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Preface

Dust explosions are an ever-present threat wherever bulk powders are

handled in the chemical process and other industries. They can be

prevented, and their consequences mitigated, only by adopting an approach

based on the principles of process safety.

This book is the third volume of the Methods in Chemical Process Safety

book series. The book series intends to be a one-stop resource for both

academic researchers and professional practitioners. It aims to publish the

fundamentals of process safety science and leading state-of-the-art advances

occurring in the field, while maintaining a practical approach for their

application to industry. An international editorial board and authorship

ensures that the book series depicts the latest research developments from

around the globe. Each volume covers fully commissioned methods across

the fields of process safety, risk assessment and management, and loss

prevention.

This third volume tackles the dust explosion problem in a sequential

manner over nine chapters covering: (i) an overview of the general field

and the book organization, (ii) scientific and engineering fundamentals,

(iii) illustrative examples and case histories, (iv) testing methods for acquisi-

tion of explosibility data, (v) dust hazard analyses conducted to identify the

hazards of combustible powders, (vi) assessment of the probabilistic and

consequence impact aspects of dust explosion risk, (vii) typical safety mea-

sures for dust explosion risk reduction, (viii) global regulations, standards,

and guidelines, and (ix) explosion risks presented by nontraditional fuels

including hybrid mixtures of flammable gas and combustible dust, as well

as dusts that are nonspherical in shape, nano-scale in size, or present in

additive manufacturing processes.

We are indebted to all the authors who made such comprehensive

and valuable contributions to this volume on dust explosions. We also

acknowledge with much gratitude the efforts of the Elsevier editorial

team—in particular Shellie Bryant