burning velocity of an air sus-
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The question of what are the true laminar burning velocities for coal dust clouds to 
some extent remains unanswered. The true peak values are probably somewhat higher 
than 0.35 m / s  but certainly lower than the exceptional value of 0.86 m / s  measured by 
Ghosh, Basu, and Roy (1957) (see Table 4.5, observation 2). 

In a comprehensive investigation comprising several types of dusts, Ballal (1983) 
determined the laminar burning velocity in clouds of coal dust in air under zero gravity 
conditions, using a free-fallexplosion tube. For a coal dust of 8 pm surface-volumediam-
eter ( 0 3 2 )  and 13.8% volatile matter, the maximumburning velocity of 0.11 m / s  was found 
for dust concentrations close to the stoichiometric,that is, 210 g/m3.For coals of higher 
volatile contents, the maximum values were about 0.25 m / s  (40% volatiles and D3, = 
12pm),0.17 m / s  (27% volatiles and 0 3 2  = 11pm), and 0.12 m / s  (37% volatiles and 032= 
47 pm). The experimentalconcentration range did not extend beyond the stoichiometric 
concentration for which the maximum values were obtained. However, the trend of the 
experimental burning velocity-versus-dust concentration curves indicated that even 
higheir burning velocities would have been found for dust concentrations somewhat 
higher than the stoichiometric.It is interesting to note that the burning velocities meas-
ured by Ballal for codair under zero gravity conditions are close to those found under 
normal gravity conditions by Smoot and Horton (1977) and Horton et al. (1977). 

Hertzberg,Zlochower, and Cashdollar(1986) analyzed experimentaldata from explo-
sions of Pittsburgh seam bituminous coal dust in a closed bomb. When assuming that 
all the volatiles participated in the combustion reaction and treating the char as an inert 
substance, they found that the theoretical adiabatic maximum explosion pressures and 
maximum flame temperatures were considerably higher than the experimental values. 
Maximum theoretical adiabatic flame temperatures were 2500 K for constant volume and 
2200 K for constant pressure combustion. The experimental maximum value for con-
stant volume was 1850 K. Details of the experimentalmethod used for measuring coal 
dust flame temperatures were given by Cashdollarand Hertzberg (1983). Hertzberg et al. 
(1986) attributed the discrepancy between idealized theory and experiment to incomplete 
devolatilization.They found that the effective fraction p of volatiles that can take part in 
the combustion is a function of the intrinsic devolatilizationrate constant,the effectiveheat-
ing flux of the approaching flame, the decompositionchemistry, and the time availablefor 
devolatilization.The experimentaldata for maximum constant-volumeexplosionpressures 
couBd be readily interpreted in terms of estimated j3 factors. Figure 4.11 shows how the 
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Figure 4.11 Fraction of coal volatiles, D, assumed to contribute to flame propagation to obtain 
agreement between measured explosion pressures and calculated pressures for constant volume 
combustion (From Hertzberg et a/., 1986). 
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fraction of volatiles assumed to take part in the combustion of Pittsburgh seam bitumi-
nous coal dust decreases with increasing dust concentration. 

In a subsequentpaper, Hertzberg et al. (1987) formulated a three-stage model for coal 
dust flame propagation: 

1. Heating and devolatilizationof dust particles. 
2. Mixing of emitted volatiles with air in the space between the particles. 
3 .  Gas phase combustion of premixed volatile/air. 

Each stage is characterized by a time constant. For small particles and low dust con-
centrations,the combustion process is controlled by stage 3 ,  whereas for large particles 
and high dust concentrations,stage 1controls the combustion rate. When discussingthe 
influence of particle size on devolatilizationin coal dust flames, Hertzberg et al. (1987) 
suggested that, for particles smaller than 50-100 pm diameter, devolatilization is com-
plete and not rate limiting for the combustion reaction; that is, p in Figure 4.11 is equal 
to unity. On the basis of measurement of pyrolysis rates of single particles and micro-
scopic studies of particle morphology, they concluded that the pyrolysis wave preced-
ing a coal dust flame is nonisothermal, with a velocity proportional to the net absorbed 
heat flux intensity and inversely proportional to the overall enthalpy change of the com-
bustion reaction. 

In view of Hertzberg et al.’s suggestion of a limiting particle diameter of 50-100 pm, 
it is interesting to consider the influence of particle size on maximum explosion pres-
sure and maximum rate of pressure rise of lignite dust in air in a 1 m3vessel, as meas-
ured by Scholl(l981).As shown in Figure 4.12, there was no further systematicincrease 
of the two parameters with decreasing particle size below 60-80 pm diameter, in accor-
dance with what would be expected on the basis of the hypothesis of Hertzberg et al. 

200 
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Bradley, Habik, and Swithenbank (1986) simulated the combustion of rapidly 
devolatilizingcoal dusts by generating stabilizedlaminar flames of mixtures of 4 0  pm 
diameter graphite dust and methane in air. The laminar burning velocities measured 
agreed well with the theory of coal dust flame propagation, assuming rapid devolatiliza-
tion and subsequent gas phase mixing and no heat sink influence by the graphite parti-
cles. Apart from radiative losses from the particles, which were also accounted for in 
theory, the flames were in fact close to adiabatic.The theoretical prediction also agreed 
well with experimentalburning velocities for coal dusts as long as the particle diameter 
did not exceed 10 pm and the volatile content of the coal was greater than about 25%. 

In a subsequentstudy Bradley, Dixon-Lewis,and Habik (1989) investigatedthe burn-
ing velocities of CH,/air/graphite dust flames near the minimum explosible concentra-
tion at subatmosphericpressure of 0.14 bar(abs). On the basis of an indicatedexperimental 
peak flame temperature of 1550 K at the limit concentration for flame propagation, a 
theory was developed that enabled computation of chemical species concentrationpro-
files, gas temperatures, and heat release rates for flames at atmosphericpressure. As an 
example, it was found that the laminar burning velocity for a fuel concentration corre-
sponding to an equivalence ratio of 0.72 decreased from 0.18 m / s  for methane as the only 
fuel to 0.06 m / s  for a fuel mass ratio of CH$graphite of 0.2. The relevance of assuming 
that CH,/graphite mixtures can be used for simulating coal dust mass was investigated 
theoretically. 

The lower experimentallydetermined limit of volatile content of the coal for a cloud 
of coal dust to be able to propagate a self-sustainedflame at normal atmosphericcondi-
tions is about 13% according to Cybulski (1975) and Ballal(l983) and 8-10% accord-
ing to Scholl(l981). 

It should be mentioned that Helwig (1965), who used a 43 liter closed bomb, found 
that the rate of explosions of coal dust containing 10-50% volatiles, did not increase 
monaltonicallywith decreasing particle size.Instead, the explosion rate for the finest frac-
tion, of 0-10 pm particle diameter, was systematicallylower than for the most explosi-
ble size range 20-30 pm. It is not clear whether incomplete dispersion of the finest 
particle fraction contributed to this effect. 

Jarlosinskiet al. (1987) measured the quenching distance for flames in air of a <74 pm 
bituminous coal dust of 32% volatile matter and the same dust ground to <5 pm parti-
cle diameter. The quenching distances were 190mm for the <74 pm dust and 25 mm for 
the 4pm one. The reason for these unexpectedly high values is not clear. 

4.2.3.3 
Organic Materials 

Laminar 20 mm diameter flames of lycopodium/air and polyvinyl alcohollairwere stud-
ied by Kaesche-Knscher and Zehr (1958) and Kaesche-Krischer (1959). The burning 
velocity, defined as the ratio of airflow to flame cone area, was determined photograph-
ically from the height of the flame cone. Some results are given in Figure 4.13. 
Lycopodiudair flames of dust concentrationslower than 180 g/m3and higher than 500 
g/m3 were difficult to stabilize (stoichiometric concentration = 125 g/m3).The appear-
ance of a stabilizedlycopodium/airflame was very similar to that of a rich hydrocarbonlair 
flame, that is, a blue flame front followed by a more or less luminous soot edge. 
Approximatethermocouplemeasurementsof flame temperatures showed about 1800 K 
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Figure 4.13 Burning velocities of flame of lycopodium and polyvinyl alcohol dust (<60 pm parti-
cle diameter) flames as functions of dust concentration. The dotted stoichiometric concentration lines 
refer to dust in air only (Data from Kaesche-Krischer and Zehr, 1958, and Kaesche-Krischer, 7959). 

for a 180 g/m3flame and 1100 K for a 500 g/m3flame. Figure 4.13 shows the measured 
burning velocities as a function of the dust concentration. In the range 180-300 g/m3, 
the burning velocity of lycopodium flames has a maximum value of about 0.25 d s .  The 
corresponding concentration range for the PVAdust was 140-220 g/m3.Figure 4.13 also 
shows that an increase of the oxygen percentage in the gas from 21 for air to 30, caused 
a significant increase of the measured burning velocities for both dusts, in accordance 
with expectations. The photographs provided by Kaesche-Krischer and Zehr (1958) 
indicate typical thicknesses of lycopodium flames of a few mm. 

Kaesche-Krischer implied that the differences in the concentrationranges giving the 
highest burning velocities for the two dusts were due to a higher volatile content in the 
PVA than in lycopodium, assuming that the flame essentially propagates through a 
homogenous mixture of volatiles and air. This is in accordance with the findings of 
Hertzberg et al. (1986) for coal dust and polyethylene. 

Mason and Wilson (1967) investigated laminar flames of lycopodium in air in the dust 
concentrationrange 125 to 190 g/m3.When accounting for wall cooling effects in their 
experiments, they arrived at maximum burning velocities similar to those found by 
Kaesche-Krischer and Zehr (1958), about 0.25 d s .  Mason and Wilson also measured 
some temperatures in a 140 g/m3flame using a 25 pm thermocouple. At 2 mm below 
the flame front, the temperature was 330-350 K; whereas 1.5mm above the flame front, 
it was about 1800 K. The latter figure is in complete agreement with the temperature 
measured by Kaesche-Krischer and Zehr (1958) in a 180 g/m3lycopodiudair flame. 
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These measurements showed that the preheating zone was about 2 mm thick and on the 
same order as for gases of similarburning velocities and that the total thickness of a lam-
inar lycopodiudair flame is on the order of a few mm. 

More recently Proust and Veyssiere (1988) studied the propagation of genuinely lam-
inar dust flames in clouds of maize starch of 6% moisture content in air. They used the 
comparativelylarge apparatus illustrated in Figure 4.14. Dust clouds were generated in 

porous membrane 

dust- air separator 

electropneumatic gate vaive 

steel section ( 1m x 0.2 m x 0.2 rn I 

glass section ( 2 m x 0.2 rnx 0.2 m 1 

I / It-diaphragm @ 

isothermic bath compressed 
\ 

V air 
the elutriator and its electmpneurnatic air flow meter SUPP[Y 

removal system 

Figure 4.14 
Veyssiere, 1988). 

Large vertical duct for studying flame propagation in dust clouds (From Proust and 
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the vertical experimental glass duct of 0.2 m x 0.2 m cross section and 2 m height by 
low-velocity elutriation from a fluidized bed of 600 g of starch resting on a porous mem- 
brane at the bottom of the system. The average vertical air velocity was on the order of 
0.1 m / s .  A battery of parallel vertical steel plates 0.5 mm thick was inserted across the 
whole cross section of the duct when quenching distances were measured. Average dust 
concentrations were determined from the dust mass lost from the fluidized bed as a 
function of time and the airflow through the system. A laser tomography system was used 
to control the homogeneity of the dust cloud. 

Laminar burning velocities were determined from the measured flame speeds and 
photographically estimated flame surface areas, as in the case of Kaesche-Krischer 
(1959), but the applicability of this method to flame propagation in tubes is not obvious. 
(See specific comment in Section 9.2.4.2 in Chapter 9.) To obtain proper laminar flame 
propagation, it is necessary to avoid the buildup of fundamental-mode standing acoustic 
wave motion in the duct. Such waves are easily generated by the gas expansion follow- 
ing the initial flame and can subsequently interfere with the flame propagation. Proust 
and Veyssiere solved this problem by fitting a special damping diaphragm at the open 
bottom end of the duct (see Guenoche, 1964). 

A series of photographs of the propagating laminar maize starch flame is shown in 
Figure 4.15. Figure 4.16 shows the upwards laminar flame front velocity (duct closed at 
the upper end) as a function of the dust concentration. The velocity was measured by 
means of ionization probes. The maximum value of 0.63 m / s  occurred close to the stoi- 
chiometric dust concentration 235 g/m3. A corresponding laminar burning velocity of 0.27 
m / s  was deduced by assuming that its value normal to the flame surface was uniform 
across the entire flame hemisphere. However, this assumption is not necessarily justified. 

Figure 4.1 5 
maize starch in air ( from Proust and Veyssiere, 1988). 

Photographic records of an upward propagating laminar flame in a 120 g/m' cloud oi 
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Figure 4.17 Variation of the maximum tempera-
ture of maize starch flames with dust concentra-
tion (From Proust and Veyssiere, 3988). 

The flame temperature was measured by means of thermocouples of either 25 pm or 200 
pm junction diameter. The results are shown in Figure 4.17. 

The maximum value of about 1600 K was obtained close to the stoichiometric dust 
concentration of 235 g/m3.This maximum is somewhat lower than the maximum tem-
peratures of about 1800 K measured in laminar burner flames of lycopodium and 
polyvinyl alcohol. 

The results from measurement of quenching distances for laminar flames of maize 
starch in air are shown in Figure 4.18. 

The quenching distance was defined as the maximum distance between the vertical 
parallel plates that prevented laminar flame propagation through the plate battery and fur-
ther upward in the test duct. As Figure 4.18 shows, the quenching distance depends on 
the dust concentration.Below about 80 g/m3,flame propagationis impossible even with 
an interplate distance of 30 mm, and this therefore also is the minimum explosible 
concentration for upward laminar flame propagation. With increasing dust concentration, 
the quenching distance decreases systematically and reaches about 7 mm at about the 
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Figure 4.1 8 The quenching distance of laminar flames of maize starch/air mixtures as a function of 
the dust concentration (From Proust a n d  Veyssiere, 1988). 

stoichiometricconcentrationof 235 g/m3.For higher dust concentrations,up to 550 g/m3, 
the quenching distance remains unchanged at the minimum value of 7 mm. 

The lowest value of about 7 mm for the quenching distance for maize starch/airmix-
ture is in close agreement with the lowest value of about 6 mm found by Jarosinski et 
al. (1987) in a similar experimental configuration. However, these workers found their 
lowest value in the concentration range 500-1 100g/m3,whereas the values in the range 
4 0 0  g/m3increased with decreasing concentration,being about 10 mm at 400 g/m3. 

Proust and Veyssiere (1988) also determinedthe thickness of the laminar starch dudair 
flame, using the criterion for laminar gas flames proposed by Jarosinski (1984). 

Flame thickness = 2(T, -q)/(dT/dx) , , ,  (4.21) 

Fuel 

Laminar burningvelocity (mk) 
Quenching distance (mm) 
Flame thickness (mm) 

Maize starch Methane 

0.27 0.45 
7 2 
3-4 1 
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4.2.3.4 
Miscellaneous DusVGas Mixtures 

Characteristicsof laminar flames of graphite in 02/N2mixtures richer in 0, than air have 
been determined by Cassel (1964), Chamberlain and Gray (1967), Bryant (1971), and 
Ballal(l983). Cassel(l964) and Ballal(l983) also give data for magnesium dust flames. 
For a given particle size, the burning velocities of magnesium dust clouds in air are some-
what higher than for aluminum dust clouds. Ballal(l983) further investigatedthe influ-
ence of a higher oxygen concentration than in air and the addition of hydrogen and 
methane to the gas phase (hybrid mixtures). 

4.2.4 

PROPAGATION IN DUST CLOUDS 
THEORIES OF ONE-DIMENSIONAL LAMINAR FLAME 

See also Section 9.2.4.2 in Chapter 9. 

4.2.4.1 
Theory by Cassel, Das Cupta, and Curuswamy 

To obtain an approximate equation for laminar burning in dust clouds, Cassel, Das 
Gupta, and Guruswamy (1949) modified the Mallard-le Chatelier (1883) theory for pre-
mixed gases by incorporating a term for thermal radiation effects due to the particles in 
a dust cloud. Their equation was 

(4.22) 

Here, S, is the burning velocity and ,uis the heat conductivity; Tu,Tbtand Tjare the tem-
peratures of the unburned and burned masses and of ignition; ois the emissivity of the 
particle surfaces and a is a correction factor, larger than 1, that accounts for the radia-
tion of glowing combustion products (solids and gas); F is a geometrical view factor; b 
is the thickness of the burning zone; cp is the specific heat of the gas, p its density, 
whereas cdis the specific heat of the dust, pd its density and w its concentration;and r is 
the average particle radius. 

Cassel et al. pointed out that the factor b,which is assumed to have the same value in both 
the conductionand the radiation terms, dependson r, w, and F. By introducingthe burning 
time of a single particle, T, and equation (4.18), the factor b can be replaced by zS,p,/p,. 

Equation (4.22) then takes the form 

(4.23) 

where K is the thermal diffusivity and equals p/(cpp+ cdw). 
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Assuming that oxygen diffusiongoverns the burning of individualparticles, an upper 
limit for the burning velocity is obtained if zis expressed in terms of the diffusion rate 
of oxygen: 

z = pdr2Rq3’2/(2MDpT:‘2) (4.24) 

Here, D is the diffusioncoefficient at temperature Tu,R is the gas constant, T, is the aver-
age ambient gas temperature around a particle as it passes through the reaction zone, p 
is the averagepartial pressure of oxygen,M is the oxygen equivalentof the fuel,expressed 
in grams of fuel per mol. of oxygen. Equation (4.23)therefore takes the form 

(4.25) 

where k = pdp,Rq3’2/(2Mp,c‘2)
Cassel et al. illustratedthe implicationsof equation (4.25)by first estimatingthe burn-

ing time of a representative dust particle from equation (4.24).For instance, for a 25 pm 
diameter aluminum particle, a time zof about 0.01 s is obtained. Assuming a value of 
Su(pulpb)on the order of 2.5 m / s  from experimentaldata for S,, the thickness of the burn-
ing zone in an aluminum dust flame is calculated to be on the order of 25 mm. This is. 
25-100 times greater than typical values for flames of premixed gases. This compara-
tively great thickness of the burning zone is a characteristicfeature of laminar aluminum 
dust flames, as confirmed by experiments (see Section 4.2.3.1). 

4.2.4.2 
Ballal’s Theory for Zero Gravity Conditions 

Ballal (1983) postulated that the necessary and sufficient condition for the self-propa-
gation of a laminar flame through a dust cloud is 

t = te + t, (4.26) 

where t4is the quenching time; te is the evaporation,pyrolysis, or devolatilizationtime; 
and t, is the chemical reaction time. The criterion simply says that a flame can propa-
gate steadily only if the quenching timejust equals the sum of the time required to gen-
erate an explosible gas mixture and the time required for completionof the chemical gas 
phase reaction. Ballal claimed this approach to be universally applicable to dust clouds 
of any combustible material, from metals to organic materials and even liquid sprays. 
In pure carbon in 02/N,, he considered the reaction 2C + O2 +2CO as the “evapora-
tion” stage associated with te. 

Evidence from flame propagation experiments under zero gravity conditions (Ballal, 
1983) suggested that the laminar burning velocity of dust clouds in air is influenced by 
particle size, dust concentration,volatile matter content (for coal), heat loss by radiation 
from burning dust particles, and a mass transfer number B of the particles. B has the 
dimensions of dust concentration and equals the stoichiometric dust concentration for 
particles that react directly with oxygen in the solid state. If the main chemicaloxidation 

4 



Propagation of Flames in Dust Clouds 285 

reaction takes place in the gaseous phase, B is a complex function of boiling point, gas 
temperature, surface temperature, heat of combustion, and the like. 

By consideringthe theoreticalinfluence of these variables,Ballal(l983) arrived at the 
following expressions for tq,t,, and t, in Equation (4.26): 

t4 = [ag/6;+(9q/c,,,pf )(C:/C~)(~32)-i~~Tp?/AT,]-1 (4.27) 

t, = c33Pf 0322 (truly evaporating particles)
8 C 1 ( k / ~ p ) gln(l+ B) 

t, = c:PfD312 (carbon, coal)
8 f ’ ” C , ( k / ~ , ) ~ 4ln(l+ B)  

(4.28) 

(4.29) 

t, = 6,/SL4 (4.30) 

where the thickness of the reaction zone, S,, is defined as 

(4.31) 

The notation for equations (4.27)-(4.3 1) is as follows: 

B is the mass transfer number (-); 
C1is the ratio of mean particle diameters 020/D32(-); 
C3is the ratio of mean particle diametersD30/D32(-); 
Tpis the particle temperature (K); 
Tp,.is the preheat zone temperature (K); 
T, is the reaction zone temperature (K); 
S, is the laminar burning velocity ( d s ) ;  
q is the dust concentration (g/m3); 
k is the thermal conductivity (J/msK); 
q is the equivalence ratio (=1 for stoichiometric concentration);
6, is the thickness of reaction zone (m); 
cpis the specific heat of gas at constant pressure (JkgK); 
g is the subscript for gas; 
pu is the density of unburned gas (kg/m3);
pf  is the density of particle (kg/m3); 
f i s  the swelling factor for particle (-); 
E is the emissivity of fuel particles (-); 
o i s  the Stefan-Boltzmannconstant (= 5.66 low8J/sm2K4); 
a is the thermal diffusivity k/cpp(m2/s). 

By substituting equations (4.27), (4.28), or (4.29) and (4.30) and (4.31) into equation 
(4.26), a complex expression for the flame thickness 6, results. The equation is com-
posed of three main terms: a diffusion term, a chemical kinetics term, and a radiative 
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Figure 4.1 9 Burning velocities of clouds of two 
coal dusts in air at zero gravity as functions of 
equivalence ratio ( = I  for stoichiometric mixtures). 
The data points are experimental values. The solid 
line is a comprehensive theory. The dotted lines are 
a simplified theory neglecting either radiative losses 
only, radiative losses and chemical reaction time, 
or particle swelling. Percentages indicate the roles 
of the respective factors (From Ballal, 7 983). 

heat loss term. Once 6, has been calculated, the correspondingS, can be obtained from 
equation (4.31). 

Figure 4.19 shows that the theoretical prediction of S, (solid lines) agrees well with 
the experimentaldata. Figure 4.19 also shows the predicted relative influence of the fac-
tors t,, Q, (radiative loss from particles), and$ 

Figure 4.20 gives the theoretically predicted dimensionless flame thickness (the real 
flame thickness divided by average surfaceholume particle diameter D32)as functions 
of the equivalenceratio (dimensionless dust concentration). 

The 37% volatiles coal in Figure 4.19(a) has a burning velocity of about 0.11 m / s  at 
stoichiometricconcentration.According to Figure 4.20, the corresponding 6,/D,, value 
is about 25, which for 032= 0.047 mm gives 6, = 1.18 111111.This is somewhat smaller 
than the experimental values in Section 4.2.3.2 and illustrates the limitations of the 
theory. Ballal(l983) pointed out that his theory is not applicable if 

1. The equivalenceratio q >> 1;in which case, radiation contributespositively to flame 

2. Radiative heat transfer from shielding walls or pilot flames is significant. 
3. The combustion is or becomes turbulent. 
4. Gravitationaleffects play a significant role (particle diameter >5 pm). 

propagation. 
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Figure 4.20 Computed values of the flame thick-
ness for dust clouds and isooctane mist in air at 
atmospheric pressure, 290 K, and zero gravity, as 
functions of  the equivalence ratio (From Ballal, 
1983). 

4.2.4.3 
Theory by Ogle, Beddow, and Vetter 

Ogle, Beddow, and Vetter (1984)presented a simplifiedthermal diffusion theory for plane, 
laminar flames in dust clouds, neglecting the velocity slip and temperature lag between 
the particle and gas phases. They first developed a model considering radiation, con-
vection, and conduction (RCC>.The governing equations were the continuity and ther-
mal energy equations for the steady, one-dimensional laminar flow of a compressible, 
gray absorbing fluid of arbitrary optical thickness and constant physical properties: 

G = pV = poVo= constant (4.32) 

dT d2T 
dx dx2

pc V - = k - + 2 0 a T ~ E , ( a x )  (4.33) 

In these equations, p is the density, Vis the velocity,x is the coordinatein the direction 
of flame propagation, G is the mass flux, cpis the specific heat at constant pressure, k is 
the thermal conductivity, ois the Stefan-Boltzmannconstant, a is the absorption coef-
ficient, Tis the temperature, the subscriptfdenotes the flame position, and E2is the expo-
nential integral of order 2. The exponential integral term represents the radiative 
absorption of energy emitted from the flame sheet at temperature Tf The subscript 0 
denotes the initial ambient conditions. 

The boundary conditions were 

T ( x  = 0) = To 

dT-(x -+-) = 0
dX 

(4.34) 
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The first two boundary conditions allow determination of the temperature profile, and 
the third one specifies the burning velocity. By making certain assumptions, equations 
(4.32)-(4.34) were solved to yield the temperature profile and the burning velocity: 

(4.35) 

(4.36) 

This is the RCC model. To evaluate the relative importance of conduction, the thermal 
conductivity can be set equal to 0, yielding the radiation and convection model (RC). 
This results in the same temperature profile but a different expression for the burning 
velocity: 

(4.37) 
It was found that the difference between burning velocities predicted by the RCC and 
RC models was negligible. Hence, conduction was negligible compared to convection 
and radiation. The predicted burning velocity was 0.27 m / s  for a flame temperature of 
1750 K and increased almost linearly with flame temperature to 0.37 m / s  for the adia-
batic flame temperature 1950K. Predicted burning velocities in the range 0.27-0.37 d s  
for flame temperatures in the range 1750-1950 K are in reasonable agreement with 
experimental values. 

Weber (1989) proposed a modificationof the approach by Ogle et al. He used the math-
ematical condition for an inflectionpoint (second derivative equal to 0) to obtain the burn-
ing velocity S, as an eigenvaluefrom the two-point boundary value problem for a linear, 
second-order differential equation with arbitrary forcing. The flame was divided into a 
preheating zone from To to Ti,where Tiwas the inflection point of the temperature-
versus-distanceprofile, and a reaction zone from Tjto TfThe applicationto dust flames, 
with thermal radiation, was considered. 

4.2.4.4 
Theory by Nomura and Tanaka for Monosized Particles 

In the theory for plane flames developed by Nomura and Tanaka (1978) for monosized 
particles, it is assumed that the particles are initially arranged in a cubical pattern with 
center-to-centerdistance L in all three main directions. The relationship between L and 
the dust concentration C, is given by 

l 3  (4.38) 

where Dpis the particle diameter and ppis the particle density. The flame propagation is 
assumed to occur as a one-dimensional wave composed of identical parallel elements 
of cross-sectional area L2,starting from a plane wall, as indicated in Figure 4.21. 

Each particle is assumed to be located at the center of a cubical air element of volume 
L3,indicated by the dotted lines in Figure 4.21. When particle number 1burns, the sur-
rounding gas element is heated adiabatically at constant pressure and expands in the x 
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Figure 4.21 
theory for laminar flame propagation through dust clouds of monosized particles. 

direction, while the cross section L2normal to the x axis is maintained constant. During 
this plug flow expansion, the whole chain of subsequentgas elements are pushed to the 
right along the x axis. The unburned particles are assumed to follow their respective gas 
elements completely during this process. 

When calculating the temperature profile due to combustion of particle no. 1, a one-
dimensionalmodel is used, correspondingto the particle being a plane of sizeL2,normal 
to the x axis rather than a sphere. The correspondingthermal diffusion equation is 

Physical model forming the basis of the one-dimensional Nomura and Tanaka (1978) 

(4.39) 

where T i s  the gas temperature at distance x at time t and a is the thermal diffusivity. If 
the boundary condition at x = 0 is T = Tf,that is, a constant flame temperature, and T = 
Toat x= 00, the solution of equation (4.39) is 

(4.40) 

A dynamic heat balance for each particle is obtained by consideringthe heat transfer from 
the burning particle no. n, to the unburned particle no. (n+ 1)as given in equation (4.41): 

;n 7CD;
-D3p c s = h z D ; ( T g L-TdL)+-(apefFoTf4 +apeGoT:)-;nD;EpoTL (4.41)
6 p p p  dt 2 

The notation not already explained is as follows: 

cpis the specific heat of particle (J/gK); 
TdLis the temperature of particle no. (n + 1) (K); 
TgLis the temperature of gas surrounding particle no. (n + 1) (K); 
TGis the temperature of hot gas sphere surrounding particle after burning (K); 
h is the heat transfer coefficient (J/(cm2sK)); 
apis the absorptivity of particle (-); 
efis the emissivity of flame (-); 
eGis the emissivity of hot gas surrounding particle after burning (-); 
ePis the emissivity of the particle (-); 
F is the particle shape factor (-); 
o i s  the Stefan-Boltzmannconstant (= 5.66 J/(sm2K4)). 
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The left-hand side of equation (4.41) is the net heat input to particle no. (n + I), 
whereas the three terms on the right-hand side are the convective heat flow to particle 
no. (n + 1) from the surrounding gas, the radiative heat flows to this particle from the 
flame front and the hot gas sphere around the burned particle no. n, and the radiativeheat 
loss from particle no. (n + 1). 

Nomura and Tanaka analyzed the various parameters in equation (4.41) in detail and 
concluded that the radiative heat loss from particle no. (n + 1) was only about 10% of 
the radiative heat input to this particle from particle and gas element no. n. A simplified 
equation (4.41), deleting the last term on the right-hand side, was then integrated from 
t = 0 to t = z, the total burning time of a particle, to identify the unknown time Ati when 
particle n reached its ignition temperature Tig.Tigwas assumed to be known from exper-
iments or other theory. The calculations started with n = 1 and were repeated for n = 2, 
3, ... ,up to n =500.The time Atnfor ignitionof particle no. (n+ 1)decreaseswith increas-
ing I if the burning time zis considerably larger than AI. This is because more particles 
burn simultaneously and produce a greater heat flow to the next unburned particle than 
if only one particle burns. In the examples shown by Nomura and Tanaka, At, reached 
a constant value At- for IZ > 100. 

Nomura and Tanaka introduced the following expression for the burning time of a 
particle: 

T=K,D; (4.42) 

The burning constant KO was assumed to be on the order of 1000 s/cm2for solid parti-
cles in general and about 2000 s/cm2for coal particles specifically. 

By using the corresponding zfrom equation (4.42), Atmwas calculated, and the lam-
inar burning velocity is then given by the simple relationship 

Su = L/Atm (4.43) 

Calculated S,  values for coal dust in air at a dust concentration of 600 g/m3are 0.70 m / s  
for 20 pm diameter particles and 0.36 m / s  for 40 pm diameter particles. 

By requiring an experimental“ignitiontemperature”of a particle,the Nomura-Tanaka 
theory suffers from the same basic weakness as the classicalMallard-leChatelier (1883) 
theory for gases: The “ignition temperature” is not a true physical property of the parti-
cle but depends on the actual circumstances under which the particle is ignited. 

4.2.4.5 
Specific Theories for Coal Dust in Air 

Smoot and Horton (1977) have a comprehensivereview of the theoretical work on lam-
inar coal dust/air flames up to the time of their paper, starting with the pioneering con-
tributions on carbodair flames by Nusselt (1924) and concludingwith the unified theory 
for coal/air by Krazinski,Buckius, and Krier (1977).The last theory did not considerthe 
devolatilizationprocess and assumed that the particles had the same velocity as the sur-
rounding gas. However, both thermal radiation and conduction were accounted for, as 
well as char oxidation.The treatment of thermal radiation also included scattering effects. 
However, the theory is limited to low-volatile coals and was not confirmed by experi-
ments. The predicted influence of particle size on the burning velocity was small. 
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In another paper, Smoot, Horton, and Williams (1977) presented their own, improved 
theory for laminar coal/air flame propagation, assuming particle/gas dynamic equilib-
rium and constant pressure. The general transformation method for computerized cal-
culations of laminar burning velocities developed by Spalding, Stephenson, and Taylor 
(1971)was adopted. The effects of gaseous diffusion,coal pyrolysis, char oxidation,and 
gaseous reaction were considered; whereas the effects of gravity, viscous dissipation, 
forced diffusion,thermal diffusion, and temperature gradients within particles were ne-
glected. The unsteady state equations were solved numerically using finite difference 
techniques. The theory suggested that, in a laminar coal-dust flame, gas phase diffusion 
and conduction,gas particle conduction,and coal pyrolysis are importantrate-determining 
steps, while hydrocarbon and char oxidation may not be rate limiting. The importance 
of gas phase diffusion processes in such flames was suggested. 

1. Conservation of gas species. 
2. Conservation of particle species. 
3. Particle mass consumption rate. 
4. Gas phase thermal energy balance. 
5. Particle thermal energy balance including radiation. 
6. Particle number balance. 

Computed laminar burning velocitiesfor coal dust in air,neglectingradiative effects, gen-
erally differed from experimental values by less than 25%. 

Although not directly related to the theory of laminar flames, it should be mentioned 
that Wolanski (1977) developed a comparatively simple, one-dimensional theoretical 
model of coal dust combustion in a constant-pressure combustion chamber with recir-
culation of some of the exhaust gases.The model comprised five basic differentialequa-
tions for 

1. Energy balance for the gas, including heat conduction and convection. 
2. Energy balance for the solid residue, including conduction and radiation 
3. Mass balance for the released volatiles. 
4. Mass balance for the solid residue. 
5. Mass balance for oxygen. 

The set of equations is similar to that used by Smoot et al. (1977). 
Wolanski calculated gas and particle temperature-versus-timeprofiles, with and with-

out recirculation and for various particle sizes and dust concentrations.For a coal of 35% 
volatiles, primary and secondary air temperatures of 360 and 600 K and a wall temper-
ature of 650 K, the calculatedpeak temperatures were about 1500K for the gas and 3600 K 
and 2300 K for 10 pm and 80 pm diameter particles, respectively. 

The laminar burning of clouds of graphite dust in methane/air and coal dust in air was 
investigated theoretically by Bradley et al. (1986). They calculated laminar burning 
velocities from the profile of net heat release rate Q versus dimensionless gas tempera-
ture z,using Spalding’s(1957) analytical approach. Their equation was 

The theory comprised six basic, one-dimensionaldifferential equations for 

e= f i  ( z>fz(z)h (4.44) 

Here,.fi(z)is the ratio between the thermal gas conductivities at actual and unburned gas 
temperatures,expressed as a function of gas temperature;f2( z)is the volumetric reaction 
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rate, expressed as a function of gas temperature; and h is the heat of reaction. This equa-
tion implies the calculation of the eigenvalue using the centroid of area expression given 
by Spalding (1957). 

Bradley et al. (1986) assumed that the fuel was essentially premixed gas generated by 
rapid devolatilization of the coal particles and subsequent rapid mixing of the volatiles 
with the air.Furthermore, they assumed that the methane was the essential component of 
the volatiles and the presence of the char particles in the gas phase did not change the gas 
compositionor chemicalkinetics.The radiativeloss from the char particles as they moved 
through the flame was computed. For a chemical heat release rate q per unit surface area 
of a smooth spherical particle, the total energy equation for a particle was taken as 

(4.45) 

Here, a is the convective heat transfer coefficient; Tpand Tgare the particle and gas tem-
peratures; E is the particle emissivity,assumed equal to unity throughout; ois  the Stefan-
Boltzmann constant;v,pp,and h are the particle radius, density, and enthalpy; and tis the 
time. The equation neglects radiative absorption from the walls, gas, and other particles. 

The net heat-release-rate-versus-gas-temperatureprofile was calculatedusing the com-
prehensive chemical kinetic model for methane/air combustion developed by Dixon-
Lewis and Islam (1982), correcting for the rate of net energy supply from the particles 
due to their heating by oxidation of the char or graphite.The correction, which was gen-
erally found to be small compared with the heat release rate from the gas combustion, 
is given by 

H =4m2an(Tp-T,) (4.46) 

where n is the number density of particles in the cloud, and the other notations as for 
equation (4.45). 

Figure 4.22 shows a comparison of burning velocities predicted theoretically by 
Bradley et al. and experimental data from Smoot et al. In general, Bradley et al. found 
that their theory agreed well with experiments as long as devolatilization and gas phase 
mixing were sufficientlyfast and the char did not create a significantheat sink. This was 
found to be satisfied if the particle diameter was <lo pm and the volatile content >25%. 

The basic approach suggestedby Hertzberg et al. (1982,1987)is similar to that of Ballal 
(1983). It was assumed that three sequential processes are involved in the propagation 
of flame through a dust/air mixture: 

1. Heating and devolatilizationof dust particles. 
2. Mixing of the volatiles with air. 
3. Gas phase combustion of the premixed volatiles. 

The characteristictime constants for the three consecutiveprocesses are z,,,z,, and 
zpm.It was realized that the process of particle heating and devolatilizationis a complex 
combination of conductive,convective, and radiativeheat exchangebetween the burned 
products and the unburned reactants. However, the problem was simplifiedby handling 
those processes implicitly in the laminar burning velocity, S,, which characterizes the 
overall rate of flame propagation.A laminar flame propagating at S, has an overall reaction 
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zone thickness of 6= a/&,where a is the effective diffusivity across the flame front. 
The overallreaction time for speciespassing through the reaction zone is z=6/SLc;therefore, 

su= (a/z)1/2 (4.47) 

and, by definition, 
r= zd, + z, + 7 p ; ~ z  (4.48) 

According to Hertzberg et al. (1982), the mixing process is normally comparatively 
rapid and z, is shorter than both zdvand zpm.Furthermore,for small particles zdv << zpm, 
and the process essentially is controlled by premixed gas combustion. For larger p a -
des, it was assumed that the fraction of a particle devolatilized at a time t after the par-
ticle has entered the reaction zone equals 

p = I - (1 -2i,t/oO)3 (4.49) 

where X is the constantrate with which the pyrolysis or devolatilizationwave progresses 
into the spherical particle of initial diameter DO.It is further assumed that 

io= kSucp(T,-T )  (4.50) 

where k is the rate constantfor the pyrolysis or devolatilizationprocess, c is the heat capac-
ity, p is the density of the unburned mixture, and Tband Tuare the gas temperatures of 
the burned and unburned mixture.As the dust particles become coarser and the dust con-
centration higher, the heating and devolatilization processes begin to control the com-
bustion rate; that is, z,,> zpm.At conditions that give the highest burning velocities, 
approaching 0.40 m/s, the overall time constant zis on the order of only 1 ms. 
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Hertzberg et al. (1987) suggested that, for such rapidly propagating dust flames, only the 
surface regions of the dust particles can contribute volatiles to the flame. The flame 
“rides the crest” of a near-stoichiometric concentration of volatiles regardless of the 
dust concentration.This was considered the reason why Hertzberg et al. were unable to 
detect a sharp upper explosible concentration limit for dusts. 

Although excess volatiles may continue to be emitted in the burned gases at high dust 
concentrations,they are emitted too late to dilute the flame front with excess fuel vapor. 
Krazinski, Buckius, and Krier (1978) developed a theory for flame propagation in mix-
tures of monosized particles of low volatile coal dust and air, neglecting the role of the 
volatiles but accountingfor radiative heat transfer from the burning to the unburned par-
ticles. For a stoichiometric mixture of air and 30 pm particles, an adiabatic burning 
velocity of 0.72 m / s  was predicted. The flame thickness was on the order of several m, 
and this may in part explain why clouds of pure carbon in air are unable to propagate a 
flame in laboratory-scale apparatus. 

Greenberg and Goldman (1989) developed a simplified theory for coal dustlair com-
bustion for investigating the characteristicsof a counterflow pulverized coal combustor. 
The model should be applicable even to laminar flames. It is related to the microscopic 
behavior of the coal particles only, whereas the velocity, temperature, and composition 
of the gas has to be obtainedindependentlyfrom experimentsor other theories. The model 
includes drag between particle and gas, particle devolatilizationand combustion, and heat 
transfer to and from the particles due to convection, radiation, and chemical reactions. 

4.2.5 
THEORIES OF LAMINAR FLAME PROPAGATION IN CLOSED VESSELS 

See also Section 9.2.4.5 in Chapter 9. 

4.2.5.1 
Theories by Nagy, Conn, and Verakis 

Sections 4.2.3 and 4.2.4 show that both experimentand theory confirms that the concept 
of laminar burning is applicable to combustible dust clouds as well as to combustible 
premixed gases. Therefore, the characteristic features of laminar dust explosions in 
closed vessels should be similarto those of laminar gas explosions in closed vessels. The 
explosion development in a closed spherical vessel was studied theoretically by Nagy, 
Conn, and Verakis (1969). This treatment is also included in the book by Nagy and 
Verakis (1983). The following simplifying assumptionswere made: 

1. The equation of state for ideal gases is applicable. 
2. Point ignition is at the sphere center by a negligible energy supply. 
3. Viscosity and heat capacities are constant. 
4. Burning velocity is low compared to the velocity of sound; that is, the pressure is spa-

tially uniform throughout the vessel at any instant. 
5. The thicknessof the propagatingreaction zone is negligiblecompared to the vesselradius. 

The overall flame speed 5’’ with reference to the vessel was considered as the sum of 
three additive velocities: the laminar burning velocity S,, the gas expansion or contraction 
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velocity S, due to the chemical change of number of molecules, and the gas expansion 
velocity S, due to the heating of the gas. 

The dependence of S, on pressure P and temperature Tuin the unburned mixture was 
taken as 

s, = Su, , (T , /7y(P, /P)P (4.51j 

where the index r refers to the reference state of 300 K and atmospheric pressure; p is 
an empirical constant that equals 0.5 or less for gases. 

The problem was first simplified by treating the flame propagation as an “isothermal” 
process, considering T, as a constant equal to the mixture temperature Tobefore igni-
tion, and Tbin the combustion products as a constant equal to the overall temperature 
T, when all the mixture has burnt and the flame reaches the vessel wall. 

The resulting analytical equation for the rate of pressure rise was 

(4.52) 

where R is the vessel radius and P,  is the pressure when the flame reaches the vessel 
wall. ‘Thisequation can be integrated analyticallyfor p = 0. If To= T,, Po=P,, S,,o =S,,,, 
and p = 0, the equation reduces to 

The maximum (dP/dt),, occurs when P = P,; that is, 

(dPldt),, = &(Pm -p,)(P,/P,)
R 

(4.53) 

(4.54) 

Equation (4.54) shows that this idealized isothermal treatment predicts that (dP/dt),,, is 
inversely proportional to R, that is, to the cube root of the vessel volume, in agreement 
with the frequently quoted “cube root law.” However, this treatment also shows the 
strict conditions under which the cube root law is valid. These conditions were explic-
itly pointed out by Eckhoff (1984/1985and 1987)in a simplified analysis.First, the thick-
ness of the reaction zone or flame must be negligible compared to R. Second, &(Tu,P )  
must be independent of R. Under conditions of significant and unspecified turbulence, 
which are typical of dust explosion experiments in closed vessels, neither of these 
requirements is fulfilled (see Section 4.4.3.3 for further discussion). 

Nagy et al. (1969) extended the isothermal treatment to the more realistic adiabatic 
conditions for which T, and Tbare not constants but given by 

(4.55) 

(4.56) 
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Here, yu and "/b are the specific heat ratios for the unburned and burned mixture. Nagy 
et al. simplified the calculation by assuming an average value for neglecting the dif-
ference between "/u and "/b. The resulting equation (4.57) for (dPIdt),assuming that the 
initial conditions Su,,, To,and Po equals the reference conditions S , , ,  T,, and P,, is sim-
ilar to equation (4.53) but contains yas a complicatingparameter and must be integrated 
numerically: 

(4.57) 

Values of both p and Sa,, can be determinedfrom equation (4.57) and experimentaldata 
for P(t),by plotting the experimental(dPIdt)I[1- (Po/P)1/y]2/3as a function of P in a double 
logarithmic diagram. Then, p is determined from the slope and Su,ofrom the intercept 
with the ordinate axis (log P = 0). This theoretical treatment yielded a reasonable burn-
ing velocity for 7.7 vol% acetylene in air, &, = 1.1 m / s ,  which is close to values from 
direct measurements. 

However, when applying this approach to data from corn starch explosions in a 3 m3 
rectilinear closed vessel, p was found to be 0.36, which appearsreasonable, but was 
found to be 3.15 m / s ,  which is about 10 times the experimental laminar burning veloc-
ities for corn starch in air. Nagy et al. pointed out that this high apparent value was most 
probably due to the turbulent conditionsin the explosion. It is therefore necessary, when 
trying to determine laminar burning velocities from closed-bomb dust explosion exper-
iments, to correct for the inevitable initial turbulence in such experiments. Nagy and 
Verakis (1983) attempted to do this and derived laminar burning velocities for clouds in 
air of various dusts by applying a modified form of equation (4.53) to experimentaldust 
explosion data from the elongated 1.2 liter Hartmann bomb. Corrections were made for 
the increase in the initial pressure due to the dispersing air. The first modification made 
in equation (4.53) was that the ratio 3IR for a spherical vessel was replaced by the gen-
eral ratio AIV for any arbitrary vessel shape, where A is the internal surface area of the 
vessel and V is the vessel volume. Second, the initial laminar burning velocity, Su,,, at 
atmospheric pressure and 300 K, was replaced by the corresponding turbulent burning 
velocity Su,oa,where a is a turbulence enhancement factor, >1. Furthermore, p was 
taken as equal to 0. The generalization of the theory to nonspherical vessels was justi-
fied by referring to the work on premixed gases by Ellis (1928) and Ellis and Wheeler 
(1928), and later work at the U.S. Bureau of Mines. These investigationsindicated that, 
in nonspherical vessels, the initially spherical flame front gradually assumes the vessel 
shape. 

The modified version of equation (4.53) suggests that a straight line should result if 
(dPIdt)is plotted as a function of [1- (Po/P)]2/3(PIP,). The slope of this line determines 
the apparent turbulent burning velocity &,a.It was then simply assumed that a=3.0 
could be used as a representative average value for all the Hartmann bomb experiments. 
The resulting Su,,values are given in Table 4.7. No information on particle size is given 
explicitly; therefore, the possibilities of detailed interpretation are limited. The values 
are generally on the same order as laminar burning velocities determinedby other meth-
ods, but it is clearly unsatisfactory to have to rely on somewhat arbitrary estimates of 
the factor a. 
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Sorbic acid 
Stearic acid 
Sulfur, 700% 44 ,urn 
Titanium 

5.50 345 0.66 
6.00 290 0.46 
3.85 213 0.75 
6.20 760 1.15 

~~~~ 

4.2.5.2 
Three-Zone Model by Bradley and Mitcheson 

Bradley and Mitcheson (1976) carried the theoretical analysis further by first giving 
further support to the useful relation 

(4.58) 

suggested by Lewis and von Elbe (1961). Equation (4.58) simply says that the fractional 
pressure rise equals the fractional mass burned and rests on a number of assumptions of 
chemj-caland physical nature. Simplified analytical solutions of pressure versus time 
obtained by using this equation agreed fairly well with comprehensive computer solu-
tions. Equation (4.58) replaces assumptions concerning the density and specificheat ratio 
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of the burned fraction. Bradley and Mitcheson further emphasized the importance of 
knowing the dependence of S, on pressure and temperature, and they referred to a number 
of suggested relationships, including equation (4.51) proposed by Nagy et al. (1969). 

In the complete three-zone computer model of Bradley and Mitcheson (1976), equa-
tion (4.58) was superfluous,because most basic relationships were accounted for directly. 
Flame propagation was considered as consumption of unburned combustible mixture in 
small mass decrementsdm,. However, in reality, this mass does not bum instantaneously 
but passes through a reaction zone of finite thickness, and this was accounted for. The 
overall model, therefore, comprises three zones, the volumes of unburned, reacting, and 
burned mixture, the sum of which equals the known vessel volume. The inclusion of a 
finitereaction zone is of particular interest in the context of dust explosions,where reac-
tion zone thicknesses are generally much larger than in laminar premixed gases. 

The flame was, in turn, considered to consist of two zones: a preheat zone, extending 
from unburned mixture temperature T, to its ignition temperature Tig,.and a reaction zone, 
in which the temperature increased from Tigto the ideal equilibnum temperature Tf 
This picture is in agreementwith the classical model by Mallard and le Chatelier (1883). 
Tigis not a fundamental constant for a given mixture but depends on the method of 
determination. 

The unburned gas was assumed isotropic, but each burned gas element arising from 
each mass decrement dm, was treated independently to estimate its temperature after 
isotropic compression.Any energy exchange between mixture elements by conduction, 
convection, or radiation was neglected. 

The comprehensivecomputermodel gave good agreement with experimentaldata for 
pressure versus time in laminar closed-bomb explosions of methane/air mixtures. 
However, no comparisons with dust explosions were made. 

4.2.5.3 
Theory by Nomura and Tanaka 

Nomura and Tanaka (1980) extended their theory for plane laminar burning of dust 
clouds at constantpressure (Nomura and Tanaka, 1978)to laminarburning in closed ves-
sels. By making certain assumptions, they derived the general equation 

(4.59) 

which is slightly different from equation (4.58) by having all three pressures raised to 
the power of lly,where yis the average specific heat ratio for the burned and unburned 
mixture. 

As before (Nomura and Tanaka, 1978), it was assumed that the dust cloud consisted 
of monosized particles arranged in a regular, static pattern. However, in this case, igni-
tion occurred at a point, as opposed to an infinite plane, and the flame propagation was 
spherical, as opposed to the plane, one-dimensional propagation considered earlier. 
Consequently, the particle centers were considered as located at concentric spherical 
shells,rather than in the regular cubicalgrid structureapplicableto plane flames.In the spher-
ical geometry, the relationship between the average interparticle distance L, the particle 
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density pp,the particle diameter Dp,and the dust concentration C, was defined as 

L =  [;j- DP (4.60) 

which differs from equation (4.38) by the factor (~/6) l ’~.  
Equation (4.41) was used in a simplified form by neglecting all thermal radiation 

except that from the flame front to the next particle shell. The resulting equation for the 
maximum rate of pressure rise in a spherical vessel with central point ignition was 

(4.61) 

which conforms with the “cube root law” as long as all constants at the right-hand side 
are independent of the vessel radius R .  It is implicitly assumed, during the derivation of 
this equation, that the thickness of the flame zone is negligible compared to the vessel 
radius R. The constant a in equation (4.61) has the dimensions of mass per unit volume 
and equals the effective dust concentration that can burn completely consuming the 
oxygen available. For dust concentrations C, up to stoichiometric the parameter a = Cd, 
whereas for higher concentrations, it maintains the stoichiometric value. 

The At is the time required for the flame to propagate from the (n - 1)th to the nth 
particle shell. For starch dusts of Dp < 50 pm, At was found to be independent of n for 
n > 30. Therefore, the burning velocity equals S, =L/At,, as defined by equation (4.43). 
Nomiura and Tanaka derived At, as a complex function of particle and combustion 
properties. 

Nomura and Tanaka (1980) also extended their theoretical treatment to nonspherical 
vessel shapes. This was done by maintaining spherical flame propagation for any part 
of the flame that had not reached the vessel wall. As soon as a part of the flame reached 
the wall, flame propagation stopped for that part. Heat loss to the vessel wall was not 
considered. Under these conditions the theoretical analysis showed that the “cube root” 
relationship was valid even for elongated, cylindrical vessels, as long as they were geo-
metrically similar. 

Figure 4.23 illustrates the theoretical development of pressure with time in an elon-
gated cylinder. At time t l ,  the spherical flame reached the cylinder wall, and at time to, 
the entire dust cloud has burned. 

Nomura and Tanaka tried to correlate their theoretical results for laminar flame prop-
agation with experimental data from dust explosions in closed vessels. However, 
inevitable and unknown turbulence in the experimental dust clouds could not be accounted 
for, and the value of the correlation therefore seems limited. 

4.2.5.4 
Simplified Theory by Ogle, Beddow, and Vetter 

Ogle, Beddow, and Vetter (1983) proposed a simplified three-element theory for the 
development of a dust explosion in a closed vessel. The first element was a model for 
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the burning time zof a particle: 
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Figure 4.23 Theoretical relation between pres-
sure and time in dust explosions in a closed, elon-
gated cylindrical vessel (From Nomura and Tanaka, 
19801. 

(4.62) 

where rois the characteristic size of the particle (m) obtained from morphologicalFourier 
analysis, k, is a first-order rate constant ( d s )  and Yo, is the initial mass fraction of 
oxygen in the gas phase. 

The second elementwas a model for the laminarburning velocity of the dust cloud,based 
essentiallyon the classical Mallard-le Chatelier (1883) model for premixed gases, with an 
additionalterm for thermal radiation. The resulting equation for the burning velocity is 

(4.63)S, = B+(B' +A)"' 

where 

Here 

p is the initial density of the gas phase (kg/m3); 
cr is the Stefan-Boltzmann constant (= 5.66 lo-*J/s m2K4); 
E is the emissivity (-); 
cpis the heat capacity of gas at constant pressure (Jkg K); 
Tf is the flame temperature (K); 

Tois the initial temperature (K); 
2, is the thermal conductivity (J/s m K); 
zis the burning time of a dust particle (s). 

is the ignition temperature (K); 
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Equation (4.63) differs somewhat from equation (4.22) derived by Cassel et al. (1949) 
but rests on a similar basic philosophy. 

The third model element was the equation for the rate of pressure rise: 

(4.64) 

where yis the specific heat ratio, r is the radius of the spherical flame, and p, and pbare 
the densities of the unburned gas and the combustiongases. Equation (4.64) is based on 
the approximation drldt = (p,/p,)S,. 

Estimates for S, for aluminum dust clouds, using the theory by Ogle et al., gave con-
siderablyhigher burning velocities,by a factor of 4, than experimentalvalues from lam-
inar burners. 

4.2.5.5 
Computer Model by Continillo 

The laminar flame propagation through a coal dust/air suspension in a spherical enclo-
sure was studied by Continillo (1988a) by means of a one-dimensional, spherically 
symmetricmathematicalmodel. An Eulerian formulationwas adopted for the gas phase 
mass continuity, species, and energy balance equations,while a Lagrangianformulation 
was employed for the mass, energy, and momentum balance equations for the particles. 

For the “gas phase,” the following assumptions were made: The flow is laminar and 
sphericallysymmetric.The viscous dissipationrate is negligible and the pressure is uni-
form in space (low Mach number) but varies in time. The gas mixture is thermally per-
fect. Binary diffusion coefficients for each pair of species are taken to be equal, thermal 
mass diffusion is neglected. Mass diffusion and heat conduction are governed by Fick’s 
and Fourier’s laws, respectively.The diffusion coefficient varies with temperature and 
pressure. The Lewis number is unity. Radiative heat transfer is neglected. The combus-
tion chemistry is described by means of a single-step,irreversible reaction of the volatiles 
with the oxygen, and Arrhenius-type kinetics with nonunity exponents for fuel and 
oxygen concentrations apply. The equations also include coupling terms accountingfor 
mass, momentum, and energy exchanges between the gas phase and particle phase. 

In the simplified treatment of the “particle phase,” a coal particle was represented by 
a spherecontainingash, fixed carbon, and volatiles in specified initial fractions.The par-
ticle was considered to remain spherical and conserve its volume. The temperature was 
considered uniform in the particle, including its surface. The transport processes in the 
gas film next to the particle were assumed to be quasi-steady, and the thermophysical 
properties of the aidfuel vapor mixture were assumed uniform and evaluated at a con-
veniently averaged value of the temperature in the gas film. The fuel vapor production 
rate was assumed to depend on the particle temperature and global composition only. 
During the particle heat-up, the volatiles were assumed to be released according to a 
simple one-step Arrhenius pyrolysis reaction. Due to the highly transient character of 
the particle history in this kind of phenomena, surface oxidation reactions were not 
considered. This eliminated the need to consider the mass transfer processes in the film. 
All the volatiles released by the particle were immediately available in the gas phase. 
The model accounted for the effects of the convective transport caused by the gas/particle 
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relative motion by means of correction factors to the spherically symmetric stagnantfilm 
situation. 

Ignition was induced by introducing a heat source of a given intensity in the energy 
equation for a limited time. The model then predicted the particle heat-up, devolatiliza-
tion, and ignition of the volatiles and the subsequent flame propagation through the 
spherical volume. 

Figure 4.24 Computed pressure-versus-timepat-
terns for spherical explosions of coal dust of var-
ious particle diameters in air in a vessel of 0.10 pm 

0 " / , 1 / 1 ~ 1 1 1 diameter: (a) 30 ,urn, (b)50 pm, (c) 100 ,um (From
0 0  b l  02 03 0 4  D5 0 6  

t la1 Continillo, 1988). 

Figure 4.24 shows an example of computations for laminar explosions of coal dusts 
of various diameters in air, in a spherical vessel of 0.10 m diameter. 

The predicted final pressure of about 12.5 bar(abs) is close to the maximum theoret-
ical adiabatic pressure. This is much higher than maximum pressures found in experi-
ments. The reasons are that the model accounts for neither heat losses nor endothermic 
dissociation in the burned mixture. 

Continillo (1988b) expressed some important view points concerning the use of com-
puter models for simulating dust explosions. A space resolution on the order of a few 
pm is necessary for a detailed description of particle-scalephenomena. On the other hand, 
the typical thickness of a real dust flame is on the order of 10 mm or more, whereas the 
physical dimensions of process units in which dust explosions take place is on the order 
of 1-10 m. This means that the ratio of the various length scales involved covers up to 
7 orders of magnitude. Therefore, detailed comprehensivemodeling considering all the 
relevant mechanisms across all 7n orders of magnitude is not really feasible, even by 
means of extensivenumerical computing.In addition, such a model would require infor-
mation about a number of microscopic characteristics of the dust particles and their 
interaction with heat and gas flows, which can be acquired only by complex, extensive 
experimentation. Furthermore, as discussed in Chapter 3 ,  the mechanics of generation 
of dust clouds is very complex, and very small particles on the order of 1pm diameter 
may not become dispersed into individual primary particles but appear as considerably 
larger agglomerates constituting the effective particles in the dust cloud. 

The optimal simulation model should include the minimum level of detail necessary 
to reproduce the significant features of the explosion development with sufficient accu-
racy. The specific interpretationof this statementmay vary with the objectiveof the sim-
ulation. From an industrial safety point of view, the upper range of the length scale is 
most important, whereas for studies of the combustionprocess as such, for example, for 
predicting chemical conversion, the smaller scales may be of greater interest. 

No matter what the objective,it is beyond doubt that computer simulationis the future 
tool for predicting dust explosion developmentin industrialpractice. However, it is then 
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necessary to include some other important factors in addition to those considered by 
Contknello (1988), in particular turbulence and aspects of entrainment and dispersion of 
dust particles, as discussed in Chapter 3 (see also Section 4.4.8). 

4.2.6 
~ I N I ~ U ~AND MAXIMUM EXPLOSIBLE DUST CONCENTRATIONS 

See also Section 9.2.4.3 in Chapter 9. 

4.2.6.,1 
The Problem 

The existenceof well-defined minimum and maximum explosibleconcentrations of fuel 
in air is well establishedfor various gases and vapors. At the outset, it would be reasonable 
to expect that such limits of explosiblefuel concentrationsalso exist for combustible dusts. 
However, as shown by Makris and Lee (1988), who considered the minimum explosi-
ble concentration,there is substantialdisagreement among experimentaldata for a given 
dust. For example,reported values for corn starchin air range from 8 g/m3to 400 g/m3.The 
disagrelement arises from considerable differences in apparatus and interpretation of 
data. Because of the extremely energetic pyrotechnical igniter used, it is not surprising 
that the exceptionallylow value of 8 g/m3was determinedby Siwek (1977)using a 20 liter 
spherical bomb. On the other hand, it cannot be excluded that there were some real dif-
ferences among the dusts used. Although the primary grains of corn starch have a fairly 
uniform size of 10-15 pm diameter,commercial corn starch qualities often contain con-
siderable fractions of stable agglomeratesthat behave as large single particles, as shown 
by Eckhoff and Mathisen (1977/1978). Furthermore, the moisture contents of the corn 
starches investigated were often not reported and may have varied. 

One basic problem in all experimentaldeterminationof explosibilitylimits is the def-
inition of an explosion.It has been customaryto relate this definition to either direct obser-
vation of a self-sustained flame through the dust cloud, at constant pressure, or to the 
increase in pressure that results if flame propagation occurs at constant volume in a 
closed vessel. If the dust concentrations are in the middle of the explosible range, the 
observation of explosion is simple, irrespective of the criterion chosen. Both extensive 
flame propagation and extensive pressure buildup result. Problems arise when the dust 
concentrationapproaches the lower or upper explosibilitylimits, and flame propagation 
and pressure rise become marginal. Because of the inherent inhomogeneityof real dust 
clouds and the correspondingcomparatively poor reproducibility of repeated, apparently 
identical experiments, it is necessary to choose some arbitrary criterion of a minimal 
explosion, either in terms of a minimal extent of flame propagation or a minimal mag-
nitude of pressure rise. Unfortunately, there seems to be no really basic scientific crite-
rion that specifies the “right” choice. 

In their analysis, Makris and Lee (1988) concluded that any meaningful criterion of a 
minimum explosible dust concentrationmust be related to a distinct flame propagation in 
the dust/air mixture at constant pressure. They claimed that it is not possible to decide 
whether or not such flame propagation occurs in constant volume experiments,and they 
therefore did not considerthat results from closed bombs had any fundamental significance. 
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This argument may not be fully justified, but it is necessary to account for the fact that, 
in any closed-bomb experiment, the unburned mixture starts to become compressed 
right from the onset of flame propagation. 

4.2.6.2 
Experimental Determination of Minimum Explosible Dust Concentration 

Selle and Zehr (1957) described a closed-bombmethod that utilized the flame propaga-
tion criterionof explosion.A sphericalglass bomb of volume 1.4 liters was used, in which 
a given quantity of dust, placed in a small hemisphericalcup, was dispersed into a cloud 
by means of a blast of compressed air and exposed to an ignition source at the sphere 
center.The concentration of dust was gradually lowered in a series of consecutive exper-
iments until the flame no longer propagated throughout the entire volume of the bomb. 
This means that Selle and Zehr had chosen the requirement of a fully developed flame 
within the bomb as their criterion of explosion. The size of the flame was recorded on 
photographicfilm, and this facilitated an objectivedecision of whether the flame had actu-
ally filled the entire volume of the bomb. Nevertheless, the explosion criterionitself was 
the result of a subjective choice. 

Selle and Zehr observed that flames that occupied only part of the bomb volume were 
not necessarily located in the vicinity of the ignition source. Due to inhomogeneities in 
the dust concentration throughout the volume of the explosion bomb, flame propagation 
could be restricted to local, almost detached “pockets” in the dust cloud. 

This kind of nonhomogeneous structure is an inherent feature of real dust flames in 
general, which clearly complicates the interpretation of marginal flame propagation in 
small-scaleapparatus in terms of minimumexplosibleconcentrationin large, industrial-scale 
systems. Therefore, experiments have also been conducted in fairly large industrial-scale 
equipment. The work of Palmer and Tonkin (1971) is a good example. Figure 4.25 
shows their apparatus. 

The dust was introduced at the top of the tube by a screw feeder and dropped into a 
vibrating 20 cm diameter and 15 cm high dispersing cylinder hanging immediately 
underneath the screw exit. After having passed the perforated bottom of the cylinder, the 
disperseddust settled freely under gravity through the entire length of the tube until finally 
collected in a bin at the bottom end. Dust concentration and flame propagation could not 
be measured in the same test but had to be determined in separatetests at nominally iden-
tical dust cloud generation conditions, that is, rotating speed of the feeding screw con-
veyor and vibration mode of the dust disperser. The dust concentration was measured 
gravimetrically. A manually operated sliding tray was inserted into the tube like a gate 
valve about 3.5 m from the tube top. By simultaneously closing the tube at the top with 
a conventionalsliding gate valve, the volume of dust cloud was trapped between the top 
valve and the tray. By dividing the amount of dust finally settled out on the tray by the 
volume 0.182 m3between the tray and the top valve, the average dust concentration in 
this section of the tube was obtained. 

Immediately before performing an explosion test, the dust feed was stopped and the 
bottom end of the tube closed by a gate valve located just below the ignition zone. The 
ignition source was a propane flame generated by injectinga small pocket of a propane/air 
mixture into the bottom region of the explosion tube and igniting by means of an elec-
tric spark located at the tube axis. 
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Figure 4.25 Vertical large-scale explosion tube facility for flame propagation studies. The internal 
tube diameter is 0.25 rn. The total tube length is 5.2 rn. The ignition point is 1.5 rn above the bottom 
(From palmer and Tonkin, 1971). 
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This facility was made available to Eckhoff and Fuhre (1975) to determine the mini-
mum explosible concentration of a wheat grain dust of 10% moisture content, taken from 
a dust extractionfilter in a grain silo plant. Due to poor flow properties of the dust, a con-
stant rotation speed of the dust feeding screw did not alwaysresult in a constant dust feed. 
For this reason, several dust concentration measurements had to be performed during a 
test series at a given screw rotation speed, and some scatterhad to be accepted.Only flame 
propagation lengths of more than about 0.5 m upward in the tube were considered sig-
nificant. Propagation lengths of about 0.5-1 .O m were classified as “marginal.” 

The results of eight test series are summarizedin Figure 4.26. Each series,run at a given 
set of nominal dust cloud generation conditions, comprised three to six consecutive 
experiments for measurement of dust concentration or flame propagation. Figure 4.26 
gives the actual average dust concentration values determined in individualexperiments 
in each series and the correspondingflame propagation results. 
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Figure 4.26 Results from determination of the minimum explosible concentration in air of a wheat 
grain dust from a grain silo plant, containing 10% moisture, using the vertical large-scale dust explo-
sion tube of diameter 0.25 m and height 5.2 m developed by Palmer and Tonkin ( I  971) (From Eckhoff 
and Fuhre, 1975). 

For dust concentrations below 50 g/m3no significantflame propagation was observed, 
whereas marginal propagation was observed in the range 50-60 g/m3.From 60-80 g/m3, 
flame propagated over part of the tube length, whereas full tube length propagation 
required dust concentration of at least 90-100 g/m3. 

This gradual increase of the extent of flame propagation with dust concentration over 
a considerable range was also observed by Palmer and Tonkin (1971) and was typical 
for the facility.This illustratesthat realistic dust clouds are never perfectly homogeneous 
and a sharp minimum explosibleconcentration value is therefore nonexistent. However, 
some numerical value may be required in practice; and in the present case, a conserva-
tive figure would be 50 g/m3. 

The absence of a sharp minimum explosible concentration seems to be common also 
for experiments in a smaller scale. Therefore, the specification of a given value of the 
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minimum explosible concentration for a given dust inevitably implies the use of some 
arbitrary criterion of explosion, as a finite minimum pressure rise at constant volume or 
a minimum finite extent of flame propagation at constant pressure. A transition range rep-
resenting a factor of 2 of average dust concentrations, from the first sign of self-sustained 
flame to extensive flame propagation, is probably typical of many experiments. 

Another aspectthat needs considerationis the influence of the settling of particles due 
to gravity on the minimum explosible dust concentration.Burgoyne (1963), discussing 
the minimum explosible concentrationof clouds of liquid droplets, distinguishedbetween 
“static” and “kinetic” minimum explosibleconcentrationsC, and Ck If the drops are suf-
ficiently large for their gravitational sedimentationvelocities v,to be significant and S, 
is the upward burning velocity in the drop cloud, then C, and C, differ according to 

(4.65) 

This equation should also be applicable to solid particles that volatilize or pyrolyze in 
the preheating zone of the flame front, that is, organic materials and coals. 

Figure 3.10 in Chapter 3 shows that, for a density of 1 g/cm‘, a particle diameter of 
10 pm gives v,= 0.004 d s ,  which means that, for a limit value of S,  of about 0.1 d s ,  
C, and C, differ by only 4%.However, for particle diametersof 50 and 100pm, v,= 0.09 
and 0.3 d s ,  which for S, = 0.1 m / s  gives Ck= 1.9 C, and 4.0 C,, respectively. This indi-
cates that, due to gravitational settling, flame propagation through clouds in air of 
volatilizing or pyrolyzing particles on the order of 50-100 pm diameter can take place 
at considerably lower “static” concentrations C, than for particles of negligible v,. 
Burgoyne converted independent experimental data for C, and ck for mists and sprays 
of organic liquids to the corresponding ck and C, values, using equation (4.65) and a limit 
value of S, of 0.46 m / s  for negligible v,estimated by assuming that S, and ck are the same 
for upward and downward flame propagation. The results, shown in Figure 4.27, indi-
cate tlhat equation (4.65) is in accordance with reality. 
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Figure 4.27 
of tetralidair suspensions with varying drop diameter: 

= C, experimental 
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(From Burgoyne, 1963). 

Correlation of ”static” and “kinetic” concentrations at the lower limit of flammability 
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As pointed out by Burgoyne (1963), equation (4.65) also applies to downward flame 
propagation, but then v,,being numericallythe same as for upward propagation,becomes 
negative.As a consequence, C, for downward propagation becomes larger than C,, and 

Cs,upwards ck < Cs,downwards (4.66) 
Hartmann and Nagy (1944) introduced an arbitrary pressure criterion when determin-
ing the minimum explosible dust concentration using the 1.2 liter Hartmann tube. The 
top of the tube was closed by a paper membrane of bursting strength about 0.2 bar(g). 
The smallestquantity of dispersed dust that generated at least this pressure rise, divided 
by the volume of the tube, was taken as the minimum explosible dust concentration. 

The continued use of this criterion in the extensive later investigations by the U.S. 
Bureau of Mines (USBM), was confirmedby Dorsett et al. (1960). However, Cashdollar 
and Hertzberg (1985) reconsidered the original USBM method and suggested their new 
20 liter closed explosion vessel test as an alternative. The explosion criterion chosen was 
P,/Po 2 2, where P, is the maximum absolute explosionpressure in the experiment and 
Po is the initial pressure, both corrected for the pressure rise due to the 2.5-5 kJ chemi-
cal ignitors used. By adopting this method, Cashdollar,Hertzberg, and Zlochower (1989) 
identifiedthe minimum explosible concentration of Pittsburgh coal to about 90 g/m3,in 
contrast to the earlier value of 135 g/m3 found in an 8 liter bomb and reported by 
Hertzberg, Cashdollar, and Opferman (1979). Cashdollar et al. (1988) correlated mini-
mum explosible dust concentrations of coal dusts measured in the USBM 20 liter bomb 
with values from large-scale mine experiments and found good agreement. 

Hertzberg et al. (1987) postulated that flames in low-concentration clouds of organic 
dusts and coal dusts of small particle sizes are essentially premixed gas flames. This is 
because the burning velocity close to the minimum explosible concentration is so low 
that each particle becomes completely devolatilized and the volatiles mixed with air in 
the preheating zone of the flame front before combustion gets under way. 

Following this line of thought, Cashdollar et al. (1989) determined the minimum 
explosible concentrations for various coals and mixtures of graphite and polyethylene 
dust as a function of the content of volatiles. Figure 4.28 shows the resulting correlation. 
It is worth noting that the value of 33 g/m3for polyethylene, which devolatilizes com-
pletely, is close to the minimum explosible concentration of methane in air. 

This is further in good agreement with the results of Eckhoff and Pedersen (1988) for 
polyester and epoxy dusts, using a method reported by Nordtest (1989). Their results are 
given in Figure 4.29. 

The straight line through the square points is approximately horizontal, indicating 
that the minimum explosibleconcentrationof combustiblematerial is, in fact, almost con-
stant and independent of pigment content.The chemical composition of the combustible 
substance does not seem to influence its minimum explosible concentration.It is inter-
esting to observe the close agreement between this value of 31-35 g/m3and the value 
33 g/m3found for polyethyleneby Cashdollaret al. (1989). It is also of interest to com-
pare the value of 31-35 g/m3with published explosibility limits for gaseous hydrocar-
bon in air mixtures. For methane in air and propane in air,the limits are approximately 
5.0 vol% and 2.0 vol%, respectively. Convertedto mass concentrations,these equal 33 g/m3 
and 36 g/m3,respectively (at 25"C), which is close to the measured minimum explosi-
ble concentrations of combustible material for the polyester and epoxy powders. This 
supports the view that the flame propagation through the dust clouds at the limiting 
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Figure 4.28 
ious dusts (From Cashdollar,Hertzberg, and Zlochower, 1988). 

Inverse and minimum explosible dust concentration versus content of volatiles for var-

Figure 4.29 Minimum explosibledust concen-
tration versus non-combustible mass fraction for 

0 20 30 LO 50 60 polyester and epoxy resins. (From Eckhofi, 
Pedersen, and Arvidsson, 1988). 

0 " L L 
NONCOMBUSTIBLE MASS FRACTION l%1 

concentration is similar to that through a premixed gas; that is, flame propagation takes 
place in the combustiblegas evolved from the particles in the preheating zonejust ahead 
of the flame. In accordance with this model, p being the mass fraction of noncorn-
bustibles in percent, the minimum explosible dust concentration(MEC) of this category 
of dusts is 

MEC = 32 g/m3 [100/(100-p)] (4.67) 

This relationship gives the curved line in Figure 4.29, and it is seen that the agreement 
with the experimental points is reasonable.Approximate estimates of MEC for various 
contents of noncombustible material can be obtained by this relationship. However, 
undue extrapolationbeyond the experimentalpoints give physically meaninglessresults 
because MEC +w whenp + 100. 

Buksowicz and Wolanski (1983) studied flame propagation near the minimum explosi-
ble dust concentration,in a 5.5 liter vertical cylinder of 150 mm diameter. By choosing 
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Dust type 

Aluminum flakes, mean flake thickness 0.5 pm 
Lignin, 100% finer than 120 prn 
Phenol resin, brown, 100% finer than 120 pm* 
Phenol resin, gray, 100% finer than 120 pm* 

a minimum relative pressure rise Pm/Poof 1.5 as their explosion criterion, they obtained 
minimum explosible dust concentrations in close agreement with those based on self-
sustained flame propagation in a long tube of 100mm diameter. Buksowicz and Wolanski 
demonstrated by direct photography that, near the minimum explosible dust concentra-
tion, the dust flame is fragmented into detached zones of burning particle clusters. They 
also emphasized the need for using a sufficiently energetic ignition source, when study-
ing propagation of lean limit flames. 

Schlapfer (1951) measured minimum explosibleconcentrationsof various dusts in air 
in a laboratory-scalevertical tube of diameter 30 mm and with a vertical distance of 0.6 m 
from the ignition sourceto the open top end of the tube. Dust suspensions of known con-
centration were conveyed upward in the tube at a laminar velocity of 0.6 d s .  Propagation 
of dust flame at least three-fourths of the distance of 0.6 m from the ignition source to 
the tube top was used as the explosion criterion. The ignition source was an electrically 
ignited 0.2 mm thick and 7 mm long aluminum wire. The results in Table 4.8 were 
obtained. 

Minimum explosibleconcentration(g/m3) 

90 

48 

45 
36 

Table 4.8 
diameter vertical t u b e  

Minimum explosible dust concentrat ions measured at laminar  flow cond i t ions  in a 30 mm 

Hertzberg et al. (1987) found that the minimum explosible dust concentration for 
polymethylmethacrylatewas about 80 g/m3and independent of the particle diameter up 
to 100pm. For Pittsburgh seam bituminous coal, the value of about 90 g/m3was found 
to apply from 2 pm to 60 pm particle diameter. However, when the particle diameter 
increased toward 200 pm, a substantial increase in the minimum explosible concentra-
tions was found for both dusts. This influenceof particle size agrees with the earlierresults 
of Ishihama (1961) for various particle size fractions of coals of volatile matter contents 
in the range 4649%. This worker also found that the minimum explosible dust con-
centration decreased with decreasing mean particle diameter down to about 60 pm. For 
a finer fraction, of mean size 29 pm, the minimum explosible concentration was only 
slightly lower than for the 60 pm fraction. 

However, the actual minimum explosible concentration values found by Ishihama 
were only half those found by Hertzberg et al. (1987). This can in part be explained by 
the higher content of volatiles in the coals used by Ishihama,but the major factor is prob-
ably the different experimental methods and explosion criteria used. 

Minimum explosible dust concentrationswere determinedin a comparativetest series 
among four laboratories in different countries. Three methods were used: the 20 liter 
spheremethod developed by Siwek (1977; see alsoASTM, 1988),the 1m3method spec-
ified by the International Standards Organization (1985), and the Nordtest (1989) Fire 
011 method. The results are shown in Table 4.9. 
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Table 4.9 
laboratories 

Minimum explosible dust concentration (g/m3)determined by three methods in four 

Zinc I 600 (0.9) I 600(0.3) I 400 (0.3) 1 400(0.1) I 500 I 650(0.8) I 565+65*A 
*Standard deviation. 
Note: Figures in parentheses( ) indicate measured maximum explosion pressure in bar(g) minus that due 
to the ignitor (assumed to be 1.3 bar(g) for the 20 liter sphere). Figures in brackets [] are from more-recent 
data. 
Source Eckhoff, 1988. 

The 20 liter Siwek test was based on a rather weak and vaguely defined pressure rise 
criterion. In addition, the very strong 10kJ pyrotechnical ignitor may cause combustion 
of dust even if the dust concentration is below that required for self-sustained flame prop-
agation at constant pressure. Therefore, it is not unexpected that the 20 liter minimum 
explosible dust concentrations were generally lower than for the two other methods. The 
work of Continillo et al. (1986) with the 20 liter Siwek sphere indicates significant pres-
sure rise for coal dudair clouds even at dust concentrations as low as 50 g/m3,in accor-
dance with the low minimum explosible concentration for coal dust for this apparatus 
in Table 4.9. Furthermore, the real, local dust concentration in the region of the ignition 
source was not known. The problem of generating nonhomogeneous distributions of dust 
concentration in small-scale experiments has been emphasized by Eggleston and Pryor 
(1967). 

The 1 m3 method also involves a 10 kJ ignition source and a pressure rise criterion, 
but because of the large size of the vessel, the net influence of the 10 kJ ignitor on the 
pressure rise is small. However, the distribution of dust concentration is not 

The Nordtest Fire 011is essentially a constant pressure method, because the top of the 
15 liter vessel is covered only by a weak paper diaphragm. The explosion criterion is 
independent, upward flame propagation through the experimental dust cloud to an extent 
that the flame, as observed visually, is clearly detached from the ignition source. A spe-
cial feature of this method is that the actual local dust concentration in the region of the 
ignition source is measured directly gravimetrically.Most ofthe Nordtest data in Table 4.9 
are based on an earlier, quite restrictive criterion of explosion, requiring fairly extensive 
flame propagation. More recent data, based on the present criterion of any flame prop-
agation clearly detached from the ignition source, are given in brackets. 

kovachev (1976) discussed some unrealistically low values for the minimum explosi-
ble concentration of some dusts reported in USSR, and he emphasized the necessity of 
observing self-sustained flame propagation through the dust cloud, beyond the influence 
of the ignition source (see also Section 7.13). 
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4.2.6.3 
Experimental Determination of Maximum Explosible Dust Concentration 

The results of Palmer and Tonkin (1971) from the large-scale apparatus shown in Figure 
4.25 give an indication of the maximum explosibleconcentrationof a coal dust containing 
36.4% volatiles on a dry,ash-free basis. Extrapolation from their data for mixtures of 
coal and sodium chloride to zero content of the latter indicates a value of 2000-3000 g/m3. 
This is on the same order as the value indicated by extrapolatingthe data from stabilized 
burner experiments with a similar coal dust (Pittsburgh)in air, presented by Smoot et al. 
(1977). These workers measured laminar burning velocities of more than 0.15 m / s  even 
at 1800 g/m3. 

Slezak, Buckius, and Krier (1986), using a tumbling horizontal explosion cylinder of 
0.3 m diameter and 4.5 m length, estimated the maximum explosible concentration of 
Pittsburgh coal dust in air to be about 1500 g/m3. 

However,Cashdollaret al. (1988),using their closed 20 liter explosionvessel, were unable 
to detect any maximum explosive dust concentration for Pittsburgh coal up to 4000 g/m3. 
They refer to other laboratory and large-scale experiments that confirm this result. 

On the other hand, Ishihama, Enomoto, and Sekimoto (1982) could determine maxi-
mum explosibleconcentrations of different noncohesivecoal dust fractions using a rotat-
ing drum apparatus in which the dust cloud was generated continually by being lifted 
along the drum wall, subsequentlyfalling freely under gravity. For the particle size frac-
tion 35-50 pm, the maximum explosible concentration in air was 2700 g/m3for a 45% 
volatiles coal, 2200 g/m3for 33% volatiles, and 1400 g/m3for 22% volatiles. The max-
imum explosible concentration decreased with increasing particle size, and for the 45% 
volatiles coal, it was 2400 g/m3for 50-75 pm and 1800 g/m3for 100-150 pm. 

Ishihama et al. also investigated potato starch of mean particle size 50 pm and found 
a very high maximum explosible concentration of about 8000 g/m3.It seems probable 
that the cohesive potato starch, as opposed to the free-flowing coal dust fractions, only 
dispersed partly in the rotating drum apparatus, yielding a lower real concentration of 
dispersed dust than the nominal value. 

Other data on maximum explosible dust concentration, from more-direct experimen-
tal determination than these rather scattered and partly contradictory results, have not 
been traced. It is therefore of interest to consider the more indirect determinations by 
Zehr (1959). He made the first-order assumption that the conditions for flame propaga-
tion in a dusdair mixture depends only on the mass ratio of dust to air and is independ-
ent of air pressure and mean distance between particles. He then constructed the 
cylindrical combustion bomb illustrated in Figure 4.30 to determine the maximum 
explosible concentration of dusts. 

The central 25 cm long glass tube of about 1 cm2cross section and one end closed is 
first filled completely with the dust to be tested, loosely packed. The glass tube is then 
inserted into the combustion bomb and the air pressure raised to the desired level. 
Because the bulk densities of loosely packed organic dusts are typically on the order of 
500kg/m3and maximum explosibleconcentrationson the order of 1kg/m3,air pressures 
up to the order of 500 bar were required to obtain the same dust/air mass ratio in Zehr’s 
combustion tube as in a dust cloud at the maximum explosible concentration at atmo-
spheric pressure. At these high pressures, the equation of state has to be corrected for non-
ideal gas behavior. Zehr (1959) gives a detailed description of the computational 
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IGNITION GLASS TUBE CONTAINING DUST 

Figure 4.30 Apparatus for indirect experimental determination of the maximum explosible con-
centration of dusts in air (From Zehr, 1959). 

procedure used to convert the actual high-pressure conditions to atmospheric pressure 
conditions. After achieving the desired initial conditions, the dust was ignited at the 
open end of the glass tube and observed, through a narrow uncovered slit of the Perspex 
window, whether combustionpropagated along the tube toward its closed end. Some of 
Zehr’s results are summarized in Table 4.10. 

Table 4.10 
mental method of Zehr (1959) 

Maximum explosible concentrations of dusts in air determined by an indirect experi-

*Value obtained with 50% kieselguhr mixed into dust. 
** Standard glass tube replaced by one of two times larger diameter. 

The experiments with kieselguhr mixed into the combustibledust were performed only 
when the propagation of the combustionin the combustibledust could not be clearly iden-
tified. However,although the kieselguhr facilitated distinctionbetween propagation and 
no propagation, the maximum explosible dust concentrationsestimated from the exper-
iments with kieselguhr were much lower than would be expected in the combustibledust 
alone, as illustrated by the data for polyvinyl alcohol in Table 4.10. 

Zehr’smethod might be improved by increasing the glass tube diameter and using ther-
mocouples at vaious locations in the tube to detect propagation of combustion, rather 
than rely ora visual observation. However, due to the very high temperatures to be 
expected, the method may not be suitable for metal dusts such as silicon, aluminum,and 
magnesium. 
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4.2.6.4 
Theories of Minimum and Maximum Explosible Dust Concentrations 

The first attempt to predict the minimum and maximum explosible concentrations for 
dust clouds theoretically was probably made by Jaeckel (1924), who considered the 
one-dimensional heat transfer from a plane flame front to the adjacent unburned layer 
of dust cloud. 

The minimum explosibleconcentration,accordingto Jaeckel, is the minimum amount 
of dust, per unit volume of dust cloud, that by complete combustion liberates enough 
energy to heat the next unit volume of dust cloud to the ignition temperature.This means 
that the assumption of the existence of such a temperatureis as basic in Jaeckel’stheory 
as the classical flame propagation theory of Mallard-le Chatelier (1883). 

According to Jaeckel, the maximum explosible concentration arises from the fact that 
the air contains a limited amount of oxygen, which is totally consumedby the complete 
combustion of a given amount of dust, the stoichiometric concentration C,. A further 
increase in the dust concentration therefore merely has the effect that more energy is 
required for heating the next volume to the ignition temperature, since the excess dust 
acts only as a coolant or heat sink. 

Jaeckel (1924)formulatedthe condition for self-sustainedflame propagation through 
the dust cloud of concentration C < C, at constant volume as 

C Q 2  L + ( q  -T0)(Cc, +d,c,) (4.68) 

where 

c, is the specific heat at a constant volume of the gas; 
dgis the density of the gas; 
Q is the heat of combustion of the dust; 
cd is the specific heat of the dust particles; 
Tois the initial temperature of the dust cloud; 
Tiis the ignition temperature of the dust cloud; 
L is the heat losses by radiation and conduction. 

mum explosible concentration C,: 
By equating the two sides and rearranging, one obtains the expression for the mini-

(4.69) 

For dust concentrationsabove the stoichiometricconcentrationthe heat production is con-
stant and equal to Q x C,, whereas the heat consumption increases with the dust con-
centration. In this case, the condition for self-sustained flame propagation is 

CsQ2L+(T -T,)(Ccd+dgc,)  (4.70) 

By rearranging, Jaeckel’s theoretical upper explosible limit becomes equal to 

(4.71) 
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Jaeckel considered a constant volume explosion. In a typical real case, a dust explosion 
is probably neither a pure constant pressure nor a pure constant volume process, since 
pressure gradually builds up in the unburned cloud, althoughthe flame may not be fully 
confined in volume. 

As can be seen from equations (4.69) and (4.71), a substitution of e, by ep increases 
C, and decreases C,. The loss L is difficult to estimate, and Jaeckel suggested, as a first 
approximation, that the loss factor L be neglected. If this is done and e, is replaced by 
ep2equations (4.69) and (4.71) can be written 

(4.72) 

(4.73) 

e (eft-hand sides of equations (4.68) and (4.70), representing the heat production, 
are denoted Hp, it is seen that for 0 < C < Cs,Hp is a linear function of C; and for C > 
C,, it is constant and independent of dust concentration. 

If the ignition temperature is considered independent of dust concentration and the loss 
L is neglected, and the right-hand sides of equations (4.68) and (4.70), representingthe 
heat consumption, are denoted He,He becomes a linear function of the dust concentra-
tion. According to Jaeckel’s simple model, the condition of self-sustainedflame propa-
gation is 

H p  2 He (4.74) 

Zehr (1957) suggested that Jaeckel’s theory be modified by replacing the assumption of 
an ignition temperature of finite value by the assumption that the dust flames of con-
centrations near the minimum explosible limit have a temperature of 1000 K above the 
ambienttemperature. Zehr further assumed that the combustionis adiabatic and runs com-
pletely to products of the highest degree of oxidation and the dust particles are so small 
that the dust cloud can be treated as a premixed gas. The resulting equationsfor the min-
imum explosible concentration in air are 

1000M 
107rn +2.966[Qm-CAI] 1C =-

for constant pressure, and 

1000 M 
107m +4.024[Qm-C A U ]

c1= (g/m3) 

(4.75) 

(4.76) 

for constant volume. Here M is the mole weight of the dust material and m is the number 
of moles of O2required for complete oxidation of 1mole of dust; Q, is the molar heat 
of combustion of the dust; ZAZ is the enthalpy increase of the combustionproducts; and 
C A U  is the energy increase of the combustion products. 
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Bituminous coal 

Schonewald(1971) derived a simplifiedempiricalversion of equation (4.75)that also 
applies to dusts containing a mass fraction (1 - a)of inert substance, a being the mass 
fraction of combustible dust: 

35 48 70-130, constant volume (Cashdollar, 
Hertzberg, and Zlochower, 1988) 

CJac*-
- 1-2.966(1- a)c,C, la  

(4.77) 

where the minimum explosible dust concentration without inert dust is C1= -1.032 + 
1.207 106/Qo,Qobeing the heat of combustionper unit mass (in J/g), as determined in a 
bomb calorimeter.As can be seen from Freytag (1965), equations (4.75) and (4.76) were 
used in the Federal Republic of Germany for estimatingminimum explosible dust con-
centrations, but later, this method was replaced by experimental determination. 

Table 4.11 gives examples of minimum explosible dust concentrationscalculated from 
equations (4.75) and (4.76), as well as some experimental results for comparison. The 
calculated and experimental results for the organic dusts polyethylene, phenol resin, 
and starch are in good agreement. This would be expected from the assumptions made 
in Zehr’s theory. However, the result for graphite clearly demonstratesthat Zehr’s assump-
tion of complete combustion of any fuel as long as oxygen is available is inadequate 

Table 4.11 
(1957) 

Minimum explosible dust concentrations (g/m3) calculated by the theory of Zehr 

Calculated minimum explosible dust 

Source: Most data from Freytag (1965); comparison with experimental data. 
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for other types of fuel. The results for bituminous coal and the metals also reflect this 
deficiency. 

Bukswwicz and Wolanski (1983) postulated that, at the minimum explosible concen-
tration, flames of organic dusts have the same temperature as lower limit flames of pre-
mixed hydrocarbon gadair. They then proposed the following simple, semi-empirical 
correlation between the heat of combustion (calorificvalue) Q ( H k g )  of the dust, and the 
minimum explosible concentration C1(g/m3)in air at normal pressure and temperature: 

Cl = 1.55.1O7 Q-I2l  (4.78) 

The assumptionsimplied confine the applicability of this equation to the same dusts to 
which Zeh’s equations (4.75) and (4.76) apply. For starch, equation (4.78) gives C, = 
114g/m3,which is somewhathigher than the value of 70 g/m3found experimentallyby 
roust and Veyssiere (1988) but close to that calculated by Zehr for constant pressure. 
or polyethylene, equation (4.78) gives 36 g/m3,in close agreement with both experi-

ments and Zehr’s calculations. 
Lunn (1988) also investigated this group of materials and obtained further support for 

the hypothesis that the minimum explosible concentrationof organic dusts that bum more 
OF less completely in the propagating flame is primarily a function of the heat of com-
bustion of the dust. 
Shevchuket al. (1979),being concernedprimarily with metal dusts, advocated the view 

that a discrete approach,consideringthe behavior and interaction of individualp 
is necessary for producing an adequate theory for the minimum explosible dust con-
centration.They analyzed the distributionof a heat wave in a dilute suspension of mono-
sized solid fuel particles in a gas, assumingno relative movement between particles and 
gas, no radiative heat transfer, and that the rate of heat production qpduring combustion 
of a single particle of mass rnp was constant during the entire burning lifetime tbof the 
particle and equal to qp=Qrn&,, where Q is the heat of combustionof the particle mate-
rial. The resulting equation for the minimum explosible dust concentration,assumingthat 
the average flame temperatureequals the ignitiontemperature T,of the dust cloud as deter-
mined in a heated-wall furnace, is 
Cl = 67i lcgpg LFI)- ‘ d < T  - TO )I (4.79) 

Here, Tois the ambient temperature, cg and c d  are the heat capacities of gas and dust 
material, pgis the gas density, and F is a special particle distribution factor resulting 
from this particular analysis; and the last term causes equation (4.79) to differ from 
Jaeckel’s equation (4.72). Using T, data from Jacobson, Cooper, and Nagy (19641, 
Shevcfiuk et al. compared equations (4.72) and (4.79), as shown in Table 4.12. 

Table 4.12 Minimum explosible concentrations of metal powders in air 

Source: Shevchuk et al.. 1979. 
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Reliable experimental data for metal dusts are scarce. However, Schlapfer (1951) 
found a value of 90 g/m3for fine aluminum flakes, which indicates that both equations 
underestimate the minimum explosible concentration considerably, equation (4.72) by 
a factor of nearly 4 and (4.79) by a factor of nearly 2. A main reason for this is proba-
bly the use of the ignition temperature Tias a key parameter. 

Mitsui and Tanaka (1973) derived a theory for the minimum explosible concentration 
using the same basic discrete microscopic approach as adopted later by Nomura and 
Tanaka (1978) to model laminar flame propagation in dust clouds, and discussed in 
Section 4.2.4.4. Working with spherical flame propagation, they defined the minimum 
explosible dust concentration in terms of the time needed from the moment of ignition 
of one particle shellto the moment when the air surroundingthe particles in the next shell 
has been heated to the ignition temperature of the particles. If this time exceeds the total 
burning time of a particle, the next shell never reaches the ignition temperature.Because 
this heat transfer time increases with the mean interparticle distance, it increases with 
decreasing dust concentration. By using some empirical constants, the theory repro-
duced the trend of experimental data for the increase of the minimum explosible dust 
concentration of some synthetic organic materials with mean particle size in the coarse 
size range from 100-500 pm particle diameter. 

Nomura, Torimoto, and Tanaka (1984) used a similar discrete theoretical approach to 
predict the maximum explosible dust concentration. They defined this upper limit as the 
dust concentration that just consumed all available oxygen during combustion, assuming 
that a finite limited quantity of oxygen, much less than required for complete combustion, 
was allocated for partial combustionof each particle.Assuming that oxygen diffusionwas 
the rate-controlling factor, they calculated the total burning time of a particle in terms of 
the time taken for all the oxygen allocated to the particle to diffuse to the particle surface. 
For the flame to be transmitted to the next particle shell, the particle burning time has to 
exceed the heat transfer time for heating the gas surrounding the next particle shell to the 
ignition temperature. Equating these two times defines the maximum explosible dust con-
centration.Two calculatedvalues were given, 1400g/m3for terephthalic acid of 40 pm par-
ticle diameter and 4300 g/m3 for aluminum of 30 pm particle diameter. The ignition 
temperatures for the two particle types were taken as 950 K and 1000 K, respectively. 

Bradley et al. (1989) proposed a chemical kinetic theoretical model for propagation 
of flames of fine coal dust near the minimum explosible dust concentration. It was 
assumed that the combustion occurred in premixed volatiles (essentially methane) and 
oxidizing gas, the char particles being essentially chemically passive. The predicted 
minimum explosive concentrations were in good agreement with experimental values 
(about 100 g/m3for 40% volatile coal, and 500 g/m3for 10-15% volatiles). 

4.3 
NONLAMINAR DUST FLAME PROPAGATION 
PHENOMENA IN VERTICAL DUCTS 

This section treats some transitional phenomena observed under conditions where lam-
inar flames could be expected. This does not include fully turbulent combustion, which 
is discussed in Section 4.4. 
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Buksowicz, Klemens, and Wolanski (1982) and Klemens and Wolanski (1986) describe 
experiments with a lignite dust of 52% volatiles, 6% ash, and <75 pm particle size, in a 
1.2 m long vertical duct of rectangular cross section of width 88 mm and depth 35 mm. 
The duct was closed at the top and open at the bottom. Dust was fed at the top by a cal- 
ibrated vibratory feeder yielding the desired dust concentration. The ignition source (an 
electric spark of a few J energy or a gas burner flame) was located near the open bottom 
end. Flame propagation and flame structure were recorded through a pair of opposite 
80 mm x 80 mm glass windows. Diagnostic methods included Mach-Zehnder interfer- 
ometry, high-speed framing photography, and high-frequency response electrical resist- 
ance thermometry. Figure 4.3 1 shows a compensation photograph of a lignite dudair flame 
propagating upward in the rectangular duct. The heterogeneous structure of the flame, 
which is typical for dust flames in general, is a striking feature. This is reflected by the 

Figure 4.31 Compensation photograph of a 
80 g/m3 lignite dust/air flame in a vertical rec- 
tangular duct of width 88 mm (From Buksowicz 
et a/., 1982). 
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Figure 4.32 Temperature variation with time at four 
fixed locations in a 103 g/m3 lignite/air dust flame prop-
agating in a vertical duct of 88 mm x 35 mm rectangu-
lar cross section. Temperatureprobe locations: (a) 2 mm 

0.0 04 0.8 1.2 1.6 2.0 from duct wall, (b) 6 mm from duct wall, (c) 26 mm from 
duct wall, and (d) 44 mm from duct wall (=duct center) 
(From Klemens and Wolanski, 1986).I G N I T I O N  

marked temperature fluctuations recorded at fixed points in the flame during this kind 
of experiments, as shown in Figure 4.32. 

The amplitudes of the temperature oscillation with time are substantial, up to 1000 K. 
The very low temperature of almost ambient level at about 1.1 s in Figure 4.32(b) shows 
that, at this location and moment, there was probably a pocket of cool air or a very 
dilute, noncombustible dust cloud. Klemens and Wolanski (1986) were concerned mainly 
with quite low dust concentrations. From a quantitative analysis of their data, they con-
cluded that the thickness of the flame front was 11-12 mm, whereas the total flame 
thickness could reach 0.5 m due to the long burning time (and high settling velocities) 
of the larger particles and particle agglomerates. The flame velocities relative to the 
unburned mixture of 0.5-0.6 m/s were generally about twice the velocity for lean 
methane/air mixtures in the same apparatus. This was attributed to the larger flame front 
area for the dust/air mixture and the intensification of the heat and mass exchange 
processes in the dudair flame. Even for Reynolds numbers of less than 2000 (calculated 
as proposed by Zeldovich et al., 1980) eddies, generated by the nonuniform spatial heat 
generation rate caused by the nonuniform dust cloud, could be observed in the flame front. 
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Gmurczyk and Klemens (1988) conducted an experimental and theoretical study of 
the influence of the nonuniformity of the particle size distribution on the aerodynamics 
of the combustion of clouds of coal dust in air. It was suggested that the nonhomoge-
neous particle size, amplifiedby imperfectdust dispersion,produces a nonhomogeneous 
heat release process and leads to the formation of vortices. 

Xufan et al. (1987) and Dehong (1986) studied upward flame propagation in airborne 
clouds of Ca-Si dust and coal dust in a vertical cylindrical tube of internal diameter 
150mm and length 2 m. The tube was open at the bottom end and closed at the top. The 
Ca-Si dust contained 58% Si, 28% Ca, and 14% Fe, Al, C, and the like and had a mean 
particle diameter of about 10 pm. The Chinese coal dust from Funsun contained 39% 
volatiles and 14%ash and had a median particle diameterby mass of 13pm. The dust clouds 
were generated by vibrating a 300 pm aperture sieve,mounted at the top of the combustion 
tube and charged with the required amount of dust, in such a way that a stationary falling 
dust cloud of constant concentration existed in the tube for the required period of time. 
The dust concentration was measured by trapping a given volume of the dust cloud in 
the tube between two parallel horizontal plates, inserted simultaneously, and weighing 
the trapped dust. Ignition was accomplishedby means of a glowing resistance wire coil 
at the tube bottom, after 10-20 s of vibration of the sieve. Upward flame velocities and 
flame thicknesseswere determined by two photodetectorspositioned along the tube. For 
the Ca-Si dust, the flame velocities were in the range 1.3-1.8 d s ,  and the total thick-
ness of the luminous flame extended over almost the total 2 m length of the tube. The 
net thickness of the reaction zone was not determined.Figure 4.33 shows a photograph 
of a Ca-Si dust flame propagating upwards in the 150mm diameter vertical tube. Figure 
4.34 gives the average upwards flame velocities in clouds of various concentrations of 
the Chinese coal dust in air. 

On average, these flame velocities for coal/air are about half those found for the Ca-
Si under similar conditions. The data in Figure 4.34 indicate a maximum flame veloc-
ity at about 500 g/m3. If conversion of these flame velocities to burning velocities is 
made by assuming some smooth convex flame front shape, the resulting estimates are 
considerably higher than the expected laminar values. This agrees with the conclu-
sion of Klemens and Wolanski (1986) that this kind of dust flames in vertical tubes 
easily becomes nonlaminar due to nonhomogeneous dust distribution over the tube 
volume. 

In the initial phase of the experiments of Proust and Veyssiere (1988) in the vertical 
tube of 0.2 m x 0.2 m squarecross section, nonlaminar cellular flames, as shown in Figure 
4.35, were observed. In these experiments,the height of the explosion tube was limited 
to 2 m. Over the propagation distance explored, the mean flame front velocity was about 
0.5 d s ,  as for the proper laminar flame, but careful analysis revealed a pulsating flame 
movement of about 60 Hz. A corresponding60 Hz pressure oscillation,equal to the fun-
damental standing wave frequency for the one-end-open2 m long duct, was also recorded 
inside the tube. Further, a characteristic sound could be heard during the propagation of 
the cellular flames. Proust and Veyssiere, referring to Markstein’sdiscussion of cellular 
gas flames, suggested that the observedcellular flame structureis closely linked with the 
60 Hz acoustic oscillation.However, there seemed to be no straightforwardrelationship 
between the cell size and the frequency of oscillation. 

It is of interest to relate Proust and Veyssiere’s discussionof the role of acousticwaves 
to the corn starchexplosionexperimentsof Eckhoff,Fuhre, and Pedersen (1987) in a 22 m 
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Figure 4.34 Upward flame velocity versus con- 
centration of dry coal dust in air in a vertical tube 
of internal diameter 150 mm, open at bottom, 
and closed at top. Coal dust from Funsun, 
Peoples Republic of China: 39% volatiles and 
14 % ash, median particle diameter by mass 7 3 p, 
and particle density 2.0-2.5 g/cm3 (Data from 
Kong, 1986). 
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Figure 4.35 A typical cellular flame in 150 g/m3 
corn starch in air, at 1.52 g/m3 above the igni- 
tion point. The upward propagating flame is in 
a vertical duct of 0.2 m x 0.2 m cross section 
(From Proust and Veyssiere, 1988). 
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Figure 4.36 Corn starch/air explosion in a vertical cylindrical silo of height 22 m and diameter 3.7 m 
with an open 5.7 m2 vent in the roof. Oscillatory pressure development resulted from ignition in the 
upper half of the silo (13.5 m above bottom). Oscillations persisted for about 5 s. Dust concentra-
tion was 400-600 g/m3.P,, P2, and P3 were located at 3,9, and 7 9.5 m above the silo bottom, respec-
tively (From Eckhoff et ai., 1987). 

long vertical cylindrical steel silo of diameter 3.7 m, vented at the top. Figure 4.36 shows 
a set of pressure-versus-time traces resulting from igniting the starcldair cloud in the silo 
at 13.5 m above the silo bottom, that is, somewhat higher up than halfway. 

This kind of exaggerated oscillatory pressure development occurred only when the 
ignition point was in this region. The characteristic frequency of 4-7 Hz agrees with 
the theoretical first harmonic standing wave frequency in a 22 m long one-end-open 
pipe (22 m = l/4 wavelength). The increase in frequency with time reflects the increase 
in the average gas temperature as combustion proceeds. It is interesting to note that 
the peak amplitude occurs at about 2 s after ignition. The pulsating flow probably 
gradually distorts the flame front and increases the combustion rate. The oscillatory 
nature of this type of explosion could be clearly seen on video recordings. “Packets” 
of flames were ejected at a frequency matching exactly that of the pressure trace. 
Similar oscillations were also generated in experiments in the 236 m3 silo when the 
vent was moved from the silo roof to the cylindrical silo wall, just below the roof 
(Eckhoff et al., 1988). 

Artingstall and Corlett (1965) analyzed the interaction between a flame propagating 
outward in a one-end-open duct and reflected shock waves, making the simplifying 
assumptions that 

The initial shock wave and the flame are formed immediately when the ignition takes 
place and have immediate constant velocities. 



Propagation of Flames in Dust Clouds 325 

* The burning velocity, that is, the speed of flame relative to the unburned reactants, is 

0 Friction can be neglected.
* The effect of having to disperse the dust can be neglected. 

They realized that the three first assumptions are not in accordancewith reality in long 
ducts, where extensive flame accelerationis observed,but they indicated that their the-
oretical analysis can be extended to accelerating flames by using numerical computer 
models. It is nevertheless interesting to note that the simplified calculations predict the 
kind of oscillation shown in Figure 4.36. The calculations, in fact, showed that, before 
the flame reached the open end, the air velocity at the open end could become negative; 
that is, the air would flow inward. Further reflections cause the flow to reverse again. 
Artingstall and Corlett suggested that this theoretical result could help explain the pul-
sating flow observed in some actual dust explosionsin experimentalcoal mine galleries. 

It is of interestto mention in this contextthat Samsonov (1984) studied the development 
of a propagating gas flamein an impulsiveaccelerationfield generatedby a free-fallingexplo-
sion chamber being suddenly stopped by a rubber shock absorber. He observed the flame-
folding phenomena typical of those resulting from Taylor instabilities.These phenomena 
were also similar to those resulting from passage of a weak shock wave through a flame. 

Essenhigh and Woodhead (1958) used an apparatus similar to that used by Schlapfer 
(19511,but of a large scale, to investigate flame propagationin clouds of cork dust in air 
in a one-end-open vertical duct. The duct was 5 m long and of diameter either 760 or 
5 10 mm. They studied both upward- and downward-propagatingflames and ignition at 
the closed as well as the open end. With ignition at the open end and upward flame prog-
agation, constant flame velocities of 0.4-1 .O d s  were measured. For upward propaga-
tion and the top end open, the maximum flame speeds were about 20 m / s .  Some of this 
difference was due to the expansion ratio burnedunburned material, but some was also 
attributed to increased burning rate. 

Photographs of the flames were similar to Figures 4.31 and 4.33. The total flame thick-
nesses were in the range 0.2-1.2 m. The minimum explosible concentrationof cork dust 
in air was found to be 50 f10 g/m3independent of median particle size by mass in the 
range 150-250 pm. 

Phenomena of the kind just discussed are important to explain the moderate deviations 
from ideal laminar conditions. However, the substantial deviationsgiving rise to the very 
violent explosions that can occur in industry and coal mines are due to another mecha-
nism, combustion enhancement due to flow-generated turbulence. (See also Section 
9.2.4.6 in Chapter 9.) 

constant. 

4.4 
URBULENT FLAME PROPAGATION 

4.4.1 
TURBULENCE AND TURBULENCE MODELS 

Before discussing the combustion of turbulent dust clouds, it is appropriateto include a 
few in-troductoryparagraphs to briefly define and explain the concept of turbulence. A 
classical source of information is the analysis by Hinze (1975). His basic theoretical 
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definition of turbulent$uid$ow is “an irregular condition of flow in which the various 
quantities show a random variation with time and space coordinates, so that statistically 
distinct average values can be discerned.”Turbulencecan be generated by friction forces 
at fixed walls (flow through conduits, flow past bodies) or by the flow of layers of fluids 
with different velocities past or over one another. There is a distinct difference between 
the kinds of turbulence generated in the two ways. Therefore, it is convenient to clas-
sify turbulence generated and continuously affected by fixed walls as “wall turbulence” 
and turbulence in the absence of walls as “free turbulence.” 

In the case of real viscous fluids, viscosity effects result in the kinetic energy of flow 
being converted into heat. If there is no continual external source of energy to maintain 
the turbulent motion, the motion decays. Other effects of viscosity are to make the tur-
bulence more homogeneous and less dependent on direction. Turbulence is called 
isotropic if its statistical features have no preference for any direction, so that perfect dis-
order exists. In this case, which is seldom encounteredin practice, no average shear stress 
can occur and, consequently,no gradient of the mean velocity. The mean velocity, if any, 
is constant throughout the field. 

In all other cases, where the mean velocity shows a gradient, the turbulence is non-
isotropic (or anisotropic). Sincethis gradient in mean velocity is associated with the occur-
rence of an average shear stress, the expression shear-$ow turbulence is often used to 
designate this class of flow. Most real turbulent flows, such as wall turbulence and 
anisotropic free turbulence, fall into this class. 

If one compares different turbulent flows, each having its distinct “pattern,” one may 
observe differences, for instance, in the size of the patterns. Therefore, to describe a tur-
bulent motion quantitatively, it is necessary to introduce the concept of scale of turbu-
lence. There is a certain scale in time and a certain scale in space. The magnitude of these 
scales are determined by the geometry of the environment in which the flow occurs and 
the flow velocities. For example, for turbulent flow in a pipe, one may expect a time scale 
on the order of the ratio between pipe diameter and average flow velocity, that is, the 
average time required for a flow to move the length of one pipe diameter, and a space 
scale on the order of magnitude of the diameter of the pipe. 

However, it is insufficient to characterize a turbulent motion by its scales alone, 
because neither the scales nor the average velocity tell anything about the violence of 
the motion. The motion violence is related to the fluctuation of the momentary velocity, 
not to its average value. If the momentary velocity is 

v = v + v  (4.80) 

where v i s a e  average velocity and v the momentary deviation. v is zero by definition. 
However, v z  is positive and it is customaryto define the violence of the turbulent motion, 
often called the intensity of the turbulence by 

(4.81) 

The relative turbulence intensity is then defined by the ratio v’l v. 
As discussed by Beer, Chomiak, and Smoot (1984) in the context of pulverized coal 

combustion, it is customary to distinguish among three main domains of turbulence: 
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large scale, intermediate scale, and small scale. Large-scale turbulence is closely 
linked to the geometry of the structure in which the flow exists. It is characterized by 
strong coherence and high degree of organization of the turbulence structures, reflect-
ing the geometry of the structure. For plane flow, the coherent large-scale structures 
are essentially two-dimensional vortices with their axes parallel to the boundary 
walls. For flow in axisymmetric systems, concentric large-scale vortex rings are 
formed. The theoretical description of the three-dimensional, large-scale vortex struc-
tures encountered in practice presents a real challenge. Also, experimental investi-
gation of such structures is very difficult. According to Beer et al., the lack of research 
in this area is the most serious obstacle to further advances in turbulent combustion 
theory. 

On al l  scale levels, turbulence has to be considered a collection of long-lasting vortex 
structures, tangled and folded in the fluid. This picture is quite different from the ideal-
ized hypothetical stochastic fluctuation model of isotropic turbulence. Beer et al. argue 
againsit the common idea that the small-scale structures are randomly distributed “little 
whirls.” According to these authors, it is known that the fine-scale structures of high 
Reynolds number turbulence become less and less space filling as the scale size decreases 
and the Reynolds number increases. 

According to Hinze (1975), Kolmogoroff postulated that, if the Reynolds number is 
infinitely large, the energy spectrum of the small-scale turbulence is independent of the 
viscosity and dependent on only the rate of dissipation o f  kinetic energy into heat, per 
mass unit of fluid, E.  For this range, Kolmogoroff arrived at his well-known energy 
spectrum law for high Reynolds numbers: 

(4.82)213 -513E ( a ,  t )=AE a 

E(a,  t)  is called the three-dimensional energy spectrum function of turbulence; a is the 
wave number 2nn/ v,where n is the frequency of the turbulent fluctuation of the veloc-
ity, and V is the mean global flow velocity; A is a constant; and E is the rate of dissipa-
tion of turbulent kinetic energy into heat per unit mass of fluid. 

Figure 4.37 illustrates the entire three-dimensional energy spectrum of turbulence, from 
the largest, primary eddies via those containing most of the kinetic energy to the low-
energy range of very high wave numbers (or very high frequencies). Figure 4.37 includes 
the Kolmogoroff law for the universal equilibrium range. 

In the range of low Reynolds numbers, other theoretical descriptions than 
Kolrnogoroff’s law are required. In principle, the kinetic energy of turbulence is iden-
tical to the integral of the energy spectrum curve E(a,  t )  in Figure 4.37 over all wave 
numbers. 

A formally exact equation for E may be derived from the Navier-Stokes equations. 
However, the unknown statistical turbulence correlations must be approximated by 
known or calculable quantities. Fully comprehensive calculation requires extensive com-
putational capacity, and it is not yet a realistic approach for solving practical problems. 
Therefore, simpler and more approximate approaches are needed. One widely used 
approximate theoiy, assuming isotropic turbulence, is the k-Emodel by Jones and Launder 
(1972, 1973), where k is the kinetic energy of turbulence, and E the rate of dissipation 
of the Wunetic energy of turbulence into heat. The k-E model contains Equation (4.82) as 
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Figure 4.37 The three-dimensional energy spectrum €(a,t )  in various waves number ranges: I is 
Loitsianskii’s integral, E is eddy viscosity, E is dissipation of turbulent energy in heat per unit time and 
mass, and v is kinematic viscosity; Ren is defined as v’ ilg/v, where v’ is the turbulence intensity as 
defined by equation (4.81); and ilg is the lateral spatial dissipation scale of turbulence (Taylor 
microscale) (From Hinze, 1975). 

an implicit assumption. The approximate equations for k and E proposed by Jones and 
Launder were 

(4.83) 
2 

Here p is the fluid density; u and v are the mean fluid velocities in streamwiseand cross-
stream directions,respectively;,uis the molecular viscosity and ,uT is turbulent viscosity; 
o,and o,are turbulent Prandtl numbers for k and E, respectively; and cI and c2 are 
empirical constants or functions of the Reynolds number. Both equations are based on 
the assumption that the diffusional transport rate is proportional to the product of the 
turbulent viscosity and the gradients of the diffusing quantity. Jones and Launder 
(1973) emphasized that the last terms of the two equations were included on an empir-
ical basis to bring theoretical predictions in reasonable accordance with experiments 
in the range of lower Reynolds numbers, where equation (4.82) is not valid. The k-E 
model has been used for simulating turbulent combustion of gases and turbulent gas 
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explosions. Later, as is discussed in Section 4.4.8, it was also adopted for simulating 
turbulent dust explosions. 

While the k-E theory has wide popularity, it should be pointed out that it is only one 
of several theoretical approaches. Launder and Spalding (1972) gave a classical review 
of the mathematicalmodeling of turbulence, including stress transport models, which is 
still relevant. 

When the structure of turbulent dust clouds is to be described, further problems have 
to be addressed. Some of these were discussed in Chapter 3. Beer et al. (1984) pointed 
out that there are two aspects of the turbulence/particleinteraction problem. The first is 
the influence of turbulence on the particles, the second is the influence of particles on 
the turbulence. With regard to the influence of turbulence on the particles in a burning 
dust cloud, two effects are important, mechanical interactions associated with particle 
diffusion, deposition, coagulation, and acceleration and convective interactions associ-
ated with heat and mass transfer between gas and particles, which influence the particle 
combustion rate. Beer et al. (1984) discussed available theory for the various regimes 
of Reynolds numbers (see Chapter 3) for the particle motion in the fluid. They empha-
sized that turbulence is a rotational phenomenon, and therefore the motion of the parti-
cles also includes a rotationalcomponent. Consequently,one can define a relaxation time 
for the particle rotation zpras well as one for the translatoryparticle motion, zp.Both relax-
ation times are proportional to the square off the particle diameter and, hence, decrease 
markedly as the particles get smaller. 

When zp >> T,,, where z, is the characteristic Lagrangian time of the turbulent 
motion, the particle is not convected by the turbulent fluctuations and its motion is 
fully determined by the mean flow. However, when zp<< z,, the particle adjusts to 
the instantaneous gas velocity. If the particle follows the turbulent fluctuations, its 
turbulent diffusivity is equal to the gas diffusivity. If the particle does not follow the 
turbulence, its diffusivity is practically equal to 0. An interesting but most compli-
cated case occurs when the characteristic relaxation times and turbulence times are 
on the same order. In this case, the particle only partially follows the fluid and its 
motion depends partially on Lagrangian interaction with the fluid and partially on 
Eulerian interaction over the distance it travels outside the originally surrounding 
fluid. 

The effects of particles on the turbulence structure are complex. The simplest effect 
is the introductionof additionalviscouslike dissipationof turbulent energy caused by the 
slip between the two phases. This effect is substantial in the range of explosibledust con-
centrations. Even small changes in dissipation can have a strong influence on the tur-
bulence level. This is because turbulence energy is the result of competition between two 
large, almost equal sources of production and dissipation. 

Beer et al. (1984) state that the change in turbulence intensity and structure caused 
by the increased dissipation affects the mean flow parameters and, in turn, the turbu-
lence production terms, so that the outcome of the chain of changes is difficult to pre-
dict, even when the most advanced techniques are used. The difficulties are enhanced 
by a liack of reliable experimental data. For example, some experiments demonstrate 
dramatic effects of even minute admixtures of particles on turbulent jet behavior. 
Others demonstrate smaller effects even for high dust concentrations (see Section 3.8 
in Chapter 3). 
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4.4.2 
TURBULENT DUST FLAMES: AN INTRODUCTORY OVERVIEW 

The literature on turbulent dust flames and explosions is substantial. This is because it 
has long been realized that turbulence plays a primary role in deciding the rate with which 
a given dust cloud will burn, and this role is not easy to evaluate either experimentally 
or theoretically. There are close similarities with turbulent combustion of premixed 
gases, as shown by Bradley, Chen, and Swithenbank (1988), although the two-phase 
nature of dust clouds adds to the complexity of the problem. Hayes, Napier, and 
Roopchand (1983) mentioned two predominant groups of theories of turbulent burning 
of a premixed fluid system of a fuel and an oxidizer: 

1.  The laminar flame continues to be the basic element of flame propagation.The essen-
tial role of turbulence is to increase the area of the flame surface that burns simulta-
neously. 

2. Turbulence alters the nature of the basic element of flame propagation by increasing 
rates of heat and mass transport down to the scale of the “elementary flame front,” 
which is no longer identical with the laminar flame. 

In their comprehensive survey Andrews, Bradley, and Lwakamba (1975) emphasized 
the importance of the turbulent Reynolds number Ra = v’mv for the turbulent flame 
propagation,where vfis the turbulenceintensity defined by equation (4.81), A is the Taylor 
microscale: and v is the kinematic viscosity. They suggested that, for Rn > 100, a wrin-
kled laminar flame structure is unlikely and turbulent flame propagation is then associ-
ated with small dissipativeeddies.A supplementary formulationis that laminar flamelets 
can exist in a turbulent flow only if the laminar flame thickness is smaller than the 
Kolmogoroff microscale of the turbulence. Bray (1980) gave a comprehensive discus-
sion of the two physical conceptions and pointed out that the Kolmogoroff microscales 
and laminar flame thicknesses are difficult to resolve experimentally in a turbulent flame. 
Because of the experimental difficulties,the real nature of the fine structure of premixed 
flames in intense turbulence is still largely unknown. 

Abdel-Gayed, Bradley, and Lung (1989) proposed a modified Borghi diagram for 
classifying various combustion regimes in turbulent premixed flames, using the origi-
nal Borghi parameters W S ,  and uf/ulas abscissa and ordinate. Here L is the integral length 
scale, 6, is the thickness of the laminar flame, u’ is the root mean square turbulent veloc-
ity, and u1 is the laminar burning velocity. The diagram identifies regimes of flame prop-
agation and quenching, and the corresponding values of the Karlovitz stretch factor, the 
turbulent Reynolds number, and the ratio of turbulent to laminar burning velocity. 

Spalding (1982) discussed an overall model that contains elements of both of the 
physical conceptions 1 and 2 of a turbulent flame defined previously, see Figure 4.38. 
Eddies of hot, burned fluid and cold unburned fluid interact with the consequencesthat 
both fluids become mutually entrained. 

Entrainmentof burned fluid into unburned and vice versa is the rate-controllingfactor 
as long as the chemistry is fast enough to consume the hot reactants as they appear. In 
other words, the instantaneouscombustionrate per unit volume of mixture of burned and 
unburned increases with the total instantaneous interface area between burned and 
unburned per unit volume of the mixture. Spalding introduced the length I as a charac-
teristic mean dimension of the entrained “particles” of either burned or unburned fluid, 
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Figure 4.38 
fluid, unshaded are unburned (From Spalding, 1982). 

and I-’ as a measure of the corresponding specific interface surface area. He then assumed 
a differential equation of the form 

Postulated microstructure of burning turbulent fluid. Theshaded areas represent burned 

= M + B + Ad ( l P )  
dt 

(4.84) 

where M represents the influence of mechanicalprocesses such as stretching,breakage, 
impact,and coalescence;B represents the influenceof the burning; andA represents influ-
ences of other processes, such as wrinkling, smoothing, and simple interdiffusion. 
Spalding indicated tentative equations for M ,  B, and A, but emphasized that the identi-
fication of expressions and associated constants that correspond to physical reality over 
wide ranges, “is a task for the future.” 

It is nevertheless clear that the strong enhancing effect of turbulence on the combus-
tion rate of dust clouds and premixed gases is due primarily to the increase of the spe-
cific interface area between burned and unburned fluid by turbulence, inducedby mutual 
entrainment of the two phases. The circumstancesunder which the interface itself is a 
laminar flame or some thinner, elementary flame front remains to be clarified. 

When discussing the specific influence of turbulence on particle combustion mecha-
nisms, Beer et al. (1984) distinguished between microscale effects and macroscale 
effects. On the microscale,turbulencedirectly affects the heat and mass transfer and there-
fore the particle combustion rate. They discussed the detailed implications of this for coal 
particle combustion, assuming that CO is the only primary product of heterogeneous coal 
oxidation.On the macroscale, there is a competitionbetween the devolatilizationprocess 
and turbulent mixing. Concerning modeling of turbulent combustion of dust clouds, 
these authors stressed that three-dimensional microscopic models are too detailed to 
allow ecimputer simulation without use of excessive computer capacity and computing 
time. They therefore suggested alternative methods based on theories like the k-Emodel, 
adopting the Lagrangian Escimo approach proposed by Spalding and coworkers (Ma, 
Spalding, and Sun, 1983) or alternative methods developed to account for the primary 
coherent large-scale turbulence structures (Ghoniem, Chorin, and Qppenheim, I981). 

Lee (1987) suggested that the length scale that characterizes the reaction zone of a tur-
bulent dust flame is at least an order of magnitude greater than that of a premixed gas flame. 
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For this reason, dust flame propagation should be studied in large-scale apparatus. It 
should be emphasized,however, that from a practical standpoint, large orfill scale is not 
an unambiguous term. For example, a dust extraction duct of diameter 150 mm is full 
industrialscale and, at the same time, the scale of laboratoryequipment.On the other hand, 
the importantfeatures of an explosionin a large grain silo cell of diameter 9 m and height 
70 m are unlikely to be reproduced in a laboratory silo model of 150 mm diameter. 

It should be mentioned here that Abdel-Gayed, Bradley, and Lawes (1987) identified 
generally applicable correlations in terms of dimensionless groups, enabling prediction 
of accelerationof flames in turbulentpremixed gases. A similarapproachmight, in some 
cases, offer a means of scaling even dust explosions. The role of radiative heat transfer 
in dust flames then needs to be discussed, as done by Lee (1987). His conclusion was 
that conductive and convectiveheat transfer are probably more important than radiative 
transfer. This may be valid for coal and organic dusts but probably not for metal dusts 
like silicon and aluminum. 

Amyotte, Chippett, and Pegg (1989) reviewed more than a hundred publications on 
various effects of turbulence on ignition and propagation of dust explosions. They con-
sidered the influence of both initial and explosion-induced turbulence on flame propa-
gation in both vented and fully confined explosions. They suggested two possible 
approaches toward an improved understanding: concurrent investigations of dust and gas 
explosions and direct measurement of turbulent scales and intensities in real experi-
ments as well as in industrial plants. See also Sections 9.2.4.4 and 9.2.4.7 in Chapter 9. 

4.4.3 
EXPERIMENTALSTUDIES OF TURBULENT DUST FLAMES 
IN CLOSED VESSELS 

4.4.3.1 
Common Features of Experiments 

The majority of the published experimentalstudiesof turbulent dust explosions in closed 
vessels have been conducted in apparatus of the type illustrated in Figure 4.39. 

The closed explosion vessel of volume VI and initialpressure P,  is equipped with a dust 
dispersion system, a pressure sensor, and an ignition source.In most equipment, the dust 

I 
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DUST I 
SAMPLE 

PRESSUREt SENSOR 

Figure 4.39 
experiments. 

The type of apparatus commonly used in closed-vessel turbulent dust explosion 
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dispersion system consists of a compressed-airreservoir of volume V, << V,, at an initial 
pressure P2 >> P,. In some apparatuses, the dust is initially placed on the high-pressure 
side of the dispersion air valve, as indicated in Figure 4.39; whereas in other apparatus, 
it is placed downstream of the valve. Normally, the mass of dispersion air is not negligi-
ble compared with the initial mass of air in the main vessel. This causes a significantrise 
of the pressure in the main vessel once the dispersionairhas been dischargedinto the main 
vessel. In some investigations,this is compensated for by partial evacuation of the main 
vessel prior to dispersion,so that the final pressure after dispersion completion,just prior 
to ignition,is atmospheric.This is important if absolutedata are required,because the max-
imum explosionpressure for a given dust at a given concentration is approximately pro-
portional to the initial absolute air pressure. Both the absolute sizes of VI and V, and the 
ratio between them vary substantially from apparatus to apparatus.The smallest VI used 
are on the order of 1 liter, whereas the largest that has been traced is 250 m3.The design 
of the dust dispersion system varies considerably from apparatus to apparatus.A number 
of different nozzle types have been developed, with the aim to break up agglomeratesand 
ensure homogeneous distribution of the dust in the main vessel. The ignition source has 
also been a factor of considerablevariation. In some of the earlier investigations, contin-
uous sources like electric arcs or trains of electric sparks and glowingresistance wire coils 
were used, but it has become common to use short-duration sources initiated at a given 
time interval after opening of the dust dispersion valve. These sources vary from electric 
sparks via exploding wires to various forms of electrically triggered chemical ignitors. 

An important inherent feature of all apparatus of the type illustrated in Figure 4.39 is 
that the dispersion of the dust inevitably induces turbulence in the main vessel. The 
level of turbulence is maximum during the main phase of dust dispersion.After the flow 
of dispersion air into the main vessel has terminated, the turbulence decays at a rate that 
decreases with increasing VI. (Compare the time scales of Figures 4.41 and 4.42.) 

In view of this, it is clear that both the strengthof the dispersion airblast and the delay 
between opening of the dust dispersionvalue and ignitionhave a strong influence on the 
state of turbulence in the dust cloud at the moment of ignition and, consequently, also 
on the violence of the explosion. The situation is illustrated in Figure 4.40. 

STRONG AIR BLASTT 
TURBULENCE 
INTENSITY WEAK AIR ELAS 

OPENING DUST TURBULENCE 
OF DUST DISPERSION DECAY 
DISPERSION COMPLETED COMPLETED 
VALVE 

TIME-

Figure 4.40 Generation and decay of turbulence during and after dispersion of dust in an appara-
tus of the type illustrated in Figure 4.39. Note: A common way of quantifying turbulence intensity is 
the root mean square of turbulent velocity. 



334 Dust Explosions in the Process Industries 

4.4.3.2 
Experimental Investigations 

The data from Eckhoff (1977), given in Figure 4.41, illustrate the influence of the igni-
tion delay on the explosion development in a cloud of lycopodium in air in a 1.2 liter 
Hartmann bomb. As can be seen, there is little differencebetween the maximum explo-
sion pressure obtained with a delay of 40 ms and 200 ms, whereas the maximum rate 
of pressure rise is drastically reduced, from 430 bar/s to 50 barh, that is, by a factor of 
almost 10.There is little doubt that this is due to the reduced initialturbulence in the dust 
cloud at the large ignition delays.With ignition delay increasingbeyond 200 ms, the max-
imum explosion pressure is also reduced as the dust starts to settle out of suspensionbefore 
the ignition source is activated. 

a im 200 3w 400 500 600 7m BOO 9~ IOW ms ~ 1 m  
time offer triggering dispersion air volvetime offer triggering dispersion air volve 

Figure 4.41 Influence of ignition delay on development of lycopodium/air explosion in a 1.2 liter 
Hartmann’s bomb. The ignition source is a 4 J electric spark ofdischarge time 2-3 ms. Dust concen-
tration is 420 g/m3.Initial pressure in 60 cm3dispersion air reservoir is 8 bar(g) (FromEckhof6 1977). 

As would be expected,the same kind of influence of ignition delay as shown in Figure 
4.41 is found in all experiments of the type illustrated in Figure 4.39. One of the first 
researchers to observe this effect was Bartknecht (1971). Some of his results for a 1 m3 
explosion vessel are given in Figure 4.42. As the ignition delay is increased from the 
lowest value of about 0.3 s to about 1s, there is marked decrease of (dpldt),,, whereas 
P,,, is comparatively independent of the ignitiondelay for both dusts. If the ignition delay 
is increased further, however, there is a marked decrease even in P,, for the coal. The 
1m3 apparatus used by Bartknecht in 1971 is in fact the prototype of the standard test 
apparatus specified by the International Standards Organization (1985). 

In this standard, an ignition delay of 0.6 s is prescribed. As Figure 4.42 shows, this is 
not the worst case, because a significantlyhigher level of initial turbulence and resulting 
rates of pressure rise exist at shorter ignition delays, down to 0.3 s. The delay of 0.6 s 
was chosen as a standardbecause, at approximatelythis moment, the dust dispersion was 
completed;that is, the pressure equilibriumbetween VI and V, in Figure 4.39 was estab-
lished. In view of this, there is no logical argument for claiming that an ignition delay 
of 0.6 s corresponds to the “worst case.” One can easily envisage situations in industry 
where dust injection into the explosion space is continued after ignition. 
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Figure 4.42 
ignition source is a chemical ignitor at vessel center (Data from Bartknecht, 1971). 

Results from explosions of aluminum/air and coal dust/air in a closed I m3 vessel. The 

As shown by Eckhoff (1976), the data from experiments of Nagy et al. (1971) in 
closed bombs of various volumes confirm the arbitrary nature of (dPldt),,, values from 
closed-bomb tests. This was reemphasized by Moore (1979), who conducted further 
comparative tests in vessels of different volumes and shapes. 

Dahn (1991) studied the influence of the speed of a stirring propeller on the rate of 
pressure rise, or the derived burning velocity, during lycopodiudair explosions in a 20 
liter closed vessel. The purpose of the propeller was to induce turbulence in addition to 
that generated by the dust dispersion air blast. Typically, (dPldt),, increased by a factor 
of 2-25 when the propeller speed increased from 0 to 10,000rpm. 

The implication of the effects illustrated by Figures 4.404.42 for predicting explo-
sion violence in practical situations in industry was neglected for some time. The strong 
influence of turbulence on the rate of combustion of a dust cloud is also indeed of sig-
nificance in practical explosion situations in industry (see Chapter 6). 

In the past, sufficientattention was not always paid to the influence of the ignition delay 
on the violence of experimental closed-bomb dust explosions. Often continuous ignition 
sources, like flowing resistance wire coils, were used, as opposed to short-duration 
sources, active for only a comparatively short interval of time, allowing control of the 
moment of ignition. Some consequences of using a continuous ignition source were 
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investigated by Eckhoff and Mathisen (1977l1978). They disclosed that a correlation 
between (dpldt),, and dust moisture content found by Eckhoff (1976) on the basis of 
Hartmann bomb tests, using a glowing resistance wire coil ignition source, was mis-
leading. The reason is that a dust of a higher moisture content ignites with a longer 
delay than a comparatively dry dust, because the ignitability of a moist dust is lower than 
for a dried dust. Therefore, ignition of the moist dust with a continuous source is not pos-
sible until the turbulence has decayed to a sufficiently low level, below the critical level 
for ignition of the dried dust. In other words, as the moisture content in the dust increases, 
the ignition delay also increases.Therefore,the strong influence of moisture content on 
(dPldt),,, found earlier was in fact a combined effect of increasing dust moisture and 
decreasing turbulence. 

Eckhoff (1987) discussed a number of the closed-bombtest apparatuses used for char-
acterizing the explosion violence of dust clouds in terms of the maximum rate of pres-
sure rise. It is clear that the (dPldt),, from such tests are bound to be arbitrary as long 
as the test result is not associated with a defined state of initial turbulence of the dust cloud. 
In view of this, the direct measurements of the rms (root mean square) turbulence as a 
function of time after opening the dispersion air valve in a Hartmann bomb by Amyotte 
and Pegg (1989) and their comparison of the data with the data from Hartmann bomb 
explosion experiments by themselves and Eckhoff (1977) are of considerable interest. 
The results of Amyotte and Pegg’s laser-doppler velocimeter measurements, obtained 
without dust in the dispersion system, are shown in Figure 4.43. We see that a decay by 
a factor of almost 10 of the turbulence intensity occurs within the same time frame of 
about 40-200 ms as a correspondingdecay of (dPldt),, in Eckhoff’s (1977) experiments 
(Figure 4.41). We also see that the turbulence intensity increases systematically with the 
initial pressure in the dispersing air reservoir, that is, the increasing strength of the air 
blast, in accordance with the general picture indicated in Figure 4.40. 

0 4 0  60 80 100 120 1&0 160 180 

TIME AFTER OPENING AIR BLAST VALVE Imsl 

Figure 4.43 Variation ofrrns turbulence velocities within 5 ms “windows”in a Hartrnann bomb with 
time after opening of air blast valve and with initial pressure in dispersion reservoir, air only, no dust 
(From Arnyotte and Pegg, 1989). 
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Figure 4.44 A 0.95 m3 spherical dosed bomb for studying a combustion of turbulent dust clouds 
(From Kauffman et al., 1984a). 

Kauffman et al. (1984a) studied the development of turbulent dust explosions in the 
0.95 m3sphericalexplosionbomb illustrated in Figure 4.44. The bomb is equipped with 
six inlet ports and eight exhaust ports, both sets being manifolded and arranged sym-
metrically around the bomb shell. Dust and air feed rates were set to give the desired dust 
concentration and turbulence level. The turbulence level generated by a given airflow 
was measured by a hot-wire anemometer.The turbulence intensity v’, assuming isotropic 
turbulence, was determined from the rms and mean velocities extracted from the hot-
wire signal in the absence of dust. As pointed out by Semenov (1965), a hot-wire probe 
senses all velocities as positive, and therefore, a positive mean velocity is recorded even 
if the true mean velocity is 0. In agreement with the suggestionby Semenov, Kauffman 
et a]. assumed that v’ = (1/2)1/2x [(rms velocity)’ + (mean ~elocity)~]’”.This essentially 
is a secondaryrms of two different mean velocities, the primary rms and the arithmetic 
mean oE the hot-wire signal. 

Kauffman et al.were aware of the complicatinginfluence of dust particles on the tur-
bulence structure of the air, but they were unable to account for this. It was found that 
the turbulence intensity, in the absence of dust, was reasonably uniform throughout the 
1 m3 vessel volume. 

When a steady-state dust suspension of known concentration had been generated in 
the 0.95 m3 sphere, all inlet and exhaust openings were closed simultaneously and the 
dust cloud ignited at the center. The rise of explosion pressure with time was recorded 
and (dpldt),,, and P,,, determined. Figures 4.45 and 4.46 show a set of results for 
maize starch. 

The marked increase of (dP/dt),,, with turbulence intensity v’ in Figure 4.45 was 
expected and in agreement with the trend in Figures 4.41-4.43. However, as shown in 
Figure 4.46, v’ dso had a distinct influence on P,,. At the first glance,this conflicts with 
the findings of Eckhoff (1977) and Amyotte and Pegg (1989) in the 1.2 liter Hartmann 
bomb, where there was little influence of the ignition delay on P,, up to 200 ms delay. 
However, Eckhoff (1976) discussed the effect of initial dispersion air pressure on the 
development of explosion pressure in the Hartmann bomb. He found a comparatively 
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Figure 4.46 
bomb (From Kauffman et al., 1984a). 

The effect of turbulence on maximum explosion pressure in a 0.95 m3spherical closed 

steep rise of both P,,, and (dPldt),,, with increasing dispersion pressure and suggested 
that this was probably due to a combined effect of improved dust dispersion and increased 
initial turbulence. A similardistinct influence on P,, of the intensity of the air blast used 
to disperse the dust was also found by Amyotte and Pegg (1989). This could be inter-
preted in terms of improved dust dispersion or deagglomeration,rather than turbulence, 
being responsiblefor more effectivecombustion and thus higher P,,,. Therefore,the pri-
mary effect on P,,, of increasing v‘ in Kauffman et al.’s (1984a) experiments could be 
improved dust dispersion. 

The rms turbulenceintensitiesin Amyotte and Pegg’s (1989) investigationwere deter-
mined by a laser-doppler velocimeter, whereas Kauffman et al. (1984a) used a hot-wire 
anemometer.Therefore the two sets of v’ values may not be directly comparable.Amyotte 
and Pegg’s values were generally lower than those of Kauffman et al. 
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Tezok et al. (1985) extended the work of Kauffman et al. (1984a) to measure turbu-
lent burning velocities in the 0.95 m3 spherical explosion bomb. Radial turbulent burn-
ing velocities of 0.45-1.0 m / s  were measured for mixed grain dust/air and 0.70-3.3 d s  
for corn starchhir in the range of turbulence intensities of 1 .54.2 m / s  and dust con-
centrations between 50 and 1300 g/m3.The ratio of turbulent to laminar burning veloc-
ity was found to correlate well with the ratio of the rms turbulence velocity to laminar 
burning velocity as well as with the Reynolds number. Some data from experiments with 
<74pm maize starch of 4% moisture content are shown in Figure 4.47. The laminar burn-
ing velocities SL were the same as those derived by Kauffman et al. (1984a) by extra-
polating measured burning velocities in the 0.95 m3bomb to zero turbulence intensity. 
The S, value of 0.7 m / s  for 700 g/m3is, however, considerably higher than the highest 
value of 0.27 d s  arrived at for corn starch/air at constantpressureby Proust arad Veyssiere 
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Figure 4.47 Variation of normalized turbulent burning velocity for corn starch/air clouds, with nor-
malized turbulence intensity of the air. The experiments were done in a 0.95 m3spherical closed bomb 
(From Tezok et al., 1985). 

Tezok et al. also conducted some indicative measurements of the total thickness of the 
turbulent flame, using an optical probe. They found it to be in the range of 0.15 to 0.70 m 
and increasing with increasing turbulence intensity and dust concentration.This would 
mean that the total flame thickness was on the same order as the dimensions of the 
experimental vessel. 

It should be mentioned that Lee, Yi Kang Pu, and Knystautus (1987) studied some fur-
ther aspects of the influence of turbulence on (dPldt),,, and P,, in closed-bomb dust 
explosions. 

In an investigationfollowing up the work of Tezok et al. (1985),Tai et al. (1988) used 
laser doppler anemometry for studying turbulent dust explosions in the 0.95 m3explo-
sion vessel. They found that the dust had little effect on the turbulenceintensity,as com-
pared to that in pure gas under the same conditions of turbulence generation. Turbulent 
burning velocities were determined for a range of dusts at turbulence intensities up to 
3.3 m/s .  Laminar burning velocities were estimated by extrapolatingto zero turbulence 
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intensity. The effect of turbulence and dust concentration on flame thickness was also 
studied. 

Bradley et al. (1988) measured turbulent burning velocities in clouds of well-dis-
persed maize starch in air, in a fan-stirred 22 liter explosion bomb. Turbulence was 
varied by varying the fan speed. Isotropic turbulence in the central measurementregion 
of the bomb was created by using four fans. Turbulent velocities and integral length 
scales corresponding to different conditions of stirring were measured in the stirred 
air, in the absence of dust, by laser-doppler velocimetry. It was found that the corre-
lation of the ratio of turbulent to laminar burning velocities with the ratio of effective 
rms turbulent velocity to laminar burning velocity and the Karlovitz flame stretch 
factor were similar to that obtained in stirred premixed gas explosions (methane/air). 
Further comparative investigations of turbulent dust and gas explosions are discussed 
in Section 4.4.5, and in Sections 9.2.4.5 and 9.2.4.7 in Chapter 9. 

4.4.3.3 
K,, and the “Cube Root Law” 

The K,, concept was introduced by Bartknecht (1971,1978). He claimed (1978) that the 
so-called cube root law 

( d ~ / d t ) , ,  v’‘~= constant = K,, (4.85) 

had been confirmed in experiments with numerous dusts in vessel volumes from 0.04 m3 
and upward. The Ks, value (bar d s ) ,  being numerically identical with the (dpldt),, 
(bar/s) in the 1 m3 standard IS0 test (InternationalStandards Organization, 1985), was 
denoted “a specificdust constant,” which has led to some confusion. From what has been 
said in Sections 4.2.5.1,4.4.3.1, and 4.4.3.2, the cube root law is valid only in geomet-
rically similar vessels, if the flame thickness is negligible compared to the vessel radius, 
and if the burning velocity as a function of pressure and temperature is identical in all 
volumes. Furthermore, the flame surface must be geometrically similar (for example, 
spherical).In view of the relationships in Figures 4.40-4.43, it is clear that Ks, is bound 
to be an arbitrary measure of dust explosion violence, because the state of turbulence to 
which it refers is arbitrary. As pointed out by Eckhoff (1984/1985), this fact has some-
times been neglected when discussing K,, in relation to industrial practice and may 
therefore need to be brought into focus again. Table 4.13 shows an arbitrary selection of 
Kst values for corn starch dust clouds in air, determined in various apparatuses. The 
values range from 5-10 bar m / s  to over 200 bar m / s ,  corresponding to a factor of more 
than 20. Some of the discrepancies can probably be attributed to differences in moisture 
content and effectiveparticle size of the starch and to different data interpretation (peak 
or mean values).However, differences in the turbulence of the dust clouds probably play 
the main role. 

When using Kst values to size vent areas and for other purposes according to various 
codes, it is absolutely essential to use only data obtained from the standard test method 
specifiedfor determining Kst.Normally, this is the method of the International Standards 
Organization (1985)or a smaller-scalemethod calibrated against the IS0 method. In addi-
tion, it is necessary to appreciate the relative and arbitrary nature even of these Ks,values 
(see Chapter 7). 
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Table 4.13 K,, values measured for clouds of maize starch dust in air in different closed vessels and 
arranged according to vessel volume: Ks, = (dP/dt),,, V’l3 

*Arithmetic mean values, 11% moisture in starch. 
Source: Extended and modified version of table from Pu, 1988. 

It should be mentioned that Bradley et al. (1988) were able to express K,, in terms of 
a “massburning rate” and the initial and final pressure. The K,, concept was then defined 
by equation (4.85). 

4.4.4 
TURBULENT FLAME PROPAGATION IN PARTLY OR FULLY 
UNCONFINED GEOMETRIES 

The important work of Tamanini (1989), and Tamanini and Chaffee (1989) is discussed 
more extensively in Chapter 6 on venting of dust explosions. In the present context, it 
should only be briefly mentioned that explosion experimentswere conducted in a 64 m3 
vented vessel ah a series of different,known turbulence intensitiesat the moment of igni-
tion. The turbulenceintensitieswere measured by means of a bidirectional impact probe. 
For a given dust, dust concentration, and vent characteristics,the maximum pressure in 
the vented explosion increased systematically with increasing initial turbulence inten-
sity in the experimental range 2-12 d s .  

Hayes et al. (1983) investigatedthe influence of the speed of four shroudedaxial fans, 
mounted above the channel floor, on the dust flame speed in a horizontal channel of 1.5 m 
length and 0.15 m x 0.15 m square cross section, open at both ends. A cloud of dried 
wheat flour of mean particle size 100 pm was produced in the channel and ignited by a 
propane/air flarme while the fans were running. Some results are shown in Figure 4.48. 

It was anticipated that the flame speed would increase markedly with fan speed, and 
this was also observed up to a fan speed of about 1500 rpm. However, as the fan speed 
was increased further, the flame speed exhibited a marked decrease, to about 3000 rpm, 
beyond which ignition of the dust cloud by the propane flame was no longer possible. 
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Figure 4.48 Variation of dust flame speed in a horizontal channel with open ends, with rotational 
speed of four fans located in the channel, and 300 g/m3of dried wheat flour in air (From Hayes et al., 
1983). 

Referring to the work by Chomiak and Jarosinski (1982) on quenching turbulent gas 
flames by turbulence, Hayes et al. (1983) attributed the falloff of flame speed in the region 
1500 rpm to 3000 rpm to quenching by excessive turbulence. Turbulent flame quench-
ing occurs when the induction time for the onset of combustion exceeds the character-
istic lifetime of the turbulence eddies, so that an eddy composed of hot combustion 
products and unburned fluid dissipates before the unburned gas has become ignited. 
Hayes et al. did not discuss whether dust could have been separated out at high fan 
speeds in regions of nonrandom circulation flow in the channel (cyclone effect). It was 
confirmed, by means of hot-wire anemometry, that the degree of turbulence was pro-
portional to the fan speed. For this reason, Hayes et al. used a fan Reynolds number as 
a relative measure of the degree of turbulence in the experimental channel. 

Klemens et al. (1988) investigated the influence of turbulence on wood and coal 
dudair flame propagation in the laboratory-scale flow loop shown in Figure 4.49. 

The flow was first streamlined by being passed through a battery of stator blades 
upstream of the measurement section. Turbulence was then induced in the first part of 
the measurement section by a number of cylindricalrods or rods of V-profiles, mounted 
with their axes perpendicular to the main flow direction. The electric spark ignition 
source was located immediatelydownstream of the turbulizing zone, and turbulent flame 
propagation was observed in the remaining part of the measurement section.Experiments 
were conducted with two types of brown coal, a maize dust, and a wood dust-all dusts 
being finer than 75 pm particle size. Figure 4.50 shows the average turbulent burning 
velocity for maize dudair in the loop as a function of the average normalized turbulence 
intensity. 

Klemens et al. (1988) observed that their turbulent maize dust flame had the same char-
acteristicnonhomogeneous structureas observed by Proust and Veyssiere (1988) for tur-
bulent corn starcwair flames in a vertical duct. 
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Figure 4.49 Laboratory-scale flow loop for studying influence of turbulence on the propagation of 
dudair flames: 

1. Flow channel of cross section 80 mm x 35 mm. 
2. Measurement section of 0.50 m length. 
3, Dust feeder. 
4. Ignition spark electrodes. 
5. Fan. 
6. Bursting membrane. 
7. Automatic control system. 

(From Klemens et al., 1988). 
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Figure 4.50 Average turbulent burning velocity 7 in a cloud of maize dust in air as a function of 
the average normalized turbulence intensity T, both quantities averaged over the 80 mm height of 
the channel cross section: T = ( l /V)(Vi  + V; +Vf) 'I2, where Vis the overall flow velocity at a given 
location in the channel cross section and V,, Vy, and V, are the turbulence velocities in the three main 
directions at the same location (From Klemens et al., 1988). 
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Shevchuk et al. (1986) studied flame propagation in unconfined clouds of aluminum 
dust in air at various levels of preignition turbulence. The clouds were generated from 
a set of four dust dispersersdriven by a short blast of compressedair. Each disperserwas 
charged with 1-10 kg of dust. After completion of dust dispersion, the dust cloud was 
ignited after a desired delay. The highest level of preignition turbulence existed imme-
diately after completion of the dispersion. As the ignition delay was increased, the tur-
bulence decayed; and after a sufficiently long delay, the dust cloud was essentially 
quiescent. Figure 4.51 gives some results. 
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Figure 4.51 Radius of flame ball as a function of 
time from central ignition of unconfined cloud of 
10 pm diameter aluminum flakes in air; z is the 

effective ignition of the dust cloud. The dust con-
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The data points for z= 0.1 s and 62 g/m3are from three different but nominally identi-
cal experiments.Figure 4.51 shows that the initial radial flame speed decreased systemat-
ically with increasing ignition delay, or decreasinginitial turbulence,from about 30 m / s  at 
z= 0.002 s via 20 m / s  at z= 0.1 s to about 1m / s  at z=0.4 s. The ignitiondelay of 0.4 s was 
probably sufficientlylong to render the dust cloud practically laminar at the moment of igni-
tion. However, after about 0.05 s, the flame was no longer laminar and acceleratedrapidly 
to about40 m / s  over the very shortperiod 0.05 to 0.07 s. Shevchuket al. suggested that this 
“switch”from laminar to turbulent conditionsis triggered by flameinstabilitiesdue to non-
homogeneous dust concentration,which is inevitable in a real dust cloud. They defined a 
special Reynoldsnumber for establishinga criterionfor the laminar-to-turbulenttransition: 

Re* = 

and found that the transition generally occurred at Re” in the range 104-105. 

(Radius of flame ball at transition point) x (Flame speed at transition point) 
(Kinematic viscosity of air) 

4.4.5 
SYSTEMATIC COMPARATIVE STUDIES OF TURBULENT GAS 
AND DUST EXPLOSIONS 

The dramaticinfluence of turbulenceon gas explosions has been studied extensively.The 
investigations by Moen, Lee, and Hjertager (1982) and Eckhoff et al. (1984) are examples 
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of fairly large-scale experiments with obstacle- and jet-induced turbulence. It has been 
suggested, for example, by Nagy and Verakis (1983), that there may be similarities 
between the influenceof turbulence on gas and dust explosions.One of the first systematic 
comparative studies of turbulence influence on dust and gas explosions was conducted 
by Bond, Knystautas, and Lee (1986). They concluded that the relative burning rate vari-
ations caused by turbulence were equal in a 300 g/m3maize starch-in-aircloud and in pre-
mixed 7.5 vol% methane-in-air. However, they also emphasizedthe need for further work. 
Pu (1988) and Pu et al. (1988) made further comparison of turbulent flame propaga-

tion in premixed methane in air and in clouds of maize starch in air, in identical geome-
tries and at identical initial turbulence intensities. The experiments under turbulent 
conditions were conducted in closed vertical cylindrical vessels of 190mm diameter and 
length either 0.91 m or 1.86 m. All experiments were conducted with initial turbulence 
generatedby the blast of air used for dispersing the dust. The influence of ignition delay 
on the flamepropagation and pressure developmentwas studied.In the gas experiments, 
the initial turbulencewas generatedby a blast of compressed methaneh, from the same 
reservoir as used for the compressed airfor dust dispersion in the dust cloud experiments. 
In some experiments,a battery of concentricring obstacleswere mounted in the tube for 
studying the influence of the additional turbulence generated by the expansion-induced 
flow of the unburned gas or dust cloud past the obstacles. 

Acomparableset of Yi Kang h ’ s  results are shown in Figures 4.52 (gas) and 4.53 (dust). 
On average, the combustion of the gas is twice as fast as that in the dust cloud. The lam-
inar burning velocity of 550 g/m3maize starch in air, as determinedby Proust and Veyssiere 
(1988), is about 0.20 d s .  Extrapolation of Zabetakis’s (1965) data for methane in air to 
5.5 vol% methane gives lower values, in the range of 0.15 m / s  or less. It is thereforeclear 
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Figure 4.52 Pressure rise and flame front loca- Figure 4.53 Pressure rise and flame front loca-
tion during cornbustion of 5.5 vol% methane/air tion during combustion of 550 g/m3maize starch 
in a 1.86 m long closed vertical tube of diameter in air in a 1.86 m long closed tube of diameter 
790 min, as a function of time, under the influence 190mm, as a function of time, under the influence 
of obstacle-induced turbulence. Three different of obstacle-induced turbulence. Three different 
ignition delay times z; are shown, and ignition is ignition delay times z; are shown, and ignition is 
at the tube bottom (From Pu, 1988). at the tube bottom (From RI,1988). 
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that the higher average turbulent flame speeds found by Yi Kang h for the 5.5 vol% 
methane in air cannot be attributed to a higher laminar burning velocity. 

As the methane/air flame approachedthe end of the tube, the average flame speed had 
reached the samevalue of 60-70 m / s  irrespective of the ignition delay (initial turbulence), 
which means that the obstacle-inducedturbulence played the main role in the latter part 
of the combustion. In the dust cloud, however, the high final flame speed of about 70 
d s  is reached only in the case of high initial turbulence. The role of possible dust con-
centration inhomogeneities causing this discrepancy is not clear. 

The maximum explosionpressures were in the range 4-5 bar(g) for the gas and some-
what higher, 5-7 bar(g) for the dust. 

Yi Kang Pu’s work indicates that there may not be a simple one-to-one relationship 
between the response to flow-inducedturbulenceof gas and dust flames. There is little doubt 
that more research is needed in this area. (See Sections 9.2.4.4 and 9.2.4.7 in Chapter 9.) 

4.4.6 
MAXIMUM EXPERIMENTAL SAFE GAP FOR DUST CLOUDS 

The maximum experimental safe gap (MESG) can be defined as the largest width of a 
slot that will just prevent transmission of a flame in a gas or dust cloud inside an enclo-
sure to a similar gas or dust cloud on the outside. This definition is somewhatvague and 
raises several questions. It defines neither the length of the slot, the explosion pressure 
inside, nor the volume of the enclosure. Therefore, MESG is not a fixed constant for a 
given explosible cloud but depends on the actual circumstances. However, MESG is of 
importance in practice and, therefore, needs to be assessed. In general, it is smaller than 
the laminar quenching distance. This is because of the forced turbulent flow of the hot 
combustionproducts through the slot due to the pressure buildup inside the primary enclo-
sure. Therefore, the conditions of flame transmission are in the turbulent regime and 
should be discussed in the context of turbulent flame propagation. 

Jarosinski et al. (1987), as part of their work to determinelaminar quenching distances 
of dust clouds, also measured MESG under certain experimentalconditions.The exper-
iments were performed in a vertical tube of diameter 0.19 m and length 1.8 m, with a 
battery of parallel quenching plates of 75 mm length halfway up in the tube. Laminar 
quenching distances were determined at constant pressure, with ignition at the open 
bottom end of the tube and the top of the tube closed.MESGs were determined with bottom 
ignition but both tube ends closed. This means that unburned dust cloud was forced 
through the parallel plate battery as soon as significantexpansion of the combustionprod-
ucts in the lower ignition end of the tube had started.Turbulencethen is generated in the 
flow between the parallel plates by wall friction and transmitted to the unburned cloud 
immediately downstream of the plates. When the upward propagating flame reaches the 
plate battery, hot combustion products are transmitted through the slots between the 
parallel plates, and reignition may or may not occur downstreamof the plates. Under those 
circumstances,the MESG for 600 g/m3maize starch in air was found to be 1.5-2.2 mm, 
depending on the location of the primary ignition source.The lowest values were obtained 
with ignition at the tube bottom, the highest values with ignition just below the parallel 
plate battery. These values of MESG are not universal for 600 g/m3maize starch in air 
but relate to the actual experimental conditions. 
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Figure 4.54 Primary 40 liter explosion sphere inside the secondary 1 m3 vessel for determination 
of MESG of dust clouds. The annular gap for possible flame transmission is between the two flanges 
(3) (From Schuber, 1989). 

Figure 4.55 Actual assembly ofprimary 40 liter and secondary 1 m3 vessels (From Schuber, 1989). 

Schuber (1988,1989) investigated the influence of various parameters on MESG. The 
appgatus is shown in Figures 4.54 and 4.55. Explosible dust clouds of desired concen- 
trations were generated simultaneously in both vessels from compressed dust reservoirs, 
and the cloud in the primary vessel was subsequently ignited. It was then observed whether 
the cloud in the secondary vessel was ignited by the flame jet transmitted through the annu- 
lar gap in the wall of the primary vessel. Examples of flame jets of maize starcwair that 
are or are not capable of igniting the secondary cloud are shown in Figure 4.56. 

The dusts used in Schuber’s investigation are listed in Table 4.14, together with their 
ignitability and explosibility properties. Table 4.14 does not contain metal dusts, such 
as aluminum and silicon, and Schuber emphasized that his results are limited to organic 
dusts and coals. 
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Table 4.14 
clouds in air 

lgnitability and explosibility properties of dusts used to determine MESG for dust 

*Wettable sulfur = 80% sulfur + 20% lignum sulphate. 
M = Median particle diameter by mass. 
P,, = Maximum explosion pressure according to International Standards Organization (1 985). 
Kst = Normalized maximum rate of pressure rise according to International Standards Organization (1 985). 
MIE = Minimum net electric spark energy for ignition of dust cloud with 1 mH inductance in capacitive 
discharge circuit. 
Ti = Minimum ignition temperature of dust cloud determined in BAM furnace (see Chapter 7). 
Source: Schuber, 1988, 1989. 

Figure 4.56 Visible flame jets of maize starch/air transmitting from the primary to the secondary 
dust cloud: (a) flame jet is too weak to ignite secondary cloud, (b) flame jet will ignite secondary 
cloud (From Schuber, 1989). 
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In general, Schuber found that MESG decreased with decreasing initial turbulence in 
the dust clouds.This is in harmony with the decreaseof the minimum electric spark energy 
for ignition of both gases and dust clouds with decreasing turbulence. To ensure con-
servativeresults, Schuber’sexperimentsto establishcorrelationsbetween MESG and dust 
properties were conducted with comparativelylow initial turbulence in the dust clouds. 
Schuber correlated his experimental MESG values with the product of minimum elec-
tric spark ignition energy and the dimensionless minimum ignition temperature (right-
most column in Table 4.14) and the result is shown in Figure 4.57, where 1 g is the length 
of the gap (width of the flanges (3) in Figure 4.54). 
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Figure 4.57 
lengths (From Schuber, 1989). 

Correlations between MESC and ignition sensitivity of dust clouds for various gap 

There is an increase of MESG with increasing gap length from 0 to 50 mm by a factor 
of 2 to 3. For a constant gap length, there is a fair correlation between MESG and the 
ignition sensitivityparameter used. A closer examination of this parameter reveals that 
(TI + 273)/273 is in Ihe range 2-3 for most of the dusts in Table 4.14, which means that 
the double-logarithmic correlation in Figure 4.57 is essentially between MESG and 
M E .  Schuber found that MESG approached a constant value as 1g approached 50 mm. 
This value was considerably smaller than the laminar quenching distance.For example, 
Schuber’s value for corn starch/air at 1 g = 50 mm was 1.8 mm, whereas the laminar 
quenching distance found independently by Jarosinski et al. (1987) and Proust and 
Veyssiere (1988) was 6-7 mm. Schuber’s asymptotic value of 1.8 mm agrees well with 
the MESG of 1.5-2.2 mm found for corn starch/air by Jarosinski et al. (1987). 

An important general conclusion from Schuber’s(1988) work is that, for a fairly long 
gap length of 25 mm, MESG for gases, vapors, and organic and sulhr dusts in air can 
be correlated with MIE (TI + 273)/273 in one single empirical equation: 

MESG (mm) = [MIE (TI +273) / 273]0.157 (4.86) 
where M E  is in mJand TZis in K. Equation (4.86) could, in principle, be refined by incor-
porating the gap length as a further parameter. For short gap lengths of a few m,this 
would give a reduction of MESG as compared to values from equation (4.86)by a factor 
of 2-3 or more. 

Schuber regarded the transmission of the flame through the slot as being primarily a 
process of ignition of the dust cloud downstream of the slot by the turbulent jet of hot 
combustionproducts being expelled from the slot rather than flame propagation through 
the slot. He attributedthe strongcorrelationbetween MESG and ignition sensitivity to this. 
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On the other hand, it is well known that a strong correlation exists between laminar 
quenching distances and minimum ignition energies for gases. 

The original motivation for Schuber’s work was the uncertainty related to the ability 
of rotary locks to prevent transmission of dust explosions. He investigated results from 
experiments in the apparatus shown in Figure 4.58, where a rotary lock was mounted 
between two vessels in which dust clouds could be generated simultaneously. 

Figure 4.58 Arrangement for investigating the ability of rotary locks to prevent transmission of the 
explosions (From Schuber, 1988). 

The dust cloud on one side was then ignited, and it was observed whether transmis- 
sion of flame occurred to the extent that the dust cloud on the other side was also ignited. 
Figure 4.59 shows the essential parameters of the rotary lock. 

explosion 
f gapwidthw, 

gap length 4j= 
thickness of 
the rotor vanes 

no explosion 

Figure 4.59 Cap width and gap length related to explosion transmission through rotary locks (From 
Schuber, 1988). 
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Figure 4.60 Nomograph for estimating maximum permissible clearance w between rotor blades 
and housing for prevention of transmission of dust explosions through rotary locks (From Schuber, 
1988). 

On the basis of numerous experiments, Schuber (1989) proposed the nomograph in 
Figure 4.60 as a basis for predicting maximum permissible gaps w between the edges of 
the rotary lock blades and the housing. The radial gap w,is defined in Figure 4.59. The 
axial gap is w,.The gap that needs considerationdepends somewhaton the details of the 
rotor construction. N,  is the number of consecutive rotor blades that form consecutive 
gaps. For example, on the right-hand side of the rotor, as viewed in Figure 4.59, N,= 3. 

Schuber emphasized that the nomograph does not apply to metal dusts and that it is 
assumed that the rotor blades do not deform during the explosion.Figure 4.60 illustrates 
the use of the nomograph for corn starch/air for N,  =2 and the two gap lengths are 3 mm 
and 10 mm. The maximum permissibleclearancesare 0.4 mm and 1.1mm, respectively. 
For N,  = 1, the correspondingvalues would be about 0.1 mm and 0.25 mm, that is, con-
siderably smaller than the values 0.9 mm and 1.1mm given for MESG for corn starcldair 
at 0 and 15 mm gap lengths in Figure 4.57. This discrepancy could be due to integration 
of a sdety margin in the nomograph. On the other hand, one would expect that much larger 
primary explosion volumes than 40 liters would be able to push larger quantities of 
burned dust cloud through the slot and therefore create more favorable conditionsfor igni-
tion of the dust cloud downstream of the slot. See also Section 8.4.7 in Chapter 8. 

4.4.7 
ACCELERATION OF TURBULENT DUST EXPLOSIONS 
IN ENCLOSURES OF LARGE LID (DUCTS, PIPES, 
GALLERIES, AND THE LIKE) 

Coal mines essentially consist of long galleries of large length-to-diameter (LID)ratio. 
Since the onset of systematicresearch on the propagationof coal dust explosionsin mines, 
large-scale experimental galleries have been a main tool of investigation.According to 
Cybulski (1979, Hall’s experiments in coal mines in the United Kingdom about 1890 
was probably the first of this kind. Some years later, Taffanel(1907) reported the results 
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of his pioneering large-scalegallery experimentsin France.These experimentswere con-
ducted as a consequence of the disastrous coal dust explosion in the Courriers mine in 
1906, where 1099 miners lost their lives. Similar work was subsequently initiated in 
Poland, Russia, Germany, and the United States. 

Greenwald and Wheeler (1925) used a horizontal explosion tube of internal diameter 
2.3 m and length 230 m, that is, LID = 100,in their experiments. One end was normally 
closed, the other fully open. A pulverized nut coal, ground to 85% by mass <74 pm par-
ticle size, and containing 33% volatiles was used. The ignition source was 800 g of 
black powder igniting a primary cloud of 10kg of coal dust. The main quantity of coal 
dust was spread along the gallery floor from the point of ignition at 61 m to the full open-
ing of the gallery at 230 m (see Figure 4.61). The quantity of dust spread on the gallery 
floor was about 1500 g per m of gallery length, corresponding to a nominal dust con-
centrationin a fully dispersed state of 360 g/m3.No dust was spread out in the 61 m long 
section between the normally closed upstream end of the gallery and the ignition point. 
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Figure 4.61 Acceleration of coal dust explosions in a horizontal gallery of internal diameter 2.3 m 
and length 230 m, showing the effect of venting at the upstream, normally closedend (From Creenwald 
and Wheeler, 1925). 

The main purpose of Greenwald andWheeler’s experiments was to investigatethe influ-
ences of the location and size of vents on the development of dust explosions in the gallery. 
As Figure 4.61 shows, flame speeds of up to 800 m / s  were generated with the upstream 
end of the gallery fully closed. Whether the plateau of constant flame speed at 800 m / s  
beyond 165 m indicates detonation is unclear. Lindstedt and Michels (1989) observed 
violent, constant-velocitydeflagrations supportedby wall-frictioninduced turbulencefor 
alkanes in air. Similar steady combustion phenomena may also exist for dust explosions 
in long tubes and ducts. The flame speed would then be somewhat lower than for a 
proper detonation. (Detonation of dust clouds is discussed in Section 4.5.) 

Figure 4.61 demonstrates that venting at the upstream, normally closed, end reduced 
the acceleration of the explosion appreciably. With a fully open upstream end, compar-
atively weak explosions of maximum flame speeds around 50 m / s  resulted. In this case, 
Greenwald and Wheeler made some interesting observations. The flame motion was 
markedly vibratory, and the column of dust and air preceding the flame was expelled from 
the gallery exit in puffs instead of in a continuous stream. The flame itself could be seen 
to issue from one of the openings two or three times, with a slight in-rush of air occurring 
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between each flame appearance. This finding is in agreement with Chapman and 
Wheeler’s (1926)observationsof vibratorypremixed gas flames in a laboratorytube open 
at both ends. They found that the “periodicity of the vibrations was that of the funda-
mental tone of the tube.” As already discussed and illustrated in Figure 4.36, Eckhoff et al. 
(1987) observed the same phenomenon during dust explosions in a large vertical silo 
of diameter 3.7 m, height 22 m, and vented at the top, provided the ignition point was 
in the upper part of the silo. Greenwald and Wheeler (1925) also measured explosion 
pressures at various locations in the large gallery. The maximum values recorded by the 
low-frequency-responsemanometers available at that time were 5.0 bar(g), 4.8 bar(g), 
3.3 bx(g), and 0.14bar(g) for the normally fully closed end fully closed, one-quarteropen, 
half open, and fully open, respectively. Pressure recordings further upstream were lower 
than this and decreased systematically with increasing distance to the downstream exit. 

Fischer (1957)reported results from coal dust explosion experimentsin a 260 m long 
experimental coal mine gallery of equivalent-circle cross-sectional diameter of 3.2 m, 
that is, a LID of about 80. The main purpose of these experiments was to investigate 
whether deposits of stone dust on shelves in the upper part of the gallery cross section 
would prevent the propagation of coal dust explosionsin the gallery. However, it appeared 
that, under certain circumstances,this stone dust had little effect and flame acceleration 
phenomena of the same violent type as found by Greenwald and Wheeler (1925) were 
observed, as shown in Figure 4.62. 
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Figure 4.62 Time of arrival of bituminous coal dudair flames as a function ofthe distance from the 
ignition point at the closed end of a gallery of length 260 m and diameter 3.2 m, with pressure at the 
closed end as a function of time and nominal average dust concentration500 g/m3(From Fischer, 1957). 

The coal dust explosion was initiated by an explosion of 40 m3 methane/air at the 
upstream, closed end of the gallery. The gas was ignited by black powder, probably 
ensuring violent combustion of the gas. The blast from the gas explosion in turn swept 
up the coal dust layer of 4 kg per m length of gallery on the floor and initiated the self-
sustained dust explosion down the entire length of the gallery. The most striking feature 
of Figure 4.62 is the very constant flame speed of 1040m/s, measured from about 50 m 
from the closed end right to the open tube end, 200 m further down. Fischer associated 
this with “some kind of detonation” (see Section 4.5). The pressure versus time was 
recorded only at the upstream closed end of the gallery, because the explosion was so 
violent that all the measurement stationsfurther down the gallery were destroyed.As can 
be seen, the peak pressure at the closed end was about 5 bar(g). It would be anticipated 
that the pressures further down the gallery were considerably higher. 

Jsst and Wagner (in Freytag, 1965) illustrated the various characteristic phenomena 
occurring during accelerationof premixed gas flames in long one-end-opentubes. There 
are good reasons for assuming that their overall picture, as reproduced in Figure 4.63, 
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Figure 4.63 Characteristic phenomena during acceleration of gas or dust flames in one-end-open 
long tubes, from laminar combustion via turbulent combustion to detonation. V, is the flame speed; 
V2 is the velocity of the unburned gas or dust cloud ahead of the flame (From lost and Wagner, in 
Freytag, 7 965). 
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also applies to dust clouds. The only major difference is that a dust cloud needs to be 
generated by raising dust deposits into suspension. This means that stage I and possi-
bly also stage 2 in Figure 4.63, the ignition and laminar propagation of the initial flame, 
may not be relevant for dust flames. As already discussed, Greenwald and Wheeler 
(1925) used black powder to stir up and ignite the primary dust cloud, whereas Fischer 
(1957) used a turbulent gas flame. However, once the primary dust explosion is under-
way, the blast wave generated by it entrains dust further downstream, as already discussed. 
Therefore, all stages of Figure 4.63, from stage 3 and downward, apply even to dust 
clouds. The essential reason for the flame acceleration is turbulence generated in the 
unburned cloud ahead of the flame due to wall friction when the cloud is pushed toward 
the open tube end by the expansion of the part of the cloud that has burned. When the 
flame front reaches the turbulent unburned cloud, the combustion rate increases. This, 
in turn, increases the expansion rate of the combustion products and therefore also the 

ow rate of the unburned cloud ahead. The result is an even higher turbulence level and 
further increase of the combustion rate. During all these stages, compression waves are 
emitted and propagate toward the open tube end. Because of heating of the cloud ahead 
of the game due to adiabatic compression, each wave propagates at a slightly higher veloc-
ity than the previous one. Ultimately, therefore, they all catch up with the initial wave 
and form a strong leading shock front. The turbulent flame front also, due to the posi-
tive feedback mechanism of combustion rate flow rate turbulence enhanced combustion 
rate, eventually catches up with the leading shock wave. If the leading shock is sufficiently 
strong, a switch can occur in the mechanism of flame propagation. Instead of heat being 
transferred by turbulent diffusion behind the leading shock wave, the dust cloud may 
become ignited in the highly compressed state inside the leading shock. If the induction 
time of ignition is sufficientlyshort, the chemical reaction zone and the propagating shock 
wave thlen become closely coupled and propagate through the cloud at constant veloc-
ity. This is detonation. (see Section 4.5). However, as already mentioned, flame propa-
gation at a constant high speed need not be a classical detonation but can also be a 
high-speed turbulent deflagration supported by wall friction induced turbulence. 

Figure 4.63 shows a tube with a comparatively smooth internal wall. However, if the 
wall roughness is increased, the positive feedback loop of combustion acceleration 
becomes more effective, and acceleration up to detonation occurs over a shorter distance. 
Gas explosion experiments have been conducted in tubes in which the “wall friction” 
was increased systematically by inserting in the tube a number of equally spaced, narrow 
concentric rings in contact with the wall. Such experiments were in fact carried out by 
Chapman and Wheeler (1926) in a small laboratory-scale tube of diameter 50 mm and 
length 2.4 m, open at both ends. For methane/air, flame speeds of up to 420 m l s  were 
measured as opposed to 1.2m / s  without the rings. Chapman and Wheeler were fully aware 
of the essential role played by flow-generated turbulence. Similar dramatic effects of such 
equally spaced rings were found by Moen et al. (1982) for methane/air explosions in a 
one-end-open large-scale tube of 2.5 m diameter and 10 m length. 

These investigations are of considerable interest in relation to dust explosions in coal 
mines, where the supporting structures of the mine galleries would seem to have the same 
type of turbulence increasing effect as the concentric rings in tubes (Fischer, 1957). In 
the process industry, the legs of bucket elevators are long ducts with repeated obstacles. 

Rae (1971) analyzed coal dust explosion experiments in various large-scale tubes and 
galleries of lengths in the range 100-400 m, conducted in the time period 1911-1971. 
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He pointed out that the initiating explosion causes events analogous to those observed 
in shock tubes. The initial thin turbulent dust flame entrains deposited dust and devel-
ops into the more extensive main explosion, which may in turn lead either to detona-
tionlike phenomena, including strong shock waves, or to oscillating flames, depending 
on various circumstances. 

Bartknecht (1971) used an external dust dispersion system by which he avoided the 
use of a primary explosion for initiating dust entrainmentand flame propagation.He gen-
erated a dust cloud of the most explosibleconcentration along the whole tube length by 
simultaneously injecting dust from a number of equally spaced external pressurized 
reservoirs. (This is essentially the same dust dispersion method as specified in the 1 m3 
test approved by the International Standards Organization, 1985.) The dust cloud was 
ignited by a strong chemical ignitor or a pocket of exploding methane/air as soon as it 
had been generated. On the one hand, Bartknecht’s experiments were clean and well 
defined. On the other hand, they differed from conditions often met in mines and other 
industry, where the dust is initially deposited as layers that are dispersed by the air blast 
preceding the flame as the explosion propagates. There may be situations, however, 
where Bartknecht’s dispersion method corresponds to reality, for example, in pneumatic 
transport of explosible dust concentrations. 

Figure 4.64 gives some of Bartknecht’s results from experiments in 0.40 m diameter 
horizontal one-end-openpipes of various lengths.As can be seen, there is close correlation 
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Figure 4.64 Dust explosions in 0.40 m diameter,horizontal, one-end-openpipes of various lengths, 
with maximum flame speeds and maximum explosion pressures as functions of tube length and K,, 
value of dusts; * denotes enlarged pipe diameter in the ignition zone at  the closed end (From 
Bartknecht, 1971). 
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between the Ks, value, as determined in agreement with the recommendation by the 
International Standards Organization (1985), and the violence of the explosions in the 
tubes. 

The aluminum dust was comparatively coarse, having a median particle diameter on 
a mass basis of 30 pm, with 10% > 100 pm and 10%> 20 pm. Nevertheless, a maxi-
mum flame speed of 2200 m / s  and maximum explosionpressure of 25 bar(g) was meas-
ured in a 20 m long pipe, with enlarged diameter in the ignition zone for increasing the 
initial "push" and establishinga high level of turbulenceand burning rate at an early stage. 
The explosion pressures were measured by piezoelectric sensors and were those acting 
normal to the tube wall, that is, normal to the direction of propagation. There are rea-
sons to believe that the 2200 d s  phenomenon observed was in fact a proper detonation 
(see Section 4.5). 

The coal dust produced maximum flame speeds of only up to 250 m / s  and maximum 
explosion pressures on the order of 1bar&). The median particle size was 22 prn, with 
10% > 60 pm and 10% < 5 pm (extrapolation of data). The volatile content was not 
specified. 

Barthecht attributedthe comparatively slow coal dust explosionsto the relatively small 
tube diameter of 0.4 m. He also conducted coal dust explosion experiments in a much 
larger one-end-open tube, of diameter 2.5 m and length 130 m, with ignition at the 
closed end by a pocket of methane/air. With 250 g/m3dust, maximum flame speeds of 
up to 500 m / s  were measured.With 500 g/m3,the maximum flame speeds were 700 m / s  
or more. 

Bartknecht further conducted experiments where the dust was spread as a layer along 
the tube floor in a quantity correspondingto 250 g/m3if dispersed homogeneously over 
the whole tube cross section. When using the same ignition source (turbulent methane/air 
explosionat the closed tube end) as with the predispersed clouds with which he normally 
worked, he found lower flame speeds and explosion pressures than with predispersed 
clouds. However, Figures 4.61 and 4.62 show that the layer-spreading technique can 
indeed give very high flame speeds if only the initiatingblast is sufficientlyviolent.This 
illustrates that choosing conditions of experimentation that correspond to the actual 
industrial hazard is an important aspect of applied dust explosion research. 

Pineau and Ronchail(l982) and Pineau (1987) described experimental research on the 
propagation of wheat and wood dust explosions in ducts of diameters from 25 mm to 
700 mm. They pointed out that, in any industrial installation where dust extraction or 
pneumatic transport of powdered material is used, a number of ducts will be connected 
to either blowers, fans, or pumps. In addition, the arrangementsmay include cyclones, 
bag filters,hoppers and bins, and other process equipment, some of which may be inter-
connected by pressure balance ducts. It is therefore essential, in the case of explosible 
powders and ducts, to understand the mechanisms by which dust explosions may prop-
agate in dusts. In addition to straight ducts, ducts containing bends also need to be con-
sidered, because such bends are frequent in the process industry. 

In one series of experiments reported by Pineau and Ronchail(1982), straight tubes 
of diameters from 250 mm to 700 mm and lengths from 12 m to 42 m were used. The 
tubes were either closed at both ends, closed at one end and fully or partly open at the 
other, or fully or partly open at both ends. In some experiments, the ignition point was 
at a closed tube end; in others, near an open end. In one experimentit was midway down 
the tube. The dust was initially distributed as a layer along the tube floor, the quantity 
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of dust per unit length of duct correspondingto the desired nominal dust concentration. 
Ignition was sufficiently powerful to start dust entrainmentand flame propagation through 
the dust cloud,but subsequentpropagation depended on whether a sufficiently strong flow 
field was generated ahead of the flame for entraining the dust further downstream.This, 
as expected, depended on the extent to which the tube ends were closed or open and on 
the location of the ignition point. Some examples are given in Figure 4.65. 
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Figure 4.65 Maximum explosion pressures and maximum flame speeds during wheat flour/air 
explosions in one-end-open or fully closed tubes of lengths 42 m and three different diameters. The 
nominal average concentration is 470 g/m3. ignition is at the closed tube end (Replot of data from 
Pineau and Ronchail, 1982). 

The results for the 700 mm diameter tube show that the maximum explosionpressures 
were low and nearly the same; that is, 1bar(g) for the one-end-opentube and 1.5bar(g) 
for the fully closed one. In the closed tube, the low pressure means that the flame speeds 
and associated gas velocities were too low to cause entrainment and dispersion of the 
majority of the dust. In the one-end-opentube, the speed of the blast ahead of the flame 
was much higher, due to the venting at the open end. This, in turn, entrained the still 
unburned part of the dust in the tube and gave rise to a sufficiently high combustionrate 
in the resulting dust cloud to generate 1 bar(g) pressure in spite of generous venting. As 
the tube diameter decreased,the maximum flame speed increased, even in the closed tube; 
more dust was entrained and burned, and a higher maximum explosionpressureresulted. 

Pineau and Ronchail (1982) also conducted a number of experiments in tubes of 
smaller diameters in the range 25-100 mm connected to a vessel in which the explosion 
was initiated.The tube lengths varied between 10m and 40 m and the volume of the vessel 
was either 1m3or 0.1 m3.The influence of a 90" bend in the duct was also investigated. 
Furthermore, the effect of venting, either of the vessel or at the bend, was studied. 
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Numerous results were produced for various configurations and locations of the ignition 
point. Generally, the trends found can be understood on a qualitative basis in terms of 
increasingturbulence,dust entrainment,combustionrate, and venting, with increasing flow 
rate in the system. However, the complex pattern of results reemphasizes the need for a 
unified theoretical dust explosion model suitable for computer simulation of the course of 
explosions in complex,integratedsystems for whch specific experimental data do not exist. 

Pineau and Ronchail(l982) found that powders having K,, > 200 bar m / s  (International 
Standards Organization, 1985) can generate detonations in tubes of diameters 25-100 
mm and up to 40 m length. Such detonations are associated with maximum pressures of 
more than 20 bar(g) and flame speeds of about 2000 d s .  This, for example, occurred 
with wood dust in a 25 m long tube of 100 mm diameter, connected to a 1m3 vessel in 
which the explosion was initiated. The inclusion of a 90" bend 6 m from the vessel, that 
is, 19 m from the open tube exit, reduced the explosion violence somewhat, but deto-
nation still resulted in one experiment in a series of eight. 

Radandt (1989) emphasized that, in industrial practice, as in dust extraction and pneu-
matic conveying systems, the initial dust clouds in ducts or tubes are not stagnant but 
flow at a considerable velocity, typically in the range 15-25 d s .  He therefore conducted 
a comprehensive series of dust explosion experiments with a maize starch of K,, = 220 
bar d s  conveyed at various concentrations and velocities, using the experimental loop 
illustrated in Figure 4.66. 
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Figure 4.66 Loop for dust explosion experiments, consisting of a dust feeder, 35 m of 200 mm 
diameter tube, a cyclone recycling the dust to the feeder, and a suction fan for establishing the air-
flow (From Radandt, 1989). 

The air was sucked into the system through the fully open tube end at the dust feed-
ing point by the underpressure generated by the suction fan to the far left in Figure 4.66. 
A vent arrangement is indicated at the sharp 45" bend. Experiments were conducted both 
with a vent at this point andjust a closed, smooth bend. The dust concentration was varied 
in the range 100-450 g/m3 and the mean air velocity in the tube prior to ignition in the 
range 15-25 d s .  The ignition point was also varied from immediately downstream of 
the dust feeder to a number of other locations along the tube. A number of pressure and 
flame detectors were located at various strategic points. In most of the experiments, the 
vent at the sharp bend reduced the maximum explosion pressures in the tube as compared 
with pressures generated with a smooth, closed bend. However, if the dust cloud was 
ignited near the dust feeding point, both the maximum pressure and the flame speed were 
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higher with venting than without. This can be explained in terms of the higher flow 
velocity in the tube, due to the explosion, with a vent than without. Following ignition 
close to the dust feeder, the vent opened when the flame propagated only part of the dis-
tance to the vent. The result was a sudden increase of the flow rate of the unburned cloud 
ahead of the flame and a corresponding increase of the turbulence in this cloud. 
Consequently, when the flame reached these turbulent regions, the combustion rate 
increased markedly. Under such circumstances, the flow out of the vent can easily 
become choked and very high explosion pressures can result. The combustion rate also 
increases because the pressure of the unburned cloud ahead of the flame increases. 
Radandt’s investigationproduced much valuable empirical data, which, however, reem-
phasizes the need for a unified computer-based model that accounts for the coupling 
between gas dynamics and turbulent combustion in complex systems. Works aimed at 
developing such models are reviewed in Section 9.2.4.7 in Chapter 9. 

Tamanini (1983) investigated the propagation of dust explosions in a large-scale 
gallery, illustrated in Figure 4.67.A central objectivewas to determinethe minimum quan-
tity of dust, spread as a layer on the gallery floor, per unit gallery length, that was able to 
propagate a dust explosion sweepingalong the gallery.A secondobjectivewas to investigate 
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Figure 4.67 Large-scale gallery used for investigating entrainment of dust layers and propagation 
of secondary explosions in a gallery due to a primary explosion in an adjacent chamber (From 
Tamanini, 7983). 
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whether venting a primary explosion in a confined space could prevent the development 
of secondary explosions in adjacent areas by reducing the expansion velocities and 
hence the dust entrainmentpotential of the primary explosionsin those areas. The exper-
iments showed that a dust flame propagated down the gallery even if the mass of the dust 
layer, per unit length of gallery, was considerably smaller than that correspondingto the 
minimum explosible concentration if dispersed uniformly over the whole gallery cross 
section. This is because the dust was dispersed only in the lower part of the gallery 
volume and therefore gave real dust concentrations higher than the nominal values. In 
accordance with this, it was observed that the dust flame thickness was in fact consid-
erably smaller than the height of the gallery. Such secondary dust flames were found to 
sweep along the gallery floor all the way to the exit, even if the dust layer on the floor 
was only 0.25 mm thick, representing a nominal dust concentrationreferred to the entire 
gallery volume, of only 77 g/m3of maize starch, that is, at the limit for upward laminar 
flame propagation. 

Typical explosion pressures in the gallery were 0.2-0.4 bar(& if the gallery was 
unvented and 0.07 bar(g) with vents close to the primary explosion chamber. 

The fact that the dust entrained from the floor was distributed only in the lower part 
of the gallery may throw light on the results from Fischer's (1957) experiments, where 
stone dust barriers in the upper half of the gallery cross section under certain conditions 
proved entirely ineffective in damping the propagation of the coal dust explosion.Fischer 
suggestedthat the primary turbulent torus sweeping down the gallery entrained the coal 
dust in the lower part of the gallery cross section and the stone dust in the upper part, 
with little mixing of the two. 

Experiments of the type conducted by Tamanini (1983) and also by the other work-
ers who used a primary explosion to initiate dust entrainment and the main explosion 
depend very much on the nature of the primary explosion. Therefore, few generally 
valid quantitative conclusions can be drawn from such experiments until the various 
processes have been theoretically coupled. 

Kauffman et al. (1984a) studied the propagation of dust explosions in a horizontal tube 
of length 34.4 rn and internal diameter 0.30 m; that is, LID = 122.A main objective of 
the experiment was similar to the one of Tamanini (1983), that is, to identify the mini-
mum quantity of dust deposited as a layer on the internal tube wall that can propagate a 
dust explosion sweeping down the tube. The exhaust end of the tube terminated with a 
90" bend of 2 m radius leading into a 2.5 m long tube with a number of vents in the wall 
but with the far downstream end closed. The ignition source, located at the far upstream 
end of the main tube, consisted of a 2.4 m long 50 mm diameter tube filled with stoi-
chiometric hydrogerdoxygen.In the first 3.4 m of the main tube, a dust layer was placed 
in a \'-,'-channel running inside the tube parallel to the tube axis. This dust could be dis-
persed into a primary cloud by air blasts from a series of nozzles at the bottom of the 
V-channel. In the remaining 33 m of the main tube, the dust layer rested directlyon the tube 
wall, either as strips of widths 12.5mm or 90 mm along the tube bottom or as a thin layer 
around the whole tube wall. The explosions were initiated by first dispersing the dust in 
the V-channel, then igniting the hydrogedoxygen mixture, which would in turn ignite 
the djspersed dust. The blast from this violent primary explosion would then sweep 
down the main tube and entrain and disperse the dust from the layer on the tube wall, as 
in the experiments of Greenwald and Wheeler (1925), Fischer (1957), Pineau (19871, 
Tamanini (1983), and in the other investigations discussed by Rae (1971). 
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Kauffman et al. found that, in general, for a given mass of dust layer per unit length 
of tube, a uniform layer around the entire tube wall produced the most violent explo-
sions. The dusts tested included a maize starch, a mixed natural organic dust, a wheat 
grain dust, and an oil shale dust. Various ranges of particle sizes and moisture contents 
were investigated. 

The strength of the primary explosion was varied by varying the initial pressure of the 
hydrogen/oxygen mixture and the initial quantity of dust dispersed from the V-channel. 
It was generally found that, for a given mass of dust per unit length of the main tube, the 
maximum pressure, temperature, and flame speed of the secondaryexplosion increased 
with the strength of the primary explosion. Figure 4.68 shows how the nominal mini-
mum and maximum explosible concentrations (mass of dust layer/m3tube) varied with 
the strength of the primary explosion in terms of its maximum overpressure.Assuming 
a bulk density of the dust layer of 0.5 g/cm3,a nominal concentration of 1000 g/m3cor-
responds to layer thicknesses of 0.15 mm if all the tube wall is covered and 1.6 mm and 
11 mm for 90 mm and 12.5 mm layer widths, respectively. 
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Figure 4.68 Nominal minimum and maximum explosible concentrations for secondary explosions in 
a horizontal tube oflength 36 m and diameter 0.30 m, as a function of the strength of the primary explo-
sion, using mixed organic dust of <74,urnparticle size and 12% moisture (From Kauffman et ai., 1984). 

Figure 4.68 shows that the explosible concentrationrange expands at both ends as the 
strength of the primary explosion increases. There is a tendency of the range to shift 
toward higher nominal concentrations as the dust layer becomes concentrated in a narrow 
strip. The minimum explosible concentrationof 50 g/m3at an explosion strengthof 1.53 
bar(g) is close to the value measured by Eckhoff and Fuhre (1975) for wheat grain dust 
of 12% moisture, in an entirely different large-scale apparatus. 
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In a subsequent study using the same 36 m tube facility as used by Kauffman et al. 
(1984a), Srinath et al. (1985) determinedthe maximum overpressureand maximum flame 
speed for a dried mixed natural organic dust and found 5.4 bar(g) and 607 m/s, respec-
tively.A numerical code developedby Chi and Perlee (1974) for premixed gas explosions 
was used to solve the one-dimensionalcompressible flow equations for a flame propa-
gating through a tube of the same dimension as used experimentally.The code did not, 
however, close the loop connecting flow, turbulence, and combustion rate, and an empir-
ically based relationship between the turbulent burning velocity and flame propagation 
distance derived from the actual dust explosion experiments had to be employed. Under 
these circumstances,the codepredicted a maximum explosionpressure of 5.89 bar(g) and 
a maximum flame speed of 607 m/s, in good agreement with experiments. However, as 
will be discussedin the next section,improved,more-comprehensivenumericalcode con-
cepts for dust explosion simulation are being developed. Further works on propagation 
of dust explosions in long ducts and pipes are reviewed in Section 9.2.4.6 in Chapter 9. 

4.4.8 
THEORIES OF FLAME PROPAGATION IN TURBULENT DUST 
CLOUDS: COMPUTER MODELS 

4.4.8.1 
Background 

The discussionof flamepropagationmechanisms in the previous sections, in particular tur-
bulent propagation where turbulence is generated in situ by flow produced by the explo-
sion itself,has demonstratedthe vast complexityof the turbulent flame propagationprocess. 
Simple experimental correlations are not sufficient for predicting explosion development 
in complex practical situations.Atheory is needed that can unify all these experiments.In 
its cornprehensiveform, the theory should includethe mechanisms of dust entrainment and 
dispersion (see Chapter 3) as an integrated element in the complex feedback interaction 
between the combustionof dust cloud, expansionof combustionproducts, gas flow ahead 
of the flame, turbulence in the gas flow ahead of flame, intensified entrainment and dis-
persion of the dust ahead of the flame-and back to intensifiedcombustion.Increasingavail-
ability of computational power has facilitated considerable progress over the 1970s and 
1980s.As reviewed in Section9.4.2.7 in Chapter 9, comprehensivecomputer codes forpre-
dicting dust explosion propagation in complex industrial geometries are currently being 
developed. Encouraging progress has been made in the prediction of gas explosion prop-
agation in congested geometries as, for example, in modules on offshore oil and gas pro-
duction platforms or compact onshorerefineries and petrochemicalplants. The pioneering 
work by Hjertager (1982, 1984, 1986),which uses the two-equation k - E  model of turbu-
lence by Jones and Launder (1972, 1973) and the combustion model of Magnussen and 
Hjertager (1976), should be mentioned specifically.More recently, Cant and Bray (1989) 
developeda theoreticalmodel of turbulent combustionof premixed gases in closed bombs, 
which may also be a useful starting point for dust cloud explosion simulation. 

However, in the case of dust clouds, the two-phase nature of the problem adds con-
siderably to the complexity. The previous sections of this chapter give some elements 
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of the present experimentaland theoretical knowledge of the complexphysics and chem-
istry involved and that must be accountedfor in a comprehensivedust explosion model. 

In his model of gas explosions, Hjertager (1982, 1984, 1986) used the induction time 
for ignition, as determined in shock tube ignition experiments, as a global measure of 
the chemical kinetics for the conibustionreaction.As reviewed by Eckhoff (1987), sim-
ilar experiments have been conducted with dust clouds and induction times for various 
types of dust are available. A more recent example is the induction time determination 
for aluminum and magnesium dust clouds in oxygen of 0.1 to 1.O bar(abs) initial pres-
sure by Boiko, Lotov, and Papyrin (1989). 

4.4.8.2 
Simplified Model by Ogle, Beddow, and Chen for Aluminum Dust/Air 

Ogle, Beddow, and Chen (1988) developed their model for numerical simulation of tur-
bulent spherical aluminudair explosions in a closed bomb, assuming spatially uniform 
pressure at any instant. Due to lack of computational power, Ogle et al. were unable to 
use the k - E  model or an equivalent model for describing the turbulence. Instead, they 
adopted the empirical Abdel-Gayed eddy diffusivity correlation for confined turbulent 
combustion of premixed gases to obtain first-orderapproximate values of the turbulent 
diffusivities of heat and mass: 

elv = 11Re:56 (4.87) 
Here, e is the eddy diffusivity and v is the kinematic viscosity of the gas; Ren is the tur-
bulent Reynolds number, defined as Ren = v’ilh, where v’is the turbulence intensity, or 
characteristic fluctuating velocity component, and il is the characteristic microscale of 
the turbulence. When comparing theoretical predictions with dust explosion experi-
ments in a spherical bomb of diameter 0.34 m, Ogle et al. fixed the turbulence intensity 
at 0.1 d s  and the large-scale eddy size at 0.1 m in all the computations. 

The model was formulated for aluminum dustlair explosions, and corresponding 
experiments were conducted in the 0.34 m diameter sphericalbomb with a range of alu-
minum powders of differentparticle sizes and shapes. In the model, the influence of par-
ticle size and dust concentration was accounted for by assuming that the rate of oxidation 
of the aluminum particles in the cloud was proportional to the surface area of the parti-
cles per unit volume of dust cloud. On the assumption that Al(1iquid) +A10 +AlzOis 
the rate-controllingreaction in the combustion of aluminum,Ogle et al. reformulatedthe 
expression for the combustionrate in terms of consumptionof molecular species, adopt-
ing the standardArrhenius form of the reaction rate coefficient. 

4.4.8.3 
Model by Kjaldman for PeaVAir 

Kjaldman (1987) used the k-E turbulence model for homogeneous gas flow in his finite 
volume simulation of dust explosions in closed and vented vessels. Referring to explo-
sion experiments in the 20 liter Siwek-sphere (Siwek, 1977) and the turbulence meas-
urements of Kauffman et al. (1984a) in a 0.95 m3spherical vessel, the values of k and E 

at the moment of ignition in the 20 liter sphere were taken as k = ( m / ~ ) ~and E = 
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2 ( m / ~ ) ~ / s ,respectively,correspondingto a turbulent time scale k/E= 5 ms. The particles 
were treated as a second hypothetical continuous phase interacting with the gas phase 
and having the microscopic properties of monosized peat particles of diameter d. 
Comparatively simple submodels of particle drying, pyrolysis or devolatilization, gas 
combustion, and char combustion were incorporated. The two continuous phases were 
assumed to interact by transport of material from the particle phase to the gas phase and 
transport of heat in both directions, depending on whether the gas or the char was burn-
ing. The rate of the chemical gas phase reaction was assumed to be controlled by tur-
bulent diffusion, that is, by elk. The fuel consumption under these circumstances was 
calculated using the expressionproposed by Magnussen and Hjertager (1976).Kjaldman 
estimated the role of thermal radiation to be small for the actual type of particles and used 
a simplified treatment to account for this effect. 

Table 4.15 shows a set of correspondingexperimentaland computed data for peat dust 
explosions in a 20 liter explosion vessel extracted from Kjaldman’s report. The experi-
ments were conducted separatelyby Weckman (1986). 

Table 4.1 5 
explosions in a closed 20 liter spherical vessel 

Comparison of experimental and computed pressure development during peat dudair 

Source: Kjaldman, 1987. 

The data in Table 4.15 show good correlation between experimental and computed 
(dPldt),, values for four or five of the six powders. An exceptionis the 100pm powder, 
for which the computed value is comparatively low. This may in part be due to prob-
lems with dispersing all the dust in this experiment (20 liter Siwek sphere),which means 
that the real dust concentrationwas probably lower than the nominal one of 1000g/m3. 
The maximum pressures,both experimentaland computed,are all within 7-9 bar&), but 
the correlationbetween experiments and computations within this narrow pressure range 
is rather poor. On the other hand, the correlation between experimental and computed 
times from ignition to pressure peak is good, although there is a systematic deviation by 
a factor of about 2. It should be emphasized that the experiments were conducted with 
peat dusts of comparatively wide particle size distributions, whereas the computations 
were for monosized dusts of particle diameter equal to the mass average particle diam-
eter of the real dust. 

Kjaldman’scontributionconstitutesa further valuable step toward developmentof com-
prehensive computer models for simulation of dust explosions. The employment of the 
k-E model of turbulence represents a significant step forward, but in the future it may be 
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necessary to replace even the k-Emodel with better approximations in the range of low 
Reynolds numbers, where it is known that k-Emodel may fall short in reproducing real-
ity. Furthermore, the assumption of isotropic turbulence, which is inherent in the k-E 
model, may not be acceptable for real dust clouds. Dust explosions in industry are often 
comparatively slow, particularly in the initial stages, and the turbulence levels corre-
spondingly low. 

It should be mentioned that Kjaldman also used his model for some introductory com-
putations of the pressure development in vented explosions, but experimental data were 
not available for comparison. Kjaldman (1989) also extended the application of his 
numerical model, in a slightly modified form, to simulating pulverized peat dust com-
bustion in a 5 MW furnace for heat production. Good agreement between the experimental 
and the computed furnace temperature distributions was obtained. 

4.4.8.4 
The Clark-Smoot Model for Accelerating Coal Dust Flames 

Explosions in one-end-open ducts with ignition at the closed end, as illustrated in Figure 
4.63, constitutes a case where the positive feedback from combustion via expansion, flow, 
and turbulence and back to combustion is particularly strong. At the same time, this case 
is of primary practical significance in mine gallery explosions. This was the motivation 
for the development of a numerical model of accelerating coal dust flames in long ducts 
undertaken by Clark and Smoot (1985). 

Like Ogle et al. (1988), Clark and Smoot adopted a comparatively simple submodel 
for the coupling between flow, turbulence, and combustion rate. They used an empiri-
cal correlation of the ratio between turbulent and laminar burning velocity and the tur-
bulent Reynolds number based on the gas explosion data of Andrews et al. (1975) and 
data from Richmond and Liebman’s (1975) and Richmond et al.’s (1978) large-scale 
gallery coal dust explosion experiments. The correlation was 

S,/S,  = CRe, (4.88) 

where S, and SI are the turbulent and laminar burning velocities, C is an empirical con-
stant, and Renis the turbulent Reynolds number defined as for equation (4.87). With the 
eddy viscosity ,ueequal to v’Z, where v’ is the turbulence intensity and I the macroscale 
of the turbulence, and introducing further correlations and assumptions, Clark and Smoot 
expressed Ren as 

and 

Rei = 24.3[(1+ 0.096f(Re)2) -

(4.89) 

(4.90) 

Here 2) is the kinematic viscosity,fis the Fanning friction factor of the gallery wall, Re 
the Reynolds number for the overall flow in the gallery, and pdand pgare the dust cloud 
density and gas phase density, respectively. 
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Clark and Smsot’s work confirmed that the increasinglevel of turbulencein the accel-
erating fluid is a major driving force behind the flame acceleration in coal dust flames 
in coal mine galleries. Further works on modeling of turbulent dust flames are reviewed 
in Section 9.2.4.7 in Chapter 9. 

4.5 
DETONATIONS IN DUST CLOUDS IN AIR 

4.5.1 
QUALUTATIVE DESCRIPTION OF DETONATION 

Detonation is a singular, extreme mode of propagation of a flame through a premixed 
gas or dust cloud. The transfer of heat from the burning to the unburned cloud by molec-
ular or turbulent diffusion, which is characteristicof the deflagration mode of explosion 
propagation discussed so far, is replaced by direct ignition by extreme compression of 
unburned cloud in a shock wave driven through the cloud at supersonic speed by the 
explosionitself.As will be mentioned in Section 4.5.3.2, the detailed mechanism of igni-
tion and combustion inside the shocked detonation front is still a subject of research. 

The necessary condition for self-sustained detonation propagation is that the shock 
wave is sufficiently strong for the volume inside it to ignite and react chemically before 
the shock wave has traveled a significant distance away. In this way, the shock wave and 
the chemical reaction zone remain closely coupled, and the shock wave speed and 
strength is maintained. Typical maximum detonation velocities in premixed hydrocar-
bon gadair and dudair mixtures at normal pressure and temperature and optimum fuel 
concentrationsare in the range 1500-2000 m / s .  This is on the order of 5 times the veloc-
ity of sound in the unburned and uncompressed premixed gadair or dust cloud in air; 
hence, the unburned mixture obtains no gas dynamic signal from the approaching det-
onation front until being caught by the front itself. Therefore, reducing the maximum 
explosion pressure of a detonation by venting is impossible. 

It follows from what has been said that a detonation in a premixed gas or a dust cloud 
can be initiated only by a sufficiently strong shock wave. This can be supplied by either 
an explosive charge or similar external means of generatingthe initial shock or by grad-
ual buildup of a strong shock by turbulent acceleration of the explosion itself, as illus-
trated in Figure 4.63. 

Wolanski (1987) gave a comprehensivereview of experimental evidence and theory 
of dust cloud detonations up to that time. 

4.5.2 
EXPERIMENTAL EVIDENCE OF DETONATIONS IN DUST 
CLOUDS IN AIR 

4.5.2 .I 
Experiments in Ducts and Large-Scale Galleries 

Figure 4.63 illustrates how detonation may develop in ducts of large LID via enhanced 
combustion due to flow-generatedturbulence. As already mentioned in Section 4.4.7, 
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Greenwald and Wheeler (1925) and Fischer (1957) reported that coal dust flames in one-
end-open large-scalegalleries, with ignition near the closed end, accelerated up to a point 
after which a high, constant flame speed was maintained during the remaining length of 
the gallery. In the case of Greenwald and Wheeler, this steady flame speed was about 
800 m / s ,  whereas Fischer reported 1040 m / s  as a maximum value in his experiments. 
These velocities are lower than the Chapman-Jouguetdetonationvelocities (see Section 
4.5.3) that would be expected for coal dust in air. Therefore,Greenwald and Wheeler and 
Fischer may have observed the kind of constant high-velocity turbulent deflagrations 
described by Lindstedt and Michels (1989).However, such high-turbulence deflagrations 
can be nearly as violent as proper detonations. One indication of this is that, in Fischer’s 
experiments, the pressure measurement stations in the region of the gallery of the con-
stant,high flame speeds were destroyedby the explosion. Similarevidence of steady high-
speed turbulent deflagrations of dust clouds in large-scalegalleries was found by Cybulski 
(1952), Bartknecht (1971), and Rae (1971). 

However, both Pineau and Ronchail(l982) and Bartknecht (1971) found clear evidence 
of proper dust detonations in ducts of smaller diameters. In these cases, steady flame 
speeds on the order of 2000 m / s  and high peak pressures on the order of 20 bar(g) were 
measured, as mentioned in Section 4.4.7 and illustrated in Figure 4.64. 

On this background, the contribution by Kauffman et al. (1982, 1984b) is important. 
They demonstratedthat a steady detonation wave could propagate in clouds of oats and 
wheat grain dust in air, in a vertical laboratory-scaleduct of square cross section 6.35 cm x 
6.35 cm and length 6 m. The dust was charged into the tube at the top at a mass rate, giving 
the desired dust concentrationduring gravity settling down the tube. The main dust explo-
sion was initiated by a local hydrogen/oxygen explosion at the bottom tube end. 

Using a laser Schlieren technique, it was observed that the shock front was followed 
closely by an induction zone, which was in turn followed by a reaction zone, as would 
be expected in a proper detonation wave. The leading shock caused intense dispersion 
of the particle agglomerates into an optically dense cloud of primary particles within a 
few mm behind the shock front, where the particles ignited and burned. After combus-
tion, the mixture was again opticallytransparent.The combustionprocess was nearly com-
pleted 0.5 m behind the shock front, corresponding to a time interval of about 0.3 ms. 
At an oats dust concentration of 250-270 g/m3, slightly lower than the stoichiometric 
one of 300 g/m3,the measured detonation wave velocity was 1540d s ,  which is some-
what lower than the theoretical Chapman-Jouguet (C-J) velocity at stoichiometric con-
centration of 1800m / s .  It would be expected, however, that the inevitable energy losses 
in a dust detonation would cause the real detonation velocity to be lower than the ideal 
C-J velocity. The highest measured peak pressure was about 24 bar, quite close to the 
theoretical C-J pressure at stoichiometric concentration, 22.4 bar. 

Kauffman et al. (1984b) also investigated the upper and lower dust concentration 
limits for detonationof oats dust in airin their laboratory-scalevertical tube. They found 
that, even with very vigorous ignition sources,detonationscould be initiated only within 
the narrow concentrationrange of approximately200-450 g/m3. 

Further important evidencedemonstratingdetonations in dust clouds in airhas been pro-
vided by Gardner, Winter, and Moore (1986). The dusts used were coals and included a 
fineBritish coal fractionof 87% by mass <71 p particle size, containing 33.5% volatiles 
and 3.5% moisture, and an equally fine U.S.subbituminouscoal fraction of 41.3% volatiles 
and 17.3% moisture. Coarser particle size fractions of the two coals were also tested. 



Propagation of Flames in Dust Clouds 369 

The experimental arrangement consisted of a 20 m3ignition chamber connected to a 
42 m long straight test duct of diameter 0.6 m, which was essentially open at the down-
stream end. Air was blown through the system at a rate giving 20-30 m / s  in the duct, 
and dust was fed into the air streamjust upstream of the 20 m3chamber to give the desired 
dust concentration,ranging from 30 g/m3to 850 g/m3,in the explosion chamber and the 
42 m long duct. The dust cloud was ignited in the 20 m3chamber by a flamejet or a chem-
ical ignitor. The main results are summarizedin Figure 4.69. 
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Figure 4.69 Maximum explosion pressure versus maximum flame speed during coal dust/air explo-
sions ~ I Ja 42 m long duct of 0.6 m diameter. Particle size is 87% (mass) 171 pm: m U.S.subbitumi-
nous coal; o U.K. coal (From Cardner et al., 1986). 

Figure 4.69 dso gives the theoreticalrelationshipobtainedbyArtingstall(1961) in solv-
ing the conservation equations for a steady-statecoal dust/air deflagration. The experi-
mental relationship found by Bartknecht (1971, 1978)is also included. Gardner et al.’s 
results are in good agreement with Artingstall’s deflagration theory, whereas, on aver-
age, the Chapman-Jouguetdetonation pressure calculated by Artingstall is significantly 
lower than Gardner et al.’sexperimentalpressures at the calculatedC-J velocity of about 
2350 d s  (see Section4.5.3). The extreme experimentalpeak pressure value of 81 bar(g) 
is remarkable. However, Gardner et al. refer to Bull’s argument that, at the onset of det-
onation,there is always a regime in which the combustion wave is overdriven before set-
tling down to the C-J conditions. During this transient period, the detonation pressure 
can exceed the C-J value considerably. 

Gardner et al.’s contribution supports the view that proper detonations can also oc-
cur in dust clouds and such detonations can be brought about by in situ transition of fast 
deflagrations to detonations via turbulent flame acceleration (DDT, deflagration-to-
detonation transition), as in premixed gases. 



370 Dust Explosions in the Process Industries 

4.5.2.2 
Unconfined Dust Cloud Detonations 

As discussed by Lee (1987), Borisov et al. (1984) canie to the conclusion that uncon-
fined dust clouds may be considered as practically impossible to detonate. This was 
because the ignition delay times of clouds in air of wheat flour and similar materials are 
at least one order of magnitude greater than for methane/air, which requires at least 22 kg 
of high explosives to detonate in the unconfined state. By assuming that the minimum 
detonation charge for dust clouds is proportional to the cube of the induction time, as 
for premixed gases, one finds that a minimum of 20 tons of high explosive would be 
required for direct initiation of detonation in an unconfined cloud of wheat flour in air. 
However, the induction time for dust clouds decreases with decreasing particle size or 
increasing specific surface area, and therefore unconfined detonations in clouds of very 
fine dusts become less unlikely than in wheat flour/air. 

The only direct experimental observation of a self-sustained detonation wave in an 
unconfined dust cloud in air that has been traced was made by Tulis and Selman (1984) 
and Tulis (1984). They used aluminum dusts of various fineness and found that detona-
tion could be initiated only with a very fine aluminum flake powder of specific surface 
area 3 4  m2/g,correspondingto sphericalparticles of diameter smaller than 1pm. In the 
first phase of this work, Tulis and Selman (1984) worked with an unconfined dust cloud 
of approximately cylindrical shape, 6 m in diameter and 1 m in height, containing 4.5 kg 
of the fine aluminum powder, corresponding to an average nominal dust concentration 
of 160g/m3.The centrally located initiatorcharge was 2.3 kg of high explosive.Although 
indications of self-sustaineddetonationswere demonstratedin these experiments,the size 
of the dust cloud was too small to eliminate the influence of the initiation charge on the 
detonation wave propagation. Therefore, as reported by Tulis (1984), a further experi-
ment was conducted,using three simultaneouslygenerated aluminum flake clouds of the 
same size and concentration as just described, forming one large elongated flat uncon-
fined cloud of length 10 m. 

When this cloud was initiated at one end with a 2.3 kg high explosive charge, stable, 
self-sustained detonationwas achieved. The average velocity of the detonation wave was 
1750 m / s ,  and the peak pressures in excess of 28 bar. The corresponding calculated C-J 
values were 1850 m / s  and 26 bar. This close agreement between experiment and theory 
seems to confirm that the phenomenon observed was in fact a proper, unconfined dust 
cloud detonation. 

4.5.3 
THEORIES OF DETONATION 

4.5.3.1 
The Chapman-JouguetTheory 

As pointed out by Lee (1987), there is no a prim4 reason for assuming that the classical 
Chapman-Jouguettheory for detonation,which has been successfullyapplied to premixed 
gases and solid and liquid explosives,does not apply even to explosibledust clouds.This 
theory, developed independentlyby Chapman (1899) and Jouguet (1905,1906), predicts 
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detonation front velocities, temperatures, pressures, and concentrations of reaction prod-
ucts. Davis (1987) discussed the slightly different approaches taken by Chapman and 
Jouguet. Chapman simply postulated that a detonation front is a shock wave precipitat-
ing in, its wake chemical reactions that supply the energy required for maintenance of 
the steady propagation of the shock wave through the explosible gas. In that case, the 
theory of shock wave propagation through a gas could be used to describe detonation 
by replacing the unreacted gas behind the shock by the products of the combustion reac-
tion and adding the heat of reaction. The resulting theory predicted a specific minimum 
velocity for self-sustained detonation for any given explosible mixture, which Chapman 
found to be in excellent agreement with the velocities measured in the gas explosion 
experiments conducted by Dixon (1893). Chapman therefore simply postulated that 
the minimum velocity predicted by his theory was the detonation velocity of the system 
considered. 

Jouguet (1905, 1906) had been working along similar lines, but his slightly different 
approach revealed the important additional conclusion that the detonation wave veloc-
ity equals the velocity of sound in the hot, compressed reaction products immediately 
behind the shock front. The C-J theory is concerned with only the simple system, con-
sisting of a homogeneous unreacted gas at a set of initial conditions, and the correspon-
ding shocked reaction products, separated by an infinitely thin, plane of discontinuity. 
The theory results from the three equations for conservation of mass, momentum, and 
energy across the discontinuity. and the equation of state, as shown by, for example, Jost 
and Wagner (in Freytag, 1965), Glassman (1977), and Nettleton (1987). Nettleton refers 
to computer codes that can be used for calculating C-J parameters for various explosi-
ble gas mixtures. 

As pointed out by Kuchta (1985) the detonation peak pressure for gaseous mixtures 
is approximately twice the maximum pressure for adiabatic constant-volume combus-
tion of the same mixture (absolute pressures). Kuchta also gave the following equation, 
which relates the C-J detonation front pressure ratio to the detonation front velocity VD: 

(4.91) 

Here, P, is the detonation front pressure, PI  is the pressure in the unreacted gas ahead of 
the detonation front, y 1  and y z  are the specific heat ratios of the unreacted gas mixture 
and the reaction products, and C1is the sound velocity in the unreacted gas mixture. 

As long as the reaction zone is very thin, as it is for many explosible gadair mixtures 
if the composition does not deviate too much from the stoichiometric one, the predicted 
C-J parameters agree with experiments within a few percent. However, when the com-
position approaches the limits of detonation, where the thickness of the reaction zone 
becomes significant, this is no longer the case. The C-J theory is concerned with only 
the initial and final states of the gas and not with the route from the one state to the other. 
Nettleton (1987) pointed out that, close to the limits of ability to detonate, the predicted 
C-J detonation velocities are significantly higher, by 20% or more, than those actually 
measiired. The discrepancies between predicted and measured pressures and densities 
of the flow just behind the shock front are also correspondingly large in such mixtures. 
Therefore, more-refined theories were required. 
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4.5.3.2 
The ZND-Theory 

The first significant steps toward explaining the details of how chemical reactions are 
initiated by shock compression and how the resulting energy is transferred to the flow 
of reaction products were taken independently by Zeldovich (1940), Neumann (1942), 
and Doring (1943). As pointed out by Nettleton (1987), the resulting original ZND 
model of gaseous detonations assumed that the leading shock wave generated a flow of 
the density and temperature required to initiate exothermic chemical reactions not far 
behind the shock (1-10 mm). 

However, Lee (1987) pointed out that the one-dimensional ZND structure of the det-
onation front in homogeneous gaseous or liquid explosiveshas been found to be unsta-
ble theoretically and the ZND structurehas in fact never been observed experimentally 
in self-sustainedgaseous detonations,which rather have a cellular structure.Lee proposed 
that the intense turbulence generated in the shear layers at the cell boundaries causesrapid 
mixing of unburned mixture and combustion products and therefore plays a main role 
in causing ignition just behind the leading shock. 

The need to account for the role of turbulencein detonationwave propagation was also 
emphasized by Davis (1987). By doing this, it may also be possible to describe DDT 
within a unified theory for turbulent flame propagation. 

4.5.3.3 
Dust Clouds 

Wolanski et al. (1984) were concernedwith the detailed structureof dust cloud detonation 
waves and developed a first-order model for the reaction zone, accounting for both two-
phase flow effects and wall losses. The flow in the reaction zone was assumed to be one-
dimensional and steady, the dust particles were assumed to be spherical and of the same 
temperatureas the surrounding gas. A simplifieddust combustion rate model was adopted, 
assuming a heterogeneousreaction. After tuning the constants of the model against exper-
imental pressure profile data from the detonationof wheat dusdair,the reaction zone pro-
files of particle and gas velocities, temperature, and density could be computed. The 
calculated detonation velocities were in good agreement with experimentalvalues. 

Kulikovskii (1987) discussed the existence of convergent cylindrical and spherical C-J 
waves in dust clouds. The theoretical analysis revealed that the ratio between two 
dimensionless parameters determines the influence of the particles on the detonation wave 
structure. The first parameter is the ratio of solid particle volume to total dust cloud 
volume; the second is the product of the mean curvature of the cylindrical or spherical 
wave and the characteristicparticle dimension.If the first parameter is much smallerthan 
the second, the particles have negligible influence. If, however, the first parameter is on 
the same order or greater than the second, the particles begin to play an important role 
by significantly altering the flow behind the C-J wave, and the range of its existence. 

In another theoretical investigation,Ishii (1983) analyzed the influence of the size dis-
tribution of the dust particle on the flow structurebehind a shock front passing through 
a dust cloud. Main conclusions were that the particle size distribution is important and 
that the assumption of monosized particles, which is often adopted in theoretical work, 
can lead to poor predictions if the size distribution is in reality comparatively wide. 
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Lee (1987) anticipated some operational problems in applying the C-J theory to dust 
clouds because of difficultiesin defining the relevant final states after compression and 
chemical reaction. The assumption of complete chemical equilibrium may differ sig-
nificantly from actual detonation wave characteristics. 

Wolanski (1988) also emphasized the complexity of the dust detonation wave, using 
coal dust as an example.The measured ignition delays are on the order of 10times those 
of premixed hydrocarbons. This indicates that release of volatiles from the particles is 
the rate-controllingfactor. Volatiles mix with the oxidizer gas and ignite as soon as they 
have been released. One cannot consider the induction period as consisting of two dis-
tinctly separable, consecutive steps, devolatilization and subsequent combustion of 
volatiles. It would be expected that a similar argument applies to dusts of natural and 
synthetic organic materials (see also Wolanski, 1987). 

Fan Bao-Chun and Sichel(l988) developed a comprehensivemodel of the structure 
of dust cloud detonations, comprisingboth the induction and the reaction zone, without 
separatingthe two. The oxidation of the particles was treated as a heterogeneoussurface 
reaction. Conductiveheat transfer within the particles, convectiveheat transfer between 
the particles, and the gas and reaction heat release within the particles were included in 
the model. However, because of lack of kinetic data, some constants in the model had 
to be estimated by fitting theoretical predictions to experimental data. Transverse cellu-
lar structure was not accounted for by the model. According to Fan Bao-Chun and Sichel, 
the existence of such structure in dust cloud detonations remains to be demonstrated. 

Fan Zhang (1989) investigateddetonationpropagationin maize starch/oxygenclouds in 
a horizontal tube of 140mm internal diameter and 17.4m length. The stoichiometriccon-
centration of maize starch in oxygen at 1 bar(abs) is 1110 g/m3.For an initial pressure of 
1 bar(abs), stable detonation was observed over the dust concentrationrange from 300 to 
9000 g/m3.The highest stable detonationvelocity of 1988m / s  occurred at 2000 g/m3,and 
the highest detonationpeak pressureof 66.9bar(abs) at 3000g/m3.The correspondingvalues 
at 300 g/m3were 1766m / s  and 35.8bar(abs),and at 9000 g/m3,1795d s  and43.4 bar(abs). 
Fan Zhang concluded, however, that the observed stable detonations could not generally 
be regarded as classical C-J detonations. This is because of the comparatively long total 
reactiontime, which makes the detonationpropagation dependent on the apparatus.Further 
works on detonationsin dust clouds are reviewed in Section 9.2.4.9 in Chapter 9. 
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Plate 5 High-turbulence maize starch explosion 
in 500 m3 bolted steel plate silo at Vaksdal, Norway, 
in April 7 982 (Photographer: A. M. Fosse, Vaksdal). 

I 
Plate 6 Experimental site outside Bergen, Norway, Plate 7 
with 236 m3 steel silo, dust injection system, and steel silo in Norway. 
instrumentation cabins. Enclosed winding staircase 
is along the silo wall to the left. 

Vented maize starch explosion in 236 m3 
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Plate 8 Maize starch explosion in 5.8 m3 experimental bag filter unit in Norway. Vent area is 0.1 6 m2. 
Static opening pressure of vent cover is 0.10 bar@). Maximum explosion pressure is 0.75 bar(g). 

I 
Plate 9 Silicon dust explosion in Plate 10 Ignition of a dust cloud in the Codbert-Creenwald 
the welding torch ignition test furnace. 
apparatus used in Norway. 



hapter 5 
nition of Dust Clouds and Dust Deposits: 

Further Consideration of Some 
Selected Aspects 

5.1 
WHAT IS IGNITION? 

The word ignitionis meaningful only when applied to substances able to propagate a self-
sustained combustion or exothermal decomposition wave. Ignition may then be defined 
as the process by which such propagation is initiated. 

Ignition occws when the heat generation rate in some volume of the substance exceeds 
the rate of heat dissipation from the volume and continues to do so as the temperature 
rises further. Eventually a temperature is reached at which diffusion of reactants controls 
the rate of heat generation, and a characteristic stable state of combustion or decompo-
sition is established. 

The characteristic dimension of the volume within which ignitiodno ignition is decided 
is on the order of the thickness of the front of a self-sustained flame through the mix-
ture. This is because self-sustained flame propagation can be regarded as a continuing 
ignition wave exposing progressively new parts of the cloud to conditions where the heat 
generation rate exceeds the rate of heat dissipation. A similar line of thought applies to 
propagation of smoldering fires in powder deposits and layers, as discussed in Section 
5.2.2.4. 

In the ignition process, the concepts of stability and instability play key roles. Thorne 
(1985) has an instructive, simplified outline of some basic features of the instability 
theory of ignition, which is rendered in the following section. In most situations, diffu-
sion, molecular as well as convective, plays a decisive role in the ignition process. 
Systems that can ignite may be characterized by a dimensionless number D,, the 
Damkohler number, which is the ratio of the rate of heat production within the system 
due to exothermic chemical reactions to the rate of heat loss from the system by con-
duction, convection, and radiation. Often D, is expressed as the ratio of two character-
istic time constants, one for the heat loss and one for the heat generation: 

0, = z,/z, (5.1) 

The influence of temperature on the rate of chemical reactions is normally described 
by the exponential Arrhenius law: 

k = f exp( -E/RT)  (52) 

where k is the rate constant,fis the preexponential or frequency factor, E is the activa-
tion energy. R is the gas constant, and Tis the absolute temperature. 
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In general, the chemical rate of a combustion reaction may be written 

R, = kCf"C:R (5.3) 

wherep + q =m is the order of the reaction, and C,and CORare the concentration of fuel 
and oxygen in the reaction zone. Where the fuel is nondepleting and q = 1, one gets 

R, = kCOR 

The rate of diffusion of oxygen from the surroundings into the reaction zone is 

(5.4) 

where D is the thermal diffusion rate constant and COSis the oxygen concentration in 
the surroundings. 

As the temperaturein the reaction zone increases, the thermal reaction rate increases 
according to equations (5.2) and (5.4), and apoint is reached where the rate is controlled 
by the diffusional supply of oxygen to the reaction zone. Then, Rc = R,, and the right-
hand sides of equations (5.4) and (5.5) are equal. Here, 

where 

p = kD/(k+ D )  

is called the Frank-Kamenetskii's overall rate constant, and k is as defined in equation 
(5.2). By introducing the heat of reaction Q, the rate of heat generation can, according 
to equation (5.6), be expressed as 

By inserting equation (5.2) into (5.7) and substituting for p in  (5.8), one gets 

QCOsDf exp(-EIRT) 
D+ f exp(-EIRT) 

RG= (5.9) 

The general expression for the heat loss from the system considered is 

RL = U ( T - To)", n 2 1 (5.10) 

where U and IZ are characteristicconstants for the system, Tis the temperaturein the reac-
tion zone, and Tothe ambient temperature. 

Figure 5.1 illustrates the stability and instability conditions in a system that behaves 
according to equations (5.9) and (5.10). Figure 5.1 reveals three intersections between 
the S-shapedRGcurve and the heat loss curve RL.In the figure,RLis a straight line, cor-
responding to n = 1, which applies to heat loss by conduction only. For convection, n is 
5/4 and for radiation 4. The upper (3) and lower (1) intersectionsare stable, whereas the 
intermediate one (2) is unstable. A perturbation in T at this point leads to either cooling 
to the lower intersection(1)or a temperaturerise to the upper intersection(3). If the heat 
loss decreases due to changes of the constants in equation (5.10), the heat loss curve RL 
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shifts to the right and the intersection points (1) and (2) approach each other and finally 
merge at the critical point of tangency (4). At the same time, intersection point (3),  
which determines the stable state of combustion, moves to higher temperatures. 

If e/ in equation (5.10) increases, another critical point of tangency (5 )is reached. If 
U increases further, ignition becomes impossible. 

If the temperature rise AT of the system described by Figure 5.1 is plotted as a func-
tion of the Damkohler number, as defined in equation (5-1),a stabilityhnstabilitydiagram 
as illustrated in Figure 5.2 is obtained.The intersection and tangency points (1)to ( 5 )in 
Figure 5.1 ape indicated. 

TEMPERATURE -
STABLE BURNING REGIME 

REGIME 

I
I I I I 

Oa = TL/TG = f (RG/RLl + 

Figure 5.1 Heat generated and heat loss as 
functions of temperature in the reaction zone. 
Explanations of features (7)-(5) are given in the 
text (From Thorne, 1985). 

Figure 5.2 Stability/instability diagram for a 
combustible system. The features of points 
(1)-(5) are explained in the text (From Thorne, 
1985). 

The lower branch in Figure 5.2 is stable and corresponds to a slow, nonflaming reac-
tion. The upper branch is also stable and corresponds to steady propagation of the com-
bustion or decomposition wave. The intermediate branch is unstable. The system 
temperature can be raised from the ambient temperature without significant increase in 
the reaction rate until the ignition point (2) has been passed. Then, the systemjumps to 



388 Dust Explosions in the Process Industries 

the upper stable flame propagation branch. On cooling, that is, increasing U, n, or both 
in equation (5.lo), the rate of reaction is reduced. However, the reaction continues right 
down to (5) in Figure 5.2, from which the system temperature drops to a stable condi-
tion in the extinguished regime. 

The scheme illustrated in Figures 5.1 and 5.2 is quite general and applicable to dif-
ferent types of systems. More extensive treatments of the general ignitiodcombustion-
stability theory were given, for example,by Gray and Lee (1967), Gray and Sherrington 
(1977), and Bowes (1981). The classical basis for this type of analysis was established 
by Semenov(1959) and Frank-Kamenetzkii (1969). The book by Bowes (1984) provides 
a unique, comprehensiveoverview of the field of self-heating and ignition, not the least 
in solid materials, including dust layers and heaps. 

Although the basic considerationsimplied in Figures 5.1 and 5.2 to some extent pro-
vide a satisfactory general definition of ignition, the precise theoretical definition has 
remained a topic of scientific discussion. One example is the dialoguebetween Lermant 
and Yip (1984, 1986) and Essenhigh (1986). 

5.2 

IN POWDER DEPOSITS 
SELF-HEATINGAND SELF-IGNITION 

5.2.1 
OVERVIEWS 

Bowes (1984) reported the state of the art of experimentalevidence and theory up to the 
beginning of the 1980s.Considerableinformationwas available,and theory for predicting 
self-heatingproperties of powders and dustsunder various conditions of storage had been 
developed. 

There were nevertheless some gaps in the quantitativeknowledge, one of which is bio-
logical heating. In vegetable and animal materials such as feedstuffs and natural fibers, 
self-heating may be initiated by biological activity, in particular if the volume of mate-
rial is large, its moisture content high, and the period of storage long. However, because 
the microorganisms responsible for the biological activity cannot surviveat temperatures 
above about 75"C,biological heating terminates at this temperature level. Further heat-
ing to ignition, therefore, must be due to nonbiologicalexothermic oxidation, for which 
theory exists. It is possible, however, that the long-term biological activity in a real 
industrial situation may generate chemically different starting conditions for further 
self-heatingthan the conditions establishedin laboratory test samples heated artificially 
to 75°C by heat from the outside. Further research seems required in this area. 

Starting with the extensive account by Bowes (1984), Beever (1988) highlighted the 
theoretical developments that she considered most useful for assessing the self-heating 
and ignition hazards in industrial situations. In spite of many simplifying assumptions, 
the models available appeared to agree well with experimental evidence. However, 
extrapolating over orders of magnitude, from laboratory scale data to industrial scale, 
was not recommended. Biologicalactivity was not involved in the self-heatingprocesses 
considered. See also Sections 9.2.3.3 and 9.3.5.2 in Chapter 9 for further references. 
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5.2.2 
§OME EXPE RIM ENTAL INVESTI GATIONS 

5.2.2.1 
lsoperibolic Experiments 

En the isoperibolic configuration, the outside of the dust deposit is kept at a constant tem-
perature while the temperature development at one or more points inside the deposit is 
monitored. The dust sample may either be mechanically sealed from the surroundings 
or air mxy be allowed to penetrate it, driven by the buoyancy of heated gases inside the 
dust sample or external overpressure or suction. 

Leuschke (1980,1981) conducted extensive experimental studies of the critical param-
eters for ignition of deposits of various combustible dusts under isoperibolic conditions, 
with natural air draught through the sample, driven by buoyancy. Figure 5.3 shows a plot 
of the minimum ambient air temperature for self-ignition of deposits of cork dust sam-
ples olf vardous shapes and sizes as a function of the volume-to-surface ratio of the sample. 
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Figure 5.3 
and shapes as a function of the volume/surface area ratio (From Leuschke, 1981). 

Minimum ambient air temperature for self-ignition of cork dust deposits of various sizes 

This correlation can be interpreted in terms of the critical Frank-Kamenetzkii pararn-
eter for self-ignition (equation (5.11) later), which was discussed extensively by 
Bowes (1984). Note that the abscissa scale in Figure 5.3 is linear with the logarithm 
of the volumehurface area, whereas the ordinate axis is linear with the reciprocal of 
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the temperature (K). Some further experimental results produced by Leuschke (1980, 
1981) are mentioned in Section 5.2.3.2. 

Hensel(1987), continuing the line of research initiated by Leuschke, investigated the 
influence of the particle size of coal on the minimum self-ignitiontemperature. Some of 
his results are given in Figure 5.4. 
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Figure 5.4 Influence ofparticle size of coal of28 wt% volatiles and 6.4 wt% ash on the minimum 
self-ignition temperature in a heated chamber for various sample volumes (From Hensel, 1987). 

The abscissa axis is linear with the reciprocal of the absolute temperature, which 
means that l / T ~ n= A  x log (sample volume) +B, where A and B are constants depend-
ing on the particle size. As shown by Hensel(1987), these data also gave linearArrhenius 
plots, from which apparent activation energies could be extracted using the Frank-
Kamenetzkii parameter: 

6 = Er2Qpf exp(-EIRT,)IR<'A (5.11) 

as the theoretical basis. Here E is the activation energy, R is the universal gas constant,f 
is the preexponential factor, r is the characteristic linear dimension of the dust sample, 
T, is the ambient temperature (temperature of the air surroundingthe dust sample in the 
furnace), Q is the heat of reaction per unit mass, p is the bulk density of the dust sample, 
and ilis the thermal conductivity of the dust sample. 

In a further contribution, Hensel (1989) confirmed that data of the type shown in 
Figure 5.3, for various sample shapes, could be correlated with a good fit using the 
Frank-Kamenetzkiiparameter (Equation (5.11)). The linear dimension r was defined as 
the shortest distance from the center of the powder sample to its surface. 

Heinrich (19Sl), primarily concerned with self-ignition in coal dust deposits, pro-
duced a nomograph from which the minimum ambient air temperature for self-ignition 
in the deposit could be derived from measured values for the same dust and bulk den-
sity at two different, known volume-to-surfaceratios. Although attractive from a prac-
tical point of view, extrapolatinglaboratory-scaledata to a large industrial scale may, as 
pointed out by Beever (1988), yield misleading results. 

Guthke and Loffler (1989) nevertheless proposed that reliable prediction of induc-
tion times to ignition in large scale can be obtained from activation energies derived 
from laboratory-scale self-heating experiments under adiabatic conditions. 
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5.2.2.2 
Dust Deposit on a Hot Surface at Constant Temperature 

Miron and Lazzara (1 988) determined minimum ignition temperatures for dust layers 
on a hot surface, for several dust types, using the method recommended by the 
International Electrotechnical Commission and described in Chapter 7. The materials 
tested included dusts of coal and three oil shales, lycopodium spores, corn starch, grain 
dust, and brass powder. For a few of the dusts, the effects of particle size and layer thick-
ness on the minimum ignition temperatures were examined. The minimum hot-surface 
ignition temperatures of 12.7 mm thick layers of these dusts, except grain dust and corn 
starch, ranged from 160°C for brass to 190°C for oil shale. Flaming combustion was 
observed only with the brass powder. The minimum ignition temperatures decreasedwith 
thicker layers and with smaller particle sizes. Some difficulties were encountered with 
the corn starch and grain dusts. During heating, the starch charred and expanded,whereas 
the grain dust swelled and distorted. The test was found acceptable for determiningthe 
minimum layer ignition temperature of a variety of dusts. 

Tyler and Henderson (1987) conducted a laboratory-scalestudy to determinethe min-
imum hot-plate temperatures for inducing self-ignition in 5-40 mm thick layers of 
sodium dithionitehnert mixtures. The kinetic parameters for the various mixing ratios 
were determined independently using differential scanning calorimetry (DSC) in both 
scanning and isothermal modes and by isothermal decomposition tests. This allowed 
measured minimum hot-plate temperatures for ignitionto be compared with correspond-
ing values calculated from theory, using a modified version of the Tyler-Jones computer 
simulation code. The code required no approximation of the temperature dependence, 
and reactant consumption was accounted for assuming first-order kinetics. 

Tyler and Henderson found that the minimum hot-platetemperatures for ignition were 
significantly affected by the airflow conditions at the upper boundary, as predicted by 
theory. This must be allowed for when interpreting or extrapolating experimental data. 
It was further found that the simple model of Thomas and Bowes can be used to inter-
pret experimental results, even when appreciablereactant consumption occurs. 

Henderson and Tyler (1988) observed that, for certain types of dust, different exper-
imental routes for the determinationof the minimum ignition temperature of a dust layer 
can lead to widely differingexperimentalvalues. For sodiumdithionite,experimentsstart-
ing at a high temperature and working down led to an apparent minimum ignition tem-
perature of nearly 400"C, compared to a value of about 190°Cwhen experimentsstarted 
at a low temperature, working up. The cause of this behavior was the two-stage decom-
position of sodium dithionite and the problems with preparing the dust layer on the hot-
plate fast enough for the first-stage temperature rise to be observable at high plate 
temperatures,in the range 350400°C. Similarbehavior may be expectedfrom some other 
materials. 

5.2.2.3 
Constant Heat Flux Ignition Source in the Dust Deposit 

As pointed out by Beever (1984), situations may arise in industry where hot surfaces 
on which dust accumulates should be described as constant heat flux surfaces rather 
than as surfaces at constant temperature. Beever mentioned casings of electric motors, 
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high-power electric cables, and lightbulbs that have become buried in powder or dust, 
as examples. Practical situations where the temperature of the hot surface is not influ-
enced by the thermal insulation properties of dust accumulationsmay, in fact, be com-
paratively rare. 

In her constant heat flux ignition experiments,Beever (1984) used samples of wood 
flour contained in a cylindrical stainless steel wire mesh basket of 0.8 m length and 0.1 
m diameter. The ignition source was an electrically heated metal wire coinciding with 
the axis of the basket. To generate differentratios of the radius of the central cylindrical 
hot surface and the thickness of the cylindrical dust sample, the heating wire was 
enveloped by ceramic tubes of different diameters. Some essential properties of the 
wood flour are given in Table 5.1. Here, E is the activationenergy of the exothermicchem-
ical reaction, R is the gas constant, Q is the heat of reaction, andfis the preexponential 
frequency factor. 

220 k 10 kg/m3 
1.275, I O 4  K 
0.346 kJ/mhK 

7.678 . 1Ozo Wm2 

Table 5.1 Properties of wood flour used in self-ignition experiments reported by Beever (1984) 

Figure 5.5 shows some of Beever's experimentalresults for a hollow cylindricalwood 
flour deposit surroundinga cylindricalhot-surface ignition source.A curve predicted from 
an approximatetheory is also shown. The agreement of the theoretical predictions,using 
a step-functionapproximationwith the experimentalresults, is reasonable, except when 
the radius of the hot surface is very small in relation to the thickness of the dust layer. 

-PREDICTEO FROM THEORY 
L 

e MEASURED EXPERIMENTALLY$ 
0 I i 

10-2 10-1 

RADIUS OF CYLINDRICAL HEAT SOURCE OR 
THICKNESS OF DUST LAYER 

Figure 5.5 
deposit (From Beever, 1984). 

Minimum heat flux for ignition of a centrally heated, infinitely long cylindrical wood flour 
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5.2.2.4 
Ignition of Dust Layers by a Small, Electrically Heated Wire Coil Source: 
Propagation of Smoldering Combustion in Dust Layers 

Leisch, Kauffman, and Sichel(l984) studied ignition and smouldering combustion prop-
agation of dust layers in a wind tunnel where the top surface of the dust layer could be 
subjected to a controlled air flow. 

The ignition source was a coil of 0.33 mm diameter platinum wire on a ceramic sup-
port. A constant power P was dissipated in the coil for a given period of time At, the dis-
sipated energy being Pat. Both P and At were varied systematically, and the minimum 
dissipated energy for ignition was determined as a function of dissipated power per unit 
area of the dust envelope in contact with the ignition source. Some results are shown in 
Figure 5.6. The points in Figure 5.6 are experimental results, whereas the dotted curve 
is the expected trend in the low-power end. The vertical dashed line indicates the value 
of power/area at which the rate of energy input is equal to the rate of heat loss from the 
layer. The experimental data in Figure 5.6 indicate that, for the higher values of 
Ipowedarea, more energy was needed to ignite the dust layer than in the lower range. 
According to Leisch et al., this is because, at the higher values of powedarea, the com-
bustion rate was limited by oxygen diffusion and therefore much of the heat transferred 
to the layer was lost by dissipation into the surroundings. At very low values of 

+.MAXIMUM POWERIAREA 
FOR IGNITION 

0 5 10 15 20 25 

POWER/AREA [W/crnZl 

Figure 5.5 Influence of dissipated power in a hot platinum wire coil, embedded in a layer of grain 
dust, per unit of area of the dust in contact with the coil, on the minimum dissipated energy required 
Sor initiating smoldering combustion in the dust layer. The thickness of the dust layer is 702 mm. The 
ignition source is located 12.7 mm below dust surface. No forced airflow travels past the dust sur-
face (From Leisch et al., 7984). 
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powedarea, represented by the expected dotted curve, much of the energy furnished to 
the layer was conducted away before the reaction rate had increased significantly. 

Leisch et al. (1984) also studied the propagation of smoldering combustion in layers 
of wood and grain dust. The studies revealed that the smoldering combustion wave had 
a definite structure and could be divided into four distinct regions. The initial part of 
the wave was characterized by discoloration of the unburned material due to pyrolysis. 
Pyrolysis occurred when the temperature of the unburned material reached a minimum 
value characteristic of that particular material. The pyrolysis products were gaseous 
volatiles and solid char. The volatiles escaped to the surroundings while the char 
remained in the layer, forming the second region of the combustionwave, the combustion 
zone. Oxygen from the atmosphere diffused into this zone, oxidizing the hot char, 
thereby releasing heat. In the case of forced airflow over the dust layer surface,the com-
bustion zone could contain a visibly glowing subregion. The products of the combus-
tion reaction were CO, COz,H,O vapor, and solid ash. If the combustion was incomplete, 
some unburned char also remained. The ash and any unburned char would then form 
the third region of the combustion wave. The final region of the combustion wave was 
termed the cavity. Only gases (air plus combustionproducts) were present in this region. 
However, it was shown to constitute an important part of the wave structure in the 
presence of forced airflow. Some results from the experimentsby Leisch et al. are given 
in Table 5.2, together with values predicted by using a numerical model developed by 
these authors. 

Table 5.2 
dust (pine) layers with results from experiments 

Comparison of results from numerical modeling of smoldering combustion in wood 

Property Experiment Model 
Combustion wave velocity (mm/s) 0.011 to 0.032 0.029 
Char temperature (K) 
Maximumtemperature in combustionzone (K) 
Reaction zone thickness (mm) 

Source: Leisch et al., 1984. 

The data in Table 5.2 refer to experiments with no forced airflow past the surface of 
the dust layer. With an airflow of 4 d s ,  the combustion wave velocity was in the range 
0.02-0.07 m d s ,  about a factor of 2 higher than without forced airflow. For grain dust 
layers, the combustion wave velocity was 0.0035-0.008 m m / s  without forced airflow and 
two to two and one half times higher for 4 m / s  airflow. These values are lower than those 
for wood dust by a factor of 3 or 4. 

5.2.2.5 
Heat Conductivity of Dust and Powder Deposits 

As Figure 5.1 illustrates, the rate of heat loss plays an important role in whether self-
heating results in self-ignition.The heat conductivity of the powder deposit is a central 
parameter in the heat loss process. It is of interest, therefore, to consider this property 
more closely.Table 5.3 gives some thermal data for dusts and powders published by Selle 
(1957). 
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Table 5.3 
dered form 

Specific heats and heat conductivities of some combustible materials in solid and pow-

Cork - 0.074 95 2.5 - I 0.033 
Brown coal 1 1.16** I 0.39 I 74 I 1.05 I 0.61 I 0.067 

*63 vol% pores in solid. 
**33 vol% pores in solid. 
***Depending on orientation of fibers. 
Source: Data from Selle, 1957. 

The heat conductivities in Table 5.3 for the powders, except for aluminum, are very 
low, and in fact lower than for air. Selle did not describethe method of measurement and 
further analysis of his data is not possible. 

However, in more recent years, John and Hensel(l989) developeda hot wire cell allow-
ing more accurate measurement of the heat conductivity of powder and dust deposits. 
The cell was a vertical cylinder of diameter about 50 mm and height about 200 mm. The 
heat sourcewas a straight, electrically heated resistance wire coinciding with the cell axis 
and generating a constant power. The temperature was measured as a function of time 
at a point in the powder midway between the hot wire and the cell wall. John and Hensel 
used the Fourier-type equation 

(5.12) 

for calculating the heat conductivity of the powder from two measured temperatures 
TI and T2at times tl and t,. Here, ilis the heat conductivity and q is the heat generated 
by the hot wire per unit time and wire length. This is a valid approach as long as the 
two measured temperatures are within a range where the temperature is a linear func-
tion of the logarithm of time. A set of data from measurements with this cell are given 
in Table 5.4. 

Faveri et al. (1989) presented a theory for the heat conduction in coal piles, using the 
following expression for the heat conductivity 1in a powder, developed for porous 
oxides by Ford and Ford (1984): 

a = asFi- (1-aa,/as)E~r[i+ (a - llE1 (5.13) 

where 

a =  3% 
us+ ag 
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Table 5.4 
from measurements in a hot wire cell, using equation (5.12) 

Heat conductivities of deposits of some combustible powders and dusts determined 

Source: john and Hensel, 1989. 

and A, and Agare the heat conductivity for the solid and gas, respectively,and E is the poros-
ity of the powder deposit (see Chapter 3). As long as A, >> Ag,equation (5.13)reduces to 

a =A,(I - + (5.14) 

If this equation is applied to Selle’s data in Table 5.3 for powdered sugar, the heat 
conductivity becomes 0.70 kJ/mhK, and for aluminum and sulfur,58 and 0.23 kJ/mhK, 
respectively.All these values are considerablyhigher than those given by Selle. For cork 
dust of porosity 0.95, assuming a value of 2.2 kJ/mhK for A, (same as for sugar), equa-
tion (5.14) yields the value 0.074 kJ/mhK, which is lower than for air and thereforemust 
be wrong. The reason is that the simplified equation (5.14) yields A = 0 for E = 1 ,  
whereas according to physical reality a =Ag.This requirement is satisfiedby the more-
comprehensive equation (5.13), which, when applied to the cork data, yields a value of 
0.16 kJ/mhK. This differsby only a factor of 2 from the experimentalvalue reported for 
cork dust by John and Hensel (Table 5.4).If John and Hensel worked with a significantly 
lower porosity than 0.95, this could explain the difference. 

Liang and Tanaka (1987b) used the following formula to account for the influence of 
temperature on the heat conductivity of cork dust: 

a = 6 . 4 5 ~ 4T +  0.1589 ( w ~ K )  (5.15) 

For T = 300 K, this gives A = 0.35 kJ/mhK, which is close to the experimental value in 
Table 5.4. For T = 500 K, equation (5.15) gives A = 0.48 kJ/mhK. 

Duncan, Peterson, and Fletcher (1988) reviewed various theories for the heat con-
ductivity of beds of spherical particles and compared predicted values with their own 
experimental results for 2.38 mm diameter spheres. They found that none of the theo-
ries tested was fully adequate. In particular, the experiments revealed that gas conduc-
tion in the pores between the particles had a significant and predictable effect on the bed 
conductivity. For a loosely packed bed of aluminum spheres, the experimentalheat con-
ductivity was 20 and 9 kJ/mhK in nitrogen at atmospheric pressure and in a vacuum, 
respectively. For aluminum and a porosity E of 0.35, equation (5.14) yields a bed con-
ductivity of about 400 kJ/mhK, which exceeds the experimental values substantially. 

Duncan et al. found that the heat conductivity of beds of aluminum spheres in nitro-
gen increased by a factor of 1.5-2.0 when the bed was exposed to a compacting pres-
sure of about 1 MPa. This effect, which was practically absent in beds of spheres of 
nonductile materials, is probably due to enlargement of the contact areas between the 
particles in the bed by plastic deformation. 
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It seems that a generally applicabletheory for reliable estimation of heat conductivi-
ties of powder deposits does not exist. Therefore, one must rely on experimental deter-
mination, such as by the method developed by John and Hensel(1989). 

5.2.3 
FURTHER THEORETICAL WORK 

5.2.3.1 
The B i d  Number 

The dimensionless Biot number is an important parameter in the theoiy of self-heating 
and self-ignition of dust deposits. It is defined as 

Bi = hrl A. (5.16) 

where h is the heat transfer coefficient at the boundary between the dust deposit and its 
environment; r is half the thickness, or the radius, of the dust deposit; and ilis its ther-
mal conductivity.The Biot number expresses the ease with which heat flows though the 
interface between the powder deposit and its surroundings, in relation to the ease with 
which heat is conductedthrough the powder.A Biot number of 0 means that the heat con-
ductivity in the powder is infinite and the temperature distribution uniform at any time. 
Bi = ~0 implies that the resistance to heat flow across the boundary is negligible com-
pared to the conductiveresistance within the powder. 

As pointed out by Bowes (1981) and Hensel(l989), the classical work of Semenov 
(1935) rests on the assumptionthat Bi=0, whereas Frank-Kamenetzkiiassumed Bi= a. 
Thomas (1958) derived steady-statesolutionsof the basic partial differentialheat balance 
equation for finite plane slabs, cylinders and spheres from which the Frank-Kamenetzkii 
parameter (equation (5.1I)) could be calculated for Biot numbers 0 < Bi < 00. 

Liang and Tanaka (1987) found that the fairly complex approximate relationships 
between the critical condition for ignition and the Biot number originally proposed by 
Thomas could be replaced by much simpler formulas based on the Frank-Kamenetzkii 
approximatesteady-statetheory. Improved accuracy was obtainedby adjusting the formulas 
to closer agreement with the more-exact generalnumerical solutions for a nonsteady state. 

5.2.3.2 
Further Theoretical Analysis of Self-Ignition Processes: Computer Simulatioii Models 

Liang andTanaka (1987b, 1988)used the experimentalresults of Leuschke (1980,1981) 
from ignition of cylindrical cork dust samples under isoperibolic conditions as a refer-
ence for comprehensivecomputer simulationof the self-heatingprocess in such a system. 
They assumed that heat did not flow in the axial direction, only radially, and arrived at 
the following partial differential equation for the heat balance, considering heat gener-
ation by zero-order chemical reaction and heat dissipationby radial conduction: 

(5.17) 

,where 
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r is the radial distance in cylindrical coordinates (m); 
p is the density of the sample (kg m-3); 
C is the specificheat of the sample (J kg-' IC1); 
13is the storage time (h); 

Q is the heat of the reaction (J kg-l); 
f i s  the frequency factor of chemical reaction rate (kg m-3 h-l); 
E is the activation energy (J mol-l); 
R is the universal gas constant (J mol-' K-l); 
Tis the temperature (K). 

To compare predictions by equation (5.17)with the data from Leuschke (1980,1981) 
for cork dust, the appropriateboundary conditionshad to be specified, including a com-
bined heat transfer coefficient of heat dissipationby natural convection and radiation from 
the cylindrical wall of the cork dust sample. Temperatureprofiles of cylindricalcork dust 
samples at any time could then be calculated at various ambient temperatures by solv-
ing equation (5.17)using the finite element method. The predicted radial temperature dis-
tributions at any time, the minimum self-ignition temperature, as well as the induction 
time to ignition, for various sample sizes, agreed well with the experimentaldata reported 
by Leuschke (1981), except at extremely high ambient temperatures. 

ilis the thermal conductivity of the sample (J m-' h-' K-' 1; 
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Figure 5.7 Temperature distributions in a cylindrical cork dust sample of diameter 0.16 m just 
before ignition (solid lines) and just after (dashed lines), for three different ambient air temperatures 
T,  using theoretical predictions by Liang and Tanaka (7987b). 

Figure 5.7 gives a set of predicted temperature profiles for cork dust samples of 0.16 
m diameter, at three different ambient air temperatures. The predictions were in good 
agreement with the corresponding experimental data reported by Leuschke (1980,1981). 

At very low ambient air temperatures, close to the minimum for ignition (about 412 K 
for the 0.16 m diameter sample), ignition starts at the sample axis; whereas at high tem-
peratures, it starts at the periphery. This is also in complete agreement with the experi-
mental findings of Leuschke (1980). 
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Figure 5.8 Dependence ofminimum self-ignition temperature for cylindrical cork dust samples on 
sampl'e volume, using experimental data from Leuschke (198 1 )  and computer simulation results 
from Liang and Tanaka (1987b, 1988). 
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Figure 5.9 Influence of dust sample volume and ambient air temperature on the induction time to 
self-ignition of cylindrical deposits ofcork dust. Ta,mjnis the minimum ambient air temperature for self-
ignition, using computer simulation results (From Liang and Tanaka, I987b). 

Figure 5.8 shows the minimum self-ignition temperature as a function of sample 
volume for cylindrical cork dust samples, as determined experimentally by Leuschke 
(1981) and by computer simulation by Liang and Tanaka (1987b, 1988). 

Figure 5.9 shows the increaseof the induction time to ignition (i.e., the time from intro-
ducing the dust sample into air of temperature T, to ignition of the sample) with increas-
ing sample volume and decreasing T,. 

Leuschke (1981) provided no data for cork dust correspondingto the simulationresults 
in Figure 5.9. However, he gave a set of experimental data for another natural organic 
dust, which exhibit trends that are very close to those of the results in Figure 5.9. 
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The induction time to ignition is an important parameter from the point of view of 
industrial safety, because it specifies a time frame within which precautions may be 
taken to prevent self-ignition. This, in particular, applies to large volumes at compara-
tively low ambient temperatures, for which the induction times may be very long. 

The finite elementcomputer simulation approach offers a possibility for analyzing self-
ignition hazards in a wide range of other geometrical configurations than cylinders. Dik 
(1987) proposed the use of the thermal impedance method for numerical prediction of 
critical conditions for self-ignition for various boundary conditions. 

Adomeit and Henriksen (1988) developed a computer model addressing the same 
problem as the model used by Tyler and Henderson (1987), that is, simulation of self-
ignition in dust layers on hot surfaces. It was assumed that the combustion was controlled 
mainly by homogeneous gas phase reactions, following an initial step of pyrolysis of the 
solid fuel. The system described by the model is composed of three zones, as illustrated 
in Figure 5.10. 

HOT GAS/DUST 
SURFACE INTERFACE 

DUST DEPOSIT 

X 

x = -6 x = o  

Figure 5.1 0 System described by the computer simulation model for self-ignition of dust layers on 
hot surfaces, where Y,, and Y,, are the mass fractions of fuel and oxidizer in the gas phase, T is the 
gas temperature, 6 is the thickness of the gas layer,and x is the distance from the dudgas interface 
(FromAdomeit and Henriksen, 1988). 

The model implied the following overall picture of the various steps in the ignition 
process: 

1. A thin gas layer forms close to the hot surface due to initial pyrolysis of the dust. The 
temperature of dust closest to the hot surfacereduces due to thermal insulationby the 
gas. 

2. At a given minimum gas layer thickness, a homogeneous gas phase reaction starts in 
a rich premixed zone close to the hot surface. 

3 .  A second diffusion flame zone forms between the burning premixed zone and the hot 
surface, receiving fuel via further pyrolysis caused by the rich primary burning zone. 

4. The diffusion flame dies due to lack of an oxidizer, dropping the pyrolysis rate due 
to cooling by extinguishing gas. 

5. The premixed flame close to dust/gas interface stabilizes. 
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This model seems to address the case of comparatively high hot-surface temperatures 
and thin dust layers. Self-ignition in comparatively thick dust layers resting on hot sur-
faces of quite low temperatures often occurs inside the layer rather than at the hot surface. 

Beever (1984) applied the classical self-ignition theory to a dust deposit exposed to a 
hot surface at constantheat flux boundary conditions.She adoptedthe step-functionapprox-
imation devisedby Zatwska (1978) and found good agreementbetween values of the crit-
ical Frank-Kamenetzkiiparameter for ignition calculated by the approximate theory and 
values obtained analyticallyby Bowes, for self-heatingin a plane dust slab with constant 
heat flux on one face. As shown in Section 5.2.2.3, Beever also found good agreement 
between the predicted minimum heat flux for ignition and experimental results for cylin-
drical dust deposits heated by an internal concentric cylindrical constant flux heat source. 

Leisch et al. (1984) were interested primarily in the propagationof a one-dimensional 
smoldering combustionwave in a dust layer. They obtained a numerical solution of the 
conservation equations for this process in good agreement with experimental results 
(see Section 5.2.2.4). The theoretical model also gave temperature and density profiles 
within the combustionwave similar to those observedexperimentally. Further works on 
modeling are reviewed in Sections 9.2.3.3 and 9.3.5.2 in Chapter 9. 

5.2.4 
APPLICATIOhIS TO DIFFERENT POWDEWDUST TYPES: 
A BRIEF LITERATURE SURVEY 

5.2.4.1 
Coal Dust 

Elder et al. (1945) studied the relative self-heating tendencies of 46 different coal sam-
ples of particle sizes finer than 6 mm, using an adiabatic calorimeter and a rate-of-
oxygen-consumptionmeter. They found that 

0 The self-heating tendency increased with decreasing coal rank. 
0 The self-heatingtendency increased with storage temperature. 
0 The self-heatingtendency decreased with increasing preoxidation of the coal prior to 

0 The rate of heat generation due to oxidation was proportional to the vol% oxygen in 

0 The rate of heat generation due to oxidation was proportional to the cube root of the 

0 Increasing the ash content in the coal decreased the self-heatingtendency. 
0 An appreciable moisture content in the coal decreased the self-heatingtendency. 

Guney and Hodges (1969) reviewed the various experimentalmethods used up to that 
time for determining the relative self-heating tendencies of coals. They concluded that 
only isothermal and adiabatic methods would give consistent results. Shea and Hsu 
(1972)used an adiabaticmethod for studying self-heating of various dried coals and petro-
leum cokes at 70°C in atmospheresof oxygen or nitrogen saturated with water vapor or 
in dry oxygen. In a completely dry system, there was no appreciable self-heating,even 

the test. 

the air in contact with the coal, raised to the power of 2/3. 

specific surface area of the coal. 
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in pure oxygen. The absorption of water from humid atmospheres by dry carbonaceous 
materials was the major origin of the primary temperature rise from 70°C to 90°C. 

Chamberlain and Hall (1973) discussed the various chemical and physical properties 
of coals that influence their oxidizability. Continuous measurement of gases produced 
during the oxidation process showed that carbon monoxide gives the earliest indication 
of spontaneous heating. 

Heinrich (1981) provided a nomograph from which minimum ambient air tempera-
tures for self-ignition in coal dust deposits may be determined from laboratory-scale mea-
surements of the minimum self-ignition temperatures for two powder samples of different 
volume to surface ratios (see also Section 5.2.2.1). 

Heemskerk (1984), using both isothermal and adiabatic test methods, investigated 
the relationship between the rate of self-heating in coal piles and the oxygen content 
in the atmosphere in the range 0-20 vol% oxygen. A systematic decrease of the self-
heating rate with decreasing oxygen content was found. Addition of sulfuric acid and iron 
salts to coal piles stimulated self-heating. Smith, Miron, and Lazzara (1988) investigated 
the effectiveness of 10 additives, applied as solutions in water, to inhibit self-heating in 
deposits of a coal of high self-ignition potential, using an adiabatic heating oven. Sodium 
nitrate, sodium chloride, and calcium carbonate were found to be the most effective 
inhibitors, whereas sodium formate and sodium phosphate stimulated the self-heating 
process. 

Enemoto et al. (1987) studied the process leading to a fire in a new bag house installed 
with a cyclone separator in a pneumatic transport system for pulverized coal. By using 
classical Frank-Kamenetzkii-type theory and appropriate values for the thermal con-
ductivity of the very fine coal dust (2.3 pm) and the kinetic parameters, it was confirmed 
that the fire was most probably caused by self-ignition in a dust deposit in the bag 
house. 

Bigg and Street (1989) developed a mathematical computer model for simulation of 
spontaneous ignition and combustion of a bed of activated carbon granules through 
which heated air was passed. The model simulated the temporal development of tem-
perature and gas species concentration. The model was validated against the experi-
mental data of Hardman, Lawn, and Street (1983) and good agreement was found. 

Brooks, Svanas, and Glasser (1988) formulated a mathematical model for evaluating 
the risk of spontaneous combustion in coal stock piles, using a personal computer. The 
model predicts expected trends with changes in various parameters, but comprehensive 
validation against experiments was not reported. 

Tognotti, Petarca, and Zanelli (1988) studied self-ignition in beds of coal particles 
experimentally, using various cylindrical-shaped beds of diameters 17-160 mm and 
heights 10-80 mm. Theoretical thermal ignition models were used to interpret and 
extrapolate the data from the small-scale experiments. Results from additional isother-
mal experiments were compared with the small-scale ignition tests. The boundary con-
ditions (Biot number) played an important part in deciding whether ignition would 
occur. 

Takahashi et al. (1989) simulated the temperature rise with time in a coal deposit due 
to spontaneous oxidation, using a numerical computer model. The maximum temper-
ature occurred at the center of the bed when the oxygen concentration inside the bed 
was not reduced due to the oxidation reaction, whereas it occurred near the bed surface 
when the oxygen concentration in the bed decreased due to the consumption. The rate 
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of temperaturerise was affected significantlyby the activation energy and frequency factor 
of the coal oxidation. Measurement of the moisture absorbed on the oxidized coal sam-
ples showed that the loss in mass due to oxidation increased markedly at temperatures 
above 120°C.By assuming that the limiting temperature for significant self-heating in 
coal storageis 12O"C, a maximum permissible size of stored coal depositto prevent self-
ignition was estimated for various types of coal. 

Hensel(1988) was concerned with a similar problem, predicting maximum permissi-
ble storage periods for large coal piles. He extrapolated empirical laboratory-scalecor-
relationsbetween the volume/surface area ratio of the dust deposit and the induction time 
to ignition.An induction time of 10years was predicted for some 20-.year-old,large coal 
piles in Berlin, in which self-ignitionhad been observed repeatedly over the last years. 
By extrapolatingthe laboratory-scaledata, Hensel also confirmedthat the size of the actual 
coal piles was larger than the maximum permissible size for preventing self-ignitionat 
average ambient air temperatures in the Berlin region. 

5.2.4.2 
Natural Organic Materials 

Raemy and Loliger (1982) used a heat flow calorimeterfor studying the thermal behav-
ior of cereals above 20°C. When the sampleswere heated in sealed measuring cells, strong 
exothermic reactions were observed at about 170°C. These reactions were attributed 
mainly to carbonizationof the carbohydratesin the cereals. Raemy and Lambelet (1982) 
conducted a similar heat flow calorimetric study of self-heating in coffee and chicory 
above 20°C. 

In a study of the thermal behavior of milk powders, Raemy, Hurrel, and Loliger (1983) 
used both heat fl.owcalorimetry and differentialthermal analysis. They found that four 
main types of reactions are involved in the thermal degradation of milk powders. In order 
of increasing temperature, they are crystallizationof amorphous lactose, Maillard reac-
tions, fat oxidation, and lactose decomposition. 

Self-ignition properties of fish meals were studied by Alfert and coworkers at CMI, 
Bergen, Norway, by storing the samples, supported by metal gauze blaskets, in air at con-
stant temperatures in the range 100-250°C. Some results were reported by Hostmark 
(1989).For 1-and 2-liter samples,the minimum ambient airtemperaturesfor self-ignition 
were 140 and 13O"C,respectively. The corresponding induction times to ignition were 
5-6 and 8 hours. At ambient air temperatures exceeding 20O-24O0C, the dust samples 
ignited close to the surface after induction times on the order of 2 hours (see trend in 
Figure 5.7.) 

5.2.4.3 
Corrosion of Direct-Reduced Iron 

Birks and Alabi (1986, 1987, 1988) were concerned with the special problem of self-
ignition in piles of direct-reducediron when exposed to water. The problem arose because 
direct-reduced iron is stored and transported in charges of considerable size, and it had 
been observed that the bulk material has a tendency to oxidize to an extent leading to 
self-ignition.Bilrks and Alabi investigated the various chemical reactions operating when 
direct-reduced iron reacts with water and the oxygen in the air. 
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5.2.4.4 
Self-Ignition in Dust Deposits in Bag Filters in Steel Works 

This problem was studied by Marchand (1988).Two specific cases were discussed to illus-
trate how hot spots and smoldering combustion can develop in fabric filter plants in steel 
works. The cause of accumulation of deposits of very fine dust fractions in the clean sec-
tion of some filters and the various possibilities of ignition were analyzed. The dusts in 
question contained a large fraction of combustible material, including carbon, various 
organic compounds, and metallic iron. The typical ignition sources were burning metal 
droplets expelled from the molten metal and conveyed to the filter. 

5.3 
IGNITION OF DUST CLOUDS BY ELECTRIC SPARK 
DISCHARGES BETWEEN TWO METAL ELECTRODES 

5.3.1 
HISTORICAL BACKGROUND 

Holtzwart and von Meyer (1891) were probably the first scientists to demonstrate that 
dust clouds could be ignited by electric sparks. They studied the explosibility of brown 
coal dusts in a small glass explosion vessel of 50 cm3capacity, fitted with a pair of plat-
inum electrodes, between which an inductive spark could pass. 

A few years later Stockmeier (1899), who investigated various factors affecting the 
rate of oxidation of aluminum powder, was able to demonstrate that aluminum dust, 
shaken up in a glass bottle, ignited in the presence of an electric spark. 

Since the publication of these pioneering papers, numerous contributions to the pub-
lished literature on the spark ignition of dust clouds have been produced. Indeed, they have 
confirmed that ignition of dust clouds by electric discharges is a real possibility and the 
cause of many severe dust explosionsover the years, in mines as well as in industrialplants. 

5.3.2 
THE OHMIC RESISTANCE OF A SPARK CHANNEL 
BETWEEN TWO METAL ELECTRODES 

Ohm's law can be applied to a spark channel just as to any other current-carrying con-
ductor. However, the resistance per unit length of channel is not a constant but depends 
on the extent to which the gas in the gap between the electrodes is ionized. This in turn 
depends on the energy dissipation in the gap per unit time, which determines the tem-
perature in the ionized zone. If equilibrium has been established, one would, for a given 
gas at a given temperature and pressure, expect a consistent relationship between the gap 
resistance per unit length and the current flowing through the gap. This has been inves-
tigated for air at atmospheric pressure and normal temperature by several workers, as 
summarized in Figure 5.11. 
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Figure 5.1 1 Spark gap resistance R, as a function of spark current I ,  for capacitive spark discharges 
across a 2 mm spark gap in air at normal pressure and temperature (Data from Aakre, 1980). 
Comparison with data for shorter gaps from Rose ( I  959) andlohannsmeyer ( 1  9841, and for a 3 mm 
gap from Figure 7.37 (in Chapter 7). I, is the length of the spark gap in mm. 

If it is assumed that the spark resistance for a given current is proportional to the 
spark gap length, the data from Rose (1959) for a 1.1 mm gap length should be shifted 
upward by a factor of 1.8 and the data from Figure 7.37 in Chapter 7 downward by a 
factor of 1.5.The gap length for Johannsmeyer’s(1984) data is not known, but it is shorter 
than 2 mm. It therefore seems as all the data tend to group reasonably well around the 
data from Aakre (1980), if adjusted to a gap length of 2 mm. 

The empirical correlation of all the data in Figure 5.11 yields 

(5.18) 
Normally, the ohmic energy dissipationE, in the spark gap, often called the net spark 

energy, is determinedexperimentallyby simultaneousmeasurementof the spark current 
1,and the spark gap voltage V,as functions of time during the discharge,and subsequent 
calculation using the equation 

(5.19) 
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However, assuming that Ohm's law is valid at any time, 

V,= R, I, 

and substitution of (5.18) into (5.20) yields 

y = 40 1,I ; ~ . ~ ~  

which, when substituted into (5.19), gives 

E, = 40 2,rZ:54dt 

(5.20) 

(5.21) 

(5.22) 

This equation offers a possibility for determining the ohmic energy dissipation in the 
spark gap, that is, the net spark energy, by measuring the spark current Z,(t) only. Figure 
5.12 shows a correlation of net spark energies determined from equations (5.19) and 
(5.22), using the experimental data from Aakre (1980). As can be seen, the agreement 
is within a factor of 2 for E > 0.1 mJ. It remains to be seen whether equation (5.18) is a 
reasonable approximation even outside the range covered by the data in Figure 5.11. 

Equations (5.18) and (5.20) can also be used to express E, as an integral of V,instead 
of I,. 

10-2 l o - '  1 10 102 
E 9 = f 1 (V. I1 [mJI  

Figure 5.1 2 Correlation between spark energies E l  determined from simultaneousmeasurement of 
spark gap voltage V, and spark current Is, as functions of time, and energies E2 determined from the 
spark current measurements only, using the empirical correlation of  spark current and spark resist-
ance per unit length of spark gap in Figure 5. I I .  
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5.3.3 
lNFLUENCE OF SPARK DISCHARGE DURATION ON THE MINIMUM 
ELECTRIC SPARK IGNITION ENERGY FOR DUST CLOUDS 

5.3.3.1 
Displacement of Dust Particles by Blast Wave from Spark Discharge 

The strong influence of the spark discharge duration on the minimum spark energy for 
ignition of dust clouds was probably first discoveredby Boyle and Llewellyn (1950).They 
were able to demonstratethat the minimum capacitor energy l/2CV2,C being the capac-
itance and V the initial capacitor voltage, capable of igniting clouds of various powders 
in air decreased quite considerably when a series resistance was introduced in the dis-
charge circuit. Some results obtainedby Boyle and Llewellyn are shown in Figure 5.13. 

0.4 
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90% < 76 pm GRANULAR ALUMIN 

10 10' i o 3  IO4 105 106 

SERIES RESISTANCE IS21 

Figure 5.1 3 Resulb fromignition of dust clouds by capacitivesparks, using an additionaiseries resist-
ance in the discharge circuit (Data from Boyle and Llewellyn, 1950). 

As can be seen, the minimum 'lzCV2for ignition decreased by a factor of about 10 
both for granular aluminum and magnesium, when a series resistance of 104-105Q was 
added to the discharge circuit. Similar trends were also found by these workers for dust 
clouds of ferromanganese, zinc, silicon, and sulfur. 

Boyle and Llewellyn expressed their results in terms of stored capacitor energy '/2CV2. 
However, a large series resistance in the spark dischargecircuit, during discharge, absorbs 
a significant fraction of the capacitor energy, so that the energy delivered in the spark 
gap is considerably lower than l/2CV2.This fractionhas been determined experimentally 
by various workers, as shown by Eckhoff (1975). From independent investigations, it 
can be concludeld that, with the capacitances used by Boyle and Llewellyn and using a 
series resistance in the range 104-107 Q, the net spark energies were only on the order 
of 5-10% of the stored capacitor energy l/2CV2. 

This, in turn,means that, in the experiments of Boyle and Llewellyn, an inclusion of 
a series resistance of 104-105Q in the discharge circuit reduced the minimum net spark 
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energy for ignition to only 1%, or perhaps even less, of the energy required without addi-
tional series resistance. 

In a later investigation, Line, Rhodes, and Gilmer (1959) ignited steady-state wall-free 
and wall-confined 25 mm and 50 mm diameter columns of lycopodium spores in air by 
electric sparks. Some results for 25 mm columns are shown in Figure 5.14. 
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Figure 5.14 Frequency of ignition of a 25 mm diameter stationary column of 80 g/m3of lycopodium 
in air, as a function of capacitor energy, showing the effect of wall confinement and additional series 
resistance in the discharge circuit (Data from Line et al., 1959). 

As can be seen both for wall-free and confined dust columns, the stored capacitor ener-
gies required for producing a given probability of ignition decreased roughly by a factor 
of 10 if a series resistance of lo5Q was included in the discharge circuit. Both the order 
of magnitude of the decrease and the order of magnitude of the series resistance giving 
this maximum decrease agree with the corresponding figures found by Boyle and 
Llewellyn for other powders. 

Line et al. attributed the dramatic influence of spark discharge time to decreasing the 
disturbance of the dust cloud by the blast wave from the spark discharge as the discharge 
time increased and the spark energies decreased. In the case of high stored capacitor ener-
gies and short discharge times, using high-speed filming, they were able to observe the 
formation of a dust-free zone around the spark before ignition got under way. 

Smielkow and Rutkowski (1971) conducted an independent study of the influence of 
spark discharge duration on the minimum ignition energy of dust clouds. As in the work 
of Line et al. (1959), the spark discharge duration was increased by either adding a very 
large series inductance (0.1-1.0 H) or a large series resistance (0.45-0.90 MQ). 
Reductions in the minimum ignition energies (1/2CV2)on the order of a factor of 10 was 
observed, as by Line et al. 

Eckhoff (1970) conducted further studies of the ignition of clouds of lycopodium 
spores in air by capacitor sparks of comparatively high energies and short discharge times. 
Some results are given in Figure 5.15. 

The results in Figure 5.15 are in accordance with those for no wall and no series resist-
ance in Figure 5.14. Even with spark energies of nearly 10 J, the frequency of ignition 
is lower than 100%.The most probable reason for this is that there is a “knife edge” com-
petition between the heat transfer from the spark to the surrounding dust, which promotes 
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Figure 5.1 5 Probability of electric spark ignition of clouds oflycopodium in air as a function of dust 
concentration, for three different spark energies. Spark discharge duration is 5- 10 ps.External circuit 
resistance is 0.01 a. Circuit inductance is 2 pH. Spark gap length is 2.7 mm (From Eckhofi, !970). 

ignition, and the mechanical separationof the dust from the hot spark kernel by the blast 
wave, which counteractsignition.The results in Figure 5.14 even show a drop in the fre-
quency of ignition as the spark energy increasesfrom 1J to 3 J. Eckhoff and Enstad (1976) 
demonstrated that the blast wave from capacitive discharges of durations on the order of 
1 ys and energies of 100-200 mJ, could push a 4 x 5 mm paper penclulum, supportedby 
thin threads, an appreciable distance from the spark. The results are given in Table 5.5. 

Table 5.5 
itive spark discharges (initial distance between paper and spark gap Is 1 mm) 

Displacement distances of a 4 x 5 mm paper pendulum due to blast waves from capac-

Source: Eckhoff and Enstad, 1976. 

Table 5.5 clearly demonstrates that as the spark energy increased beyond 100 mJ, the 
displacement of the paper by “short” sparks was appreciable. On the other hand, as the 
spark energy decreased below 10 mJ, the displacement was practically negligible even 
for the “short” sparks, which means that the minimum ignition energy may not neces-
sarily increasewith decreasingdischarge durationin the range of low spark energies below 
10 mJ. This was confirmed by the results of Parker, discussed later. However, first, the 
theoretical analysisby Enstad (1981) of the interferenceof the blast from a “short” spark 
discharge with the surrounding dust particles is outlined. Enstad made the following 
assumptions: 
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The spark discharge time is very short, less than 0.1 ps for a 1J spark and less than 
0.01 ,us for a 1 mJ spark. This means that the spark discharge is completed before any 
significant expansion of the hot gas has taken place. 
The maximum temperature (i.e., the temperature immediately after completion of 
the very short heating period and prior to the onset of the subsequent expansion of 
the hot gas) is estimated at 60,000 K, based on the peak temperature of 50,000 K 
in a 2 ps,  1J spark found experimentally by Krauss and Krempl(l963). 
The initial spark is spherical;the rapid expansion of the hot gas sphere to ambientpres-
sure, following the discharge, is adiabatic; and a rectangular radial temperature dis-
tribution in the hot gas is maintained throughout this process. The equation of state 
for ideal gases and the expressions C, = 5l2R and Cp/Cv= 1.5 apply. 
After completion of the rapid expansion, the hot gas is cooled to ambient tempera-
ture by heat conduction into the surrounding gas. This process, involving diffusion 
of both heat and mass, is described by the equation 

-au = .3{$+;%---} 2 au 
ae (5.23) 

where u is a dimensionless function of the spark temperature, x is a dimensionless 
expression of the distance from the spark center, and 8is a dimensionless expression 
of the time. 
The upward movement of the hot gas due to buoyancy is neglected. 
The radial distribution of gas pressure is assumed rectangular throughout the super-
sonic expansion of the hot gas to ambient pressure. 
The particles are first accelerated by the extremely rapid passage of the shock front 
through the particle and by the rapid outward flow of expanding gas following the 
shock front. At a certain point, the particle velocity, because of the inertia, overtakes 
the gas velocity; and from this stage on, the particle velocity gradually decreases. 
Depending on the Reynolds number, Re, either the laminar drag 

24 P 2K,-*-V A
Re 2 (5.24) 

or the turbulent drag 

(5.25)P 2K,  =-V Ap
2 

acts on the particles during the acceleration as well as during the subsequent retarda-
tion process. 

The theoretical treatment by Enstad confirmed that a dust-free zone, separating the 
dust cloud from the hot gas core, may in fact be established. As an example, the theo-
retical results for a “short” 1.5J spark discharge in a cloud of lycopodium in air are sum-
marized in Figure 5.16. The distance of a dust particle from the spark center is given 
as a function of the time after spark discharge and the initial position of the particle. 
Beyond a given instant, depending on the initial particle position, the particle to spark 
center distance decreases with time. This is because, beyond this point, the settling 
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velocity of the particles in quiescent air (=2 c d s  for lycopodium)dominate,and the par-
ticles above the spark approach the hot gas core. 
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Figure 5.1 6 Summary of theoretical prediction of positions of dust particles and radius of the hot 
gas kernel following a ”short” discharge ofa 1.5J electric spark in a cloud of lycopodium in air (From 
Ensrad, 19811. 

The 1000 K and 700 K radii of the hot gas sphere as functions of time are also given 
in Figure 5.16. The minimum ignition temperature of lycopodium clouds in air at 
atmospheric pressure, as determined in the standard Godbert-Greenwald furnace, is 
about 700 K. From Figure 5.16, it therefore follows that a dust-free, cool zone, sepa-
rating the dust cloud from the incendivepart of the hot gas core, is gradually formed from 
100 ps  after the spark discharge and onward, making ignition impossible. Figure 5.16 
indicates that, from less than 1ps to about 100ps after the spark discharge, particles with 
initial positions 2 to 5 mm from the spark center are trapped in the spark. However, this 
is unlikely to cause ignition, because the induction period for “long” spark ignition of 
lycopodium clouds in air, as shown by high-speed photography by Line et al. (1959), is 
on the order of 1ms. 

It is of interest to note that the radius of the dust-free zone 2 ms after spark discharge, 
as predicted by Figure 5.16, is in close agreement with the experimentalvalue of about 
10 mm found by Line et al. (1959) for the same spark energy, type of dust, and instant 
after spark disch.arge. 

The Schlieren flash photograph of a rising hot spark kernel in Figure 5.17 may sug-
gest that Enstad’s assumption, that the buoyancy of the spark kernel can be neglected, 
may not be entirely valid. 
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Figure 5.1 7 Open-shutter Schlieren flash photo of rising hot spark kernel following an electric spark 
discharge in a cloud of lycopodium in air. Spark energy is 4.3 mJ. Spark discharge duration is 28 p. 
The delay from initiation ofspark discharge to flash is 500 p. Spark gap width is 4 mm. Electrode diam- 
eter is 0.5 mm. The luminous spark image is due to self-radiation during the discharge 472-500 p 
before the Schlieren flash. The discharge did not ignite the dust cloud, but some individually burning 
dust particles are visible just above the luminous spark channel (Courtesy of S. J. Parker). 

5.3.3.2 
Optimum Spark Discharge Duration for Ignition 

A specific study of this aspect was performed by Matsuda and Naito (1983). For 
lycopodium and <lo5 pm cork dust in air, they found the lowest minimum ignition 
energies for spark durations in the range 0.1-1 .O ms. 

The current in an overdamped R-C-L series discharge circuit, after an initial rapid rise 
to its maximum value, is given by the equation 

I = -exp(-t/RC) v, 
R (5.26) 

where V, is the initial capacitor voltage, R is the total circuit resistance, C is the capac- 
itance, and t is the time. By defining the discharge duration as the time required for the 
current to decrease to 1% of the initial value at t = 0, equation (5.26) yields 

t =4.6*RC (5.27) 

The values of R and C that gave the most incendiary sparks in the investigation by Boyle 
and Llewellyn (1950) and Lines et al. (1959) indicate that the lowest minimum ignition 
energies were found for discharge durations in the rate 0.1-1 .0 ms. Furthermore, the opti- 
mum duration appeared to decrease with decreasing minimum net spark ignition energy. 

The influence of discharge duration on the minimum electric spark ignition energy of 
dust clouds was studied systematically by Parker (1985). He used a method of electric 
spark generation by which the energy and duration of the unidirectional spark discharges 
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Figure 5.1 8 Minimum electric spark ignition energies of approximately 5% probability of ignition 
for four powders as functions of spark discharge duration, as determined by Parker ( 1  985). Electric 
energy ofsparks is from CMI-spark generator, as a function of spark discharge duration (From Eckhofi, 
1975). 

could be varied independently in a controlled manner. Parker investigated four different 
dusts in air, and the results are summarized in Figure 5.18. 

For two of the dusts (lycopodium and PAN), there seemed to be a fairly distinct region 
of optimal discharge durations. For shorter durations, the minimum ignition energy 
increased markedly. For the two other dusts, however, this effect was absent. As indi-
cated in Figure 5.18, an optimum discharge duration line may be drawn through the results 
for the four powders. For comparison the spark duratiodspark energy characteristic of 
the CMI discharge circuit (see Chapter 7) has also been included in Figure 5.18. This 
refers to an R-C-IL circuit of inductance L 2 1mH, for which the discharge will normally 
be a damped oscillation. The discharge time may then be defined as the time needed for 
the exponential damping factor to decrease to 1% of the initial maximum value. The dis-
charge duration then equals 

t = 9.2 a Ll R (5.28) 

which corresponds to equation (5.27) for the overdamped case. 
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As Figure 5.18 shows (Parker, 1985),there is a limit to the combination of spark dis-
charge duration on spark energy that can be realized in practice. This is because a stable 
arc phase cannot exist unless the degree of ionization of the gas, which is determined by 
the spark current, exceeds a certain minimum level. 

In Chapter 7, the concept of electric spark ignition sensitivity profile is discussed in 
connection with a standard test for ignition of dust layers by electric sparks (Figure 
7.33). In fact, Parker’s results for the four dusts in cloud form, as presented in Figure 
5.18, are electric spark ignition sensitive profiles. The influence of the spark discharge 
duration on the minimum ignition energy is important for adequate use of test data in 
practice. For example, very low minimum ignition energies determined by the stan-
dard discharge circuits of L 2 1 mH discussed in Chapter 7 may not be relevant for 
assessing the electrostatic spark ignition hazard in an industrial plant. This is because 
high inductance values are unlikely to occur in accidental electrostatic discharge cir-
cuits in industry. 

As discussed in Section 1.1.4.6 in Chapter 1, several kinds of electrostatic dis-
charges in air do not occur across two well-defined, sharp electrodes and therefore 
don’t have such a well-defined shape as the dischargein Figure 5.17. In such cases, which 
will not be discussed any further in the present context, one could expand the con-
cept of an ignition sensitivity profile to that of an ignition sensitivity surface for a given 
dust cloud, by adding a spark geometry dimension, as illustrated in Figure 5.19. The 
definition of an appropriate geometric parameter would, however, require careful 
consideration. 

Figure 5.19 Schematic illustration of the possible concept of electric spark ignition sensitivity sur-
face of an explosible dust cloud. 
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5.3.4 
INFLUENCE OF SOME FURTHER PARAMETERS ON THE MINIMUM 
IGNITION ENERGY OF DUST CLOUDS 

5.3.4.1 
Movermenflurbulence of Dust Clouds 

The marked increase of the minimum ignition energy for premixed gases with the tur-
bulence intensity of the gas mixture has been demonstratedby various workers, includ-
ing Bailal and Lefebvre (1977) and Bradley and Lung (1987). One would expect a 
similar influence of the turbulence intensity of dust clouds on their minimum ignition 
energies, as indicated by Figure 1.40in Chapter 1. Figure 5.20 gives some supplemen-
tary data by Smielkow and Rutkowski (1971). 
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Figure 5.20 Influence of velocity of dust cloud through spark gap region on the minimum electric 
spark ignition energy for three plastic dusts of particle size <75 pm (From Smie!kow and Rutkowski, 
19711. 

These workers dispersed a given quantity of dust from a small cup into the spark gag 
region by means of an airjet of known velocity. The minimum ignition energiesof three 
dusts, using a 0.1-1 .O H inductance in the capacitive spark discharge circuit, were mea-
sured as functions of the estimatedvelocity of the dispersed dust cloud through the spark 
gap region. As can be seen from Figure 5.20, a systematic increaseof the energy required 
for ignition, with the dustlair velocity, was found. 

5.3.4.2 
Spark Gap Length 

This effect was studied by Ballal(1980), using quasi-laminardust clouds of various mate-
rials. A set of results are given in Figure 5.21 that indicate a systematic increase of the 
optimum spark gap length for ignition with increasing minimum ignition energy at the 
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Figure 5.21 Influence of electrode gap length on the minimum ignition energy of clouds of four metal 
dusts in air at atmospheric pressure. Dust concentration corresponds to equivalence ratio 0.65. 
Surfaceholume mean particle size is 40 pm (From Ballal, 1980). 

optimum gap length. This is consistent with the general picture for premixed gases, for 
which a close correlationbetween quenching distance and minimum ignition energy has 
been established. 

Norberg, Xu, and Zhang (1988) found that the optimum spark gap length for igniting 
clouds in air of various easily ignitable powders was in the range 6-8 mm. The capaci-
tive sparks were of the short-duration type (low series inductance and resistance). The 
minimum ignition energies were in the range 1-6 mJ. 

5.3.5 
THEORIES OF ELECTRIC SPARK IGNITION OF DUST CLOUDS 

Smielkow and Rutkowski (1971) derived a semi-empirical equation for the minimum 
electric spark ignition energy of dust clouds. Their experiments disclosed the following 
empirical relationship: 

(5.29) 

where Eminis the minimum ignition energy (mJ) and S’ is the spatial laminar flame front 
speed ( cds )  of the dust cloud in question, and A is a constant. 

The semi-empirical equation was obtained by inserting a Mallard-le Chatelier-type 
expression for S’(see Section 4.2.1 in Chapter 4) into equation (5.29). 
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In their theoretical analysis, Kalkert and Schecker (1979) used the basic equation in 
the Jost theory for ignition of premixed gases: 

(5.38) 

as the point of departure. Here, ilis the heat conductivity of the gas, Tis  the tempera-
ture, Y is the radius, p is the gas density, c is the specific heat of the gas at constant pres-
sure, and t is the time. 

By making several simplifying assumptions, they were able to derive the following 
equation for Emin: 

(5.31) 

where K= A/(px c) is the “temperature conductivity” of air, d is the diameter of the dust 
particles (monosized), psand c, are the density and specific heat of the particle material, 
and Tfis the flame temperature (defined as 1300 K). 

A central feature of equation (5.31) is that E,, - d3.  Figure 1.30 in Chapter 1 shows 
the close agreement between predictions by equation (5.31) and experimental values for 
polyethylene dust. (Note: E,, and MIE are interchangeable notations for the minimum 
electric spark ignition energy.) 

Klemens and Wojcicki (1981) were specifically interested in modeling the electric spark 
ignition of coal dust clouds in air. They were able to validate their model predictions 
against unique experimental evidence of the development of the spark kernel and sub-
sequent establishment of self-sustained flame propagation through the dust cloud away 
from the spark. An example is shown in Figure 5.22. 

The overall physical picture of the ignition process on which the model of Klemens 
and Wojcicki was based is as follows: During and following the spark discharge, the dust 
particles and the air in the vicinity of the spark kernel are heated. As a consequence, 
volatiles are evolved from the particles, mix with air,and the mixture ignites. As the tem-
perature increases further, the oxidation of the solid particle phase (coke) begins. 

The temperature in the spark kernel and its close vicinity decreases with time due to 
heat drain. However, if ignition occurs, a flame front appears at the same time, at a cer-
tain distance from the spark axis, and starts to propagate outward at the laminar flame 
speed of the coal dust/air cloud in question. 

The rate of energy delivery to the spark channel during spark discharge was taken into 
account in the mathematical model. Typically,the duration of a 50 mJ spark is about 0.IO 
rns. It was assumed that the energy density along the radius of the spark channel was linear 
at any instant. Plane, cylindrical, and spherical models all were formulated. 

Numerical simulations, using the model, were carried out, employing the establish-
ment of a flame front propagating at a defined speed, as the criterion of ignition. In other 
words, whenever the spark energy exceeds the minimum ignition energy, the region over 
which the temperature rises is not limited to the spark region but spreads into t 
ture at the speed corresponding to the fundamental burning velocity of the dust cloud. 
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Figure 5.22 
Spark energy is 3.0 1. Spark discharge duration is 0.10 ms (From Klemens and Wojcicki, 1981). 

Electric spark ignition of a cloud of ignite dust in air. Dust concentration is 706 g/m3 
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Gubin and Dik (1986) developed a. mathematical model assuming that the oxidation 
occurred as a heterogeneousreaction between oxygen from the gas phase and the parti-
cle surface. They further assumed that the spark discharge initially generated a certain 
quantity of heat located within a narrow channel in the spark gap. The heat drain from 
the channel to the surroundingswas assumed to occur essentially by conduction,radia-
tion and convection being neglected. The basic heat balance equation was of the same 
form as that derived by previous workers. As in the case of other workers, the ignition 
criterion was the establishment of self-sustainedlaminar flame propagation in the dust 
cloud. It would appear that Gubin and Dik may not have been aware of the other inves-
tigations mentioned previously. 

5.4 

FROM MECHANICAL RUBBING, GRINDING, 
OR IMPACT BETWEEN SOLID BODIES 

NlTlON OF DUST CLOUDS BY HEAT 

5.4.1 
BACKGROUND 

Whether or not metal sparks or hot spots from accidental impacts, rubbing operations, 
and the like between solid bodies can initiate dust explosionshas remained a controversial 
issue for a long time. Many attempts have been made at resolving the puzzle by analyzing 
past accidents with the objective to identify the ignition sources.A summary with ref-
erence to the grain, feed, and flour industry is given in Table 5.6. 

Table 5.6 
ated by “friction sparks“ or unknown sources 

Percentage of dust explosions in the grain, feed, and food indust-y assumed to be initi-

Source: Pedersen and Eckhoff, 1987. 

As can be seen, “friction sparks” are claimed to play a significant part. If one further 
takes into account that it is often tacitly implied that a substantial part of the “unknowns” 
may have been initiated by some untraceable source, such as metal sparks and electro-
static discharges,the friction spark becomes the most suspect of all the potential ignition 
sources. 

The situations in which metal sparks and hot spots can be generated in an industrial 
process plant fall into two main categories. The first is grinding and cutting operations, 
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by which continuous, dense showers of sparks are produced and comparativelylarge hot 
spots may be generated. The second is single accidental impacts. 

5.4.2 
SPARKS AND HOT-SPOTS FROM RUBBING, 
GRINDING, AND MULTIPLE IMPACTS 

The ability of metal sparks or hot spots from grinding operations to ignite dust clouds 
has been demonstrated by several researchers. The experiments by Leuschke and Zehr 
(1962) are probably the first ones in which dust clouds were ignited by grinding wheel 
metal sparks. However, no clouds of organic dusts ignited. Zuzuki, Takaoka, and Fujii 
(1965) ignited different coal dusts using both sparks and hot spots from a piece of steel 
in contact with a grinding wheel rotating at 23-47 m / s  peripheral velocity. Allen and 
Calcote (1981) conducted similarexperiments,in which metal sparks were generated by 
pressing a steel rod against a rotating grinding wheel. By retarding and focusingthe spark 
stream, it was possible to ignite clouds of natural organic dusts such as corn starch and 
wheat grain dusts. 

Kachan et al. (1976) studied the ignition of clouds of coal dust by metal sparks or hot 
spots generated by the cutters of a coal cutting machine, when cutting pyrite and sand-
stone at a speed of 1.5-2.0 d s .  The coal dust contained 24% volatiles or more, and 85% 
was finer than 75 pm. The dust concentrationwas 100g/m3.Using pyrite containing more 
than 35% sulfur, and with a load per cutter of 1-3 kW, the probability of ignition was 
practically 100%.However, the coal dust cloud did not ignite until after 15-80 s of con-
tinuous cutting with sparking, depending on the load. This long delay suggests that the 
ignition source was not the spark shower but a hot spot generated either at the cutter tip 
or on the pyrite surfacejust behind the cutter. 

Ritter (1984a, 1984b) and Muller (1989) conducted extensive studies of ignition of 
dust clouds by sparks and hot surfaces generated by scratching, grinding, and multiple-
impact processes. They used the concept of equivalent electric spark energy for char-
acterizing the ignition potential of the various scratching, grinding, and impact sources 
studied. This was done by first determining the lowest concentration of a given dust in 
air at which an essentially quiescent dust cloud could be ignited by the heat sourceinves-
tigated. The minimum electric spark ignition energy at this particular dust concentra-
tion was then determined and taken as the equivalent electric spark energy of that 
particular heat source. 

Ritter and Muller found linear correlations between the minimum ignition tempera-
ture of the dust cloud determined by the BAM furnace (Chapter 7) and the logarithm of 
the equivalent minimum electric spark ignition energy, for the various ignition sources 
investigated, as illustrated in Figure 5.23. 

The example indicated by dot-dashed lines says that a dust cloud of minimum igni-
tion temperature 615°C cannot be ignited by flint sparks from grinding or scratching 
unless its minimum ignition energy is lower than about 20 mJ. Similarcorrelationswere 
found for sparks and hot spots from multiple impacts. 

Unfortunately the type of relationships illustrated in Figure 5.23 are not generally 
applicable because in practice grinding, scratching, and impact processes may differ 



ignition of Dust Clouds and Dust Deposits 42 7 

200 300 400 500 600 700 800 

MIN. IGNITION TEMPERATURE I"C1 

Figure 5.23 Correlation between minimum ignition temperature ofdust clouds (BAM furnace) and 
minimum equivalent electric spark ignition energy for various scratch and grinding ignition sources 
(From Muller, 1989). 

from the specific ones used in the experiments of Ritter and Muller. However, their 
approach is an interesting attempt at resolving a very complex matter. 

Dahn and Reyes (1987), using a 20 liter explosion vessel, studied ignition of transient 
dust clouds by grinding sparks generatedby forcing a metal rod against a rotating grind-
ing wheel located within the vessel. A striking feature, shown in Table 5.7, is the nega-
tive result obtained with the two aluminumrods. This is in accordancewith the discussion 
in Section 1.1.4.5 in Chapter 1. 

5.4.3 
SPARKS, HOT SPOTS, AND FLASHES FROM SINGLE 
ACCIDENTAL IMPACTS 

Pedersen and Eckhoff (1987) studied the ignition of clouds of corn starch and grain dust 
in air by sparks, hot spots, and thermite flashes from single accidental impacts,using the 
apparatusdescribedin Section 7.12.2 in Chapter 7 and illustratedin Figures 7.40 and 7.41. 
They investigated impacts of net energies up to 20 J and tangential velocities of approach 
from 10d s  to 25 m/s .  Table 7.2 in Chapter 7 gives someresults from ignition with titanium 



422 Dust Explosions in the Process Industries 

Table 5.7 ignition of dust clouds by metal sparks and hot spots generated by forcing a metal rod 
against a rotatinggrinding wheel (roddiameter 6.3 mm; contactforce 13.2 N;estimatedcontact time 
between rod and wheel before ignition <I s) 

*NI = No ignition up to a peripheral grinding wheel speed of 20 m/s. 
Source: Dahn and Reyes, 1987. 

impacts againstrusty steel (thermiteflash ignition).Apositive correlationbetween the fre-
quency of ignition and the minimum electric spark ignition energy is indicated. 

Singleimpacts with steel as the spark-producingmaterial generated a very low number 
of sparks as compared to the number produced by titanium under the same impact con-
ditions.The temperaturesof individual steel sparks,however, could reach the samelevel 
as those of titanium sparks (-2500°C). 

Impacts of standard quality aluminum against rusty steel generated no sparks nor any 
other luminous reaction at all, only a thin smear of aluminum atop the rust (see Section 
1.1.4.5in Chapter 1).Impacts with hard aluminum-containingalloys were not investigated. 

In most cases, ignition by titanium sparks (e.g., from titanium against concrete) was 
observed very close to the point of impact. However, occasionally ignition was also 
observed 10-30 cm downstream of the impact point. Ignitionby a singlemetal spark was 
never observed. A fairly dense cluster of sparks seemed necessary to ignite the clouds 
of corn starch. 

Any moving object in the dust cloud reduces the ignition sensitivity of the cloud in the 
vicinity of the object by inducing turbulence.The experiments showed that, at a given net 
impact energy, the ignition frequency dropped when the impact velocity increased. 
Therefore, at a given net impact energy,objectsgeneratinglow turbulencerepresenta greater 
ignition hazard than objects generating high turbulence. This was illustrated by an exper-
iment in whch the impactingobject on the spring-loadedarm (Figure7.40) was withdrawn 
slightly, allowingit, once the arm was released, to passjust above the anvil withouttouch-
ing it. Instead, an electric spark was discharged at the point where the impact would nor-
mally have occurred and the frequency of ignition measured as a function of electric spark 
energy for various tangential arm-tip velocities. The results are shown in Figure 5.24. 

The microscopic nature of the anvil surfaceis decisive for the spark formation process. 
For example, impacts against worn concrete surfaces exposing naked stone and gravel 
faces produced considerably more sparks than impacts against a fresh concrete surface 
covered with cement. 

The overall practical conclusion of the investigation by Pedersen and Eckhoff (1987) 
is that, up to net impact energies of 20 J, tangential accidental single impacts between 
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Figure 5,.24 Effect of tangential "impact" velocity on ignition sensitivity of clouds of lycopodium in 
air. Delay between "impact"and electric spark discharge is 0.3-7 0 ms. Envelopes embrace the exper- 
imental points (From Pedersen and Eckhoff, 1987). 

various types of steel and between steel and rusty steel or concrete are unable to ignite 
clouds of grain and feed dust or flour, even if the dusts are dry. Impacts of standard qual- 
ity aluminum against rusty steel will not generate even visible sparks. In the case of tita- 
nium, the sparks produced can initiate explosions in clouds of dried corn starch but 
not in. clouds of starch containing 10% moisture or more, not even in the case of ther- 
mite Aashes. However, for net impact energies >>20 J the situation may be different. 

5.5 
lGNlTlON OF DUST CLOUDS BY HOT SURFACES 

5.5.1 
EXPERIMENTAL STUDY OF THE INFLUENCE 
OF SIZE OF THE HOT SURFACE 

The decrease of the minimum ignition temperatures of explosible gas mixtures with 
increasing hot surface size has been known for a long time. A classic investigation of this 
subject is by Silver (1937). A similar dependence of the minimum ignition temperature on 
the area of the hot surface would be expected for dust clouds. Figure 5.25 gives some exper- 
imental data from Pinkwasser (personal communication, 1989) confirming this expectation. 

The three smallest surfaces were 10 mm long pieces of heated wire of thickness 0.7, 
1.2, and 6.0 mm, respectively, bent as a U. The largest surface of 1000 mm2 was obtained 
by coiling 50 mm of the 6.0 mm diameter wire. Figure 5.25 also gives the BAM furnace 
minimum ignition temperatures of the three dusts, assuming a hot surface area of about 
2000 mm2. 



424 Dust Explosions in the Process Industries 

10 20 50 100 200 500 1000 BAM 

AREA OF HOT SURFACE [rnm21 

Figure 5.25 Influence of the area of hot surface on the minimum ignition temperature of clouds of 
natural organic dust in air compared with results from BAM furnace tests (hot surface area is approx-
imately 2000 mm2) (From Pinkwasser, 1989). 

5.5.2 
THEORIES FOR PREDICTING THE MINIMUM IGNITION 
TEMPERATURES OF DUST CLOUDS 

In their theoretical investigation, Mitsui and Tanaka (1973) focused on the influence of 
particle size on the minimum ignition temperature. They considered a spherical dust 
cloud, inside which heat was generated by combustion and from which heat was lost 
due to convection and radiation. They then assumed a combustionrate with an Arrhenius-
type exponential temperature dependence and proportional to the total particle surface 
area in the spherical dust cloud. The critical ignition condition was specified as the rate 
of heat generation due to chemical reaction being equal to the rate of heat loss. The result-
ing equation seemed to predict an influence of particle size in good agreement with 
experimental results when using a tuning constant depending on the dust chemistry. 

A similar study, focusing particularly on the geometry of the Godbert-Greenwaldfur-
nace (see Chapter 7), was undertaken by Takigawa and Yoshizaki (1982). They inves-
tigated natural organic dusts and found a reasonably good agreementbetween measured 
and numerically predicted dependence of minimum ignition temperature on particle size. 
The numerical model calculations further revealed that the residence time of the dust 
particles in the furnace largely affects the ignition process. It was concluded that the 
steady-state solution of the minimum ignition temperature is not applicable to the igni-
tion process in the Godbert-Greenwald furnace. Comparison of model predictions with 
experimentaldata from other workers confirmed the validity of the predicted effect of the 
residence time of the dust particles in the fmace  on the minimum ignition temperature. 

Nomura and Callott (1986) modified the Cassel-Liebman theory to make it account 
for the influence of the residence time of the dust particles in the hot furnace. The theory 
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suggested that it is possible for the ignition temperature of monosized coal particles of 
about 50 pm diameter to be minimal even for a limited residence time. 

The theory was extended to dust clouds with a distribution of particle sizes. It was 
shown that there exists a range of size distributionsfor which the possibility of ignition 
is at a maximum. The calculated results were presented as Rosin-Ramanlercharts, indi-
cating the size distributions most sensitive to ignition. 

Higuera, Linan, and Trevino (1989) analyzed the heterogeneousignition of a cloud of 
sphericalmonodispersecoal particles injected instantaneouslyin the space between two 
parallel isothermalwalls. They focused on the range of large gadparticles thermal capac-
ity ratios, for which the temperature difference between the particles and the gas is 
important. Radiative heat transfer was accounted for using the Eddington differential 
approximation,and heat conductionbetween the particles and the gas was also included 
in the model. Heat release was assumed to occur at the surface of the particles through 
the heterogeneous reaction C(s) + I/2O2 -+CO, obeying an Arrhenius law with large acti-
vation energy. Critical conditions for ignition were determined on the basis of a quasi-
steady treatment. The effects of the ratio of gas temperature to wall temperature, the 
conductiodradiationparameter, and the size of the reacting dust cloud relative to the opti-
cal length was explained. 

Tyler (1987) was concerned with the problem of scaling ignition temperatures of 
dust clouds from laboratory test apparatus to industrial scale. In particular, he focused 
on the Godbert-Greenwaldfurnace (see Chapter 7). As pointed out by Tyler, there seems 
to be no single physicalkhemical pattern for ignition of a dust cloud. In substances like 
sulfur and polyethylene, the minimum ignition temperatures are high enough to allow 
complete evaporationor pyrolysis to form gaseous fuels.At the other extreme are metals 
of minimum ignition temperatures,at which neither the metal nor its oxide vaporizes fully. 
In the first case, the exothermic oxidationprocess almost certainlytakes place in the gas 
phase, whereas in the second it occurs at the surface of or within the particle (see also 
Section 4.1 in Chapter4). However, these differencesmay not be importantin the estab-
lishment of the unstable state of ignition that precedes a fully developed flame. 

'Tyler developed a Semenov-typemathematical model of the ignition of a dust cloud in 
a heated environment (furnace). However, validation of the model was difficult. No reli-
able activation energies were found in the literature that could be definitely attributed to 
the heat release reaction that occurs at the ignition temperature, and Tyler pointed out that 
the activationenergy could be quite differentfrom that associatedwith a fully fledged flame; 
indeed,the dominantmechanism could well be different in the two situations.Nevertheless 
useful parametsic studies could be performed. For example, the model predicted compar-
atively large changes of the minimum ignition temperature with furnace diameter. The 
Codbert-Greenwaldfurnace has a diameter of 37 111111.For a furnace diameter of 300 mm 
and a dust with a Godbert-Greenwaldvalue of 1000 K, the model predicted a minimum 
ignition ltemperatureat least 150°Clower than the Godbert-Greenwaldvalue. 

owever, few experimental data were traced for the influence of increased furnace 
diameter on the minimum ignition temperature except when comparing data from the 
new U.S. Bureau of Mines furnace (see Chapter 7) and the Godbert-Greenwaldfurnace. 
The ratio of the two furnace diameters is 2.7, and therefore significant differencesin the 
minimum ignition temperaturesfrom the two apparatuses are expected. However, the pic-
ture offered by existing data was inconclusive.For some dusts, the experimental Godbert-
Greenwald value was even lower than that from the new furnace. 
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Figure 5.26 Comparison of experimentally observed and numerically predicted ignition diagrams 
for acetaldehyde/air in a continuously stirred 0.5 liter glass bulb (From Harrison and Cairnie, 1988). 

Tyler concluded that there was no theoretical model by which data from Godbert-
Greenwald furnace tests could be transformed to minimum ignition temperatures in the 
more-complex practical situations in industry. He suggested that stirred reactor ignition 
experiments,as performed successfullyfor combustiblegas mixtures,could provide a more 
fundamentalunderstandingof dust cloud ignition processes. Such experimentsmay yield 
appropriateactivation energies for the ignition processes, which may be used to scalemin-
imum ignition temperatures more reliably. The study of ignition of acetaldehyde/airmix-
tures, by Harrison and Cairnie (1988) and Harrison et al. (1988), taking this approach, is 
an excellent example of its potential. Figure 5.26 shows a comparison of experimentally 
determined and theoreticallypredicted ignition diagrams for the acetaldehyde/airsystem. 
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apter 6 
izing of Dust Explosion Vents in the Process 
dustries: Further Consideration of S Q ~  
portant Aspects 

6.1 
SOME VENT SIZING METHODS USED IN EUROPE 
AND THE UNITED STATES 

6.1 .I 
VENT RATIO METHOD 

This and other methods were reviewed by Schofield (1984), Lunn (19841, and Field 
(1984). The vent ratio method requires that Pred50.14 bar(g) and that the opening 
pressure and inertia of the vent cover are small. The vent ratio is defined as vent area 
per unit of enclosure volume. Originally, a fixed vent ratio, determined by the max-
imum rate of pressure rise in the 1.2 liter Hartmann bomb (see Chapter 7), was spec-
ified for a specific dust. However, as the enclosure volume gets larger, the required 
vent area increases more than if geometrical similarity is used for scaling, and unrea-
sonably large vents result. For example, with a vent ratio of l m2/6m3,a 6 m3 spher-
ical vessel would need only 6% of the sphere surface for venting, whereas a huge 
sphere of 24,000 m3volume would need the entire surface. Because of this, the vent 
ratio method was modified by reducing the required ratio as the enclosure volume 
increases. It has not been possible to trace the experimental basis for the vent ratio 
method. The method was, however, widely used, for example, in the United Kingdom. 
Note that TableA.4 in Section A.2.7 in the Appendix provides data for converting K,, 
values to corresponding Hartmann bomb ( ~ Z p / d t ) ~ ~ ~values. 

6.1.2 
”NOM0G RAP H” METH0D 

This method was originally designed by Verein deutscher Ingenieure (1979), but later it 
was also adopted for the United States by the National Fire Protection Association 
(1988). 

The nomograph method rests partly on the results of extensive large-scale experi-
mentation by Donat (1971) and Bartknecht (1978) and partly on theoretical analysis by 
Heinrich (1974). A self-contained system for vent sizing was developed. It consists 
of the 1m3IS0 standard test (see Chapter 7) to determine a maximum rate of pressure 
rise used as the characteristic of the explosion violence of a given dust (Ks,value) and 
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a series of nomographs from which vent areas can be estimated,using Kst,the enclosure 
volume, the maximum explosionpressure Pred, and the static openingpressure of the vent 
cover P,,,, as parameters. The relevance of the “nomograph” method is tied to the nature 
of the large-scale experiments on which it rests. These experiments were conducted 
with dust clouds generated by blowing the dust into the experimental enclosures from 
pressurized reservoirs through narrow nozzles, ensuring uniform, well-dispersed, and 
highly turbulent dust clouds. Consequently, the burning rate for a given dust (see Chapter 
4) was very high, in fact too high to be representative of the dust clouds in most indus-
trial situations.In spite of this, the nomograph method has been widely used. As discussed 
in Section 9.3.7.5in Chapter 9, the conservativevent sizing approach of Verein deutscher 
Ingenieure (1979) has been adopted as a basic also in a recent European CEN standard, 
but venting area requirements may be eased if supported by adequate experimental 
evidence. 

Lunn, Brookes, and Nicole (1988) extended the VDI 3673 nomographs from 1979to 
K,, values as low as 10bar m / s  and Pred values down to 0.05 bar(g). The experiments on 
which this extension was based were of the same kind as those forming the basis of the 
original nomographs, that is, of very high turbulence and dust dispersion. Therefore, 
the extended nomographs are subject to the same basic limitations as the original VDI 
nomographs. This is illustrated in Figure 6.1, in which maximum pressurehent area cor-
relations predicted by the extended nomographs are shown together with experimental 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

VENT AREA Imzl 

Figure 6.1 Experimental correlations between the vent area and maximum explosion pressure for 
grain dust and starch explosions in a 2.8 m3 cubical vessel. Vents were covered with hinged metal 
doors or glass panes in pivoted frames (From Brown and Hanson, 1933). Comparison with correla-
tions was suggested by Lunn ( 7  989). 
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data from the investigation by Brown and Hanson (1933). It is felt that the experiments 
of Brown and Hanson were considerably closer to the reality most often encountered in 
industry than those on which the nomograph method was based. This exemplifies that 
much excellent experimental work that was performed in the past an various aspects of 
the dust explosion problem often seems to be overlooked by some more recent investi-
gators. The paper by Brown and Hanson indeed deserves to be read carefully even today. 

The dusts used by Brown and Hanson were dried to less than 8% moisture, and it seems 
reasonable to assume that their Ks, values would not have been lower than the values 75 
and 100 bar d s  used for comparison with the Lunn predictions. If the starch was from 
corn, a Ks, of 100 bar m / s  is a low estimate. 

Coniparisons between “nomograph”-method predictions and data from more recent 
realistic experiments are given in Section 6.2. 

6.1.3 
THE SWEDISH METHOD 

In this method, issued by Danielson (198l), the explosion violence classification of the 
dust is by (dP/dt),, from standard 1.2 liter Hartmann bomb tests (see Chapter 71, as in 
the vent ratio method. Dusts are classified in three groups: 

Group 1: (dPIdt),, I300 bar/s. 
Group 2: 300 barIs < (dP/dt),, < 600 bar/s. 
Group 3: (dPIdt),, 2 600 b a r k  

The required vent area per unit enclosure volume is specified for each of the three 
groups, but the value decreases with increasing enclosure volume. For Group 1 
dusts and hinged vent panels of maximum mass 20 kg/m2, the tabular relationship 
between vent area A (m2),volume V (m3>,and Pred(bar(g)) can be approximated by the 
equation 

For Group 2 dusts and using hinged vent covers of maximum mass 12kg/m2,the Swedish 
method corresponds approximately to the equation 

For enclosures of LID > 3,  the Swedish method requires that the enclosure be divided into 
the minimum number of fictitious subvolumes needed for all of these to have LID I3. 
The required vent area for the actual enclosure is then the sum of the areas calculated for 
all the fictitious subvolumes. 

After the enforcement of the European Union “Atex 1OOa” Directive (see Chapter 8) 
in 2003, continued use of the traditional Swedish venting guidelines will be harmonized 
with common European requirements. 
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6.1.4 
THE NORWEGIAN METHOD (MODIFIED DONAT METHOD) 

The method most often used in Norway and described by Eckhoff (1988) is a slightly 
modified version of the method of Donat (1971), based on Hartmann bomb assessment 
of (dPIdt)-. The modification consists in the use of continuous graphs,obtainedby inter-
polation and extrapolation of Donat’s tabulated data. For elongated enclosures of length-
to-equivalent-diameter ratios exceeding 4, the enclosure should be divided into the 
number of fictitious subvolumes required for an LID of each subvolume to be 14. The 
vent area for each subvolume is assessedindividually,and the sum of all the areas is taken 
as the total area required for venting the enclosure. 

After the enforcement of the European Union “Atex 1OOa” Directive (see Chapter 8) 
in 2003, continued use of the traditional Norwegian venting guidelines will be harmo-
nized with common European requirements. 

6.1.5 
THE RADANDT SCALING LAW FORVENTED SILO EXPLOSIONS 

Bartknecht (1987) indicated that equation (6.3), derived by Radandt, 

PIed = (bV“)I (A -aV“) (6.3) 

could be used for scaling vent areas for silos. In this equation,which was also presented 
by Radandt (1989),A (m2)is the vent area, Pred(bar(g)) is the maximum explosion pres-
sure in the vented silo, V (m3)is the silo volume, and a, b, and c are empirical constants 
depending on the K,, value of the dust. P,,,, is assumed to equal 0.1 bar(&, and Predmust 
not exceed 2 bar(g). For Kst, =200 bar m / s ,  that is, the upper limit of the dust explosion 
class St 1, the constants are a = 0.011, b = 0.069, and c = 0.776, based on results from 
experimentsin a 20 m3 silo with direct injection of dust from a conventionalpneumatic 
transport line. It is not clear, however, how the volume scaling constant was obtained. 

Eckhoff (1991) investigatedequation (6.3)by comparing data from silo explosions of 
twice the linear scale used by Radandt with Radandt’s data. As shown by Eckhoff (1987), 
the violence of explosionsin vented large-scale silos of LID = 6 are strongly dependent 
on the location of the ignition point. For this and other reasons, it appears that Radandt’s 
equation (6.3) may not be entirely satisfactoryas a general scalinglaw for silo vent areas. 

6.1.6 
OTHER VENT SIZING METHODS 

Somefurthermethods that have been suggestedfor sizing dust explosion vents are also dis-
cussedby Schofield(1984)and Lunn (1984).They includethe K-factor method investigated 
by Gibson and Harris (1976), the Schwab and Othmer Nomograph, the equivalence coef-
ficient method by Maisey (1965a), and the method by Rust (1979), the latter three based on 
(dPIdt),, from the 1.2liter Hartmannbomb. Areview of literature on further developments 
in design of dust explosion venting systems is given in Section 9.3.7.5 in Chapter 9. 
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6.2 
COMPARISON OF DATA FROM RECENT REALISTIC 
FULL-SCALEVENTED DUST EXPLOSION EXPER 
WITH PREDICTIONS BY VARIOUS VENT SIZING METHODS 

6.2.1 
EXPERIMENTS IN LARGE SILOS OF LID I 4  

The experiments by Matusek and Stroch (1980) in a 500 m3 silo of LID = 3 should be 
mentioned. Unfortunately, however, explosibility data for the dusts used were not pro-
vided, and the results are therefore difficult to analyze in a general context. 

A series of experiments in a 500 m3silo of LID =4 was reported by Eckhoff and Fuhre 
(1984). A cross section of the silo is shown in Figure 6.2. 
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Figure 6.2 
Eckhoffand Fuhre, 7 984). 

Cross section of 500 m3 silo used in vented dust explosions experimentsin Norway (From 
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The silo was one of a complex of severalpartly condemned bolted steel plate silos that 
were made availablefor dust explosionexperiments. Pneumatic injectionof dust through 
a 200 mm 0 pipeline was used for generating explosible dust clouds in the silo. With 
wheat grain dust, about 300 kg of dust was blown into the silo per experiment.With corn 
starch the quantity was somewhatless, about 200 kg. A larger quantity was required for 
the wheat grain dust because dispersion was not complete due to fibrous particles, and 
lumps settled to the silo bottom before all the dust had been injected. The ignition point 
was close to the silo bottom. In all experiments but one, dust injection was terminated 
a few seconds before ignition, allowing the dust cloud to become comparatively quies-
cent. The experimentalresults for wheat grain dust as well as corn starch explosions are 
shown in Figure 6.3, together with predictions based on some of the vent sizing meth-
ods discussed or mentioned in Section 6.I. 

The vent cover used in the experimentswas a sheet of plastic with a low static opening 
pressure, on the order of 0.01-0.02 bar(g). The final, exceptional corn starch explosion, 

0 5 10 15 

VENT AREA OF 500 m3 SILO [m'] 

Figure 6.3 Results from vented corn starch and wheat grain dust explosions in a 500 m3silo cell in 
Norway. Comparison is made with predicted Pred/ventarea correlations by various vent sizing meth-
ods in current use. Pred means the maximum pressure in the vented enclosure during the explosion 
(From Eckhoff and Fuhre, 1984, with adjustments by Eckhoff, 1990j. 
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Figure 6.4 High-turbulence corn starch explosion Figure 6.5 Damaged 500 m3 silo after explo- 
in 500 m3 boltedsteelplate silo at Vaksdal, Norway, 
in April 7 982 (Photographer: A. M .  Fosse, Vaksdal). 
For a much clearer picture, see Color Plate 5. 

sion shown in Figure 6.4. 

named turbulent jet, was so violent that the silo wall (nailed steel plates) ruptured, at 
about 0.6 bar(g), as shown in Figure 6.4. As seen in Figure 6.5, this produced an addi- 
tional vent of about 50 m2, which prevented the pressure from rising even further. 

In this exceptional experiment 300 kg of starch had been charged to the dust feeding 
system, and dust was still being injected at full rate when the ignition source was acti- 
vated. Such a configuration, with dust being blown upward in the silo from a point about 
halfway up on its axis, is probably not a realistic situation in an industrial silo. However, 
the dramatic result demonstrates that even the conservative VDI 3673 from 1979 may, 
in certain cases of particularly high turbulence levels, specify too small vent openings. 

All the other experimental results in Figure 6.3 show that, in the case of a large 
enclosure of 500 m3 and LID = 4, VDI 3673 from 1979 and NFPA 68 from 1988 over- 
size the vent by at least a factor of 2-3, if the &, value of 115 bar m / s  for the corn starch 
used in the experiments is applied, and at least by a factor of 5, if the common St 1 nomo- 
graph is used. The Rust method agrees well with the wheat grain dust experiments 
(150 bark in the Hartmann bomb) but oversizes the vents for the corn starch (300 bark) 
by a factor of 3. The “vent ratio” method, which simply requires half the silo top as vent 
for keeping Pred equal to maximum 0.14 bar&), oversizes the vent in this particular case 
by a factor of 2:3. Radandt’s equation gives exceptionally large vents, but the small 
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length-to-diameterratio of four of the 500 m3silos may be too small to make Radandt’s 
constants for “silos” applicable. 

Both the Swedishand the Norwegian vent sizing methods are comparativelyliberal, sug-
gesting Predvalues that are in fact lower than the experimentalmaximum values.An argu-
ment in defense of such a liberal approach is that vent sizing involves risk-analytical 
considerations rather than being a fully deterministic problem (see Section 6.6). In the 
500 m3 silo explosion experiments, researchers attempted to create a worst-case situa-
tion in terms of both dust concentration and location of the ignition point. 

6.2.2 
EXPERIMENTS IN SLENDER SILOS OF LID = 6 

Sizing of vents for large, slender silos of the kind frequentlyused in the grain, feedstuffs, 
and food industries remains a controversial subject. However, during the 1980s, valu-
able information has been gained through large-scale experiments.Two experimentalpro-
grams were run in parallel, one in Norway, reported by Eckhoff, Fuhre, and Pedersen 
(1987) and Eckhoff et al. (1988), and one in Switzerland and the Federal Republic of 
Gemany, reported by Radandt (1985,1989) and Bartknecht (1987). Both silos had LID 
values close to 6, but the volume of the Norwegian silo was 236 m3,whereas that of the 
Swiss-German one was only 20 m3.A cross section of the Norwegian silo is shown in 
Figure 6.6, and a picture of the experimental site in Figure 6.7. 
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Figure 6.6 236 m3silo in Norway for dust 
explosion experiments, L/D = 6 (From Eckhoff 
et ai., 1987). 
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Figure 6.7 Experimental site outside Bergen, Norway, with 236 m3 steel silo, dust injection system 
and instrumentation cabins. An enclosed winding staircase runs along the silo wall to the left. For a 
much clearer picture, see Color Plate 6. 

The vent was located in the silo roof, and the silo was instrumented with dust con- 
centration probes of the type shown in Figure 1.76 in Chapter 1 and pressure sensors, 
and the ignition point could be shifted over the entire length, from top to bottom. Dust 
was injected pneumatically from either the bottom or the top, as indicated in Figure 6.6. 
Air of the desired flow rate was supplied by a Roots blower, and dust was fed into the 
airflow at the desired mass flow rate. Before ignition, the airflow was stopped and the 
dust cloud allowed to calm down for a few seconds. Figure 6.8 shows venting of a corn 
starch explosion in the 236 m3 silo. 

In the experiments by Eckhoff et al. (1988), the vent opening was located in the silo 
wall near the top, as opposed to in the silo roof. This reduced the maximum explosion 
pressures somewhat, but otherwise the results were similar to those from roof venting. 

Radandt apparently assumed that the effects observed in the comparatively small 20 
m3 silo are also representative of larger silos. However, results from the 236 m3 silo exper- 
iments suggest that this is not a valid assumption in general. A more detailed discussion 
of this problem is given by Eckhoff (1989). 

One set of results from the two silo sizes for which the vent areas were fairly close to 
geometric similarity is given in Figure 6.9. The hatched envelope of all experimental data 
for the 236 m3 silo shows a dramatic decrease of the maximum explosion pressure when 
the ignition point was moved upward along the silo axis, whereas the hatched strip 
enveloping the data for the 20 m3 silo shows very little of this effect. The discrepancy is 
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Figure 6.8 Vented corn starch explosions 
in 236 m3 steel silo in Norway. For a much 
clearer picture, see Color Plate 7. 

most probably due to the different ways in which the dust clouds were generated in the silos 
and the difference between the silo heights (10 m and 22 m), as discussed by Eckhoff (1989). 

In the 236 m3 silo, the dust cloud was essentially quiescent at the moment of ignition. 
There is little doubt that the marked increase of the maximum explosion pressure as the 
ignition point was shifted downward in the silo was caused by flame acceleration due to 
expansion-induced flow. This is in complete accordance with what has been found in the 
past in numerous dust and gas explosion experiments in one-end-open tubes, ducts, and 
galleries. 

In the 20 m3 silo, the strong, turbulent dust jet, extending from the top of the silo and 
several meters downward, was maintained during the ignition and explosion process. This 
most probably caused very rapid propagation of any flame initiated at the top of the silo 
to the central parts. This would explain why the top ignition and central ignition gave 
almost the same explosion pressures. In bottom ignition, the initial flame propagation 
was probably comparatively slow. But, as soon as the flame front reached the turbulent 
dust zone in the central parts of the silo, a much more rapid flame propagation pattern, 
similar to that generated by central ignition, probably developed. 
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Figure 6.9 Influence of location of the ignition point in the silo on maximum vented explosions pres-
sure, with a comparison of trends in 20 m3 and 236 m3silos (From Eckhofi, 7990). 
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Figure 6.10 
vented silo in Norway (From Eckhoff, 1990). 

Comparison of Radandt's scaling law for silo vent sizing and experiments in a 236 m3 

In Figure 6.10, predictions by Radandt's equation (6.3) are compared with the results 
of the experiments in the 236 m3 silo. 

The dotted curves are obtained by means of equation (6.3) for 20 m3 and 236 m3vol-
umes, using the constants given by Radandt for dust class St 1 .  The upper limit of St 1 
is Ks, = 200 bar d s ,  and it was assumed that the dotted curves apply exactly to this K,, 
value. In the absence of further information, it was then assumed that the ratios between 
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the vent areas for Ks, = 200 bar m / s  and 100bar m / s  for the 20 m3 silo and a given max-
imum pressure also apply to the 236 m3silo (geometrical similarity).This makes it pos-
sible to estimate theoretical Radandt predictions for Ks, = 100bar m / s ,  even for 236 m3, 
by shifting the Radandt curve for 200 bar m / s  and 236 m3to the left by A (log A). 

The actual experimental maximum explosion pressures found in the 236 m3 silo of 
LID = 6 are partly considerably higher, partly considerably lower than the estimated 
Radandt value for Ks, = 100 bar m / s .  On the other hand, even the highest experimental 
pressure of 1.2bar(& is significantlylower than the Radandt value of 1.75bar(g) for Ks, = 
200 bar m / s  (St 1dusts). 

It must be concluded that, so far, the relevance of and experimentaland theoreticalbasis 
for the simple scaling law suggested by Radandt have not been fully substantiated. 

All the dust clouds in the large-scale silo experimentsreported by Eckhoff and cowork-
ers were generated by pneumatic pipeline injection, in accordance with typical indus-
trial practice. After a series of experiments using the VDI-method for dust cloud 
generation, as described by Radandt (1983), Bartknecht and Radandt decided to adopt 
pneumatic pipeline injection, even in their 20 m3 silo experiments, as discussed by 
Bartknecht (1988).This was a significant decision, reflecting the appreciation of the need 
for conducting experimentsin accordance with reality in industry.In fact, Bartknecht and 
Radandt took a further, most relevant step, by adding experimentsin which the dust was 
not injected directly into the silo but via a cyclone at the silo top. In this way, the dust 
cloud in the silo, generated by discharge of dust from the cyclone bottom via a rotary 
lock, was neither well dispersed nor very turbulent.The publishedresults from using the 
latter method, which are traced, are limited to one data point for corn starch shown in 
Figure 6.11. For a vent area of 1.3 m2,the maximum explosion pressure generated by 
dropping the dust from a cyclone at the silo top via a rotary lock was only 0.2 bar(& 
whereas direct pneumatic injection gave about 0.5 bar(@ and the traditional, artificial 
VDI-method (discharge of dust from pressurized bottles) about 0.75 bar(g). Figure 6.11 
illustrates the need for applying a differentiatedapproachto sizing of dust explosionvents 
and further full-scale experiments under realistic industrial conditions. 

2 
Ks+ = 226 bar.m/s
Star= 0.1 bar (g) 

VDI 3673 DUST 
INJECTION METHOD 

Figure 6.1 1 Results from ventedcorn starch explo-
sions in a 20 m3 silo, demonstrating the marked 
influence of the mode of dust cloud generation on 
the maximum pressure Predin the silo during the 

0 1 2 vented explosions (Data from Bartknecht, 1987, 

m 
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L1 
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The pneumatic injection experiments in the 20 m3silo gave substantial scatter in the 
experimentalmaximum explosionpressures, as discussed by Bartknecht (1988).The Pred 
data in Figure 6.11 are the highest values obtained for each vent area, which means that 
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the curve for direct pneumatic injection is quite conservative. This kind of scatter, which 
is also apparent in Figure 6.3, emphasizes the relevance of applying risk-analytical con-
siderations in vent sizing (see Section 6.6). 

6.2.3 
PNEUMATIC PIPELINE INJECTIONEXPERIMENTS 
INVESSELS OF SMALL L/D 

It was noted with considerable interest when the German-Swiss “school” of dust explo-
sion venting research started to use industrial pneumatic pipeline transport systems for 
generating dust clouds even in vessels of small LID. Siwek (1989a, 1989b) discussed 
a series of explosion experiments in which the dust clouds were generated in this way 
in vented enclosures of 10, 25, and 250 m3, respectively. Some results for corn starch 
are reproduced in Figure 6.12 together with the VDI 3673 recommendations from 1979. 
Experimental results for two quite high dust cloud injection velocities are given. For 
all three enclosLire volumes, the dust entered the vessel through a 90 mm 0 nozzle at 

0.01 0.1 1 10 

VENT AREA [mZl 

Figure 6.12 Results from vented corn starch explo-
sions experiments (low-moisture starch of K,, = 226 
bar m/s) in vessels of various volumes. Pneumatic 
injection of dust into vessels is through a 90 mm 0 
nozzle located at the vessel apex, pointing vertically 
downward. Dust jet velocities are 78 and 39 m/s. 
Dust concentration in the jet is 12.5 kg/m3, P,,,, = 
0.1 bar(g). Comparison is made with VDI 3673 
( I  979 edition) predictions (Experimental data from 
Siwek, 1989a). 



444 Dust Explosions in the Process Industries 

the vessel top, which generated a strong dust jet vertically downward into the vessel. 
For all three volumes the predicted VDI 3673 areas are substantially larger than those 
found experimentally for any given Pred(note that the vent area scale in Figure 6.12 is 
logarithmic). The discrepancy increases systematically with increasing enclosure 
volume. For example, for Pred= 0.5 bar@, the VDI 3673 vent area for the 10 m3vessel 
is 3.7 times the experimental value even for the highest injection velocity of 78 m / s .  
For the 25 m3 vessel, the corresponding factor is 5.4 times; and for the 250 m3vessel, 
as large as 8.3 times. The reason for this trend could be the following:The relative influ-
ence of the dust jet, with respect to inducing turbulence in the vessel and thereby 
increasing the combustion rate, must necessarily decrease with vessel volume. In the 
experiments forming the basis of VDI 3673 from 1979, the systems for dispersing the 
dust into the vessels were scaled up with the vessel size until the desired, very high tur-
bulence level had been reached even in large volumes. Such experimental conditions 
are extremely conservative and must lead to grossly oversized vents for large empty vol-
umes of moderate LID. 

The systematictrend in Figures 6.12 of 78 m / s  yielding more violent explosions than 
39 m / s  is probably due to increase of both the degree of turbulence and the degree of 
dust dispersion (deagglomeration) with the velocity of the dust cloud jet. 

It is important to note that the experimental data in Figure 6.12 are not generally valid 
for pneumatic injection of the corn starch used. Upward injection from the bottom or 
sideways injection might give different results. Furthermore, the written account indi-
cates that Siwek (198a) did not investigate lower corn starch concentrationsin the feed-
ing pipe than 2-3 kg/m3.In the closed 1 m3standard IS0  vessel (see Chapters 4 and 7), 
this particular starch gave the most violent explosions for 0.6-0.7 kg/m3.It could well 
be, therefore, that more violent explosions would have resulted in Siwek’s experiments, 
if the dust concentration in the feeding pipe had been in this range. 

Siwek (1989a) also used wheat flour (Ks,= 75 bar m / s )  and Technocel (Kst= 170 bar 
m / s )  in his experiments.He found a systematicincrease of Predwith Ks,for the three dusts 
for the test conditions investigated. 

6.2.4 
EXPERIMENTS IN JAPANON VENTING OF DUST EXPLOSIONS 
IN A 0.32 m3CYCLONE 

Vented dust explosion experimentsin a 1.2 m3cyclone under realistic industrial condi-
tions were reported by Tonkin and Berlemont (1972) and Palmer (1973). As shown by 
Eckhoff (1986), the vent area requirements in these realistic experiments were consid-
erably smaller, by a factor of 5, than those prescribed by VDI 3673 (1979). Similar 
cyclone explosion experiments were conducted in Japan more recently by Hayashi and 
Matsuda (1988). Their apparatus is illustrated in Figure 6.13. 

The volume of the cyclone vessel was 0.32 m3,its total height 1.8 m, and the diam-
eter of the upper cylindrical part 0.6 m. Dust clouds were blown into the cyclone through 
a 150 mm diameter duct. The desired dust concentration was acquired by independent 
control of the airflow through the duct (suction fan at downstream end of system) and 
the dust feeding rate into the airflow. The dust trapped in the cyclone dropped into a 
0.15 m3dust collectingchamber bolted to the bottom outlet.The exhaust duct of 0.032 m2 
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Figure 6.1 3 
industrial condition (From Hayashi and Matsuda, 1988). 

Experimental cyclone plant for studying dust explosion development under realistic 

cross section and 3 m length ended in a 0.73 m3 cubical quenching box fitted with two 
vents of 0.3 m2 and 0.1 m2, respectively. The venting of the cyclone itself was through 
the 0.032 m2exhaust duct and the almost 10 m long 0.008 m2dust feeding duct. During 
explosion experiments, two water-spraying nozzles for flame quenching were in opera-
tion in the exhaust duct to protect the fan just outside the quenching box. The ignition 
source was a 5 kJ chemical igniter located in the dust feeding duct about 2 m upstream 
of the cyclone. Two different polymer dusts were used in the experiments, an ABS resin 
dust of median particle size 180pm and an ethylene-vinyl acetate (EVA) copolymer dust 
of median particle size 40 pm. 

In addition to the realistic “dynamic” explosion experiments, Hayashi and Matsuda 
(1988) conducted a series of experiments with the same two dusts, using an artificial 
“static” dust cloud generation method, very similar to that used in the experiments being 
the basis of the VDI 3673 (1979 edition). As illustrated in Figure 6.14, the dust feeding 
uct was then blocked at the entrance to the cyclone, which reduced the effective vent 

area slightly, to 0.032 m2. 
A system of two pressurized dust reservoirs and perforated tube dispersion nozzles were 

employed to geneirate the dust clouds. The 5 kJ ignition source was located inside the 
cyclone, halfway up on the axis (indicated by X2). The ignition source was activated about 
BOO ms after onset of dust dispersion. 

Envelopes embracing the results of both series of experiments are given in Figure 6.15. 
As can be seen, the artificial, “static,” method of dust dispersion gave considerably 
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Figure 6.14 A 0.32 m3cyclone modified for 
generation of dust clouds by high-pressure 
injection through perforated dust dispersion 
tubes (From Hayashi and Matsuda, 1988). 

higher maximum explosion pressures in the cyclone, than the realistic, “dynamic,” 
method. This is in accordance with the results of the earlier realistic cyclone experi-
ments of Tonkin and Berlemont (1972). It is of interest to compare the “static” results 
in Figure 6.15 with predictions by VDI 3673 (1979 edition). A slight extrapolation of 
the nomographs to 0.32 m2vent area, assuming St 1dusts, gives an expected maximum 
overpressureof about 2.5 bar(g), which is on the same order as the highest pressures of 
1.5 bar(& measured for the artificial “static” dust dispersion method and much higher 
than the pressures measured in the realistic experiments. 

The NFPA 68 (1988 edition)includes an alternative nomograph that covers all St 1dusts 
that do not yield higher P,, in standard closed bomb tests than 9 bar@).This nomograph 
gives much lower Predvalues than the standard nomograph, in particular for small vol-
umes. In the 0.32 m3cyclone with a 0.032 m2vent, the alternative nomograph gives Pred 
equal to 0.50 bar(g), which in fact is close to the realistic experimental values. This 
alternative nomograph originatesfrom Bartknecht (1987) and represents a considerable 
liberalization,by a factor of 2 or so, of the vent area requirements for most St 1 and St 
2 dusts. However, the scientific and technical basis for this liberalization does not seem 
to have been fully disclosed in the open literature. 
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Figure 6.15 Results from vented dust explosions in 
a 0.32 m3cyclone using two different Dolvmer dusts 
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6.2.5 
REALISTIC EXPERIMENTS IN BAG FILTERS 

6.2.5.1 
Vented Explosions in a 6.7 m3 Industrial Bag Filter Unit in the United Kingdom 

Lunn and Cairns (1985) reported on a series of dust explosion experiments in a 6.7 m3 
industrial bag filter unit. The experiments were conducted during normal operation of 
the filter, which was of the pulsed-air, self-cleaning type. Four different dusts were used, 
and their Kstvalues were determined according to IS0  (1985) (see Chapter 7). The igni-
tion source was located in the hopper below the filter bag section. In the experiments of 
main interest here, the vent was in the roof of the filter housing. Hence, to get to the vent, 
the flame had to propagate all the way up from the hopper and through the congested 
filter bag section. The results from the experiments are summarized in Figure 6.16, 
together with the corresponding VDI 3673 (1979 edition) predictions. 

Figure 6.16 first shows that the Predin the actual filter explosions were mostly con-
siderably lower than the corresponding VDI 3673 predictions and close to the theoreti-
cal minimum value 0.1 bar(g) at which the vent cover ruptured. Second, there is no 
sensible correlation between the VDI 3673 ranking of expected pressures according to 
the Ks, values and the ranking actually found. 

Lunn and Cairns (1985) also reported on a series of dust explosion experiments in a 
generously vented 8.6 m3 empty horizontal cylindrical vessel of LID = 6. The same 
dusts were used as in the filter experiments, but the dust clouds were generated “artifi-
cially” by injection from pressurized reservoirs as in the standard VDI 3673 method. In 
spite of the similarity between the dust dispersion method used and the VDI 3673 dis-
persion method, there was no correlationbetween Predand ICst. 
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0 L
Figure 6.1 6 Maximum explosion pressure Pred 
measuredin dust exdosions in an industrial 6.7 m3 
bag filter unit in normal operation, P,,,, = 0.1 
bar&). (data from Lunn and Cairns, 1985). 
Comparison with VDI 3673 (7979 edition) (From 
Eckhoff, 1990). 
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Figure 6.17 A 5.8 m3 experimental bag filter in Norway (From Eckhoff et a/., 1989). 

6.2.5.2 
Vented Explosions in a 5.8 m3 Bag Filter in Norway 

These experiments were reported in detail by Eckhoff, Alfert, and Fuhre (1989). A per-
spective drawing of the experimental filter is shown in Figure 6.17 and a photograph of 
a vented maize starch explosion in the filter in Figure 6.18. 

Dust explosions were initiated in the filter during normal operation. A practical worst-
case situation was realized by blowing dust suspensions of the most explosible concen-
tration into the filter at 35 m / s  and igniting the cloud in the filter during injection. Four 
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Figure 6.18 Maize starch explosion in a 5.8 m3 experimental bag filter unit in Norway. Vent area is 
0.16 m2. Static opening pressure of the vent cover is 0. IO bar(g). Maximum explosion pressure is 0.15 
bar(@. For a much clearer picture, see Color Plate 8. 
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Figure 6.19 Results from vented peat dust 
explosions in a 5.8 m3 filter at P,,,, = 0.1 bar(g). 
Comparison is made with VDI 3673 ( 7  979 edi- 
tion) and vent sizing method used in Norway 
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dusts were used: maize starch and peat dust, both having K,, = 115 bar m / s ,  and polypro- 
pylene and silicon dusts, both having K,, = 125 bar m / s .  Considerable effort was made to 
identify worst-case conditions of dust concentration and ignition timing. At these con- 
ditions, experimental correlations of the vent area and Pd were determined for each dust. 

As shown in Figure 6.19, the peat dust gave significantly lower explosion pressures 
than those predicted by VDI 3673 (1979), even if the predictions were based on the 
volume of the dusty filter section (3.8 m3> only. 
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Figure 6.20 summarizes the results for all four dusts. As can be seen, the explosion 
pressures measured were generally considerably lower than those predicted by VDI 3673 
(1979 edition) for all four dusts as long as the ignition source was a nitrocellulose 
flame. However, the singular result obtained for silicon dust ignited by a silicon dust 
flame emphasizes the different nature of initiation and propagation of metal dust flames 
as compared with flames of organic dusts (see the discussionin Eckhoff et al., 1989,and 
Chapter 4.) 

As illustrated by Figure 6.19, Predscattered considerably, even when the nominal 
experimental conditions were identical. This again illustrates the risk-analytical aspect 
of the vent sizing problem (see Section 6.6). Figure 6.19 suggeststhat VDI 3673 is quite 
conservative, whereas the method used in Norway is quite liberal, in agreementwith the 
picture in Figure 6.3. 

0 
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Figure 6.20 Maximum explosion pressures for four 
dusts in a vented 5.8 m3 filter at two vent areas, as 
functions of K,, determined by the 20 liter Siwek 
sphere: 

nitrocellulose flame ignition
0 = 0.2 m2 vent area 
o = 0.3 m2 vent area 

+ = silicon dust flame ignition of silicon dust 
P,,,, = 0. I bar(g) 

Comparison is made with the VDI ( I  979 edition) pre-
dictions for 3.8 m3 volume (dusty section of filter) 
(From Eckhoft 1990). 

In Figures 6.20 and 6.21, the 5.8 m3filter results for all four dusts are plotted as func-
tions of Ks, from 1 m3IS0 standard tests and (dP/dt),, from Hartmann bomb tests (see 
Chapter 7). 

Predictions by various vent sizing methods have also been included for comparison. 
The data in Figure 6.20 show poor correlation between the maximum explosion pres-
sures measured in the filter at a given vent area and the maximum rates of pressure rise 
determined in standard laboratory tests. Although the K,, values of the four dusts were 
very similar, ranging from 115to 125bar m / s ,  the Pred(nitrocelluloseflame ignition) for 
the four dusts varied by a factor of 2-3. 

In the Hartmann bomb case, Figure 6.21 indicates a weak positive correlationbetween 
Predand (dPldt),, for nitrocellulose ignition, but it is by no means convincing. Figure 
6.21 also gives the corresponding correlations predicted by three different vent sizing 
methods based on Hartmann bomb tests. Both the Swedish and the Norwegian methods 
are quite liberal. The Rust method oversizes the vents for the organic dusts excessively 
for (dPldt),, > 150bar/s. There is, however, fair agreement with the data for silicon dust 
ignited by a silicon dust flame. 
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Figure 6.21 Maximum explosion pressures for four 
dusts in a vented 5.8 m3 filter at two vent areas, as 
functions of (dP/dt),,, determined by the Hartmann 
bomb: 

= 0.3 m2 vent area 
e = 0.2 mz vent area 

+ = silicon dust flame ignition of silicon dust 
P,,,( = 0.1 bar(g) 

Comparison is made with VDI (1979 edition) pre-
dictions for 3.8 m3 volume (dusty section of filter) 
(From Eckhoff, 7990). 

nitrocelhlose flame ignitionI 

The use of closed-bomb tests for predicting the violence of accidental dust explosions 
in industrial plants was discussed by Eckhoff (1984/1985; see also Chapter 7). 

6.2.6 

TO INDUSTRIAL PRACTICE 
OTI+ ER LARG E-SCALE EXPERI MENTS RELEVANT 

Some quite early work that is still of considerable interest and practical value deserves 
attention. The pioneering work of Greenwald and Wheeler (1925) on venting of coal dust 
explosions in long galleries is discussed in Section 4.4.7 in Chapter 4. 

A set of results from the comprehensive investigation by Brown and Hanson (1933) 
on venting of dust explosions in volumes typical of the process industry were reproduced 
in Figure 6.1. The paper by Brown and Hanson describes a number of interesting obser-
vations and considerations,including the effect of the location and distributionof the vents 
and the influence of the size and type of ignition source. 

Brown (1951) studied the venting of dust explosions in a 1.2 m diameter, 17 m long 
horizontal tube with and without internal obstructions. The tube was either closed at one 
end and vented at the other or vents were provided at both ends. In some experiments, 
an additional vent 'was provided in the tube wall midway between the two ends. The loca-
tion of the ignition point was varied. 

Brown and Wilde (1955) extended the work of Brown (1951)by investigating the per-
formance of a special hinged vent cover design on the explosion pressure development 
in a 0.76 m diameter, 15 m long tube with one or more vents at the tube ends or in the 
tube wall. 

Pinea,u2Giltaire, and Dangreaux (1974, 1976), using geometrically similar vented 
vessels off LID about 3.5 and volumes 1, 10, and 100 m3, investigated the validity of 
the vent area scaling law A2=Al(V2/Vl)2'3.They concluded that this law, which implies 
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geometrical similarity even of vent areas, was not fully supported by the experiments. 
However, as long as the dust clouds were generated in similar ways in all three vessel 
sizes and the ignition points were at the vessel centers, the experiments were in agree-
ment with the law A, =Al(V21V,)o~52. 

Pineau, Giltaire,and Dangreaux (1978) presented a seriesof experimentallybased cor-
relations for various dusts between vent area and vessel volume for open and covered 
vents, with and without vent ducts. Both bursting membranes and spring-loaded and 
hinged vent covers were used in the experiments. 

Zeeuwen and van Laar (1985) and Wingerden and Pasman (1988) studied the influ-
ence of the initial size of the exploding dust cloud in a given vented enclosure on the 
maximum pressure developed during the vented explosion. 

The investigationshowed that the pressure rise caused by the explosionof a dust cloud 
filling only part of a vented enclosureis higher than would be intuitively expected. Even 
if the dust cloud is considerably smaller than the enclosure volume, it is usually neces-
sary to size the vent as if the entire volume of the enclosure were filled with explosible 
cloud. 

Gerhold and Hattwig (1989) studiedthe pressure developmentduring dust explosions 
in a vented steel silo of rectangular cross section. The length-to-equivalent-diameter 
ratio could be varied between 2 and 6. The explosion pressure and flame front propaga-
tion histories were measured using a measurement system similar to that illustrated in 
Figure 6.6. The influence of the key parameters of industrial pneumatic dust injection 
systems on the explosion development was investigated, in particular injection pipe 
diameter, airflow, and dust-to-air ratio. The general conclusion was that the maximum 
pressures generated with realistic pneumatic injection were substantially lower than 
those predicted by the VDI 3673 (1979 edition) guideline. 

6.3 
VENT SIZING PROCEDURES FORTHE PRESENT 
AND NEAR FUTURE 

6.3.1 
BASIC APPROACH AND LIMITATIONS 

As shown in Section 6.2, realistic vented dust explosion experiments,conducted mostly 
during the 1980s,demonstrated that none of the vent sizing codes in use up to 1990 are 
fully adequate. It is proposed, therefore, that for the present and near future, sizing of 
dust explosionvents be primarily based on the total evidence from realistic experiments 
that is available at any time. 

The following suggestions presuppose that the initial pressure in the enclosure to be 
vented is atmospheric. Furthermore,the vent covers must open completely within times 
comparable to the opening times of standard calibrated rupture diaphragms. In the case 
of heavier, and reversible, vent covers, such as hinged doors with counterweights or 
spring-loaded covers, additionalconsiderations are required. The same applies to the use 
of vent ducts and the new, promising vent closure concept that relieves the pressure but 
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retains the dust and flame, thus rendering vent ducts superfluous (see Section 1.4.6 in 
Chapter 1). 

6.3.2 
LARGE EMPTY ENCLOSURES OF LID < 4 

As shown in Figure 6.3, a large empty enclosure of volume 500 m3 and LID = 4, in the 
absence of excessivedust cloud turbulence, requires considerably smaller vents than those 
specified by VDI 3673 (1979 edition) or NFPA 68 (1988 edition). This also applies to 
the more liberal St 1nomograph for constant-volumepressures P,,, < 9 bar(g), proposed 
by Bartknecht (1987; not included in Figure 6.3). As shown in Figure 6.12, even more 
dramatic reductions in vent area requirements were found in a 250 m3spherical vessel. 
In this case, the vent area actually needed was only one-eighththat specifiedby VDI 3673 
(1979 edition). 

When sizing vents for large enclosures of LlD 5 4, the exact vent area reduction factor 
as compared with VDI 3673 (1979 edition),has to be decided in each case, but it should 
certainly not be greater than 0.5. In some cases, it may be as small as 0.2-0.1. 

6.3.3 
LARGE, SLENDER ENCLOSURES (SILOS) OF LID > 4 

The only investigation of vented dust explosions in vertical silos of LID > 4 and volumes 
>I00 m3that has been traced is that described in Section 6.2.2. The strong influence of 
the location of the ignition source on the explosion violence, as illustrated in Figure 6.9, 
is a major problem. It is necessary, in each specific case, to analyze carefully what kind 
of ignition sources are likely to occur and what locations within the silo volume igni-
tion have a significant probability (Eckhoff, 1987).For example, if the explosion in the 
silo cell can be assumed to be a secondary event, initiated by an explosion elsewherein 
the plant, ignition will probably occur in the upper part of the silo by flame transmission 
through dust extraction ducts or other openings near the silo top. In this case, a vent of 
moderate size serves the purpose, even if the LID of the silo is large. However, the 
analysis might reveal that ignition in the lower part of the silo is also probable, for exam-
ple, because the dust has a great tendency to burn or smolder. In this case, even the entire 
silo roof, in some situations,may be insufficient for venting, and more sophisticatedmea-
sures may have to be taken ts  control possible dust explosions in the silo. 

6.3.4 
SMALLER, SLENDER ENCLOSURES OF LID > 4 

The data of Bartknecht (1988) and Radandt (1985,1989a) from experimentsin the 20 m3 
silo constitute a useful referencepoint. Further data for a 8.7 m3vessel of LID =6 is found 
in the paper by Lunn and Cairns (1985).However, it is necessary to pay adequate atten-
tion to the way in which the dust clouds are generated in the various experiments and 
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select experimental conditions that are as close as possible to the conditions prevailing 
in the actual industrial enclosure (see Figure 6.11). Depending on the way in which the 
dust cloud is generated in practice, vent area reduction factors, with reference to VDI 
3673 (1979), may vary between 1.O and 0.1, 

6.3.5 
INTERMEDIATE (10-25 m3)ENCLOSURES OF SMALL LID 

The experimental basis is that of the VDI 3673 guideline (1979 edition) with highly 
homogeneous, well-dispersed, and turbulent dust clouds and the more recent results 
for much less homogeneous, less well-dispersed clouds (Figure 6.12). The vent area 
requirements identified by these two sets of experiments differ by a factor of up to 5. 
Adequate vent sizing therefore requires that the conditions of turbulence, dust dis-
persion, and level and homogeneity of dust concentration for the actual enclosure be 
evaluated in each case. 

6.3.6 
CYCLONES 

Two realistic investigationshave been traced (Tonkin and Berlemont, 1972,and Hayashi 
and Matsuda, 1988),and both suggest a significant vent area reductionin relation to VDI 
3673 (1979 edition). The early investigation by Tonkin and Berlemont using a cyclone 
of 1.2 m3, indicates an area reduction factor of 0.2. The more recent investigation by 
Hayashi and Matsuda, using a smaller cyclone of 0.32 m3,indicates a factor of about 0.5. 
Hence, for organic St 1 dusts (KstI 200 bar d s )  there seems to be room for vent area 
reductions with reference to the VDI 3673 (1979 edition) by factorsin the range 0.5-0.2. 
However, for metal dusts, such as silicon, although there is no direct evidence from 
cyclone explosions with such dusts, the VDI 3673 (1979 edition) requirements should 
probably be followed, as in the case of filters (see Section 6.3.7). 

6.3.7 
BAG FILTERS 

The experimentalbasis is the evidencein Figures 6.16 and 6.19-6.21, produced by Lunn 
and Cairns (1985) and Eckhoff et al. (1989). If ignition inside the filter itself is the most 
probable scenario (no strong flamejet entering the filter nor any significantpressurepiling 
prior to ignition), the vent area requirements of VDI 3673 (1979 edition) for St 1dusts 
can be reduced by at least a factor of 0.5. If the dust concentrationin the feeding duct to 
the filter is lower than the minimum explosive concentration, the vent area may be 
reduced even more. 

However, in the case of some metal dusts, such as silicon,primary ignition in the filter 
itself may be less probable and ignition is accomplishedby a flamejet entering the filter 
from elsewhere. In this case, it is recommended that the vent area requirements of VDI 
3673 (1979 edition) be followed. 
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6.3.8 
MILLS 

The level of turbulence and degree of dust dispersion in mills vary with the type of mill. 
The most severe states of turbulence and dust dispersion probably occur in air jet mills. 
The experimental technique for dust cloud generation used in the experiments on which 
VDI 3673 (1979 edition) is based is likely to generate dust clouds similar to those in an 
air jet mill. For this reason, it seems reasonable that VDI 3673 (1979 edition) be used 
without modification for sizing vents for this type of mill. In mills generating dust clouds 
that are less turbulent and less well dispersed, it should be possible to ease the vent area 
requirements, depending on the actual circumstances. 

6.3.9 
ELONGATED ENCLOSURES OF VERY LARGE LID 

This enclosure group includes galleries in large buildings, pneumatic transport pipes, 
dust extraction ducts, bucket elevators, and the like. In such enclosures, severe flame 
acceleration can take place because of the turbulence produced by expansion-generated 
flow in the dust cloud ahead of the flame. In extreme cases, transition to detonation can 
occur (see Chapter 4). The generally accepted main principles for venting of such systems 
should be followed. Either the enclosure must be made sufficiently strong to sustain even 
a detonation and furnished with vents at one or both ends or a sufficient number of vents 
have to be installed along the length of the enclosure to prevent severe flame acceleration. 
Chapter 8 ofthe National Fire ProtectionAssociation (1988)provides more useful detailed 
advice. Further evidence of how dust explosions propagate in long ducts under realistic 
process conditions was presented by Radandt (l989b), as discussed in Chapter 4. 

6.3.1 0 
SCALING OF VENT AREA5 TO OTHER ENCLOSURE VOLUMES 
AND SHAPES AND TO OTHER PredAND DUSTS 

The number of reported realistic vented dust explosion experiments is still limited. It may 
therefore be difficult to find an experiment described in the literature that corresponds 
sufficiently closely to the case wanted. A procedure for scaling is therefore needed. The 
National Fire Protection Association (1988) suggests the following simple equation 
intended for scaling of vent areas for weak structures of Pred5 0.1 bar(g): 

Here, A is the vent area, A, is the internal surface area of the enclosure, and Predis the 
maximum pressure (gauge) in the vented explosion. Cis  an empirical constant express-
ing the explosion violence, based on experimental evidence. By using the internal sur-
face area as the scaling parameter for the enclosure “size,” the enclosure shape is 
accounted for, such that an elongated enclosure of a given volume gets a larger vent than 
a sphere of the same volume. 
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Equation (6.4) was originally intended for the low-pressure regime only, but its form 
presents no such limitations. Therefore, this equation may be adopted even for Pred> 
0.1 bar(g) and used for first approximation scaling of vent areas from any specific real-
istic experiment, to other enclosure sizes and shapes, other Pred values, and other dusts. 
At the outset, the constant C shouldbe derived from the result of the closestrealistic exper-
iment from which data are available.Subsequentadjustmentof C should be based on addi-
tional evidence or indications concerning influence of dust type, turbulence, and so forth. 

Most often, this approach will imply extrapolation of experimental results, which is 
always associated with uncertainty. Therefore, the efforts to conduct further realistic 
experiments should be continued. 

6.3.1 1 
CONCLUDING REMARKS 

Over the last decade our understanding of the dust explosionventing process has increased 
considerably. Unfortunately,however, this has not provided us with a simple, coherent 
picture. On the contrary, new experimental evidence gradually forces us to accept that 
dust explosion venting is a very complex process. What may happen with a given dust 
under one set of practical circumstances may be far from what happens in others. 
Therefore, the general plant engineer may no longer be able to apply some simple rule 
of thumb and design a vent in 5 minutes. This may look like a stepbackward,but in real-
ity it is how things have developed in most fields of engineering and technology. 
Increasinginsight and knowledgereveals that apparently simple matters are in fact com-
plex and need the attention of somebody who could make them a specialty and from 
whom others could get advice and assistance. 

On the other hand, some qualitativerules of thumb may be indicated on a general basis. 
One example is Figure 6.22, which shows how, for a given type of dust, the violence of 
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the dust explosion, or the burning rate of the dust cloud, depends on the geometry of the 
enclosurein which the dust cloud burns. Turbulence and dust dispersion induced by flow 
is a key mechanism for increasing the dust cloud burning rate. 

6,4 
INFLUENCE OF ACTUAL TURBULENCE INTENSITY 
QFTHE BURNING DUST CLOUD ON THE MAXIMUM 
PRESSURE IN A VENTED DUST EXPLOSION 

This problem was studied specifically by Tamanini (1989), who conducted vented dust 
explosionexperimentsin a 64 m3rectangularenclosure of base 4.6 m x 4.6 m and height 
3.0 m. The vent was a 5.6 m2square opening in one of the four 14m2walls of the enclo-
sure. Details of the experiments were given by Tamanini and Chaffee (1989). 

The dust injection system essentially was of the same type as illustrated in Figure 
4.39 and discussed in Section 4.4.3.1 in Chapter 4. It consisted of four pressurized-air 
containers, each of 0.33 m3capacity and 8.3 bar(g) initial pressure, connected to four 
perforated dust dispersion nozzles. Two nozzle sets (i.e., eight nozzles) were mounted 
on each of two opposite walls inside the chamber. The dust was placed in four canis-
ters, one for each of the pressurized-aircontainers,located in the lines between the pres-
surized containers and the dispersion nozzles. On activation of high-speed valves, the 
pressurized air was released from the containers, entrained the dust, and dispersed into 
a cloud in the 64 m3 chamber via the 16 nozzles. The high-speed valves were closed 
again when the pressure in the pressurized containers had dropped to a preset value 
of 1.4 bar(g). 

As illustrated in Figures 4.40-4.42 in Chapter 4, this type of experimentgenerates tran-
sient dust clouds characterized by a comparativelyhigh turbulence intensity during the 
early stages of dust dispersion and subsequent marked fall-off of the turbulence inten-
sity with increasing time from the start of the dispersion.This means that the turbulence 
level of such a dust cloud at the moment of ignition can be controlled by controlling the 
delay between start of dust dispersion and activation of the ignition source. 

Tamanini (1989) and Tamanini and Chaffee (1989) used this effect to study the influ-
ence of the turbulenceintensity at the moment of ignition on the maximum pressure gen-
erated by explosion of a given dust at a given concentration in their 64 m3 vented 
chamber. The actual turbulence intensity in the large-scale dust cloud at any given time 
was measured by a bidirectional fast-response gas velocity probe, in terms of the rms 
(root mean square) of the instantaneous velocity. 

However, Tammini and Chaffee (1989) also found that, during the dispersion air 
injection into the 64 m3 chamber, a strong mean flow accompanied the turbulent fluctu-
ations, at least in certain regions of the chamber. Furthermore, despite the injection of 
the air charge through a large number of distributed points, the flow field in the cham-
ber was highly nonuniform, with the nonuniformitycontinuing during the decay part of 
the transient turbulence when the discharge of the air containers was complete. However, 
it was pointed out that the observed deviation of the flow field from uniformity is prob-
ably representative of the situation in actual process equipment and complicates the 



458 Dust Explosions in the Process Industries 

application of flame velocity data obtained in homogeneous turbulence to practical sit-
uations in industry. It also complicatesthe correlationof turbulencedata with overall flame 
propagation characteristics. 

To characterize the turbulence intensity in the 64 m3enclosure for a given small time 
interval by a single figure, the rms values found for that time interval at a large number 
of probe locations were averaged. Figure 6.23 gives a set of data showing a clear corre-
lation between the maximum pressure in the vented explosion and the average rms of 
the instantaneous fluctuatingturbulence velocity as measured by the pressure probes. 
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Figure 6.23 Influence of turbulence intensity of burning dust cloud on maximum pressure in vented 
maize starch explosion in a 64 m3 rectangular chamber. Starch concentration is 250 g/m3. Vent size 
is 5.6 mz. Ignition source is a 5 1 chemical igniter at the chamber center (From Tamanini, 1989). 

The contribution of Tamanini and coworkersis particularlyvaluablebecause it suggests 
that a quantitativelink between systematicventing experiments,in which the turbulence 
is quantified,and the real industrial explosionhazard may be obtained via measurement 
of characteristicturbulence levels in dust clouds in industrial process equipment. 

Tamanini and Chaffee (1989) encountered problems when trying to correlate maxi-
mum rates of pressure rise from 20 liter spheretests with the maximum pressures in large-
scale vented explosions.This is in agreementwith the findings illustratedin Figures 6.20 
and 6.21. See also Sections 9.2.2.2, 9.2.2.3, 9.2.4.4, and 9.3.7.5 in Chapter 9. 

6.5 
THEORIES OF DUST EXPLOSION VENTING 

6.5.1 
I NTRODUCTORY 0UTLI NE 

As described in Section 1.4.6.1 in Chapter 1, the maximum explosion pressure in a 
vented explosion, Predris the result of two competing processes: 

Burning of the dust cloud, which develops heat and increases the pressure. 
Flow of unburned, burning, and burned dust cloud through the vent, which relieves 
the pressure. 
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In most cases, the two processes are coupled via expansion-induced flow of the dust 
cloud ahead of the flame, which increases the turbulence of the unburned dust cloud and 
hence its burning rate. In a comprehensive theory of dust explosion venting, it is neces-
sary to include a mathematical description of this complex coupling. As discussed in 
Chapter 4, this has to some extent been possible in advanced modeling of gas explosions 
in complex geometries, where the turbulence is generated by flow past comparatively 
large geometric obstacles. It is to be expected that the current rapid progress in gas and 
dust explosion modeling will soon result in comprehensive theories and computer sim-
ulation codes for conventional venting configurations in the process industry. Further 
works on this subject are reviewed in Sections 9.2.4.7,9.2.4.8, and 9.3.7.5 in Chapter 9. 

However, in the meantime, several less-comprehensive, more-approximate theories are 
in use, in which it is assumed that the burning of the dust cloud and the flow out of the 
vent can be regarded as independent processes. In all the theories traced, it is assumed 
that the burning rate of the dust cloud in the vented enclosure can, in some way or other, 
be derived from the burning rate of the same dust in a standard closed-bomb test. The 
theories vary somewhat in the way in which this derivation is performed, but in general 
none of the existing venting theories seem to handle the complex burning rate problem 
satisfactorily. As Table 4.13 in Chapter 4 shows, K,, values from dust explosions with 
the same dust in closed bombs of various volumes and design can vary substantially, 
depending on dust concentration, degree of dust dispersion, and dust cloud turbulence. 

When using a given K,, value, or a maximum-rate-of-pressure-rise value, as input to 
the various existing theories, the relevance of the laboratory test conditions yielding the 
value, in relation to the dust cloud state in the actual industrial situation to be simulated, 
must be evaluated. See also Section 9.2.4.8 in Chapter 9 for further approximate theories. 

The second part of the venting theories, describing the flow out of the vent, is gener-
ally based on the classical, well-established theory for flow of gases through orifices. 

A third common feature of existing theories is the use of the fact that, at the maximum 
explosion pressure, Pred,in the vented enclosure, the first derivative of pressure versus 
time is 0. This means that the rate of expansion of the dust cloud inside the enclosure 
due to the combustion equals the rate of flow through the vent. An alternative formula-
tion is that the incremental pressure rise due to combustion equals the incremental pres-
sure drop due to venting. 

In the general gas dynamics theory for venting pressure vessels, one must distinguish 
between the two cases subsonic and sonic flow. If the ratio of internal to external pres-
sure exceeds a certain critical value, the flow is governed by the upstream conditions only; 
whereas at lower pressure ratios, the pressure drop across the orifice plays a main role. 
For a vent of small diameter compared with the vessel size (e.g., as in Figure 6.18) and 
neglecting friction losses, the critical pressure ratio equals 

where y is the ratio of the specific heat of the gas at constant pressure and volume. For 
air and most combustion gases generated in dust explosions in air, this value is about 
1.8-1.9, which corresponds to a pressure inside the vessel of 0.8-0.9 bar(g) at normal 
atmospheric ambient pressure. For most conventional process equipment, the maximum 
permissible explosion pressure in the vented vessel is lower than 0.8-0.9 bar(g), and 
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in such cases, the flow out of the vent is subsonic. However, in the case of quite strong 
process units, such as certain types of mills, the pressure ratio PJP0 during the first 
part of the venting process may exceed the critical value, and the sonic flow theory 
applies. 

The following sections include only venting theories that were developed specifically 
for dust explosions.However, as long as the dust cloud is regarded as a combustiblecon-
tinuum, there is little difference between the theoretical treatment of a dust and a gas 
explosion, apart from the dust dispersion and initial turbulenceproblem. Therefore, ref-
erence should be made at this point to some central publications on gas explosion vent-
ing, including Yao (1974);Anthony (1977/1978);Bradley and Mitcheson (1978a, 1978b); 
McCann, Thomas, and Edwards (1985); Epstein, Swift, and Fauske (1986); and Swift 
and Epstein (1987). 

6.5.2 
THEORY BY MAISEY 

An early attempt to develop a partial theory of dust explosion venting was made by 
Maisey (1965a). As a starting point, he used a simple theory for laminar gas explosion 
development in a closed spherical vessel, with ignition at the center. The radial laminar 
flame front speed was, as a first approximation,assumed to be a constantfor a given fuel. 
For dusts, it was estimated from Hartmann bomb test data (see Chapter 7). A central 
assumption was that the maximum pressure in a closed-bombtest is proportional to the 
laminar radial flame speed. However, Maisey fully appreciated that, in the Hartmann 
bomb test, as in any closed-bombdust explosiontest, the dust cloud is turbulent and that 
turbulence increasesthe flame speed. He suggested that Hartmann bomb test data be con-
verted to equivalent turbulent flame speeds, correspondingto the turbulence level in the 
test. However,because this turbulence level is probably higher than in dust clouds in most 
industrial plants, Maisey recommended a reduction of this equivalent Hartmann bomb 
flame speed, according to the actual industrial situation. 

The second main part of the venting problem, the flow of gas and dust out of the vent 
opening, was not treated theoretically by Maisey, who instead used various experimen-
tal results to derive semi-empiricalcorrelationsbetween maximum vented explosion pres-
sure and vent area for various enclosure volumes and closed-bomb flame speeds. 

6.5.3 
THEORY BY HEINRICHAND KOWALL 

Heinrich and Kowall(1971), followingthe philosophy outlinedin Section 6.5.1 and con-
sidering subsonic flow, arrived at the following expression for the pressure equilibrium 
at the maximum pressure Pred: 
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where the left-hand side expresses the rate of rise of explosion pressure in the enclosure 
at the pressure Pred,had the vent been closed for an infinitely small interval of time, and 

A is the vent area (m2); 
Vis the volume of the vented enclosure (m3); 
R is the universal gas constant = 8.31 J/(K mol); 
Tis the temperature (K); 
M is the average molecular weight of the gas to be vented (kg); 
Predis the maximum explosion pressure in the vented enclosure (bar(abs)); 
Po is the ambient (normally atmospheric)pressure (bar(abs)); 
CY is the vent coefficient (-), equal to 0.8 for sharp-edgedvents. 

By rearrangingequation (6.6), the vent areaA can be expressed as a functionof the other 
parameters,including the hypotheticalrate of pressure rise at Pred,had the vent been closed. 

Heinrich and IKowall discussed the problems in quantifying the latter key parameter 
for dust explosions. They correlated results from actual dust explosion venting experi-
ments, using vessel volumes up to 5 m3,with maximum rate of pressure rise values from 
the 1.2 Biter Hastmann bomb (see Chapter 7). 

It was then assumed that the "cube root law" (see Section 4.4.3.3 in Chapter 4) could 
be applied: 

It was concluded that the Hartmann bomb data could be correlated with the large-scale 
data via equations(6.6) and (6.7) using correction factorsin the range 0.5-1.0. However, 
Heinrich and Kowall encouraged the development of a new closed-bomb test method 
that would yield maximum rates of pressure rise closer to industrial reality. 

In a subsequentinvestigation,Heinrich and Kowall(l972) discussed the influence on 
Pred of replacing the point ignition source normally used in the large-scale experiments 
with a turbulent flamejet. Whereas flame-jet ignition caused a considerableincrease of 
(dP/dt),, in closed vessel experiments, the increase of Predin vented experiments was 
comparatively small. As discussed in Section 1.4.4.1 in Chapter 1 and illustrated in 
Figure 1.78, this conclusion can by no means be extended to flame jet ignition in gen-
eral. In some cases, such as with strongjets from long ducts, appreciably higher PIzdvalues 
than with point source ignition must be expected. 

In his further studies, Heinrich (1974) incorporated experimental data from other 
workers and proposed a set of nomographs for calculating vent areas, using maximum 
rates of pressure rise from the 1m3closed Bartknecht vessel (subsequently made an IS0 
standard)for identifyingthe combustion rate. The underlying assumption was a positive, 
monotonic correlationbetween (dPex/dt)prdin the vented explosion and (dP,,/dt),, in the 
closed bomb, which was indicated by some experimental data. Heinrich's nomographs 
formed an essential part of the basis of the VDI 3673 (from 1979) and NFPA 68 (from 
1988). 

Heinldch (1980) gave a useful analysis of the theory of the flow of a compressed gas 
from a container into the surrounding atmosphereafter a sudden provision of a vent open-
ing. Both the adiabatic and the isothermal cases were considered. The gas dynamic 
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analysiswas also extended to two and three vessels coupled by ducting. Good agreement 
with experiments was demonstrated. 

Lunn et al. (1988) and Lunn (1989) applied the Heinrich-Kowall theory for extending 
the nomograph method for vent sizing to the region of low maximumexplosion pressures. 

6.5.4 
THEORY BY RUST 

Rust (1979) based his theory on considerations very similar to those of Heinrich and 
Kowall, using maximum rates of pressure rise from closed-bombtests for assessing an 
average burning velocity in the vented explosion via the cube root law. The weakest point 
in Rust’s theory, as in all theories of this category, is the assessment of the burning 
velocity of the dust cloud. 

6.5.5 
THEORY BY NOMURA AND TANAKA 

The process studied theoretically by Nomura and Tanaka (1980), being identical with 
that considered by Yao (1974) for gases, is illustrated in Figure 6.24. They envisaged 
a boundary surface x-xsufficiently close to the vent for essentially all the gas in the 
vessel being to the left of the surface and sufficiently apart from the vent for the gas 
velocity through the surface to be negligible. They then formulated a macroscopic 
energy balance equation for the flow system describing the venting process, assuming 
that all the pressure and heat energy was located to the left of the x-xline in Figure 6.24 
and all the kinetic energy to the right. 

Figure 6.24 
ing (From Nomura and Tanaka, 1980). 

Conceptual model of explosion vent-

Although the approach taken by Nomura and Tanaka is somewhat different from those 
of Heinrich and Kowall and Rust, the basic features are similar and in accordance with 
what has been said in Section 6.5.1. It may appear as if Nomura and Tanaka were unaware 
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that Heinrich and Kowall(1971) used equation (6.7) to estimate the rate of pressure rise 
in the vented enclosure from standard closed-bomb test data. 

Nomura and Tmaka correlated their theoretical predictions with experimental data from 
various workers and found that the calculated vent areas were about three times the 
experimental ones. Their analysis confirmed that AIV2’3= constant seems to be a sensi-
ble scaling law for enclosures of length-to-diameter not much larger than unity. 

6.5.6 
THEORETICAL ANALYSIS BY NACY AND VERAKIS 

Nagy and Verakis (1983) first offered a comprehensive analysis of the physical process 
of venting of a vessel containing compressed air, applying classical gas dynamics theory, 
as done by Heinrich (1980). Both the sonic and subsonic regimes were explored. They 
then formulated the theory of the thermodynamics of the combustion process and finally 
discussed the combustion rate in more qualitativeterms. The combustion part of the theory 
was of the same nature as that of closed vessel explosions reviewed in Section 4.2.5.1 
in Chapter 4. 

Nagy and Verakis first developed a one-dimensional theory for unrestricted sub-
sonic venting of a dust explosion in a long cylinder with the vent at one end. Three cases 
were considered[: ignition at the closed cylinder end, at the vent, and at the center. 
Turbulence generation due to flow of unburned cloud toward the vent was not consid-
ered. The one-dimensional theory was then extended to the spherical configuration illus-
trated in Figure 6.24. The corresponding theory for sonic venting was also formulated. 

The treatment by Nagy and Verakis provides a basis for formulating various equations 
connecting maximum pressure and vent area, assuming that dPIdt = 0 at the maximum 
pressure, using vessel shape, ignition point, and flow regime as parameters. 

However, Nagy and Verakis were not able to formulate a comprehensive burning rate 
theory. They applied the simplified two-zone model of combustion, assuming a very thin 
flame and a burning velocity Sua,where S, is the laminar burning velocity and a > 1is 
a turbulence enhancement factor. The product Suawas estimated from closed-bomb 
experiments with the dust of interest. 

Nagy and Verakis further extended their theory to the case where the bursting pres-
sure of the vent cover is significantly higher than the ambient pressure. Theoretical pre-
dictions were compared with experimental data from dust explosions in a 1.8m3vented 
vessel. 

6.5.7 
THEORY BY GRUBER ET AL. 

In their study, Gruber et al. (1987) applied the same basic gas dynamics considerations 
as previous workers to analyze the flow through the vent. The influence of the turbu-
lence on the combustion rate was accounted for by multiplying the laminar burning 
velocity with a turbulence factor, as done by Nagy and Verakis (1983). Gruber et al. 
included a useful discussion of the nature and magnitude of the turbulence factor, by 
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referring to more recent work by several workers. In particular, attempts at correlating 
empirical turbulence factors with the Reynolds number of the flow of the burning cloud 
were evaluated. 

6.5.8 
T H E O R Y  BY S W I F T  

Swift (1988) proposed a venting equation implying that the maximum pressure in the 
vented vessel is proportional to the square of the burning velocity of the dust cloud. A 
turbulence factor, obtained from correlation with experimental data, was incorporated 
in the burning velocity, as in the case of Nagy and Verakis. 

6.5.9 
T H E O R Y  BY URAL 

The special feature of this theory, compared with those just outlined, is the assumption 
that the pressure rise in the unvented explosion can be describedby the simple function 
shown in Figure 6.25. 
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Figure 6.25 
explosion used in the venting theory of Ura l ( l989) .  

Mathematical approximation for the shape of the pressure rise curve for the unvented 

This implies that the maximum rate of pressure rise in the unvented explosion equals 

where P,, and Po are the maximum and initial pressures and tm, is the time from ignition 
to when the maximum pressure has been reached. The explosion rate is then essentially 
characterized by the single parameter tma,.By means of the generalized form of equation 
(6.7), experimental values of (dPldt),, from closed-bomb tests may be converted to 
(dPldt),, for the actualenclosure,without venting, and then to the correspondingtm, using 
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equation (6.8), which may be used in the venting theory to predict maximum vented 
explosion pressures, Pred.It is then assumed that the rate of heat release in the vented 
explosion versus time is the same as in the unvented explosion. 

As for the other theories discussed, a centralrequirement for obtaining reasonable pre-
dictions is that the state of the dust cloud in the closed-bombtest used for predicting the 
explosion violence corresponds to the state of the dust cloud in the vented explosion of 
concern. 

6.5.10 
CONCLUDING REMARKS 

In all the theories just outlined, the modeling of the burning rate of the dust cloud is 
incomplete. The situation may be improved by making use of systematic correlations 
of burning rates and initial dust cloud turbulence intensities determined experimen-
tally in controlled explosion experiments and measurements of typical turbulence 
intensities in various industrial plants. The studies of Tamanini and coworkers, dis-
cussed in Section 6.4, constitute a valuable step in this direction. The approach for the 
future is probably further development of the type of more comprehensivetheories dis-
cussed in Section 4.4.8 in Chapter 4. 

6.6 
PROBABILISTIC NATURE OF THE PRACTICAL VENT 
SIZING PROBLEM 

6.6.1 
BASIC PHILOSOPHY 

This aspect of the venting problem was treated by Eckhoff (1986). Section 1.5.1 in 
Chapter 1 gives a general overview of the probabilistic element in designing for dust 
explosion prevention and mitigation. 

Considera specificprocess unit, part of a specificindustrialplant in which one or more 
specific combustible materials are produced or handled in powdered or granular form. 
The process unit can be a mill, a fluidized bed, a bucket elevator, a cyclone, a storage 
silo, or any other enclosure in which explosible dust clouds may occur. 

Assume that the plant can be operated for 1 million years from now, with no system-
atic changes in technology, operating and maintenance procedures, knowledge and atti-
tudes of personnel, or in any other factor that might influence the distribution of the ways 
in which dust clouds are generated and ignited. One can then envisagethat a certain finite 
number of explosionincidents will occur during the l-million-yearperiod. Some of these 
will be only weak “puffs” whereas others will be more severe. Some may be quite vio-
lent. Because it is assumed that “status-q~o~~conditionsare reestablished after each inci-
dent, the incidents will be distributed at random along the time axis from now on to a 
million years ahead. 
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The enclosure considered is equipped with a vent opening. The expected maximum 
pressure P,,, generated in vented explosions in the enclosure will, by and large, 
decrease with increasing vent size. This is illustrated in Figure 6.26. If the vent area 
is unnecessarily large, like AI,  the distribution of expected explosion pressures will be 
well below the maximum permissible pressure Pred. On the other hand, if the vent is 
very small, like A,, a considerable fraction of all explosions will generate pressures 
exceeding the maximum permissible one. (Note that the A, and A, cases in Figure 6.26 
illustrate the pressures that would have been generatedhad the enclosurebeen sufficiently 
strong to withstand even P,,, > Pred.) 

Over- I 

Explosion
frequency 

0 

max 
Pred 

Figure 6.26 Distribution of maximum explosion pressures generated in a given process unit, fitted with 
vents of different sizes, by the same 1-million-yearpopulation explosions. The unit of explosion frequency 
is number of explosions per million years per unit of pressure. The areas under the frequency curves 
then give the total number of explosions in 1 million years and are therefore the same for the three cases. 

In the case of A,, the vent size is capable of keeping a clear majority of all explosion 
pressures below Pred.If the fraction of the explosions that generates P,, >Pred represents 
a reasonable risk, A, constitutes an adequate vent size for the case in question. However, 
the decision as to whether the fraction of expected destructive explosions is acceptable 
depends on several considerations. The first is the expected total number of incidents of 
ignition of a dust cloud in the enclosure in the 1-million-year period. This number is 
strongly influenced both by the standard obtained with respect to elimination of potential 
ignition sources and the standard of housekeeping. If these standards are comparatively 
low, the overall chance of cloud ignitions is comparatively high. Consequently,it is nec-
essary to require that the fraction of all expected explosions that will not be taken care of 



Sizing of Dust Explosion Vents 467 

by a vent be comparatively small to ensure that the expected number of destructive explo-
sions is kept at an acceptable level. On the other hand, if the probability of dust cloud igni-
tion is low, one can rely on a smaller vent than if the standard of housekeeping and the 
efforts to eliminate ignition sources were inadequate. This is illustrated in Figure 6.27. 
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Inadequate ignition 
source prevention 

1 N explosions 
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Adequate ignition II 
source prevention. I 

I 
I 
I 
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Figure 6.27 The reduction of necessary vent area resulting from reduction of the overallprobabiiity of 
dust cloud ignitions: N is the maximum acceptable number of destructive explosionsper I million years. 

Risk is often defined as the product of the expected number of a specific type of unde-
sired event in a given reference period and the consequence per event. When specifying 
the maximum acceptable number N of destructive explosions in the 1-million-yearperiod 
@e., the maximum acceptable number of explosions of P,, > Pred),it is therefore neces-
sary to take into account the expected consequences of the destructive explosions. This 
comprises both possible threats to human life and health and possible damage to property. 

In principle, the standard of explosion prevention can be so high that the total number 
of expected explosions in the 1-million-year period is on the same order as the accept-
able number of destructive explosions. In such cases, it is questionable whether installing 
a vent would be advisable at all. 
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Figure 6.26 illustrates the “random” variation of the expected combustion rate for a 
specificprocess unit in a specificplant handling a specificdust. However, if the dust chem-
istry or the particle size distributionis significantlychanged, the distributions of P,, also 
changes. For example, if the particle size is increased and a systematic reduction of 
combustion rate results, all three distributions in Figure 6.26 are shifted toward lower 
P,,, values. The small vent areaA3may then turn out to be sufficient.Alternatively, the 
average running conditions of the process could be altered in such a way that a signifi-
cant systematic change in the dust cloud turbulence or concentration within the process 
unit would result. This would also cause the distributions in Figure 6.26 to change, ren-
dering the original vent size either too small or unnecessarily large. 

A general illustrationof the consequence of any significant systematic change of this 
kind is given in Figure 6.28. 

Frequency 
Vent area = A 

I 
I 

Original 
conditions 

Figure 6.28 
tribution of P,,,. 

Illustration of the influence of modifying dust properties or process design on the dis-

If the system is altered in such a way that the dust cloud combustion rates generally 
are reduced (ModificationI in Figure 6.28), the original vent sizeA is unnecessarilylarge. 
On the other hand, if the alteration generally leads to increased explosion violence 
(Modification I1 in Figure 6.28), the original vent area might be too small. 

6.6.2 
THE ”WORST CREDIBLE EXPLOSION” 

The discussionin Section 6.6.1 exposed a centralproblem in prescribing an adequatevent 
size for a given purpose: Identification of the “worst-case” explosion to be designed for. 
In some venting cases and guidelines,the choice of “worst case” is rather conservative, 
with respect to dust concentration, turbulence level, and degree of dust dispersion. In 
defense of this approach, it has been argued that the venting code ensures safe venting 
under all circumstances encountered in practice. However, extreme conservatism may 
not be the optimal solution. Excessive overdesign of vents quite often imposes signifi-
cant, unnecessary practical problems and costs, both in finding a suitable vent location 
that does not conflict with other design criteria and in designing excessive vent cover 
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arrangements. Furthermore,providing a large vent opening may significantlyreduce the 
strength of the process unit to be vented, necessitating complicating reinforcement for 
maintaining the original strength. 

Conservative, rigid venting requirements may cause industry to conclude that vent-
ing is not applicable to its problem at all, and no vents are provided. This situation has 
been quite common in the case of large storage silos in the grain, feed, and flour indus-
try. The alternative venting philosophy outlined in Section 6.6.1 implies that even a 
modestly sized vent may add significantly to the safety standard of the plant by being 
capable of providing adequate relief for the majority of the expected explosions. 

Results from realistic experimentsof the kind discussed in Section6.2 and by Eckhoff 
(2003), combined with proper knowledge about the actual industrial process and plant, 
constitute the existing basis for assessing the “worst credible explosion.” In the future, 
systematicstudiesof differentselected representativescenarios can probably be conducted 
by using comprehensive computer simulation models. 
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Chapter 7 
Assessment of Ignitability, Explosibility, 
and Related Properties of Dusts 
by Laboratory-Scale Tests 

7.1 
HISTORICAL BACKCROUND 

Sincethe beginning of this century, considerablework has been carried out in many coun-
tries on assessingthe explosion hazard of various types of combustible dusts by labora-
tory testing. Palmer (1973) gave an informative account of the status in three or four 
countries up to the beginning of the 1970s. The more recent summary by Field (1983) 
included some significant developments in the late 1970s and work conducted in even 
further countries. 

In the United States, the U.S. Bureau of Mines has, since its establishmentin 1910,con-
ducted studiesof ignitabilityand explosibilityof dusts. At the beginning,the investigations 
were mainly on coal dusts, but from 1936,the work was extended to all sorts of agricul-
tural, industrial, and other dusts (Jacobsonet al., 1961;Jacobson,Nagy, and Cooper, 1962; 
Jacobson, Cooper, and Nagy, 1964; Nagy, Dorsett, and Cooper, 1965; Dorsett and Nagy, 
1968).Equipment and procedures were developedto investigatethe various ignitability and 
explosibilityproperties, as describedby Dorsett et al. (1960). More recently,more-refined 
test methods were developed by the U.S. Bureau of Mines, as discussed by Hertzberg, 
Cashdollar,and Opferman (1979) and Hertzberg, Conti, and Cashdollar (1985). Lee et al. 
(1982)proposedthat some of the traditionalU.S. Bureau of Mines test methods be improved 
by including more refined diagnostic instrumentation. The Committee on Evaluation of 
Industrial Hazards (1979) suggested some additional methods for testing the ignitability 
and electrical resistivity of dust layers. Schwab (1968) focused on the central problem of 
interpreting the results of the laboratory-scaleU.S. Bureau of Mines tests in terms of the 
real industrial hazards and practical means of dust explosion prevention and mitigation. 

In the United Kingdom, systematic testing of dust ignitability and explosibility was 
undertaken by Wheeler at the Safety in Mines Research Establishment(SMRE) from early 
in this century. However, in the 1960s, much of this work, except for coal dust explo-
sion research and testing, was transferred to the Joint Fire Research Organization,now 
the Fire Research Station, at Borehamwood.Raftery (1968)discussed the early work car-
ried out by this organization on testing of dusts for ignitability and explosibility,and it 
appears that the experimental procedures and equipment were to a large extent similar 
to those of the U.S. Bureau of Mines. More recently, some of the test methods in the 
United Kingdom were modified or replaced by new ones, as discussed by Field (1983). 
Gibson (1972) described some further test methods used by the chemical industry in the 
United Kingdom, whereas Burgoyne (1978) related the results of the various test meth-
ods to means of preventing and mitigating the industrial hazard. 



474 Dust Explosions in the Process Industries 

In Germany, Selle (1957) gave an account of the quite extensive work on dust explo-
sion testing carried out, in particular, at the Bundesanstalt fiir Materialpriifung (BAM) 
in Berlin in the first half of this century. 

Leuschke (1966a, 1967) presented updated comprehensive accounts of the various 
test methods used at the BAM, whereas Heinrich (1972) discussed some fundamental 
problems related to applying data from such methods in practical safety engineering. 
In a later paper, Leuschke (1979) discussed the problem of classifying the explosion 
hazard to be associated with a given dust on the basis of test data. Other, more-recent 
survey papers covering the scene in the Federal Republic of Germany include those of 
Ritter and Berthold (1979), Beck and Glienke (1985), and Hattwig (1987). In addition 
to BAM, BVS at Dortmund-Derne and the large chemical companies in the Federal 
Republic of Germany have conducted extensive research on development and assess-
ment of test methods related to ignitability and explosibility of dusts. Verein deutscher 
Ingenieure (1988) summarizedthe status in the Federal Republic of Germany at the end 
of the 1980s. 

An overview of comparatively early corresponding work conducted in the German 
Democratic Republic was given by Kohlschmidt (1972). 

Zeeuwen (1982) and Zeeuwen and Laar (1984) presented tests and methods of inter-
pretation of test results used by TNO in the Netherlands. In Italy, work on test methods 
has been conducted by Stazione Sperimentale per i Combusibili (Milan) and in Spain 
by Laboratorio Oficial J. M. Madariaga (Madrid). 

Poland has a long tradition in coal dust explosion research and testing. The work by 
Cybulski (1975) gained internationalrecognition.Much valuable work on initiation and 
propagationof dust explosionsin industry has been conducted at The Technical University 
of Warsaw and other Polish universities. 

Testing of dust ignitability and explosibility in France has been carried out mostly by 
CERCHAR near Paris. An account of the status on apparatuses and procedures by the 
end of the 1970s was given by Giltaire and Dangrkaux (1978). It is interesting to note 
that a tensile strength test was used to assess the cohesiveness of the powders and dusts 
(see Chapter 3). 

In Switzerland,the extensive work by Ciba-GeigyAG dominatedthe developmentof 
methods for testing the ignitability and explosibilityproperties of dusts during the 1970s 
and 1980s. The pioneering contribution by Liitolf (1971) should be mentioned specifi-
cally. He described a complete system for testing ignitability and explosibility of dust 
clouds as well as the flammability of dust layers. The system, which also incorporated 
some test methods developedby others than Ciba-Geigy AG, was designed to satisfy the 
requirement that all test results for a given powder or dust should be available within 24 
hours of receipt of the sample by the test laboratory. Lutolf’s quick-tests still seem ade-
quate for the purpose they were intended to serve. More recently, comprehensiveaccounts 
of the test methods used by the Swiss process industries was given by Siwek and Pellmont 
(1986), Bartknecht (1987), and Siwek (1988). 

Laboratory tests for dust ignitability and explosibility have been developed and 
investigated extensively by various organizations in USSR. The Research Institute of 
Material Science Problems in Kiev played a key role in this respect. Nedin, Nejkov, 
and Alekseev (1971) described some of the test methods in use at this institution by 
about 1970. Some supplementary information was provided by Eckhoff (1977).Much 
work has also been conducted by the USSR Academy of Sciences in Moscow. Efimokin 
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et al. (1984) prciduced an industrial standard for determination of the ignitability and 
explosibility parameters of dust clouds. Korolchenko and Baratov (1979) argued 
against the earlier practice in USSR, by which safety measures against dust explosions 
were specified on the basis of a measured value of the minimum explosible concen-
tration only. 

Significant work on testing of dust ignitability and explosibility has also been carried 
out at the University of Sydney in Australia; at the Indian Institute of Technology, 
Kharagpur, and the Central Building Research Institute, Roorkee, both in India; and at 
various universities in Japan. 

Similar research and development is also being conducted at several universities in 
the Peoples Republic of China, among which the Northeast University of Technology 
in Shenyang plays a central role. 

In Scandinavia, the Chr. Michelsen Institute (from 2001 GexCon AS) in Bergen, 
Norway, has been the central institution for ignitability and explosibility testing of dusts 
since about 1974. Eckhoff (1975a) described the initial phase of the buildup of the lab-
oratory, whereas Pedersen (1989) gave a recent summary of the test methods in use. 
During her stay at the Chr. Michelsen Institute, Racke (1989) produced a summary of 
commercially available equipment for testing ignition sensitivity, thermal stability, and 
combustibility properties of reactive chemicals, including dusts. As part of a research pro-
gram on ignitability and explosibility of peat dust, the Central Research Laboratory of 
Finland established a laboratory comprising a limited range of test methods. See also 
Section 9.4 in Chapter 9. 

HILOSOPHY OF TESTING THE IGNlTABlLlTY 
A N D  EXPLOSIBILITY OF DUSTS: THE RELATIONSHIP 

TWEEN TEST RESULT A N D  THE REAL 
NDUSTRIAL HAZARD 

As discussed in Chapter 1, a dust explosion in industry may be initiated by a variety of 
ignition sources, among which smoldering dust and powder, open flames, hot surfaces, 
and electric sparks are perhaps the most important. The ignition may be prevented by 
eliminating ignition sources, inerting the dust cloud, and in certain cases, maintaining 
the dust concentration below the lower explosible limit. Should an explosion neverthe-
less be initiated, damage may be prevented or limited by precautions such as the use of 
process units of small volumes separatedby explosion chokes or fast-acting valves, explo-
sion suppression, using explosion-proof equipment, venting, and proper housekeeping. 

The purpose OS the various laboratory tests for ignitability and explosibility of dusts 
is to provide the quantitative data for the various hazards related to dust explosions and 
fires required to design relevant safety precautions. However, the relationship between 
the laboratory test conditions and real life in industry is not always straightforward. The 
general situation is illustrated in Figure 7.1 

The test method produces a quantitative measure of some property of the dust, which 
is supposed to be related to the particular hazard in question. However, before statements 
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Figure 7.1 Overall context of ignitability and explosibility testing. 

can be made about the real hazard, the test result must be passed through an adequate 
theory of the industrial system and transformed to a useful statement on the behavior of 
the system. 

Figure 7.1 is a “philosophical” model, which becomes useful only when the contents 
of the boxes are adequately specified. There are two extremes for the testing box to the 
left: The first is full-scale realistic testing in true copies of industrial plants; the other is 
measurements of basic behavior of particles and molecules. In the first case, there is no 
need for the coupling theory, because what is measured in the left-hand box is, by defi-
nition, what happens in the box to the right. In the second case, however, a very detailed, 
comprehensivetheory is required to transform the fundamental test data to real system 
performance. 

It could be argued that one should generally aim at testing on a fairly basic level and 
develop corresponding,complex theories. However, the rational approach seems to be 
to take a more balanced view. To make an optimal choice on the level of resolution, some 
questions need to be answered: How good are the available measurement techniques? 
How good are the theories? How much resolution is really needed for adequate design 
in practice? 

Consider for example the ignition of dust clouds by electric sparks. In practice, there 
are many kinds of sparks, as discussed in Section 1.1.4.6 and in Chapter 5. When elec-
trically conducting wires are broken, break flashes occur and the spark energy is deter-
mined by the self-inductionof the system and the current. In other situations,the spark 
arises from capacitive discharge from nongrounded, electrically conductive bodies. 
Further, there are brush discharges from nonconducting surfaces, corona discharges, 
propagating brush discharges, lightning discharges, and discharges from powder heaps. 
So, how should one assess the electric spark ignition hazard? 

The actual measurements, symbolizedby the left-hand box in Figure 7.1, can take many 
forms. For example, one could construct a full-scale copy of the industrial plant, intro-
duce the powder or dust in a realistic way, and see whether ignition results. However, 
as a general approach to hazard identification, this would not be very practical. 

A more-realisticapproach would be to design a range of separate laboratory tests, one 
exposing the dust cloud to capacitive sparks from nongrounded electrical conductors, 
another to break flashes, and further special tests to other kinds of electrostatic dis-
charges. In addition, one would have to visit the industrial plant and measure the rele-
vant parameters, such as capacities, voltages, and inductivities, and estimate likely 
dischargeenergy levels from theory (intermediatebox in Figure 7.1). By comparing these 
theoreticalenergies with the minimum ignition energies measured in the various test appa-
ratus, one could determine whether the electric discharge ignition hazard in the plant 
would be significant. 
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DEPOSITED DUST 1 DUST IN CLOUD FORM 

A third, more-fundamental approach would be to characterize the electric discharge 
ignition sensitivity of the dust in more basic terms, for example, as a function of the 
distribution of spark energy in space and time, as discussed in Chapter 5. However, 
in this case, the theory needed to relate the test result to real system behavior would 
have to be considerably more detailed and complex, perhaps too complex to be man-
ageable at present. Furthermore, the measurements would be very demanding in 
themselves. 

Therefore, whenever a test method is designed to identify real, specific industrial haz-
ards, one has to ask the basic strategic question: What is the most suitable level of res-
olution and generality of experiment and associated theory? Figure 7.2 gives an 
introductory overview of the various test methods to be considered in the following 
sections. 
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Figure 7.2 
(Slightly modified, translated version of original by Verein deutscher ingenieurn 1988). 

Diagram of possible tests for assessing ignitability and explosibility properties of dusts 

7. 
SAMPLING OF DUSTS FORTESTING 

As part of a general philosophy of testing, a few words must also be said about the need 
for representativedust samples. Chemistry,including moisture content and particle size 
and shape distributions,have a vital influence on both ignition sensitivity and explosi-
bility. Therefore, if the dust sample tested is not representativeof the dust or powder in 
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the industrial process of concern, even the most perfect pair of test method and theory 
(Figure 7.1) will yield misleading assessments of the real industrial hazard. 

It is useful to distinguishbetween two differentlevels of sampling. The first, and often 
most crucial, is the initial collection of dust in the industrial plant. Chemical composi-
tion, moisture content, and particle size in samplestaken from the main product stream, 
a dust filter, and a shelf or beam in the workroom may vary substantially.It is impor-
tant, therefore, that the initial sample be collected at a location and under operational con-
ditions that ensure it is really representative of the dust that creates the dust explosion 
hazard to be assessed. 

Allen (1981) described methods for collecting dust/powder samples from bulk mate-
rial in terms of 

Sampling from a moving stream of powder. 
Sampling from a conveyor belt or chute. 
Sampling from a bucket conveyor. 
Bag sampling. 
Sampling spears. 
Sampling from wagons and containers. 
Sampling from heaps. 

If the dust sample is to be collectedfrom a gas stream, specialprecautions are required 
to ensure representative sampling.As discussedby Allen, these relate to both the design 
of the sampling equipment and the way in which the equipment is used. Whenever the 
sample is obtained by suction from a gas stream, it is important to ensure that the sam-
pling conditions are isokinetic.Otherwise a sample of nonrepresentativeparticle size dis-
tribution can result. 

Once the main dust or powder sample has been collected, it remains to divide it into 
smaller subsamples, down to the level required for a single dust ignitability or explosi-
bility test. For some tests, this can mean quantities as small as 0.1 g. If the initial main 
sample is a bag of 50 kg, in which significant segregation of particle sizes may exist, 
picking samples of 0.1 g directly from the bag may not ensure the required degree of 
representation in the samples. To solve the problem of producing representative sub-
samples, various apparatuses and methods have been developed. Allen (1981) distin-
guished among 

Scoop sampling. 
Coning and quartering. 
Table sampling. 
Chute splitting. 
The spinning riffler. 
Other devices. 

In general, the spinningriffler has proven to yield the most homogeneous subsamples, 
and this method is therefore recommendedin most cases. Figure 7.3 shows a large spin-
ning riffler used for splitting large bag-size samples of grain dust into a number of sub-
samples. However, even a subsampleof about 1kg is very large compared with the very 
small quantities, down to 0.1 g, required for some ignitability or explosibility tests. 
Therefore, further subdivision may be necessary, and much smaller spinning rifflers 
than that shown in Figure 7.3 have been developed for this purpose. 
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Figure 7.3 Large spinning riffler used at the 
Michelsen Institute, Norway, for splitting large 
samples of grain dust into 26 subsamples. 

I Chr. 
natal 

7.4 
MEASUREMENT OF THE PHYSICAL CHARACTERISTICS 
OF DUSTS RELATED T O  THEIR ICNlTABlLlTY 
A N D  EXPLOSI BI LlTY 

7.4.1 
PARTICLE SIZE DISTRIBUTION AND SPECIFIC SURFACE AREA 

Particle size analysis is a large field of research and development in itself, and the main pur- 
pose of this section is to reemphasize the major role played by particle size and shape and 
their distributions in deciding the ignitability and explosibility of a dust of a combustible 
material (see Chapter 1). The book by Allen (1981) is a main source of further information, 
concerning both the basic theory of particle size distributions and the various experimental 
methods available. Allen grouped the various methods in the following main categories: 

Sieving (woven-wire and electroformed micromesh). 
Microscopy (light microscopy, transmission electron microscopy [TEM], and scan- 
ning electron microscopy [SEMI). 
Sedimentation in liquids (incremental and cumulative, gravitational and centrifugal). 
Electrical sensing zone. 
Light scattering. 
Permeametry and gas diffusion. 
Gas adsorption. 

Some of the methods yield the full particle size distribution, others only a mean par- 
ticle size or specific surface area. Fast, computer-aided theoretical analysis of raw data 
can yield refined information. It is important to realize that the various groups of meth- 
ods listed detect different basic particle properties, and therefore the definitions of par- 
ticle size, and hence also the size distributions derived for a given powder of nonspherical 
particles, differ for the various method groups. Nevertheless, as long as the particle 
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shape is not extreme, such as long fibers or thin flakes, the discrepancies are normally 
moderate. 

However, as discussed in detail in Chapter 3 and Section 1.3.3in Chapter 1, powders 
and dusts of very small particles are difficult to disperse,particularly in a gas. Therefore, 
differing degrees of dispersion may give rise to considerable discrepancies in the appar-
ent size distributionsobtained for a given dust by various methods. For example,dry siev-
ing of very fine, cohesive powders may leave significant residues of apparently coarse 
particles, which are in fact just agglomerates of very fine particles. Such agglomerates 
may be easily dispersed in liquid by using a suitable surfactant, ultrasonic, or both. 
Consequently, a method based on suspending and dispersing the powder in a liquid may 
yield a much finer size distribution than the dry-sieving method. The question is then 
which method gives the most realistic size distributionin relation to that of the dust clouds 
generated in the industrial plant (see Section 1.3.3 and Chapter 3) .  

These circumstances should be kept in mind when selectingmethods for particle size 
analysis in the context of assessment of ignitability and explosibility of dust clouds. 

7.4.2 
DI SPERSlB I LlTY 

The significanceof this property of powders and dusts with respect to the ignitability and 
explosibility of clouds produced from them has been discussed in Section 1.3.3 and 
Chapter 3, However,neither the definitionof dispersibilityin practical terms nor the devel-
opment of adequate techniques for measuring this property is a straightforward task. 

Eckhoff and Mathisen (1977/1978), investigatingthe rate of pressure rise during dust 
explosions in the 1.2 liter Hartmann bomb, used the apparatus shown in Figure 7.4 to 
assess the degree of dust dispersion generated by the standard dispersion system of the 
Hartmann bomb. Figure 7.5 shows the actual apparatus, mounted on top of the Hartmann 
bomb dispersion cup and dismantled. The main principle is that dispersed dust is col-
lected on a double-stick tape mounted on a microscope slide fixed to the adjustable cir-
cular metal plate. The particles on the microscope slide are analyzed with respect to size 
either by light microscope or SEM. The quantity of dust dispersed must not exceed the 
limit that still allows the individual particle units in the cloud, whether single primary 
particles or stable agglomerates, to appear as detached entities on the tape. 

Figure 7.6 gives the number frequency distributions of maize starch agglomerates 
(see Figure 1.33 in Chapter 1) collected on the tape when dispersing 1.5 g of starch by 
the standard dispersionprocess of the Hartmann bomb. In this case, there was no influ-
ence of moisture content, which means that the agglomerates were held together by 
other means than liquid bridges. The content of agglomerates was about 30% on a 
number basis and approximately 90% on the basis of mass, irrespective of moisture 
content. 

Ural (1989a) reviewed the literature on tests methods related to the dispersibility of 
dusts and powders. A classic method was proposed by ProfessorAndreasen in Denmark 
in 1939. Two cubic centimetersof powder were poured through a narrow slit into a ver-
tical tube of 2.5 m height and 45 mm diameter.The particles were separatedto some extent 
as they fell through the air, and the percentage of the powder mass that had not settled 
to the bottom of the tube in 6 seconds was determined. Since the individual particles could 
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Figure 7.4 Apparatus for assessing the degree of dispersion in dust-clouds in the 1.2 liter Hartmann 
bomb (From Eckhoff and Mathisen, 7 977/1978). 

Figure 7.5 Apparatus for assessing the 
degree of dispersion in dust clouds in the 
Hartmann bomb, assembled on the dust 
dispersion cup of the Hartmann bomb 
(left) and dismantled (right). 
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Figure 7.6 Size distribution of maize starch grain agglomerates collected in the apparatus shown 
in Figures 7.4 and 7.5. The width and shape of the number size distribution of individual starch grains 
is indicated by the dotted line (From Eckhoff and Mathisen 1977/1978). 

not have reached the bottom in this time,Andreasen assumed that this figure represented 
the percentage of dispersed powder, which he called dispersibility. However, because 
some of the unsettled material could well be small agglomerates of tiny particles, this 
assumption may not have been entirely valid. 

Another, semiquantitative test method was described by Carr (1965). The apparatus 
consisted of a vertical plastic tube of length 330 mm and internal diameter 100mm, sup-
ported with its lower edge 100mm above a 100mm diameterwatch glass.A 10 g sample 
of material was dropped “en masse” through the cylinder from a height of 600 mm 
above the watch glass. The material remaining on the watch glass was weighed, and the 
difference from the initial mass equaled the amount dispersed during the experiment. 

Ural also quoted two ASTM (American Society for Testing and Materials) test meth-
ods related to dust dispersibility.One of these (StandardD547-41) is intended for deter-
mining an index of dustiness of coal and coke. The other (StandardD4331-84) assesses 
the effectiveness of dedusting agents for powdered chemicals. 

Ural (1989a, 1989b) was specifically concerned with quantifying the ability of dust 
layers to become entrained by blasts from primary explosions and thus give rise to sec-
ondary dust explosions. His aim was to design experimental test methods that were 
simple and easy to perform but nevertheless measure fundamental quantities that could 
be used as input to mathematical models. 

Two parameters were identifiedto play important roles in determiningthe dispersibility 
of powders affecting the severity of secondary explosions. The first was the settling 
velocity distribution of the dust and the second the entrainmentthreshold of a dust layer. 
Therefore, two apparatuses were built to classify powders according to these properties. 

The settling velocity apparatus, shown in Figure 7.7, yields the settling velocity dis-
tribution of a powder sample dispersed by means of a reproducible and controllable 
aerodynamic disturbance.A given quantity of dust is first placed inside the dust disperser 
located in the upper part of the vertical tube. Details of the disperser are shown in the 
expanded illustration in Figure 7.8. 

The air pulse entrains the dust and forces the dudair suspension through the narrow 
gap between the open ends of the two tubes constitutingthe main body of the disperser. 
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Figure 7.7 A schematic view of the Factory Mutual 

LOAD CELL I RECORDER I Rgsearch Corporation (FMRC) settling velocky appa-
ratus (From Ural, 1989ai. 

The diffuser, consisting of a pair of flanges, ensures that the dust cloud generated in the 
upper part of the settling velocity apparatus (Figure 7.7) has no significant vertical 
momentum.The purpose of the ion generatoris to reduce the agglomeration due to elec-
trostatic forces. The dust then settles under gravity and gradually accumulates on the 
bottom plate, which is supported by a load cell permitting continuous recording of the 
accumulated dust mass. Accumulated mass versus time is used as the primary quantifi-
cation of the dispersibility of the powder. By varying the intensity of the air pulse and 
the width of the annular slot of the disperser,the dispersibilityof a given powder can be 
determined as a function of basic dispersionparameters, such as air velocity and viscous 
shear force. The (operatingrange of this apparatus in terms of particle size is from a few 
p m  to 100pm, that is, in the range of primary interest in the context of dust explosions. 

The second test method proposed by Urd (1989a) was the Factory Mutual Research 
Corporation (MRC)  liftoff apparatus for measuring the critical air velocity for liftoff 
of dust particles from a thin layer on a horizontal surface. A cross section of the basic 
apparatusis shown in Figure 7.9. The dust layer is spread evenly across a horizontal 380 
mm 0 circular plate. A second circular plate of diameter 300 mm and a central hole of 
25 mm (b and rounded edges is mounted above and parallel with the dust layer plate, with 
a gap that can be varied from 3 mm to 13mm. A given inward airflow in the gap between 
the plates is established by creating an underpressure in the vertical tube connected to the 
central.hole in the upper plate. Because of the diminishing flow cross section, the inward 
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Figure 7.8 
velocity apparatus (From Ural, 1989a). 

Dust disperser for FMRC settling 

Figure 7.9 
1989a). 

The FMRC liftoff apparatus for assessing the dispersibility of thin dust layers (From Ural, 

radial flow velocity of the air increases with decreasing distance from the plate center. 
When the airflow has been properly adjusted to the dust layer in question, the particles 
inside a circle of diameter smaller than 380 mm is lifted off the plate by the airflow, 
whereas the particles outside this circle remain in the dust layer. As long as this critical 
circle for liftoff can be reasonably well identified, a corresponding average critical air 
velocity for liftoff can also be identified. As would be expected from powder-mechani-
cal considerations(see Chapter 3), the critical average linear air velocity for liftoff is not 
constant for a given cohesive dust but depends on the degree of compaction of the dust 
layer. Figure 7.10 gives a set of results for maize starch layers generated by three dif-
ferent compaction methods. 
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Figure 7.1 0 
of dust m2 of layer, for three different dust deposition methods (From Ural, 7 989a). 

Free stream air velocity required for 50% removal of maize starch as a function of mass 

The layer bulk density was highest with the fast deposition method and lowest when 
the layer was produced using the settling velocity apparatus illustrated in Figure 7.7. As 
Figure 7.10 shows, the average critical air velocity for liftoff decreased with decreasing 
bulk density and.with increasing mass of dust per m2of dust layer. 

Further development of the test procedures may make Ural’s tests an attractive can-
didate for a standard method both for acquiring fundamental data and for relative rank-
ing of dispersibility and dustability of dusts. 

7.4.3 
POWDER MECHANICAL PROPERTIES 

The relationshipsbetween the mechanical bulk properties of a powder and the ease with 
which it can be dispersed into a dust cloud are discussed in detail in Chapter 3. Cohesion 
and tensile strength are two parameters often used for characterizing the cohesiveness 
of bulk powders. Test apparatusesin use are shown in Figures 3.5 and 3.6. However, both 
cohesion and tensile strength vary with the bulk density, or the degree of compaction, 
of the powder, and therefore,just a single figure may not be useful unless the method of 
preparing the powder sample is specified. 

Other, relative powder mechanical test parameters that may be related to dispersibility 
include compressibility,angle of repose, angle of fall, and angle of difference(Ural, 1989a). 

7.4.4 
MOISTURE CONTENT 

As discussed in Chapter 3 and illustratedby Figure 3.3, moisture in a powder can increase 
the powder cohesiveness considerably. Section 1.3.1 illustrates the strong influence of 
the dust moisture content on both ignitability and explosibility of the dust. 
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A range of measurement methods are available for determining the moisture content 
of dusts and powders. Cuckler (1987) gave a useful overview. The oldest, most common 
method of determining the moisture content consists of heating the sampleto ensure com-
plete drying. Moisture is calculatedon the basis of the weight differencebetween the orig-
inal and dried samples.The method is applicableto most powders and dusts and requires 
no unusual operator skill. Semiautomaticdrying and weighing ovens are available.The 
moisture content is then indicated directly by the weighing scale built into the oven. 
Problemsmay arise if heating the material also causes loss of volatileproducts other than 
water. It is essential that the material is completely dry at the time of final weighing, and 
that an accurate weighing is made. The oven method is widely used and often serves as 
the primary standard for calibration of electrical and other indirect methods. Typical 
drying conditions for laboratory-scale samples are 3-4 hours at 105°C and subsequent 
cooling in a desiccator. Dried hygroscopic materials must be protected from a humid 
atmospherebefore weighing.Materialsthat pyrolyze at temperaturesaround 100°Cmay 
be dried at a lower temperature under vacuum. Materials that oxidize in air at normal 
drying temperatures may be dried in an inert atmosphere, such as nitrogen. 

Electrical conductivity methods are based on the relationship between DC resistance 
and moisture content for wood, textiles, paper, grain, and similar materials. Specific 
resistance plotted against moisture content results in an approximately straight line up 
to the moisture saturation point. Beyond the saturation point, conductivity methods are 
unreliable. This point varies from approximately 12% to 25% moisture, depending on 
the type of material. 

Electrical capacitance methods are based on the difference in dielectric constant 
between dry and moist material. The dielectric constant of most vegetable organic mate-
rials is between 2 and 5 when dry, whereas water has a dielectricconstant of 80. Therefore, 
the addition of small amounts of moisture to these materials causes a considerable 
increase in the dielectric constant. The sample being measured forms part of a capaci-
tance bridge circuit, which has radio-frequencypower applied from an electronic oscil-
lator. Electronic detectorsmeasurebridge unbalance or frequency change, dependingon 
the method employed. 

Some instruments use the absorption of electromagneticenergy when passed through 
the material. Typical frequencies are below 10 MHz. This method gives the best results 
for materials composed of polar materials.The electromagneticenergy is passed through 
the polar material and the water molecules transform some of the energy into molecu-
lar motion. 

Microwave absorption may also be used for measuring moisture content in powders. 
The principle of operation is based on the fact that the water molecule greatly attenu-
ates the transmitted signal with respect to other molecules in the material in the S and 
X band frequencies. In the case of the K-band microwave frequencies, the water mole-
cule produces molecular resonance. No other molecules respond to this particular reso-
nant frequency,making the frequency most specific to moisture. 

Some instruments for measuring moisture content are based on absorption of infrared 
radiation when such radiation is passed through the sample material. The water mole-
cule becomes resonant at certain infrared frequencies and thus the amount of energy 
absorbed by the water absorption band is a measure of the moisture content. 

More refinedmethods include the Karl Fischer technique and a special distillation tech-
nique. When specifyingthe moisture content in terms of a percentage,it should be made 
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clear whether this figure refers to the total mass, including the moisture, as 100% or 
whether the 100% is the dry mass only. 

7.4.5 
ELECTRICAL RES I STl VI TY 

The significance of electrical resistivity of powders and dusts in the context of process 
safety is dual. First, the possibility of accumulating hazardous electrostatic charges and 
voltages in an industrial process increases with increasing electrical resistivity powder. 
Second, the chance of dusts that penetrate into electric and electronic equipment giving 
rise to short-circuits and equipment failure increases as the dust resistivity decreases. From 
the point of view of the dust explosion hazard, both situations may lead to generation of 
ignition sources. 

A method for determining the electrical resistivity of powderddusts has been devel- 
oped by the International Electrotechnical Commission ( 1993). The test cell, illustrated in 
Figure 7.1 1, consists of two metal electrodes resting on a nonconducting base plate (glass 
or PTFE). 

Figure 7.1 1 Test cell for determination of the elec- 
trical resistivity of dust layers being evaluated by 
the International Electrotechnical Commission 
( 1993) 

The right-angled prismatic dust sample of length Wand cross section H-L fills the 
gap between the electrodes. The actual dimensions are W = 10 cm, H = 1.4 cm, and 
L = 1.25 cm. The recommended width of the electrodes is 3.3 cm and the thickness of 
the base plate, 0.5-1 .O cm. Two glass bars of height 1.4 cm are placed across the ends 
of the electrodes to keep the dust sample in place. The dust to be tested is conditioned 
at a relative air humidity of 50 k 5 %  and 20-25°C and should normally pass a 71 pm 
test sieve. The moisture content of the dust and any changes of it during the resistivity 
test must be reported. 

During a test, the resistance R, of the empty test cell is first determined with the two 
glass bars in position across the electrode ends. Then, a weighed amount of dust is 
poured into the cell and the excess dust scraped off and weighed, to determine the weight 
of the test sample and its bulk density. The resistance R, of the dust-filled cell is then mea- 
sured for a range of cell voltages from l 10 to 2000 V. In general, R,, > 10 R,, and the resis- 
tivity p of the dust is then approximately equal to 
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If Ro < 10 R,, 

The resistivity normally varies somewhat with the applied voltage. 
A dust is considered to be conductive, and therefore capable of short-circuiting elec-

trical and electronic equipment when admitted inside such equipment, if p I lo5Q cm 
(lo3i2 m). 

7.5 
CAN CLOUDS OF THE DUST PRODUCE EXPLOSIONS 
AT ALL?YES/NO SCREENING TESTS 

Before embarking on more specifictests, it is sometimesconsidereddesirableto perform 
an introductory test to determine whether the powder or dust in question can produce a 
dust explosion at all. However, a very first screening should always be made by look-
ing at the chemistry of the compound,which will tell whether or not it can produce sig-
nificant quantities of heat by oxidation to stable products. If this is not the case, dust 
explosions can be excluded and testing is unnecessary. 

To perform an introductory yesho test requires having a reasonably sized cloud of the 
dust, of concentration in the most explosive range (often 500-1000 g/m3),and expose 
it to a sufficiently powerful ignition source. Sufficientlypowerful implies that, whenever 
a dust cloud able to propagate a self-sustained flame is tested, ignition will take place. 

The matter of how such a yesho test should be designed is still being discussed. The 
tests used in various countries differ considerably, in particular with respect to the igni-
tion source. 

As describedby Palmer (1973) and Field (1983), the ignition sources traditionallyused 
in the United Kingdom are electric sparks and glowing electrically heated metal wire coils. 
The decision as to whether the dust tested is explosible is based on visual observation 
of flame propagation following the dispersionof varying amounts of dust around a con-
tinuous train of electric sparks or a brightly glowing ignition coil in a vertical Perspex 
or glass tube of length 30 cm or 50 cm and diameter 6.4 cm.A dust is considered explosi-
ble if a dust flame becomes clearly detached from the ignition source. Normally, the dust 
is first tested in the condition as received by the laboratory, apart from removal of par-
ticles larger than 1400 pm from the sample by sieving. However, if clouds of the dust 
“as received” do not propagate a self-sustained flame, a dust sample is dried at 105°C 
in air for 1 hour and retested. If flame propagation still does not take place, the dry 
sample is sieved and individual size fractions tested, down to 25 pm. For some dusts, 
only the finest fractions, representing less than 1% of the bulk sample, can propagate 
dust flames. However, even in such cases, the dust is regarded as explosible. This is 
because fine fractions may segregate out and become dispersed separately in an indus-
trial situation. 

In some countries in continental Europe, very powerful pyrotechnical ignitors, of 
energy about 10 kJ, are used in yesho tests. Lee et al. (1983) discussed the production 
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and performance of this kind of ignitor. Closed 1m3or 20 liter explosionbombs are often 
employed as test vessels (see Sections7.15 and 7.16), and significantpressurerise is taken 
as an indicationof explosion. However, some European countrieshave also adopted the 
modified Hartmann tube originally proposed by Lutolf (1971) for the yeslno test. In this 
apparatus, the ignition source is a comparatively weak electric spark. The argument put 
forward in defense of this approach is that none of the dusts classified as nonexplosible 
in the modified Hartmann tube test ever caused explosions in the chemical industry. 
Bartknecht (1978), on the other hand, warned against the use of the modified Hartmann 
tube test for yeslno screening,unless the spark ignition source is replaced by a glowing 
resistance wire coil with a temperature of at least 1000°C. 

In Norway, a pragmatic approachwas taken, based on the experiencethat a welding torch 
flame seems to be among the strongestignition sources encountered in industrialpractice. 
The actual test apparatusis shownin Figure 7.12. A vertical tube of length 40 em and diam-
eter 14cm, open at both ends, is fittedwith a U-shaped dust dispersion tube and an acety-
leneloxygen welding torch. A quantity of the powder is placed at the bottom of the 
dispersion tube, and a controlled blast from a compressed air reservoir disperses the dust 
into a cloud in the tube, which is then immediately exposed to the hot flame from the 
welding torch. The amount of powder and the dispersion air pressure are varied to pro-
duce optimal conditions for ignition. When a dust flame occurs, its maximum height, 
color, and apparent violence are assessed by the observer. Figure 7.13 shows a photo-
graph of a welding-torch-flame ignition test. 

Figure 7.12 Welding torch ignition test 
apparatus used in Norway (Chr. Michelsen 
Institute) for assessing whether or not a dust 
cloud is explosible. 

The discussion of the yeslno test problem continues (see Section 9.4.4 in Chapter 9), 
and a final, fully universal solution is not yet within sight. But, whenever the first screen-
ing is positive, that is, the dust cloud catches fire, the screening test has fulfilled its 
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Figure 7.1 3 
torch ignition 
much clearer 

Silicon dust explosion in the welding 
test apparatus used in Norway. For a 
picture, see Color Plate 9. 

objective, no matter which test it is. Then, further, more specific testing may be required. 
The various methods used can be grouped in three main categories: 

Tests for ignition sensitivity of dust deposits and clouds. 
Tests for limiting conditions for flame or glow propagation in dust clouds and deposits. 
Tests for maximum rise and rate of rise of explosion pressure in dust clouds. 

Before discussing the various test methods, however, some special tests concened 
with evolution of explosible gases from heated dusts should be mentioned. 

7.6 
CAN HAZARDOUS QUANTITIES OF EXPLOSIBLE 
GASES EVOLVE FROM THE DUST DURING HEATING? 

7.6.1 
THE INDUSTRIAL SITUATION 

If the oxygen supply is limited, which often is the case if smoldering takes place in large 
powder deposits in closed vessels, CO and other combustible gases can be produced, 
which can mix with the air and form an explosible gas cloud above the powder deposit. 
If the smoldering fire propagates to the surface of the powder deposit, the gas mixture 
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can be ignited (see Figure 1.9 in Chapter 1). The primary gas explosion can then throw 
dust layers on walls, shelves, beams, and so forth into suspension and give rise to con-
siderably more extensive and severe secondary explosions, which can be either hybrid 
(mixture of explosible gas and dust) or pure dust explosions. 

Some organic substances decompose exothermally and release combustible gaseous 
products even in the absence of oxygen. This possibility represents a particular hazard. 

7.6.2 
LABORATORYTESTS 

7.6.2.1 
The BAM Method 

The apparatus developed by BAM and shown in Figure 7.14 illustrates the common main 
idea. A given quantity of dust is placed in a test tube, which is enclosed in a copper block 
that can be heated to any desired temperature up to 580°C. The test tube exit is connected 
to the bottom of a furnace with temperature control. When the upper furnace is kept at 
a temperature significantly higher than the minimum ignition temperature of the smol-
dering gases, it represents a severe ignition source. If the lower copper block furnace is 
then heated to a temperature where smoldering occurs, smoldering gases leave the test 
tube and enter the upper furnace, where they mix with the air in the furnace. If signifi-
cant quantities of smoldering gases are evolved over some time, an explosible mixture 
with air sooner or later occurs in the upper furnace, and becomes ignited. If, on the other 
hand, the smoldering gas evolution is very small, the explosible concentration may not 
be reached within a reasonable test period. 

THERMOCOUPLE 

Figure 7.1 4 Furnace for assessing the minimum tem-
perature for evolution of combustible smoldering 
gases from dusts and the minimum ignition temper-
ature of mixtures of such gases and air (Drawingbased 
on BAM, 1974). 
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The BAM apparatus also permits quantitativedetermination of the minimum heating 
temperaturefor evolution of hazardous quantitiesof smoldering gases, as well as the min-
imum temperaturein the upper furnace for ignition of explosiblemixtures of such gases 
and air. 

7.6.2.2 
The ASTM Method 

TheAmerican Society for Testing and Materials (1989) prepared a test method to deter-
mine the temperature limits of flammability of chemicals in general, which also includes 
a procedure for testing powders and dusts. A sample of 50 cm3volume is placed at the 
bottom of a spherical 5 liter glass bottle, which is kept at the desired elevated temper-
ature by a flow of heated air sweeping through the casing in which the bottle is con-
tained. A magnetic stirrer in the bottle ensures that the smoldering gas produced is 
mixed continuously with the main bulk of gas and air in the bottle. Hence, there is a 
reasonably homogeneous gas concentration throughout the 5 liters. The flammability 
of the gadair mixture is tested by means of an electric spark discharged close to the center 
of the bottle. 

7.6.2.3 
Lutolf's Method 

Figure 7.15 shows the quick-test method proposed by Lutolf (1978). Test tube (a) is for 
collecting the smoldering gases for other test purposes. Test tube (b) allows simple direct 
testing of whether ignitable quantities of smoldering gases are produced at the selected 
heating block temperature. Test tubes (c) and (d) allow detection of any exothermal 
decomposition of the dust or powder at the selected block temperature. 

SMOLDERING GAS 

REFERENCE SAMPLE 

Figure 7.1 5 
possible exothermal effects during decomposition (From Liitolf, 7 978). 

Method for testing the ignitability of smoldering gases from decomposition of dusts and 
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7.7 
IGNITION OF DUST DEPOSITSAND LAYERS 
BY SELF-HEATING OR HOT SURFACES 

7.7.1 
THE INDUSTRIAL SITUATION 

Smoldering cornbustion, or glow fires, in powder or dust deposits can give rise to explo-
sions in several ways. Smoldering lumps from the fire zone can be transported to areas 
containing explosible dust clouds and initiate dust explosions there. This may, for exam-
ple, happen if the smoldering combustion takes place in a hopper that feeds powdered 
material to a larger storage silo via pneumatic transport. When powder is discharged from 
the hopper into the pneumatic line, for example, through a rotary lock, the smoldering 
zone eventually also reaches the hopper outlet, and smoldering lumps get into the pneu-
matic line and are transported to the larger silo. If the smolderinglumps are not quenched 
during transportation to the silo and the silo contains an explosibledust cloud, the result 
can easily be a dust explosion. 

Smoldering combustion can start as a slow, gentle process in the powder deposit at 
quite low temperatures, in some cases, even at normal room temperature. Smoldering 
combustion can also be initiated by a hot object, which is either fully embedded in the 
dust deposit or on which the deposit lies. The hot object can be a piece of metal, for exam-
ple, a bolt or a nut that has loosened somewhere in the plant and been carried along with 
the process stream and heated by repeated impact against the internal walls of process 
equipment. Eventually, it may come to rest embedded in a powder deposit in a silo, a 
bucket elevator boot, or elsewhere in the plant. Alternatively, the hot object can be an 
overheated bearing or another larger hot object covered with a layer of powder or dust. 

Further details are given in Sections 1.1.4.2, 1.4.2.2, 1.4.2.4, and 1.4.2.5in Chapter 1; 
see also Chapter 5. 

7.7.2 
LAB0RAT0RY TESTS 

7.7.2.1 
Semiquantitative FlammabilityTest 

The foundation of this method was laid by Lutolf (1971) and full descriptions were 
given by Siwek and Pellmont (1986) and the Verein deutscher Ingenieure (1988). The 
apparatus and procedure are illustrated in Figure 7.16. 

For tests at ambient temperature, a ridge of the dust of triangular cross section is 
placed on a ceramic plate and one of the ends touched with a white-glowing platinum 
wire, as shown in Figure 7.16(a). For tests at elevated temperatures, the sample holder 
shown in Figure 7.16(b) is used and the sample placed in a glass tube heated to the 
desired temperaiure. A small airflow of about 0.2 d s  through the glass tube must be 
ensured. 
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Figure 7.1 6 Method for testing flame propagation ability of dust layers at ambient (a) and elevated 
(b) temperatures (From Siwek and Pellmont, 1986). 

Section A. 1.2.9 in Appendix 1 describes the way in which results from tests with the 
apparatus shown in Figure 7.16 are classified, and Table A1 in Appendix 1 gives exper- 
imental results for a range of dusts. 

7.7.2.2 
Hot-Plate Test for Minimum Ignition Temperature Determination 

The apparatus, which is shown in Figure 7.17, consists of a modified electric hot plate, 
a temperature-control unit, three thermocouples, and a two-channel recorder. 

The hot-plate is kept at a given temperature, which is read by one of the thermocou- 
ples and displayed on one of the recorder channels. 

On the surface of the plate is laid a metal ring, with a diameter of 100 rnm and a height 
of either 5 mm or 15 111111. The powder sample to be tested is placed in the metal ring and 
carefully leveled off to the height of the ring. A thermocouple is placed in the sample 

Figure 7.1 7 Apparatus for determining the minimum temperature of a hot plate that causes igni- 
tion of a dust layer on the hot plate (Part of a method produced by the international Electrotechnical 
Commission, 1994). 
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through holes in the metal ring. The sample temperature is displayed on the second 
recorder channel. The third thermocouple is used to regulate the plate temperature. 

The test procedure is specified in detail by the International Electrotechnical 
Commission (1994). Typical outcomes of a test are illustrated in Figure 7.18. 

z 
3+-
4 
0:w 

x wc 
e 20 K Figure 7.18 Typical categories of results 

from measurement of temperature devel-
opment in dust layers using the apparatus 
in Figure 7.17. The minimum temperature 
rise of 20 K for ignition as indicated in the 
figure was, in the final IEC-standard ( I  994), 
replaced by a considerably more liberal 
requirement.TIME -

Originally, it was proposed that the temperature in the dust sample must exceed the 
hot-plate temperatureby more than 20°C for the test to be recorded as ignition. However, 
in the final standard a considerably higher temperature rise was required. Tests are con-
ducted repeatedly until the minimum hot-plate temperature for ignition has been iden-
tified. This is defined as the lowest hot-plate temperature that gives ignition, rounded off 
to the nearest value in "C divisible by 10. 

It is important to note that the minimum hot-plate ignition temperature decreases sys-
tematically with increasingdust layer thickness.If the values for two different layer thkk-
nesses have been determined, simplified theory enables estimation of the values €or 
other thicknesses, as shown by Bowes and Townshend (1962). 

In the context of the possible IEC-test method, the similar German DIN test, using a 
dust layer thickness of 5 mm, should be mentioned. Data from this method are given in 
Table A1 in Appendix 1. 

7.7.2.3 
Original U.S. Bureau of Mines Test 

In the test originally used by the U.S. Bureau of Mines and described by Dorsett et al. 
(1960), a small basket of metal gauze is filled with the powder and placed in a furnace 
through which air of constant, known temperature flows at a slow, specified rate. The 
temperaturewithin the powder bed is monitored continuously, and by increasing the air 
temperature in steps, a level is reached at which the temperature in the powder sample 
begins to rise above that of the surrounding air. This critical air temperature is taken as 
the minimum ignition temperature of the powder in question. 

However, this temperature is not a true powder constant but depends on the experi-
mental conditions, in particular on the size of the powder sample tested, as shown in 
Section 7.7.2.5, and the airflow. 
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7.7.2.4 
The Grewer-Furnace Test 

Grewer (1971) developed a more refined version of the original U.S. Bureau of Mines 
test. A cross section of the Grewer furnace is shown in Figure 7.19. 

The furnace has six vertical cylindrical cavities in which small metal gauze baskets 
are placed. One of the baskets contains an inert reference sample, the other five hold test 
samples. The furnace can be programmed to give a specificrate of temperature rise, such 
as 1"C/min. The temperature at which a test sampletemperature starts to rise faster than 
that of the inert reference sample is taken as the minimum ignition temperature of that 
sample. Figure 7.20 shows an example of a set of results. 

TO TEMPERATURE 
DIFFERENCE RECORDER 

THERMOCOUPLES 

8 cm3 METAL GAUZE BASKETS 
FOR TEST SAMPLE AND 
INERT REFERENCE SAMPLE 

COPPER FILLER 

HEATED TEMPERATURE-
CONTROLLED JACKET 

K-SORBATE 

LYCOPODIUM 

NA-ISOPROPYLXANTHATE 

AIR AND REFERENCE SAMPLE 

Figure 7.19 Crewer furnace for determination of 
minimum ignition temperatures of dust deposits 
(From Crewer, 1971). 

Figure 7.20 Example of temperature record-
100 200 300 400 500 ings during a 4-hour test of five combustiblepow-

ders in the Crewer furnace (From Crewer, 1971). 

0 

FURNACEITEST SAMPLE TEMPERATURE ['CJ 
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7.7.2.5 
Storage of Bulk Powder Samples in a Heated Atmosphere 
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Figure 7.22 A typical series of results from the 
determination of the minimum ambient air tem-
peratures T, leading to ignition of different sizes00030 

The apparatus used for this test is shown in Figure 7.21. The sample is suspended in a 
metal gauze basket in a heating chamber through which a given flow of preheated air 
circulates.The ambient air temperature and the temperatureinside the powder sample are 
measured and the difference recorded. If the temperature in the powder sample rises 
beyond that of the air but no higher than 400°C, the phenomenon is named self-heating. 
Temperature rises beyond 400°C are named self-ignition. 

Figure 7.22 illustrates the typical linear relationshipbetween the minimum ignition tem-
perature and the sample size. Further details concerning self-heating and self-ignition 
processes are given in Chapter 5. 

PRE-
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Figure 7.21 
deutscher Ingenieure, 1988). 

Apparatus for storage of bulk powder samples in a heated atmosphere (From Verein 
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7.7.2.6 
Other Methods 

Standard instruments for differential thermal analysis (DTA) have been used for fast 
screening of self-heating and self-ignition properties of dusts and powders. 

Bowes (1984) wrote an updated, comprehensive account of the state of the art on the- 
ories and experiments on self-heating in powder deposits by 1983-1984. Since that date, 
further development has taken place, and new instruments for detailed studies of the rate 
of reaction as a function of temperature, under adiabatic conditions, are commercially 
available. As described by Townsend and Tou (1980), such “accelerating rate calorime- 
ters” (ARCS) are essentially highly computerized adiabatic calorimeters. During an ARC 
experiment, the sample is maintained in a near-to-perfect adiabatic condition, while 
time, temperature, and pressure data are automatically collected and stored. The data can 
then be processed by computers. An ARC is illustrated in Figure 7.23. 

TOP ZONE THERMOCOUPLE 

BOMB 
THERMOCOUPLE 

JACKET 
THERMOCOUPLE 

JACKET 

INSIDE THERMOCOUPLE 

SPHERICAL BOMB 

I ’ EOTTOMZONE \? 1 
BOTTOM ZONE THERMOCOUPLE 

Figure 7.23 Accelerating rate calorimeter for assessing exothermal behavior of a substance, includ- 
ing powders and dusts, under adiabatic conditions (From Townsend and Tou, 1980). 

In addition to ARC, differential scanning calorimetry (DSC) is in use, as discussed by 
Snee (1987). DSC implies measurements of the rate at which heat must be transferred 
to or from the test sample to maintain it at the same temperature as an inert reference 
sample. The reference sample temperature is usually increased at a predetermined linear 
rate (constant temperature rise per unit time). 

Grewer et al. (1989) and Racke (1989) gave comprehensive reviews of instrumenta- 
tion and procedures in use for assessing the exothermal behavior of reactive chemicals, 
including powders and dusts. 
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7.8 
MINIMUM IGNITIONTEMPERATURE OF DUST CLOU 

7.8.1 
THE INDUSTRIAL SITUATION 

Hot surfaces capable of igniting dust clouds exist in a number of situations in industry, 
such as in furnaces and burners and dryers of various kinds. In addition, hot surfaces 
can be generated accidentally by overheating bearings and other mechanical parts. 

If an explosible dust cloud is generated in some uncontrolled way in the proximity of 
a hot surface with a temperature above the actual minimum ignition temperature, a dust 
explosion can result. It is important, therefore, to know the actual minimum ignition tem-
perature and take adequate precautions to ensure that temperatures of hot surfaces in areas 
where explosible dust clouds can occur do not rise to this value. 

However, the minimum ignition temperature is not a true constant for a given dust cloud 
but depends on the geometry of the hot surface and the dynamic state of the cloud (see 
Chapter 5) .  

7.8.2 
LABORATORY TESTS 

7.8.2.1 
Godbert-Greenwald Furnace 

In the United States, as described by Dorsett et al. (1960), the ignition temperature of 
dust clouds in contact with a hot surface was traditionally determined in the Godbert-
6reenwald furnace. In this apparatus, the internal surface of a vertical cylindrical ceramic 
tube, open at the lower end, is kept at a known, constant temperature and a sample of 
the powder is dispersed as a dust cloud into the tube from above by a blast of air. The 
automatically controlled temperature of the internal wall of the tube is changed in steps 
and the experiment repeated until the minimum temperature for ignition has been iden-
tified. In the United Kingdom, the same furnace has been used for many years, as 
described by Raftery (1968) and Field (1983). 

The International Electrotechnical Commission (IEC) investigated the performance of 
the Godbert-Greenwald furnace through several round-robin test series involving sev-
eral central test laboratories in Europe and the United States. The influences of a number 
of details of the apparatus itself and of the experimentalprocedure were studied and details 
of apparatus and procedure specified more closely. The resulting, improved Godbert-
Greenwald furnace test was proposed as a standard for determining minimum ignition 
temperature of dust clouds. The essential details concerning both apparatus and proce-
dure are given in the standard produced by the IEC (1994). This includes details of the 
central ceramic tube, which is fitted with a special spiral groove for the heating element, 
and two holes for the two thermocouples. One of the holes penetrates the wall, allowing 
the measuring thermocouple junction to be in &rect contact with the internal wall of the 
ceramic tube. Specifications of the way of generating the air blast for dispersing the dust 
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are also given. Figure 7.24 illustrates a version of the Godbert-Greenwaldfurnace that 
is in agreement with that being evaluated by the IECon the essentialpoints. Figure 7.25 
shows a photograph of a Godbert-Greenwaldfurnace test. 

DUST SAMPLE CHAMBER\ 

HEAT RESISTANT 

Figure 7.24 
ture of dust clouds, a design produced by International Electrotechnial Commission ( I  994). 

The Codbert-Creenwald furnace for determination of the minimum ignition tempera-

Griesche and Brandt (1976) used a Godbert-Greenwaldfurnace modified in such a way 
that dust clouds of known concentrationscould be passed through the furnace at a desired 
constant velocity. They investigated the influence of the dust cloud velocity, or the mean 
residence time of the dust in the furnace, on the minimum ignition temperature.The results, 
given in Figure 7.26, show that the minimum ignition temperaturedecreased quite signif-
icantly with increasingresidence h e .  A conventionalGodbert-Greenwaldtest on the same 
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Figure 7.25 Ignition of a dust cloud in the 
Codbert-Creenwald furnace. For a much clearer 
picture, see Color Plate 10. 

Figure 7.26 Influence of the residence time of dust 
clouds in the Codbert-Creenwald furnace on the 

o,4 minimum ignition temperature, with three different 
concentrations of brown coal dust (From Criesche 

0.1 0.2 0.3 

RESIDENCE TIME OF DUST IN FURNACE (SI and Bran& 1976). 

coal dust gave a minimum ignition temperature of 310°C. This is lower than all the data 
in Figure 7.26, but about 100°C higher than the very low value found for a residence time 
of >1 s and 500 g/m3 dust concentration. This evidence should be kept in mind when apply- 
ing data from standard Godbert-Greenwald furnace tests in industrial practice. 

7.8.2.2 
BAM Furnace 

In Germany, an alternative furnace was developed by Bundesanstalt fur Materialpriifung, 
as described by Leuschke (1966a, 1966b). The furnace is illustrated in Figure 7.27. 
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Figure 7.27 BAM furnace for determination of the minimum ignition temperature of dust clouds 
(Courtesy of 1. Liitolf,formerly of Ciba-GeigyAC). 

The experimentalprocedure is similar to that of the Godbert-Greenwaldfurnace,but the 
generation of the dust cloud is manual, by pressing a rubber bulb. The cloud is directed 
against a circular concave metal disk of about 20 cm2area and known temperature. 

However, because of the horizontal geometry, the BAM furnace allows dusts that do 
not ignite directly in suspension to settle on the hot internal bottom of the furnace. In 
this way, smoldering gases can develop, which can ignite at a lower temperature than 
that required for direct ignition of the dust cloud. Ignition of smoldering gases normally 
occurs with a noticeable delay with respect to the dispersion of dust in the furnace. 
Because the BAM-furnace test method considers such delayed ignition of smoldering 
gases as equivalentto the ignition of the dust cloud, the minimum ignition temperatures 
determined by this test method can be lower than those determined in the Godbert-
Greenwald furnace for the same dusts. Figure 7.28 shows data from comparative tests 
of the same dust in the Godbert-Greenwald and the BAM furnace. In this case, the dif-
ference is relatively small, about 20°C. 

7.8.2.3 
Newer U.S. Bureau of Mines Furnace 

This furnace, which was described in detail by Conti et al. (1983),is shown in Figure 7.29. 
The volume of the ceramic chamber is 1.2liters. This apparatus was included as an equal 
possibility together with the Godbert-Greenwald and BAM furnaces in a draft by 
Rogerson (1989)for a possible new standard for measurement of the minimum ignition 
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Figure 7.28 Comparison of results from determination of the minimum ignition temperature of 
American lycopodium by two different furnaces, dust sample dispersedin each test is 1.6 cm3 (Private 
communication from Leuschke, BAM, Berlin, 1975). 

Dispersion 
receptacle 

0 5 IO -
Scale, crn Figure 7.29 Newer 1.2 liter US.Bureau of 

Mines furnace for determination of the min-
imum ignition temperature of dust clouds 
(From Conti et al., 1983). 

temperature of dust clouds. Conti et al. (1983) showed that, for organic materials and 
coals, the new fuirnace gave minimum ignition temperatures from 15-90°C lower than 
those from the Godbert-Greenwald furnace. Closer agreement with the BAM furnace 
would be expected for some dusts. 
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7.8.2.4 
Further Comparison of Test Methods 

Hensel(l984) compared the minimum ignition temperatures for a range of dusts, using 
four different apparatuses:the original and a modified BAM furnace and the original and 
a modified Godbert-Greenwald furnace. The BAM furnace was modified by replacing 
the rubber bulb for manual dust dispersion with an automatic system, as used with the 
Godbert-Greenwald furnace. The Godbert-Greenwald furnace was modified by dou-
bling its length, which increased the residence time of the dust in the furnace. The results 
are given in Table 7.1. 

Table 7.1 Comparison of minimum ignition temperatures of dust clouds in air determined in four 
different test furnaces 

perature of a dust cloud 

Source: Hensel, 1984. 

With the exception of powders 7, 8, and 16 in Table 7.1, the long version of the 
Godbert-Greenwald furnace gave the same values as or lower values than the standard 
version. However, the differences were mostly moderate and no more than 50°C. The 
modification of the BAM furnace also led to a slight reduction of the minimum ignition 
temperatures. 
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7.9 
MINIMUM ELECTRIC SPARK IGNITION ENERGY 
OF DUST LAYERS 

7.9.1 
THE INDUSTRIAL SITUATION 

It is well known that explosible dust clouds can be ignited by electric sparks and arcs 
that occur in switches and motors and in short-circuiting caused by damaged cables. In 
addition, some categories of electrostatic discharges may initiate dust explosions in 
industry, as discussed in Sections 1.1.4.6and 1.4.2.7.Hazardous electrostatic discharges 
include capacitive sparks, propagating brush discharges, and discharges from powder 
heaps. 

The probability of a given dust layer or dust cloud being ignited by an electric spark 
not only depends on the spark energy but indeed on the distribution of this energy in 
time and space. This is discussed in greater detail in Chapter 5. In dust layers, the 
dependence on spark discharge duration is incorporated in the standard test procedure 
described in Section 7.9.2.2. 

7.9.2 
LAB0RATORY TESTS 

7.9.2.1 
Original U.S. Bureau of Mines Test 

This method was described by Dorsett et al. (1960). The standard dust layer thickness 
tested was 1.6mm. The layer rested on a 25 mm diameter steel plate that also served as 
the negative electrode. The positive needle point electrode, connected to a capacitor 
bank charged to 400 V, was lowered by hand toward the surface of the dust layer until 
a spark discharge occurred.After an ignition occurred, the steel plate was cleaned, a new 
dust layer formed, and the process repeated at progressively lower capacitance values 
until the lowest that gave at least 1 ignition in 20 trials was identified.The minimum igni-
tion energy was defined as %CV2,where Cis the capacitance and Vis the charging poten-
tial of 400 volts. 

7.9.2.2 
Nordtest "Fire 016" 

This method, describedby Nordtest (1982), is intended to be used primarily for pyrotech-
nics and explosivesin pulverized form. It may, however, be applied to human-made and 
natural combustible materials, which, when distributed as a thin layer resting on a flat 
metal surface, can propagate self-sustainedcombustion. The test apparatus is illustrated 
in Figures 7.30 and 7.31. 
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Figure 7.30 
of dust layers (From Nordtest, 1982). 

Cross section of Nordtest apparatus to determine the electric spark ignition sensitivity 

IE 
Figure 7.31 Nordtest apparatus to determine the 
electric spark ignition sensitivity of dust layers: (top) 
assembled as in Figure 7.30, (bottom) slidable sup- 
porting plate and hole plate removed and shown 
separately. 
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The dust or powder is poured gently into the disk-shaped cavities formed by the slid- 
able supporting platehole plate assembly and excess dust is removed by a scraper. Plane, 
circular dust or powder samples of thickness 2 mm and diameter 12 mrn are thus obtained. 
The metal bottom of the cavities acts as one of the two electrodes forming the spark gap. 
A thin tungsten wire pointing downward toward the dust or powder layer, with its tip just 
above the dust or powder surface, acts as the second electrode. 

Electric sparks of the desired net energies and discharge times are passed through the 
sample, one at a time, and it is observed whether ignition occurs. An electric spark gen- 
erator that permits independent variation of spark energy and spark duration is required. 
Figure 7.32 shows one type of generator used. 

Figure 7.32 
layers. 

Electric spark generator for determining electric spark ignition sensitivity profiles of dust 

Twenty identical tests are carried out at each combination of net spark energy and dis- 
charge time, yielding a frequency of ignition in the range 0-100%. After each spark dis- 
charge, the dust or powder sample is shifted horizontally to allow each spark to pass 
through dust or powder not exposed to previous sparks. If ignition occurs, the sample tested 
is discarded and the test continued with a new sample. 

The minimum electric spark ignition energy, defined as the net spark energy yielding 
an ignition frequency of 5%, is determined for various spark discharge durations At. 
The ultimate result of the test is an electric spark sensitivity profile E ~ n ( A t ) ,  as illustrated 
in Figure 7.33. 
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Figure 7.33 Electric spark ignition sensitivity profile according to Nordtest ( 1982) for layers of a spe-
cific pyrotechnical product. The shaded area represents a profile for ignition probabilities P (%) for 
which 0 < P < IO. 

7.10 
MINIMUM ELECTRIC SPARK IGNITION ENERGY 
OF DUST CLOUDS 

7.1 0.1 
THE INDUSTRIAL SITUATION 

Most of what has been said in Section 7.9.1 also applies to dust clouds. Whenever relat-
ing results from laboratory tests to practice, it is important to account for the influence 
of both the spatial and temporal energy distribution in the discharge on the minimum spark 
energy for ignition. Relevant aspects are considered in Chapters 1 and 5. 

7.10.2 
LABORATORY TESTS 

7.10.2.1 
Original U.S. Bureau of Mines Method 

The apparatus used by Dorsett et al. (1960) was essentially as illustratedin Figure 7.34. 
An appropriatequantity of dust was placed in the dispersion cup at the bottom of the 1.2 
liter plastic cylinder and dispersed by a blast of air deflected by a conical “hat,” as indi-
cated. A spark was discharged across the electrodes synchronously with the transient 
appearance of the dust cloud in the spark gap region. A photograph of a dust explosion 
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Figure 7.34 Apparatus for determining the minimum ignition energy ofdust clouds. 

in this type of apparatus is shown in Figure 7.35. However, the energies of the electric 
sparks used in the original U.S. Bureau of Mines test were not satisfactorilydefined, due 
to the design of the spark discharge circuit, shown in Figure 7.36(a). The spark energy 
was generatedby dischargingthe capacitor C at a DC voltage V through a step-up trans-
former. It was assumed that the spark energy equaled l/2CV2, but some energy was 
inevitably lost in the transfomer. A tentative correlation among the numerous '/zCV2 
values reported by U.S. Bureau of Mines over the years and the real electric spark ener-
gies is indicated in Figure A. 1 in Appendix 1. 

7.1 0.2.2 
Direct Discharge of High-Voltage Capacitors 

Direct discharge of' capacitors at sufficiently high voltages to ensure direct breakdown 
of the spark gap, as illustrated in Figure 7.36(b), has also been used for test purposes. 
However, because 'of the high voltage, energy losses in the switch needed to synchro-
nize the discharge with the dust cloud may be appreciable. Sophisticatedelements such 
as thyratrons have been employed to solve this problem. 

However,the spark and dust cloud can also be synchronizedby incorporatinga third, 
auxiliary spark electrode in the spark gap configuration. By dischargingjust a very small 
energy in the gap between one of the main electrodes and the auxiliaryelectrode, the main 
discharge is initiated. This method was used with success by Franke (1978). 

Mechanical synchronizationconstitutes a further possibility. Prior to the experiment, 
the capacitor is charged to the high voltage required with the spark gap sufficiently long 
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Figure 7.35 Silicon dust explosion following 
tric spark ignition in an apparatus of the type 
trated in Figure 7.34. 

elec- 
illus- 

for breakdown to be impossible at that voltage. Pneumatically or spring-driven dis- 
placement of one spark electrode toward a shorter spark gap, allowing sparkover, is 
synchronized with the occurrence of the transient dust cloud, for example, via sole- 
noids. Boyle and Llewellyn (1950) were probably among the first to use the electrode 
displacement method. Its drawback is that the actual spark gap distance at the moment 
of the discharge is not known. 

One way of avoiding the synchronization problem is to work with a semistationary 
dust cloud and charge the high-voltage capacitor slowly until breakdown occurs natu- 
rally at the fixed spark gap distance chosen. Because of arbitrary variations, the actual 
voltage at breakdown differs from trial to trial and must be recorded for each experiment 
to obtain the actual given spark energy '/2CV2. 

Figure 7.36(b) illustrates two versions of the direct high-voltage discharge circuit, with 
and without a significant series inductivity, on the order of 1 mH. This difference can be 
significant with respect to the igniting power of sparks of similar energies. The induc- 
tion coil makes the spark more effective as an ignition source by increasing the discharge 
duration of the spark. Such an induction coil is automatically integrated in both the orig- 
inal U.S. Bureau of Mines circuit and the CMI circuit, as shown in Figures 7.36(a) and 
7.36(c) (see Chapter 5 for further details concerning the influence of the spark discharge 
duration). 
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(a) LOW-VOLTAGE CAPACITOR DISCHARGED TliROUGH TRANSFORMER 
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(c) [MI-DISCHARGE CIRCUIT 

Figure 7.36 
of dust clouds. 

Three electric spark discharge circuits used to determine the minimum ignition energy 

If the test is to simulate a direct electrostaticdischarge of an accidentally charged non-
grounded electrically conducting object, the use of a discharge circuit with low induc-
tance (left of Figure 7.36(b)) seems most appropriate. 

7.1 0.2.3 
The CMI Discharge Circuit 

The method for synchronizationof dust cloud and spark discharge developed by the Chr. 
Michelsen Institute (see Eckhoff, 1975b)is illustrated in Figure 7.36(c). The method is 
similar to the three-electrode technique in the sense that an auxiliary spark discharge is 
employed to break down the spark gap, but the use of a third electrode is avoided. The 
energy of the auxiliary spark is about 1-2 mJ. The CMI method requires that the spark 
energy be measured directly, in terms of the time integral of the electrical power dissi-
pated in the spark gap. Figure 7.37 shows the traces of voltage and current €or a spark 
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Figure 7.37 Spark gap voltage and spark current 
versus time during discharge of a 13 mJ electric 
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of net electrical energy 13mJproduced by the CMI circuit.The spark dischargewas com-
pleted after about 280 ,us. 

The general apparatus used by the CMI was as shown in Figure 7.34, that is, similar 
to that originally developed by the U.S. Bureau of Mines. 

7.1 0.2.4 
A Newer International Standard Method 

As a part of its efforts to standardize safe design of electrical apparatus in explosible 
atmospheres,the International Electrotechnical Commission (1994) produced a new test 
method for the minimum ignition energy of dust clouds.The method is to a large extent 
based on work conducted by an internationalEuropean working group and summarized 
by Berthold (1987). 

The detailed design of the apparatus to be used in the IEC test method, in terms of explo-
sion vessel, dust dispersion system, synchronization method, and so on is not specified, 
but some suitable apparatuses are mentioned, including direct high-voltage discharge 
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circuits as well as the CMI circuit. However, no matter which apparatus is chosen, the 
spark generating system must satisfy the following requirements: 

@ Inductance of discharge circuit 21 mH. 
@ Ohmic resistance of discharge circuit <5 Q. 
0 Electrode material is stainless steel, brass, copper, or tungsten. 
@ Electrode diameter is 2.0 mm. 
@ Electrode gap is 6 mm. 
@ Capacitors are low-inductance type, resistant to surge currents. 
6 Capacitance of electrode arrangement is as low as possible. 
@ Insulation resistance between electrodes is sufficiently h g h  to prevent significant 

leakage currents. 

It will be necessary to take account of the possible influences of dust concentration,dust 
cloud turbulence, and degree of dust dispersion on the test result. Preliminarytests must be 
carried out to adjust the dust dispersion conditions and the ignition delay, so that prescribed 
minimum ignition energies are actually measured for three specifiedreference dusts. 

Starting with a value of spark energy that reliably causes ignition of a given concen-
tration of the dust being tested, the dust concentration being itself a variable, the test 
energy is successively halved until no ignition occurs in 10 successive tests. The mini-
mum ignition energy is defined to lie between the highest energy at which ignition fails 
to occur in at least ten successive attempts to ignite the dudair mixture and the lowest 
energy at which ignition occurs within 10 successive attempts. 

7.1 
SENSITIVITY OF DUST LAYERS TO MECHANICAL 
IMPACT AND FRICTION 

7.1 1.1 
THE INDUSTRIAL SITUATION 

This hazard applies primarily to powders and dusts with explosive properties, that is, those 
that can react or decompose exothermally with no oxygen supply from the air. Strong 
exothermal reactions may be initiated in layers of such materials if they are exposed to 
high mechanical stresses and fast heating by impact or rubbing, either accidentally or as 
part of an industrial process. 

7.1 1.2 
LA50RAT0RY TESTS 

7.1 1.2.1 
Drop HammerTests 

As summarized by Racke (l989), a number of impact or friction sensitivity test meth-
ods have been developed in several European countries, as well as in the United States 
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Figure 7.38 Drop hammer test for dust layers by Koenen, Ide, and Swart (196 1). Drop hammer mass 
is 5 kg and height of fall is 1 rn (From Verein deutscher Ingenieure, 1988). 

and Japan. The most common design concept for the impact test is the drop hammer, as 
illustrated in Figure 7.38. 

TheVerein deutscherIngenieure(1988) also mentioned a very similartest by Lutolf (1978) 
as a suitable standard method. In the Liitolf test, the dust sample sizeis about 0.10 g and the 
theoretical maximum drop hammer impact energy 39 J (5  kg, 0.8 m). Up to 10 trials are 
conducted and observations are made with respect to occurrence of explosion, flame, 
smoke, or sparks. If all 10 tests are negative, a new test series is conducted with the dust 
samples wrapped in thin aluminum foil (10 pm thickness), in case the aluminum should 
have a sensitizing effect on a possible exothermal reaction. If the tests with aluminum 
are positive, a new test series without aluminum is conducted. 

The American Society for Testing and Materials (1988a) adopted the U.S. Bureau of 
Mines drop hammer method as their standard. Using a fixed drop hammer weight (2.0 or 
3.0 kg), the drop height H,, giving 50% probability of a positive reaction is determined. 
The lower is Hso,the more sensitivethe material is to impact ignition. In the test descrip-
tion, it is emphasized that the observation of the reaction of the sample is one of the dif-
ficult points in impact sensitivity testing. A positive test result is defined as an impact 
that produces one or more of the following phenomena: (a) audible reaction, (b) flame 
or visible light, (c) definite evidence of smoke (not to be confused with a dust cloud of 
dispersed sample), and (d) definite evidence of discoloration of the sampledue to decom-
position. The problem arises with reactions that yield no distinguishableaudibleresponse, 
no flame, and little sample consumption. The decision concerningreactiodno reaction in 
these cases must be based primarily on the appearance of the sample after the test. The 
impact in most cases compresses the sample into a thin disk, portions of which may 
adhere to the striking tool surface,the anvil, or both. One should then inspect the tool and 
anvil surfaces and look for voids in the powder disk and discoloration due to decompo-
sition in areas where voids occur. If there is discoloration from decomposition, the test 
trial is to be consideredpositive. If there are smallvoids but no discoloration,the trial should 
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be regarded negative. In the case of doubt as to whether or not discoloration is present, 
the trial is to be regarded negative. If the only evidence is a slight odor or a small amount 
of smoke, which may be a dust cloud from the dispersed sample, the trial should also be 
considered negative. 

7.1 1.2.2 
Friction Tests 

As pointed out by Racke (1989), several different friction tests have been devised, includ- 
ing three described by Gibson and Harper (1981). One of these is illustrated in Figure 7.39. 

15-25 kg VERTICAL LOAD c 
1000 RPll a 

ROTATING MILD 
STEEL PEG 
(5 mm DIA.) 

POWDER 

Figure 7.39 Example of laboratory method 
for testing the sensitivity of powders to 
mechanical rubbing or friction (From Gibson 
and Harper, 198 1).  

CAST IRON BLOCK 

7.1 2 
SENSITIVITY OF DUST CLOUDS TO IGNITION BY 
METAL SPARKS, HOT SPOTS, OR THERMITE FLASHES 
FROM ACCIDENTAL MECHANICAL IMPACT 

7.12.1 
THE INDUSTRIAL SITUATION 

Dense clouds of metal sparks and hot surfaces are easily generated in grinding and cut- 
ting operations. Such operations are therefore generally considered as hot work, which 
should not be permitted in the presence of ignitable dusts or powders. 

However, the evaluation of the ignition hazard associated with accidental impacts is 
less straightforward. Such impacts can occur due to misalignment of moving parts in 
powder processing equipment, for example, in grinders and bucket elevators. Or foreign 
bodies such as stones and tramp metal can get into the process line. Whether or not metal 
sparks and hot spots or thermite flashes from single accidental impacts between solid 
bodies can initiate dust explosions has remained a controversial issue for a long time. It 
now seems that, in the past, “friction sparks” have been claimed to be the ignition sources 
of dust explosions more often than one would consider reasonable on the basis of more- 
recent evidence. However, as long as the necessary conditions for such impacts to be capa- 
ble of initiating dust explosions have been unidentified, one has been forced to maintain 
the hypothesis that such sparks may be hazardous in general. This, in turn, has forced 
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industry to take precautions that may have been superfluous and caused fear that may 
have been unnecessary. 

Generation of metal sparks or hot spots by accidental mechanical impacts is a com-
plex process, involving a number of variables, such as the 

* Chemistry and structure of the material of the colliding bodies. 
Physical and chemical surface properties of the colliding bodies. 
Shapes of the colliding bodies. 
Relative velocity of the colliding bodies just before impact. 
Impact energy (kinetic energy transfonned to heat in an impact). 
Likelihood of single or repeated impacts. 

specific dust properties, but also on the 

Dust concentration and dynamic state of the dust cloud. 
Composition, temperature, and pressure of the gas phase. 

In view of the great number of variables and the lack of an adequate theory, it is clear 
that the ignition experiments on the basis of which the practical hazard is to be assessed 
should resemble the practical impact situation as closely as possible. 

Whether a given dust cloud will be ignited by a given impact not only depends on the 

7.12.2 
LABORATORY TESTS 

No standardizedtest methods have been traced so far, but the ability of metal sparks and 
hot spots from grinding and cutting to ignite dust clouds has been demonstrated in lab-
oratory tests by several researchers, including Leuschke and Zehr (1962); Zuzuki, 
Takaoka, and Fujii (1965);Allen and Calcote (1981); and Ritter (1984) (see Chapter 5). 

Laboratory test methods for the incendivity of single accidental mechanical impacts 
seem to be less numerous. A test apparatus developed by Pedersen and Eckhoff (1987) 
is illustrated in Figure 7.40. 

The basic principle of impact generation is that a spring-loadedrigid arm,which can 
swing around a fixed axis and carries the test object at its tip, is released and hits a test 
anvil tangentially at a known velocity. Depending on the normal contact force during 
impact, the peripheral velocity of the tip of the arm is more or less reduced. By know-
ing the mass distribution of the arm and the peripheral velocity of its tip just before and 
just after impact, the impact energy can be estimated in terms of loss of kinetic energy 
of the arm.The impact force is varied by varying the excess length of the arm compared 
with the distance from the arm axis to the anvil. 

Figure 7.41 gives an expanded view of the test object holder at the arm tip. The dust 
cloud was generated by dispersing a given quantity of dust from a dispersion cup by a 
short blast of air. The dust concentration of the transient cloud near the point of impact, 
at the moment of impact, was measured by a calibrated light attenuation probe (see 
Figure 1.76 in Chapter 1). 

Figure 7.42 shows some typical results from experiments with the apparatus shown 
in Figure 7.40. Further details of this kind of experiments are discussed in Chapter 5. 
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Figure 7.40 Apparatus for determining the sensitivity of dust clouds to ignition by a single accidental 
mechanical impact (From Pedersen and Eckhoft 1987). 

ADJUSTMENT SCREW 
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TEST OBJECT Figure 7.41 Expanded view of test object holder of 
apparatus shown in Figure 7.40 (From Pedersen and 
Eckhoft; 1987). 
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Figure 7.42 Frequency of ignition of clouds of 
dried maize starch in air as a function of impact 
energy at 16 m/s and 24 m/s peripheral veloc-
ity of approach of the arm tip. Bars indicate + I  
standard deviation. Impacts are between tita-
nium and rusty steel (thermite flashes) (From 
Pedersen and Eckhoff, 1987). 

Because of the lack of generally accepted test methods, it has been suggested that the 
sensitivityof a dust cloud to ignition by metal sparks or hot spots from accidentalimpacts 
may be correlated to the sensitivity of ignition by other sources, such as electric sparks. 
As discussed in Chapter 5,  Ritter (1984) found a correlationinvolving both the minimum 
electric spark ignition energy and the minimum ignition temperature as determined by 
the BAM furnace. Table 7.2 indicates a correlation with the minimum electric spark igni-
tion energy alone. 

Table 7.2 
ignition energies, using a 20 J thermite flash impact between titanium and rusty steel 

Results from single-impact ignition tests of dust clouds of different minimum electric spark 

7.13 
MINIMUM EXPLOSIBLE DUST CONCENTRATION 

7.1 3.1 
THE INDUSTRIAL SITUATION 

For a given type of explosible dust, dispersed as a cloud in air,there is a reasonably well-
defined minimum quantity of dust per unit volume of air below which the dust cloud 
cannot propagatea flame (see Chapter4 for a full discussion).In theory,therefore,one could 
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eliminatethe possibility of dust explosionsby ensuringthat the dust concentrationdoes not 
exceed this minimum limit. In practice, however, most process equipment in plants where 
powders are manufactured and handled always contain large quantitiesof powder, and hence 
this principle of preventing dust explosions is not practical in general. However, the princi-
ple may be adapted in practice to some types of process equipment (see Section 1.4.3.2). 

One example is dust extraction systems designed to extract a relatively small quan-
tity of fine dust from a coarse main product, as in grain silo plants. In such cases, the 
Concentration of dust in the system can often be controlled to some extent by control-
ling the flow of air. It is then essential, however, that the air velocity is maintained suf-
ficiently high to prevent dust from depositing on the walls of the ducting and so forth, 
since such deposits, if redispersed, may form clouds of explosible concentration. 

Another type of equipment that can be protected by keeping the dust concentration suf-
ficiently low is systems for electrostatic powder painting. In such systems, the concen-
tration of particles in the air is relatively uniform and fairly easy to control. In fact, 
several countries have imposed specific maximum permissible average dust concentra-
tions in the spraying booth, based on estimates of the minimum explosible dust con-
centration (see Section 1.5.3.5). 

7.13.2 
L A 5 0RAT0RY TESTS 

Experimental determinationof the minimum explosible dust concentrationis discussed 
in detail in Section 4.2.6.2 in Chapter 4. This also includes comparison among the var-
ious test methods in use. 

7.13.2.1 
Tests Developed in the United States 

In the standardtest used in the United States and United Kingdom for a number of years 
and described by Dorsett et al. (1960), a known quantity of the powder was dispersed 
as a cloud in a slim, vertical, cylindrical container of 1.2 liter volume and exposed to a 
continuous spark ignition source. Startingwith very smallpowder quantitiesand repeat-
ing the test with steadily increasing amounts, a critical quantity was reached at which 
the dust cloud ignited. The critical mass of dust, divided by the volume of the test con-
tainer, was taken as the minimum explosible dust concentration (MEC). 

It was felt that the traditional test method was not fully satisfactory. On the one hand, 
the continuous ignition source was located in the lower part of the vertical, elongated 
explosion vessel; and this would allow the dust cloud, rising from the dispersion cup of 
the vessel bottom, to become ignited before having been fully dispersed throughout the 
entire vessel volume. Hence, the real concentration of dust in the cloud at the moment 
of ignition was likely to be higher than the nominal concentration estimated by divid-
ing the mass of dust dispersed by the total vessel volume. This error generally leads to 
underestimationof the MEC. On the otherhand, the traditional ignition source was a con-
tinuous train of relatively weak electric sparks that may not have been sufficiently ener-
getic to ignite dust clouds of concentrations near the true limit for self-sustainedflame 
propagation. This would generally yield overestimation of the MEC. The effects of these 
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two factors tend to cancel each other, and this may be the reason for the surprisingly good 
agreement obtained in some cases between MEC values from the traditional small-scale 
lab test and large-scale experiments. For example, Jacobson et al. (1961) found that var-
ious grain dusts and starches all had MECs on the order of 50 g/m3in the small lab-scale 
test, which compares favorably with the value 60 g/m3found for a typical wheat grain dust 
containing 10% moisture in industrial-scale experiments by Eckhoff and Fuhre (1975). 

However, such good agreementbetween the small-scaletest and large-scale conditions 
would not be expected to be the general rule. For this reason, considerableefforts have 
been made in severalcountriesduring the 1980sto develop an improved test for the MEC. 

In the United States, Hertzberg et al. (1979) at the Bureau of Mines first developed an 
8 liter explosionvessel in which transient dust clouds of quite homogeneous concentration 
distributions could be generated. An important conclusion from these studies was that 
determinationof true MEC values requires a strong ignition source.Therefore,Cashdollar 
and Hertzberg (1985) subsequentlydeveloped a 20 liter explosionvessel that would yield 
meaningful results even with quite strong ignition sources. 

A cross section of the 20 liter vessel is shown in Figure 7.43. A photograph of the 
opened vessel, showing one of the light attenuation probes for measuring the dust con-
centration development in the transient dust cloud, is given in Figure 7.44. 

Dispersion 
air 

P G H - 5 3  
1012 

Figure 7.43 Cross section of US.Bureau of Mines'2O liter explosion vessel for determination of the 
minimum explosible concentration and other parameters of explosible dust clouds (From Cashdollar 
and Hertzberg, 7985). 
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Figure 7.44 Photograph of opened 20 liter U.S. Bureau of Mines explosion vessel, showing one of 
the light attenuation probes for measuring dust concentration (Courtesy of K. L. Cashdollar, U.S. Bureau 
of Mines, Pittsburgh). 

Favorable agreement was obtained between minimum explosible concentrations found 
for coal dust in large-scale mine experiments and in the 20 liter vessel (Cashdollar et al., 
1987). The ignition source used in the 20 liter sphere was then a strong chemical igni- 
tor of calorific energy about 2500 J. The criterion of explosion was that the explosion 
pressure in the closed vessel should rise to at least twice the absolute initial pressure. For 
atmospheric initial pressure this means at least 1 bar(g). In addition, the maximum rate 
of pressure rise should exceed 5 bark. 

7.13.2.2 
German and Swiss Closed Bombs 

Both the 1 m3 I S 0  vessel developed by Bartknecht and the 20 liter Siwek vessel are dis- 
cussed in Chapter 4 and further details are given in Sections 7.16 and 7.17. With the same 
ignition source and explosion criterion as used by Cashdollar and Hertzberg, the Siwek 
sphere should yield comparable results. If, however, the 10 kJ ignitor prescribed for the 
Siwek sphere to determine P,,, and K,, values is used, too low minimum explosible con- 
centration values would be expected for some dusts. 

The 1 m3 IS0 vessel would be expected to yield the most reliable assessment of 
the minimum explosible concentration. Because of the large volume of the dust cloud, 
even a very strong ignition source of 10 kJ would not interfere with the main phase 
of dust cloud propagation. However, just because of its large size, the 1 m3 test is not 
very suitable for routine testing, and smaller, laboratory-bench-scale methods are 
needed. 
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7.13.2.3 
Nordtest Fire 01 1 

The Nordtest (1989) method was designed specifically to meet the need of a reliable 
bench-scale test for the minimum explosible concentration of dust clouds. The appara- 
tus consists of three main parts: 

A 15 liter explosion vessel with a dust dispersion system. 
An ignition system. 
A dust concentration measurement system. 

Figure 7.45 shows a maize starch explosion in the 15 liter Nordtest vessel. 
The test procedure consists of two consecutive steps. First, weighed quantities of the 

dust are dispersed into clouds in the 15 liter explosion vessel by a suitable, defined blast 
of air and exposed to an effective ignition source. The dispersion mushroom shown in 
Figure 7.46 is an essential part of the dust dispersion system. 

Figure 7.45 Maize starch explosion in a 15 liter 
Nordtest Fire 01 1 vessel. The ignition source is a 
strong electric arc between two thin metal elec- 
trodes. 

The driving pressure and duration of the air blast are set to yield a reasonably homo- 
geneous dust cloud in the vessel, as judged visually by the operator. Optimum dispersion 
conditions depend on particle size, shape, density, and mass of dust to be dispersed. 
Immediately after completion of dispersion, the ignition source, positioned centrally 
within the cloud, is activated. By varying the dispersed mass of dust and conducting 10 
tests with each mass, the mass yielding a probability of explosion of 50% is estimated by 
interpolation. 
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Figure 7.46 Dispersion mushroom for 
Nordtest Fire 0 1 1 (right) compared with the 
IEC version for the Hartmann bomb (left). 
The length of the match is approximately 
50 mm. 

The ignition source recommended for the test is a 200 W electric arc of 0.1 s dura- 
tion. The arc is passed across a 3 mm spark gap between two l .6 mm 0 metal electrodes. 
The arc discharge is initiated by the closing action of the solenoid valve of the dust dis- 
persion system. The ignition source must under no circumstances be less effective than 
this arc. However, in exceptional cases, the ignitability of the dust to be tested can be 
so low that a more-effective ignition source may be required. Explosion @e., a posi- 
tive test result) is defined as independent flame propagation through the experimental 
dust cloud to the extent that the flame, observed visually, is clearly detached from the 
ignition source. 

In the second step of the test procedure, the actual local dust concentration in the 
vicinity of the ignition source, at the same instant as the ignition source would be acti- 
vated in the first step, is determined using the dust mass giving 50% of ignition and 
exactly the same dust dispersion method as in the ignition tests. The arithmetic mean 
of five consecutive concentration measurements is taken as the minimum explosible 
dust concentration.The version of the 15 liter vessel used in the second step is shown 
in Figure 7.47, and the basic principle of the traversing dust sampling cylinder is illus- 
trated in Figure 7.48. 

7.1 3.2.4 
International Standards 

The International Electrotechnical Commission (1990) evaluated a test method based on 
the 20 liter Siwek (1988) sphere. Nordtest (1989) and the 1 m3 vessel of the International 
Standards Organization (1985a) are alternative methods. 

The explosion criterion is that the maximum explosion pressure should be at least 1.5 
bar(g). This includes the pressure of 1.1 f 0.1 bar(g) generated by the powerful chemi- 
cal 10 kJ ignitor only, without dust. Tests are conducted with successively decreasing 
dispersed dust masses in steps of 0.2 g until a mass is reached at which the maximum 
pressure is lower than 1.5 bar(g) in three consecutive tests with the same dispersed dust 
mass. The minimum explosible concentration is then assumed to lie between the highest 
nominal concentration (dispersed mass divided by vessel volume) at which the maximum 
explosion pressure was less than 1.5 bar(g) in three successive tests and the lowest nom- 
inal concentration at which the explosion pressure was 1.5 bar(g) or more in one of up 
to three successive tests. 
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Figure 7.47 A 75 liter Nordtest Fire 0 7 7 vessel equipped with traversing cylinder for measuring local 
dust concentration in the vicinity of the ignition source (From Nordtest, 7 989). 

+ 
CUP 

Figure 7.48 
a simple cylindrical cup (a). 

Principle of Nordtest Fire 0 7 7 dust cloud sampling cylinder (b) compared with that of 
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As discussed in Section 4.2.6.2 in Chapter 4, there are indications of this test method 
yielding unexpectedly low minimum explosible dust concentrations for some dusts. This 
may be due to the use of the very energetic 10kJ chemical ignition source that may sup-
port propagation of flames in dust clouds of lower concentrations than the true minimum 
explosible concentration. 

This problem is avoided when using the IS0 (1985a) method, because the vessel of 
1 m3 volume is sufficiently large for ignition-source-independentflame propagation to 
be necessary to generate significant explosion pressures. 

Table 4.9 in Chapter 4 gives comparative data from tests with the three methods, using 
the same dusts. See also Sections 9.2.4.3 and 9.4.4 in Chapter 9. 

M A X I M U M  EXPLOSION PRESSURE AT 
CONSTANT VOLUME 

7.14.1 
THE INDUSTRIAL SITUATION 

Most process equipment is not strong enough to withstand the typical pressures gener-
ated by unvented dust explosions. In principle, strengthening the equipment can prevent 
it from bursting, but in general, the structures required to achieve sufficient strength have 
to be so heavy that this approach is generally not recommended, either from the point 
of view of capital cost or with respect to running and maintaining the plant. Exceptions 
are cylindrical dust extraction ducting, which can be made pressure resistant with rea-
sonable wall thichesses, and certain types of equipment, which are heavy anyway, such 
as some mill types. 

Nevertheless, f:he concept of a fully pressure-resistant process plant is sometimes 
adopted, such as when the powders are highly toxic and therefore in no circumstances 
can be allowed outside the equipment. In such cases, it is important to know the high-
est pressures to be expected, should a dust explosion occur within the equipment. As 
discussed in Section 1.3.8 in Chapter 1,the maximum explosion pressure (abs) is gen-
erally proportional to the initial pressure (abs), which must therefore be specified. In 
a dust explosion in a fully confined, integrated system of various process items con-
nected bly comparatively narrow passages, pressure piling may easily occur, as dis-
cussed in Section 1.4.4.1 in Chapter 1. This implies that a local explosion in one 
process unit may raise the pressure in the unburned dust clouds elsewhere in the inter-
connected system. Should the flame then propagate into this prepressurized area, a con-
siderably higher maximum pressure can result than if the initial pressure had been 
atmospheric. Such pressure piling, which may escalate in several stages, can give rise 
to local transient explosion pressures that are substantially higher than the adiabatic 
maximum explosion pressure at a constant volume generated from normal atmos-
pheric initial pressure. These possibilities must be considered carefully before adopt-
ing laboratory test data for the maximum explosion pressure, which are normally 
based on atmospheric initial pressure. 



526 Dust Explosions in the Process Industries 

7.1 4.2 
LAB 0 RATORY TESTS 

7.14.2.1 
Hartmann Bomb 

The Hartmann bomb, described by Dorsett et al. (1960), has been used throughout the 
world to assess the maximum explosion pressure of dust clouds for nearly half a cen- 
tury. This apparatus, which is illustrated in Figures 7.49 and 7.50, basically consists of 
a closed vertical 1.2 liter stainless steel cylinder into which a known quantity of dust is 
dispersed as a cloud by a blast of air and exposed to an ignition source. 

PRESSURE TRANSDUCER I / - 

60 crn3 COMPRESSED AIR 
RESERVOIR 

SHUT-OFF VALVE 

PRESS. REDUCTION VALVE 

Figure 7.49 A 1.2 liter Hartrnann bomb to determine pressure development in dust explosions at 
constant volume. This version was developed with multinational cooperation and in all essentials 
adopted as a standard by the American Society for Testing and Materials ( I  988b). 

The dispersion mushroom design adopted in a multinational joint effort through the 
IEC and shown in Figure 7.46 differs slightly from that included in the standard speci- 
fied by the American Society of Testing and Materials (1988b). 

The ignition sources used include continuous trains of electric sparks, single syn- 
chronized sparks, synchronized chemical ignitors, and glowing resistance wire coils. 
Versions of the last two are shown in Figure 7.5 1. To determine maximum pressure, the 
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Figure 7.50 
Hartmann bomb shown in Figure 7.49. 

Photograph of the version of the 

Figure 7.51 
head (instantaneous source) (b) used in Hartmann bomb tests (From Eckhoff, 1976). 

Glowing resistance wire coil (continuous ignition source) (a) and chemical match 

nature of the ignition source is not decisive, because the maximum pressure is rather insen- 
sitive to the turbulence of the dust cloud at the moment of ignition. For the rate of pres- 
sure rise, however, turbulence is a key parameter and the moment of ignition must be 
exactly defined (see Section 7.15). 

The development of explosion pressure as a function of time is recorded as illustrated 
in Figure 7.52 over a range of nominal dust concentrations (dispersed dust mass divided 
by bomb volume). Due to statistical scatter, several tests have to be determined at each 
nominal dust concentration. A typical set of results is shown in Figure 7.53. This figure 
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Figure 7.52 
during dust explosion in a closed vessel. 

Typical trace of pressure-versus-time 

Figure 7.53 Typical set of results from 
Hartmann bomb test of a given dust. Bars reo- 
resent * 1 standard deviagon. The dashed IiAe 

700 'Oo0 shows the results based on a Gaussian distri- 
bution (mean + 1.65 std. dev.). 

100 200 300 
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also includes the maximum rate of pressure rise (i.e., the maximum value of the slope 
of the pressure-versus-time curve), which is discussed separately in Section 7.15. In 
Norway, it has been customary to take the highest 95% probability value as the result of 
the test. For the example in Figure 7.53, this means a maximum pressure of 6.8 bar(g). 

Because of the small volume of the Hartmann bomb and its elongated shape, the heat 
loss to the vessel wall during the explosion is significant. Therefore, the maximum 
pressures measured are generally somewhat lower, typically by 25-30%, than those 
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generated with the same dusts in larger vessels, such as the 1m3IS0 vessel and various 
20 liter vessels. This occurs even though the pressures measured in the Hartmann bomb 
are not corrected for the increased initial pressure due to the dust dispersion air. 

The measurement of maximum constant-volumepressures generated by dust explo-
sions in closed bombs is fairly straightforward.Apart from the wall-cooling effects in 
small bombs, the results do not depend much on the details of the experiment as long as 
the dust cloud is reasonably well dispersed and the average nominal dust concentration 
is varied systematicallyto identify the worst case. 

7.14.2.2 
The 1 m3Standard ISOVessel 

Side and top views of this apparatus are illustrated in Figure 7.54. 
A container of approximately 5 liters capacity and capable of being pressurized with 

air to 20 bar is attached to the explosion chamber. The container is fitted with a 19 mm 
!B opening valve of 10 ms opening time. The container is connected to the explosion 
chamber via a 19 mm Iz!perforated semicircular spray pipe. The diameter of the holes 
in the pipe should be in the range 4-6 mm. The number of holes is chosen such that their 
total cross-sectional area is approximately 300 m2. 

The ignition source is a pyrotechnicalignitor with a total energy of 10kJand arranged 
to fire after a fixed delay of 0.6 s after onset of dust injection. The mass of the pyrotech-
nical ignition source is 2.4 g, and it consists of 40% zirconium, 30%barium nitrate, and 

10 KJ CHEMICAL IGNITOR 

cFLUSHING AIR 

DUST CONTAiNER
\ 

,PRESSURE SENSOR\ 

PRESSUR 
SEhiSDR 

TOP VIEW 

t-FLUSHING AIR 

Figure 7.54 The 7 m3 closed vessel specified by the International Standards Organization (7985a) 
to determine maximum explosion pressures and maximum rates ofpressure rise of  dust clouds in air 
(From Verein deutscher Ingenieure, 7 988). 
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30% barium peroxide. It is activated by an electric fuse head. The ignitor is located at 
the geometric center of the explosion chamber. Two pressure transducers, linked to a 
recorder, are fitted to measure the explosion chamber pressure development. 

The way of determining the maximum explosion pressure is similar to that of the 
Hartmann bomb test, and Figures 7.52 and 7.53 also apply to the 1 m3 test. However, 
due to the comparatively large size of the experiment, the amount of dust and the time 
required per experiment limit the number of tests that are normally performed. 

Maximum explosion pressures measured with this apparatus would be expected to be 
relatively close to the theoretical maximum adiabatic pressures. Data for a range of 
dusts are given in Table A. 1 in Appendix 1. Figure 7.55 shows a 1 m3 vessel that would 
most probably satisfy the ISO-standard requirement, if equipped with appropriate dust 
dispersion and ignition systems. 

Figure 7.55 A 1 m3 spherical explosion vessel composed of two detachable hemispheres (Courtesy 
of Fike Corporation, United States). 

7.14.2.3 
The Siwek 20 Liter Sphere 

This vessel was developed by Siwek (1988) primarily with a view to obtain maximum 
explosion pressures and explosion rates in agreement with data from the 1 m3 IS0 vessel. 
The Siwek sphere is shown in Figure 7.56. 

The sphere essentially is a small-scale version of the 1 m3 I S 0  vessel. The original 
dust dispersion system was of the same type as that of the 1 m3 I S 0  vessel, consisting 
of a pressurized dust reservoir, from which the dust was injected into the main vessel 
through a perforated tube, as illustrated in Figure 7.54. The experimental conditions 
required to obtain agreement with the 1 m3 IS0 vessel were specified in a standard issued 
by the American Society for Testing and Materials (1988~). The ignition source has to 
be the same type of 10 kJ chemical ignitor as used in the 1 m3 IS0  test. The igni- 
tion delay is, however, shorter (60 ms) because of the smaller vessel size. To deter- 
mine the rate of pressure rise (see Section 7.15), it is important to pay attention even 
to the design of the capsule containing the pyrotechnical mixture of the ignition source. 
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Figure 7.56 A 20 liter Siwek sphere to determine 
pressure development in dust explosions (Courtesy 
of R. Siwek, Cuba-Geigy AC, Switzerland). 

Zhu Hailin, Liu Xiangjun, and Li Hongquan (1988) showed that ignitors with metal cap- 
sules could give significantly different K,, values from those obtained for the same 
dusts with plastic capsules. 

Under these circumstances and testing dusts of small particle size, Siwek obtained quite 
good correlations between data from the 1 m3 IS0 vessel and that from his 20 liter 
sphere, as shown in Figure 7.57 (ICst is defined in Section 4.4.3.3 in Chapter 4). 

Experience in several laboratories disclosed, however, that many cohesive dusts, in 
particular those of fibrous particles, can easily get packed and trapped inside the perfo- 
rated dispersion tube of the original dust dispersion system, which is clearly unsatisfac- 
tory. This led to the development of an open nozzle system named a rebound nozzle, 
shown in Figure 7.58, which gradually replaced the original perforated ring. According 

Fine dusts 
Pyrotechnical ignitors 

Y if 

0 1 

Figure 7.57 
1 m3 1.50 vessel and 20 liter Siwek sphere (Courtesy of R. Siwek, Cuba-Geigy AC, Switzerland). 

Correlations of maximum explosion pressures and maximum rates of pressure rise from 
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Figure 7.58 Rebound nozzle for dispersing the dust 
in the 20 liter Siwek sphere (Courtesy of R. Siwek, 
Cuba-Geigy AG, Switzerland). 

to Siwek (1988), the new nozzle produces both maximum pressures and Ks, values in 
reasonable agreement with those generated by the original perforated-ring system. 

7.14.2.4 
Other 20 Liter Vessels 

The U.S. Bureau of Mines vessel, described by Cashdollar and Hertzberg (1985) and 
shown in Figure 7.59, is a valid alternative to the Siwek vessel. An advantage, as demon- 
strated in Figure 7.44, is the large opening, giving easy access to the inside of the vessel 
for cleaning, inspection, and the like. 

Figure 7.59 Photo of the 20 liter U.S. Bureau of Mines vessel with the lid on (Courtesy of C. L. 
Cashdollar, US. Bureau of Mines, Pittsburgh, PA). 

It would be expected that the U.S. Bureau of Mines vessel would yield both maxi- 
mum explosion pressures and rates of pressure rise in agreement with data from the 



Assessment of  lgnitability 533 

Siwek sphere provided the dust dispersion and ignition conditions were the same in both 
vessels. 

The 20 liter vessel system described by Burke (1988) was shown to be in accordance 
with the standard specified by American Society for Testing and Materials (1988c), for 
determination of both maximum explosion pressures and maximum rates of pressure 
rise. 

Another complete 20 liter vessel test system is illustrated in Figure 7.60. 

20 LITER 
EXPLOSION CHAMBER 

RCPTUXE -FILTERED EXHAUST 
DISPERSION TUBE 

Figure 7.60 
of Fike Corporation, United States). 

Complete20 liter sphere system to determine explosibility properties ofdusts (Courtesy 

7.1 5 
MAXIMUM RATE OF RISE OF EXPLOSION PRESSURE 
AT A CONSTANTVOLUME (EXPLOSIONVIOLENCE) 

7.1 5.1 
THE INDUSTRIAL SITUATION 

Industrial enclosures, such as conventional process equipment, are normally far too 
weak to withstand the pressures exerted even by only partly developed, confined dust 
explosions. Consequently, a primary objective of fighting an explosion after it has been 
initiated is to prevent the buildup of destructive overpressures. 

At least three techniques for preventing destructive overpressures are in current use 
in industry. The first and probably most widely used is venting. Another technique is 
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automatic suppression.In case the explosion starts in an enclosure strong enough to with-
stand the explosion pressure, such as certain types of mills, isolation by high-speed 
valves to prevent the explosion from propagating to other, weaker enclosures constitutes 
a third means of protection. 

Regardless of which protective technique is adopted, the violence of the dust explo-
sion, that is, the rate of heat generation inside the enclosure where the explosion is ini-
tiated, is a deciding factor as to whether a given protective system performs adequately. 
In view of the fact that the combustion rate can vary substantiallyfrom dust cloud to dust 
cloud, it is important to base the design of industrial equipment on appropriate esti-
mates of the explosion violence or combustion rate that will occur in practice. 

7.1 5.2 
LABORATORYTESTS 

Maximum rates of pressure rise can be measured in all the closed vessels described in 
Section 7.14, Section 4.4.3 in Chapter 4 discusses the basic nature of such experiments 
and shows that the maximum rate of pressure rise in closed bomb apparatuses of the type 
discussed in Section 7.14 is bound to be arbitrary.This also applies to K,, values of dusts 
(Section 4.4.3.3, equation (4.84)). 

The method for determiningKs, values of dusts specified by the InternationalStandards 
Organization (1985a)is the same as for measurement of maximum explosionpressure and 
described in Section 7.14.2.2. Because the standard vessel has a volume of 1m3,the Ks, 
values in bar m / s  are numerically identicalwith the maximum rate of pressurerise in bark. 

If smaller vessels, for example, of 20 liters, are used to determine Ks, values accord-
ing to the IS0 standard,the dust dispersion system,the ignition source strength, and the 
ignition delay must be tuned in such a way that the products of the maximum rates of 
pressure rise measured and the cube roots of the vessel volumes equal the Ks, values that 
would have been measured for the same dusts in the 1 m3IS0 standard test (see equa-
tion (4.84) in Section 4.4.3.3 in Chapter 4). 

Through the years, a considerablenumber of other nonstandardized closed vessels have 
been used to assess explosion violence. Nagy et al. (1971) performed experiments in 
vessel volumes ranging from the 1.2 liters of the Hartmann bomb to 14 m3.They nor-
malized their results by multiplying all the measured maximum rates of pressure rise by 
the cube root of the vessel volume, the product being denoted K. With maize starch, all 
the three smallest vessels, of volumes 1.2 liters, 8 liters, and 28 liters, gave close to iden-
tical Kvalues, whereas those of the three larger vessels, of 3 m3,6.5 m3,and 14m3,were 
all about twice as large. With coal dust, nearly identical K values were obtained for the 
8 liter and 28 liter vessels, and again these were about half the values for the three larger 
vessels. However, in this case, the value of the Hartmann bomb was only one-third of 
that obtained in the 8 liter and 28 liter vessels. Hence, for some dusts, the Hartmann bomb 
would yield K values very similar to those generated in larger size vessels; whereas for 
other dusts, the Hartmann bomb values were considerably smaller. A distinct, dust-
independent increase of the K value by a factor of 2 was observed when moving from 
the three laboratory-scale bombs to the closed vessels of industrial scale. This could 
be due to the use of a different type of dust cloud generation system in the large-
scale experiments. 
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Moore (1979) performed a similar comparison of K values obtained by testing the same 
dust in four different vessels. These were the Hartmann bomb, a 1.75 liter cylinder with 
L/D = 1, mounted on the standard dust dispersion unit of the Hartmann bomb, a 43 liter 
sphere, and the standard 1m3IS0 vessel. In general,the Hartmann bomb gave the lowest K 
values,but consistentcorrelationamong valuesfrom the variousvesselswas difficultto estab-
lish. Moore interpreted the discrepanciesin terms of differentdegrees of turbulence, different 
dust concentration distributions, and different ignition sourceproperties in the various tests. 

Entdght (1984)reported similar comparativeexperimentsin three closed vessels of 1.2 
liters, 8 liters, and 20 liters, respectively.The principle of the dust dispersion system was 
the same for all three vessels, an air blast from a dispersion mushroom impinging on a 
dust heap placed at the vessel bottom. However, the gap between the dispersion mush-
room and the vessel bottom, the volume of the dispersion air reservoir, and the ignition 
delay all were increased somewhat arbitrarily with vessel volume. For all the three dusts 
tested-lycopodium, wheat starch, and a “60 pm” aluminum powder-the lowest K 
values were obtained with the 1.2 liter vessel and the highest with the 20 liter vessel. 

This evidencereemphasizes that even the K,, concept, as defined by the ISO, remains 
an arbitrary measure of the explosion violence. Ks, is not a specific dust constant but 
clearly also a function of the special test conditions in the IS0 standard test. 

On the other hand, the Kst, as defined by the ISO, seems to provide a reasonable rela-
tive measure for ranking the explosion violence to be expected from various dusts in indus-
trial dust explosions.However, the resolution must not be overrated.As shown in Chapter 
6,four dusts of very similarK,, values in the narrow range 115-125 bar d s  produced max-
imum explosion pressures in a filter with a given vent, which varied by a factor of 2-3. 

It is important to keep in mind the various factors that influence the explosion rate of 
a dust cloud (see Chapters4 and 6 and Eckhoff, 1987)and to consider the extent to which 
they are the same in the standard test and the industrial situation of concern. 

It is felt that other test methods for maximum rates of pressurerise, not complyingwith 
the IS0 standard, may also yield a reasonable relative ranking of dusts with respect to 
their explosion violence in practice. This includes the Hartmann bomb as standardized 
by the American Society for Testing and Materials (1988b). 

7.1 5.3 
FURTHER DEVELOPMENT OF ADEQUATE TEST METHODS 
FOR DUST EXPLOSION VIOLENCE ASSESSMENT 

As already pointed out, the violence with which clouds of a given dust will explode in 
an industrialplant is not a specific dust property but indeed also depends on the state of 
the dust cloud in the actual industrial situation.Test methods that would allow differen-
tiation in test conditions could be designed by following at least three lines of approach 
(Eckhoff, 1987): 

1. The first would be to retain one of the existing standard closed-bomb methods and 
add to it a differentiated procedure for interpreting results. For example, the mea-
sured (dP/dt),, or K,, value could be multiplied by one of a range of empirical cor-
relation factors to match the particular industrial situation in question. This would 
allow existing nomograms for vent area assessment to be maintained. No matter 
which standard test method is chosen, it would be necessary to standardizeextremely 
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carefully both apparatus and experimental procedures. One could also make active 
use of the dependence of (dpldt),, on dust concentration, which is in fact currently 
measured in the existing standard tests, as illustrated in Figure 7.53. In most cases, 
it would seemjustified to assume that worst-case concentrationthroughout the cloud 
is rather unlikely. 

2. A secondpossibility would be to retain one of the existing bombs but change the exper-
imental program of the test. By including the ignition delay as a parameter, the reac-
tion rate as a function of the relativeturbulencelevel could be assessed experimentally 
(see also Section4.4.3 in Chapter 4). This would correspond to varying the turbulence 
index T, defined by the International Standards Organization (1985a). The value of 
(dP/dt),,, at various ignition delays would then represent the respectivereaction rates 
corresponding to various situations in industry. One could then perform tests at the 
turbulence level that would correspond to the actual industrial situation concerned. It 
could also be of interestto supplementthe explosiontest with a dust dispersibilitytest 
(see Section 7.4.2) to assess the degree of dust dispersion expected from the disper-
sion process operating in the specific industrial situation of interest. 

3. A third strategy would be to retain one of the existing bombs but design a range of 
“plug-in” dust dispersion units to allow tests to be carried out with the unit produc-
ing the degree of dust dispersion and level of turbulence expected in practice. This 
would yield different correlations of (dPldt),, versus ignition delay, depending on 
the intensity of the dispersion process (see Figure 4.40 in Chapter 4). 

No matter which of these possibilities is pursued, it is necessary to conduct realistic 
full-scale dust explosion experiments to establish credible correlations between pre-
dicted dust cloud combustion rates and those that actually occur in the wide spectrum 
of situations in which dust clouds may burn in industry. 

In the future the maximum pressure rise measurementis likely to be replaced by more 
basic parameters, such as the induction time of the dust cloud combustion reaction, 
which will be used as input to advanced computer simulation models for turbulent dust 
explosions (Eckhoff, 1987). 

7.16 
EFFICACY OF EXPLOSION SUPPRESSION SYSTEMS 

Explosion suppression is discussed in Section 1.4.7 in Chapter 1. The International 
Standards Organization(1985b) specified a test method for evaluating the effectiveness 
of explosion suppression systems against defined explosions in closed, or essentially 
closed, vessels. The test does not cover explosions at elevated initial pressures. The 
method gives design criteria for apparatus for explosion suppression efficacy tests and 
criteria for defining the safe operating regime of an explosion suppression system. 

The basic test apparatus is the 1 m3 closed vessel described in Section 7.14.2.2 and 
shown in Figure 7.54, but other vessels may also be used, provided the volume is suffi-
ciently large and the length-to-diameterratio is less than 2. 

A complete test arrangement,with the suppression system to be tested mounted on the 
test vessel, is illustratedin Figure 7.61. Figure 7.62 illustratesthe type of pressure devel-
opment observed during a standard test. 



Assessment of lgnitability 537 

Figure 7.61 
the International Standards Organization ( 7  985b) (Courtesy of Fike Corporation, United States). 

Complete system for testing the efficacy of explosion suppression systems according to 
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Figure 7.62 
dard 7 m3 I S 0  apparatus. 

Typical pressure-versus-time trace during a dust explosion suppression test in the stan- 
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Prior to initiation of the fully automated test, the 1 m3 vessel is partially evacuated to 
compensate for the supply of air during the dust injection process, which constitutes the 
first step of the automatic test sequence. When all the explosible dust has been injected 
into the test vessel and atmospheric pressure restored, the explosible dust cloud is ignited 
after a predetermined delay. The pressure detector of the suppression system under test 
has been preset at a given trigger level PA, and when this explosion pressure is reached, 
suppressant injection starts. The efficacy of the suppression is reflected by the magni- 
tude of the peak pressure Prd. 

By varying the trigger level PA of the pressure detector and the K,, value of the dust, 
the efficacy of the specific suppression system under test can be assessed for a range of 
explosible cloud conditions. 

The standard test method is unsuitable for predicting the performance of suppression sys- 
tems if the industrial enclosure to be protected has one or more of the following features: 

Vessel aspect ratio greater than 2: 1. 
Partially vented vessels. 
Container fitted with fixed or mobile apparatus that could impede the distribution of 
suppressant. 
Operating pressures and temperatures substantially higher or lower than normal atmo- 
spheric conditions. 
High levels of turbulence or dust or powder throughput. 
Vessel volumes substantially greater or smaller than those used in the efficacy test. 

Figure 7.63 shows a test arrangement relevant for testing suppression of volumes 
large; than 1 m3. Design methodsfor systems for suppression ofvolumes of up to 250 
m3 is discussed in Section 1.4.7. 

larger thai 1 rn3 '(kourtesy ;f Fike Corporation, 
United States). 
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7.1 7 
MAXIMUM EXPLOSION PRESSUREAND EXPLOSION 
VIOLENCE OF HYBRID MIXTURES OF DUST 
AND GAS IN AIR 

The ignitability and explosibility of hybrid mixtures is discussed in Section 1.3.9 in 
Chapter 1. Such mixtures may be generated in industry in a number of ways, for example, 
during the drying of explosible dust containing organic solvents. 

The InternationalStandardsOrganization (198%) designed a test method to assess the 
explosibilityproperties of explosible clouds other than dustlair and gaslair,based on the 
apparatus illustrated in Figure 7.64. 

PRESSURIZED 
DUST CDhlTAlNER 

KJ CHEMICAL IGNITERx I 
/- ’ I i l  4 PRESSURE SENSOR 

COMBUSTIBLE 
-GAS OR MIST 

SEMICIRCULAR 
PERFORATED DUST-
DISPERSION TUBE 

EXHAUST 

Figure 9.64 A I m3closed vessel specified by the International Standards Organization ( 1 9 8 5 ~ )to 
determine maximum explosion pressures and rates of pressure rise of explosible clouds other than 
dust/air and gadair. 

The method is intended primarily for hybrid mixtures of combustibledusts and gases 
in air and mists of combustible liquids in air. However, it also seems to be suitable for 
investigating the explosibility of dusts in oxidizer gases of other oxygen contents than 
in air, as mentioned in Section 7.19. 

The procedure for testing hybrid gaddudair mixtures is as follows: 

0 The gadair mixture in the 1 m3 chamber is prepared by the method of partial pres-
sures or another suitable technique. It is important to ensure that the compositionand 
homogeneity of the gadair mixture is as required. 
Then the dust sample, of the mass required to obtain the appropriate cloud concen-
tration, is placed in the 5 liter container, which is subsequently pressurized with air 
to 20 bar. The ]pressurerecorder is activated followedby activationof the dust sample 
container valve and the ignition source. 
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The flow of compressed dust/air suspension into the explosion chamber induces 
turbulence in the gadair mixture. Therefore, choosing an appropriate ignition delay 
(turbulencelevel) is important.The influenceof the compressed air from the dust reser-
voir on the final explosible gas concentration should be taken into account. 
Tests are conducted for the range of total fuel concentrationsand combustiblegashom-
bustible dust ratios required. 

7.18 
TESTS OF DUST CLOUDS AT INITIAL PRESSURES 
AND TEMPERATURES OTHERTHAN NORMAL 
ATMOSPHERIC CONDITIONS 

Industrial processes are sometimes operated at initial pressures, temperatures, or both 
higher than normal ambient conditions. In such cases, results from tests o f  ignitability 
and explosibility at normal ambient initial conditions may not be relevant. The general 
trends of the influencesof initial pressure and temperature are outlined in Sections 1.3.7 
and 1.3.8 in Chapter 1. 

Tests to elucidate specific problems are most conveniently conducted in closed bombs 
of the types described in Section 7.14, fitted with adequate provisions for heating and pre-
pressurization and of sufficient strength. This applies both to ignition sensitivity tests and 
explosibilitytests. The proportional increase of the maximum explosionpressure with ini-
tial pressure (Section 1.3.8)requiresvery strong bombs if the initial pressure is appreciable. 
Bombs of the type in Figure 7.64 may be used if the gas phase differs from pure air. 

7.1 9 
INFLUENCE OF OXYGEN CONTENT IN THE OXIDIZING 
GAS ON THE IGNITABILITY AND EXPLOSlBlLlTY 
OF DUST CLOUDS 

7.1 9.1 
THE INDUSTRIAL SITUATION 

Full and partial inerting is discussed in Sections 1.3.6 and 1.4.3 in Chapter 1. 
The possibility of dust explosions in process equipment can, in principle, be effectively 

eliminated by substituting the air by a gas that prevents flame propagation in the dust 
cloud. Sincethe use of large quantities of inert gas in a plant can be expensive, it is impor-
tant to limit the inert gas consumption to the extent possible. For most dusts, it is not nec-
essary to substitute the entire atmosphere in the actual area by, for example, nitrogen, 
carbon dioxide, or other inert gas to obtain inerting. Hence, it is essential to know the 
critical gas composition for inerting the dust in question. In some cases, it may even be 
of interest to use smaller fractions of inert gas than required for completing inerting, 
because this reduces both the ignition sensitivityof the dust cloud and the maximum pres-
sure and rate of pressure rise at constant volume. 
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7.1 9.2 
L A B 0RAT0RY TESTS 

In the United States,as described by Dorsett et al. (1960),two standard test methods were 
traditionally used. In both tests, the dust was dispersed in the appropriate gas mixture, 
from above, into a fairly narrow vertical tube of internal diameter 38 mm and exposed 
to an ignition source.The apparatusis similarto the Godbert-Greenwaldfurnace described 
in Section 7.8. In the first test, the ignition source was an electric spark; in the second 
test, the hot tubie wall. Usually, the limiting gas compositions for flame propagation 
obtained for the same dust from the two tests differed significantly, the hot surface test 
yielding lower critical permissible oxygen contents than the spark test. 

Figure 7.65 shows a type of apparatus used by some laboratories to determine the max-
imum permissible oxygen content in the atmospherefor inerting dust clouds. 

An experimentalprocedure applicableto this apparatus is as follows: Compressed air 
and inert gas are first mixed in the desired proportions in a mixing vessel by the partial 
pressure method. Once the powder to be tested has been placed in the dispersion cup, a 
quantity of 3 liters of the gas mixture is admitted gently into the explosion tube via the 
small reservoir and the thin flushing tube, with the filter paper in position at the top of 
the Berspex cylinder. During this process,the air that was originally in the Perspex cylin-
der leaks to the atmosphere. The small reservoir is now pressurized with the appropriate 

,,-FILTER PAPER 

PERSPEX CYLINOER 

MIXING VESSEL 

COMPRESSED GAS RESE ARK GENERATOR 

AIR 

INERT 
GAS 

Figure 7.65 
content in the atmosphere on the ignitability of dust clouds. 

Open 1.2 liter Hartmann tube apparatus for determining the influence of the oxygen 
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gas mixture to a predetermined level, found in earlier trials to give the best dust disper-
sion conditions for ignition and flame propagation in air. 

To initiate the test sequence, a pushbutton on the electric spark generator opens the 
solenoid valve to dispersethe powder.After a preset delay, a soft spark of approximately 
3 J is discharged across the spark gap in the dust cloud in the tube. It is then observed 
whether ignition occurs. Ignition is defined as visual observation of a dust flame that is 
clearly detached from the spark. For each particular oxygen concentration, 20 trials are 
carried out and the results plotted as a frequency-of-ignitionversus oxygen-concentra-
tion graph.The maximumpermissible oxygen content for inerting is then defined as lying 
between the lowest concentration at which at least 1trialin 20gave ignition and the high-
est concentration at which no ignition occurred in 20 trials. 

When applying the test result in industrial plant design, an appropriate safety margin 
must be incorporated.The method can be refined by actually measuringthe oxygen con-
centration in the Perspex tube prior to each test. This may be necessary at low oxygen 
contents, of a few percent and lower. 

It is important that the ignition source is not the limiting factor for ignition. The situ-
ation in this respect is the same as for the minimum explosible dust concentration test. 
If the ignition source is too weak, apparently inert conditions will be found for oxygen 
concentrations, which would in fact allow flame propagation once ignition had been 
accomplishedby a sufficientlystrong source. For some dusts, a 3 J soft spark sourcemay 
be too weak to identify the true oxygen limit. 

The apparatus in Figure 7.65 is also well suited to measure the minimum electric 
spark ignition energy as a function of oxygen concentration,which may be useful infor-
mation for assessing the gain in safety obtained if partial inerting is used. 

The apparatus in Figure 7.64 may be used to measure maximum explosion pres-
sure and rate of pressure rise as functions of the oxygen content in the atmosphere, 
which provide further information about the effect gained by partial inerting. The inlet 
for combustible gadair would then instead be used for the mixture of inert gas and 
air. 

7.20 
INFLUENCE OF ADDING INERT DUSTTOTHE 
COMBUSTIBLE DUST ON THE IGNlTABlLlTY 
AND EXPLOSlBlLlTY OF DUST CLOUDS 

Section 1.4.3.3 outlines the industrial situation. When required, all the test methods 
described in this chapter can be applied to mixtures of combustible and inert dust. One 
problem that could arise, however, is segregation of the two components during dust 
dispersion because of differences in particle properties (size, shape, density). If such 
segregation occurs, misleading results could arise because the ratio of inert to com-
bustible dust in the region of the ignition source is either significantly above or below 
the assumed nominal average. 
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7.2 1 
HAZARD CLASSIFICATION OF EXPLOSIBLE DUSTS 

Attempts have been made in the past at classifying ignitability and explosibility of 
dusts by one or two dimensionless figures. Experience has shown that the usefulness 
of such indices is limited, because specific ignitability and explosibility properties are 
not necessarily correlated. 

A hazard c1assi:ficationsystemfor combustibledusts was proposed to the International 
Electrotechnical Commission (1990b). However, the proposal was not accepted. The 
system was concernedprimarily with the fire and explosion hazard if ignitable dusts are 
in contact with various kinds of electrical apparatus. 

The system uses three symbols: 

+ indicates that there is a need for special attention in respect to the combustion prop-
erty of the dust. 

- indicates that special attention is not required in respect to the combustion property 
of the dust or that the property cannot be measured by the test specified. (For exam-
ple, the minimum ignition temperature of a layer of the dust cannot be measured 
because it melts and runs off the hot surface of the test apparatus.) 

? indicates that information on the property is not available. 

The plus (+) symbol is applied to the following four specific tests, using the sensitivity 
thresholds indicafzed: 

0 Electrical resistivity <lo3Qm 
0 Minimum ignition temperature of dust cloud 
0 Minimum ignition temperature of dust layer of 5 mm thickness 
0 Minimum ignition energy of dust cloud 

<4OO0C 
<300"C 
<15 mJ 

The minus (-) symbol is used for all data that equal or exceed these critical thresholds. 
The thresholds chosen are bound to be arbitrary. On the other hand, the classification 

system allows a quick preliminary screeningto identify dusts that are definitelyhazardous. 
The system does not imply, however, that the hazard of dusts that appear with a nega-
tive sign for all four tests can be neglected. 

The National MaterialAdvisory Board (1988) discussedthe specification of an explo-
sion hazard classification system of dusts in relation to use of electrical equipment, with 
reference to the situation in the United States. Two basic questions were considered 
essential: 

0 Is thie dust combustible? 
0 Is the electrical resistivity of deposited dust higher or lower than lo3Qm? 

No final conclusions as to the details of a revised classification system were drawn, 
but some indicatilons were given. The need for further research and international coop-
eration was emphasized. 
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Chapter 8 
ctrical Apparatuses for Areas 

Containing Cornbustible Dusts 

.I 
I NTRODUCTlON 

8.1 . I  
ACKGROUND AND OBJECTIVESOF CHAPTER 

Sincethe publication of the first edition of this book in 1991, the author has had the oppor-
tunity to become more closely acquainted with the specifictopic of electricalapparatuses 
for use in areas containing combustible dusts. This topic was mentioned only very 
briefly in the two first editions of the book, and the time is ripe for it to be covered more 
extensively. 

Layers and clouds of combustible dusts can be ignited by a variety of ignition sources. 
An overviewis given in Section 1.1.4in Chapter 1,and in Chapter5, someignitionprocesses 
are discussed in greater detail. Chapter 7 describes laboratory methods for assessing the 
ignition sensitivity of dust layers and clouds when exposed to differenttypes of ignition 
sources. Ignition sources that can be generated by electrical apparatuses include elec-
trical sparks and arcs, electrostatic discharges,hot surfaces, and burning metal particles 
from mechanical impacts. Therefore, careful standardization is required of electrical 
apparatusesintended for use in the presence of combustible dust. Internationalstandards 
are produced by the InternationalElectrotechnicalCommission (IEC) and the European 
standardization organizations European Committee for Standardization (CEN) and 
European Committeefor ElectrotechnicalStandardization(CENELEC). Corresponding 
national standards are produced in a number of countries throughout the world. 

Greiner (2002) has a useful overview of the status on dust standards within the IEC 
and CENELEC domains, with regard to both the basic principles of protection and the 
systems of standards developed. He emphasized that keeping potential electrical igni-
tion sources inside enclosures that prevent ingress of hazardous quantities of dust remains 
the main, well-proven method of protection. 

Greiner did not discuss the new philosophy of standardizationin this area, which has 
gradually emerged during the last decade and given rise to considerable concern. The 
core of this new philosophy, which has already been put into practice by IEC, is to 
“harmonize” the standards for combustible dusts with those for combustible gases. A 
central source of inspiration has been a directive issued by the European Communities 
in 1994, most often named the Atex lOOa Directive (1994). (Note: This directive has 
also been given other names. A useful review of the origins of the names of various 
European “Atex” directives was by Zeeuwen, 2000). As is discussed in detail in 
Section8.1.3,unfortunately,this important directivesuffersfrom insufficientdifferentiation 
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between combustible dusts and combustible gases and vapors. Such differentiation is 
essential, because the processes by which explosive dust clouds are generated and sus-
tained are very different from the processes producing explosive gas clouds, as is dis-
cussed in detail in Section 8.3. These differences should result in corresponding 
substantial differences in the technical concepts adopted for design of nonigniting elec-
trical apparatuses. 

It may seem as if the push for “harmonization”of a gas and dust standardsis not only 
a result of technical considerationsbut also of a commercial drive toward facilitatingthe 
use of essentially the same apparatuses as manufactured for explosive gas atmospheres 
in areas containing combustible dusts. Ideally, the European Union (CEN, CENELEC) 
will give this matter thorough consideration before deciding whether to adopt the new 
series of “harmonized” IEC dust standards. It is important to promote development of 
standards that, in an adequate manner, reflect the substantial differences between dusts 
and gases. 

In view of this situation,I have had two main incentivesfor writing this chapter. First, 
it was considered appropriate to provide a general overview of the basic principles 
adopted in design of electrical apparatuses for areas containing combustible dusts. 
Technical details have been included only if required to elucidatethese principles or found 
to be missing in current standards. Hence, the chapter is not by any means a substitute 
for the considerably more comprehensiveand detailed texts of the numerous international 
and national standards. Second, certain problems arise from insufficient differentiation 
between gases or vapors and dusts in the “Atex 100a” directive and “harmonized”stan-
dards based on this directive, and alternative approaches are proposed where required. 
Because of this dual objective, the chapter contains more critical discussionthan the other 
chapters of this book. 

8.1.2 
BASIC SIMILARITIESAND DIFFERENCES BETWEEN DUSTS 
AND GASES 

As discussedby Eckhoff (2000),explosive gas mixtures and explosivedust clouds, once 
existing, exhibit very similar ignition and combustion properties, such as 

Flammability and explosibility limits. 
Laminar burning velocities and quenching distances. 
The response of the burning velocity to cloud turbulence. 
Detonation phenomena. 
Adiabatic constant-volume explosion pressures of similar magnitudes. 
Well-defined minimum ignition energies. 
Minimum ignition temperatures for given experimental conditions. 

Recognition of these similarities may have contributed to the development of the 
gaddust “harmonization”concept. However, dusts differ from gases in two fundamen-
tal ways, and both should have a major impact on the ways that electrical apparatuses 
are constructedto prevent them from becoming potential initiatorsof dust explosions and 
fires. 
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The first differenceis in the ranges of hazardous fuel concentrations.For combustible 
gases and vapors, flame propagation is possible only when the fueVair mixing ratios lie 
between the lower and the upper flammability limits. Dust flame propagation,however, 
is not limited to the flamable dust concentration range of clouds. The state of settled 
layers or deposits constitutes an additional singular regime of flame propagation. This 
is because, contrary to combustible gases and liquids, settled powders and dusts in air 
always have some air trapped in the voids between the particles, which makes it possi-
ble for sustained, although often very slow, combustion to propagate throughout the 
deposit. (See Figure 1.3in Chapter 1.) 

The second basic difference between dusts and gases is in the generation and sus-
tainment of explosive clouds. The paramount question is whether there will be an 
explosive dust cloud at all. The physics of generation and sustainment of dust clouds 
and premixed gas clouds are so substantially different that explosive dust clouds are 
highly unlikely to be generated in a variety of situations where explosive gas clouds 
may form quite readily. The implications of this is discussed in greater detail in 
Section 8.3. 

8.1.3 
THE ”ATEX 1OOa” DIRECTIVE GIVES UNCLEAR SIGNALS 
WITH REGAR.DTO DUSTS 

The “Atex lOOa” Directive (1994), constitutes the philosophical basis of the entire new 
generation of European apparatus standards for prevention and mitigation of accidental 
gas, vapor, mist, and dust explosions. It has also had a major impact on the E C  effort 
to “harmonize” dust standards with gas standards. 

However, this directive seems to have been produced largely with reference to gas 
and vapor explosions, paying only modest attention to the very different physical and 
chemical properties of dusts clouds and layers. This is evident right from the defini-
tion of explosive atmosphere in Article 1, item 3: An explosive atmosphere is a “mix-
ture with air, under atmospheric conditions, of flammable substances in the form of 
gases, vapours, mists or dusts, in which, after ignition has occurred, combustion spreads 
to the entire unburnt mixture.” It seems clear from the context that this definition 
addresses explosive clouds only, but as pointed out in Section 8.1.2, flame propaga-
tion in dusts is not limited to the flammable dust concentration range of clouds. The 
state of stagnant, settled layers and deposits constitutes an additional singular regime 
of flame propagation. The “Atex 1OOa” definition of explosive atmosphere in fact also 
embraces dust layers and deposits, which are also mixtures of air and dust, in which 
Combustion can spread to the entire unburned mixture. But, normally, this process is 
far from explosive, and smolderingcombustionin large dust volumes may develop over 
weeks, months, and even years. 

A further example of the lack of differentiation between gases and dusts occurs in 
Annex I of the directive, where gases, mists, and dusts are again regarded as a uniform 
class of “explosive atmospheres” with reference to the definition in Article 1, item 3 
quoted previously. Consequently, the discussion in Annex 11, item 1.2.9, of the con-
cept of “flameproof” enclosure systems, referring to “explosive atmospheres” at large, 
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also includes dust clouds. The directive defines the flameproofingconcept as follows: 
“If parts which can ignite an explosive atmosphere, are placed in an enclosure, mea-
sures must be taken to ensure that the enclosure withstands the pressure developed 
during an internal explosion of an explosive mixture and prevents the transmission of 
the explosion to the explosive mixture surrounding the enclosure.” This statement 
clearly addresses the “flameproof” (Ex d) design concept for gases. As discussed in 
Section 8.4.7, applying this principle of electrical equipment protection to dusts makes 
little sense. 

The “Atex 100a”Directive needs to be revised to expose very clearly the marked dif-
ferences between combustible gases and combustible dusts. Two main differences are 
of prime importance in the present context and should be reflected clearly in a revised 
directive: 

As indicated in Section 8.1.2 and discussed in greater detail in Section 8.3, the mech-
anisms by which explosive dust clouds are generated and sustained are substantially 
different from the mechanisms of generation and sustainment of explosive gas clouds. 
Because of these differences, the optimal ways to design and construct electrical 
apparatuses for use in the two kinds of explosive atmosphere should be substantially 
different.A revised directive should reflect these differences. 
Furthermore, a revised directive should make it clear that dust flame propagation is 
not limited to the flammable dust concentrationrange of clouds. The state of stagnant, 
settled layers and deposits constitutes an additional singular regime of flame propa-
gation. Therefore, smoldering and open fires in layers and depositsof combustibledusts 
are to be regarded as a hazard in its own right, irrespective of whether the layers and 
deposits may become transformed into explosive dust clouds, or a burning layer may 
ignite a dust cloud. 

8.1.4 
SCOPE OFTHE IEC STANDARDS ON DUSTS 

The IEC (2001a) subscope for “standardization of uniform practices in areas where 
combustible dusts are present” contains the following two points specifying the basic 
objectives, which are to 

Address situationswhere the presence of dust presents a risk of fire or explosionwith 
respect to use of electrical apparatus. 
Test the properties of dusts relating to the risk of fire or explosion. 

However, the revised global scope of IEC’s (2002a) Ex-standardization work is as 
follows: “To prepare and maintain international standards relating to electrical appa-
ratus for use where there is a hazard due to the possible presence of explosive atmo-
spheres of gases, vapours, mists or combustible dusts.” Here, fires are not included, 
only explosions. 

Hence, there is significant discrepancy between the two scopes. This confusing situ-
ation can be resolved in a satisfactoryway only by including dust fires even in the global 
scope. 
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ASSIFICATION OF AREAS CONTAINING 
COMBUSTI BLE DUSTS 

8.2.1 
WHAT IS AREA CLASSIFICATION? 

The area classification concept applies to both combustible gases and vapors, mists, and 
sprays of combustible liquids, explosives, and combustible dusts; and it has been in use 
for many years. It is essentially a systematic method of sub-dividing, in three dimensions, 
an industrial plant into zones of different categories according to the probability of 
occurrence of explosive atmospheres. 

The ultimate objective of this exercise is to keep the likelihood of accidental ignition 
of explosive atmospheres at a minimum throughout the plant. This is achieved by dif-
ferentiating the ignition-preventivemeasures required for electrical apparatuses to be used 
in the various zones. Hence, the measures required for apparatuses to be used in a zone 
of high likelihood of explosive atmosphere are more severe than those required of appa-
ratuses to be used in a zone where this likelihood is low. 

From the point of view of comprehensive quantitative risk analysis (see Section 1.5.I .3 
in Chapter I), it has been pointed out that the philosophy of classical hazardous area clas-
sification does not account for the consequences of possible ignition. In other words, the 
approach of classical hazardous area classification does not reflect whether an ignition 
is likely to lead to a major catastrophe or produce only a minor incident. In the area clas-
sification approach, the objective is to minimize the risk of ignition and not to minimize 
the overall explosion risk. 

Central organizations producing area classification standards include the IEC, CEN, 
and CENELEC of the European Union and the NFPA in the United States. Lloyd (1993) 
and Laar (1994) reported the state of the art at that time on international standards on 
classification of areas containing combustible dust and guidelines for selection of elec-
trical equipment for such areas. 

8.2.2 
DEFlhllTlON OF ZONES ACCORDING 
TO THE THREE-ZONE CONCEPT 

Many countries, including the United States (see NFPA, 19971,Germany, and Norway, 
have traditionally used a dust zone classification system based on only two hazardous 
zones. However, in many countries, this system is gradually being replaced by a three-
zone concept. Blob et al. (2001) discussed the transfer in Germany from the previous 
national two-zone concept to the internationally accepted (IEC, CENELEC) three-zone 
concept. They concluded that the three zones offer greater possibility for differentia-
tion m d  thus more precise classification, which facilitates the zoning process. 

The “Atex 1l8a” directive (1999) defines the three hazardous zone categories that have 
to be identified in areas containing combustible dusts, in the context of European stan-
dards. These definitions, which have also been adopted by IEC, are 
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Zone 20. A place in which an explosive atmosphere in the form of a cloud of com-
bustible dust in air is present continuously, for long periods, or frequently. 

Zone 21. A place in which an explosive atmosphere in the form of a cloud of com-
bustible dust in air is likely to occur occasionally in normal operation. 

Zone 22. A place in which an explosive atmosphere in the form of a cloud of com-
bustible dust in air is unlikely to occur in normal operation but, if it does occur, per-
sist for only a short period. 

In accordance with the philosophy of the “Atex 100a” Directive (1994), layers or 
deposits of combustible dusts are not considered hazardous in themselves. They are 
taken into account only if they are considered possible sources of generation of explo-
sive dust clouds or if they can give rise to dust fires that can ignite dust clouds (see Section 
8.1.3). 

Beck (2002) summarized the main philosophy of the “Atex 118” and “Atex 100a” 
Directives, with regard to dusts. Electrical apparatuses are classified in three categories. 
Category 1apparatuses can be used in all three zones, category 2 apparatusescan be used 
in zones 21 and 22 but not in 20, whereas category 3 apparatuses can be used only in 
zone 22. 

8.2.3 
INTERNATIONAL STANDARDS 

The CENELEC (2002) and draft IEC (2002b) standards for classification of areas con-
taining combustible dusts are practically identical, and both define the hazardous zones 
20,21, and 22 in accordance with the definitions given in Section 8.2.2. The term source 
of release for explosive atmosphere is central in both standards. The term has been 
adopted from the corresponding gas standards, which to a large extent focus on explo-
sive gas clouds generated by intentional or accidentalreleases and leaks of combustible 
gas into the atmosphere. In the case of dust clouds,point of dust cloud generation or area 
of dust cloud generation would seem more appropriate. 

The way in which the three zones are to be marked on hazardous area classification 
drawings accordingto the CENELEC (2002) and draft IEC (2002b) standardsis shown 
in Figure 8.1, and examples to illustrate the use in practice are given in Figures 8.2 
and 8.3. 

The interior of the hopper in Figure 8.2 is classifiedas zone 20, because explosive dust 
clouds are generated there during the quite frequent emptying of bags into the hopper. 
Because of the dust extraction system, explosive dust clouds are not expected to extend 
outside the hopper in normal operation. However, abnormal situations may arise in 
which this may occur, such as if a bag bursts during being emptied or the dust extrac-
tion system fails. Therefore, a zone 22 classificationis assigned to a limited areajust out-
side the hopper opening. 

The interior of the cyclone in Figure 8.3 is classified as zone 20 because of the pres-
ence of an explosive dust cloud frequently, or even continuously, for long periods. 
However, the dust concentration in the gas leaving the cyclone and entering the dusty 
side of the filter is normally below the minimum explosiveconcentration,except for short 
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Figure 8.1 
maps of an industrial plant (From CENELEC, 2002). 

Standardized system for marking zones 20,2 I ,  and 22 on hazardous area classification 

periods when the bags are blown or shaken to release accumulated dust. Hence, the 
dusty side of the filter is classified as zone 21. The clean side of the filter normally has 
only negligible quantities of dust. However, filter bags may burst or other abnormal sit-
uations may arise causing explosive dust clouds to be generated om the clean side of the 
filter, which is therefore classified as zone 22. 
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Figure 8.2 Marking of zones 20 and 22 on a hazardous area classification map of a station for 
emptying bags containing combustible powder into a hopper equipped with dust extraction (From 
CENELEC, 2002). 
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Figure 8.3 
tion plant comprising a cyclone and a filter in series (From CENELEC, 2002). 

Marking of zones 20,2 1,  and 22 on hazardous area classificationmap of a dust collec-
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8.2.4 
NEED TO REVISE AREA CLASSIFICATION STANDARDS TO INCLUDE 
DUST FIRES AS A HAZARD IN ITS OWN RIGHT 

In areas containing combustible dusts, as indicated in Section 8.1.2 and discussedin more 
detail in Section 8.3, dust fires must be considered as a potential hazard in its own right, 
irrespective of any additional risk of dust explosions.As discussed in Sections 2.6-2.8 
in Chapter 2, smoldering fires in large storage silos have given rise to major accidents, 
without dust explosions playing a significant role. This is one good reason why com-
bustible dust layers and deposits should be included in the definition of hazardous areas 
in the area classification standardsfor combustibledusts,irrespectiveof whether the layers 
and deposits may become transformed into explosive dust clouds or a burning layer 
may ignite a dust cloud. 

8.3 

CRITERIA ARE NEEDED FOR AREAS WITH 
COMBUSTIBLE DUST AND EXPLOSIVE GAS 
ATMOSPHERES 

HY DIFFERENT ELECTRICAL APPARATUS DESIGN 

8.3.1 
INFLUENCE OF INERTIAL FORCES ON THE MOVEMENT 
OF DUST PARTICLES 

8.3.1.I  
Origin and Lifetime of Explosive Dust Clouds in Industrial Practice 

Once a combustible gas has been homogeneouslymixed with air, the mixture, for most 
practicalpurposes, stays homogeneous, due to random molecular motion. In dust clouds, 
however, the fuel particles are generally so much larger than the molecules of the air 
(mostly in the range 1-100 pm) that their movement within the air is controlledby iner-
tial forces, including gravity, rather than by random molecular motion. The role of iner-
tial forces increases systematically with increasing particle size and increasing density 
of the particle material. Turbulence and other convective movement of the air can pro-
long the time over which the particles stay in suspension. 

h i d e  certain types of industrialprocess equipment,the dust is kept in suspensionmore 
or less continually by rotation of the whole unit, movement of inserts, or airflow. 
Therefore, explosive dust clouds may exist more or less continuallyin normal operation 
due to the basic nature of the operation (zone 20). Such equipment include mills, some 
types of powder mixers sand dryers, dust collectors and connected ducts, pneumatic 
powder transportation pipes, and bucket elevators. 

Dust clouds of significant size (the order of at least 1 m3)may also,intentionally or un-
intentionally,be generated outsideprocess equipment. However, the duration of the process 
of cloud generation is then normally very short (e.g., pouring or dischargingoperations, 



558 Dust Explosions in the Process Industries 

accidental bursting of sacks and bags). The dust particles start to settle out of suspen-
sion as soon as the cloud generation process terminates, and typical total lifetimes of 
explosive clouds outside process equipmentis on the order of fractions of a minute. One 
exceptionis long-durationminor dust leaks from, say, flanges in pneumatic transportlines, 
but the dust cloud volumes produced in such cases normally are quite small. 

8.3.1.2 
Migration of Dust Particles through Narrow Holes and Gaps in Enclosure Walls 

Because dust particles are so much bigger than gas molecules,they do not travel through 
narrow holes and slots on the order of 1 mm diameter and smaller in the same way as 
gas molecules. In principle, dust particles may be carried through narrow passages by 
the airflow generated by a moderate pressure difference across the passage. However, 
dust particles may easily adhere to the area around the passage entrance and the passage 
walls and eventually block the passage. 

Furthermore, dust particles that have been able to pass through narrow holes or gaps 
in this way settle out of suspension as soon as they have passed the hole or gap and the 
air velocities dropped to negligible values. Therefore, dust particles entering enclosures 
in this way do not remain suspended in the air and eventuallyform explosivedust clouds 
but settle out as layers on the internal surfaces of the enclosure. It seems difficultto envis-
age that any foreseeable mechanical process inside typical electrical apparatus enclosures 
could redisperse such dust layers into explosive dust clouds within the enclosure. 

The NFPA (1997) containsa paragraph that, in an excellentway, using practicalterms, 
clarifies the basic difference between gases and dusts with regard to their abilities to 
migrate through narrow passages. In a slightly modified form, this paragraph says: 

Walls are much more important in separating hazardous and non-hazardous zones in the case of 
combustible dusts than in the case of combustible gases. Only completely non-perforated solid walls 
make satisfactory barriers in the case of gases, whereas closed doors, light-weight partitions, and even 
partial partitions could make satisfactory barriers between hazardous and non-hazardous zones in the 
case of dusts. 

For the context of electrical apparatuses, this paragraph may be slightly rephrased by 
replacing the first word, walls, by enclosures. 

8.3.2 
THERMAL HAZARDS ASSOCIATED WITH ACCUMULATION 
OF DUST LAYERS INSIDE ELECTRICALAPPARATUS ENCLOSURES 

8.3.2.1 
Combustible, Electrically Nonconductive Dusts 

If the surface temperature of a heat-producing component inside an enclosure reaches the 
ignition temperatureof the dust layer under the prevailing conditions,the layer startsto burn 
or glow. Then the temperatureof the componenton which the dust layer rests may become 
considerably higher than had the dust been noncombustible, and the component may fail 
and give rise to problems that may or may not be related to fire and explosion hazards. 
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In principle, heated layers of some organic dusts might decompose and develop com-
bustible gases that do not burn directly but mix with the air over time by convection and 
molecular diffusion and eventually form a premixed explosive gas atmosphere inside the 
enclosure. This may not be a very likely scenario in general, but in special cases where 
such a chain of events cannot be excluded, the electrical components inside the enclo-
sure may have to satisfy the requirements for areas containingexplosive mixtures of com-
bustible gases and vapors. 

8.3.2.2 
Combustible, Electrically Conductive Dusts 

In general, electrically conductive dusts are metal dusts, and hence layers of such dusts 
also normally are comparatively good heat conductors. Overheating heat-producing 
components due to thermal insulation by the dust layer therefore seems less likely with 
metal dusts than with organic dusts.Also, layer ignition temperatures as measured in lab-
oratory tests (see Chapter '7) are generally higher for metal dusts than organic dusts. 
Hence, short-circuitingof electrical components,printed circuits, and the like, on which 
the dust settles, constitutes the main hazard presented by electrically conducting dusts. 
This is not a genuine fire or explosion risk and should, strictly speaking, be treated sep-
arately in other contexts, such as together with problems arising from corrosive and 
abrasive dusts (see Section 8.4.1 on protection by enclosures). 

8.3.3 
THERMAL HAZARDS ASSOCIATED WITH ACCUMULATION 
OF DUST LAYERS ON EXTERNAL SURFACES OF ELECTRICAL 
APPARATUS ENCLOSURES 

As long as the minimum ignition temperature of the dust (for layer or cloud, depending 
OB circumstances)is higher than the maximum temperature of the external enclosuresur-
face, the dust will not be ignited by the surface. This is definitely true if the enclosure 
surface is entirely free of dust deposits, that is, if the hazard is limited to direct ignition 
of an explosive dust cloud by the clean hot surface. It is also true if just a small part of 
the enclosuresurfaceis covered by a dust layer, so that this does not significantlyhamper 
the heat transfer from the interior of the enclosure, via the surface, and into the sur-
roundings. For these cases,the maximum permissible enclosuresurface temperatures can 
be specified on the basis of relatively simple standard laboratory tests for minimum 
ignition temperatures (see Section 8.4.2). 

However, the situation is different if a substantialpart of the enclosure surface is cov-
ered by a thick dust layer. In this case, the surface temperature of the enclosure may 
increase to a value significantly higher than that attained in the absence of dust. This is 
because the surface temperatureof a temperature-classedenclosure is seldom a constant 
inherent property of the enclosure but a result of the temperature distribution along the 
heat transfer path between the heat generating component(s) inside the enclosure and 
the atmosphere surrounding the enclosure. The electrical power generated inside the 
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enclosure is a more typical inherent constant property. Then, if the enclosure surface is 
covered by a dust layer providing significant thermal insulation, the temperature distri-
bution along the heat transfer path toward the surroundingswill change, and the surface 
temperature of the enclosure may significantly exceed the maximum value attained in 
the absence of dust. This, in turn, may lead to ignition of the dust layer, even if its min-
imum hot-plate ignition temperature,determinedby, for example, the standard IEC hot-
plate test, is significantlyhigher than the maximum nominal temperature of the enclosure 
surface under dust-free conditions. 

Existing comprehensive numerical simulation models can predict whether smol-
dering combustion in dust layers or deposits may develop in given practical scenar-
ios, such as when specific dusts are in defined contact with specified electrical 
apparatuses. In future safety standards for industry, numerical simulation may become 
mandatory in assessing the possibility of smoldering combustion in given scenarios. 
Published work related to this problem is reviewed in Sections 9.2.3 and 9.3.5 in 
Chapter 9. 

8.4 
ENCLOSING POTENTIAL IGNITION SOURCES 
TO PREVENT HAZARDOUS INGRESS OF DUST 

8.4.1 
THE IP CODE FOR PREVENTION OF DUST INGRESS 

The use of suitable enclosures to keep dust away from delicate electrical and mechani-
cal components has a long tradition. Irrespective of specific hazardous effects, the pres-
ence of dusts is generally incompatiblewith delicate equipmentand components,if only 
from the point of view of cleanliness and tidiness. However, a number of more specific 
reasons for applying this concept have been put forward: 

Combustible dust can form an explosive dust cloud inside the enclosure and cause a 

Combustible dust can form a combustible dust layer inside the enclosure and cause a 

Electrically conductive dust can cause short-circuitinginside the enclosure. 
Abrasive or corrosive dusts can damage delicate mechanical components inside the 
enclosure. 

In the context of preventing ignition of combustible dusts, only the first and second 
reasons are relevant. Furthermore, when considering that formation of explosive dust 
clouds inside enclosures of a reasonable standard, by ingress of dust from the outside, 
is highly unlikely (see Section 8.3), the possibility of dust fire is in fact the only hazard 
that has some relevance in the present context. 

The IEC (2001~)produced a standard, the IP (International Protection) code, that 
defines various “degrees of protection” against ingress of solid objects, including dust 
particles and water. According to Greiner (2001), the current code is the result of an evo-
lution initiated by the production of a national German standard in 1934. 

dust explosion. 

dust fire. 
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According to IEC (2001c), the degrees of protection offered by a given enclosure are 
specifiedby two digits, the first referring to ingress of solid objects,the second to ingress 
of water. For solid objects six levels of protection are defined, ranging from objects 
larger than 50 mm (digit 1) to dusts (digits 5 and 6). For water, the correspondingrange 
is from gentle dripping (digit 1) to continuous complete immersion (digit 8). The code 
also specifies the test methods by which enclosures can be checked for compliancewith 
the requirements of the various degrees of protection. 

It is important to note that the IEC (2001~)IP code, does not cover protection against 
ingress of explosive gases. As discussed in Section 8.3.1, satisfactoryprotection against 
the ingress of gas is very difficult to achieve using normal enclosure technology, such 
as flanges with gaskets, because gas molecules migrate though even very tiny open-
ings, in particular if there is a pressure drop across the opening. For this reason, it has 
been necessary to introduce a number of additional technologies to prevent either 
ingress of explosive gases into enclosures (oil-filled, pressurized, and molded enclo-
sures), ignition of explosive gas that has entered the enclosure (enclosures filled with 
glass beads or sand, elimination of potential ignition sources inside enclosure), or 
transmission of an explosion inside the enclosure to a possible external explosive 
atmosphere (“flameproof” enclosures). 

However, in the case of dusts, none of these additional measures are required to pre-
vent formation of explosive dust clouds inside enclosures. Common enclosure technol-
ogy, such as flanges with gaskets, provides the protection required. 

The IEC IP code specifies two levels of prevention of ingress of dust into enclosures, 
“dust protected” (digit 5 )  and “dusttight” (digit 6), which are defined as follows: 

0 Dust protected. A limited quantity of dust is allowed to penetrate into the enclosure 
under certain conditions (IP 5X). 

0 Dust tight. No dust is allowed to penetrate into the enclosure (IP 6X). 

IEC (2001~)also specifies the tests to which enclosuresof categoriesIP 5X and IP 6X 
must be subjected. The test apparatus used should incorporate the same basic features 
as illustrated in Figure 8.4. 

The enclosure to be tested is placed inside a test chamber where a very dense cloud 
of fine talcum powder is maintained continuously during the test period, either by a 
powder circulationpump, as illustrated in Figure 8.4, or by some other means. Depending 
on the practical circumstances in the industry in which the enclosure to be tested is to 
operate, tests can be conducted either with a slight negative pressure inside the enclo-
sure to be tested, as illustrated in Figure 8.4, or with no pressure difference across the 
enclosure wall. 

CENELEC (1998b) specifies the IP requirements for combustible dusts as follows: 
0 Zones 20 and 21: IP 6X 
0 Zone 22: IP GX for electrically conductive dusts and IP 5X for electrically noncon-

ductive dusts. 

CENELEC (1998b) also specifiesmarking codes to be used to identify the degree of 
protection offered by a given enclosure. 

Greiner (2001) illustrated the use of IP enclosures to prevent ingress of dust into var-
ious electrical apparatuses, such as electrical motors and terminal boxes. With adequate 
design of the flange/gasket arrangement, IP 6X could be obtained quite readily. 
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Circulation pump or Other suitable means to maintain 
the talcum powder in suspension 

Figure 8.4 Apparatus used to test the ability of enclosures to prevent ingress ofdust (From IEC, 200 IC).  

8.4.2 
DESIGN OF APPARATUS TO PREVENT IGNITION OF DUST 
CLOUDS AND DUST LAYERS BY HOT ENCLOSURE SURFACES 

8.4.2.1 
Ignition of Dust Clouds by Hot Surfaces 

This topic is discussed in Section 5.5 of Chapter 5 and Section 7.8 of Chapter 7. Although 
it is known that the minimumignition temperatureof a given dust cloud is not a true inher-
ent constant of the cloud,results from the laboratory-scaletests described in Section 7.8.2 
of Chapter 7 are regarded as representative of the dust tested. The specific test method 
prescribed by CENELEC and IEC is illustrated in Figure 7.24 in Chapter 7 and described 
in detail in CENELEC (1998~)and IEC (1994b).The variation in the minimum ignition 
temperature with variations in the practical conditions of ignition is accounted for by 
requiring a substantial safety margin. Hence, both CENELEC (1998b) and IEC (2002~) 
require that the maximum temperature of the dust-free enclosure surface does not exceed 
two-thirds the minimum ignition temperature for dust clouds, in "C, measured in the stan-
dard test. 
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8.4.2.2 
Ignition of Dust Layers by Hot Surfaces 

The topic of self-heating and self-ignition in dust layers is discussed in Section 5.2 
of Chapter 5 and Section 7.7 of Chapter 7. The specific test method prescribed by 
CENELEC and IEC to determine minimum ignition temperatures of a dust layer on 
a hot surface of constant temperature is illustrated in Figure 7.17 in Chapter 7 and 
described in detail in CENELEC (1998~)and IEC (1994b). Tests with a given dust, 
varying the thickness of the dust layer, show that the minimum ignition temperature 
decreases systematically with increasing layer thickness. Both CENELEC (I998b) and 
IEC (2002~)require that the maximum temperature of the enclosure surface be at least 
75°C lower than the minimum ignition temperature determined in the test. Figure 8.5 
indicates how the maximum permissible enclosure surface temperature decreases sys-
tematically with increasing dust layer thickness, for three different dusts having min-
imum hot surface ignition temperatures of 25OoC,320°C, and 400°C, respectively, for 
5 mrn layer thickness. However, if a large part of the hot surface is covered by a com-
paratively thick dust layer, the surface temperature of the enclosure may increase to 
a value significantly higher than that attained in the absence of dust, as discussed in 
Section 8.3.3. In that case, Figure 8.5 does not apply and special assessmentis required. 
This may imply both special tests and mathematical model simulations, as also dis-
cussed in Section 8.3.3. 

0 10 20 30 40 50 
fhlckness of layer rnrn 

Figure 8.5 Graph of maximum permissible temperatures of enclosure surfaces as functions of the 
thickness of a layer of combustible dust on the surface. It is assumed that the dust layer on the enclo-
sure surface does not significantly increase the temperature of the surface over that attained without 
a dust layer (From CENELEC, 1998b). 
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8.4.3 
OTHER REQUIREMENTS TO IP ENCLOSURES 

International standards (see Section 8.4.4), such as CENELEC (1998a, 1998b),require 
that enclosures satisfy some further requirements in addition to the ability to prevent 
ingress of dust and maintain a surface temperature below a prescribed upper limit: 

Thermal endurance. Enclosures made of plastic materials must be able to withstand 
certain specified thermal load tests, both in the range of low and high temperatures. 
This also applies to any plastic materials used for cementing. 
Mechanical strength. Enclosuresmust be able to withstand relevant tests for mechan-
ical strength. 
Grounding and bonding of metallic parts. All metal parts, which by becoming elec-
trostatically charged can give rise to electrostatic discharges that can ignite clouds or 
layers of the dust in question, must be properly grounded and bonded. 
Antistatic properties. To avoid propagating brush discharges (see Section 1.1.4.6 in 
Chapter 1) enclosures made of plastic materials must satisfy certain requirements to 
the maximum permissible insulation resistance to ground, the maximum permissible 
breakdown voltage across the thickness of the plastic wall, or the minimum permis-
sible thickness of external plastic insulation on metal. 
Protection against incendiary metal particle sparks. Exposed parts of enclosures 
must not contain metals able to generate impact sparks that can ignite clouds or layers 
of the actual dust (see Section 1.1.4.5 in Chapter 1, Section 5.4 in Chapter 5, and 
Section 7.12 in Chapter 7). 

8.4.4 
INTERNATIONAL STANDARDS FOR DESIGN OF ENCLOSURES 
FOR ELECTRICALAPPARATUSES FOR AREAS CONTAINING 
COMBUSTIBLE DUSTS: A N  OVERVIEW 

The IEC (1992) suggested that safe design of equipment for areas containing combustible 
dusts be based essentially on two basic principles: isolation of potential ignition sources 
by means of enclosures that keep the dust out to the required extent (IP 5X or 6X) and 
prevention of ignition of the actual dust (layer or cloud) by the enclosure surface. This 
philosophy has been adopted in current European standards, as expressed in the two 
standardsCENELEC (1998a, 1998b):“The ignitionprotectionis based on the limitation 
of the maximum surface temperature of the enclosure, and on the restriction of dust 
ingress into the enclosureby the use of ‘dusttight’ or ‘dustprotected’enclosures.”In addi-
tion, the points mentioned in Section 8.4.3 are accountedfor. There seems to be no valid 
reason for departing from this simple, sound philosophy as the basis in international 
standards work also in the future. The philosophy also seems to be largely in agreement 
with prevailing standards and philosophy of standardizationin the United States. 

The IEC (1999a, 1999b) seriously considered adopting the two CENELEC (1998a, 
1998b)standards.However, as discussed in Sections 8.1.1 and 8.1.3, it eventuallydecided 
to depart from this approach. Instead, it developed a series of new standards with the 
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objective to obtain as much “harmonization”as possible with the existing series of stan-
dards for explosivegases. The resulting series of standardsis IEC (2001b, 2002c, 2002d, 
2002e, 2002f, and 2002h). Two of these, the “pressurization”standard (IEC, 2001b) and 
the “molding” standard (IEC, 2002f), are discussed in Sections 8.4.5 and 8.4.6. The rea-
sons why the concept of “flameproof”enclosuresfor gases is not applicable to dusts (see 
discussion of “Atex lOOa” in Section 8.1.3) are given in Section 8.4.7. The “intrinsic 
safety” standard (IEC, 2002h) is discussed in Section 8.5. 

8.4.5 
THE IEC STANDARD FOR PRESSURIZED ELECTRICAL 
EQUIPMENT ENCLOSURES FOR AREAS CONTAINING 
COMBUSTlB LE DUST 

8.4.5.1 
Background 

The controversy presented by this standard is discussed more extensively by Eckhoff 
(2002a). The Ex“pD’ standard (IEC, 2001b) was the first of the new “harmonized” dust 
standards issued by IEC. The self-contradictionscontained in th~sstandard can be traced 
back to deficiencies in the European Union “Atex 100a”Directive (see Section 8.1.3) and 
the correspondingdeficiencies in the “Atex 118a”Directiveand current standards for clas-
sificationof areas containingcombustibledusts,building on “Atex 1lSa” (see Section8.2). 

8.4.5.2 
The Ex“p“ Concept for Gases and Vapors 

The basic idea of the Ex“p” standard for gases (IEC, 2001d) is to locate electrical com-
ponents that contain potential ignition sources, like hot surfaces and electric sparks, 
within an enclosuresupplied with a sufficientinternal overpressure to prevent any explo-
sive gas atmosphere that might appear outside the enclosure from entering it through 
minor gaps and holes in the enclosure walls. Ex“p” equipment for gases is generally quite 
expensive, not in the least because of the automaticcontrol and interlocking systemthat 
constitutes an essential, integral part of such equipment.This can be justified for larger 
enclosures, such as instrument cabinets and large electrical motors. 

8.4.5.3 
The Situation with Dusts 

The interior of electrical apparatus enclosures must be kept entirely free of dust parti-
cles in some special cases. For example, dusts of abrasive or corrosive materials cannot 
be admitted to the interior of delicate machinery, and accumulation of layers of electri-
cally conductive dusts on open electric or electronic circuitry is clearly undesirable. A 
well-designed pressurization system prevents dust from entering enclosures in such 
cases. However, these considerationsare outside the scope of preventing dust explosions 
or fires and can be taken care of by modifying the IP standard by adding pressurization 
as an option (see the discussion of IP in Section 8.4.1). 
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As discussed in Section 8.3, dust particles that enter an enclosure through narrow 
unintentional holes and gaps do not accumulate as an explosive cloud of particles sus-
pended in the air but settle out as dust layers on the internal surfaces of the enclosure. 
Furthermore, it does not normally represent great difficulties to design dusttight enclo-
sures to satisfy the requirements of the enclosure standard IP 6X, as defined in Section 
8.4.1. In comparatively large apparatus enclosures, such as instrument cabinet, with 
doors and windows fitted with rubber gaskets and locking arrangements,it may be dif-
ficult to completelyprevent ingress of dust. However, the transmissionof explosive dust 
clouds from the outside the enclosure to its interior, through possible narrow gaps and 
holes, can be excluded. 

A further considerationis that any such larger enclosure that is embracedby an explo-
sive dust cloud becomes covered by dust very soon after the appearance of the cloud, 
and regular dust removal from the exterior is required. Therefore, one hesitates to locate 
such enclosures in zones 20 and 21 in the first place,just from the point of view of keep-
ing the workplace clean and tidy. 

A related concern is that with dusts, as opposed to gases, it is impossible for humans 
to perform any installation,maintenance, or repair work inside the explosive atmosphere, 
that is, inside a dust cloud having dust concentrations in the explosive range. 

The IEC (2001b) Ex“pD’ standard for dusts seems, to a large extent,to be an edited copy 
of the IEC (2001d)Ex‘p” pressurization standard for gases and vapors.This is evidentfrom 
the scope of the dust standard, which defines the purpose of pressurization as “to prevent 
the entry of dust which might otherwise lead to the formation of a ‘combustiblemixture’ 
within the enclosure.” In the context of this standard, the term combustible mixture means 
an explosive dust cloud. Furthermore, in Section 6 of the standard, dealing with temper-
ature limits of hot surfaces inside the enclosure, the overall task is said to be “to ensure 
that, if pressurization ceases, any explosive dust atmosphere which may exist [inside the 
enclosure], is prevented from making contact with that surface before . . .”A final exam-
ple is found in the introductionto Section7.5in the standard,which is concernedwith guard-
ing “against the possibility that electrical apparatusprotected by pressurizationmay cause 
an explosion (inside the enclosure) in the case of failure of the protective gas supply.” 

8.4.5.4 
The Self-contradiction of the Dust Pressurization Standard 

IEC Ex“pD” standardis self-contradictorybecause it rests on the erratic assumptionthat 
dust particlesin a dust cloud embracingan enclosure,by enteringit though unintentional 
narrow holes and gaps, can accumulate as an explosive dust cloud inside the enclosure. 
As discussed in Section 8.3, if significant quantities of dust particles enter an enclosure 
at all, they accumulate as a layer not as an explosive cloud. According to the philoso-
phy of the current international area classificationstandards (see Section 8.2), the inte-
rior of a reasonably dusttight nonpressurized enclosure is therefore to be regarded as a 
nonhazardous (safe) area. 

If the self-contradictioninherent in the new standard is to be resolved, focus must be 
shifted from the hazard of dust explosionsto the hazard of smolderingor open dust fires, 
which can occur in layers and are also clearly undesirable.But, within the context of the 
“Atex lOOa” Directive and the current area classification standards (see Sections 8.1.3 
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and 8.2), dust fires are not regarded as a hazard in their own right. Therefore, areas con-
taining layers of combustibledust that are unlikely to become dispersedinto dust clouds 
are not regarded as hazardous areas. 

8.4.6 
ENCAPSULATION BY MOLDING 

As part of the effort to “harmonize” dust standards with gas standards, IEC (2002f) 
produced a new standard for encapsulation of electrical equipmentfor combustibledust 
atmospheres by molding. In this type of protection, electrical parts that can ignite an 
explosive atmosphere are molded into a compound material in such a way that the 
atmosphere cannot make contact with these parts. The compounds can be thermoset-
ting, thermoplastic, epoxy resins, elastomers, and the like, with or without fillers. 

It is difficult to see that this comprehensiveEx“pD” standard for dusts, which is to a 
large extent an edited copy of the correspondinggas standardIEC (2002g), is very help-
ful. As discussed in Section 8.3, the issue of preventing the formation of an explosive 
atmosphere inside enclosures is not relevant for dusts. Arelevant specificissue with dusts 
would rather be to make sure that molded components embeddedin dust deposits do not 
give rise to self-heating or self-ignitionof the dust layer or deposit. The basic European 
enclosure standard for dusts (CENELEC, 1998a),discussed in Section 8.4.4, contains a 
paragraph on “materialsused for cementing,”which may be expanded to cover additional 
aspects of encapsulation by molding that may be relevant for dusts. If necessary, a ref-
erence could be made to gas standards (e.g., IEC, 2002g). 

8.4.7 
WHYTHE CONCEPT OF FLAMEPROOF ENCLOSURES US NOT 
RELEVANT FOR COMBUSTIBLE DUSTS 

8.4.7.1 
The Original Flameproof Concept for Gases and Vapors 

This section is included mainly to support the discussion of the “Atex POOa” Directive 
in Section 8.1.3. The basic concept of “flameproof” enclosure design is to confine pos-
sible gas or vapor explosions inside enclosures containing potential ignition sources to 
the volume of the enclosure only. It is then assumed that combustible gas that appears 
on the outside of an enclosure may give rise to formation of an explosive gas mixture 
inside the enclosure by entering it through narrow holes and gaps, such as during 
“thermal breathing.” Confinement of the explosion to the interior of the enclosure is 
achieved by fulfillment of three basic requirements. First, the enclosure must have suf-
ficient strength to withstand the maximumpossible internal explosionpressure. Second, 
any gaps or holes in the enclosure wall must be narrow and long enough to prevent hot 
combustiongases produced by the internal explosion,which are expelledfrom these open-
ings, from igniting any explosive gas mixture outside the enclosure. Finally, the exter-
nal enclosure wall temperature must be lower than the minimum ignition temperature 
of the explosive mixture of the gas or vapor in question. 
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8.4.7.2 
The Situation with Dusts 

The fundamental assumption on which the flameproof concept rests (i.e., that an explo-
sive cloud can accumulate inside enclosures by transfer of fuel from the outside) does 
not apply to dusts (see Section 8.3). By using “dust-protected‘’or “dusttight” enclo-
sures (IP 5X or 6X), generation of explosive dust clouds inside the enclosure, such as 
by “thermal breathing” processes, can be effectively excluded. Dust particles that get 
into an enclosurethrough narrow gaps or holes at all accumulate as a layer, not as a cloud. 

In addition to considering the improbable event of an explosive dust cloud being 
formed inside the enclosure, one must also consider that the explosive mixture outside 
the enclosure, into which explosion transmission is to be prevented, is not a gas but a 
transient dust cloud of short duration (zone 21). 

The maximum experimental safe gap concept was adopted successfully by Schuber 
(see Section 4.4.6 in Chapter 4) to prevent dust explosion transmission through rotary 
locks between process units in powder processing plants. However, this application is 
in no way related to the design of electrical equipment according to the Ex“p” concept 
for explosive gas mixtures. 

It should finally be mentioned that a most unusual dust version of the maximum exper-
imental safe gap (MESG) concept was proposed by Harper, Plain, and Wilton (1997). In 
this case, the concern was to prevent smoldering combustion in dust layers inside enclo-
sures from propagating to the outsidethrough holes and gaps in the enclosurewall. It seems 
that the use of the term flameproof and the designation Ex“&’ for equipment designed 
according to this idea would cause much confusion, and a completely different notation 
should be sought. 

8.5 
INTRINSICALLY SAFE ELECTRICAL APPARATUSES 

8.5.1 
THE ORIGINAL CONCEPT FOR GASES AND VAPORS 

In essence, intrinsically safe design means that all electrical components are designed 
in such a way that generation of electrical sparks or hot surfaces capable of igniting the 
premixed gas in question is effectively prohibited. This means that the maximum elec-
trical energies that can become stored in the various parts of the electrical system, such 
as in capacitancesand inductances,must be very low. Ex‘?,”therefore,is applicable only 
to apparatuses demanding very low power or energy to operate. This design concept, in 
contrast to others, implies that electric circuitry can be in direct contact with the explo-
sive gas or vapor atmosphere without any ignition hazard. 

8.5.2 
THE SITUATION WITH DUSTS 

In practice, electrical circuits, switches, and so forth to be used in areas containing com-
bustible or electrically conductive dusts should, for reasons discussed in Section 8.4, 
always be kept inside enclosures. This will prevent significant quantities of dust from 
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coming in contact with electrical components in general, including components that 
may generate electric sparks or hot surfaces. Hence, direct adoption of the entire con- 
cept of “intrinsically safe design” from the gadvapor domain into the domain of com- 
bustible dusts does not seem to be an optimal approach. 

However, in some highly special applications, there is a genuine need for intrinsically 
safe apparatus in environments containing combustible powders or dusts. One exam- 
ple is capacitive level indicators for solid bulk materials stored in silos and bins. In this 
case, a live capacitor “plate,” in the form of a bare metal rope carrying a voltage to 
ground, is directly exposed to the combustible powder and dust inside the silo or bin. 
According to Klotz-Engmann (private communication, 200 1, 2002), an ignition risk 
could arise from electrical sparks generated by direct contact between the energized bare 
metal rope and any grounded metal part of the silo. This possibility has to be consid- 
ered in zones 20 and 21, at least when taking into account possible faults. Figure 8.6 
illustrates the application of this type of level indicator; and Figure 8.7 shows three 
models, one with a metal rope, for powders in bins and silos, and two with metal rods, 
for liquids in tanks. The basic principle of measurement is as follows: A short electric 
pulse (ns wave package) is emitted from the sensor head at the top of the silo and trav- 
els down the vertical metal rod or rope. At the point where the rod or rope becomes 
immersed in the powder, its impedance changes abruptly, which causes a partial reflec- 
tion of the electrical pulse from this point backward to the sensor head at the top. The 
distance d from the sensor head at the silo top to the powder or liquid surface is then d = 
l/zct. Here, c is the speed of the electromagnetic wave pulse passing along the metal 
rope or rod and t is the time from the emission of the pulse from the sensor head to the 
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Figure 8.6 
Endress + Hauser, Germany). 

The use o fa  capacitive level indicator for powders in silos (Courtesy of C. Klotz-Engmann, 
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Figure 8.7 Three models of a capacitive surface 
level indicator. The model to the left, with a metal 
rope carrying a weight at the end, is for powders 
and granulates in silos. The two other models, 
with coaxial and plain metal rods respectively, 
are for liquids in tanks (Courtesy of G. Klotz- 
Engmann, Endress i Hauser, Germany). 

return of the reflected pulse from the point where the rod or rope becomes immersed 
in the powder. 

8.5.3 
THE NEW IEC EX"iD" STANDARD FOR DUSTS 

The voluminous, detailed draft Ex"iD' standard for dusts, produced by IEC (2002h), 
is to a large extent based on the corresponding IEC (1999~) and CENELEC (2001) stan- 
dards for gases. In view of the very limited applications for intrinsically safe electrical 
apparatuses in areas containing dusts, the proposed draft standard does not seem an opti- 
mal solution. Furthermore, in spite of entering into minute details on a number of aspects, 
the draft standard provides no guidance for differentiating between dusts of different 
ignition sensitivities, such as by introducing dust groups corresponding to the gas groups 
in the gas standards. Instead, the gas group IIB requirements are imposed on all dusts. One 
argument in favor of this approach is that the same electrical apparatuses can be used for 
almost all combustible gases and vapors and for all dusts. However, whereas this approach 
clearly simplifies production, stocking, and sale of electrical apparatuses, it is not an accept- 
able basis for a safety standard. The basic objective of any safety standard should be to define 
borderlines between safe and unsafe conditions, with reasonable safety margins. 

In view of this, the possibility of producing a completely independent, intrinsic safety stan- 
dard for dusts should be given careful consideration. Such a standard should focus directly 
on the very limited segment of intrinsic safety technology relevant to combustible dusts and 
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provide proper guidance for differentiationbased on ignition sensitivity. In the following, 
a simple,but neverthelesscomprehensive,solutionto the differentiationproblem is given. 

8.5.4 
MINIMUM IGNITION ENERGY,, A UNIVERSAL IGNITION 
SENSITIVITY PARAMETER FOR THE DESIGN OF ELECTRICAL 
APPARATUSESTHAT ARE INTRINSICALLYSAFE INTHE PRESENCE 
OF EXPLOSIVE DUST CLOUDS 

8.5.4.1 
Basic Approach 

In essence, the concept is to use conservativefirst-order ignition curves, estimated from 
the experimentalminimum ignition energy (MIE) value of clouds in air of the actual dust. 
nternationally standardizedtest methods (e.g., IEC, 1994; CEN, 2002), allow MIE for 

clouds of any dust to be readily determined down to the range of 2-3 mJ. 

8.5.4.2 
Range of MlEs for Dust Clouds 

In the past, it was thought that the absolute lower limit for MIEs of dust clouds in air 
was on the order of 10 mJ, that is, about 2 orders of magnitude above the values of IIA 
gases. For example, Dorsett and Nagy (1968) reported a figure of 15 mJ for a very fine 
sulfur powder of average particle size 4 pm. However, Eckhoff (1975) showed that the 
true MHEs for very sensitive dusts were considerably lower, by at least 1 order of mag-
nitude, than the values published in the 1960s. More recently, Bartknecht (1993) indi-
cated an extremelower limit, by reporting a MIE value of very fine sulfur powder of only 
0.01 mJ, practically identical with MIE of carbon disulphide. 

As documented by Bartknecht (1993) and extensively by Beck, Glienke, and 
Ivfohlmann(1997),MIEs of clouds of various dusts in air span over at least eight decades, 
from perhaps as low as 0.01 mJ to beyond 1 kJat the upper end. Hence, there is an obvi-
ous need to establish a system for differentiatingthe maximum permissible spark energy 
requirements to Ex"iD" equipment for dusts. 

8.5.4.3 
Experimental Assessment of MlEs of Dust Clouds 

The strong influence of the spark discharge time on the MIE for dust clouds was first 
indicated by the results of Boyle and Llewellyn (1950) and Line, Rhodes, and Gilmer 
(1959). Experiments by Eckhoff and Enstad (1976) gave further support to the validity 
of the observation by Line et al. that the shock wave produced by sparks of very short 
duration can in fact prohibit ignition by blowing the dust away from the spark before the 
ignition process gets underway. 

Section 5.3 in Chapter 5 provides a more recent summary of the state of the arton elec-
tric spark ignition of dust clouds.An important conclusionis that conservativeexperimental 
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determination of the MIE of dust clouds requires the use of electric sparks of sufficiently 
long dischargetimes to prevent significantdisturbanceof the dust cloud by the shock wave 
generatedby the spark discharge.This is achievedby introducinga 1-2 mHinductance in 
the discharge circuit,and this featureis compulsoryin the IEC (1994) and CEN (2002) stan-
dard methods for MIE determination for dust clouds. (This inductance is removed when 
the purpose of the test is to assessthe sensitivityto ignitionby electrostaticsparkdischarges.) 

A major limitation of the test apparatuses commonly used is that they cannot gener-
ate sparks of energies significantly lower than 2-3 mJ. Efforts should be made, there-
fore, to develop generators for synchronizedsparks of energies down to 0.1 mJ or even 
0.01 mJ. Research to meet this need is in progress in Norway. 

8.5.4.4 
Relationship between MIE and Ignition Curves for Gases 

In the Ex“?, standards for gases (such as IEC, 1999c;CENELEC,200l), the ignitioncurves 
play a central role. These are empirical borderlines separating the combinationsof circuit 
parameters that cannot produce incendiaryelectric sparkdischargesfrom those that can.The 
curves are determinedexperimentallyby a specialignition apparatus specified in the same 
standards. In this apparatus, the explosive gas atmosphere is exposed to electrical sparks 
generatedby breaking or closing electricalcircuits.Three different types of ignition curves 
are determined:capacitive,inductive,and resistive.The dependenceof the ignition curves on 
the ignition sensitivity of the gas is taken care of by having complete sets of such curves 
for the four different standard gases: methane, propane, ethylene, and hydrogen.All other 
gases and vapors are then grouped in four correspondingcategories,according to their stan-
dard “minimum ignition current,” determined in a closely specified way. 

The relationship between the MIE and ignition curves for gases was investigated by 
Eckhoff (2002b). He showed that the simple basic equation 0.5CU = MIE defines an 
“ultimate,” conservative capacitive ignition curve, when MIE is determined experi-
mentally under optimal conditions for ignition. The capacitance C is in “F,the voltage 
U in V, and MIE in J. Similarly, it was demonstrated that the equation 0.5L12= MIE 
defines an “ultimate,” conservative inductive ignition curve. Here, the inductance L is 
in H and the current I is in A. The latter equation is valid only as long as L > 1 mH. 
For L < 1 mH, the electrical circuits used to determine the ignition curves behave 
essentially as purely resistive circuits. However, for resistive ignition curves, a simple 
theoretical basis is lacking, and one must rely on an empirical correlation of experi-
mental data. Eckhoff (2002b) showed that existing experimental resistive ignition 
curves for the four “gas groups,” as well as a unique resistive ignition curve for 
lycopodium dust clouds reported by Lunn (2001) and Bennett et al. (2003), can be re-
presented by the conservative equation I = 15,000 MIE0.45/U2,where the current I is 
in A, MIE is in J, and the voltage U is in V. 

8.5.4.5 
Conservative Ignition Curves for Dusts Clouds Based on MIE 

For capacitive circuits, conservative ignition curves are obtained directly from the 
equation 0.5C7J2= MIE. A chart showing this graphically, for a range of MIE values, 
is given in Figure 8.8. In the case of inductive circuits, conservative ignition curves 
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Figure 8.8 Theoretical consel-vative capacitive ignition curves tor dust clouds based on the equa-
tion 0.SCU2 = MIE. The numbers attached to the straight lines are the respective MIE values in J. 

Current (A) 

Figure 8.9 Theoretical conservative inductive ignition curves for dust clouds based on the equa-
tion 0.5SP = MIE, valid for L > l mH. The numbers attached to the straight lines are the respective 
MIE values in J. 

are obtained directly from the equation 0.5LZ2=MIE for L > 1mH. FOPsmaller L, the 
ignition current is independent of L and t essentially resistive. A chart showing con-
servative ignition curves for inductive circuits, for a range of MIE values, is given in 
Figure 8.9. For resistive ignition circuits, the equation I =  15,000MI[E0.45/U2provides 
a first-order conservative estimate based on existing experimental ignition curves for 
gases and dust clouds. A graph representing this equation for a range of M E  values is 
given in Figure 8.10. However, considerable uncertainty is involved in extensive extra-
polation of this equationinto the regions of higher M E .  Therefore,more research is needed 
to establish more-reliable resistive circuit ignition data in the range of higher MIEs. 
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Figure 8.10 Theoretical resistive ignition curves 
based on the empirical equation I = 75,000 
MIEo45 1/U2obtained by correlating resistive igni-
tion data for combustible gases and lycopodium 
dust. The numbers attached to the straight lines 
are the respective MIE values in J.

)o 

SUMMARY AND CONCLUSIONS 

8.6.1 
”ATEX 1OOa” DIRECTIVE 

Revision of the currentEuropean “Atex lOOa” Directive constitutes a first important step 
toward an improved approach for the standardizationof electrical apparatusesto be used 
in areas containing combustible dusts. The revised directive must differentiate clearly 
between the way in which gas clouds, on the one hand, and dust clouds, on the other, 
are generated and sustained in industrial practice; and it must include open and smol-
dering dust fires as hazards in their own right, in addition to dust explosions. 

A revised “Atex 1OOa”Directivewill prevent excessive“harmonization”of standardsfor 
electrical apparatusesfor combustibledusts, with establishedstandardsfor gases and vapors. 

8.6.2 
AREA CLASS1FICATION 

International and European area classificationstandards, as well as the European “Atex 
118a” Directive,must be revised to include combustibledust layers and deposits that can 
give rise to open OF smolderingfires in the definitionof hazardous areas, irrespective of 
whether the layers or deposits may become dispersed into explosive dust clouds. 
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The term source ofrelease, which is indeed appropriate for gases, is not useful in the 
context of dusts and should be replaced by a more relevant term, such as area ofdust 
cloud generation. 

8.6.3 
PROTECTION BY ENCLOSURES 

8.6.3.1 
IP Enclosures 

At least four reasons for using dust tight or dust protected enclosureshave been put for-
ward. To avoid ingress of 

0 Combustible dust that can form an explosive dust cloud inside the enclosure. 
0 Combustible dust that can form a combustible dust layer inside the enclosure. 
0 Electricallyconductive dust that can cause electricalshort-circuitinginside the enclosure. 
0 Abrasive or corrosive dust that can damage delicate mechanical and electrical com-

Only ingress of dust that can form explosive dust clouds is within the “Atex” domain 
for dusts as presently defined by the existing European directives. However, ingress of 
dust that can form explosive dust clouds can be effectively prevented by IP 5X or 6X 
enclosures. 

Safe design of electrical equipment for areas containingcombustibledusts should, with 
very few exceptions,be based on two simple concepts: The first is use of enclosuresthat 
prevent ingress of dust to the required extent; the second is adoption of measures that 
keep the temperatureof any surfacein contact with dust clouds or layers sufficientlylow 
to effectively prevent ignition. This sound philosophy is expressed clearly in current 
European standards. For example, in CENELEC (1998a, 1998b), “The ignition pro-
tection i s  based on the limitation of the maximum surface temperature of the enclosure, 
and on the restriction of dust ingress into the enclosureby the use of ‘dust tight’ or ‘dust 
protected’ enclosures.” 

ponents inside the enclosure. 

8.6.3.2 
Pressurized Enclosures 

The new “pressurization”standard for dusts (IEC,2001b) is self-contradictorybecause it 
rests on a fundamentally wrong assumption.This assumptionis that combustibledust that 
enters the interior of an electrical apparatusor componentenclosurethough unintentional 
tiny holes and gaps in the enclosure wall can accumulate as an explosive dust cloud inside 
the enclosure.In reality, only dust layers can be generatedby this kind of dust ingress.Hence, 
for the new standard to have some relevance, terms like explosive dust clouds, explosive 
dust air mixtures, combustible dust atmospheres, and explosive concentrations of com-
bustible dust mixed with air must be replaced by layers of combustible dust throughoutthe 
standard. 
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As a rule, enclosures designed according to the IP 6X or 5X requirements are fully 
satisfactory for preventing hazardous ingress of dust. 

8.6.3.3 
Molding 

A special dust standard for enclosures sealed by molding seems unnecessary. The stan-
dard proposed by the IEC (2002f) is, to a large extent, an edited copy of the correspon-
ding gas standard, IEC (2002g). The basic European enclosure standard for dusts 
(CENELEC, 1998a) contains a paragraph on “materials used for cementing,” which 
may be expanded to cover any additional aspects of encapsulationby molding that may 
be relevant for dusts. 

8.6.3.4 
Flameproof Enclosures 

This concept, as understood in the context of explosive gases, is not applicable to dusts. 

8.6.4 
INTRINSIC SAFETY 

In some very special cases, there is a genuine need for intrinsically safe apparatus even 
in environments containing combustible dusts. Electric spark ignition sensitivities of dust 
clouds, expressedin terms of their minimum ignition energies,vary substantially,across 
at least 8 orders of magnitude. Therefore, substantial differentiationof current and volt-
age limitation requirements for intrinsically safe apparatuses is essential in an intrinsic 
safety standard for dusts. Such differentiation is missing in the current IEC (2002h) 
draft standard. However, experimentalconservativeMIEs for dusts, obtained by current 
standard test methods, constitute an obvious basis for adequate differentiation. 

Conservative “ignition curves” can be estimated from the MIE using only simple 
theory or empirical correlation. Hence, for capacitive circuits, conservative safe combi-
nations of circuit parameters are obtained by satisfyingthe criterion 0.5CU2< M E .  For 
inductive circuits, correspondingconservative safe combinationsare given by the crite-
rion 0.5L1’ < MIE, as long as L > 1mH. For resistive circuits, the simple empirical rela-
tion I < 15,000MIE0.451/U2was shown to apply to the available data. 

There is a need for a standard method for experimental determination of the MIE for 
dust clouds in the important energy range below 1 mJ, which is not covered by typical 
standardtest apparatuses.Aresearch program aimed at developingsuch a method is cur-
rently being conducted in Norway. 

REFERENCES 

“Atex 100a” Directive. (1994)Directive 94/9/EC of the European Parliament and the Council, March 
23, 1994, on the approximation of the laws of the member states concerning equipment and pro-
tective systems intended for use in potentially explosive atmospheres. 



ElectricalApparatuses for Areas Containing Combustible Dusts 577 

*‘Atex118a” Directive. (1999) Directive 1999/92/EC of the European Parliament and the Council of 
December 16, 1999, on minimum requirements for improving the safety and health protection of 
workers potentially at risk from explosive atmospheres (15th individual directive within the mean-
ing of Article 16(1) of Directive 89/391/EEC). 

Australian standard. (1995) Australian StandardAS 238 I. 10-1995:Electrical Equipment for Explosive 
Atmospheres. Selection, Installation and Maintenance, Part 10: Equipment in Combustible Dust 
(Class 11)Areas. 

Bartknecht, W. (1993) Explosionsschutz. Berlin: Springer-Verlag,Table 1.43, p. 220. 
Beck, H. (2002, October) “Einsatz von Arbeitsmitteln in staubexplosionsgefahrdetenBereichen. 

Zoneneinteilung und Geratekategorien.” Proceedings of the Conference “Sichere Handhabung 
brennbarer Staube,” Niirnberg, Germany. VDI Bericht [VDI, Diisseldorf, Germany] 1717. 

Beck, H., N. Glienke, and C. Mohlmann. (1997) BIA-Report 13/97: Combustion and Explosion 
Characteristics of Dusts. Saint Augustine, Germany: HVBG. 

Bennett, D., G. A. Lunn, J. G. Torrent, E. Querol, J.-P. Fritze. (2003) “A Test for Electrical Ignitions 
of Flammable Dust Clouds.” Journal of Loss Prevention in the Process Industries 16, pp. 3340 .  

Blob, A., K. Brehm, and C.-D. Walther. (2001) “3-Zonen-Konzept im Staubexplosionsschutz-ein 
Fortschritt?Anwendung den neuen Reglung in der Praxis.” VDIBericht [VDI,Diisseldorf, Germany] 

Boyle, A. R., and F”J. Llewellyn. (1950) “The Electrostatic Ignitability of Dust Clouds and Powders.” 
Journal of the Society of the Chemical Industry Transactions 69, pp. 173-181. 

CEPIT. (2002, June) “Potentially Explosive Atmospheres-Explosion Prevention and Protection-
Determination of Minimum Ignition Energy of Dust/Air Mixtures.” Report prEN 13821. Brussels: 
CEN Central Secretariat. 

CENELEC. (1998a, September) “Electrical Apparatus for Use in the Presence of Combustible Dust. 
Part 1-1. Constructionand Testing.” European standard EN 50281-1-1.Brussels: CENELEC Central 
Secretariat. 

CENELEC. (1998b, September) “Electrical Apparatus for Use in the Presence of Combustible Dust. 
Part 1-2. Selection,Installationand Maintenance.” Final European standard EN 50281-1-2.Brussels: 
CENELEC Central Secretariat. 

CENELEC. (l998c, September) “Electrical Apparatus for Use in the Presence of Combustible Dust. 
Part 2-1. Test Methods-Method for Determining the Minimum Ignition Temperatures of Dust.” 
European standard EN 50281-2-1. Brussels: CENELEC Central Secretariat. 

CENELEC. (2001,April) “ElectricalApparatus for Potentially Explosive Gas Atmospheres-Intrinsic 
Safety ‘i’.” Final draft European standard EN 50020. Brussels: CENELEC Central Secretariat. 

CENELEC. (2002, September) “Electrical Apparatus for Use in the Presence of Combustible Dust. 
Part 3. Classification of Areas Where Combustible Dusts Are or May Be Present.” European stan-
dard EN 50281-3. Brussels: CENELEC Central Secretariat. 

Dorsett, H. G., and J. Nagy. (1968) “Dust Explosibility of Chemicals, Drugs, Dyes, and Pesticides.” 
Report Inv. 7132. Washington, DC: U.S. Bureau of Mines, U.S. Departmenr of the Interior. 

Eckhoff, R. K. (1975) “Towards Absolute Minimum Ignition Energies for Dusl Clouds.” Combustion 
and Flame 24, pp. 53-64. 

Eckhoff, R. K. (2000) “Design of Electrical Equipment for Areas Containing Combustible Dusts. 
Why Dust Standards Cannot Be Extensively Harmonized with Gas Standards.” Journal of Lass 
Prevention in the Process Industry 13, pp. 201-208. 

Eckhoff, R. K. (2002a, October) “The New IEC Standardfor PressurizedElectrical Equipmentenclosures 
for k e a s  ContainingCombustibleDust.A Self-contradiction.”J. Phys. N France 12,R7, pp. 165-169. 

Eckhoff, R. K. (2002b) “Minimum Ignition Energy (M1E)-A Basic Ignition Sensitivity Parameter 
in Design of Intrinsically Safe Electrical Apparatus for Explosive Dust Clouds.” Joouunal of Loss 
Prevention in the Process Industry 15, pp. 305-310. 

Eckhoff, R. K., and G. G. Enstad (1976) “Why Are ‘Long’ Electric Sparks More Effective Dust 
Explosion Initiators than ‘Short’Ones?” Combustion and Flume 27, pp. 129-130. 

1601, pp. 241-256. 



578 Dust Explosions in the Process industries 

Greiner, H. (2001, September) “IP Degrees of Protection.” Danfoss publication SD 101 E, BAU 
5003784. Esslingen, Germany: Danfoss Bauer GmbH. 

Greiner, H. (2002, March) “Explosionsschutzbei Getriebemotoren, Teil 111:Staub-explosionsschutz.” 
Danfoss publication SD 302, BAU 5004071.Esslingen, Gemany: Danfoss Bauer GmbH, pp. 18/1-LiIW3. 

Harper, D. J., K. E. Plain, and J. S. Wilton. (1997) “Use of Intrinsically Safe Circuits and Enclosures 
to Control the Ignition Risk from Equipment in Powder Handling Plant.” In Hazards XZIZ. ICHEME 
Symposium Series No. 141. Rugby, UK: Institution of Chemical Engineers, pp. 463480. 

IEC. (1992, November) “Hazard Classificationof Combustible Dusts.” Doc. SC31H(Sec)l9. Geneva: 
International Electrotechnical Commission. 

IEC. (1994a) “Method for Determining Minimum Ignition Energy of Dust/Air Mixtures.” IEC inter-
national standard 1241-2-3. Geneva: International Electrotechnical Commission. 

IEC. (1994b) “Electrical Apparatus for Use in the Presence of Combustible Dust. Part 2: Test Meth-
ods. Section 1: Methods for Determining the Minimum Ignition Temperatures of Dust.” Geneva: 
Central Office of IEC. 

IEC. (1999a) “Electrical Apparatus for Use in the Presence of Combustible Dust. Part 1-1. Electrical 
Apparatus Protected by Enclosures and Surface Temperature Limitation-Specification of 
Apparatus.” IEC final draft international standard 61241-1-1, 1999-02-12. Geneva: International 
Electrotechnical Commission. 

IEC. (1999b) “Electrical Apparatus for Use in the Presence of Combustible Dust. Part 1-2. Electrical 
Apparatus Protected by Enclosures and SurfaceTemperatureLimitation-Selection, Installation and 
Maintenance.” IEC final draft international standard 61241-1-2, Second ed. 1999-06. Geneva: 
International Electrotechnical Commission. 

IEC. (1999~)“Electrical Apparatus for Explosive Gas Atmospheres. Part 11. Intrinsic Safety ‘i’.” 
International standard IEC 60079-11. Geneva: International Electrotechnical Commission. 

IEC. (2001a) Draft SPS for discussion at the meeting of TC 31 in Seoul, IEC document 31/376/LNF. 
2001-05-04, p. 3 (SC 31H). Geneva: International Electrotechnical Commission. 

IEC. (2001b, March) “Electrical Apparatus for Use in the Presence of Combustible Dust. Part 4: Type 
of Protection ‘pD’.” IEC international standard 61241-4. Geneva: International Electrotechnical 
Commission, Central Office. 

IEC. (2001c, February) “Degrees of Protection Provided by Enclosures (IP Code),” 2nd ed. IEC inter-
national standard 60529. Geneva: International Electrotechnical Commission, Central Office. 

IEC. (2001d, February) “Electrical Apparatus for Explosive Gas Atmospheres. Part 2. Pressurised 
Enclosures ‘p’,”4th ed. IEC international standard 60079-2. Geneva: International Electrotechnical 
Commission, Central Office. 

IEC. (2002a) Proposed change to the scope of TC 3 1, IEC document 31/405/Q, 2002-02-01. Geneva: 
International Electrotechnical Commission. 

IEC. (2002b) “ElectricalApparatus for Use in the Presence of CombustibleDust. Part 10. Classification 
of Areas Where Combustible Dusts Are or May Be Present.” Draft IEC international standard 
61421-10, 2002-04-26. Geneva: International Electrotechnical Commission. 

IEC. (2002~)“Electrical Apparatus for Use in the Presence of Combustible Dust. Part 0. General 
Requirements.” IEC draft international standard 61421-0, 2002-04-26. Geneva: International 
Electrotechnical Commission. 

IEC. (2002d) “Electrical Apparatus for Use in the Presence of Combustible Dust. Part 1. Protection 
by Enclosure ‘tD’.”IEC draft international standard 61421-1, 2002-04-26. Geneva: International 
Electrotechnical Commission. 

IEC. (2002e) “Electrical Apparatus for Use in the Presence of Combustible Dust. Part 14. Selection 
and Installation.’’ IEC draft international standard 61421-14, 2002-04-26. Geneva: International 
Electrotechnical Commission. 

IEC. (2002f) “Electrical Apparatus for Use in the Presence of Combustible Dust. Part 18. Protection 
by Encapsulatione ‘mD’.” IEC draft international standard 61421-18, 2002-09-6. Geneva: 
International Electrotechnical Commission. 





Chapter 9 
Research and Development, 1990-2002 

9.1 
I NTRODUCTlON 

9.1 .I 
BACKGROUND AND OBJECTIVEOF CHAPTER 

This review chapter is the result of a continuous literature surveyprocess starting in 1992, 
just after the release of this book’s first edition. Early versions of the chapter were pre-
sented at three consecutive IBC courses in the United Kingdom and at a conference in 
Poland. The first published paper version was Eckhoff (1993a). A subsequent interme-
diate version was presented in the Peoples Republic of China (Eckhoff, 1994).The latest 
intermediate paper version, just before appearing as Chapter 8 in the second edition of 
this book in 1997, was Eckhoff (1996a). In the present, third edition of the book, the 
review chapter has been updated by adding a substantial amount of more-recent mate-
rial, published in the period 1996-2002, mainly papers in internationallyrecognizedjour-
nals and proceedings of internationally recognized conferences and symposiums. 

The purpose of the chapter is twofold. First is a wish to update the book by summa-
rizing, within a structured framework, the results of some of the extensive research and 
developmentthat has taken place worldwide since the completionof the manuscript for 
the first edition (Chapters 1 to 7 plus appendices)in 1990.Second is the need to empha-
size even more strongly some significant features of a new philosophy of dust explosion 
prevention and mitigation that seems to have gained strength over the last decade. 
Increased digerentiation and tailor-making are key words. 

In the first part of the chapter,new knowledge on the fundamentalaspects are reviewed. 
Such insight is becoming steadily more important as more and more practical problems 
are being approached by developing comprehensive mathematical models. New, more 
directly applicableknowledge on preventing and mitigating dust explosions in industrial 
practice are addressed specificallyin the second part of the chapter. The final third part is 
devoted to the important area of test methods to assess ignitability and explosibilityof dusts. 

9.1.2 
BOOKS AND CONFERENCE PROCEEDINGS PUBLISHED 
AFTER 1990 

Bartknecht (1993)produced a comprehensiverevised, updated, and extended unified ver-
sion of his two previous books, the one on dust and gas explosions from 1978and the one 
on dust explosions only from 1987 (see Chapter 1). The new unified volume, published 
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in the German language, covers the results of the total amount of Bartknecht’s extensive 
experimentalresearch and development in the fields of dust and gas explosion preven-
tion and control. These were acquired partly during his time at the Safety in Mines 
Research Establishment at Dortmund, Germany, and partly during his years with Ciba-
Geigy AG in Switzerland.In addition to the extensive coverageof Bartknecht’sown work, 
the volume contains material from other workers. 

Steen (2000) edited a comprehensive handbook on explosion protection, also in 
German, which covers a wide range of topics relevant in the present context, from the 
basics of ignition and flame propagation processes in dust clouds and layers to explo-
sion prevention and mitigation in practice. The book succeeds the classical Handbuch 
der Raurnexplosionen edited by Freytag. Sections of the book are written by 25 inter-
nationally recognized experts, mostly from Germany. 

The hazard of dust cloud ignition by electrostaticdischarges of various kinds has been 
briefly outlined in Sections 1.1.4.6and 1.4.2.7of this book, with reference to more exten-
sive accounts. The useful books by Glor (1988) and Luttgens and Glor (1989) again 
should be mentioned specifically here. More recently, Luttgens and Wilson (1997) pro-
duced an excellent addition to the technical literature on this problem, of which analy-
ses of a unique selectionof practical case histories constitute a major and most useful part. 

The data on ignitability and explosibility of dust given in AppendixA1 were, with kind 
permission, selected and translated from a unique collection of test data published in 
G e m m  by BIA in 1987.A few years ago, Beck, Glienke, and Mohlmann (1997) from 
BIA produced a completeEnglish translationof their updated, extended,and unique col-
lection of data. 

IBC (main office, London) arranged a series of consecutive summer schools on dust 
explosion prevention and mitigation at Cambridge,UK, in 1992, 1993,and 1994.Some 
of the papers presented remained unchanged during the 3-year period, others were 
revised annually.Most of the papers from these events are referred to individuallyin this 
chapter. The Australian branch of IBC (Sydney) arranged two special “Dust Explosion 
Summits” forAustralia in February 1996and March 1997,but the papers are not referred 
to specifically here. 

The proceedings of the second and third World Seminar on the Explosion 
Phenomenon and on the Application of Explosion Protection Techniques in Practice, 
held in Ghent, Belgium, March 1996 and February 1999, contain about 20 papers 
each that are related more or less directly to the dust explosion problem. The pro-
ceedings were published by EuropEx, Kontich, Belgium.Again, a wide range of topics 
were treated, from broad reviews and general risk considerations to specific technical 
papers addressing recent development in research and design of protective and miti-
gating measures. Relevant papers from both conferences are referred to individually 
here. 

A series of five International Colloquiumson Dust Explosions were arranged more or 
less biannually in Poland, starting in 1984. The sixth colloquium was arranged in the 
Peoples Republic of China. All the papers from the last colloquiumin Poland (1993) and 
the one in the Peoples Republic of China (1994) are referred to individually in the pres-
ent review. The Seventh International Colloquium on Dust Explosions was held in 
Bergen, Norway,June 1996.The proceedings,publishedby ChristianMichelsen Research 
(CMR),Bergen, contain about 40 papers, on a wide range of topics related to dust explo-
sions and dust fires. The eighth event in this series was held in Schaumburg,IL,September 
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1998, and the proceedings, published by Safety Consulting Engineers Inc., Schaumburg, 
contain 26 full papers, again covering a wide range of topics. Most of the papers from 
these two events are referred to individually in the chapter. The subsequent ninth collo-
quium was held in Tsukuba, Japan, October 2000, and about 30 full papers were presented. 
The most important ones were subsequently published in a special issue of the Journal 
of Loss Prevention in the Process Industry, and each of these papers is referred to in the 
present review. The last event in this series covered here, the loth, was held in Bourges, 
France, October 2002. All the papers on dust explosions presented there are referred to 
individually in this review. 

VDI (Verein deutscher Ingenieure) in Diisseldorf, Germany has, since 1977 if not ear-
lier, arranged a series of consecutive symposiums on the Safe Handling of Combustible 
Dusts, in Nuremberg. The proceedings were published by VDI. Most of the large 
number of papers from the three symposiums held in 1992,1996, and 2001 are referred 
to individually in this chapter. Time did not permit inclusion of the papers from the most 
recent event in this series, in October 2002. However, the event was devoted entirely 
to various aspects of the implementation of the Atex directive in practice, which was also 
covered extensively in the 2001 event. 

The proceedings of the Third International Seminar on Fire and Explosion Hazards, 
April 2000, in Windermere, UK, arranged by the Centre for Research in Fire and 
Explosion Studies, University of Central Lancashire, Preston, UK, contains 11 papers 
on various aspects of the dust explosion problem, some of which are referred to in the 
present review. 

9.2 
STATUS AND OUTSTANDING PROBLEMS IN 
FUNDAMENTAL RESEARCH ON DUST EXPLOSIONS 

9.2.1 
THE MAIN TOPICS COVERED 

The fundamental aspects of dust explosion research may be grouped under four main 
headings, as shown in Table 9.1. The first column deals with the problem area discussed 
extensively in Chapter 3 of this book. Aspects of some important items in the second 
column are discussed in Chapter 5,  and the topics of the third column are treated in 
Chapter 4. However, the blast wave problem has not been discussed at length in any of 
the preceding chapters. 

As pointed out by Ronney (1999) it is well known that gravity influences many types 
of combustion processes, particularly where buoyancy is a central mechanism in the trans-
portation of heat and matter. To resolve the complex interaction of the various mecha-
nisms involved in the initiation and propagation of dust explosions, experiments to an 
increasing extent are conducted at zero or very low gravity. This eliminates the influence 
of the factors caused by gravity, such as buoyancy. Nongravity, or microgravity, exper-
iments are most often performed in drop towers, diving aircraft, or space stations. The 
review that follows also includes some investigations of this type. 
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Electric sparks and arcs 

Table 9.1 Fundamental aspects of dust explosions 

Detonationof dust clouds 

lame propagation 
rocesses in dust clouds 

Transport of dust particles 
in turbulent gas flows 

Measurementand 
characterizationof state of 
turbulence in dust clouds 

Measurementand 
characterizationof 
distribution of particles 
in dust clouds 

Hot surfaces 

Flying burning metal 
particies 

Limit conditionsfor flame 
propagationthrough dust 
clouds: particle properties, 
dust concentration,oxygen 

Acceleration of dust cloud 
flames by turbulence 

Electrostaticdischarges 
Hot gas jets 

Shock waves 
Focusedlight-beam 
hot spots 

Influenceson ignition 
sensitivity of dust cloud 
properties:composition, 
size and shape of 
particles,turbulence, 
dust concentration,gas 
phase composition 

9.2.2 
GENERATION OF PRIMARY DUST CLOUDS A N D  RESULTING 
DUST CLOUD STRUCTURES 

9.2.2.1 
Background 

The important role of the way in which dust clouds are generated is sometimes overlooked 
when discussing dust explosions. Work published up to 1990 is discussed in Chapter 3 .  
It is well established experimentally that the initial state of a cloud of a given dust in a 
given gas (dust concentration, degree o f  dispersion into individual particles, dynamic 
state) has a strong influence on both the ease with which the dust cloud ignites and the 
rate at which it burns. 
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9.2.2.2 
Generation of Dust Clouds in Industrial Processes 

Little fundamental, quantitativeknowledge exists about the ways in which primary dust 
clouds are generated in industrial processes. Some work has been done on entrainment 
of dust particles by turbulent gas flows passing over dust layers and ridges in wind tun-
nels. However, mathematicalmodels connectingessentialparameters of dust cloud gen-
eration processes and the states of the resulting dust clouds are scarce. Lightstone and 
Raithby (1998) presented a mathematical model that predicts the motion of particles in 
a turbulent flow. The model solves for the probability density function (pdf) of particle 
velocity and treats the impact of the velocity pdf as a diffusion process. Particle con-
centrations arc, in turn, found from the velocity distributions. Good agreement was 
found between model predictions and experimental data. 

When designing experiments for fundamental studies, one should select configurations 
that can be related to industrial practice. Examples are bulk dust dropped into an airflow 
and entrainmentof dust layers by airflows in channels and galleries with and without flow-
obstructingobstacles.Valuable impulses for further studies can probably be obtainedfrom 
the extensive research carried out worldwide on pneumatic transport of powders. 

Armour-Celu,Woodhead, and Barnes (1998) developed an electrostaticmeasurement 
technique by which the charging trends during pneumatic transport of powders in 
pipelines could be inferred. However, processing the measured signals also seemed to 
reveal information about thejow pattern of the particles in the pipeline. It was indicated 
that the velocity of the particles closest to the pipe wall might be derived from power 
spectral densities. Also, for a constant suspension density, any variation in particle size 
is reflected in the power spectral density. 

9.2.2.3 
Characterizing Dust Cloud Structures: What Is the "Turbulence" 
of a Dust Cloud? 

Comprehensive characterization of turbulence in homogeneous fluids is an extremely 
demandingtask. So, comprehensivecharacterizationof particle-ladenturbulent flows may 
seem close to the impossible. Nevertheless, much valuable research work in this chal-
lenging and technologically important field has been conducted, and further significant 
work is in progress. Elghobashi (1994) reviewed the progress made and the challenges 
remaining in numerical modeling of particle-laden turbulent flows. Shirolkar et al. (1996) 
discussed some fundamental issues involved in such modeling, such as the key charac-
teristics of turbulent flow and the nature of the interaction between turbulence and an 
individual particle. They also discussed some key issues involved in comprehensive 
numerical models of pulverized-coal combustion. Gouesbet and Berlemont (1  999) 
reviewed the work carried out, since about 1980 by a research group in France, on 
Eulerian and Lagrangian approaches for predicting the behavior of discrete particles in 
turbulent flows. 

Zhang and Reese (2001)presented a new two-fluid model for gasholids flows, which 
accounts for the influence of the gas turbulence on the random motion of the particles. 
The model comprises a generalizedkinetic theory as well as a new gas turbulencemod-
ulation model. Simulation results showed that the influence of gas turbulence on the 
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microscopic particle motion is significantin relatively dilute flows of small particles and, 
therefore, should be accounted for. 

A considerable amount of experimental work has also been conducted. Hauert, Vogl, 
and Radandt (1994) measured rms (root mean square) turbulent velocities, global veloc-
ities, and dust concentrations in experimental dust clouds in the standard 1 m3 IS0  
(International Standards Organization)vessel and in a 12 m3silo. In the latter case, the 
dust was either blown into the silo via a pneumatic transportpipe or dropped into it from 
a screw conveyor at the silo top. This kind of work is essential, for example, for testing 
(validating) the performance of numerical codes for simulating dust cloud formation in 
real industrial situations. Such codes, in turn, constitute an essential element in future 
comprehensivecodes for simulating dust explosionpropagationin industrial situations. 

Hauert et al. (1994) applied laser-doppleranemometry (LDA) for measuringthe “tur-
bulence” in their experimental clouds of maize starch. As tracer particles, they simply 
used the starch grains of the experimental cloud itself. It has been argued against this 
procedure that such comparatively large particles are unable to follow the rapid turbu-
lent movement of the gas phase, and therefore the measurementsperformed do not rep-
resent the real turbulence of the cloud. 

However, this argument raises a basic question: What is the “turbulence” o f a  dust 
cloud in the context ofJEamepropagationand dust explosion? This question is addressed 
in Section 9.2.4 when discussing new basic experimental evidence related to turbulent 
frame propagation in dust clouds. 

Hauert et al. (1996), again using LDA, measured particle velocities and turbulence 
intensities in clouds of maize starch in a 12 m3 experimental silo, generated by pneu-
matic injection. Independent measurements of dust concentrations were also undertaken. 
Results from numerical modeling of the experimental system were in good agreement 
with the measurements. Some experiments in which the dust clouds in the silo were 
ignited were also conducted. Buter et al. (1996) investigated the extent to which appli-
cation of LDA to the comparativelylarge particles in clouds of corn and wheat starch in 
air can provide information on the turbulence intensity of the dust clouds. It was con-
cluded that the fluctuating movement of the comparatively large wheat starch particles 
did not reflect the true turbulence intensity of the air, because the particles are unable to 
follow the rapid turbulent fluctuationsin the air. 

Mercer et al. (2001) and Dahoe et al. (2001) discussed the results of a comprehensive 
experimental investigation of the turbulence decay in a spherical 20 liter closed vessel, 
following the injection of the compressedair, used to produce explosivedust clouds. LDA 
was used to characterize the decay of the turbulent, transient flow field. The three dif-
ferent nozzle systems used-the “rebound”nozzle, a perforated annular nozzle, and the 
circular “Dahoe” nozzle-produced different transient flow fields, in accordance with 
the features of the nozzles. 

Schneider and Eisenreich (2001) described a new system to generate transient, pre-
dictable dust cloudsfor research purposes. 

The dynamic state of a dust cloud that influences the ignition sensitivity of the cloud 
clearly is the state at the moment of ignition (initial state).When it comes to flame prop-
agation, however, the picture is complicated further by the strong coupling between the 
flame propagation process and the instantaneous dynamic state of the unburned cloud 
just ahead of the flame. Therefore, the initial state of the dust cloud, at the moment of 
ignition, is only one of several factors deciding the course of flame propagation. 
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9.2.2.4 
Generation of Secondary Dust Clouds by Entrainment 
of Dust from Layers and  Deposits 

As soon as a significant blast wave has been generated by the primary dust flame, this 
blast may generate secondary explosive clouds ahead of the flame by entraining dust 
deposits and layers (see Section 3.6 in Chapter 3). Lebecki et al. (1990) investigated such 
processes in a 100m long gallery of cross section 3 m2.To establish an improved under-
standing of these processes, further experimental and theoreticd studies of the interac-
tion of blast waves with dust clouds and dust layers and deposits need to be conducted. 
Work on this problem has also been performed by Ural(1992), Gelfand and Tsyganov 
(personalcommunication at the Semenov Institute of Chemical Physics, Moscow, 1992), 
and others. Gelfand and Tsyganov (personal communication, 1992) showed that the 
presence of dust layers on solid surfaces exposed to blast waves changed the blast wave 
characteristics as compared with the characteristics in the case of dust-free surfaces. 
Kauffman, Sichel, and Wolanski (1992)andAustin et al. (1993) summarized their exten-
sive research on the entrainment of dust layers in long tubes by the blast wave heading 
a dust explosion propagating along the tube. Tamanini and Ural (1992) summarized 
their work on characterizing the dispersibility of dust layers when exposed to air blasts. 
Geng,Tang, and Gronig (1993) studied the influence of clouds of maize starch in oxygen 
on the peak pressures of incident shock waves of Mach 5.4 and 6.0. 

Increased emphasis should be put on investigatingthe connectionbetween the param-
eters of dust cloud generation processes and the structures of the resulting dust clouds. 
The structures of the clouds produced must be defined in terms of distribution of dust 
concentration,quality of dust dispersion (deagglomeration),turbulencelevel, and global 
velocities. Kosinski et al. (2001) presented a numerical simulationstudy of the structure 
of the flow of dust clouds in branched channels. 

Various test methods have been proposed for evaluating the ease with which dust 
clouds can be produced from deposits and layers of powders and dusts (see Section 
7.4.2 in Chapter 7). Breum (1999) investigated systematicallythe parameters influenc-
ing the “dustiness” results produced by a rotary drum tester. A general definition of the 
dustiness of a material is “the tendency of a sample of the material to liberate dispersed 
dust particles into the air.” In the rotary drum test, the material to be tested is placed inside 
the drum and air is passed through the drum. The mass of dispersed dust particles col-
lected on a filter at the drum exit during the test period is taken as a measure of the dusti-
ness of the material tested. The materials studied by Beum were bentonite, barium 
sulphate,talc, Aloxite, carbon black, and coal. Except for coal, dustiness was in general 
positively correlated to the mass of the powder sample tested. A three-parametermulti-
plicative model for the dustinesspotential was developed for two of the materials tested. 

Fundamental theoretical studies have been performed on the generation of dust clouds 
behind shock waves sweeping across a dust layer at 90” to the layer surface. Frolov, 
Mack, and Roth (1993) developed a mathematical diffusion model describing such a 
process. A similar model was developed by Lu et al. (1993). This kind of work is indeed 
relevant in the context of the propagationof secondary dust explosions.Nikolova (1993) 
developed a source code for numerical models for the simulationof dust cloud flow. The 
code can be used for cold flows as well as flows with combustion. Medvedev et al. 
(1993) conducted experimental studies of the entrainment of dust from dust layers by 
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the short-duration flow generated by the rarefaction wave in a shock tube. Dushin et al. 
(1993) developed a mathematical model of the evolution of a cloud of entrained dust in 
the atmosphere, following a huge explosion on the ground. Nikitin et al. (1994) performed 
a theoretical numerical study of the evolution of a dust cloud in a turbulent atmosphere. 
The cloud could be generated instantaneously, as a result of a sudden explosion blast, 
or continuously, from multiple moving sources. Schumann and Rastogi (1995) presented 
some results from numerical modeling of dust cloud generation inside a 1m3vessel, fol-
lowing release of dust from a pressurized bottle, using the BASSIM computer simula-
tion code developed by the Battelle Institute in Germany. 

Boiko and Papyrin (1994) studied dust dispersion behind a shock wave, using an 
advanced laser visualization method. In subsequent experiments, Boiko and Poplavski 
(1996) studied the effect of the dust concentration in a dust cloud behind a shock wave 
on the acceleration of the cloud. Data from this kind of work are important in the devel-
opment of comprehensive dust explosion codes, in particular for modeling the influence 
of the blast ahead of the propagating dust cloud flame on the structure of the unburned 
cloud into which the flame is about to propagate. 

Klemens, Wolanski, and Klammer (199%) presented a mathematical model for sim-
ulating the process of entrainment of dust particles from a dust layer, by the gas flow 
behind a shock wave passing across the layer. In their later studies, Klemens et al. 
(2000b) presented a numerical study of flow-induced dust entrainment in a channel with 
obstacles, followed by a study by Klemens, Gieras, and Szatan (2002a) on numerical mod-
eling of dust layer dispersion by a rarefaction wave. Fedorov and Gosteau (2002) pre-
sented a mathematical model describing the initial stage of the entrainment of single dust 
particles from a dust layer by a gas flow passing across the layer. The model was veri-
fied against experimental data. Fedorov and Fedorova (2002) performed numerical sim-
ulations of the entrainment of dust particles from a near-wall dust layer by a shock wave 
propagating across the layer. 

TOguide fundamental research in this area in the direction of maximum practical rel-
evance, further information about dust cloud structures typical to industrial operation is 
required. This means not only the cloud structures in normal plant operation but, per-
haps even more important, the structures existing during abnormal transient phases, 
including plant startup and closedown. The occurrence of dust explosions may sometimes 
seem more likely during such periods than under normal steady-state conditions. 

9.2.3 
IGNlTllON AND COMBUSTION OF SINGLE PARTICLES 
AND DUST DEPOSITS: IGNITION OF DUST CLOUDS 

9.2.3.1 
General 

The concept of thermal runaway, or thermal explosion, is a common basis for under-
standing and describing ignition processes. An outline of the basics concepts is given 
in Section 5.1 in Chapter 5. Theories have been developed even for the complex cases 
with reactant consumption during the process leading to ignition. It does not seem real-
istic for the time being to foresee the development of a single unified theory, usable in 
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practice, that covers all types of ignition sources. It is rather expected that separate the-
ories, in terms of dynamic computer models, will be developed for various categories 
of ignition sources, such as hot surfaces and electric sparks. Work conducted on igni-
tion of premixed gases should be studied to see whether elements of gas ignition theory 
can be applied to ignition of dust clouds. However,development of such theories needs 
to be backed by careful experimentation. The theories must consider many variables, 
related partly to the nature of the potential ignition source itself and partly to the com-
bustible dust layer or cloud exposed to the source. 

In their theoretical analysis of ignition, Zolotko et al. (2001) considered ignition of 
single particles, particle clouds, and particle deposits. The particle materials comprised 
a group of metals differing both with regard to phase transformation temperatures and 
oxide film structures.A thermal description of ignition was adopted, and it was shown 
that the ignition temperature of the systems studied is inversely related to their reaction 
activity, which is, in turn, determined by the ratio of the specific reaction surface of the 
particles to the specific surface of the heat exchange. 

9.2.3.2 
Ignition and Combustion of Single Particles 

Work published up to 1990 is discussed in Section 4.1 in Chapter 4. 
Backreedy et al. (1999) presented an extended model for the combustion of coal par-

ticles, based on detailed experimental investigation. Devolatilization and char burnout 
were central issues covered.Rybak et al. (1996) conducted a comprehensiveexperimen-
tal mathematical and numerical study of the ignition of single coal and char particles and 
coal particle clouds. 

Rosenband and Gany (2001) investigated the influence of particle agglomeration on 
the behavior of aluminum particles under gradual heating in an inert or oxidizing 
gaseous flow field. Rosenband and Gany (2002) described the experimental methods 
used in this kind of studies. In the long term, results from such basic studies may con-
tribute to the fundamental understanding of combustion of single particles and their 
agglomerates during actual dust explosions and thus contribute to the development of 
more refined combustion models. Dreizin (1999a, 1999b) studied the microscopic 
processes of combustion of single aluminum particles, under both normal and negligi-
ble gravity, and in various atmospheres, including air. During particle combustion, 
oxygen is dissolved in the molten particle core, which is surrounded by a solid oxide 
cap, and the flame develops asymmetry. Tao (2002) studied the ignition of aluminum 
particles behind a shock wave. Details of the microscopic mechanisms of particle igni-
tion and combustion were resolved. This type of study, for different categories of par-
ticles, can provide valuable detailed information to be used in mathematical models of 
dust cloud combustion. 

Dreizin, Berman, and Vicenzi (2000) conducted a similar investigation of the com-
bustion of single magnesium particles and proposed a combustion model by which the 
oxygen that approachesthe burning particle gets dissolvedin the molten metal core. The 
heterogeneous oxidation of the Mg-0 solution proceeds simultaneously with the com-
bustion of the magnesium vapor given off from the molten metal core. However, as soon 
as all the metal vapor has been oxidized, the heterogeneous oxidation of the Mg-0 solu-
tion becomes the essential combustion mechanism. During this process, a solid magnesium 
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oxide cap is gradually built up around the liquid particle core. This model deviates sorne-
what from the classic Cassel model (see Section 4.1.2 in Chapter 4). 

Fedorov and Gosteev (1996) combined the classic thermal explosion theory and the ca-
tastrophe theory in their mathematical analysis of ignition of single magnesiumparticles. 
In their basic study, Rosenband, Gany, and Timnat (1998) investigatedthe combustion of 
magnesium and boron particles in a hot steam flow, whereas Foelsche, Burton, and Krier 
(1999) and Zhou et al. (1999) studiedthe ignitionand combustion of singleboron particles. 

Zevenbergen (2002) conducted a series of experimentsin which he ignited single mag-
nesium particles by a continuous light beam from a carbon dioxide laser. The single par-
ticle was kept suspended in air in a fixed position by means of an acoustic levitator.This 
made it possible to heat the particle in a controlled manner by the laser beam and moni-
tor the particle temperature continuously during the heating process, using an optical 
multiwavelength thermometer, right up to the sudden very steep temperature rise at the 
point of ignition.For this particular setup, Zevenbergenfound that the criticalparticle tem-
perature for ignition was independent of the particle diameter over the diameter range 
150-750 pm investigated.This means that the minimum radiated energy that had to be 
absorbed by a particle for the particle to ignite, assuming negligible heat loss from the 
particle during the heating period, was proportional to the particle volume. This, in turn, 
means that a constant minimum radiated energyper unit particle volume had to be absorbed 

y a particle for the particle to ignite,irrespectiveof particle size. As discussed in Section 
1.3.2 of Chapter I and illustrated in Figure 1.30, previous experimental and theoretical 
work indicate that the minimum ignition energies of clouds of some dusts in air are also 
proportional to the particle volume. However, the absence of any observed influence of 
particle size on the criticalparticle temperature for ignition cannot be expected to hold as 
the particle size increases far beyond the maximum size investigated by Zevenbergen. 

Banagiotou, Levendis, and Delichatsios (1996) used a three-color near-infrared opti-
cal pyrometer for monitoring the combustionof single sphericalpolystyrene particles of 
diameters in the range 47-355 pm, whereas Joutsenoja et al. (1999) applied a two-color 
optical pyrometer for nonintrusive in situ measurement of the dependencebetween the 
temperature and size of burning coal particles. 

Experimentsunder close-to-zero gravity conditions have been used to study the detailed 
mechanisms of Combustion of single particles for quite some time (see Figures 4.4 and 
4.5 in Chapter 4). More recently Yang, Hamins, and Donnelly (2000) used this method 
to study zero-gravity combustion of supported thermoplastic particles of BMMA, 
pokypropylene, and polystyrene. Although the particle sizes used, 2-6.5 111111,were corn-
paratively large from the point of view of dust explosions, the basic combustion mech-
anisms found are probably also qualitatively valid for smaller particles. 

Zhang and Bar-Ziv (1997) presented a new method for determining thermal conduc-
tivities of single pm-sized particles. This parameter is important when modeling the 
microscopic mechanisms of flame propagation in dust clouds. 

9.2.3.3 
initiation and Propagation of Fires in Dust Layers and Deposits 

Work on this problem up to 1990is discussed in Section 5.2 in Chapter 5 and Section 7.7 
in Chapter 7. An overview of research on self-heating and self-ignitionin dust deposits 
was given by Crowhurst(1993a). Hensel and John (1992, 1993)provided further insight 
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into the important relationship between the conditions required for initiating smolder-
ing combustionin a dust layer on a hotplate and the layer thickness. Hensel et al. (1994) 
presented a mathematical model for numerical simulation of temperature development 
in powder deposits enclosing a heat source of constant power. The model was tested 
against experiments in which a metal sphere, heated by a constant power source, was 
embedded in the powder sample. Further promising work along this line, focusing on 
the critical heat flux for ignition rather than on the critical surface temperature, was 
reported by Krause and Hensel(l994). It was pointed out that critical heatjux relates 
more to situations encountered in practice than critical constant surface temperature. 
Krause and Hensel(l996) presented a numerical method by which nonsteady tempera-
ture fields in dust deposits can be computed. This enables numerical analysis of a number 
of practical cases that cannot be treated using the classic thermal explosion theory of 
Frank-Kamenetzki, including nonsteady thermal processes and heat transfer under any 
physically feasible boundary conditions. Krause and Schmidt (1997, 1998a, 199813, 
2000,2001) investigatedexperimentallycritical thermal conditionsthat may lead to ini-
tiation of smolderingprocesses or further developmentof such processes, once initiated. 
A typical critical condition can be either the critical minimum temperatureof an embed-
ded hot body or the criticalminimum size of an initial glowingnest. Krause and Schmidt 
also studied the dependence of the propagation velocity of a smoldering front inside a 
bulk powder on the size of the powder sample investigated, the calorific properties of 
the powder, and the rate of supply of oxygen to the reaction zone, for different organic 
powders, including cork dust, wood dust, and cocoa powder. Schmidt, Lohrer, and 
Krause (2003) investigated self-ignitionprocesses in dust deposits when surroundedby 
heated oxygenhitrogen mixtures of oxygen contents down to 1.3 vol.% 

Zhang and Deng (1993) studied the combustion rate of coal dust layers on constant-
temperaturehot surfaces.Influenceson the oxidationrate of hot surfacetemperature,oxygen 
content in the atmosphere, and flow rate of air across the layer were investigated. Vance, 
Chen, and Scott (1996) investigated the effect of moisture content and drying procedure on 
the rate of temperaturerise in a sample of subbituminouscoal during self-heatingand igni-
tion in oxygen under adiabatic conditions. Coal that originally had 20 wt% moisture 
showed the highest self-heatingrate when partially dried to a moisture content of 7 wt%. 

Kauffman et al. (1992) summarized their quite extensiveresearch on smolderingcom-
bustion of dust heaps and dust layers. Chernenko, Alfanasyeva, and Lebedeva (1993) 
investigated flame propagation along the surface of layers of metal powders and mix-
tures of metal powders and metal oxides. The influence of the chemical composition of 
the powder layer, and to some extent also of the particle size, on the burning velocity 
along the surface of the layer was determined experimentally.Matyukhina and Babushok 
(1993) developed a mathematical model for self-heating in coal deposits, taking into 
account the effect of diffusion of air into the deposit. Sobolev (1993) developed a dis-
crete, two-temperature mathematical model for heat conduction in a dust deposit. Itagaki 
and Matsuda (1994) used both differential scanning calorimetry and accelerating rate 
calorimetry to measure the exothermic reactivity of activated carbon dusts. Adsorbed 
nitrogen oxides or fluorine on the coal surface increased the exothermic reactivity 
markedly, the onset temperature of exothermic reactions being as low as 3040°C. 

Schecker (1996)investigated theoretically the critical conditions and induction times 
for initiationof smoldering combustion in large depositsof combustiblebulk material, with 
particular reference to coal. Nakajima and Tanaka (1996) performed model calculations 
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of spontaneous ignition in an auto-oxidative powder bed and found that the critical state 
for ignition could be classifiedinto two categories:the Frank-Kamenetskiiand the oxygen-
deficient types. The first implies an irreversible transient process at the critical point, lead-
ing to ignition. Its thermal stabilityis rather frail against the changes in ambient conditions. 
In the second type, oxygen diffusion controls the rate of heat generation in the bed, and 
the thermal stability is comparatively robust. The two types can be largely discri 
by considering the nature of the combustible material and the porosity of the bed. 

Scheidemann and Adomeit (1996) presented a mathematical analysis of the transfor-
mation of a slow smoldering$re inside a heap of carbon dust into an openjire, by the 
impact of an airflow on the side of the heap. The model does not consider the transfor-
mation of the fire into a dust explosion should a sufficiently strong airflow disperse the 
dust in the heap into an explosive dust cloud. In their studies of the efect ofadmixed inert 
material on the minimum hot-plate ignition temperature of coal dust, Reddy, Amyotte, 
and Pegg (1998) successfully applied the classic ignition model developed by Thomas 
and Bowes. 

Li and Xiao (1999) developed a mathematical and numerical simulation model to 
predict the self-heating behavior of milk powder deposits of low moisture contents. The 
numerical scheme solves the mass and energy balances simultaneously. Model predic-
tions agreed well with experimental data, and it was foreseen that the model could also 
be applied to other exothermally reactive solids. In a subsequent investigation Li, Xiao, 
and Mackereth (1999) studied the effect of aging of milk powders and their fat content 
on the self-heating and smoldering properties. It was found that the kinetic parameters 
changed with the aging temperature and the tendency to self-heal or smolder increased 
with the fat content. 

Arisoy and Akgiin (2000) developed a non-steady-state mathematical model for pre-
dicting the safe storage height of coal stockpiles, below which significant self-heating 
is not initiated during the finite storage time of the stockpile. The numerical solution pro-
vided by the model is in terms of the maximum temperature within the stockpile as a 
function of time. 

Anderson, Sleight, and Torero (2000), in their experimental investigation, identified 
specific “ignition signatures” that indicate the onset of a self-sustained downward smol-
dering process in a porous material. Polyurethane foam was used as the porous mate-
rial, but the findings are probably valid also for powder and dust deposits prone to 
smoldering. The test samples were exposed to a constant heat flux imposed by a cone 
heater for different periods of time. Three stages were observed during the ignition 
process: (I) warming up and (2) unsteady smoldering, both controlled by the heat flux 
supplied from the outside, and (3) self-sustained smoldering, supported by the heat gen-
erated by the smoldering process itself. Each stage was characterized by specific changes 
in temperature and mass loss rates (ignition signatures). 

Glinka, Klemens, and Wolanski (1993) conducted an experimental, theoretical study 
of ignition ofdust layers by thermal radiation. Important features of the ignition process 
were resolved in detail by means of high-speed Mach-Zehnder interferometry. 

In a series of unique experiments carried out in a space shuttle, Walther et al. (1999) 
studied smoldering combustion processes under microgravity conditions. The objective 
of the study was to achievea betterunderstanding of the variousmechanisms that control smol-
dering processes, to provide improved means to prevent and control such processes. The 
data from the microgravity experiments were compared with corresponding experiments 
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under normal gravity to resolve the specific influence of gravity, and a significant effect 
of gravity was indicated by some results. 

Tse et al. (1999) developed and used an ultrasonic tomographic imaging technique to 
examine smolderingcombustionprocesses in a permeable medium.The method provides 
information about the local permeability variations within a smoldering sample, which 
can, in turn, be converted to information on the propagation of the smolderingreaction. 
Results from studies of two-dimensional smoldering processes were reported. 

Peters (1999) studied the combustion of coal particles in a packed bed and identified 
four distinct combustion regimes, characterized by certain values of the dimensionless 
Damkohler number and Thiele modus. Two of the regimes resembled a well-stirred 
reactor, and the two others were characterizedby a conversion front propagating with a 
characteristic velocity through the packed bed. 

A question asked by many is whether combustion in dust layers and deposits can be 
initiated by metal particle sparks. Hesby (2000)conducted a series of experiments in 
which layers of a wide range of dusts were exposed to showers of burning steel parti-
cles generatedby forcingrods of various steel types against a grinding wheel.The exper-
imental parameters included rod/wheel contact pressure and contact time and distance 
between the rodwheel contactpoint and the dust surface.The minimum numbers of par-
ticles required for ignition were estimated for various experimental conditions.A main 
conclusion was that the number of steel sparks from single accidentalimpacts would be 
all too low to cause ignition of the dust layers studied. 

9.2.3.4 
Ignition of Dust Clouds 

A brief introduction to this topic is given Section 1.1.4 in Chapter 1. In dust explosion 
statistics, the frequency data for the occurrence of various ignition sources sometimes 
contain categories that are not entirely unambiguous. The categories “friction sparks,” 
“frictionheating,”orjust “friction,” constitute one example. Sometimeshot surfaces,gen-
erated either by repeated impacts on the same spot or by sliding friction, are included in 
the “friction spark” or “mechanical spark’, category. The perception of the basic mech-
anisms causing ignition in these cases is not always clear. Ignition may have been caused 
by either the burning metal particles or the hot surface produced at the object being 
ground, cut, or hit by repeated impacts. Furthermore, one does not always distinguish 
between the comparatively scattered transient showers of burning metal particles from 
single accidental impacts and the dense semi-stationaryspark showers of such particles 
produced by grinding and cutting equipment.A central objective of research in the area 
of dust cloud ignition is to identify the details of the various ignition mechanisms. 

We1(1993) conducteda series of experimentsin which laminar dust clouds were ignited 
by a shortfocused laser light pulse (100 ps  or 10 ns) from a Nd-YAG laser (1064 nm 
wavelength). This kind of experiment can provide basic information about dust cloud igni-
tion processes and flame propagation processes in dust clouds. We1 et al. (1994) used a 
simple,modified Semenov theory for autoignition(no temperaturegradientsinside the ini-
tially heated volume) to transform the experimental laser-light-pulse ignition data to pre-
dicted minimum ignition temperatures and energies. The predicted values were in 
approximateagreementwith minimum temperatures and energies for the ignition actually 
measured. Proust (2002),also using a Nd-YAG CW laser, determined experimentally the 
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minimum laser beam power required for igniting dust clouds by the heat absorbed by a 
solid target heated by the laser beam. The variable parameters included the laser beam 
diameter, the duration of the irradiation, the target material (combustible or noncom-
bustible), and the type of dust (starch,lycopodium,lignite, sulphur,A B S ,  and aluminum). 

Gieras and Klemens (1994) studied the critical conditions for ignition of single coal 
particles in air and in air-containingmethane. They also investigated the critical condi-
tions for ignition of clouds of coal dust in air and methane/air. 

In the past, the minimum hot-surface temperaturefor ignition of a dust cloud has often 
been regarded as if it were a universal constant for a given cloud. Consequently, results 
from small-scale laboratory tests were often applied directly to industrial plant design. 
However, it has been known for some time (see Section 5.5 in Chapter 5 )  that minimum 
ignition temperatures of dust clouds vary significantly with scale. This was confirmed 
by Wolanski (1992). 

Ignition of dust clouds by small burning metal particles (impact sparks,metal sparks) 
generated by mechanical impact has been discussed in Section 5.4 in Chapter 5. This is 
a complex process, and comprehensive, practically useful theories do not seem to be 
within sight. Such theories must comprise several complex subprocesses.The first is the 
generation and initial heating of the metal particle by the impact. The second is the igni-
tion of the flying hot particle and the subsequent burning process. The third is the heat 
transfer to the dust cloud, which ultimately determines whether ignition occurs or not. 

Ignition of dust cloudsby electric and electrostatic spark dischargesbetween two metal 
electrodes is another complex topic. Such sparks can be generatedin a number of ways. 
such a.sin switches,by various failures in electric circuits, and by discharge of static elec-
tricity. Some approximate theories for ignition of dust clouds by electric sparks are 
reviewed in Section 5.3 in Chapter 5. The variables of the electric spark ignition prob-
lem include voltage and current characteristics across the spark gap, spark gap geome-
try, and electrode material, as well as dust cloud variables. The variables include particle 
material and particle size and shape distributions, dust moisture content, dust concen-
tration, and the dynamic state of the dust cloud with respect to the spark gap. 

Xu and Lin (1993)performed a semi-quantitativetheoreticalanalysis of electric spark 
ignition of dust clouds. They proposed a strategyfor calculatingminimum ignition ener-
gies, in terms of the lowest energy capable of establishing self-sustainedlaminar flame 
propagation in the dust cloud. This strategy is the same as the one proposed previously 
by Wemens and Wojcicki (see Chapter 5).  Bobkov et al. (1996) analyzed electrostatic 
discharge processes and ignition of dust clouds by electrostaticdischarges theoretically, 
by means of mathematical catastrophetheory.Although the analysis confirmedmeasured 
trends, qualitatively, it also confirmed the substantial complexity of these kinds of 
processes and that one most probably has to rely on experimentalinvestigationin the fore-
seeable future. Dahn, Reyes, and Kashani (1993) reviewed some published work on 
electric spark ignition of dust clouds and confirmed the dramatic influence of the com-
bination of capacitance and resistance of the experimental discharge circuit on the min-
imum capacitorenergy required for ignition.Wieczorek and Zalosh (1998)confirmedthe 
earlier important findings(see Chapter 5 and Figure 1.40in Chapter 1)that the minimum 
ignition energy (MIE) of dust clouds depends strongly on the dischargetime of the elec-
tric sparks used and the movement or turbulence of the dust cloud in the spark region. 

Lorenz and Schiebler (2001a) presented the results from a comprehensive, detailed 
experimental and theoretical investigation of the energy transfer processes taking place 
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during an electrostatic spark discharge. The temperature and pressure development in 
the spark channel during its formation and subsequent expansion were investigated. 
This also included cooling the channel by thermal radiation. Lorenz and Schiebler 
emphasized the dependence of the ability of a given discharged electrical energy to 
ignite a dust cloud on these basic physical spark characteristics.Some aspects of this prob-
lem are discussed in Section 5.3 of Chapter 5. Further experimental evidence was pro-
vided by Nifuku and Katoh (2001). 

Seplyarskii (2001a, 2001b) performed a mathematical analysis of the critical condi-
tions for ignition of a cloud of combustible dust by either a small heated solid body 
(2001a) or an electric spark (2001b). In the analysis, it was assumed that the role of the 
ignition source was to heat the gas phase, which then, heated the dust particles. 

As discussed in Section 1.3.7 in Chapter 1 and illustrated in Figure 1.49, it is gener-
ally found that the minimum ignition energy of clouds of a given dust in air decreases 
systematicallywith increasing temperature of the dust cloud prior to ignition. However, 
Pellmont (1997) reported a singular,distinct exception from this rule with a specificnico-
tinic acid product having a melting point of about 235°C and subliming at higher tem-
peratures. In this case, the M E  increased markedly with the dust cloud temperature, from 
less than 10mJ at 20°C via 125mJat 80°C to more than 10kJat 140°C.In general terms, 
the probable reason for this is that the physical and chemical properties of this particu-
lar dust changes with increasing initial cloud temperature, in the direction of lower 
ignitability. Pellomont suggested that the complex molecular structure of the material 
tested changed with increasing cloud temperature. 

With respect to the ever more-complex one-electrode discharge types (corona, brush, 
propagating brush, etc.), valuable experimental insight has been gained during the past 
years, but so far no attempt at developing dust cloud ignition theories seems to have been 
made. Glor (1993) gave an informative overview of the status on both theoretical and 
experimental work. Research on possible incendiary discharges from powders poured 
into a heap was discussed by Glor and Maurer (1992), whereas Glor (personal commu-
nication with G. Glor, Ciba-GeigyAG, Basle, Switzerland, 1993)presented results from 
continued work on whether incendiary brush discharges can occur in dust clouds in air. 
No conclusiveanswer was obtained. The same question was addressed later in the exper-
imental investigationby Larsen, Hagen, and Wingerden (2001a) and Larsen et al. (2002b), 
who were in fact able to ignite clouds of sulfur dust in oxygen-enrichedair by true brush 
discharges. However, ignition in air alone was never observed. Because of the very low 
minimum ignition energy of clouds of sulfur dust in air, this indicates that ignition of 
even the most sensitive dust clouds by brush discharges in air is unlikely. 

Armour-Celu et al. (1998) developed a measurement technique by which the electro-
static charging trends during pneumatic transport of powders in pipes can be inferred. 

In the context of gas explosion-proofelectrical equipmentenclosures,where the max-
imum experimental safe gap (MESG) is a central concept, the basic problem is ignition 
of an explosible gas cloud by a jet of hot combustion products. In dust clouds, this may 
not be as obvious a problem as for gases, but the concept of MESG has some relevance 
in relation to explosion isolation (see Section 9.3.5). Pioneering performed in this area 
work was by Schuber (see Section 4.4.6). 

Schumann and Rastogi (1995) studied the secondary explosion in a free dust cloud 
ejected from a pressurizedvented vessel without internal combustion,when the free cloud 
was ignited by a 10 kJ chemical ignitor. Only quite low overpressures, not exceeding 
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50 mbar, were found. From this they concluded that the significant secondary explosion 
pressures that can occur in the external cloud outside a vented enclosure, as a result of 
primary explosions inside the enclosure, is due to very powerful flame jet ignition of the 
external cloud. 

Initiation of dust explosions by shock waves has been studied by several workers, and 
valuable insight has been gained. One practical future application of this knowledge could 
be to use induction times for shock wave ignition in models of flame propagation in tur-
bulent dust clouds (see Section 9.2.4). An informative analysis of shock wave ignition 
of dust clouds was given by Wolanski (1990) and research at University of Michigan, 
United States, was reported by Kauffman et al. (1992). Geng, Tang, and Griinig (199%) 
measured the ignition delay behind an incident shock wave of Mach 4-6 passing through 
a cloud of maize starch in oxygen. Ural (personal communication from E. A. Urd, 
Factory Mutual Research, Nonvood, MA, 1992)emphasized that different induction times 
are observed with incident and reflected shock waves, due to different ignition mecha-
nisms. Boiko, Papyrin, and Poplavski (1993) measured ignition delays for coal dust 
clouds exposed to reflected and incident shock waves. Boiko and apyrin (1994) esti-
mated ignition delays of various dusts in incident and reflected shock waves. Geng, Lao, 
and Tang (1994a) performed a numerical study of the fluid-dynamic effects of an inci-
dent shock wave passing through a dust cloud on the delay for igniting the dust behind 
the shock. Geng et al. (1994b) used a vertical shock tube to measure ignition delays of 
dust clouds behind an incident shock. 

Lu and Fan (1994) developed a comprehensive analytical model allowing prediction 
of ignition delay times of dust clouds exposed to shock waves. Good agreement between 
predictions and experimental data was obtained. Hu and Sun (1994) studied the devel-
opment of aluminum dust explosions initiated by shock waves from gas explosions, 
whereas Hu et al. (1994) investigated the fast ignition and combustion of wheat flour 
behind a shock wave in a shock tube. Similar experiments were conducted by Elkotb 
et al. (1996) with wheat flour and provender dust. Klemens et al. (1998b) presented a 
mathematical model for simulating the ignition and burning of a cloud of coal particles 
in air behind a shock wave passing through the cloud. The moving cloud was treated as 
a two-phase, two-velocity, and two-temperature continuum, with both mechanical and 
thermal interaction between the phases. 

9.2.4 
FLAME PROPAGATION PROCESSES IN DUST CLOUDS 

9.2.4.1 
General 

Work up to 1990 is discussed in Chapter 4. Some central topics are the same as for flame 
propagation in premixed gases: 

@ Laminar flames. 
@ Flame acceleration mechanisms. 
@ Turbulent flames. 
!a Detonation. 



596 Dust Explosions in the Process Industries 

In the case of dust clouds, ignition and combustion of single dust particles is an addi-
tional fundamental research area, which has already been reviewed in Section 9.2.3. 

An important difference between dust clouds and premixed gases is that, in dust 
clouds, inertial forces can produce fuel concentration gradients (displacement of parti-
cles in relation to gas phase). Furthermore, thermal radiation may contributesignificantly 
to the heat transfer from the flame to the unburned cloud, depending on the type of par-
ticles (e.g., light metals). Shevchuk, Zolotko, and Eckhoff (2001) investigated theoret-
ically various possible flame propagation regimes in clouds of dusts of five different 
metals. They concluded that the mechanism of heat transfer from the flame front to the 
unburned cloud is essentially conductive, the radiative contribution amounting to only 
about 5%. However, in some cases, an appreciable fraction of the power generated in 
the flame front is radiated backward into the reaction products.Whereas this power frac-
tion is regarded as lost when focusingjust on forward isobaric flame propagation,it indeed 
contributes to the temperature and pressure increase in the reaction products and, hence, 
is of prime importance when focusing on the potential violence and destructive effect 
of a dust explosion. More work is needed to explore the role of thermal radiation in the 
propagation of dust explosions. 

Lee, Zhang, and Knystrautas (1992) showed that theoretical equilibrium properties 
of dust cloud combustion (constant-pressure adiabatic flame temperatures and maxi-
mum constant-volume explosion pressures) calculated by standard computer codes are 
in good agreement with experimental data obtained by various workers. Wolanski 
(1990) reviewed the problems involved in determining flame structures, laminar or 
quasi-laminar burning velocities, lower flammability limits, and conditions required 
for flame acceleration and transition to detonation in dust clouds. The influences of 
added inert particles were also considered. Deng et al. (1993a) proposed that the burn-
ing velocity of a dust layer under “specific laminar conditions” be regarded as the fun-
damental combustion property of a dust. They did not, however, elaborate the idea to 
the extent needed to resolve the implications of the proposal with respect to dust cloud 
combustion. 

It should be mentioned very briefly that much research work has been done on vari-
ous aspects of combustion of liquid sprays and mists (Eckhoff, 1991), which is in part 
also relevant in the context of dust explosions. A more recent example is the detailed 
investigation by Karpetis and Gomez (2000) of well-defined, nonpremixed turbulent 
methanol spray flames.A comprehensivedescription of the structure of such flames was 
obtained by applying a variety of advanced complementarydiagnostictechniques, includ-
ing broadband chemiluminescenceimaging,CH radical emissionimaging,doppler inter-
ferometric techniques, and spontaneous Raman spectroscopy. 

The experimental investigations of flame propagation processes in dust clouds are 
reviewed next, followedby works to develop mathematicalmodels and numericalcodes 
of such processes. Experimental as well as theoretical studies of dust cloud detonation 
are covered in a separate section. 

9.2.4.2 
Laminar Flames in Dust Clouds 

Experimental and theoretical work on this topic up to 1990is discussed in Sections4.2.3-
4.2.5 in Chapter4. Knowledge about laminar flame propagationprocesses in dust clouds 
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is essential for understanding dust explosion propagation in general. Research in this area 
comprises both experimental work and mathematical modeling. 

On the modeling side, Krainov (1996) analyzed plane laminar flame propagation in 
dust clouds mathematically, whereas Krishenik and Shkadinskii (1993) developed a 
mathematical model for laminar flame propagation in dust clouds of mixtures of two 
monosized particle fractions. Both conductive and radiative heat transfer were incorpo-
rated in the model. Krishenik and Shkadinski (1996) performed a mathematical analy-
sis of the effect of gravity on flame propagation in dust clouds, accountingfor radiative, 
conductive, and convective heat transfer. Tunik (1994) presented a mathematicalmodel 
for low-speed combustion of hybrid clouds of coal dust in methandair mixtures. 

When it comes to experimental work, Mazurkiewicz and Jarosinski (1993) analyzed 
the gas compositionjust upstream of a stationary, stabilizedmaize starcwair flame front 
in a burner. It was found that CO, CO,, H,, and CH, were the main componentsproduced 
during the initial pyrolysis stage. The GO, content increased with decreasing tempera-
ture. In the gas phase oxidation reaction, burning of CO was most important. 
Mazurkiewicz and Jarosinski (1994) described an experimentalburner for conical dust 
flames in air and measured laminar burning velocities and flame temperaturesfor maize 
starchlair as a function of dust concentration.The average flow velocities of unburned 
dust cloud through the burner were in the range 0.41-0.45 d s ,  but these values were 
reduced by the ratio of the burner cross-section area and flame surface area to compar-
atively low estimates of laminar burning velocity, in the range 0.15-0.05 d s .  Proust 
(1993) described other experimentalstudies of laminarburning velocities and maximum 
flame temperatures in clouds of starch, lycopodium, and sulfur in air, whereas Seshadri, 
Berlad, and Tangirala (1992) studied the inherent structure of laminar dust flames. 
Bradley et al. (1994) investigated the burning of clouds of fine graphite dust (4 pm> 
in premixed methanekr in a flat laminar flame. The experiments gave further support 
to the hypothesis that active radicals in the gas phase catalyze the char oxidation. This 
work provides a basis for developing a mathematical model for laminar combustion of 
clouds of ultrafine coal dust. Gieras and Klemens (1994) compared flame Propagation 
in clouds of coal dust in air and in methane/air at normal and microgravity conditions. 
This made it possible to isolatethe influenceof buoyancy. In the absence of gravity,flame 
propagation occurred at velocities very close to the correspondingfundamentallaminar 
burning velocities. 

Wingerden (personal communicationwith K. van Wingerden, Chr. MichelsenInstitute, 
Bergen, Norway. 1993), based on his own experiments, discussed the need for recon-
sidering the phenomena involved in steady-state upward laminar flame propagation in 
vertical tubes. Wingerden and Stavseng (1996) investigated experimentally upward 
quasi-larninar flame propagation in dust clouds in a vertical tube with a closed top and 
open bottom. The dusts used were lycopodium, maize starch, lignite dust, and dust of 
hard coal. Their reported values of laminar burning velocities were obtained by multi-
plying the measured upward flame speed of the parabolic flame front by the ratio of the 
area of the tube cross section and the surface area of the parabolic flame front. (See the 
discussion of the work of Proust and Veyssiere in Section 4.2.3.3 in Chapter 4.) However, 
this method of calculationmay seem to contain an inherent paradox, because the observed 
constant parabolic flame shape of the upward propagating flame is not consistent with 
the assumption of a uniform laminar burning velocity perpendicularto any point on this 
flame surface. The flame propagation process, Han et al. (2000, 2001) presented a 
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more-detailed analysis of upward propagation laminar lycopodiudair flames in a ver-
tical duct. At 170 g/m3 a global approximately steady upward flame speed of about 
0.50 m / s  was observed, and global flame thickness of about 20 mm could be estimated. 
However, the global faint parabolic flame front contained a complex microstructure of 
small, more luminous flamelets,and a complex flow pattern in the unburned dust cloud 
ahead of the flame was resolved. This suggests that the determination of fundamental 
burning velocities of dust clouds in vertical tube experiments is far from straightforward. 
In addition to flow ahead of the flame, it is also likely that the parabolic flame front is 
subjected to the flame stretch phenomena. 

In their experimental investigation, Krause, Kasch, and Gebauer (1996) studied the 
effects of flow velocity and dust concentration on the apparent measured laminar dust 
cloud burning velocity in vertical tubes. Similar experimental studies were conducted 
by Glinka et al. (1996). Ju, Dobashi, and Hirano (1998a) studied the detailed structure 
of flames propagating through clouds of stearic acid particles. The reaction zone was 
explored by means of an electrostaticmicroprobe and Schlierenphotography. Klemens, 
Szatan, and Wolanski (1998a) studied flames in clouds of stearic acid particles in air in 
a vertical duct of square cross section. Schlieren photography was used to record flame 
structure and flame development. 

Extensive experimental research in Japan on the detailed structure of flames propa-
gating through clouds of 1-octadecanol,stearic acid, and iron particles in air is described 
in a series of papers by Chen,Dobashi,and Hirano (1996); Ju, Dobashi, and Hirano (1998a, 
199Xb, 1998~);J.-H. Sun, Dobashi, and Hirano (1998,2000,2001); Dobashi, Sun, and 
Hirano (2000); and Dobashi (2001). Global flamepropagation velocities were measured 
by direct and Schlieren high-speed photomicrography, whereas laser MIE-scattering 
techniques were used to study the behavior of individual particles. The structure of the 
ionized reaction zone was studied using a micro-scale electrostaticprobe, whereas tem-
perature projiles across the flame fronts were measured by means of thermocouples. 
Similar detailed experimental studies of pulverized coal flames, comprising chemical 
species concentrations(CO, C02,NO, and O,), flame velocities, and flame temperatures 
were performedby Nazeer, Pickett, and Tree (1999) and Pickett,Jackson, and Tree (1999). 
Special attention was paid to the effect of swirl on the flame structure. Klemens et al. 
(2000a) studied details of the structures of flames in quasi-laminar clouds of coal, lig-
nite, and stearic acid in air in various apparatus.The diagnostics included Mach-Zehnder 
interferometry and Schlieren and other photographic techniques. (Similar earlier work 
by Klemens and coworkers is described in Section 4.3 in Chapter 4.) 

In their experimental and theoretical investigation Goroshin, Bidabadi, and Lee (1996) 
studied the combustion of well-dispersed, laminar clouds of fine atomized aluminumpar-
ticles of Sauter mean diameter about 5 pm. The quenching distance in airwas measured 
to be about 5 mm, which yielded an estimatedflamethickness of about 2.8 mm. The down-
ward laminar flame front velocity in air was on the order of 80 cm/s. The experimental 
data did not permit estimation of the correspondingfundamentallaminar burning veloc-
ity. The mathematical analysis of the problem at hand yielded calculated quenching dis-
tances in good agreement with those determined experimentally.Colver, Kim, and Yu 
(1995), using an electrostatic method for  generating homogeneous experimental dust 
clouds, found that the minimum quenching distances for laminar dust clouds in air was 
in excess of 5 mm for 17.5 pm diameter aluminum particles and about 14 mm for an 
American coal. 
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An excellent contribution to improved understanding of the nature of laminar dust 
James was given by Dahoe, Hanjalic, and Scarlett (2002). They used a burner appara-
tus to produce stable cornstarch flames in air, and the laminar burning velocity was 
measured by laser-doppler anemometry. It was found that the laminar burning velocity 
varied with flame shape, and this was accounted for by introducing the “Markstein 
length” of a dusthir flame. This parameter is specific for any given dust cloud. It has a 
magnitude on the order of the laminar flame thickness of that specific dust cloud and 
serves as a measure of the sensitivity of the laminar burning velocity to changes in the 
flame shape. Dahoe et al. emphasized that neither the theoretical derivation nor the 
experimental determination of the Markstein length is trivial and much remains to be 
learned about its precise dependence on the chemical and physical properties of the spe-
cific combustible mixture being investigated. In the light of this work, time seems ripe 
for reconsideringsome conclusionsdrawn from earlier work to determinelaminarbum-
ing velocities of dust clouds in vertical tube experiments (see Section 4.2.3 in Chapter 4). 
As pointed out by Dahoe et al., buoyancy may have contributed significantly to the 
upward movement of the flame front in these tubes. Also, the observation of a constant 
shape (often about hemispherical) of the upward propagating flame seems to contradict 
the assumptionof a constantburning velocity perpendicular to the flame surfaceimplied 
in the mathematicalcorrection formula frequently used to transform the observed flame 
velocity into the corresponding velocity of a plane laminar flame. 

9.2.4.3 
Limiting Dust Cloud Compositions for Flame Propagation 

This is an important fundamental research topic for at least three different practical 
applications. The first is assessment of explosive or nonexplosive; the second, assess-
ment of minimum explosive dust concentration; and the third, assessment of maximum 
permissible oxygen concentration for inerting. Work up to 1990is discussed in Section 
4.2.6 in Chapter 4 and Section 7.13 in Chapter 7. Recent work on some aspects of 
experimental determination of limiting cloud compositions for flame propagation is 
reviewed in Section 9.4.4. 

Mintz (1993) found evidence for the existence of a maximum explosive dust con-
centration for dust clouds under certain circumstances. For a narrow size fraction 
(106-125 pm) of maize starch, a reasonably well-defined limit of 800-1000 g/m3was 
found. The results were interpreted in terms of a simple “oxygen depletion” model. 

The influence of particle size distribution on the minimum explosive dust concentra-
tion was investigated by Poletaev and Korolchenko (1993),using data from experiments 
with polysized polyethylene dusts. Promising agreementbetween theory and experiments 
was obtained. Hanai et al. (1996) measured the minimum explosive dust concentration 
for PMMA particles in air under microgravity conditions. In the absence of buoyancy, 
using a point ignition source, spherical flame ball development was obtained. In the 
range of particle diameters studied,the minimum explosivedust concentration increased 
systematically with the particle diameter. Results from comparative experiments at 
normal gravity differed only modestly from the correspondingmicrogravity results. 

Hertzberg, Zlochower, and Cashdollar (19924 measured minimum explosive con-
centrations, maximum explosion pressures and maximum rates of pressure rise at con-
stant volume, and maximum flame temperatures for clouds in air of dusts of 14 metals. 
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They found that, for some metals, flamepropagation appears to occw in a mixture of metal 
vapor and air, similarto the gas phase flame propagationmechanism in clouds of organic 
dusts. 

It is well known that pulverized coal and coal dust in mines do not represent a dust 
explosion hazard unless the content of volatiles exceeds 7-8%. However, this does not 
apply to carbon dusts of specific surface areas exceeding the order of 100 m2/g (N, 
adsorption).Wiemann (1992) showed that dusts of such materials (active carbodactive 
coke) of considerably lower volatile content than 7 4 %  could produce fully developed 
dust explosions in the standard 1m3IS0 vessel. 

The influence of particle size on the flammability limits of clouds of stearic acid in air 
was investigated by Ju et al. (1998b). They found that the lower flammabilitylimit was 
defined mainly by the mass concentration of particles of diameters smaller than 60 pm. 

Horstmann et al. (1996) found that the minimum air pressure, below which clouds of 
a given dust can no longer propagate a flame, decreases with increasing volume of the 
test apparatus.The underlying reason for this is that the quenching distance of clouds of 
a given dust increases with decreasing air pressure. 

9.2.4.4 
Turbulent Flame Propagation in Dust Clouds 

This important topic has been studied experimentally and theoretically by a number of 
investigators.Work up to 1990 is discussed in Section 4.4 in Chapter 4. Eckhoff (1992) 
summarizedsome work on the influence of initial and explosion-inducedturbulence, on 
dust explosions in closed and vented vessels. We1 et al. (1992, 1993) reemphasized the 
important role played by turbulence in dust explosion propagation in closed vessels. 
Kauffman et al. (1992) and Austin et al. (1993) summarizedtheir quite extensive research 
on turbulent combustionof dust clouds, whereas Tamanini and Ural(l992) outlined their 
work on the effect of the initial turbulence of the dust cloud on the flame propagation in 
closed and vented systems. 

Scheuermann(1 994) also investigated the influence of the initial dust cloud turbulence 
on the developmentof dust explosions in vented enclosures.Rzal-Rebikre and Veyssikre 
(1992) addressed some central basic aspects of turbulent dust flames. Veyssikre (1992) 
summarized all the fundamental studies on flame propagation in dust clouds conducted 
at LED in Poitiers, comprisinglaminar flame propagation in dust clouds, the role of tur-
bulence in flame acceleration, and the conditions for propagation of detonationlike, but 
nonideal, combustion waves. Rzal-Rebibre and Veyssibre (1994) in their basic studies 
investigated the interaction of a laminar maize starcwair flame with an obstacle: a 
sphere,a disk, or a vortex ring. With the ring, flame quenchingphenomena were observed, 
which were attributed to centrifugal separation of dust particles and air in the turbulent 
eddies. This is a very important observation, indicating that the burning rate of a dust 
cloud may not respond to turbulence in the same way as the burning rate of a premixed 
gas. 

Further work toward improved understanding of the relation between the dynamic 
state of a dust cloud and its combustion rate is needed. The basic microscopic turbu-
lence mechanisms that promote the combustion process must be identified. The inves-
tigation by Mitgau (1996) and Mitgau, Wagner, and Klemens (1997) seem to be 
highly significant in this respect. These workers determined correlations between 
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normalized turbulence intensities of dust clouds and their normalized burning veloc-
ities for four combustible dusts. For the three of these requiring oxygen from the air for 
their combustion-lycopodium, maize starch, and PMMA-positive correlations were 
found, as would be expected from experience (see Figure 4.47 in Chapter 4). However, 
Mitgau and Mitgau et al. also tested a dust of a special chemical compound having the 
required oxygenfor its combustion within itself. In this case, when the supply of oxygen 
from the atmosphere was not required for combustion of the particles, the effect of 
increased turbulence was in fact to decrease the burning velocity. One mechanism that 
could cause such a decreaseis increased cooling of the burning particles due to increased 
relative velocity between each particle and the air surrounding it with increasing tur-
bulence of the dust cloud. Apparently, the mechanism of increased turbulent mixing of 
combustion products and burning particles with unburned particles, which would 
be expected to enhance combustion, was not sufficiently strong to counteract the 
combustion-retarding mechanism by increased cooling of the preheated and burning 
particles due to increased turbulence. 

Therefore, enhanced turbulent replacement of gaseous reaction products by fresh air 
around each particle is perhaps a more importantbasic combustion enhancementmech-
anism in clouds of particles requiring oxygen from the air for their combustionthan tur-
bulent mixing of combustionproducts and burning particles with unburned particles. In 
other words, for these types of particles, which are normally encounteredin dust explo-
sions, it seems as if the velocity differencebetween an individualparticle and the air sur-
rounding it on a microscopic scale is a basic key factor causing the burning velocity to 
increase with increasing “turbulence.” 

In the development of comprehensive models to be used in practice, some pragma-
tism is still required. For example, an induction time for ignition may be taken as a 
global characteristic of the combustion chemistry (shock tube or stirred reactor; see the 
review of shock wave ignition in Section 9.2.3).An alternative approach is to consider 
the laminar burning velocity as the fundamental parameter, as suggested by Bradley, 
Chen, and Swithenbank (1988). Empirical relationships between turbulent burning 
velocity and turbulence intensity are then established, using the laminar burning veloc-
ity as a normalizing parameter. Numerical ‘tflamelibraries” can then be established and 
used for closing the positive-feedback loop of combustion-expansion-flow-turbulence-
combustion in numerical dust explosion simulation codes. The ongoing research and 
debate on numerical modeling of premixed gas combustion should be watched care-
fully to ensure that any elements that may contributeto solving the dust explosion mod-
eling problem be explored. Korobeinikov and Vorobiev (1996) showed how catastrophe 
theory may be applied in the mathematical analysis of the complex ignition and extinc-
tion processes involved, for example, in the propagation of flames in dust clouds and 
premixed gases. 

Understandingflame acceleration due to flame distortion and turbulenceproduced by 
the propagating explosionitself is central for understanding both dust and gas explosions 
in practice. Extensive experimentalresearchprograms have been conductedto study these 
phenomena for gas explosions in obstructed geometries, as discussed, for example, by 
Moen et al. (1982);Hjertager, Fuhre, and Bjoerkhaug (1988);and BaMte and Wingerden 
(1992). By employing the experimentalfacilities used in these experiments and repeat-
ing the experiments in the various vessels, using dust clouds instead of premixed gas, 
valuable insight could be gained. Systematic comparison of results with previous data 
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from gas explosions would yield an overview of similarities and discrepancies, which 
would help focus basic research efforts on important areas where dust cloud combustion 
may differ significantlyfrom combustion of premixed gases. Chen, Fan et al. (1996) con-
ducted turbulent dust and gas explosions in a 12 m long horizontal, one end open tube 
of internal diameter 0.14 m. The gases used were pentane and epoxy propane, and the 
dust was aluminum. Ignition was performed at the closed tube end. Both with the gases 
and the dust, a continuously accelerating flame, headed by a shock wave, was observed 
in the tube. Numerical analysis confirmed that the shock wave was a result of the flame 
acceleration in the tube, caused by the friction between the flowing unburned cloud and 
the tube wall. 

Shi, Zhu, and Radandt (2001) investigated the relationship between chaos theory 
and dust-dispersion-induced turbulence in different test vessels. They found that dust-
dispersion-inducedturbulence exhibits chaotic features, and they suggested that the use 
of chaos theory in mathematical models of turbulent dust cloud combustion processes 
will contribute significantly to improved description and understanding of these 
processes. 

The role of thermal radiation in the propagation of turbulent dust flames remains 
partly unresolved. The dust type and particle size are probably important parameters. Gui 
and Cho (1999) investigated the radiant heat transfer in a circulating fluidized bed coal 
combustor and found that the contribution of thermal radiation to the total heat flux was 
in the range 1536%. 

9.2.4.5 
Dust Flames in Closed Vessels 

Constant-volumedust explosionsin closed bombs is another important field of research 
on dust flame propagation. Some work up to 1990 is discussed in Section 4.4.3 in 
Chapter 4 and Sections 7.14 and 7.15 in Chapter 7. Pu et al. (1991) concluded that the 
turbulence structure of experimental dust clouds in the commonly used 20 liter spheri-
cal dust explosion test bomb had little resemblance to turbulence structures in dust 
clouds in accidental dust explosions in industry. Mercer et al. (1998) described a joint 
effort to characterize the turbuZent$ow$eld inside the 20 liter bomb. Mintz (1995) dis-
cussed some further problems with 20 liter bomb experiments. 

Wlodarczyk et al. (1993) conductedexperimentsin a 5 liter sphericalexplosionbomb 
to determine the influence of the dust concentration in exploding aluminum dudair 
clouds, on the content of aluminum oxide in the reaction products. Fan, Ding, and Tang 
(1993) developed a dynamic numerical simulation model for the propagation of spher-
ical Al-dust explosions in closed vessels. Good agreement was found between experi-
ments and theoretical predictions for the influence of particle size on the pressure 
development in the vessel. 

Dahoe et al. (1995)constructed a 20 liter spherical dust explosion vessel allowing vari-
ation of the initialpressurebetween atmospheric and 14bar overpressureand initial tem-
peratures between below 0°C and 250°C. Experiments could also be conducted in 
enriched oxygen atmospheres, up to pure oxygen. The problem of ensuring constanttur-
bulence of the dust cloud at the moment of ignition, with varying dust concentrationand 
pressure and temperatureof the gas phase, was investigated.Further development of this 
vessel was discussed by Dahoe et al. (1996c), and the reinforced 20 liter vessel was then 
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capable of withstanding internal overpressures of up to 150bar and providing initial dust 
cloud temperatures of up to 450°C. Special experimental procedures had to be developed 
for extreme test conditions. 

In a later contribution, Dahoe et al. (2001a) investigated the influence of initial tur-
bulence of the dust cloud on the maximum pressure produced in closed-bomb dust 
explosion experiments. For cornstarch, they found that the maximum pressure increased 
by a factor of 9.6 with a given, significant increase in turbulence. As they pointed out, 
this effect had also been reported by earlier workers. However, the point made is that 
this increase would not have been expected if the maximum explosion pressure had 
been just a straightforward thermodynamic function of the nominal chemical compo-
sition of the burning cloud, as is essentially the case with premixed gases. On the 
other hand, an increase by a factor of 1.6 is modest compared to the corresponding sub-
stantially larger increase of the maximum rate of pressure rise by a factor of about 25. 
Therefore, it may still be argued that, compared to the maximum rate of pressure rise, 
which certainly contains a strong kinetic element, the maximum pressure is essentially 
a thermodynamic property. Nevertheless, the analysis by Dahoe et al. is timely and inter-
esting, because it stresses that a dust cloud can never be really “premixed” in the same 
sense as a homogeneous gas cloud. The influence of turbulence on the maximum 
explosion pressure is then basically to modify the chemical composition during the com-
bustion process and hence the combustion thermodynamics. Transport and mixing 
processes by turbulent mechanisms then play a central role. From the point of view of 
design of process enclosures in practice, as emphasized by Dahoe et al., a factor on 
the order 1.5 in expected maximum explosion pressure is significant and should be 
accounted for. 

Gieras, Klemens, and Wolanski (1996a) determined turbulent dust cloud burning 
velocities from dust explosion experiments on a 1.25 m3 closed spherical chamber. 
Dahoe et al. (1996a, 1996b) conducted similar experiments in closed spherical vessels 
1m3 and 20 liters. These workers also developed a comprehensive mathematical three-
zone model for constant-volume dust explosions in spherical vessels. In the model, the 
intermediate third zone (Le., the reaction zone), separating the zone of combustion 
products from that of still unburned dust cloud, was assumed to possess a final thick-
ness. The analysis revealed that the so-called cube root law breaks down if the ratio of 
reaction zone thickness to vessel radius exceeds 1%. For relatively small vessels, this 
is the case for most dusts. Formal cube root law agreement with larger vessel experi-
ments can then be accomplished only by tuning the initial turbulence of the dust cloud 
in the smaller vessel. 

Zhen and Leuckel (1996, 1997) investigated the influence of the characteristics of 
pyrotechnical ignition sources on the development of dust explosions in a standard (ISO) 
1 m3 closed vessel. Such ignition sources may increase the violence of the explosion, 
due to having large volumes and multipoint properties. 

In their experimental study, Pu, Podfilipski, and Jarosinski (1998) compared efective 
burning velocities in clouds of fine aluminum dust and cornstarch in a 7 liter closed bomb, 
under micro gravity (drop tower) and normal gravity conditions. The dust clouds were 
produced by a short blast of air, and the time interval between dust dispersion and igni-
tion was varied. The pressure development with time was recorded. Turbulence proper-
ties of the unburned cloud, as a function of the time elapsed after dust dispersion, were 
measured using hot-film anemometry. The results indicated that, under micvogravity,the 
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dust cloud remained well dispersed and homogeneous, even at long ignition delays, 
when the turbulence had decayed to a level where the cloud was essentially laminar. 
Hence, microgravity experimentsmay offer a means of detailed studies of genuinely lam-
inar dust flames. 

9.2.4.6 
Dust Flame Propagation in LongTubes and Pipelines 

Some work up to 1990 is discussed in Section 4.4.7 in Chapter 4. In a comprehensive 
5-year research program, Lebecki et al. (1995) investigated the propagation of grain dust 
explosions in a large-scale experimental gallery. The main conclusions were these: The 
minimum nominal dust concentration for flame propagation was 50 g/m3;for dust con-
centrations higher than 100g/m3,flame acceleration right up to detonation was observed; 
and strong grain dust explosions could be suppressed using passive water barriers, 
whereas use of active barriers were necessary for weak ones. 

Proust (1996) reviewed the state of the art on propagation of dust explosions in 
pipelines in relation to gas explosion propagation in pipelines. 

Hu and Sun (1994) investigated the mechanisms of fast combustion of Al-powder, sus-
pended in atmospheres of different oxygen contents,using an explosion shock tube tech-
nique, whereas Pu et al. (1993) studied experimentally the acceleration of an AI-dustlair 
flame in a one end open, horizontal tube of diameter 140mm and length 5 m. With igni-
tion at the closed end, maximum flame speeds at the open exit end amounted to 1200d s .  
Al-dust was also used in the experimentsby Chen, Dobashi, and Hirano (1996),Liu and 
Bai (1998), and Puet al. (2001) for studyingthe mechanismsof accelerationof dust explo-
sions in long tubes. Liu and Bai and Pu et al. investigated the entire range of flame 
velocities, from the weak initial flames right up to detonation (1500 m / s ) .  Turbulence 
played a key role in the flame acceleration process. 

9.2.4.7 
Comprehensive Mathematical Models of Turbulent Flame Propagation 
in Dust Clouds 

Comprehensivemathematicalmodels for simulation of turbulent dust flame propagation 
processes are being developed at great pace. Some work up to 1990 is reviewed in 
Section 4.4.8 in Chapter 4. Kjaldman (1992), one of the pioneers in this field, sum-
marized his early work on applying computational fluid dynamics (CFD) to turbu-
lent dust explosion propagation. The application of the numerical model to peat dust 
explosions in a closed 20 liter vessel showed promising agreement with experiments. 
Smirnov et al. (1996) outlined a mathematical analytical scheme with numerical soft-
ware comprising both ignition and flame propagation in turbulent dust clouds, whereas 
Smirnovet al. (1997,2000) described comprehensivemathematicalmodels of turbulent 
combustion of dust/air mixtures in depth. Rose et al. (1997,1999) applied a Lagrangian 
approach to the modeling two-phase turbulent reactive flows, whereas Worsdorfer et al. 
(2001) outlined various possible routes for comprehensivenumerical modeling of dust 
and gas explosions. Kosinski, Klemens, and Wolanski (2002) discussed the potential of 
CFD-based mathematical modeling of large-scale dust explosions. The vast number of 
control volumes required to obtain adequate resolution has been a major obstacle. 
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Kosinski et al. presented a new, efficient combustionmodel. The model, which is based 
on the Arntzen model for gas explosions,was found to possess considerable advantages 
compared with the standard chemical kinetics models. 

Wingerden (1996a, 1996b)reviewed the role of turbulence, preignition turbulence as 
well as explosion-inducedturbulence in deciding the course of gas and dust explosions 
in industrial process environments. In general, combustion rates increase considerably 
with increasing turbulence, but excessive turbulence may quench combustion. He also 
presented some of the first comprehensive, validated CFD-simulations of flame and 
pressure development in a large-scalevented dust explosion.The experiments simulated 
were a series of maize starch explosions in a vented 20 m3 chamber in the United 
Kingdom. This version of the numerical model, based on the well-known FLACS code 
for gas explosions,represented an important first step, but comparisonwith simulations 
and experiments revealed a clear need for improved dust cloud combustion models. 
Wingerden et al. (2001) presented further work on developing such a model. 

Krause (1993) presented a comparatively simple two-dimensionalmodel for numer-
ical simulation of explosionsin vented enclosures.The turbulence submodel was empir-
ical, and the explosive cloud was regarded as a homogeneous,premixed gas. Comparison 
with more complex models gave reasonableagreement. Comparison with dust explosion 
experimental data was not reported. Krause (1994) used this simulation model to pre-
dict the maximum explosionpressure in a vented explosionas a function of the vent area 
and the turbulence intensity in the dust cloud just prior to ignition. The model was able 
to reproducethe earlier experimentalfinding of Tamaniniet al. (see Chapter 6, Section6.4) 
that the maximum explosion pressure in the vented vessel increases with increasing ini-
tial turbulence intensity in the explodingcloud. Krause and Kasch (199Xa, 1998b,2001) 
investigated experimentally the influence of dust concentration and flow velocity on 
flame propagation processes in dust clouds in vertical tubes of various diameters. They 
also developed numerical models for both laminar and turbulent flame propagation and 
discussledcomputed predictions of the course of a dust explosion in a real silo. 

Poletaev (1995) studied the possibility of applying a “relay” model to flame propa-
gation in dust clouds.According to this model, any particle will ignite, with a given delay, 
if the distance to the nearest burning particle does not exceed a given “maximurnradius 
for heat interaction.” 

Morobeinikov et a l ~(1994) performed a mathematical analysis of unsteady dust explo-
sion propagation in tubes, using coal dust and corn starch as specific model dusts. They 
also analyzed the dispersion of a dust layer on the tube bottom by an airflow in the tube. 
Korobeinikovet al. (2002) formulated a comprehensivemathematicalmodel describing 
the sequence of unsteady processes that can take place behind a shock wave propagat-
ing along a dust layer. Special cases that were simulated by the model included dust 
entrainment and dispersion from a dense dust layer by a shock wave passing across the 
layer and dispersion, ignition, and combustion of coal dust in a long tube, initiated by a 
local gas explosion in the tube. 

Schumann, Rastogi, and Friehmelt (1996) compared pressure-versus-time traces 
obtained by numerical simulation of dust explosions in closed and vented vessels, of vol-
umes ranging from 1 m3 to 250 m3,with results from corresponding real experiments. 
The comprehensive numerical CFD-based BASSIM code was used for the dynamic 
simulations.Comparisons were also made with results computed using a simple empirical 
correlation equation based on experimental results. A main conclusion was that there was 
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room for considerableimprovement of the combustion submodelin the code to account 
for the pyrolysis of organic dust particles and the effect of turbulence on the combus-
tion rate. 

Detkovskii et al. (1996) developed a numerical model describing transient flame prop-
agation following ignition of a free turbulent jet of combustible dust in premixed 
methanehr. Different secondarycombustion-inducedflow patterns can result, depending 
on the initialjet parameters.Thepredicted courses of events were found to be in satisfactory 
agreement with results from careful experimental investigation of the same process. 

Zhong, Deng, and Li (1998); Zhong et al. (2001); and Zhong and Deng (2000) devel-
oped a comprehensive numerical CFD-based code for explosions of clouds of corn-
starch in air. The scheme comprises the gas phase flow,includingthe k-E model, the move-
ment of dust particles in the gas flow, evaporation of water from the particles, flux of 
combustible vapors from the particles, combustion of the vapor phase, and combustion 
of carbon residue of particles. The effect on the combustion rate of incomplete dust dis-
persion, that is, particle agglomerates, was accounted for. Numerical simulation of maize 
starch explosions in the essentially closed 12m3silo, in which Hauert, Vogl, and Radandt 
(1994) had carried out concentration and turbulence measurements, were performed, 
adopting the dust cloud structuresmeasured by these workers as preignition or initial con-
ditions. Unfortunately no experimental explosion data were available for validating the 
simulations. 

Zhong et al. (2002) developed a CFD-basedEulerianLagrangian model for coal dust 
explosionscomprisingthe following features: a nonelementalArrhenius model and eddy 
breakup model for the chemical reactions, detailed models of water vaporization, 
volatile decomposition, and surface oxidation of carbon, and the k - E  turbulence model 
for the gas phase, and a random trajectory model for the particle phase. The model was 
tested against results from coal dust explosions in closed vessels. 

Bielert and Sichel (1999, 2001) developed a numerical model for simulation dust 
explosions in pneumatic conveyors. The model combines a front-tracking method with 
a solver for the Euler equations. The combined effects of chemical reactions and flow 
turbulence were represented by the turbulent burning velocity of the dust cloud. 

Pascaud and Brossard (2000) presented a mathematical model for the combustion of 
hybrid systems (e.g., cornstach/propane/air)in closed vessels. 

9.2.4.8 
Simplified Approximate Models 

Having first emphasized the central role that turbulence must play in any relevant dust 
explosion model, Tamanini (1996b, 1998a, 2001, 2002) suggested that scientifically 
based approximate design tools, which also account for turbulence effects, can be read-
ily obtained by adopting lumped-parameter descriptions of the system of concern, as 
is done in dimensional analysis. His main argument is that comprehensive models han-
dling the entire reactive flow field in complex geometries may not be generally acces-
sible for some time, and when available, they will be expensive and time consuming to 
use. Tamanini (1995a, 1995b) used a lumped-parameter approach to establish a corre-
lation for predicting the effect of vent ducts on the venting efficiency, whereas Tamanini 
(1996a)used it for sizing dust explosionvents in spray dryers, where the explosivecloud 
only occupies part of the dryer volume. Tamanini (1996c) also presented a simplified 
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model of the eflect of the inertia of vent covers on the efficiency of the venting process. 
Tamanini (1998b, 2002) proposed that this kind of simplified, but still scientifically 
based, models be used in future revised vent design guidelines to replace the entirely 
empirical statistical correlations used up to now. It seems clear that Tamanini’s approach 
represents a great step forward compared to entirely empirical formulas and correlations. 
It is regrettable that his important contribution has not been included in the recent 
European Union design guidelines for dust explosion venting arrangements, CEN (2002). 

On the other hand, the accessibility of user-friendly comprehensive CFD-based com-
puter codes for dust explosion simulation is expected to increase at great pace, and only 
time can show how long the need for simplified, intermediate lumped-parameter models, 
as proposed by Tamanini, will persist. It must also be pointed out that the lumped-
parameter approach can handle only comparatively simple problems, such as venting 
simple, single process units. Only comprehensive computer codes can handle the com-
plex explosion scenarios often encountered in the process industries. There, process units 
of varying complexity are interconnected by ducts and conveyor lines, and the propa-
gation of a dust explosion in such an integrated system can be performed only by pow-
erful computer codes. However, development of and confidence in comprehensive 
computer codes have to be built on extensive validation against full-scale dust explo-
sion experiments, covering a wide range of dusts, initial dust clouds states, and geo-
metrical configurations. 

9.2.4.9 
Detonations and ‘Quasi’-Detonations in Dust Clouds 

Some work up to 1990 is reviewed in Section 4.5 in Chapter 4. It is now generally 
accepted that detonations can occur even in dust clouds. A review of the state of the art 
and remaining problems in dust cloud detonation research at that time was given by 
Kauffman, Sichel, and Wolanski (1991). The current status on dust cloud detonations was 
also summarized by Alexander et al. (1993). Kauffman et al. (1992) and Austin et al. 
(1993) summarized their extensive work on how detonations can develop from accel-
erating turbulent combustion in dust clouds in long tubes. Sichel and Kauffmann (1994) 
studied the transition from deflagration to detonation (DDT) during dust explosions in 
long ducts. The dust was initially deposited as a layer along the duct floor, and the dust 
cloud was generated by the entrainment of the dust layer by the blast wave propagating 
ahead of the flame. 

IKhomik, Gelfand, and Knyazev (1993, 1994) determined experimentally the minimum 
critical tube diameter for detonation propagation in suspensions of a fine alumhum 
flake dust in air. The critical value found was in the range 0.040-0.055 m. Korobeinikov 
(1993) conducted a theoretical study of the propagation of detonation waves in dust 
clouds. The problem of establishing adequate scaling rules was given particular atten-
tion. Ivhrkov (1993) presented a new method for numerical simulation of nonsteady det-
onations in dust clouds. Two-dimensional computations yielded a multiwave structure 
of the detonation process. Ding and Huang (1994) analyzed the mathematical theory for 
the reaction zone in a detonation wave passing through a dust cloud and proposed a new 
numerical criterion describing the C-J condition. 

Tulis et al. (1993) conducted detailed experimental studies of the structures of deto-
nation processes in clouds of aluminum in air. The influence of particle size and shape 
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was studied,,and various detonation wave structures were identified. Paplinski and 
Wlodarczyk (1994) analyzed the critical conditions for direct initiation of detonations 
in dust clouds of infinite size. Klemens et al. (1993) performed experimentsin which det-
onation waves in hybrid mixtures of methane, air, and oats dust were studied. Tulis et al. 
(1996), Carve1et al. (1996), and Ven, Olivier, and Gronig (1996) presented experimen-
tal results from different studies of multiple or double fronts in dust cloud detonations 
and the dynamic structuralresponse of a tube during dust cloud detonation inside the tube. 
Fedorov, Fomin, and Khmel(l996) analyzedreal detonation waves in aluminudoxygen 
mixtures mathematically,whereas Fedorov et al. (1998) developed a mathematicalmodel 
for steady, self-sustained nonideal detonation of clouds of aluminumparticles in air.These 
last workers were able to confirm the existence of steady Chapman-Jouguetdetonation 
regimes.Klammer et al. (1999) applied the viscous laminar Navier-Stokesmodel in their 
model of generating a dust cloud quasi-detonation inside a plane channel by two dif-
ferent mechanisms. In the first case, the dust was initially deposited as a layer on the 
channel floor, and dust dispersion and cloud ignition occurred via a supersonicflow into 
the channel. In the second case, the dust was predispersed throughout the channel 
volume, and ignition occurred at the heated closed end of the channel. In their theoretical 
study of detonation processes in clouds of starch particles in nitrogedoxygen and 
hydrogedoxygen atmospheres,Veyssikreet al. (1999) applied a model based on the same 
main assumptions as had been used previously to model nonideal detonations of alu-
minum dust dispersed in explosive gadoxygen atmospheres. It was assumed that the 
starch particles are gasified by pyrolysis after the temperaturehas reached some critical 
value and that the burning rate is controlled by the gasification rate. The model predic-
tions suggested that discrepanciesbetween some earlier experimentalresults were caused 
by different particle sizes of the starches and different lengths and diameters of the shock 
tubes used in the various experiments. 

Klemens et al. (2001b) used similar numerical models to simulate central processes 
related to dust explosions in coal mines, including dust layer entrainment behind 
a shock wave and initiation of dust cloud deflagration and detonation by alternative 
mechanisms. 

Zhang, Gronig, and Ven (2001) summarized the extensive work on DDT and stable 
detonation waves in dust clouds in air conducted in the Stosswellenlabor of RWTH 
Aachen in Germany. The DDT process in long tubes is composed of a reaction com-
pression stage followed by a reaction shock stage as the predetonation process. The 
transverse waves that couple the shock wave and the chemical energy release are respon-
sible for the propagation of a stable dust/air detonation. The minimum tube diameters 
for DDT and subsequent propagation of stable detonation waves in clouds of most in-
dustrial and agriculturaldusts in air are in the range 0.1-1 .O m and minimum length-to-
diameter ratios for DDT to occur are larger than 100, even when a quite strong ignition 
source is used. 

9.2.4.1 0 
Miscellaneous 

Huang, PU,and Ding (1994) observed that burning clouds of aluminumdust in air are elec-
trically conductive.They attributedthis effect to generation of metal vapor by evaporation 
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of the particles prior to combustion. In addition to being of fundamental interest, the 
observed effect also has implications with respect to industrial safety. 

Zuikov and Zemsky (1997) presented experimental data for the kinetics of release of 
hydrogen when silicon powder makes contact with water or some aqueous solutions. 
It was shown that the released hydrogen can form explosive mixtures with the air into 
which it is released. Zemsky, Zuikov, and Devlicanov (1997) suggested that the for-
mation and ignition of hybrid mixtures of silicon dust, hydrogen, and air could well have 
been the cause of several explosions in silicon powder production plants. 

9.2.5 
BLASTWAVES GENERATED BY BURNING DUST CLOUDS 

A useful condensed introduction to the complex field of the properties and effects of blast 
waves from explosions was given by Harmanny (1992). 

One case of practicalinterest is blast waves from explosions in partly confinedgeome-
tries, for example, deliberately vented or bursting process equipment and workrooms. 
The strength and shape of blast waves from dust explosionsdepend on the way in which 
the dust clouds burn. For example,Wirkner-Bott,Schumann,and Stock (1992) conducted 
a fairly detailed study of the nature of the “secondary explosion,” that is, the explosion 
of unburned dust cloud outside the vent opening. This phenomenon was discussed fur-
ther by Schumannand Wirkner-Bott(1993).Central variables influencing blast wave gen-
eration, in addition to the type of dust and geometry of system,includethe dynamic state 
of the dust cloud at the moment of ignition, the ignition point in relation to the vent, the 
vent size, and the vent-cover opening pressure. Wingerden (1993) presented an inform-
ative overview of pressure and flame effects in the direct surroundings of installations 
protected by dust explosion venting. 

Some basic studies of shock wave emission from burning dust clouds were performed 
by Gelfand et al. (1990). 

edvedev, Polenov, and Gelfand (1994a) studied, experimentallyas well as theoret-
ically, the blast wave generated by sudden expansion of a dust-filled enclosure, such as 
a hopper or a pipe. The same authors (199410) also studied the interaction between blast 
waves and dust deposits, using a specially developed shock tube technique. The exper-
iments revealed a strong dependence of the pressure amplitude transmitted though the 
dust on the duration of the compression phase of the primary air shock wave. Smirnov, 
Kuksenko, and Chen Dongqing (1994) presented a new mathematical model of shock 
wave propagation in dust clouds, comprising a range of different particle sizes within 
the same cloud. Interparticle collision was not considered.An experimental and numer-
ical study of the supersonic flow behind a shock wave passing through a dust cloud was 
performed by Boiko et al. (1994). Gelfand et al. (1994) investigated experimentallythe 
attenuation of shock waves propagating through dust clouds in a 50 mm diameter shock 
tube. Reasonable agreement between the experimental data and analytical and numeri-
cal predictions was found for incident shock waves of Mach < 3. 

The effect of a given blast wave on humans, buildings, and process equipment is an 
important area where more research is needed. Valuable reviews were given by Mercx 
(1992) and L‘AbbC (1992). Britan et al. (1994a) studied the interaction of shock waves 
with layers of water-based foam used in fire fighting. Induction times and time constants 
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for foam layer destruction were determined. Britan et al. (1994b) analyzed the features 
of the transmitted shock wave and the waves reflected from the aidfoam boundary and 
the walls of the experimental channel. 

9.3 
STATUS AND OUTSTANDING PROBLEMS IN PREVENTING 
AND MITIGATING DUST EXPLOSIONS IN INDUSTRY 

9.3.1 
THE ROLE OF FUNDAMENTAL KNOWLEDGE IN ASSESSING 
HAZARDS IN PRACTICE 

The various aspects of applied dust explosion research and development may be sys-
tematized as shown in Table 1.9 in Chapter 1.A number of fundamentalresearch topics 
are listed in Table 9.1. The two are intimately related because fundamental knowledge 
is essential for proper understanding of practical aspects. Experience has shown that the 
development of good practical solutions may be hampered by not accounting for rele-
vant fundamental knowledge. In recent years, the appreciation of the benefits that can 
be harvested from cross fertilizationbetween fundamentalresearch and applied research 
and development has been increasing. 

Deng and He (1994) pointed out the need for using thermodynamics,chemical reac-
tion kinetics, and fluid dynamics for the proper description of ignition and flame prop-
agation phenomena in dust clouds and layers. These topics constitute central elements 
of classic chemical reaction engineering, and Deng and He proposed a corresponding 
concept, dust explosion reaction engineering (DERE) for the dust explosion domain. 

Siwek (1994) presented a concentrated overview of current methods for dust explo-
sion prevention and mitigation in the process industries, based mainly on pragmatic 
experimental research and development performed within the SwidGerman domain. 
Siwek’s paper reflects the important fact that industry needs practical solutions for 
today. It cannot wait for more ideal solutions that may become available in some distant 
future. However, industrial pragmatism must not, on the other hand, block the constant 
striving for better solutions based on improved basic understanding of the phenomena 
involved. It seems as if the mutual understanding and respect between the two parties, 
the industry and the researchers, is growing. 

The point is illustrated by Eckhoff (1995), who reviewed the state of the art on pre-
venting and mitigating dust explosions in ferroalloy crushing and grinding plants. Silicon 
crushing and grinding was considered specifically by Eckhoff (1996b). In general, both 
electric spark ignition sensitivity and explosion violence (&) of metal dusts increase 
markedly with decreasingparticle size, right down to the 1pm. In the past, this was seldom 
taken into account. Often particle size was just pragmatically specified in terms of “less 
than 74 pm” or “less than 63 pm,” but this is by no means satisfactory. More systematic 
research is needed, in particular on alloys, where the most hazardous components may 
sometimes accumulate in the fine tail of the particle size distribution.The specific roles 
of the chemistry and particle size of the various components in ferroalloy dusts at large 
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in determining both ignition sensitivity and explosion violence need to be investigated 
more closely. Cashdollar (1998) discussed various central aspects of dust explosion 
research, prevention, and mitigation. 

9.3.2 
INHERENTLY SAFE PROCESS DESIGN 

Kletz (1999) outlined his important message of adopting the concept of inherently safe 
process design whenever possible. Traditionally, industry has tried to prevent acciden-
tal explosions mostly by adding preventive and mitigatory equipment and enforcing 
safe procedures.But such equipmentis often expensive,and proceduresmay fail. Inherent 
safety impliesthat the process design itself is such that no explosionhazard exists. Kletz 
gives some examples of inherently safe process design in practice. 

Amyotte and Khan (2002) proposed a framework for directing the concept of inher-
ently safe process design specificallytoward reducing the dust explosionhazard in indus-
try. One hopes this contribution will stimulate to further work in this important area. 

9.3.3 
PAPERS COVERING SEVERAL METHODS 
AND SPECIFIC APPLICATIONS 

An overview of preventive and mitigatory techniques in use is given in Section 1.4 in 
Chapter 1. 

In the late 1970s and early 1980s,a significant fire and explosion problem existed in 
the U.S. grain handling and grain related industry. Because of investigationsinitiated by 
the federal government and research undertaken by government and the industry, fed-
eral safety regulations were issued and an educationalprogram initiated by the industry 
and affiliated labor unions, as reviewed by Kauffman et al. (1996).As a result, the fre-
quency and severity of these accidents decreased significantly. 

Siwek (1992) described experiments where a combination of explosion venting and 
automatic suppression was adopted for mitigating or controllingdust explosionsin var-
ious enclosures. Sliz, Lebecki, and Dyduch (1993) investigatedthe performanceof such 
a combined system for mitigating grain dust explosions in an 8 m3experimentalvessel. 
Different types of vent covers and suppressors were tested. 

Zeeuwen (1996) discussed alternative strategies for protecting process installations 
against dust explosions-full containment,explosion venting, automatic explosion sup-
pression, and explosion isolation-using a grinding installation as an example. Hoppe, 
Jaeger, and Terry (1998,2000) discussed strategies and specific measures for preventing 
and mitigating dust explosions, developed and implemented in a major international 
chemical process company. Stevenson (1998) gave a broad overview of availablemeth-
ods for dust explosion prevention and mitigation. Jaeger (2001) used a practical exam-
ple to illustratea strategy for minimizing the dust explosionhazard in the process industries. 
The two main elements form the strategy, relevant ignitability and explosibility charac-
teristics of the dusts in question and adequate methods for performing risk analyses. 
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Beck and Kleinhans (1996) reviewed possible measures for preventing and mitigating 
dust explosionsin silo vehiclesfor transportation of combustible powders and bulk mate-
rials. Preventing ignition by eliminating potential ignition sources is a primary objective. 

Scholl(l996) discussedmethods for protectingparticle boardproductionplants against 
dust explosions. Such plants typically comprise wood cutting and grinding equipment, 
dryers, mechanical and pneumatic conveyors, classifiers and sieves, and storage con-
tainers. Grosskopf and Li (1998) and Grosskopf (2002) discussed possible methods, and 
called for standards,for preventing and mitigating dust explosions in coal grindingplants. 

Siwek (1999) considered the specificproblem of protectingJEuidizedbedprocess units 
against damaging dust explosions. The approach to be chosen depends on the thermal 
stability and burning properties of the actual powder as a layer or deposit, the ignition 
and explosion properties of the powder as a dust cloud, and the possible presence of 
organic solvents (hybrid mixtures). Siwek (2000) presented a similar analysis for spray 
dryer installations. 

Barth et al. (1996) and Kubainsky et al.(1996)discussed means of adequate mitigation 
of dust explosionsin small-scalemilling and granulationplants, respectively.In the milling 
plants, the possibility of ignition in the mill cannot be fully eliminated, and adequate mit-
igatory measures must be taken. These include isolation measures and stoppingthe supply 
of material to the mill should an explosion occur. Special venting arrangements were not 
considered necessary. In the small-scale granulation plant without organic solvents,mea-
sures to eliminate potential ignition sources were considered sufficient. With solvents 
present, this would not be the case and additionalprotective measures must be taken. 

Hungerbach (1996) discussed possible measures for mitigating dust explosions inju-
idized bed process equipment. One possibility is venting, with bursting panels and vent 
ducts. Further possibilities include automatic explosion suppression and full explosion 
confinement. 

Wilen (1998) summarized the results of a joint European experimentalresearch pro-
gram on safe handlingof renewablefiels andfiel mixtures: wood fuels and wood wastes, 
agriculturalresidues and energy crops, low-rank coals, and mixtures of wood and barley 
dusts with lignite.The program comprised an extensiveseries of tests at atmospheric and 
elevatedinitialpressures up to 18bar, including inerting and automaticsuppression tests. 

Faber (2001) suggested suitable means for preventing and mitigating dust explosions 
during finishing and electrostatic dry painting of aluminum automobile bodies. 

Cashdollar (1998,2000) gave a comprehensive overview of the chemical and physi-
cal dust characteristics that determine the potential explosion hazard posed by a given 
dust and how these characteristicsinfluencethe choice of adequatemethods for prevention 
and effective mitigation of dust explosions in practice. 

Zeeuwen (2000) reviewed the dust explosion hazard in powder handling and pro-
cessing at large, as well as availablemethods for prevention and mitigation. The new par-
ticular challengespresented by the European Union “Atex” directiveswere also discussed. 

Rabenstein (2001) presented a set of guidelines, produced by a German working 
group, to protect dust extraction systems in various industries against accidental dust 
explosions.Depending on the fire and explosioncharacteristicsof the dust, such systems 
can present a comparativelyhigh dust explosionrisk, and correspondingmeasures have 
to be taken to reduce the risk to an acceptable level. 

Bunse (2001) described the design of a system for cost-effectiveprotection of bucket 
elevators against destructive dust explosions. Quenching tubes (see Section 1.4.6.6 in 
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Chapter 1) for venting in-house dust explosions at the top and boot of the elevator were 
used in combination with flame-triggeredwater mist injection along the elevator legs. 

Going and Snoeys (2002) discussed suitablemethods for mitigating metal dust explo-
sions based on experimental investigation. In particular,isolation,venting, and automatic 
suppression were considered. 

9.3.4 
GENERATION AND PROPERTIES OF EXPLOSIVE DUST CLOUDS 
IN INDUSTRY 

The challenge is to characterize typical dust cloud structures in terms of spatial distri-
butions of particle size, dust concentration,turbulence, and global flow generated in typ-
ical process units, like mills, dryers, mixers, bucket elevatorsand other conveyors,silos, 
filters, cyclones, and connecting ducts. These cloud structures define the initial cloud 
properties at the location of the primary dust explosion and may have a major impact 
on the course of development of the explosion. It is well known that the dynamic state 
of a dust cloud dramatically influences both its ignition sensitivity and its combustion 
rate. 

Comparatively little new quantitative knowledge of practical use has been traced. 
Therefore, experimental investigation of typical processes of the generation of dust 
clouds and the resulting cloud structures in various types of process equipment and 
operation modes should be encouraged. This is an area where close interaction of fun-
damental and applied research can be highly beneficial.The work of Hauert et al. (19941, 
discussed in Section 9.2.2, constitutes an important step in this direction. 

Jong et al. (19991, in their useful review of methods for determining powder “flow-
ability,” mentioned two methods for determining the dispersibility, or “dustability,” of 
powders that are of interest in the present context (see also Chapter 3 and Section 7.4.2 
in Chapter 7). Dahmann and Mocklinghoff (2000), in the context of industrial hygiene, 
also described a method for testing the “dustability” of industrial powders. 

9.3.5 
PREVENT1NG 1GNITION SOURCES 

9.3.5.1 
Introductory Remarks 

Reference is made to the first column of Table 1.9 in Chapter 1.A considerable amount 
of fundamentalknowledge is available, as discussed in Section 9.2 with reference to the 
second column of Table 9.1. Generally any “ignition”process comprises a range of very 
complex subprocesses. Simple parameters, such as a minimum ignition energy or tem-
perature, are not true constants for a given dust but vary significantly with the geome-
try and other properties of the ignition source as well as with the state of the dust cloud. 

Maurer and Glor (1996) discussed the extent to which the minimum ignition energy 
of a dust, determined in a standard test, can be used as a basic criterion for selecting an 
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appropriate means to prevent accidental ignition of explosive dust clouds in industry. 
Schacke, Viard, and Walther (1996) proposed some basic concepts to facilitate dust 
explosionprevention and control when designing and running a chemicalprocess plant. 
Identifying, knowing, and eliminating possible ignition sources is of prime concern. 
Maximum benefit is obtained if this concern is taken into account from the early design 
phase, during which it can also be decided whether further measures, such as inerting 
and venting, are required. Klais and Niemitz (1996) addressed the specialproblems aris-
ing, and the precautions to be taken, when semi-stable chemical substances capable of 
reacting or decomposing exothermally, even in the absence of oxygen from the air, are 
exposed to thermal or mechanical loads in drying and grinding operations. Substances 
that may show this behavior include azide, azo, and di-azo compounds;hydrazine; per-
oxides; nitro and nitroso compounds; epoxides; and some nitrates. 

9.3.5.2 
Self-Heating, Spontaneous Combustion, and Smoldering Combustion 
in Dust Layers and Deposits 

Some research work up to 1990 is discussed in Section 5.2 in Chapter 5. Test methods 
are reviewed in Section 7.7 in Chapter 7. 

Gibson (1993a) gave a summary of methods for preventing ignition of powders and 
dusts in drying operations. Zockoll(1994a, 1996a, 1996b) described the development 
of a new system for early detection of self-heating and self-ignition in deposits of 
organic powders in spray dryers, based on detection of low concentrations of CO, in the 
1-10 ppm range, with particular reference to drying plants for milk powder production. 
It is important that the system supplier and the user work closely together to ensure an 
optimal systemdesign for any given application. Loebel(l996) described the design and 
installation of, and first experiencewith, a smolderingcoal fire detection system, based on 
a semiconductor gas sensor. A multisensor system for detection of gases developed by 
slow smoldering fires in lignite was described by Kohl and Kelleter (1996). H, and CO 
were monitored continuously, using electrochemical sensors, and it was found that the 
ratio of the measured concentrations of the two gases could provide information about 
the state of development of the smoldering fire. 

Zeeuwen (1999) outlined how critical conditions for self-heatingin stored bulk pow-
ders in industrial situations can be determined by employing suitable laboratory-scale 
test methods. 

Carson (1996) presented a systematic approach for characterizing the tendency of 
combustible dusts to self-heat and start burning spontaneously, comprising various 
laboratory-scale tests and mathematical models. The experimental methods included 
differential thermal analysis (DTA),thermogravimetricanalysis (TGA), isothermaloven 
tests, and adiabatic calorimetry. By means of this methodology, the critical conditions 
at which the actual dust begins to pose a threat of spontaneouscombustion can be deter-
mined. Matyukhina (1996) studied the self-heating and onset of spontaneous combus-
tion in coal deposits, taking into account both air penetration due to the pressure exerted 
by strong winds and the kinetics of slow coal consumption. 

Krause and Schmidt (1997)reported experimental studies of critical thermal conditions 
for the onset and sustained propagation of smoldering processes. Particularattention was 
paid to the critical initial temperature of an embedded hot solid body and the critical size 
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of an intial smoldering nest (see also Section 9.2.3). Krause and Schmidt (2002) studied 
self-ignition in deposits of five dusts in oxygednitrogen atmospheres containing less 
oxygen than air. They found that self-ignitioncould occur even with oxygen contents as 
low as 3-6 ~01%.This is in agreement with the findings of Walther shown in Figure 1.67 
in Chapter 1. 

Sweis (1998) and Reddy et al. (1998) studied the effect of admixed inert material on the 
minimumignitiontemperaturesof oil shale and tar sand (Sweis)and cod dust (Reddyet d.1. 
The hot-plate configurations used in the two investigations were different. El-Sayed and 
Abdel-Latif (2000)investigatedthe criticalhot-plate temperature as well as the criticalheat 
flux for ignition of layers of corn flour and a 80/20 mixture of wheat Born and corn flour. 
The effect of sample diameter and height was studied. Empirical correlations of the criti-
cal temperature for ignition, time to ignition, thermal properties, and geometrical dimen-
sions of the powder sample, were given. Lebecki et al. (2002) investigatedthe influence of 
the thickness of the dust layer on the minimum hot-plate temperature for ignition. 
Experiments with both constanthot-plate temperatureand constantheat flux were conducted. 

Tuomisaari, Baroudi, and Latva (1998) investigated suitable methods for fighting 
smoldering fires in silos, both experimentally and theoretically. By means of the rele-
vant heat and mass balance equations, combined with dimensional analysis, critical 
parameters were identified, including particle size and moisture content, but the theo-
retical analysis also revealed the great complexity of the problem. Some qualitative 
guidelines for fighting smoldering silo fires were given. To obtain quantitative guidelines, 
further studies would be required. 

Based 011 practical experience,Broechann (2001) discussedthe limitationsof infrared 
radiation detectors and low-concentrationCO monitoring systems for detecting “sparks” 
and open or smoldering fires in the process industries.Aspects to be taken into acount 
to ensure adequate performance of such systems were outlined. 

Garvalho, Gurgel-Veras, and Carvalho (2002) presented the results of an experimen-
tal study of smoldering processes in wood logs, both on a laboratory scale and in pre-
scribed forest burns. The main objective was to analyze the parameters that control 
initiation and sustained propagation of the smolderingprocess. 

Xu, Cui, and Xu (1993) found that very weak electric spark discharges, in the range 
0.1-1 .O mJ, can probably initiate smoldering combustion in layers of linen flax. Hesby 
(2000) ignited Layers of combustible dusts by showers of metal sparks generated by 
forcing rods of various metals against a grinding wheel. Parameters controlling the 
number and size of the sparks impacting on the dust layer included the contact pressure 
between metal rod and grinding wheel and the duration of the contact.A conclusionwas 
that it seems highly unlikely that steel spark showers from single accidentalimpacts can 
initate smoldering combustion in layers of dusts of natural organic materials. 

9.3.5.3 
Ignition of Dust Clouds by Hot Surfaces and Smoldering and Flaming Nests 

Work up to 1990 is reviewed in Section 7.8 in Chapter 7. 
Zockoll and Wiemann (1996) found that minimum ignition temperatures of dust 

clouds determined in the standard Godbert-Greenwald furnace were systematically 
about 100K lower than those determinedwith plane hot surfaces of areas up to 144cm2. 
Therefore, current requirements for maximum permissible surface temperatures of 
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apparatus in industry may seem unnecessarily conservative. Gummer and Lunn (2003) 
found that smoldering dust nests were poor ignition sources for most dust clouds, whereas 
flaming nests caused ignition more readily. 

9.3.5.4 
Ignition of Dust Clouds by Electrostatic Discharges 

A brief review of the various types of electrostaticdischargesis given in Section 1.1.4.6in 
Chapter 1. The book by Luttgens and Wilson (1997) is an excellent addition to the techni-
cal literatureon the electrostaticdischargeignitionproblem in practice.Analyses of a unique 
selection of practical case histories constitute a major and most useful part of the book. 

Wang and Lou (1994) discussed the electrostatic hazards in powder handling and 
storage in general and proposed methods for preventing or reducing this hazard. Rogers 
(1996a, 1999)summarized some guidelinesfor assessing electrostaticdischarge ignition 
hazards in plants containing explosibledusts and hybrid mixtures. Glor (1997) reviewed 
the electrostatic hazards in powder handling at large, and Glor (2001a) reviewed recent 
results from testing and research that should be accounted for when assessing the elec-
trostatic ignition hazard in industry. More recently, CENELEC (2002) issued a com-
prehensive “Code of Practice” for avoiding hazards due to static electricity, which 
contains specific sections dealing with explosible dust and powder systems and hybrid 
systems comprising both explosible dusts or powders and explosible gases. 

Hesener, Krause, and Schecker(1998) and Kraus, Luttgens, and Schecker (2001) devel-
oped an expert system to be used to identify hazards due to the possible occurrence of var-
ious types of electrostatic discharges in various process situations. The system, using 
CENELEC report R044-001 (the 1999 ed. of CENELEC, 2002) as the technical basis, 
covers explosive gases and vapors and mists, as well as explosible dusts. In the first phase 
of system development, availableknowledge was collected and structured systematically. 
In the second phase, the developmentthe systematized knowledge was implemented in 
the expert system.The system suppliesreferences to existing guidelines and regulations. 

Sun (1994) constructed a new type of electrostatic charge eliminator for charged 
powders pneumaticallyconveyed in pipes. The method was tested successfully in indus-
trial practice over a period of 1 year. 

Pratt (1994) presented three case histories in which electrostaticspark discharges were 
generated during pneumatic transport ofpowders. Dahn (1996) reviewed the electro-
static hazards involved in various systems for pneumatic transport of powders and 
dusts, including dilute phase, negative pressure systems and dense phase, positive pres-
sure systems. Taking adequate measures to reduce the dust explosion hazard requires 
knowledge of relevant process features and relevant physical and chemical properties 
of the powders and dusts. Gajewski (1997) determined the net electrostatic charge 
accumulatedin granulatedpolypropylenewhen being conveyedpneumaticallyin pipes, 
using an electrostatic, inductive noncontact measurement method. Laar (2001) dis-
cussed the practical circumstancesunder which various kinds of electrostaticdischarges 
can be generated during transport of combustible dust in permanent ducts and flexible 
hoses. Particular emphasis was put on circumstances leading to incendiary propagation 
brush discharges. Nifuku and Enemoto (2001) investigated the possibility of initiation 
of a malt dust explosion in a silo by an electrostatic discharge generated during pneu-
matic transportation of malt into the silo. They concluded that the charge accumulation 



Research and Development 6 17 

may, under certain circumstances, be sufficient to produce an incendiary electrostatic 
spark discharge. 

Glor (1996) discussed experiments in which electrostatic cone discharges were gen-
erated during pneumatic filling of a 50 m3 silo with powders and granules. The results 
indicated that the upper limit of the equivalent discharge energy of such discharges 
increases with the silo diameter to the power of 3.4 and the median particle/granule 
diameter to the power of 1.5. For a silo of diameter 3 m and granules of 3 mm diame-
ter, the maximum expected equivalent dischargeenergy amounts to 1J. For a silo diam-
eter of 1 rn and particles of 0.1 mm diameter, the corresponding value is only 0.1 mJ. 
Glor and Maurer (1996) and Glor and Schwenzfeuer (1997) discussed further evidence 
elucidating the conditions under which incendiary electrostatic discharges can be gen-
erated when bulk material is discharged into, say, a silo, forming a conical heap. Glor 
(2001b) gave a more recent review of the state of the arton the cone discharge hazard. 

Xu et al. (1996) found that clouds of fibrous organic dusts in air, such as of linen flax 
dust, could be ignited directly by electrical sparks from electrostatically charged non-
grounded metal plates of area at least 100 cm2,whereas charged plates of areas in the 
range 10-100 cm2may initiate combustion in deposited fibers. Electrostatic discharges 
from the dust itself does not give rise to ignition. 

The question of whether brush discharges can ignite dust clouds has been raised fre-
quently. Schwenzfeuerand Glor (1996) studiedthe incendivity of electrostatic brush dis-
charges indirectly,by dischargingthem to ground via a spark gap located in the dust cloud 
to be ignited. But, observation of ignition in this kind of experiment does not imply that 
the brush discharge used would have been able to ignite the dust cloud in 
directly.As a result of this argument, Schwenzfeuerand Glor (1997) developed an alter-
native experimentalmethod for generating brush discharges, which made it possible to 
expose the explosive dust cloud to the brush discharge directly. In a later paper, 
Schwenzfeuer and Glor (2001b) reported that they had not been able to ignite dust clouds 
directly with brush discharges, but these findings were not conclusive. However>the 
experimentalinvestigationby Larsen et al. (2001a, 2001b)provided the missing evidence. 
These workers were, in fact, able to ignite clouds of sulfur dust in oxygen-enriched air 
by true brush discharges, which demonstratesfor the first time that brush discharges can, 
in principle, ignite dust clouds. However, Larsen et al. were unable to ignite clouds of 
sulfur in air only, despite numerous attempts. Because of the very low minimum igni-
tion energy of clouds of sulfur dust in air, this may suggest that brush dischargeignition 
of clouds in air of even the most ignition-sensitivedusts is unlikely. 

Dahn and Dastidar (2002) developed a new test method for investigating the ability 
ofpropagating bruslz discharges to stir up and ignite a layer of fine combustibledust on 
a electrically charged insulating surface backed by a grounded conductor. 

The special problem of electrostatic discharge hazards in connection with industrial 
use of jexible intermediate bulk containers (FIBC), often named big bags, was dis-
cussed by Rogers (1994) and by Dahn, Reyes, and Kashini (1994). Glor, Mauer, and 
Rogers (1995) and Glor (1998) discussed further developments in assessing the elec-
trostatic dust explosion hazards associated with powder-dust handling and packaging. 
New results from tests during filling flexible big bags were presented. This information 
allows the implementation of a systematicprocedure for evaluatingpotential electrostatic 
hazards with various products and under various operational conditions. Blum et al. 
(2001) discussed appropriate labeling of FIBSs to be used in areas where explosive 
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atmospheres can be generated. Glor and Schwenzfeuer (2001) and Schewenzfeuer and 
Glor (2001a) discussed further evidence facilitating the assessment of the hazard of 
electrostatic discharges igniting explosive dust clouds at large, and particular attention 
was paid to brush and cone discharges in powder storage systems including silos and 
FIBCs. 

9.3.5.5 
Ignition of Dust Clouds by Glowing or Burning Particles 

A brief review is given in Section 1.1.4.5 in Chapter 1. Some research work up to 1990 
is discussed in Section 5.4 in Chapter 5. 

Jansson et al. (1998) emphasized the dust explosion hazard presented in some indus-
tries, such as the wood working industries, by burning and glowing particles. An exam-
ple of commercially available equipment to prevent ignition in industrial plants by this 
category of potential ignition sources was given by Kleinschmidt (personal communi-
cation with H.-P. Kleinschmidt,Fagus-GreCon Greten GmbH. and Co., Alfeld-Hannover, 
Germany, 1992),who presented a system for detection and extinctionof “sparks” in terms 
of flying burning or glowing particles. Jansson (personal communicationwith L. Jansson, 
Firefly AB, Huddinge, Sweden, 1993) presented an alternative system that offers an 
adjustable lower particle temperature limit of detection, down to 150°C.A multizone 
checkpoint system prevents false alarms and indicates the size of the hot object (single 
particle, several particles, or extensive flame). Depending on the detection temperature 
and the nature of the industrial process, detection of a hot object may give rise to either 
activation of an extinction system, closedown of the plant, or simply adjustmentof plant 
running conditions to prevent further hot object generation. Other “spark” detection and 
extinguishing systems have also been described, such as by T & B Electronic (1994). 

The interior of a turbo mill, a cross beater mill, a pin mill, a pinned disk mill, and the 
like can become an effective ignition sourcewhen aforeign body enters the mill together 
with the material to be milled and causes a dust explosion.This problem was addressed 
by Barth et al. (1995), with particular reference to small laboratory-scalemills. Such mills 
are normally naturally vented and sufficiently strong to withstand the modest overpres-
sures to be expected, should a dust explosion occur inside the mill. The problem is to 
eliminate the dust flame hazards associated with the venting of the system. Barth et al. 
proposed several solutions to solve this problem. 

9.3.5.6 
Miscellaneous Ignition Sources 

Proust (1996b) investigated experimentally the extent to which a beam of laser light is 
able to ignite an explosive dust cloud. He found no generally valid correlation between 
the ease with which a dust cloud could be ignited directly by a laser beam and the min-
imum electrical spark ignition energy of the same dust cloud. He also found that the 
probability of a given laser beam igniting a given dust cloud increased markedly if igni-
tion occurred indirectly, via a small solid target inside the dust cloud that was heated 
by the laser beam. Zevenbergen et al. (1996) tried to determine the actual minimum 
amount of energy that had to be transferred to an explosive dust cloud from a laser beam 
to cause ignition. For clouds of lycopodium in air, the laser energy required, obtained 
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by calculation (280 mJ), was considerably higher than the minimum ignition energy 
obtained by direct experimentationusing electric sparks (3-7 mJ). 

9.3.5.7 
Design of Electrical Apparatus for Areas Containing Combustible 
Dusts, to Prevent Ignition by Such Apparatus 

This topic was addressed only very briefly in the two preceding editions of this book. 
Therefore, in this edition, an updated comprehensive discussion is given in the new 
Chapter 8. 

9.3.6 
EVENTING EXPLOSIVE DUST CLOUDS 

9.3.6.1 
lnerting by Adding Inert Gas 

This can be accomplishedby adding inert gases such as nitrogen or carbon dioxide to 
reduce the volume percentage of oxygen in the atmosphereto a level at which the dust 
cloud can no longer propagate a self-sustainedflame. Discussionof alternativetechniques 
adopted in practice is given in Section 1.4.3.1 in Chapter 1.A fair amount of data exists 
on the maximum permissible oxygen content in the atmosphere for inerting (see Table 
A.2, Section 1.3.6in Chapter 1,and Section 7.19 in Chapter 7). However, there is room 
for improving the test methods by which such data are obtained. 

Glor and Schwenzfeuer (1996) determined the limiting oxygen content in the atmo-
sphere, below which a cloud of a given material suspended in that atmosphere is not 
ignited, as afunction of the energy of the ignition source. It was found that the limiting 
oxygen contents with electrostatic discharges or impact sparks as ignition sources are 
significantly higher than the absolute limit (LOC) determined in standard tests, using a 
very strong pyrotechnicalignition source. Schwenzfeuer,Glor, and Gitzi (2001)extended 
these studies to cover a much wider ignition energy range than in the previous studies, 
from 1 mJ to 10kJ, and a total of nine dusts.All the data could be represented by a single 
equation expressing the critical concentration of oxygen for inerting the actual dust 
cloud, as a function of the actual ignition energy (E)and the MIE of the actual dust in 
air determined in the standard test. 

Most LOC data are for atmospheric pressure and normal temperature. Data for other 
conditions, in particular for elevated temperatures and pressures, are sometimesrequired, 
and adequate test methods should be developed. Glor (personal communication with 
M. Glor, Ciba-Geigy AG, Basle, Switzerland, 1993)determinedmaximum permissible 
O2 contents for inerting clouds of coal dusts at elevated temperatures and pressures. 
Wolinski and Hayashi (1993) determined standard explosibility parameters of dusts of 
various rare metal alloys in air containinghalon-1301 and additionalnitrogen. Theories 
for flame propagation limits (see previous discussion with reference to the third column 
of Table 9.1) would be useful even in this context, and their development should be 
encouraged. Krause, Weinert, and Wohrn (1993) proposed a simplified, quite approxi-
mate method for first-order estimation of the minimum oxygen concentrationfor flame 
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propagationin dust clouds. Maddison (1993) summarized some importantaspects of inert-
ing powder-handling plants using nitrogen, carbon dioxide, and other inert gases. 

Gao et al. (1994) described a new system for injection of pulverized bituminous coal 
into a blast furnace for steel production, of which nitrogen inerting constitutes a central 
safety measure. Full or partial (see Section 9.3.7) inerting by inert gas also constitutes 
a primary element in the strategy for reducing the coal dust explosion hazard in melted 
slag reduction furnaces, as outlined by Wang, Zhang, and Liu (1994). 

While reducing the oxygen content in the atmosphereprevents dust explosions, it can 
introduce a suffocationhazard. However,research has shown that adding a few vol% C02 
to the gas mixture reduces the critical oxygen threshold for suffocationconsiderably.An 
inert gas mixture (INERGEN)utilizing this effect has been marketed by Dansk Fire Eater 
A / S  (1992). Further work to identify gas mixtures that keep the dust cloud inert without 
presenting a suffocation hazard would be welcomed. 

Pellmont (2001)presented a cost-effectivesolutionfor protecting a solvent-freesewage 
sludge drying plant against dust explosions, based on inerting by means of nitrogen. 

Wilen et al. (1998) conducted gas inerting experiments with biomass dust clouds at 
elevatedinitial pressures,ranging from 5 to 18bar. Contrary to what was found with coals, 
these experiments revealed an increase of the limiting oxygen concentration (LOC) for 
inerting with increasing initial pressure. 

9.3.6.2 
lnerting by Adding Noncombustible Dust 

This method is not generally applicable, because the inert dust in most cases causes unac-
ceptable contamination. However, there are cases where the dust or powder processed 
is already a mixture of combustible and noncombustible dusts and control of the com-
position ensures that dust clouds are nonflammable. It is then essential to avoid segre-
gation of combustible and noncombustible components, throughout the process (see 
Section 1.4.3.3 in Chapter 1, Section 7.20 in Chapter 7, and Table A.3). 

Zhang, Zhao, and Shi (1994) studied the possibility of preventing grain dust explo-
sions in grain storage facilities by adding talc powder to the grain stream. The method 
works, as far as explosion prevention is concerned, but the health and hygiene aspects 
require careful consideration.Mintz et al. (1996) were concerned with inerting of clouds 
of metal dust in a particular application where this inerting method is, in fact, applicable. 
Tests were carried out using mixtures of 50:50Al-Mgdust,A1 dust, and 70:30 Mg-Ca dust, 
respectively, and MgO dust, which was the inertant. The results indicated that between 
70 and 75% of fine MgO dust was required to completely inert the 50:50 A1-Mg dust. 
This is in the same range as the levels of rock dust needed for coal dust inerting. Use of 
a coarser MgO dust raised the fraction of MgO required for inerting. 

Amyotte, Mintz, and Pegg (1995);Dastidar,Amyotte, and Pegg (1997); Dastidar et al. 
(1998); Dastidar and Amyotte (1999);and Chatrathi and Going (2000) determinedexper-
imentally critical mass ratios and dust concentrations in mixtures of combustible dusts, 
mostly coal and solid pulverized suppressants,for rendering clouds in air of the mixtures 
nonflammable.Various factors that might influencethe test results were subject to special 
investigation.For example,Dastidar et al. (1998) encountered some disagreementbetween 
results from a 20 liter and a 1 m3test chamber. Further work to resolve this problem was 
undertaken by Dastidar et al. (2001).Dastidar andAmyotte (2002) conductedexperiments 
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in a 20 liter closed bomb to determinethe minimum fraction of fly ash that had to be added 
to a 36% volatiles Pittsburgh coal dust to render clouds of the mixtures nonexplosive.The 
results showed that the minimum fraction required decreased with increasing fineness 
(decreasingparticle size) of the fly ash. Hamdan and Qubbaj (1998)investigatedthe effect 
of calcium carbonate, stone dust, and clay dust for inerting oil shale dust. 

9.3.6.3 
Dust Concentration Below the Minimum Explosive Concentration 

Keeping the concentration of dust in the cloud below the minimum explosive concentra-
tion is a third means of maintaining dust clouds nonexplosive. The practical use of this 
method is discussed in Section 1.4.3.2 in Chapter 1. The method requires reliable moni-
toring ofthe actual dust concentration. The work by Hauert et al. (1994)is importanteven 
in this context. Zockoll (1994b) described an apparatus, based on infrared light attenua-
tion, for determining dust concentrations of clouds generated in various industrial situa-
tions. Typical measurement results were reported, demonstrating the feasibility of the 
method. Shao Fuqun and Wang Shi (1994) reviewed some nonintrusivemethods for meas-
uring the dust concentration in dust clouds, primarily in pipes and ducts. Xu et al. (1994) 
proposed a systematic method for estimatingthe dust explosion hazards in industrialplants 
based on estimatingthe expected dust concentration.The method implies an empiricalrela-
tion between local dust concentration and the local rate of dust deposition from the cloud 
(mass/(time.area)).The properties of the dust emission source must be known. It is also 
necessary to know the minimum mass of dust deposit per unit of surface area required to 
maintain self-sustaineddust cloud combustion along the surface.Furthermore,the assump-
tion that entraineddust will become distributedevenlythroughoutthe available space may 
not alwayshold. For example, a thin dust layer on a floor may be dispersedintojust a shal-
low, {densedust cloud close to the floor,through which the flame can sweep along the floor. 
The conditionsrequired for producing this kind of self-sustainedshallow sweepingflames 
need to be investigated further in the context outlined in the first column of Table 9.1. 

Xu, Zheng, and Xu (1993b) found that the minimum explosive concentration (MEC) 
of linen$ax dust in air was independent of particle size up to about 100 pm. For larger 
particles, a systematic increase of MEC with increasing particle size was found. Mittal 
(I993) discussedvarious mathematicalmodels for calculatingminimum explosive con-
centrations of dust clouds. 

9.3.6.4 
Minimum Hazardous Mass of Dust 

Wolanski (1994) suggested that the concept of “minimum hazardous mass of dust” be 
introduced in the evaluation of dust explosion hazards in practice. This parameter is 
defined as the minimum mass of the actual dust that can generate a d3st explosion of 
destructive strength. The parameter is not a constant for a given dust but depends also 
on the characteristicsof the actual enclosure in which the explosiontakes place. The basic 
idea is as follows: A quantity of dust, unable to generate a cloud of concentration above 
the minimum explosivevalue, when being dispersed evenly throughout the entire enclosure 
volume, can present a significant explosion hazard when being dispersed in the enclo-
sure as a smaller, and correspondingly denser, cloud. 
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9.3.7 
PROTECTIVEAND MITIGATORY MEASURES 

9.3.7.1 
Various Measures 

Lunn (1999) and Lunn et al. (2001) discussed important additional aspects requiring con-
sideration when implementing various concepts for dust explosion protection in prac-
tice. Examples are the use of dejector plates for guiding blasts and flames expelled 
from dust explosion vents in a safe direction, accountingfor vent cover inertia andpres-
sure losses in vent ducts when assessingrequired vent areas, and essential considerations 
when complex systems of process equipment connected by pipelines or ducts are to be 
protected. Siwek (2001) presented new German guidelines for dust explosion venting 
at large and special guidelines for protecting fluidized bed installations. 

9.3.7.2 
Full Confinement by Using Explosion-Pressure-ResistantProcess Equipment 

An outline of this concept is given in Section 1.4.5in Chapter 1.The applicabilityof the 
concept is limited due to high equipment costs. However, the method is used in some 
special cases, for example, when the powder or dust is highly toxic and reliable con-
finement is absolutelynecessary. Current experimentalmethods allow sufficiently accu-
rate prediction of maximum explosion pressures in simple vessels with point source 
ignition. It should be pointed out that closed-bomb explosion test data for elevated ini-
tial pressures may be of limited value for predicting maximum explosion pressures in 
the case of complex dynamic pressure development, such as in pressure-pizing situations. 

There is considerable room for further improvement in the design of pressure-resistant 
process equipment,with respect to minimizing its heaviness.The German concept of pres-
sure-shock-resistantdesign should be developed further. Crowhurst (1993b) has a useful 
overview of the state of the arton design of equipment to withstand a given internal over-
pressurecausedby a fully confinedor vented explosion.Bartenev,Gelfand,and Frolov (1993) 
developed a mathematical model for the failure of a process vessel subjected to an internal 
exothermic,comparatively slow, process creating an overpressure by which the maximum 
initial velocities of fragments or vent covers may be estimated. Bartenev et al. (1994) 
extendedthis work to the case where the pressurized vessel is filled with dust. Experiments 
revealed that the presence of dust can have a significanteffect on the pressure development 
inside the bursting vessel and on the kinematic parameters of the ejected fragments. 

Design of protective measures to handle dust explosions at elevated initial pressures 
requires special consideration. Garcia-Torrent and Menkndez (1993) found that the pro-
portionalitybetween initial and finalpressurefound previouslyin s m d  laboratory-scaleves-
sels (see Section 1.3.8in Chapter 1)also holds in vessels of 1 m3volume, at least up to 12 
bar initial pressure. In later investigationswith various coals, Dennison et al. (1995) and 
Conde-Lazaroand Garcia-Torrent(1998,2000) confirmed the proportionalitybetween ini-
tial pressure and maximum explosion pressure in closed vessels up to 20 bar initial pres-
sure. This proportionality was also confirmed for biomass dusts by Rautalin and Wilen 
(1996)and Garcia-Torrent et al. (1998).Pilao,Ramalho,and Pinho (2002) studiedthe influ-
ence of the initial pressure of clouds of cork dust in airon the maximum explosion pressure 
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and the maximum rate of pressure rise generated in a closed 23 liter explosionbomb. It was 
found that both parameters increasedlinearlywith the initialpressure. Pilao et al. also found 
that the minimum explosivedust concentration increased linearly with the initial pressure. 

9.3.7.3 
Explosions in Systems of Interconnected Process Units: Explosion Isolation 

The objective of explosion isolation is to prevent dust explosionsfrom spreading from the 
primary explosion site to other process units, workrooms, and the like. An outline of the 
explosion isolation concept is given in Section 1.4.4in Chapter 1.A basic understanding 
of flamepropagation and pressurebuild-upin coupled process equipment(“interconnected 
vessels”)is required for specificationof performancecriteria of various types of active and 
passive isolation equipment. Wingerden and Alfert (1992),Wingerden et al. (19941,and 
Wingerden, Pedersen, and Eckhoff (1995)reported on dust explosion experiments in a 
system of two vented vessels connected by a duct. They found that the passage of flame 
from the primary ignition vessel through the duct and into the second vessel could result 
in substantially higher explosion pressures there than would have occurred in a single 
vented vessel of the same size and vent area. The combined reasons for this were pressure 
piling, jet-initiated high initial turbulence, and turbulentjet ignition in the second vessel. 

Further extensive and most valuable large-scale experimental work in this area was 
reported by Lunn (1992a,1996),Lunn et al. (1996), and Holbrow, Andrews, and Lunn 
(1996). These investigations comprised dust explosion experiments in various systems 
of interconnected vessels of volumes ranging from 2 to 20m3. Both vented and fully 
enclosed systems were studied. The experiments confirmed the findings of Wingerden 
and Alfert (1992)and Wingerden et al. (1995).In fully enclosed systems, significantpres-
sure piling effects, yielding maximum explosionpressures approaching 20bar&), were 
observed in some experiments.It was also found that the pressure in the primary vessel 
could rise to higher values than expected for single vessels, but to a lesser degree than in 
the secondary vessel. The combined effects depended on the connecting pipe diameter, 
the pipe length, the vessel volumes and their ratio, in which of the two vessels the explo-
sion was initiated, the explssibility of the dust, and the vent areas of the two vessels. 

Holbrow, Lunn, and Tydesley (1999)summarized the status on this problem and pre-
sented coherent quantitative guidance for design of interconnected process equipment, 
focusingon the two protectiontechnologies-explosion containmentand explosionventing.
Vogl(1994)presented further results from a comprehensiveexperimentalprogram in 

Germany on propagation of dust explosions in interconnected process systems (see 
Section 4.4.7and Figure 4.66in Chapter). Pipe lengths up to 48m and pipe diameters 
up to 200 mwere used. The influencesof a range of experimentalparameters on the flame 
speed and explosion pressure were studied: initial air velocity in pipe, pipe diameter, 
ignition source location, dust concentration in pipe, and the K,, value of the dust. Vogl
(1996)presented results from further experimental studies of the propagation of dust 
explosions in a system consisting of a 9.4m3 vented vessel into which powder or dust 
was conveyed pneumatically at up to 30m / s  through a 25m long pipeline and immedi-
ately extracted pneumatically from the vessel and conveyed further, through another 20 
rn of pipe, to a cyclone collector.The test dusts were corn starch and wheat flour. With 
corn starch, flame speeds of 600m / s  were observed in the pipeline. Further aspects of 
this research program, in particular the prediction of flame speeds in pipes and ducts, were 
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discussed by Roser et al. (1999), whereas Vogl and Radandt (2001, 2002) presented 
new experimental data on minimum pipe diameters for transmission of dust explosions 
from one process unit to another. It was found that dust flame transmission could occur 
in pipes of surprisingly small diameters. For example, with a wheat flour of Ks, = 100 
bar.m/s, the dust flame was able to propagate through a 27 mm diameter pipe of at least 
12m length. Based on another extensive series of experiments,Roser et al. (2001) devel-
oped empirical correlations for predicting the time that a dust explosion in a process unit 
of a given volume would need to propagate through a given distance of a duct of a given 
diameter connecting the process unit to another, neighboring unit. Knowing this time is 
critical in the design of effective explosion isolation systems to be installed in pipes and 
ducts connecting to process units in which dust explosions can occur. 

Wiemann and Faber (1996) studied experimentally the propagation of dust explosions 
in a fully closed, coupled system consisting of a 1 m3vessel and a 5 m3vessel connected 
by a 10m long straightpipe of internal diameter 400,200, or 100mm. Considerablepres-
sure piling effects were observed, and with maize starch, with ignition in the 5 m3vessel, 
a maximum pressure of nearly 18 bar was observed in the 1 m3vessel. Kubainsky et al. 
(2001)presented results from a series of full-scale experiments,which showed that a dust 
explosionin a vented filter enclosure can give rise to substantial dust flame propagation 
back into the upstream raw gas duct, in the direction oppositethat of the normal raw gas 
flow into the filter, It was concluded, therefore, that, in such systems, the installation of 
effective explosion isolation equipment in the upstream raw gas duct is required. 

Various passive and active techniques for interruptingexplosions in pipelines have been 
developed, but there is room for further improvement. If adequate performance can be 
achieved,passive techniques are clearly more attractive than active ones. Zellweger (per-
sonal communication with J. Zellweger, Rico-Sicherheitstech, St. Gallen, Switzerland, 
1992)described work to improvepassive and active isolation valves of the VENTEX type. 
Closing times (from sensing of the explosion to valve is fully closed) down to 12ms were 
obtained for active valves. A simplifiedVENTEX valve, operating in one direction only, 
has also been developed. Passive explosion interrupters and diverters based on venting 
at a 180"bend have been in use for some time. However, therc is a need for further explo-
ration of the potential and limitations of this attractive, simple principle of explosion 
isolation. A new low-pressure-drop design of this kind of diverter was described by 
Alfert and Fuhre (1992) and Wingerden and Alfert (1992). Glor (personal communica-
tion with M. Glor, Ciba-Geigy AG, Basle, Switzerland, 1993)reported on work on the 
performanceof explosionbarriers in ducts connectedto vessels with venting or automatic 
explosion suppression. Klincewicz and Kordylewski (1993) described a new design of 
an active explosion diverter for interrupting explosionsin pipelines. The new design avoids 
the pressure drop created in normal operation by passive divertersbut requires active txig-
gering. Moore and Siwek (1996) investigated experimentallythe performance of automatic 
explosion suppression systems for interrupting explosions in pipelines and ducting 
between process units. Some quantitative design guidelines were given. 

Cybulskiet al. (1994b),Lebecki et al. (1998,2000, 2001), developing systemsfor inter-
rupting coal dust explosions in coal mine galleries, used solar panels for automaticdetec-
tion of the coal dust flame and simultaneous actuation of water barriers. The water was 
contained in plastic bags or containers,opened by a detonating cord or charge triggered 
by the flame-generated power from the solar panel. 

Siwek (1996c), in a comprehensive paper covering both dust and gas explosions, 
reviewed the wide range of isolation techniques available for preventing dust explosions 
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from propagation from one process unit to neighboring units (see Section 1.4.4 in 
Chapter 1).The paper also provided some quantitative design guidance. Faber (1999) 
discussedthe various types of active and passive explosionisolationtechnologies in use. 
These can be grouped in three main categories: complete isolation devices, pressure wave 
interrupters, and flame interrupters. For some applications,the different concepts can be 
combined. Xu et al. (1996) investigated experimentally constructive measures, that is, 
vents in the pipe wall and flame arrestors inside the pipe, for mitigating or interrupting 
dust explosions in pipelines for pneumatic transport of coal powders. 

9.3.7.4 
Partial lnerting by Inert Gas 

This relatively new, promising concept for mitigating dust explosions deserves further 
attention. The idea is that, as the oxygen content in the atmosphere is decreased, there is 
a systematic decrease of both ignition sensitivity and combustion rate of the dust cloud. 
Some data illustratingthis are given in Section 1.3.6in Chapter 1.In some cases, the explo-
sion hazard may be reduced substantiallyby only a moderatereduction in the oxygen con-
tent. Section 6.6 in Chapter 6 provides a philosophical basis for reducing explosion vent 
areas by partial inerting. More research seemsnecessary to establish correlationsbetween 
the oxygen content in the gas phase and ignitability and explosibility parameters of dust 
clouds. Some data were produced in thejoint European researchprogram CREDIT (1995), 
focusing on the influence of oxygen content of the atmosphere on the minimum spark 
energy and hot-surfacetemperature for ignition of dust clouds. 

Zeeuwen et al. (1996) confirmed experimentally that even modest reductions in the 
oxygen concentration in the atmosphere by partial inerting can increase the minimum 
ignition energies of dust clouds substantially. The minimum ignition temperatures of 
clouds and layers were found to be less sensitive to reductions in the oxygen content. 
The effect of partial inerting on the explosion violence (important for full confinement, 
venting, suppression, and isolation) was not investigated in this study. Glor and 
Schwenzfeuer(1996,1999) provided further informationon the influence of the oxygen 
content in the atmosphere on the minimum ignition energy of dust clouds. Devlikanov, 
Kuzmenko, and Poletaev (1995) found that, for clouds of nutrient yeast dust in mixtures 
of air and nitrogen, the explosionviolence index k,, was a linear functionof the percentage 
of oxygen in the gas phase. 

Schacke and Walther (1998) suggested that partial inerting may, in fact, also be a 
useful concept in preventing gas and vapor explosions. In some cases, it may be possi-
ble, by using only modest quantitiesof inert gas, to reduce the ignitionsensitivityof the explo-
sive atmosphereto a level at which marginal potentialignitionsources,like electrostaticbrush 
discharges and single metal sparks, are no longer able to cause ignition. Conde-Lazaro 
and Garcia-Torrent (1998, 2000) carried out a series of partial inerting experiments at 
12bar initial pressure, in a demonstrationPFBC pulverized coal power plant. The effects 
of adding inert gas and inert dust (see below) were investigated. 

9.3.7.5 
ExplosionVenting 

This widely used protective method is explained and discussedin Section 1.4.6in Chapter 1 
and in Chapter 6. 
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In spite of extensive research and development, dust explosion venting remains a 
complex and in part controversial subject.The key issue in explosion vent arrangement 
design is vent area sizing, and a thorough understanding of flame propagation processes 
in dust clouds is essential for proper appreciation of the challenges encountered in 
designing optimal venting arrangements for industry. 

Useful reviews of various aspects of dust explosion venting in practice were given by 
Scholl (1992), Lunn (1992b, 1992c), Siwek (1996b), and Grosskopf (2002). Siwek 
(1996d, 1998): covering gas explosion venting as well, reviewed material that has in part 
been the basis of the most recent draft edition of the German VDI 3673 guideline. This 
guideline,in turn, has been a major input to the dust part of the venting guideline issued 
by the European Union technical committee TC 305. 

The basic understanding of flame propagation processes inside and outside vented 
enclosures is still unsatisfactory. This implies that neither the processes by which dust 
clouds in vented enclosures are generated nor the way in which the clouds bum are suf-
ficiently well understood. Consequently,adequate venting theories do not exist, and one 
must rely on experiments. However, during the last two decades, the need for  a diferen-
tiated approach to assessment of vent area requirements, in view of the different turbu-
lence levels, degrees of dust dispersion,and concentration distributions of dust clouds that 
occur in practice, has gradually become accepted. Eckhoff (1993b) discussed this prob-
lem with particular reference to venting of large silo cells. Deng et al. (1993b) conducted 
vented maize starch explosions in a 95 m3vertical experimentalsilo of LID =3. The vent 
was located in the silo roof. The vent area required for keeping the maximum explosion 
pressure below a predeterminedvalue was considerablysmallerthan that predicted by the 
1979VDI venting code. Hoechst, Leuckel, and Eibl(l993) conducted systematic maize 
starch/air explosion experiments in a top-vented silo of volume 50 m3 and LID =4. Both 
dust concentration and initial turbulence (prior to ignition) were monitored. Both the dust 
injectionprocess and the ignitionpoint location were varied. Flame propagation and pres-
sure buildup during the vented explosion were measured. Comparativeexperiments with 
methane/& in the silo were also performed.Hauert (1996),Arnold et al. (2001), and Hauert 
et al. (2001) presented the results of a series of large-scale wheat and maize dust explo-
sion experiments in a vertical 12 m3top vented silo of LID = 3. They found that horizon-
tal pneumatic dust injectiontangentially at the silo top gave considerably lower maximum 
pressures for a given vent size, than both pneumatic dust injection vertically downward, 
and dust injection by the traditional VDI pressurized-nozzle technique. Both turbulence 
intensities and dust concentrations in the experimental dust clouds were measured. 

A similar trend was found by Zockoll et al. (ZOOl),who performed controlled vented 
dust explosion experimentsin a hammer mill grinding plant, as used in the animal feed 
industries. Their overall conclusion was that, in a real plant, the vent areas required to 
ensure given maximum reduced explosion pressures were substantiallysmaller, typically 
by a factor 3-4, than those specified by the VDI-3673 guideline. This is not surprising 
in view of the extensive discussion of these effects given in Chapter 6. Holbrow, Lunn, 
and Tyldesley (2002) reported results from a comprehensive experimental program on 
venting of dust explosions in full-scalebucket elevators. Both a single-leg elevator (total 
height about 25 m) and a twin-leg elevator (total height about 18 m) were used in the 
experiments.A number of vent openings were distributed along the length of the eleva-
tors. The dusts used were a milk powder and three different types of corn flour. On the 
basis of the results obtained recommendations were given for design of vent arrange-
ments for bucket elevators in industrial practice. 
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Tamanini and Valiulis (1996) presented an improved version of the VDI and NFPA 
(National Fire Protection Association, United States) guidelines for sizing of dust explo-
sion vents. The improvement was achieved by systematizing the data in the context of 
a simplified physical model of the vented explosion. In this way, it was possible to obtain 
approximate predictions of the effects on the required vent area, of elevated initial pres-
sure, deflagrations in only part of the enclosure volume, vent ducts, and inertia of the 
vent cover (panel). 

A similar, more recent contribution was made by Ural (2001), who developed a uni-
fied formula for vent sizing covering all cases within a restricted domain. The restric-
tions were LID close to 1, the entire volume filled with turbulent explosive dust cloud, 
atmospheric initial pressure, vent cover opening pressure much greater than the maxi-
mum pressure in vented explosion, and negligible inertia of the vent cover. For these con-
ditions, Urd  was able to correlate available data, using two basic dust parameters: the 
burning velocity of the turbulent dust cloud under the prevailing conditions and the 
constant-pressure expansion ratio for combustion of the dust cloud in question. For a 
given dust, the two parameters were derived from the pressure-versus-time data ob-
tained in closed-bomb tests with that dust. 

GEN (2002) prepared a new standard for design of dust explosion venting systems, 
which, in principle, opens up a diffentiated approach to vent sizing that accounts for the 
variations in dust cloud structures encountered in practice in industry. In most practical 
cases, this will result in more liberal vent area requirements than those of some previ-
ous rigorous standards, as discussed by Eckhoff (2003). 

In CEN (2002) this is expressed (slightly modified) as: 
In situations of moderate or low cloud turbulence, and in situations where non-homogeneous dust 
clouds or low dust concentrations are the norm, the standard procedure for assessing the explosion 
violence of the dust is likely to overstate the explosion hazard. In such circumstances a reduced vent 
area can be used, based on either published or new experimental data obtained form representative 
vented explosion trials. 

A main conclusion from an experimental study on venting of gas explosions by 
Alexiou, Andrews, and Phylaktou (1996) is no doubt also applicable to dust explosion 
venting: From the point of view of minimizing the pressures from accidental explosions 
in vented elongated enclosures, the vent area should be distributed on several vent 
openings, spread out throughout the length of the enclosure. A main issue is then to min-
imize the distance from any possible point of ignition to the nearest vent opening. 

Molkov et al. (1993) studied experimentally the influence of the inertia of the vent 
cover, on the gas dynamics of the venting process. Good agreement was obtained between 
pressure-versus-time traces from experiments, and corresponding traces obtained using 
the numerical simulation code DYNAMICS. Fan Xisheng and Li Li Wu Jianxing (1994) 
studied, theoretically as well as experimentally, the influences of details of the mounting 
flange arrangement on the static bursting pressure of bursting panels and membranes.They 
observed two distinctly different bursting patterns, bursting of the membrane in its cen-
tral region and bursting along the edge. Based on the results from their large-scale exper-
iments Hoechst and Leuckel(1996) reported that increasing the masshnertia of the vent 
cover does not necessarily cause an increase of the maximum explosion pressure in vented 
eaaclolsure.Complex interactions of increased flow rates causing increased turbulence and 
combustion rates, and hence increased rates of pressure rise, inside the vented enclosure 
can explain this. Faber (1996) also discussed the influence of deviations from ideal per-
formance of vent covers (immediate complete opening of vent at PShJon the required vent 
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area. By introducing a vent opening efficiency factor 0 < EF<1, Faber defined the rela-
tion between the vent area for ideal covers,AE,and the area actually required,A,, as A, = 
AE/EF.Tamanini (1996~)presented a model of the effect of the inertia of vent covers, on 
the efficiency of the venting process, based on a simplified lumped-parameter approach. 

A further dimension of complexity is added to the venting problem if the initial pres-
sure (or temperature) deviates from atmospheric.Results from venting ofdust explosions 
in air of elevated initialpressure were reported by Siwek, Glor, and Torreggiani (1992). 

In dust explosion venting, maintaining the integrity of the enclosureis not the only con-
cern. Venting implies that both pressure waves andflames are emitted into the surround-
ings; and this may present a hazard, depending on the size of the emitted flame and the 
magnitude of the blast wave. Crowhurst, Colwell, and Hoare (1994) and Crowhurst et al. 
(1995) reported from a series of large-scaleventing experiments (40 m3and 20 m3)where 
external blast waves and flame lengths were determinedand compared with existing empir-
ical correlations. Schumann and Rastogi (1995) presented further data of lengths and 
velocities of the flames expelled from the vent of a 1 m3vessel in the case of dust explo-
sions in the vessel. Peng et al. (1994) developed a labyrinth-type flame arrester for miti-
gating flame and pressure and pressure effects from dust explosion venting. Experiments 
with a 2.7 m3vented enclosuresuggested that this arrester concept works satisfactorily for 
Stl dusts. The maximum explosion pressures in the vented enclosure, with the arrester 
mounted in the vent, were only a few percent higher than the pressures without the arrester, 
whereas both flame and pressure effects were substantially reduced. As a part of an exten-
sive program of large-scale vented dust explosion experiments, Crowhurst et al. (1996) 
investigated the characteristicsof explosionpressures measured around complex structures 
near the vented explosions.They were able to suggest some empirical equations for esti-
mating expected pressures in various locations relative to the vented enclosure. 

Forcier and Zalosh (2000) reviewed various correlationsof experimentaldata that have 
been developedfor estimating externalpressures to be expected from vented dust and gas 
explosions.In addition, they explored the possibility of applying approximate spherically 
symmetric and elipsoidal blast wave models.The results indicatethat the simplifiedmodels 
can produce predictions in good agreement with the more complex data correlations. 

Harmanny (2001) reexamined some existing guidance on blast emission into the sur-
roundings by vented dust explosions, by taking into account a well-established rela-
tionship predicting blasts from vented underground ammunition storage explosions. 
Existing guidance tends to overestimate the near-field blast effects and underestimate 
the far-field effects. The predictions according to the revised approach are in con-
siderably better agreement with experimental data than predictions by the existing 
guidance. 

Holbrow, Hawksworth, and Tyldesley (2000) described a research project studyingthe 
effects of thermaE radiation from vented dust explosion flames. The objective was to 
establish critical borderlines around a dust cloud fireball, beyond which the thermal 
radiation would no longer be a risk to people. Dust explosions were created in a large 
vented vessel, using six dusts and a range of different experimentalconditions,and the 
thermal radiation pulse from the fireball expelled from the vessel was measured at var-
ious distances from the fireball. 

Li et al. (1994) presented a new version of the @pipe, which was first developed in 
Norway (see Section 1.4.6.6 in Chapter 1),in which the conventionalbursting diaphragm 
had been replaced by a reusable vent cover. This solution is of interest in situations 
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where the expected frequency of explosions is comparatively high. Emde and Penno 
(1996) discussed further improvements of the design of Q-pipes for flame-free dust 
explosion venting, allowing a significant reduction of the size of the Q-pipe, for main-
taining a given Predwith a given vent area, compared to the Q-pipe size required with 
the previous design concept. 

The influence of vent ducts on the maximum explosion pressure in the vented vessel 
has been studied experimentally by several workers. Ural (1993) presented a theoreti-
cal model for vented gas explosions by which he was able to calculate pressure-versus-
time characteristicsin the vented vessel that agreed well with correspondingexperimental 
data. It remains to be investigated,however, whether this theory can reproduce existing 
experimental data for dust explosions. Tamanini (1995a, 1995b) formulated a set of 
model equations of the dynamics of the processes taking part in the duct during vent-
ing. The equations rested on the assumption that inertia and friction in the duct are the 
main flow controlling processes. By analyzing the equations Tamanini identified three 
dimensionlessgroups of variablesthat characterizethe venting process.Finally, he fitted 
his model to the experimental data of Lunn et al. (1988) (see Section 1.4.6.5in Chapter 
1). Good agreement was found between theoretical predictions and the conserva-
tive envelopes of experimental data, over a range of vented-enclosure volumes from 
0.2 m3to 20 m3.Griesche (1996) discussedthe special case where the vent cover is placed 
at the duct exit, as opposed to the more common location at the duct entrance. 
relating data from lignite dust explosionexperimentsin 1.2and 10m3vessels fitted with 
ducts of various lengths and diameters, he found an empirical relationship for estimat-
ing reduced explosion pressures for cases where the vent cover is located at the vent duct 
exit. Lunn et al. (1998) discussed the effects of vent ducts on the maximum pressu 
generatedin vented dust explosionsin dust collectors,whereas Lunn (2001)used the U 
Institution of Chemical Engineers guidance for design of vent ducts to illustrate the 
increase of the reduced explosionpressure that inclusion of bends in a vent duct can pro-
duce. He also suggested a consistent method for quantifyingthis effect in the context of 
the current European standard for design of venting systems. 

Ponizy and Leyer (1999a, 199913) conducted an in-depth experimental study of the 
flame dynamics in a vented vessel connected to a duct, using propanehr as the explo-
sive mixture. A main conclusion was that the change of the combustion regime inside 
the vessel that causes the increased maximum explosion pressure experienced with ducts 
is driven by an impulse generated in the initial part of the duct shortly after the flame 
front has entered it. 

Tamanini and ValiuLis (1998a,2000) presented a new theoretical approach for predicting 
the resultant reaction impulse acting on a process structure during a vented explosion. 
This applies to situations where the peak of the explosion pressure pulse cannot be 
regarded as quasi-static with respect to the response of the actual vented structure.The 
equations obtained by Tamanini and Valiulis were extensively validated by comparison 
with data from actual vented dust explosion experiments in vessels of volumes ranging 
from 0.64 m3to 95 m3.It was concluded that some previously published methods grossly 
overestimate the expected resultant impulse. 

Nasr and Eibl(2001) described a complete system for predicting the course as well as 
the consequencesof vented dust explosions in silos, comprisingboth a numericaldust explo-
sion model and a finite-element-basedmodel for the structural response. The model pre-
dictions were supported by results from experiments in a 50 m3reinforced concrete silo. 
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Ventingof industrialbuildingsrequires special considerations.A useful overview was 
given by Crowhurst (1993~).Hoppner (1996) discussedthe design of dust explosion vent-
ing arrangements for rooms and buildings of volumes >5000 m3,with walls that can with-
stand overpressuresof only <0.2 bar. In a dust explosion,only part of such large volumes 
are filled with the explosive dust cloud. 

Improvement of current dust explosion venting guidelines is still needed. The German 
draft VDI-3673 venting guideline,issued in 1992,encounteredsome objectionsin other 
countries. This applies, in particular, to the concept of “heterogene~us’~dust clouds. 
Nevertheless, computer-based “software” for easier use of this draft guideline was pre-
sented by Alfert (1993). Hattwig and Hensel (1993) discussed deficiencies in the new 
VDI draft guideline on the basis of dust explosion experiments in 45 m3 (L/D= 2) and 
85 m3(L/D= 4) vented silos of square cross sections. Eckhoff (2003) reviewed exper-
imental evidence in support of a more relaxed approach to vent sizing. 

As discussed in Section 9.2.4.8, Tamanini (1996b, 1998a,2001) suggested that scien-
tifically based approximate vent design tools, which also account for turbulence effects, 
can be readily obtained by adopting lumped-parameterdescriptionsof the actual systems. 
Tamanini (1998b)proposed that this kind of simplified scientific model be used in future 
revised vent design guidelinesto replace the entirely empirical statisticalcorrelationsused 
so far. Tamanini (2002) summarized his valuable effort of correlating existing experi-
mental dust explosion venting data by applying the classical method of dimensional 
analysis. It is regrettable that this important work has not been included in the recent 
European Union guidelinefor design dust explosionventing arrangements, CEN (2002). 

However,the ultimate long-term solution for the design of explosionventing arrange-
ments will be comprehensivecomputer models, capable of predicting propagation of dust 
explosions in variety of complex coupled process systems encountered in the process 
industries. Such models are being developed worldwide at great pace and are likely to 
become the answer in practical design in a not too distant future (see Section 9.2.4.) 

9.3.7.6 
Automatic Explosion Suppression 

This active method for dust explosion mitigation, described in Section 1.4.7in Chapter 1, 
is comparatively complex and expensive. It is used when simpler, less expensive meth-
ods cannot be applied. Although automatic dust explosion suppression has been in use 
for several decades, improvements are made continuously through research and devel-
opment. Moore (1992a) reported that the number of suppressant bottles of a given size 
required for suppressing explosions of a given dust in a given vessel was reduced by a 
factor of 0.2-0.3 when the dust clouds were generated by industrialpneumatic injection 
rather than the VDI method used in previous experiments. Glor (personal communica-
tion with M. Glor, Ciba-Geigy AG, Basle, Switzerland, 1993) and Moore (1992b) 
reported on work on the possibility of applying automatic explosion suppression even 
in the case of highly explosible organic dusts of Ks, > 200 b w d s .  In the case of alu-
minum powders, satisfactory suppression has not yet been achieved for powders of Ks, 
> 200 bar.m/s, which means that only dust explosions in clouds of relatively coarse alu-
minum powders can be suppressed.The influence of the dynamic state of the dust cloud 
at the moment of suppressantinjection, the influence of the suppressantinjection on this 
state, and development of improved suppressants are some areas for further research. 
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Experiments have indicated that water can be an effective suppressant, if injected at 
a temperature >180°C. According to Tyldesley (personal communication, November 
1993, optimum suppression requires about 0.5 liters of water per m3 of vessel volume. 
Of the superheated water, 16-18% is flashed to steam, the remainder forms very small 
droplets. Reduced maximum explosion pressures of 0.3-0.4 bar(g) were obtained in 
experiments in a 28 m3 experimental vessel, using a dust of Ks, = 150 bar.m/s. Moore 
(1996a) considered the various types of suppressants employed in automatic dust explo-
sion suppression systems. After the use of “halons” became highly restricted due to the 
environmental problems caused by these substances, the chemical industry identified a 
range of alternative agents that are environmentally acceptable and at the same time have 
good fire-extinguishing properties. Moore discussed the desired properties of an explo-
sion suppressant in general and compared the effectiveness of available suppressants. 
Dastidar et al. (1998) determined the minimum concentrations of inert powder/powdered 
suppressant (MIC) required to effectively prohibit flame propagation at any concentra-
tion of the explosible powder or dust. Knowing this parameter can facilitate the design 
of optimal explosion suppression systems. Moore and Dunster (2001) discussed the 
influence of various key parameters on the performance of automatic explosion sup-
pression systems, with reference to results from experiments and modeling. Tailoring, 
accounting for the intimate relation between hardware design and suppressant groper-
ties, is essential to ensure optimal system performance. 

Gieras et al. (1994) conducted a series of experiments to optimize the shape and mass 
of the explosive charge used for automatic release of suppressant (powder) for sup-
pressing dust explosions. The overall aim of the research was to minimize the powder 
ejection time after the onset of the dust explosion had been detected. Gieras, Klemens, 
and Wolanski (1996b) and Klemens et al. (1998a, 2000a) developed and tested this 
system further and reported that the exit seals of their pressurized suppressant contain-
ers could be blown open within a fraction of a ms. In a subsequent experimental study, 
Gieras and Klemens (2002) compared the effectiveness of water spray, imrt dusts, and 
common pulverized suppressants for suppressing explosions of organic dusts in a closed 
1.25 m3 chamber. 

Siwek and Moore (1995) and Moore and Siwek (1998) summarizedtheir extensivework 
on suppression of dust explosions and added some further data that filled significant 
gaps in previous knowledge and enabled thorough revision of some commonly used 
desigiz nomographs. The papers provide useful updated guidance to engineers having to 
specify suppression system requirements for specific industrial applications. Moore 
(1996b) paid particular attention to the choice of suppressant and the close interaction 
between the chemical and physical properties of the suppressant and the optimal design 
of the system for injecting the suppressant into the flame to be suppressed. Chatrathi and 
Going (1998) compared the effectiveness of three different suppressants-sodium bicar-
bonate, monoammonium phosphate, and rock dust-for suppressing dust explosions. 
The dusts used in the tests were of coal, maize starch, polyethylene. anthraquinone, and 
aluminum.It was concludedthat specificheat, thermal conductivity,paxticle size and shape, 
and the mechanism of particle decomposition were important parameters deciding the 
effectiveness of the suppressants tested. 

Lebecki et al. (1998, 2000) investigated the possibility of using solar panels as flame 
detectors for activating triggered barriers of water or stone dust for suppressing coal mine 
explosions. The yellow light emitted by the burning coal dust particles is an effective 
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activator of the solar panels. It seems reasonable to anticipate that this flame detection 
method may also be suitable for some applications of explosion suppression in the 
process industries. 

Chatrathi (1996) and Chatrathi and Going (2000) gave overviews of the current tech-
nology and philosophy for implementing automatic explosion suppression systems in 
practice, whereas Moore and Siwek (1999) outlined the content of the new European 
Union CEN TC 305 standard for design of systems for automatic suppression of acci-
dental explosions in the process industries. The standard also covers the methodology 
to determine the efficacy of designed systems. 

Siwek and Moore (1996), after discussing results from both gas and dust explosion 
suppressionexperiments,presented experimentalresults from suppressionof explosions 
in hybrid mixtures of propane and an organic dust in air. It was found that both the max-
imum reduced explosion pressure and the maximum rate of pressure rise increased 
approximately linearly with the propane content in the range 0-4 ~01%. 

Brehm (1996) investigated experimentallythe influence of elevated initial temperature 
of the explosive dust cloud on the efficacy of an automatic explosion suppression system. 
The test dust was maize starch and the two initial temperatures used were 20 and 150°C. 
It was found that the maximum reduced explosionpressures both increased and decreased 
with increasinginitial dust cloud temperature, depending on other experimentalconditions. 

The European standards organization CEN (2001) produced a draft standard for explo-
sion suppression systems, which seems to open up for greater flexibility than the tradi-
tional, mostly very conservative approach outlined in Section 1.4.7.2 in Chapter 1. For 
example, if the turbulence level or degree of homogeneity of the cloud of a given dust 
in the actual process situation is lower than produced by the rather conservative tradi-
tional standard VDI-method of dust cloud generation, this can be accounted for in the 
process design. In the new standard, this is expressed as follows (slightly edited): 

In situations of moderate or low turbulence, andor in situations where non-homogeneous dust clouds 
is the norm, the standard procedure for assessing the explosion violence of the dust is likely to over-
state the explosion hazard. In such specific circumstances, explosibility characteristics obtained from 
systematic representative explosion trials at the actual process conditions may be used as a basis for 
designing the suppression systems. 

Comprehensive numerical modeling of the complex explosion suppression process, 
based on computational fluid dynamics, is likely to become a useful tool for analyzing 
and optimizing the performance of explosion suppression systems. Morgan (2000) 
assessed the suitability of commercially available CFD software for modeling the types 
of flows encountered in explosion suppressionprocesses. Using results from his model 
simulations, he was able to design a novel suppressant injection nozzle, which was 
shown to be more effective than the standard nozzles currently used. 

9.3.7.7 
Design of Process Equipment for Specified Internal Explosion Loads 

This problem is always a central concern when designing explosionprotection systems, 
whether they are for full explosion confinement,explosion isolation, explosion venting, 
or automatic explosion suppression.Crowhurst (1993b) discussed the general design of 
enclosures to withstand a given maximum explosionpressure, whereas Harmanny (1993) 
presented a new formula for predicting the duration of vented dust explosions in 
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enclosures of volumes from 10-60 m3.This is useful for evaluating whether static pres-
sure considerationsor impulse considerationsapply when predictingthe response of the 
enclosure structure to the explosion load. 

Harmanny (1996, 1999) revisited the problem of assessing the structural response of 
a given process equipment to explosion loads. With regard to dust explosions in the 
process industries, he concluded that most often they are sufficiently slow for the load 
to be regarded as quasi-static. However, there are certain cases where dynamic effects 
play a significant role. There are, so far, no established design methods for structures 
responding nonlinearly to the explosion loads. Often accurate determinationof the explo-
sion pressure resistance of structures, such as various process equipment, is very diffi-
cult, because of their complex shapes and lack of essential detailed information on 
materials and methods of manufacture. Comprehensive finite-element-based computer 
codes for determining detailed stresshtrain analysis of complex structures subjected to 
defined static and dynamic loads have been available for some time. It is foreseen that 
the use of such tools in assessing the explosion strength of complex structures, such as 
various process equipment, will increase in the years to come. 

Li et d.(2002) studied experimentallytheplastic defomtion generated in a 1100mm x 
1100mm square steel plate with a 440 mm x 440 mm square central hole, by pressure 
pulses typical of those produced by dust explosions in process equipment.The pressure 
pulses were generated by suddenly releasing large amounts of precompressed air from 
a pressure tank fitted with an outlet of large diameter and a fast-opening valve. It was 
found that existing finite-element-basedcomputer software,assuming quasi-staticpres-
sure lalading, predicted the observed deformations in the test plate well, also for plastic 
deformation, if this was not excessive. Mavrot et al. (2003) investigated the ability of 
large concrete silos to withstand transient internal loads from dust explosions. 

9.3.7.8 
Preventing Secondary Explosions Outside Process Equipment 

This remains a very important issue in any effort to fight the dust explosion hazard. 
Adequate housekeeping is an essential means of achieving this aim. A brief introduction 
to this concept is given in Section 1.4.9in Chapter 1.However, there are stillunanswered 
questions concerning the level of cleanliness required, and further work is needed for 
assessment of the maximum acceptable mass of deposited dust per unit area of surface 
to prevent secondary dust flame propagation under various conditions. Cybulski et al. 
(1993) showed that comparatively weak secondary dust explosions in short,narrow tun-
nels in grain elevators can be extinguishedby properly designed, actively triggered water 
barriers. Cybulski et al.(1994)presented results of experimentswith propagation of weak 
coal dust explosionsin a network of full-scale mine galleries.Amain conclusion was that, 
under the conditions prevailing, the possibility of flame penetration into blind gallery 
branches was small. This kind of work may also be of relevance to the analysis of flame 
propagation in large industrial systems, such as in grain storage and handling plants. 

Gieras, Klemens, and Wolanski (1993) studied the developmentof combustiblegases 
(H25CO, and CH,) during combustion of fuel-rich clouds (up to 5 kg/m3)of grain dust 
in air. This is an important aspect in the context of industrial safety, because mixtures of 
combustiblegases and aircan give rise to severe secondary gas explosionsfollowingcom-
paratively slow primary fires in fuel-rich dust clouds. 
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9.3.7.9 
Miscellaneous 

Michelis (1996) investigated the influence of different underground roadway configu-
rations on the course of coal dust explosions in underground coal mines. Lorenz and 
Radandt (1996) presented a method for calculating trajectories and flying distances of 
fragments of solid materials emitted from exploding silos, other process equipment, and 
buildings. Calculated results were compared with experimental data and data from actual 
dust explosions. Loock et al. (1996) presented a systematic approach for assessing the 
hazard impact that potential dust explosions in industrial plant handling various natural 
organic dusts have on the near neighborhood. 

9.3.8 
RISK, SAFETY, AND HAZARDS ANALYSIS 

A brief introduction to this topic is given in Section 1.5.1.3 in Chapter 1. Quantitative risk 
analysis (QRA) receives increasing attention as a potential means of controlling explo-
sion risks in the process industries.This also applies to the dust explosionhazard. The sub-
ject is complex and in part controversial,not least because of lack of relevant quantitative 
failurerate data. Nevertheless, attempts have been made at applying QRAto the dust explo-
sion problem, as demonstrated by Wagner (1994).Mittal(l994) discussed the risk of dust 
explosionsin pneumaticpowder transportationsystems. Potential sources of ignition were 
identified, with the main focus on electrostatic discharges. A systematic risk evaluation 
and risk reduction approach was outlined. Liu and Wang (1994) proposed a quantitative, 
computer-based “decision support system” for assessing the explosion hazard and taking 
appropriateactionsto prevent and mitigate coal dust explosions in metal production plants. 
Moore and Freehill (1994) outlined a philosophy for systematic analysis of the risks of 
dust explosions in industrialplants. Specific technical solutions for preventing and miti-
gating explosionsfor some typical cases were proposed.Radandt (1996b) outlinedthe phi-
losophy of risk identification and risk reduction in relation to prevention and mitigation 
of industrial explosion hazards, on which the European Union “Atex 118a” Directive is 
based. This directive applies to gas and vapor explosions as well as to dust explosions. In 
a subsequentpaper, Radandt (1999) emphasized the importance of having adequateprocess 
knowledge when identifying process risks and suitable measures for risk reduction. 

9.3.9 
HUMAN AND ADMINISTRATIVE RISK AND HAZARD FACTORS: 
RISK AND SAFETY MANAGEMENT 

This book primarily covers the chemistry,physics, and technology of dust explosion pre-
vention and mitigation. However, human hazard factors also play a very important role 
and have to be controlled, as discussed by Fernando (1993). A brief introduction to this 
important, but complex topic is given in Section 1.4.12 in Chapter 1.  

Brascamp (1996) pointed out that industrial disasters, such as dust explosions,are often 
not simply a consequence of direct technical failure or operators not executing their 
tasks correctly. Quite frequently, the basic, underlying reason turns out to be lack of 
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adequate formal safety management systems. Various aspects of safety management 
were discussed in a series of papers presented at an international symposium organized 
by the European Safety Management Group (2001). Barth (2001) emphasized the impor-
tance of companies establishing systems for explosion risk management control to ensure 
effective, long-lasting explosion protection of their plants. He outlined possible stmc-
tures of such systems. With particular reference to the pharmaceutical industry, Hesener, 
Barth, and Dyrba (2001) underlined the need for having adequate systems for explosion 
risk management and control even in small and medium-size plants. 

9.3.1 0 
COSTS OF EXPLOSION PREVENTION AND MITIGATION 

Alfert (1996) addressed the issue of the bottom-line costs of various dust explosion pro-
tection systems offered on the market. Considerable gains can result if measures to 
increase the inherent safety of the process plant are combined with traditional measures 
for dust explosion prevention and mitigation. However, this requires that the specific 
expertise covering traditional explosion prevention and protection be combined with inti-
mate knowledge of the process to be protected. 

Janssens (2001) pointed out that the investment required to achieve proper prevention 
and control of the explosion hazard in a given plant is not necessarily excessive. By com-
bining thorough knowledge of the processes to be protected, ignition and flame propa-
gation phenomena, and the principles and technologies available for explosion control, 
good solutions can be obtained at an acceptable cost. 

9.3.1 1 
NEW EUROPEAN UNION LEGISLATIONTO PREVENT 
AND MlTlGATE ACCIDENTAL EXPLOSIONS 

Radandt (1996a) outlined the new European Union (EU) framework of Qrectives for gro-
tection against accidental explosions, based on the Articles 1OOa (minimum require-
ments to products and equipment) and 118a (minimum requirements to the use of 
products and equipment at work) of the European Union Treaty. Radandt (1996~)dis-
cussed the structure of the new European Union system of standards for preventing and 
mitigating dust explosions, based on the EU Directives 89/392 and 94/9. Grass (1999a) 
outlined the implications of the European Union Directive 94/9/EC (“Atex 1OOa”) on 
apparatus design standards for preventing and mitigating accidental dust explosions. 
Grass (1999b) described the European Union Directive “Atex 118a” as the “social coun-
terpart” t~ the “Atex 1OOa” Directive. “Atex 118a” lays down minimum requirements for 
the safety and health of workers potentially at risk from explosive atmospheres, includ-
ing explosive dust clouds. Central issues include area classification, written instructions 
and permits to work, and programs for training workers. Ehlers (1996) summarized the 
positive and negative impacts of the new European Union system of standards and 
guidelines for preventing and mitigating dust explosions in the process industries, as 
observed from a food producing company. Hattwig (1996) summarized the work per-
formed to develop new standards for dust explosion prevention and mitigation in 



636 Dust Explosions in the Process Industries 

process industries,by the three independent technical committees: CENRC 114,CENRC 
305, and CENLECRC 31.Rogers (1996b) outlined the work performed by the European 
Union working group CENRC 305/WG 2 on developing standardsfor nonelectrical appa-
ratus to be used in explosive atmospheres,including explosive dust clouds. 

Makin (1999) described the essential features of the European Union Machinery 
Directive, with particular emphasis on the links to the “Atex 1OOa”Directive in matters 
related to accidental explosion risks. Wingerden (1999) described the basis and philos-
ophy underlying the development of the new explosion venting standard produced by 
the European Union CEN/TC 305. 

Various aspects of the Atex approach adopted by the European Union were discussed 
by Radandt (2001), Grass (2001), Carruthers (2001), Dyrba (2001), Uth (2001), Ott 
(2001), Rogers (2001),Wingerden (2001),Pineau (2001), Fuchs (2001), and Dill (2001). 
These included superior legal issues such as the relationship between national and 
European Union law, variousAtex directives, and a range of specific technical standards. 

Feitenhansl(l996) outlined the new European Union system of standards and guide-
lines for testing, certifying, and control related to prevention and mitigation of dust 
explosions in the process industries. Griesche (2001) and Fritsch (2001) discussed the 
procedures required by the European Union for testing and certifying specific commer-
cial apparatus to be used in dust explosion protection in the process industries. Jockers 
(2001) and Unruh (2001) focused on the problem that, in the new European Union 
system, a given apparatus has to comply with several different standards. 

9.4 
STATUS AND OUTSTANDING PROBLEMS IN TESTING 
DUST IGNITABILITY AND EXPLOSIBILITY 

9.4.1 
HISTORICAL BACKGROUND AND INTRODUCTION 

The testing philosophy and test methods are discussed extensively in Chapter 7. When 
some of the older test methods were designed, the ambition was, in fact, quite modest. 
The originalintention was just to establish some relative measures of properties of prac-
tical relevance to preventing and controlling or mitigating dust explosions. Later, some 
of these methods were adopted as official standards, and test data were sometimestreated 
as basic physical constants for a given dust to an extent far beyond the originalpurpose 
o f  the test. As more knowledge from systematic research became available, the lack of 
justification for this use of these test data was pointed out and the arbitrary, relative 
nature of the various test methods was brought to light again. 

The current situation is complex. It is realized that only a few of the dust parameters 
currently being used to characterizethe ignition sensitivity and explosibility of dusts can 
be regarded even as approximate “physical or chemical constants” for a given dust. In 
most cases, a great number of variables are involved and a differentiatedview is required. 

In general, measurements or testing may be conducted on various levels of resolution, 
ranging from pragmatic full-sale testing to highly detailed microscopic measurements. 
However, all the way through, twin sets of measurable parameters and matching theory 
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can be envisaged.Sometimes,the test result is applied directly to industrial practice, with 
no transformation, which implies the assumption that the “theory” is just a factor of 1. 
This may apply to minimum ignition energies, minimum ignition temperatures, and 
flame propagation limits. However, most often, some transformation of the test result 
ought to be performedto obtain parametersrelevant to the actual practical situation.But 
adequate transformationtheories are scarce. 

A number of standard test methods have been developed through the years, for exam-
ple, by the IEC (International Electrotechnical Commission) and IS0 (International 
Standards Organization).In the United States, the ASTM (American Society for Testing 
and Materials) issued a number of standards in this area. The standards organization of 
the European Union, CEN, in the early 1990s,launched a multiyear program to produce 
a series of standard methods for testing of explosion propagation limits, ignition sensi-
tivity?and explosion violence of combustible dust clouds. 

Siwek (1996a) reviewed of a variety of test methods in use within the Swiss/German 
domain,and Gashdollar(1996) reviewed extensive work by U.S. Bureau of Mines to pre-
dict ignitability and explosibility properties of coal dusts from labaratory-scale tests. 
Nifuku, Matsua, and Enemoto (1998,2000) described a series of standardized test meth-
ods used in Japan to determine the ignitability and explosibility parameters of com-
bustible dusts. Some specific concerns when applying these test methods to metal dusts 
were discussed by Matsuda et al. (2001).Dahn and Dastidar (2002) developed a new test 
method to investigate the ability of propagating brush discharges to stir up and ignite 
layers of fine combustible dust on a electrically charged insulating surface backed by a 
grounded conductor. 

Beck (2001) announcedthat the unique BIA collection of ignitability and explosibil-
ity test data for more than 4000 dust samples, given in Beck et al. (1997),had been made 
accessible on Internet. 

9.4.2 
TWO APPROACHES FOR ACHIEVING DIFFERENTIATION 

One approach for handling the increasingrequirement for differentiation is to have sev-
eral test methods for any given parameter, allowing for test conditions to be selected 
according to the practical use of the test result. In the case of minimum ignition energy, 
such an approach has been incorporatedin the new IEC standard,issued in 1994.Whereas 
an appreciableinductanceis to be included in the capacitivedischarge circuitin standard 
testing, to obtain the most incendiary sparks,this is not considered relevantif the test result 
is to be used for assessing the electrostatic spark ignition sensitivity of dust clouds. 

A similar approach would be possible when testing for explosion violence. It is now 
widely acceptedthat the standard IS0 Ks,value of a given dust reflects a rather extreme 
cornbustionrate in the conservative direction, because the turbulence level and the degree 
of dust dispersionin the test are rather extreme.If K,, values are still to be used for sizing 
explosion vents, differentiation may be obtained by varying the intensity of the dust 
cloud formation process in the test to fit the practical situation of interest. The work 
by Liu et al. (1994) is relevant in this context. They described introductory studies of 
the turbulence structure in experimental dust clouds in the 1.2 liter Hartmann bomb 
under various conditions of dust injection. The Hartmann bomb was traditionally used 
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to characterize the explosion violence to be expected from various dusts, but because of 
its small size, it has been replaced by larger test vessels. 

In an alternative approach for obtaining the required differentiation, the measured 
dust ignitability or explosibility parameter is of a more basic nature. Differentiation to 
meet various practical situations in industry is then obtained via suitable theories, using 
the measured basic parameter as input. 

In explosion violence assessment, the K,, parameter would then be replaced by, for 
example, the laminar burning velocity of the dust cloud. The dust cloud combustion 
process in the actual industrial situation could then be computed by means of a suitable 
theory. However, theories for transforming such basic parameters to flame propagation 
rates in practice must imply complex fluid dynamic computer simulation codes, as dis-
cussed earlier in this chapter. 

In the minimum ignition energy, the basic approachwould imply that the basic energy 
value obtainedin the test be convertedto minimum energies for ignition of the same dust 
cloud by various kinds of specific discharges, such as direct electrostatic two-electrode 
sparks,break flashes (e.g., live wire rupture), and various electrostaticone-electrodedis-
charges. But adequate theories are scarce and time may not be ripe to fully adopt this 
approach yet. However, Eckhoff (2002) proposed a way in which the MIE of a dust, by 
means of simple classic theory, can be transformed to conservative estimates of the 
complete capacitive and the inductive “ignition curves” required for designing intrinsi-
cally safe electrical equipment that can be used in the presence of explosive clouds of 
that dust. (A comprehensive discussion of this topic is given in Chapter 8.) 

9.4.3 
NEW TEST METHODS 

Breum (1999) investigated systematicallythe parameters influencing the “dustiness” of 
a range of powders as measured by a rotary drum tester. 

Siwek and Cesana (1994) presented a new test apparatus to determine the minimum 
electric spark ignition energies of dust clouds down to below 1mJspark energy.The mea-
surementsin the low-energyrange are demanding and require carefully designed equip-
ment and skilled personnel. Zhou, Tan, and Yu (1994a) discussed the features of an 
apparatus for determiningthe minimum electric spark energy for igniting very sensitive 
explosives such as lead azide. Spark energies as low as 1 pJ  were attainable using a 
traveling-electrodesystem. 

Choi et al. (2001) attempted to use the vibrating-sievemethod to generate the explo-
sive clouds in minimum electric spark ignition energy tests. For readily dispersiblepow-
ders, this worked satisfactorily.However, in the case of fine, cohesive powders, it was 
not possible to obtain adequate dispersion of the particles, and the apparent M E  obtained 
for such a powder was much higher, by a factor of about 10, than the value found when 
the dust cloud was generated by an air blast. 

In their useful review of methodsfor determiningpowder “flowability”propertiesat large, 
Jong et al. (1999)mentionedtwo methods for determiningthe dispersibility,or “dustability,” 
of powders. (See also Chapter3 and Section7.4.2in Chapter7). Dahmann and Mocklinghoff 
(2000), in the context of industrial hygiene, also described a methodology for testing the 
“dustability” of industrial powders, which may be of interest in the present context. 
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The European standardizationorganizationCEN has issued a series of new standards 
for testing dust ignitability and explosibility (CEN, April 2001, 2003a, 2003b, 2003c, 
2003d). ASTM (2001) in the United States is annually bringing an updated review of 
their standards. 

9.4.4 
DETERMINING THE LIMITS OF FLAME PROPAGATION: 

OBLEM OF THE SCALE OF THE EXPERIMENT 

Reliable assessment of whether or not a given dust cloud can propagate a self-sustained 
ame constitutes the basic test objective in the assessment of both introductory dust 

explosibility/nonexplosibility and the minimum explosive dust concentration (MEC) 
and limiting oxygen concentration for inerting (LOC). However, great care must be 
exercised in designing such tests. A basic inherent problem is that, near the limits, self-
sustained flame propagation cannot be established unless a considerable amount of 
energy is supplied to initiate flame propagation. Hence, if the volume of the experi-
mental dust cloud is too small, it is difficult to assess whether observed flame propaga-
tion is truly independentof the ignition source. Some results by Cashdollaret al. (1992) 
and Cashdollar and Chatrathi (1992) are of fundamental significancein this context. They 
found that clouds in air, at normal ambient conditions, of an anthracite coal dust of 8% 
volatile matter did not show self-sustainedflame propagation in a 1m3test chamber, even 
when exposed to a 30 kJ chemical ignitor. However, in a 20 liter chamber, fully devel-
oped explosions were generated even with a 5 kJ chemical ignitor. The reason for this 
could be that, in the smaller chamber, the initial combustion and expansion of the dust 
cloud was directly supported by the ignition source.The pressure and temperaturein the 
unburned cloud ahead of the flame would then have increased significantly above ambi-
ent when the flame eventually propagated without support from the ignition source. 
Consequently, the self-sustainedflame propagation, if any, would then occur in an adi-
abatically precompressed dust cloud, rather than in a cloud of normal ambient temper-
ature and pressure. These results suggest that great care must be exercised whenever 
comparatively small chambers, in particular, closed ones, are used to determine any 
explosionlimit. Going, Chatrathi, and Cashdollar (1998,2000) carried out a further par-
allel experimental determination of MEC and LQC in a 20 liter spherical vessel and the 
standard (ISQ) 1 m3vessel. The results confirmedthat the limits determinedin the 20 liter 
vessel vary significantlywith the energy of the pyrotechnical ignition source used. A 2.5 W 
ignition source gave the closest match to the data obtained in the I m3 vessel. 

Wiemann (1996) reported on controlled real-plant-condition dust explosion expexC 
ments in ajet anill in a coal power plant. The overall conclusion was that borderlines drawn 
between conditions of dust concentration, dust moisture, oxygen concentration of the 
atmosphere, ignition energy, and so forth that produce and do not produce explosions 
are generally more liberal than corresponding borderlines based on laboratory experi-
ments. In particular. the LOC was significantlyhigher in the actual mill explosionexper-
iments than in closed-bomb laboratory experiments. 

Matsuda and Itagaki (1994) compared dust explosions in a 30 liter explosion bomb 
with explosions in a 1 m3vessel. They found that the range of explosive concentrations 
in the 30 liter vessel were considerably wider than those in the 1m3vessel for the same dust. 
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A marked increase of the explosive range was found in the 30 liter bomb when increas-
ing the ignition energy from 1 to 10 kJ.This effect was practically absent in the 1 m3 
vessel in the ignition energy range 4-20 kJ.Tian, He, and Zhang (1994), using a 20 liter 
explosionbomb, found that the minimum explosive concentrationsof coal dusts decreased 
by a factor of 2 or more when the ignition energy was increased from 2.5 to 10 kJ.Xu 
et al. (1994) also arrived at the conclusion that the apparent MEC determined in a 20 liter 
bomb depends markedly on the ignition energy. It was found that 10 kJ would be too 
high to yield realistic results. 

All this suggests that, ideally, limiting conditions for flame propagation should be 
determined in apparatuses of sufficientvolume to prevent a significant influence of even 
quite strong ignition sources on the main phase of flame propagation. In Europe, the stan-
dards organization CEN adopted the standard (ISO) 1 m3bomb for this kind of tests. 

Zhou, Zhang, and Yu (1994b) proposed an alternativeprocedure for determining the 
MEC in closed-bomb explosion experiments. Their experimental evidence indicated 
that, at MEC, the time interval from ignition to the pressure peak has its highest value. 
They suggested that this criterion be used instead of some arbitrary pressure rise crite-
rion of explosion. 

Chawla, Amyotte, and Pegg (1996) compared two different procedures (ASTM and 
IEC) to determine the MEC in closed 20 liter bomb tests. Because of an excessiveigni-
tion energy of 10 kJ,the IEC procedure gave unrealistically low MEC values, whereas 
theASTM procedure, using 2.5 kJignition energy, produced MEC values in good agree-
ment with those found in experiments at a larger scale. 

Sapko et al. (2000) found that tests in a 20 liter closed bomb gave quite good predic-
tions of the MEC values actually found in large-scalemine gallery dust explosion exper-
iments with dusts of bituminous coals, gilsonite, oil shales, and sulphide ores. The 
ignition source in the 20 liter tests was a 2.5 or 5 kJ pyrotechnical ignitor. 

9.4.5 
MISCELLANEOUS 

Tian et al. (1994), using a 20 liter explosion bomb, found that, when using a 2.5 kJ igni-
tor, and adding 2 vol% methane to the air, the minimum explosive dust concentration 
dropped by at least a factor of 2 compared with the values for dust in air. This “hybrid” 
effect had been studied previously by several other workers (see Chapter 1). 

Hertzberg et al. (1992b) determined a range of dust explosibilityparameters for nine 
dusts of solid explosives when dispersed as clouds in air in a closed bomb. In the low-
concentration range (5400 g/m3),the dusts behaved as dusts of normal carbonaceous and 
plastic materials. At higher concentrations, they became more hazardous, starting to 
exhibit genuine explosives properties. 

Cashdollar (1994) measured the explosibility parameters of clouds in air of a range 
of metal dusts, silicon, boron, and carbon, using the ASTM 20 liter bomb. The mea-
sured parameters were the minimum explosive dust concentration (both 2.5 and 5 kJ 
ignition energy), P,,, and (dP/dt),,. In addition, nominal stoichiometric dust concen-
trations and nominal adiabatic flame temperatures were calulated. 

Wang and Zhang (1994) determined the minimum ignition energy, minimum explo-
sive concentration, and maximum explosion pressure for clouds of TNT dusts in air. 
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The values are similar to those of natural organic materials. The results confirmthat dilute 
clouds of dusts of explosives do not exhibit explosiveproperties but behave as clouds of 
ordinary combustibledusts. Similar conclusionswere drawn by Li, Wang, and Ou (1994), 
who studied the dust explosion properties of dry “powder emulsion explosive” powders. 

Matsuda (1996) measured the minimum ignition temperature and explosion violence 
properties of clouds of magnesium and various magnesium alloys in air and carbon 
dioxide. The magnesium dust tested did not ignite (10 k.T pyrotechnical ignitor) when 
dispersed in nitrogen. 

Pegg and Amyotte (1996) and Pegg et al. (1997) determined the ignitability and 
explosibility characteristics of some azide-based powders used as gas generants. None 
of the powders tested represents a severe dust explosionhazard. Soundararajan,Amyotte, 
and Pegg (1996) investigated the explosibility characteristics of iron sulphide dusts as 
a function of particle size. 

In anexperimental investigation, Gieras and Wolanski (1998) determined the constant-
volume explosion behavior (maximum pressure and maximum rate of pressure rise) of 
clouds off rare eauth metal dusts in atmospheres of mixtures of nitrogen and water vapor. 

Jong et al. (1999) gave a useful review of methods for determining the “flowability” 
properties of powders at large, including two methods for determining the dispersibil-
ity of powders (see also Section 7.4.2 in Chapter 7). 

Conde-Lazaro and Carcia-Torrent (1998,2000) studied experimentallythe influence 
of high initialpressures, up to 15bar(abs), on constant volume maximum explosion pres-
sures and rates of pressure rise. For the dusts tested, the maximum explosion pressure 
was approximatelyproportionalto the initial pressure. The relationshipbetween the ini-
tial pressure and maximum rate of pressure rise was less straightforward,with the tur-
bulence of the dust cloud playing a main role (see Section 1.3.8 in Chapter 1). 

Lucas (20013 investigated the ignitability and explosibility characteristics of dusts 
produced at very low pressures (vacuum) during the growing of single silicon crystals. 
These dusts are very reactive and can present a significant dust explosion hazard when 
brought in contact with air at atmospheric pressure. However, by controlled flushing of 
the dusts with air?controlled surfaceoxidationof the particles is obtained,which reduces 
the dust explosion hazard. 

Nifiiku et al. (2002) investigated the ignitability and explosibility of dusts gener-
ated in processes for recycling electrical appliances. Dusts of polyurethane and other 
plastics produced in shredding processes were subjected to a comprehensive testing 
program. Amyotte et al. (2003) determined the minimum ignition temperatures of 

s of iron sulfide particles in the BAM furnace. 

PLOSIQN STATISTICS AND CASE HISTORIES 

This section adds to the case histories described in Chapter 2 of this book. 
eck and Jeske (1996) presented statistical data for recorded dust explosions in the 

German process industries by BIA up to 1995. Sugar dust explosions in Germany are 
treated specifically in a separate section of the paper. This includes a detailed analysis 
of a major sugar dust explosion in a sieving plant. Schoeff (1999a) reviewed the dust 
explosions that occurred in the U.S. grain, feed, and flour industries over the years, 
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with special emphasis on the decade 1988-1997. The statistics showed that, on aver-
age, significant progress had been made during that decade in reducing both the annual 
number of explosions and the severity of each explosion. In another paper, Schoeff 
(1999b) discussed the grain dust explosion catastrophein Haysville, Kansas, in June 1998, 
in which 7 men were killed and 10 injured and that caused substantialmaterial damage. 
The whole event comprised a series of perhaps five successive distinct explosions. 

A step-by-step account of successful extinction of a smoldering fire in a silo, using 
nitrogen, was provided by Hoischen (1996). Fortunately, the extent of the fire, when 
the extinction process was initiated, was limited to the part of the stored bulk material 
close to its free upper surface. This may explain why extinction by applying nitrogen 
was comparatively straightforward in this case (see also Section 2.8 in Chapter 2). 
Hoischen also gave some general recommendations for advance inerting of silos by 
applying nitrogen. 

Masson (1999) discussed the cereal dust explosion catastropheat Blaye near Bordeaux 
on August 20,1997. The explosion occurred when barley was transferred from a silo cell 
to an open storageroom. Seven workers lost their lives. The plant, comprisinga total stor-
age capacity of about 50,000 m3,suffered extensive damage. Of the 44 silo cells, 28 were 
completely demolished.The ignition source was probably either a smoldering fire in a 
dust collector bin (self-heating) or a hot surface (friction heating) somewhere in the 
headhouse. 

Laar (1996, 1999) emphasized the necessity of basing the design of measures to pre-
vent and mitigate dust explosions on dust safety characteristicsrelevant for the actual 
industrial situation. The point was illustrated by analyzingthe explosionhazard in a plant 
for pneumatic transportation of a plastic granulate into a silo, which contrary to a priori 
expectations, suffered a catastrophic dust explosion. 

Mniszewski (1998) reviewed analytical techniques that have proven to be useful in 
practical explosion accident investigation.Although the main focus of the paper is on 
gas and vapor cloud explosions, much of the material covered also applies to dust explo-
sion investigation. 

Broeckmann (1999) investigated an explosion case that occurred with a powder found 
unable to produce dust explosions in standard tests. This special material gave rise to an 
explosion in a mill via exothermal decomposition initiated by friction or impact, which 
occurred even though the oxygen concentration in the atmosphere in the mill had been 
reduced substantiallyby adding nitrogen. 

Matsuda and Yamaguma (2000) analyzed a tantalum dust explosion that occurred in 
a tantalum production plant in Japan in Spring 1997. One worker was killed and another 
seriously injured. The explosion occurred while the two workers were discharging fine 
tantalum dust, collected in a bag filter unit of volume about 10 m3, from the hopper at 
the bottom of the filter unit. Matsuda and Yamaguma conducted a comprehensive inves-
tigation to identify possible ignition sources, and it was concluded that the explosion was 
most probably initiated by an electrostatic discharge. 

Alfert and Pistauer (2001) described a method used successfully to control and miti-
gate a fire in sugar residue pellets stored in a 30,000 m3silo. The novel element was the 
application of a jelly layer on top of the burning pellets in the silo. In addition to reduc-
ing the convection inside the burning pellets mass, this cover also had a direct quench-
ing effect on the fire and a filtering effect on the smoke expelled from the silo into the 
surroundings.However, the jelly layer did not prevent continued slow smolderinginside 
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the pellets mass, which persisted for about 8 weeks. Eventually, the smolderingtenninated 
by itself,after which 15tonnes of carbonizedpellets were removed and the silo torn down. 

Stiegler (2001) discussed a sulfur dust explosion in Germany in 2000. The explosion, 
which occurred during loading of bulk sulfur, was probably initiated by an electrostatic 
discharge.The explosionalso initiateda subsequentfire,causing further damageto the plant. 
No persons were injured. The cause of a series of sulfur dust explosions and fires in the 
Shanghai Sulphur Factory, China, was investigated by K. Sun et al. (2001). High specific 
charges on the sulfur powder and high voltages of 25-60 kV were measured in the plant. 
Therefme, electrostatic discharges, either spark or “cone” (discharge along the surface of 
a heap of charged coarseparticles), caused by charge buildup during pneumatic transport 
of s u l k  in the plant, were found to be the likely ignition sources.Effectivemeans for reduc-
ing the charge buildup were suggested (see Sections 1.1.4.6 and I .4.2.7 in Chapter 1). 

Wassenhoven (2001) presented a series of case histories in which chips, powders, or 
dusts o€magnesium, aluminum, or titanium gave rise to explosions or fires. Kremers 
(2001) was concerned with the dust fire and explosion hazards in the wood processing 
industries. Statistical data for the occurrence of different types of ignition sources and 
for the different types of process equipment involved in the explosions were presented, 
together with a case history of a dust explosion in a factory making wood furniture. 

The essential features and consequences of a major dust explosion catastrophe in a port 
grain storage facility at Blaye,France, in 1997were discussed by Pineau (2001b).Eleven 
persons B Q S ~  their lives and one was injured. The material damage to the large silo com-
plex of the plant was extensive. Other industrial installations in the near neighborhood 
were affected as well. 

Arnyotte and Qehmen (2002) analyzed the various circumstancesthat led to a severe 
undergroundmine explosion in Canada in 1992,in which 26 miners were killed. Multiple 
layers of accident causation were resolved by the systematic application of a loss cau-
sation model. Both the immediatelyvisible causes and hidden basic causes, having their 
origin in lack of management control, were identified. The two most important lessons 
to be learned are the need for a rigorous loss management system and an appropriate atti-
tude toward industrial safety throughout the entire organization. 

A severe dust explosion that occurred in the silo area of an acrylonitrile-butadiene-
styrene (ABS) plant in Taiwan was investigated by Kao and Duh (2002). Six silos con-
taining fine powders exploded sequentially.All the top plates and bag filter installations 
of the six silos. each of 330 m3,were blown away. The explosion was probably initiated 
by a cone discharge (“Maurer” discharge) in one of the silos. The flame transfer to the 
other five silos occurred through ducts connecting the silos. 

XPERT SYSTEMS: FRIENDS OR ENEMIES? 

Expert systems are computer-based decision-making tools that make relevant expert 
knowledge accessibleto nonspecialistusers by means of “if-then’’rules and “class/object” 
structures. 

During the last few years, there has been increasing interest in developing sophisti-
cated computer-based expert systems to evaluate dust explosion hazards and assess 
the optimal safety design features. Haefen and Schecker (1993) presented such a system 
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to assess dust explosion hazards in industry and select appropriatemeans of prevention 
and mitigation. The system is, in all essentials, based on the German protection philos-
ophy. Wach (1993) presented another expert system designed for the same purpose, but 
the technical and philosophical basis was not explicitly stated. A comprehensive expert 
system, Dust Expert, developed in the United Kingdom, was presented by Tyldesley 
(1993), and the need for quality assurance of such systems was emphasized. Vadera, 
Meziane, and Huang (2001) reported on the experience of using the “mural” system for 
specifyingDust Expert with regard to the users’ expectations concerning (1) spotting any 
inconsistencies; (2) helping manage and organize specifications, including provisions 
of easy access to and procedures for updating, adding, and deleting specifications;( 3 )  
helping manage and carry out the refinement process; (4) helping manage and organize 
theories; and (5 )helping manage and carry out proof. 

Hesener and Schecker (1995) developed the expert system ExTrA to facilitate safety 
analysis of drying plants. The systematicprocedure implied in the systemconsists of four 
steps: hazard identification,hazard assessment, development of a protection concept, and 
selection of specific protection methods and technology. Hesener and Schecker (1996) 
gave a more-general presentation of ExTrA, which was developed for basic training, 
advanced knowledgeretrieval, and hazard assessmentin industry. The systempresented 
was regarded as a prototype rather than a final product. 

Hesener et al. (1998) and Kraus et al. (2001) developed an expert system to be used 
to identify hazards due to the possible occurrence of various types of electrostatic dis-
charges in various process situations. The system, using the very comprehensiveCEN-
ELEC report R044-001 as its technical basis, covers explosive gases and vapors and mists 
as well as explosible dusts. In the first phase of system development, available knowl-
edge was collected and structured systematically. In the second phase, the development 
of the systematizedknowledge was implementedin the expert system. The system gives 
references to existing guidelines and regulations. 

Lorenz (1999) presented an expert system for the design of explosion venting arrange-
ments. The system is based on the VDI 3673 venting code, which is very close to the 
new European Union code produced by CEN TC 305. The system accounts for the iner-
tia of vent covers and doors and assesses forces acting on these covers and doors. The 
extent to which debris is ejected into the surroundingsby destructive explosions is also 
accounted for. Lorenz and Schiebler (2001b) presented an expert system incorporating 
the four programs-SIMEK, STS, Vent, and Vessel-dealing with the design of explo-
sion doors and lids, ejection of debris, venting assuming “zero mass” vent covers, and 
the stability of pressurized enclosures, respectively. 

Siwek and Cesana (2001) described the two expert systems WinVent 3.0 and ExTools. 
The first provides the information required for designing dust and gas explosion venting 
systems according to the National Fire Protection Association (1998) and the Verein 
deutscherIngenieure (2000);the seconddeals with safetyrelated to gases and liquids only. 

The development of this kind of expert system is a natural consequence of two main 
factors. The first is the almost explosive developmentof the performance of personal com-
puters. The secondis the steadily increasingknowledge about ignition and explosionphe-
nomena, which demands a steadily more differentiatedand complex approachfor solving 
the practical design problems. 

As long as this developmentis conducted by people who are experts not only on com-
puters but also on the physics and chemistry of the phenomena treated, expert systems 
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should indeed be welcomed. However, the possibility exists that, in the future, software 
may be put on the market that is not up to acceptable standards with respect to the 
physics and chemistry. As long as the interior of the system is not fully exposed, defi-
ciencies in the basics may not be obvious to the user. A need may emerge for estab-
lishing some internationally recognized body of experts that can ensure that expert 
systems offered in the area of dust explosion prevention and mitigation are up to 
acceptable standards. 

Adequatemaintenance is another key in the evaluation of the usefulness of expert sys-
tems. Unless such systems are updated continually along with the appearance of new 
knowledge in the fields covered by the systems, they may soon become outdated and 
unreliable. 

9.7 
JOINT RESEARCH EFFORTS IN EUROPE 

During the early 1990s, the potential for organizing joint European research efforts 
emerged within the EU/EFTA/EUREKA system. This also applied to dust explosion 
research. British Materials Handling Board (BMHB) in the United Kingdom played a 
central role in this process (personal communication with P. G. Middleton, BMHB, 
1992). A number of parallel research programs were conducted within the European 
Union’s CREDIT Project. The following areas were covered by the project: 

@ Identification and control of ignition sources. 
0 Design of methods to prevent and protect against dust explosions. 

Combustion processes in dust clouds (experiments,theoretical models). 

The results of this importantresearch effort were published as conferenceproceedings 
EDIT, 1995), containing about 10 papers covering a wide range of topics, such as 

initiation of smolderingcombustion in powder deposits by localized heat sources,mea-
surementof dust cloud characteristicsin industrialplants, measurement of laminarburn-
ing velocities of dust clouds, partial inerting of dust clouds, measurement of dust flame 
structures, measurement of blast effects and fireball sizes from vented dust explosions, 
and last but not least, a start on a development of a comprehensive CFD-based (com-
putational fluid dynamics) numerical computer code for simulatingthe development of 
dust explosions in complex industial powder processing and handling systems. An 
overview was given by Gibson (1996). 

In 2002, the European Union launched another 3-year dust explosionresearch program, 
DESC. The participants include companies, institutes, and universities from the United 
Kingdom, Norway, the Netherlands, Germany, Poland, and Sweden.A central objective 
of this program is the further development of a CFD-based computer code for simulat-
ing dust explosions in real industrial process plants. The code, capable of being run on 
a PC, is being developed from general-purpose software and data from extensive mea-
surements of burning velocities and other basic properties of explosive dust clouds. The 
code will be validated and tested against data from a wide spectrum of dust explosion 
experiments. 
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9.8 
RESEARCH AND DEVELOPMENT IN THE PEOPLES 
REPUBLIC OF CHINA 

Wang (1994), characterizing the Peoples Republic of China as a developing country, 
emphasized the need for increasing the efforts to prevent dust explosion accidents in 
China’srapidly growing industry. Of the number of dust explosions recorded in this coun-
try during the decade 1980-1989,65% were in the grain industry, 17%in the textile indus-
try, 12% in the coal industry, and 6% in the metallurgical industry. With the rapid 
development of the chemical and metallurgical industries, the annual number of explo-
sions can easily rise, if adequateprecautions are not taken. There is a strong need for edu-
cation and training on all levels and for adequate safety technology. 

The Sixth InternationalColloquiumon Dust Explosions in Shenyang,Peoples Republic 
of China, inAugust/September 1994(see Section 9.1.2), demonstrated that research and 
development on dust explosion prevention and protection in this enormous country is 
growing at great pace. 

Deng, Gang, and Zong (1996) and Deng (1 999) outlined various methods to prevent 
and mitigate accidental explosions in industry and the efforts in the Peoples Republic of 
China to introduce safety standards to promote furtherreduction of the accidental explo-
sion risks in the Chinese industry. 

9.9 
CONCLUSIONS 

Initiation and propagation of industrial dust explosions are, from a fundamental scien-
tific point of view, extremely complex phenomena. Comprehensive mathematical theo-
ries to predict ignition and combustion of dust clouds in industrial environments from 
fundamental physical and chemical principles in general are, at present, beyond reach. 

It is not surprising, therefore, that the vast amount of existing knowledge on dust 
explosion-relatedphenomenais to a large extent fragmented.It is believed, however, that 
more and more fragments will, step by step, become tied together and steadily increas-
ing domains of coherence will emerge. Comprehensive mathematical models and 
powerful computers are invaluabletools in this process. But, experiments remain indis-
pensable in the calibration of the mathematical models, because such models will remain 
approximate and require careful tuning in the foreseeablefuture. It is necessary to con-
tinue the execution of realistic industrial-scale experiments. At the same time, more 
basic research and mathematical modeling should continue at full pace. 

Much of the research that needs to be undertaken is very demanding, and international 
cooperation in joint research programs should be encouraged. 
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Appendix 
lgnitability and Explosibility Data for Dusts 
from Laboratory Tests 

A. 1 

THE BIA (1987) 
,,A.2, A N D  A.3 A N D  COMMENTS FROM 

A.1-1 
LIMITATIONS TO THE APPLICABILITY OF THE DATA 

A.l  .I .I 
Particle Size and Moisture Content 

The applicability of the data in Tables A. 1,A.2, and A.3 to other dusts of apparently iden-
tical materials is limited.In practice, dusts of a given overall chemistry may differ widely 
in particle size, particle shape, and sometimes also in particle surface reactivity. 
Furthermore, most ignitability and explosibility parameters are inff uenced by inherent 
featuresof the test method. Therefore,as a general rule, the tabulated data should be used 
only as indications and not as the ultimate basis for design of actual safety measures in 
industry. On the other hand, data obtainedusing the same test method allows relative com-
parison of ignitabilityand explosibility of various dusts. It is always necessary,however, 
to account for any significant differencesbetween the particle size distributionsand par-
ticle shape of the actual dust of interest and those in Tables A. 1,A.2, and A.3. 

ust material, the maximum explosion pressure (Pmax)and the maximum 
rate of pressure rise (KSJincrease systematicallywith decreasingparticle size and mois-
ture content. The minimum ignition energy (MIE) generally decreases with decreasing 
particle size and moisture content. Decreasingthe moisturecontent and particle size can 
also cause a decrease in both the minimum explosible dust concentration (e,,) and the 
minimum ignition temperature of a dust cloud ( T ~ , ) .The dusts were tested “as received,” 
and general lack of information on the moisture content presents a further uncertainty 
concerning the specific applicability of the data. This applies, in particular, to the data 
for wood and cellulose and food and feedstuffs. Such dusts often contain considerable 
fractions of moisture in the “as received” state. 

It is generally advisable to have the actual dust of interest tested in a professional 
laboratory. 
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A.l .I .2 
Initial State and Composition of the Cas in Which the Dust 
Is Dispersed or Deposited 

The data in Table A. 1 apply to 

Atmospheric pressure (from -0.2 to +0.2 bar(g)). 
Oxygen content of air (from 18 to 22 vol% 0,). 
Normal ambient temperature (from 0 to 40°C). 

In general, P,,, and under certain conditions also (dPldt),, or Kst, increase propor-
tionally with the absolute initial pressure. Increased oxygen fraction in the atmosphere 
increases both the ignitability and the explosibility, whereas a lower oxygen content 
than in air reduces the hazard correspondingly. Increased initial temperature increases 
the ignition sensitivity (reduces MIE). Normally, data for conditions that deviate sig-
nificantly from the standard test conditions have to be determined specifically in each 
case. 

If the gas phase contains some combustible gas or vapor, even in concentrationscon-
siderably below the lower explosibility limit for the gas or vapor, hybrid effects can give 
rise to considerableincrease of both ignition sensitivityand explosibility.In such cases, 
specific tests definitely have to be conducted. 

A.1.2 
COMMENTS ON THE VARIOUS ITEMS IN TABLE A.l  

A.1.2.1 
Selection and Identification of Dusts 

The original table, published in German by the BIA (1987), contains nearly 1900 
dusts. Therefore, the selection of about 375 dusts in Table A. 1 constitutes about 20% 
of those in the original tables. When making the selection, the samples of a given dust 
material that gave the most severe test data were normally preferred. In addition, 
sequences for some given dust materials showing systematic effects of, for example. 
moisture content or particle size were included. Examples of this are data for peat and 
aluminum. 
In the original German table, the dusts are identifiedby a code number, which has been 

omitted here. However, the sequence of the dusts in the condensed table is identical to 
that in the originaltable. If required, the dusts in the condensedtable can be easily iden-
tified in the original German table by means of the particle size data and the ignitability 
and explosibility data. 

A.1.2.2 
Particle Size Distribution 

Most of the dusts were tested as received. However, in some cases, fractions passing a 
63 ,um sieve were tested. 
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A.1.2.3 
Minimum Explosible Dust Concentration (Cmin) 

Most of the tabulated data were determined in the standard closed 1 m3 IS0 (1985) 
vessel or in the closed 20 liter Siwek sphere. Experience has shown that the latter appa-
ratus tends to give lower values than the 1 m3 vessel, often by a factor of 2. (Note: 
Another standard small-scale method, approved by Nordtest, 1989, seems to give data 
in somewhat closer agreement with those from the 1m3IS0 vessel.) The C,, values in 
brackets were determined in the modified 1.2 liter Hartmann apparatus in terms of the 
smallest dispersed dust quantity that propagated flame, divided by the vessel volume. 
These values are sometimeshigher than the true &,because of the comparativelyweak 
ignition source used. 

A.1.2.4 
Maximum Explosion Pressure (fmJ 

The maximum explosion pressures were obtained either in the standard 1m3IS0 vessel 
or in the 20 liter Siwek sphere. The data in brackets were obtained in the 20 liter sphere 
using a simplified test procedure due to limited amounts of dust for testing. The stan-
dard procedure requires at least three replicated tests at each dust concentration over a 
range of different concentrations. 

A.1.2.5 
ExplosionViolence (Kst, St  class) 

Ks, is defined as the maximum rate of pressure rise during a dust explosion in an equidi-
mensional vessel, times the cube root of the vessel volume. Ks, (bar m / s )  is numerically 
equal to the maximum rate of pressure rise (barh) in the 1 m3standard IS0 (1985) test. 
The K,, data in the table were obtained either in the standard IS0  test or in the 20 liter 
Siwek sphere, adopted by ASTM (1988), which has been calibrated to yield compara-
ble K,, values. 

The St class was determined using the modified Hartmann tube with a hinged lid at 
the top. Brackets indicate that this test method is not considered adequate in the Federal 
Republic of Germany for conclusive classification of St2 and St3 dusts (St2 means that 
200 bar d s  I K,, < 300 bar d s ,  and St3 that K,, 2 300 bar d s ) .  

A.1.2.6 
Minimum Ignition Temperature of Dust Clouds 

These data were acquired using either the Godbert-Greenwald furnace or the BAM fur-
nace. The data in brackets were obtained using a modified, elongated version of the 
Godbert-Greenwaldfurnace,yielding somewhat lower values than the version proposed 
as an IEC (InternationalElectrotechnical Commission) standard. 
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A.1.2.7 
Minimum Ignition Energy (MIE) 

In the original BIA (1987) publication, the MIE values appear in a separate table. 
However, because the dusts could be identified by their reference numbers, it was pos-
sible to incorporatethe MIE values in TableA. 1.These values are determined using soft 
sparks (long discharge times) in agreement with the VDI method describedby Berthold 
(1987). Down to net spark energies of about 1 mJ, this method is in complete accordance 
with the CMI method described by Eckhoff (1975). The VDI and the CMI methods are 
the basis of the method for measuring MIE that is being evaluated by the IEC. The VDI 
and CMI methods differ from the earlier U.S. Bureau of Mines (USBM) method, in which 
an appreciablefraction of the l/2CV2 quoted as MIE was lost in a transformer and never 
got to the spark. Therefore, the USBM MIE values are generally higher than those deter-
mined by the new method.A tentativecorrelation for transforming USBM data to equiv-
alent VDUCMI data is given in Figure A.1 (see also SectionA.2.4). 

f 10 

f
E 

1 

10 102 103 1oL 

MINIMUM IGNITION ENERGY, USBM lmJ l  

Figure A.l Approximate empirical correlation between the minimum ignition energies measured by 
the earlier USBM method describedby Dorsett et al. ( 1  9601, and valuesgenerated by the more recent 
methods described by Eckhoff ( 7  975) and Berthold ( I  9871, and the method being evaluated by the 
IEC (see Chapter 7). Note: The correlation must be used as an indication only and must not be 
extrapolated 

A.1.2.8 
Glow Temperature 

These data were obtained with a 5 mm thick layer of dust resting on a hot plate of 
known, controllable temperature (equivalent to proposed standard IEC method for deter-
mining the minimum ignition temperature of a dust layer on a hot surface). 
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A.1.2.9 
Flammability 

The dusts are classified according to their ability to propagate a combustion wave when 
deposited in a layer. Ignition is accomplishedusing either a gas flame or a glowing plat-
inum wire at 1000°C.The test sample is a 2 cm wide and 4 cm long dust ridge resting 
on a ceramic plate. Ignition is performed at one end. The classifications are 
0 Class 1. No self-sustainedcombustion. 
0 Class 2. Local combustion of short duration. 
0 Class 3. Local sustained combustion but no propagation. 
0 Class 4. Propagating smoldering combustion. 
0 Class 5. Propagating an open flame. 
0 Class 6. Explosive combustion. 

The numbers in brackets refer to a modified test procedure according to which 20 
weight% diatomaceous earth is mixed with the powder or dust to be tested. By this 
means, some materials that otherwisewould not propagate a flamebecause they melt may 
show sustained flame propagation. 

A.2 
APPLUCABILITY OF EARLIER USBM TEST DATA 

A.2.1 
BACKGROUND 

The U.S. Bureau of Mines in Pittsburgh,PA, developed a comprehensiveset of laboratory 
test methods for characterizingignitabilityand explosibilityof dusts, and published a large 
number of test data, which have been widely used throughout the world. The test appara-
tuses and procedures were describedby Dorsett et al. (1960).Test data for 220 agricultural 
dusts were reported by Jacobson et al. (1961); for 314 dusts in the plastics industry, by 
Jacobson,Nagy, and Cooper (1962);for 314metal powders,by Jacobson,Cooper, and Nagy 
(1964); for 241 carbonaceous dusts, by Nagy, Dorsett, and Cooper (1965); for I75 chem-
icals, drugs, dyes, and pesticides, by Dorsett and Nagy (1968); and for 181miscellaneous 
dusts, by Nagy, Cooper, and Dorsett (1968); that is, for 1445 dusts altogether. 

In more recent years, alternative test methods have been developed, and there is a need 
to indicate the extent to which the substantialamount of the earlier USBM data are com-
patible with more recent data, as for example those in Tables A.l, A.2, and A.3. 

A.2 .2 
MINIMUM IGNITION TEMPERATURE OF THE DUST CLOUD 

The apparatus used was the original Godbert-Greenwaldfurnace, which is essentially 
the. same apparatus as the Godbert-Greenwaldfurnace used for determining the data in 
TableA.1.The eadier USBM data should thereforebe compatiblewith those in TableA.1. 
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Table A.l lgnitability and explosibility of dusts co 

Dust type 

Cellulose 
Wood dust 
Wood dust 
Wood dust (chipboard) 
Wood, cardboard, jute 
Wood, cardboard, jute, resin 
Lignin dust 
Paper dust 
Paper tissue dust 
Paper (phenolresin treated) 
Peat (15% moisture) 
Peat (22% moisture) 
Peat (31% moisture) 
Peat (41% moisture) 
Peat (from bottom of sieve) 
Peat (dust deposit) 
Paper pulp 
Food,feedstuffs 
Gravy powder (21% starch) 
Citrus pellets 
Dextrose, ground 
Dextrose 
FaVwhey mixture 
Fat powder (48% fat) 
Dough 





Table A. l  continued 

lgnitability and explosibility of dust clouds Dust layers 
Mod. H. VDI I DIN I 

Particle size distribution 1m3or 20 L vessel Explos. I Glow I Flam. 
Weight % <Size (p) Median C,, P,,, Kst <63pn -Tmi, 

Dust type 500 I 250 I 125 I 71 I 63 I 32 I 20 (p) (g/m3) (bar(g)) (bar.m/s) (Class) G.G. 

lgnitability and explosibility of dust clouds I Dust layers 
Mod. H. I VDI I DIN I 

Particle size distribution 1m3or 20 L vessel Explos. I Glow I Flam. 
Weight % <Size (p) Median C,, P,,, Kst <63pn -Tmi, 

Dust type 500 I 250 I 125 I 71 I 63 I 32 I 20 (p) (g/m3) (bar(g)) (bar.m/s) (Class) G.G. 

mi
160 230 





Table A.1 continued 

Polyethylene (low pressure) 
Polymethacrylate (from filter) 

Polymethacrylimide 

OI
Lo 
0 

90 20 9 245 125 7.5 46 St.1 460 Melts 3(5) 

90 70 48 21 30 9.4 269 (St.2) 550 Melts 5 
45 15 105 30 9.6 125 (St.2) 530 Melts 5 

P 
a 
0n 



Polypropylene 

b 3 
Q 
2' 

o\ 
Lo 
-4 



cn 
ru Table A.l continued u2 



Appendix 693 



o\ 

a Table A.l continued iD 





o\ 

w Table A.l continued k2 

5 
2 
5 2. 
2, 
5' 
5 

P 
8 
2 
3 
5 s. 

0 

U 

In 

m 

4 

In cn 





TableA.l continued 

Dust from grinding (Ti) 
Dust from grinding + polish. 
(polyester) 

89 64 37 18 4 170 (100) (St. 2) 2 

99 96 91 4 0  530 4 >450 



Toner resin 

Zinc stearate/Bentonite 

Zinc StearateJBentonite 
(9O:lO) 

(20:80) 

b 
-0 

3 
4 
x" 

w 

78 55 18 580 <I >450 (5) 98 

(1 00) (St. 2) 3 

(St. 1) 2 

01 
10 
10 
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Dust type 

Cellulosic materials 
Cellulose 
Cellulose 

Waste from wood cutting 
Wood 

Food and feedstuffs 
Pea flour 
Maize starch 
Waste from malted barley 

Rye flour 1150 

Starch derivative 
Wheat flour 550 
Coals 

Table A.2 Maximum permissible O2concentrationfor inerting dust clouds in atmospheres of O2+ NZ 

Median particle Maximum 0, 
diameter by mass concentration for

(run) inerting by N, (~01%) 

22 9 

51 11 

130 14 
27 10 

25 15 

17 9 

25 11 

29 13 

24 14 

60 11 
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Bituminous coal 

Table A.2 continued 

Source: BIA (1 987). 

20 I NaHCO, 35 65 

TableA.3 
(1985) vessel, 10 kJ chemical ignitor) 

lnerting of dust clouds by mixing the combustible dust with inert dust (1 m3standard I S 0  

Sugar 30 1 NaHCO, 35 50 

Source: BIA (1987) 
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A.2.3 
MINIMUM IGNITION TEMPERATURE OF THE DUST LAYER 

The earlier USBM method differs significantlyfrom the hot-plate method used to produce 
the data in Table A. 1. The latter is illustrated in Figure 7.17 in Chapter 7. In the USBM 
method, 6 om3of the dust was placed in a small stainless steel mesh basket kept suspended 
at the center of the Godbert-Greenwaldfurnace (seeFigure 7.24 in Chapter 7), while a con-
trolled, small flow of airwas passed through the furnace.The temperature of the furnace 
was controlled and maintained at a predetermined value, and the temperature inside the 
dust sample was monitored by a thermocouple.Ignition was defined as a distinct increase 
in the dust temperature beyond that of the furnace within 5 minutes. The minimum igni-
tion temperaturewas defined as the lowest furnacetemperatureat which ignition occurred. 

As would be expected, the USBM layer ignition temperatures are generally signifi-
cantly lower, by 100"or more, than the "glow temperatures" of TableA. 1for similar dusts. 

A.2.4 
MINIMUM IGNITION ENERGY OF THE DUST CLOUD (MIE) 

Due to the design of the electric spark generator used earlier by the USBM, part of the 
stored capacitor energy '/zCV2 was lost in a high-voltage transformer, and therefore the 
net spark energy was smaller than the nominal '/zCV2 quoted as the spark energy. 
However, when comparing MIE data for similar dusts, determinedby the earlier USBM 
method and the more recent methods described by Eckhoff (1975) and Berthold (1987), 
an approximateempiricalcorrelationis indicated, as shown in FigureA.1 in SectionA.1.2.7. 
Note that the correlation should not be extrapolated beyond the range of Figure A. 1. 

A.2.5 
MINIMUM EXPLOSIBLE DUST CONCENTRATION 

The earlier USBM method was based on the 1.2 liter open Hartmann tube, with its top 
opening covered by a paper diaphragm.A comparativelyweak continuousinduction spark 
source was used for ignition. The dust concentration was defined as the quantity of dust 
dispersed,dividedby the 1.2liter volume of the tube: In spite of several probable sources 
of error, this method often yielded reasonable values as compared with more recent 
methods such as Nordtest (1989). This is probably because the effect of some of the 
sources of error partly cancel each other. However, data from the early USBM method 
must be regarded as indicative only. 

A.2.6 
MAXIMUM EXPLOSION PRESSURE 

The early USBM data were determined in the original version of the closed 1.2 liter 
Hartmannbomb. Due to incomplete combustionand coolingby the walls, the maximum 
explosion overpressuresin the Hartmann bomb are generally considerably lower, by up 
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to 50%, typically 25-30%, than those generated by the same dusts in larger vessels, such 
as the 1 m3 standard IS0 (1985) vessel and the 20 liter Siwek sphere. It does not seem 
advisable to indicate any general relationship between P,,, from the early USBM tests 
and more recent data from larger vessels. 

A.2.7 
AXIMUM RATE OF PRESSURE RISE 

These data were determined in the same Hartmann bomb experiment as the maximum 
explosion pressures. However, there seems to be some justification for indicating the fol-
lowing tentative correlation between (dPldt),,, in the closed Hartmann bomb and the Ks, 
from the 1 m3 standard IS0 (1985) method (see Table A.4). 

Table A.4 Examples of correlation of rates of pressure rise 

Note: For quite coarse powders (nonhomogeneousdust concentration distribution in Hartmann bomb) and for 
very fine, cohesive powders (poor dust dispersion in Hartmann bomb), this correlation can be substantially in 
error. 

A.2.8 
AXIMUM PERMISSIBLE O2CONCENTRATION FOR INERTING 

USBM used two methods, an open glass tube with electric spark ignition and the Godbert-
Greenwald furnace at 850°C. As would be expected, the latter method gave consides-
ably lower limiting O2concentrations for inerting than the former. 

Generally, the values of Table A.2 fall somewhere between the two USBM values for 
similar dusts. The arithmetic mean of the two USBM values then might be compatible 
with the data in Table A.2. 

ASTM. (1988) “Standard Test Method for Pressure and Rate of Pressure Rise for Combustible Dusts.’’ 
ASTM E 1226-88. ASTMAnnual Handbook 14.02.West Conshohocken, PA: ASTM, pp. 688-698. 
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Bielefeld: Erich Schmidt Verlag GmbH & Co. 
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Flame propagation (continued) 

acceleration, 351-363 
in closed vessels, 332-341 
models, 325-329,363-367 
overview, 330-3 32 
research, 600-602,604606 
safe gap for dust clouds, 346-351 
systematic comparative studies, 344-346 
in unconfined geometries, 341-344 

zero gravity conditions, theory of, 284-287 

turbulent, 325-367 

Flame stability systems, 385, 387, 388 
Flame stretch phenomena, 598 
Flame types 

Nusselt, 268 
in premixed gas, 268-270 
volatile, 268 

Flameproof enclosures, 567-568,576 
Flammability 

data, 685 
tests, 493-498 

Flexible big bags, 617-618 
Flour dusts 

explosion in Turin (1785), 157-160 
literature survey, 133-134 

Fluidized bed experiments, 226,268, 280,465, 602 
Frank-Kamenetskii’sconstant, 386, 389,390, 

Friction 
397,402 

definition, 14 
as hazard, 13 
as ignition source, 592 
tests, 515 
wall, 355 

“Friction sparks,” 13,64,419,515, 592 
Frictional heat, 60 

Galleries, experiments in, 367-369 
Gas explosions 

risks from heated dust, 490492 
smoldering, 12 

Malmo (1989), 181-182, 183 
Stavanger (1985), 177-178 
Tomylovo (1987-1989), 178-180 

turbulent studies, 344-346 
Gas flow, turbulent, 234-239 
Gas inerting systems, 68-69 

for aluminum and magnesium powder or dust, 

partial, 69 
139 

Gaseous product generation risk, 491 
Gases versus dusts, 550-551 
German and Swiss closed bombs, 521 
Glow temperature, 684 
Godbert-Greenwaldfurnace, 424,425,426, 

499-501,504,541 

Grain dust 
experiments, 306,393,420 
explosions 

Iowa (1980), 169-171 
Kambo (1976), 163-165 
Minnesota (1980), 168-169 
Missouri (1980), 166-167 
Oslo (1976), 165, 166 
Oslo (1987), 165, 166 
recent, 25 
Stavanger (1970), 160-162 
Stavanger (1988), 162-163 
Texas (1981), 171-172 

literature survey, 133-134 
use of liquid additives, 114-115 

Grewer-furnaceflammability test, 496 
Gruber et al. venting theory, 463-464 
Gutterman and Ranz gas velocity gradient, 

225-226 

Halons (as suppressants), 106, 108 
Harmonized gas and dust standards, 550,551, 

Hartmann apparatushomb 
556,565,567 

American Society for Testing and Materials 

bag filters experiments and, 450 
closed vessels laboratory tests and, 534,535 
description of, 241 
dispersion air valve, 336 
dispersion system of, 480,481 
dust concentrationand, 35,36, 243, 308 
dust explosion venting and, 460,461 
explosibility tests and, 489 
explosion pressure, 337 
explosion violence and, 638 
fixed vent ratio and, 431 
laboratory test, 526-529 
laminar flame propagation in closed vessels 

theories and, 296,297 
oxygen content in atmosphere,541 
particle size and, 30, 31, 33, 34 
Rust method and, 437 
tests, 336,433 
turbulent dust flames in closed vessels studies 

vent sizing methods and, 434,450 

and, 535 

and, 334,337 

Haswell coal mine explosion, 20-21,256 
Hazard analysis/surveys, 124-127 

classificationsystem, 543 
minimum mass of dust, 621-622 
reduction possibilities, 61-62,67-68 
research, 610-611,634 

Hazard and Operability Studies (HAZOP), 124, 
125 



Index 717 

Hazardous materials, 5-7 
Heat conductivity,394-397 
Heat flux ignition sources, 391-392 
Heats of combustion, 6 
Heats of various solids, specific, 220 
Heinrich and Kowall venting theory, 460462, 

Hinged exp!osion doors, 90, 91; 92 
Hut particle detection system, 63-64 
Hot-piate test, 494-495, 560 

463 

Hot spots 
accidental impaces and; 419.421,422423 
as igniiion hazard, 14 
generation of, 516 
from rubbing. grinding, and multiple impacts, 

420421 
Hot surfaces 

enclosed, apparatus design for, 562-563 
as ignition hazard, 13, 61-62, 391,423-426, 

research on, 590 
615-61 6 

Human motivation (in explosion prevention), 

Hybrid mixtures 
118-120 

effect of. 50-55 
explosive properties test, 539-540 

IC1 Dessicarb (suppressant), 105, 109 
Ignitability assessment 

dispersibility,480-485 
electrical resistivity, 487488 
historical background, 473475 
by laboratory tests, 491492 

context of, 476 
flammability tests, 493498 
purpose, 475 
types, 477 

measurement of physical charactenstics of 
dusts, 479-488 

moisture content, 485-487 
oxygen content influence in oxidizing gas, 

particle size distnbution and specific surface 
area, 479480 

philosophy of, 475477 
powder mechanical properties, 485 
relationship between test result and real hazard, 

test data tables 

540-542 

475477 

BIA. 681-685,686-701 
U.S. Bureau of Mines, 495, 505, 685, 

702-703 
testing problems, 636-641 

curves, 572-574,576 
Ignition 

defined; 385-388,542 
of dust clouds, 385-430,587-595 

by electric spark, 40&419,476477 
by hot surfaces, 391,423426,562-563 
by mechanical rubbing or impact, 419-423 
research on, 592-595 

of dust layers by hot surfaces, 563 
process of, 385,583 
self-heatingand self-ignitionin powder 

deposits, 388-404 
of single particles, 587-595 

aluminum, 2.5-253,588 
carbon. 256-264 
coal, 256-264,589 
magnesium, 253-255,588 
wood, 264-265 
zirconium, 255 

Ignition delay, 28, 335-336 
Ignition energy, minimum. See Minimum ignition 

Ignition sensitivity, 4, 34, 349,414,422 
Ignition sources, 10, 11-20, 24,475 

energy 

background, 10, 11 
electric sparks and arcs, 15-20, 65-66,475 
electrical apparatuses, 549 
electrostatic discharges, 15-20, 65-66, 

eliminationof, 57-66,475 
enclosing, 560-568 
heat from mechanical impacts, 13-14, 64-65 
hot spots, 419423 
hot surfaces, 13,61-62, 391,475,493498, 

laser beam, 618-619 
mechanical sparks, 23 
miscellaneous,618-61 9 
open flames, 13,61,475 
preventing, 57-66 
self-heating,493-498 
smolderingnests, 62-61 
smolderingor burning dust, 11-13, 58-61,475 

Ignition temperature, 291, 292, 385-388,411 
determination,391,494495 
self-heatingin powder deposits, 388404 

616-6 18 

615-6 16 

Impact hazard, mechanical, 13-14,04-65, 

Inert dust 
419423 

adding, 73 
in clouds, 55-56 
influence of, 542 
uses of, 73 

Inert gases, uses of, 59, 60, 139 
Inerting, intrinsic, 131 
Inerting by adding inert gas to air, 67-69, 

Inerting by adding noncombustibledust, 620-621 
619-620,625-626 
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Inerting system (coal grinding plant), 110 
Integrated process plants, explosion prevention, 

International Protection (IP) code for prevention 

International ElectrotechnicalCommission (IEC) 

109-1 11 

of dust ingress, 560-562,564 

area classification standards,553, 554 
electrical apparatuses, 549, 564-565 
Ex“iD” standard for dusts, 570-571 
Ex“p” standard for gases, 565,568 
Ex“pD’ standard for dusts, 565, 566, 567 
harmonizing dust with gas standards, 551, 556, 

Hartmann bomb, 526 
hazard classification system, 543 
hot-plate test, 494495,560 
ignition temperature experiment, 391,563 
IP (InternationalProtection) code, 560-562, 

minimum ignition energy test, 499, 500, 

molding standards, 576 
pressurized electrical equipment enclosures 

resistivity test, 487 
scope of standards on dusts, 552 
standards, 141,523,550,562, 563,572 
test methods, 63 
three-zone concept, 553-554 

Bartnecht system, 241,357 
codes and standards, 87, 141 
explosion suppression system test, 536,539 
Kst value, 340, 356-357, 359,431,447,534, 

1 m3 closed vessel test, 87,310, 311, 356,431, 

maximum explosion pressure at constant 

MEC results, 310, 521, 523, 525 

565,567 

564 

512-513,571,572,576,637,640 

standards, 5655567,575 

International StandardizationOrganization (ISO) 

535,637 

450,461,534,585,603,639,640 

volume, 529-530 

test methods, 637 
turbulence index, 536 

Interparticle forces, 224 
categories, 202 
due to liquids, 204-206 
electrostatic forces, 203 
and strength of bulk powder, 206-212 

measurement of, 208-212 
shear cells, 209-210,211 
tensile strength testers, 210-212 
theories, 206-208 

van der Waals’ forces, 202,207 
Intrinsic inerting, 131 
Intrinsically safe electrical apparatus, 568-574 
Iron, corrosion of direct-reduced,403 
Isoperibolic experiments, 389-390, 397 

Jaeckel theory of explosive concentrations, 

Jenike cell, 209-210 
Jost theory of ignition in premixed gases, 417 

314-315 

k - E  theory, 327,328-329 
K,, values (measurementof inherent 

explosibility),97,340-341, 356-357,459, 
534,535,637 

Kjaldman computer models, 364-366 
Kolmogoroff energy spectrum law, 327 

Lagrangian formulation, 301, 329 
Lambert-Beer’slaw, 7 1 
Laminar flame propagation. See Flame 

Liftoff apparatus, 483,484485 
Light attenuation measurement systems, 7 1, 

Lightning type discharges, 16, 19 
Lignite dust. See Coal dust 
Limiting oxygen content (LOC) 

in atmosphere, 619-620 
for inerting, 639 

Harbin (1987), 182, 184-187 
research, 617 

propagation, laminar 

72,73 

Linen flax dust explosion 

Liquid additives, dust control, 113, 114-116, 

Liquid bridge regimes, 205,206 
Liquids, interparticleforces due to, 204-206 
Literature surveys 

204-205 

aluminum, 138-139 
bag filters in steel works, self-ignition,404 
cellulose, 135-136 
coal dust, 136-137,401403 
corrosion of direct-reducediron, 403 
dust explosion hazards, 4, 133-141 
explosion mitigatiodprevention, 57, 133-141 
fish meal, 134 
grain and feed dusts and flour, 133-134 
magnesium, 138-139 
metal dusts, 139-140 
milk powder, 134,403 
miscellaneous powdersfdusts, 140-141 
organic materials, natural, 403 
peat dust, 135-136 
powder for electrostatic coating, 137-138 
research and development,580-582 
self-heating of powders/dusts, 388,401404 
silicon, 139-140 
sugar, 134 
wood dust, 135-136 

Liitolf’s method, 492, 514 



index 713 

Lycopodium 
burning velocities, 277,278-279,281, 335 
duration of electric spark, effect on MIE of, 

explosion pressure tests, 535 
ignitability and explosibilityproperties, 348 
ignition of, 269, 334,408,409,411,423, 572 
ignition temperature,411 
investigatingburning velocity of laminar 

use of, 213,215,408,412 

413 

flames of, 245,597,598 

Mach number, 217,229 
Mach-Zehnderinterferometry,319 
Mache-Hebranozzles, 270 
Magnesium 

burning velocities, 283 
ignition and combustion, 253-255 
literature survey, 138-139 

Magnetic separators,65 
Maisey venting theory, 460 
Maize starch experiments 

bag filters, 44845 1 
dispersion, 485 
dust concentration,35, 36 
dust clouds, 72, 361, 373 
ignition, 480,518,522,595 
laminar flame, 597 
particle size, 29,33,34 
on peak pressures of incident shock waves, 586 
suppression systems, 632 
turbulent flame propagation, 600,605,606 

Mallard-le Chatelier thermal diffusion theory, 
266,267,283,290,298,300,314,416 

Malted barley dust explosion 
Norway (1976), 165, 166 
Norway (1987), 165, 166 

Markstein length of dudair flame, 599 
Materials that can cause dust explosions, 5-7 
Maximum experimental safe gap (MESG),76, 

Maximum explosion pressure 
346-351,568,594 

at constant volunie, 525-533 
data, 683. 702-7103 
in hybrid mixtures, 539-540 
industrial, 525 
laboratory tests, 526-533 

Mechanical accidental impact ignition hazard, 

Mechanical bulk properties, powder, 485 
Mechanical impact and friction sensitivity, 

Metal dust, 6 

13-14,64-65,515-518 

513-5 15 

burning velocity, 270-272 
combustion of, 7 

dust concentrations, 35 
flame studies, 270-273, 317 
literature survey, 139-140 
particle size, 30 
United States versus Federal Republic of 

Germany, 23 
Metal sparks 

generation of, 420-421, 516 
ignition hazard, 404419, 593 

explosion in coal silo at Elkford (1982), 

explosion in coal silo at San Bernadino (1984), 

in hybrid mixtures with dust. effect of 52-53, 

Methane 

187-1 88 

188 

54-55 
Milk powder 

literature survey, 134 
research on, 591 
smolderingnests of, 63 
thermal behavior, 403 

Milling equipment,protection selectionfor, 128, 

Minimum electric spark energy. See Min':mum 

Minimum explosive dust concentration(MEC), 

129,130-131 

ignition energy (ME) 

35,304-311,518-525 
below, 621 
data, 683, 702 
experimentaldetermination,304-3 11, 640 
flame propagation and, 639 
hybrid mixtures, 5 1-52 
industrial, 518-5 19 
laboratory tests, 519-524 

GermadSwiss closed bombs, 521 
international standard,possible, 523-524 
Nordtest Fire 011,522-523 
in United States, 519-521 

and particle size, 31-32 
Minimum ignition energy (ME), 420, 505-508, 

619 
data, 684, 702 

electrical apparatus design and, 571-574 
flame propagation velocities and, 598 
gas ignition curves and. 572 
in hybrid mixtures, 52-53 
laboratory tests, 505-5 13 
moisture content and, 28 
particle size and, 32, 33 
in premixed gases, 415,416 
research, 593,594,637,638 

Minimum ignition temperature,499-504, 559 
comparison in different test furnaces, 504 
dust cloud data, 45.420,421,683,685 
dust layer data, 702 

of dust clouds, 17,451.6,415416,571-572 



714 Index 

Minimum ignition temperature (continued) 
industrial situation, 499 
laboratory tests, 499-504 
research, 641 
theories for predicting, 424426 

Moisture content 
data, 681 
influence of, 28 
role of, 28-29, 336,485487 

Molding, encapsulation by. 567 
Monosized particles theory, 

288-290.294 

Nagy and Verakis venting theory, 463 
NagylConnNerakis theories, 294-297 
National Fire Protection Association (NFPA) 

dust explosions in United States (1900-1956) 

gases versus dusts, 558 
nomograph method, 43 1,446 
standards, 141, 553 
vent scaling procedure, 455456,627 
vent sizing, 453, 455 
vented dust explosions and, 461 

Nature of dust explosions, 1-20 
ignition sources, 10, 11-20 
materials that can cause, 5-7 
phenomenon, 1-5 
range of dust concentrations, 7-10 

maximum experimental safe gap and, 351 
self-ignition, 390 
vent sizing method, 431433,437,446,453 
vented dust explosions and, 461,462 

Nomura and Tanaka laminar burning in closed 

Nomura and Tanaka monosized particles theory. 

Nomura and Tanaka venting theory, 462463 
Nordtest Fire 011 method, 3 10, 3 11 

Nordtest Fire 016 method, 505-508 
Norwegian vent sizing method, 434, 438 
Nozzle(s) 

per, 21-22 

Nomograph 

vessels, 298-299, 318 

288-290 

MEC results, 522-523, 524 

cyclone experiments and, 445 
Dahoe, circular, 585 
dispersal of agglomerates by, 232-234, 241, 

242,333 
Mache-Hebra type, 270 
nomograph method and, 432 
perforated annular, 585 
rebound design, 531,532,585 
turbulence intensity experiment and, 457 

Nusselt number, 258, 261 
Nusselt type flames, 268, 290 

Ogle/BeddowNetter theory. 287-288, 299-301 
Ohmic energy dissipation, 404406 
Oil shale, 140 
Open flame hazards, 13,61 
Open-circuit systems (for dust cloud generation), 

Optical flame detectordsensors, 102 
Organic materials. See also under spec@ names 

244246 

burning velocity, 277-280 
combustion of, 7,29 
flame studies, 277-282 
particle size, 29 
rates of pressure rise. 26-27 
self-ignition, 403 
thermal behavior, 403 

Oxidation reaction, cooling of, 59-60 
Oxidizer gas, oxygen content of, 39-44 
Oxygen concentration 

data, maximum, 703 
for inerting, 599 

Oxygen content influence in oxidizing gas, 

Oxygen detectors/sensors, 69 
540-542 

Partial inerting, 69, 625-626 
Particle dislodgment/entrainment 

in parallel airflow, 221-229 
in upwards airflow, 230-232 

Particle size, 2-3, 29-34 
analysis, 479480 
data, 68 1, 682 
distribution, determining, 232, 233, 234 
dust clouds and, 199 

Particles. flow pattern of, 584 
Particles movement and inertial forces influence, 

Particles suspended in a gas, 213-221 
557-558 

drag on, 215-218 
movement of, 218-219 
propagation of large-amplitude pressure waves 

in dust clouds, 221 
speed of sound in dust cloud, 219-220 
terminal settling velocity, 2 13-2 15 

Passive devices, explosion isolation, 75,77-78 
Peat dust 

bag filters experiments, 448451 
computer model, 364-366 
literature survey, 135-136 

Personal motivation (in explosion prevention), 

Perspex 
118-120 

cylinder, 541 
glass tube, 488, 542 
window. 3 13 

Pipelines, experiments in, 443444,  604 
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Pneumatic pipelines, 443-444 
Pneumatic separators, 65 
Polyester/epoxypowders, literature survey, 

137-138 
Powder deposits. self-heatingand self-ignitionin, 

Powderldust conveyors,protection selection, 130, 

Powderldust mixers, protection selection, 129, 

Powdersldusts. See also under spec$c Qpes 

388404 

132 

131-132 

attraction forces between particles in, 202-206 
discharge along surface of, 16, 19 
ignition prevention, 66 
literature survey, 140-141 
mechanical properties, 208-2 12,485 
pressure influence on, 47 
propagating brush discharges and, 18-19 
storage in heated atmosphere,497 
as suppressants, 108, 109 

Prandtl-Karmanrelation, 224,225 
Pressure detectorslsensor,101-102 
Pressure of dust cloud, initial, 47-50 
Pressure piling, 74, 52.5 
Pressure pulse, 100 
Pressure vessel design, 82-83 
Pressure waves, large-amplitude,221 
Pressurized enclosures, 575-576 
Preventive means, 57-120 

construction and layout of buildings, 116-118 
control and interlocking systems for integrated 

process plants, 109-1 11 
cost considerations, 122, 123 
for dust accumulations, 112-1 13 
evaluating, 121-122, 123 
explosible dust cloud elimination, 81-84 
explosion isolation, 73-8 1 
explosion transfer avoidance, 73-81 
explosion venting, 64-101 
explosion-pressure-resistantequipment, 81-84 
hazard analysis. 124-127 
human factors, 118-120 
ignition source avoidance, 57-66 
by liquid addition, 113-116 
outside process equipment, 112-113 
overview, 57 
safety audits, 125-127 
selecting, 121-14 1 
suppression of dust explosions, automatic. 

working routines, enforcing adequate, 58 
101-109 

Primary dust clouds, 584 
Primary explosions. 7-10, 11, 80-81 
Process equipment 

633 
design for specified internal explosion loads, 

dust accumulationsprevention and removal 

eliminating explosions in, 540 
leaks, 112 
pressure-resistantdesign, 82 
pressure-shock-resistantdesign, 82, 83 
preventing secondary explosions outside of, 

protection selection, 127-132 

example, 109-1 11 
objectives, 109 

outside. 112-113 

633-634 

Process variables, monitoring 

Propagating brush discharges, 16, 18-19 
Properties that influenceignitability and 

explosion violence. 25-56 
combustiblegas or vapor, 50-55 
concentrationof dust, 34-36 
concludingremarks, 56 
degree of dust dispersion, 32, 33-34 
dust chemistry, 25-29 
hybrid mixtures, 50-55 
inerting by mixing dust with combustible dust, 

oxygen content of oxidizer gas, 39-44 
particle size or specific surface area, 29-32, 

pressure of dust cloud, initial, 47-50 
temperature of dust cloud, initial, 4 4 4 6  
turbulence, 36-39 

55-56 

33 

Protection by enclosures, 575-576 
Protection selection, 121-141. See also 

Publications.See Literature surveys 
Pulverized coal, 136-137,256 
PVA flame studies, 278 
PVC behavior, 27,28 
Pyrolysis, 268, 301, 307 

Preventivemeans 

Ballal’s theory for zero gravity conditions and, 

char particles and, 259 
coal dust in air and, 293 
discoloration due to, 394 
dust chemistry and, 28 
of organic dust particles, 606 
peatfair turbulence computer model and, 

365 
process, 265 
single particle rates and, 276 

284 

Q-pipe, 629 
QuantitativeRisk Analysis (QRA), 634 
Quasi-detonationsin dust clouds, 608 
Quenching distances. 273, 277. 280. 28 1-282, 

346,349,350,598,600 
Quenching tube, 97-98, 122,612 
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Radandt scaling law, 434,437438,441442 
Radioactive heat transfer, 268-270 
Reaction forces, 98,99-101 
Recording dust explosions, 20-21 
Reentrainment (of dust), 199,224 
Removal and prevention of dust accumulations 

outside process equipment, 112-1 13 
Research and development(199&2002), 580-679 

books and conference proceedings, 580-582 
conclusions, 646 
dust explosion case histones, 641-643 
expert systems, 643-645 
introduction, 580-5 82 
joint efforts in Europe, 645 
in People’s Republic of China, 646 
status and outstanding problems 

in fundamental research on dust explosions, 

in preventing and mitigating dust explosions 

in testing dust ignitability and explosibility, 

582-6 10 

in industry, 610-636 

636-641 
Resistivity, electrical, 487-488 
Reynolds number, 225,258,320,410 

accelerating coal dust flames turbulence 
computer model, 366 

drag on a particle and, 215,216,217 
for Aow of burning cloud, 464 
laminar-to-turbulenttransitions, 344 
peatlair turbulence computer model and, 366 
special, 228, 344 
turbulence and, 327, 328, 329, 330,339, 342, 

364 
Richardson-Zakiequation, 231 
Risk analysis, 125,634 
Risk and safety management, 634-635 
Risk definition,467 
Roots blower, 439 
Rosin-Rammler charts, 425 
Rotary locks, 493,568 

design diagram, 83 
effectiveness of, 350 
explosion isolation, 75-76 

Rust venting theory, 437,450,462 

St classification(explosion violence), 87 
Safe process design, inherently, 611 
Safety, intrinsic, 576 
Safety analysis, 634 
Safety audits, 125-127 
Safety management, 120,634-635 
Safety in Mines Research Establishment (SMRE), 

473 
Saltation, 226,227 
Sampling techniques, dust, 477479 
Schuber experimentalwork, 347-35 1 

Screening tests, explosibility,488-490 
Screw conveyors, 65-76 
Secondary explosions,7-10,12 
Selecting means for preventing and mitigating 

dust explosions, 121-141 
chemical process industry, 127-132 
cost considerations, 122, 123 
evaluating, 121-122, 123 
hazard analysis, 124-127 
powders and dusts literature survey, 133-141 
standards, recommendationsand guidelines, 

141 
Self-heating, 505 

in bag filter dust, 404 
coal powder or dust in bulk and, 136 
computer models, 397-401 
experiments, 389-397 

deposit on hot surface, 391 
heat conductivity, 394-397 
heat flux ignition source, 391-392 
isoperibolic, 389-390 
smoldering combustion, 393-394,614-615 

literature survey, 401-404 
milk powder and, 134 
powder types, 388-404 
prevention of, 58-59 
research on, 589-590 
theoretical work, 397-401 

Self-ignition.See Self-heating 
Separators,use of, 65 
Settling velocity apparatus, 482483,484,485 
Shear cells, 209-210,211,225 
Shock waves, 221,595 
Silicon/alloysdust, literature survey, 139-140 
Silicon particle size, 31 
Silicon powder explosion,Bremanger (1972), 

Silos, experimentsin, 465 
large, 435438,453 
slender, 438-493 
smoldering fires in, fighting, 615 
venting, 626-621,630 

190-192 

Single impact ignition risks, 64 
Siwek test (20 liter sphere), 683,703 

development of, 242 
International ElectrotechnicalCommission and, 

523 
MEC results, 311, 521 
test, 530-531 

Smoldering combustion, 11-13 
experiments, 393-394,401 
explosion in Norway (1985), 177-178 
explosion in Sweden (1989), 181-182 
explosion in Tomylovo (1987-1989), 178-180 
extinction, 59, 60 
in fabric filter plants in steel works, 404 
ignition of, 493 
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prevention of, 59,614-615 
research on, 591-592 

Smoldering nests, 11-12, 13,23,60,62-64. 131, 

Sodium dithionite experiments, 391 
Sound, speed of, 219-220 
Spark gap length, 415-416 

resistance, 405-406 
Spark ignitioddischarges, 16,404419 

accidental impacts and, 421,422423 
background, 404 
duration effect, 407414 
dust cloud theories, 416419 
electric, 15-20 

movementhurbulenceof dust clouds, 4 15 
ohmic resistance, 404406 
optimum duration, 412-414 
preventing electrical, 65-66 
time effect, 407-4.14 

Spark kernel, hot, 409,417 
Specific heats data, 220 
Specific surface area, 29-32 
Spinning riffler, 478479 
Spontaneouscombustion, 614-6 15 
Spontaneousignition, 24 
Standards, regulations and guidelines, 141 
Statisticalrecords, 20-25 

132 

hot spots, 420421 

Federal Republic of Germany (1965-1 985), 

grain explosions in United States, 25 
recording dust explosions,20-21 
in United States (1900-1956), 21-22 

Stefan-Boltzmannlaw, 261 
Stokes’theory for laminar flow, 213,215, 

Stone dust, inerting effect of. 55 
Stored capacitor energy criterion, 

Structural response analysis, 83 
Sugar, literature survey, 134 
Suppressant agents, types of, 106, 108-109 
Suppression systems, automatic, 101-109 

22-25 

218,237 

408409 

advance inerting, 106 
design, 106,107-108 
efficacy of, 536-538 
extinguishing agent, 106, 108-109 
general concept, 101-105 
literature survey, 103, 104-105 
local suppression, 106 
research and development,630-633 
self-contained, 102, 103, 104 
solar panels as, 632 
total suppression, 106 
type influence, 106, 108-109 
unacceptabilitysituations, 122 
water as. 631 

Swedish vent sizing method, 433,438 
Swift venting theory, 464 
Systems reliability analysis, 124-125 

Tchen theory of diffusion, 237 
Temperature, effect of initial, 4446,594 
Tensile strength testers, 210-212 
Terminal settling velocity, 213-215 
Test results (for ignitability and explosibility), 

correlation with real hazards, 475477 
Thermal 

endurance, 564 
explosion, 587 
runaway, 587 

Thermal hazards and dust layers, electrical 
apparatusenclosures and, 558-560 

Thermite reaction, 14, 64,421,423,433 
Thermogravimetricanalysis (TGA), 614 
Thee-element flame propagation theory, 299-301 
Three-zone area classificationconcept, 553-554 
Three-zone flame propagation theory, 297-298 
Titanium experiments,421.422 
“Top events,” 124-125 
Tramp metal, risks of, 174-175 
Turbulence, 36-39 

anisotropic, 326 
definition,36, 326,584-585 
domains of, 326-327 
in dust clouds, 17,36-39 
explosion studies, 344-346 
flame propagation, 325-367 

acceleration,351-363 
models, 325-329,363-367 
overview, 330-332 
research, 600-602 
safe gap, maximum experimental,346-35 1 
studies in closed vessels. 322-341 
systematic comparative studies, 344-346 
in unconfined geometries, 341-344 

ignition energy, 415 
inducing, 422 
initial, 37 
isotropic, 326,327, 340 
mixing effect, 237 
shear-flow,326 
three-dimensional energy spectrum function, 

venting and flow-induced,84 
327,328 

Turbulence intensity experiment, 457458 
Turbulent dust explosions in large diameter 

enclosures, 351-363 
Turbulent dust flames, 38,330-332 

experiments with, 332-341 
mathematicalmodels, 604-606 

Turbulent fluid flow, 326 
Turin warehouse explosion, 20, 157-160 
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Urd venting theory, 464465 
U.S. Bureau of Mines (USBM) 

20 liter vessel, 308,520-521,532 
circuit, 510 
drop hammer tests, 514 
explosible dust concentration criterion and, 

minimum, 308 
flammability test, 495,496 
furnace, 425,502,503 
ignitability and explosibility studies, 473, 637 
laboratory test methods, 685, 702-703 
spark ignition tests 

for dust clouds, 508-509 
in dust layers, 505 

test data applicability,685-703 

Vacuum cleaners 
explosion-proof, 112-1 13, 114 
protection selection, 132 

fast-closing, 78-81 
Ventex, 78, 624, 625 

Valves 

r7an der Waals forces, 202,207, 234 
Vent covers, 87-92 

bursting panels, 88-90 
clips to hold, 88 
hinged explosion doors, 90,91, 92 
reversible, 90, 91, 92, 93 

Vent ducts, 93-97, 629 
Vent sizing 

area, 85-87,626 
current developments 

bag filters, 454 
basic approach, 452453 
concludingremarks, 456457 
cyclones, 454 
elongated enclosures, 455 
intermediate enclosures, 454 
large empty enclosures, 453 
large slender enclosures, 453 
limitations of, 452-453 
mills, 455 
NFPA scaling procedure, 455456 
other shapes and dusts, 4.55456 
small slender enclosures, 453-454 

European and US.  methods, 431434 
modified Donat method, 434 
nomograph, 431 4 3 3  
Norwegian method, 434, 438 
Radandt scaling law, 434,437438,441-442 
Swedish method, 433,438 
vent ratio, 431,437 

full scale experiments,435452 
bag filters, 447-451 
cyclones, 444-447 

large silos, 435438 
others, 45 1452,627 
pneumatic pipelines, 443-444 
slender silos, 438-443 

probabilistic nature of problem, 465469 
procedures, 452457 

Ventex valves, 78, 624, 625 
Venting, 84-101 

defining, 84-85 
explosion, 626 
hazards, 92, 93 

blast effects, 98, 99-101 
unacceptabilityof, 92,93, 122 

flame free, 122 
quenching tube, 97-98, 122 
vent covers, 87-92 
vent ducts, 93-97 

principle of, basic, 85 
processes, 84 
quenching tube, 97-98 
reaction forces and blast effects, 98, 99-101 
research, 626-630 
theories, 458-465 

methods 

concludingremarks, 465 
Gruber et al., 463-464 
Heinrich and Kowall, 460462,463 
introduction,458-460 
Maisey, 460 
Nagy and Verakis, 463 
Nomura and Tanaka, 462463 
Rust, 437,450,462 
Swift, 464 
Ural, 464-465 

thermal radiation effects, 629 
Venting system in coal grinding plant, 109-111 
Verein deutscher Ingenieure (VDI), 445 

bag filters experiments and, 447,448,450,451 
drop hammer test, 514 
dust cloud generation, 442, 632 
explosion pressure guidelines, 452 
flammability test and, semiquantitative,493 
nomographs, 43I, 432 
pressurized bottles, dust discharge from, 442 
recommendations,443,444 
standards, 141 
symposiums,582 
vent sizing, 86, 87,437,444,453,454,455 
vented dust explosions, 446, 461, 630 
venting code, 644 

Volatile flame type, 268 

Weiss-Longwell criterion, 236 
Wheat flourldust experiments, 357, 358, 370,436, 

437,444 



Index 718 

“Whirling”chamber, 241, 242 
Wood Aour/dust 

Zehr’s combustion bomb, 312-313 
Zehr’s theory of explosive concentrations, 315, 

Zero gravity conditions, 284-287 
Zircaloy dust, precautions with, 141 
Zirconium particles, ignition and combustion, 255 
ZND model, 372 

experiments. 357.392 316,317 
literature survey. 135-1 36 

Wood particles, ignition and combustion, 29. 

“Worst credible explosion‘’criterion, 468469 
264-265 









Chemical I Process Engineering I Occupational Safety 

Dust Explosions in the Process Industries 
Third Edition 

Rolf K. Eckhoff, 
University of Bergen, Norway 

Prevent dust explosions from taking 
their toll on lives and livelihoods 

From bakeries to petrochemical plants, 
dust explosions can, and do, kill 

New material includes the latest 
research and case histories that can 
prevent these catastrophes from 
happening in your plant 

A perfect textbook for the chemical, 
mechanical, or petroleum engineering 
student. 

Dust explosions kill dozens of people and 
wound hundreds every year. Most of these 
accidents could have been prevented, 
through safer processes and better-main- 
tained equipment. This new edition of Dust 
Explosions in the Process Industries explores 
the causes of dust explosions in a wide array 
of process industries such as petrochemical, 
food and feedstuff, paper, pharmaceutical 
and metallurgical. More importantly, it 
shows how to learn from these past 
accidents and prevent future ones. 

Engineers must learn how to prevent dust 
explosions from occurring and how to cre- 
ate a safer environment as part of standard 
operating activities. This book explains how 
an environment that is conducive to an 
explosion can develop through a one-time 
occurrence, but it also shows how unsafe 
practices, over months or even years, can 
eventually create a life-threatening hazard. 
The material in this book offers an up to 
date evaluation of proven preventive 

measures, testing methods, design meas- 
ures and safe operating techniques. Also 
provided, is a detailed and comprehensive 
critique of all significant phases relating to 
the hazard and control of a dust explosion. 
This is an invaluable and potentially 
life-saving reference tool for industry, safety 
consultants and students. 

CONTENTS Dust explosions - origin, 
propagation, prevention and mitigation: an 
overview; Case histories; Generation of 
explosible dust clouds by re-entrainment 
and re-dispersion of deposited dust in air; 
Propagation of flames in dust clouds; 
Ignition of dust clouds and dust deposits: 
further consideration of some selected 
aspects; Sizing of dust explosion vents in 
the process industries: further consideration 
of some important aspects; Assessment of 
ignitability, explosibility and related 
properties of dusts by laboratory scale tesrs; 
Electrical equipment for areas containing 
combustible dusts; Comprehensive review 
of latest research; Comprehensive selection 
of ignitability and explosibility data for dust 
from laboratory tests. 

Eckl is a Professor of Process 
JalityTeLtltlology, at the University of 
Bergen, Norway. 

Related titles: 

What Went Wrong 
Trevor Kletz 
ISBN 0884159205, Hardcover 

Serious Incident Prevention 2nd edition 
Tom Burns 
ISBN 0750675217, Hardcover 

Gulf Professional Publishing 
an imprint of Elsevier Science 

www.gulfpp.com 

I I ISBN: 0-7506-7602-7 

I 9 0 0 0 0  

n 7 o n 7 c n  ~ 7 ~ n q i  


	Cover
	Frontmatter
	Half Title Page
	Title Page
	Copyright
	Table of Contents
	Foreword
	Prefaces

	Chapter 1: Dust Explosions - Origin, Propagation, Prevention, and Mitigation: An Overview
	1.1 The Nature of Dust Explosions
	1.2 Significance of the Dust Explosion Hazard: Statistical Records
	1.3 Dust and Dust Cloud Properties that Influence Ignitability
	1.4 Means for Preventing and Mitigating Dust Explosions
	1.5 Selecting Appropriate Means for Preventing and Mitigating Dust Explosions

	Chapter 2: Case Histories
	2.1 Introduction
	2.2 The Explosion in a Flour Warehouse in Turin on December 14, 1785
	2.3 Grain Dust Explosions in Norway
	2.4 Four Grain Dust Explosions in United States, 1980-1981 (Source: Kauffman and Hubbard, 1984)
	2.5 A Dust Explosion in a Fish Meal Factory in Norway in 1975
	2.6 Smoldering Gas Explosion in a Silo Plant in Stavanger, Norway, in November 1985
	2.7 Smoldering Gas Explosions in a Large Storage Facility for Grain and Feedstuffs in Tomylovo, Knibyshev Region, USSR
	2.8 Smoldering Gas Explosion and Subsequent Successful Extinction of Smoldering Combustion
	2.9 Linen Flax Dust Explosion in Harbin Linen Textile Plant, Peoples Republic of China, in March 1987
	2.10 Fires and Explosions in Coal Dust Plants
	2.11 Dust Explosion in a Silicon Powder Grinding Plant at Bremanger, Norway, in 1972
	2.12 Two Devastating Aluminum Dust Explosions

	Chapter 3: Generation of Explosible Dust Clouds by Reentrainment and Redispersion of Deposited Dust in Air
	3.1 Background
	3.2 Structure of the Problem
	3.3 Attraction Forces between Particles in Powder or Dust Deposits
	3.4 Relationship between Interparticle Attraction Forces and Strength of Bulk Powder
	3.5 Dynamics of Particles Suspended in a Gas
	3.6 Dislodgement of Dust Particles from a Dust or Powder Deposit by Interaction with an Airflow
	3.7 Dispersion of Agglomerates of Cohesive Particles Suspended in a Gas by Flow Through a Narrow Nozzle
	3.8 Diffusion of Dust Particles in a Turbulent Gas Flow
	3.9 Methods for Generating Experimental Dust Clouds for Dust Explosion Research

	Chapter 4: Propagation of Flames in Dust Clouds
	4.1 Ignition and Combustion of Single Particles
	4.2 Laminar Dust Flames
	4.3 Nonlaminar Dust Flame Propagation Phenomena in Vertical Ducts
	4.4 Turbulent Flame Propagation
	4.5 Detonations in Dust Clouds in Air

	Chapter 5: Ignition of Dust Clouds and Dust Deposits: Further Consideration of Some Selected Aspects
	5.1 What is Ignition?
	5.2 Self-Heating and Self-Ignition in Powder Deposits
	5.3 Ignition of Dust Clouds by Electric Spark Discharges between Two Metal Electrodes
	5.4 Ignition of Dust Clouds by Heat from Mechanical Rubbing, Grinding, or Impact between Solid Bodies
	5.5 Ignition of Dust Clouds by Hot Surfaces

	Chapter 6: Sizing of Dust Explosion Vents in the Process Industries: Further Consideration of Some Important Aspects
	6.1 Some Vent Sizing Methods Used in Europe and the United States
	6.2 Comparison of Data from Recent Realistic Full-Scale Vented Dust Explosion Experiments with Predictions
	6.3 Vent Sizing Procedures for the Present and Near Future
	6.4 Influence of Actual Turbulence Intensity of the Burning Dust Cloud on the Maximum Pressure in a Vented Dust Explosion
	6.5 Theories of Dust Explosion Venting
	6.6 Probabilistic Nature of the Practical Vent Sizing Problem

	Chapter 7: Assessment of Ignitability, Explosibility, and Related Properties of Dusts by Laboratory-Scale Tests
	7.1 Historical Background
	7.2 A Philosophy of Testing the Ignitability and Explosibility of Dusts: The Relationship between Test Result
	7.3 Sampling of Dusts for Testing
	7.4 Measurement of the Physical Characteristics of Dusts Related to Their Ignitability and Explosibility
	7.5 Can Clouds of the Dust Produce Explosions at All? Yes/No Screening Tests
	7.6 Can Hazardous Quantities of Explosible Gases Evolve from the Dust During Heating?
	7.7 Ignition of Dust Deposits and Layers by Self-Heating or Hot Surfaces
	7.8 Minimum Ignition Temperature of Dust Clouds
	7.9 Minimum Electric Spark Ignition Energy of Dust Layers
	7.10 Minimum Electric Spark Ignition Energy of Dust Clouds
	7.11 Sensitivity of Dust Layers to Mechanical Impact and Friction
	7.12 Sensitivity of Dust Clouds to Ignition by Metal Sparks, Hot Spots, or Thermite Flashes from Accidental Mechanical Impact
	7.13 Minimum Explosible Dust Concentration
	7.14 Maximum Explosion Pressure at Constant Volume
	7.15 Maximum Rate of Rise of Explosion Pressure at a Constant Volume (Explosion Violence)
	7.16 Efficacy of Explosion Suppression Systems
	7.17 Maximum Explosion Pressure and Explosion Violence of Hybrid Mixtures of Dust and Gas in Air
	7.18 Tests of Dust Clouds at Initial Pressures and Temperatures Other than Normal Atmospheric Conditions
	7.19 Influence of Oxygen Content in the Oxidizing Gas on the Ignitability and Explosibility of Dust Clouds
	7.20 Influence of Adding Inert Dust to the Combustible Dust on the Ignitability and Explosibility of Dust Clouds
	7.21 Hazard Classification of Explosible Dusts

	Chapter 8: Electrical Apparatuses for Areas Containing Combustible Dusts
	8.1 Introduction
	8.2 Classification of Areas Containing Combustible Dusts
	8.3 Why Different Electrical Apparatus Design Criteria are Needed for Areas with Combustible Dust
	8.4 Enclosing Potential Ignition Sources to Prevent Hazardous Ingress of Dust
	8.5 Intrinsically Safe Electrical Apparatuses
	8.6 Summary and Conclusions

	Chapter 9: Research and Development, 1990-2002
	9.1 Introduction
	9.2 Status and Outstanding Problems in Fundamental Research on Dust Explosions
	9.3 Status and Outstanding Problems in Preventing and Mitigating Dust Explosions in Industry
	9.4 Status and Outstanding Problems in Testing Dust Ignitability and Explosibility
	9.5 Dust Explosion Statistics and Case Histories
	9.6 Expert Systems: Friend or Enemies?
	9.7 Joint Research Efforts in Europe
	9.8 Research and Development in the Peoples Republic of China
	9.9 Conclusions

	Backmatter
	Appendix: Ignitability and Explosibility Data for Dusts from Laboratory Tests
	Index

	Back Cover



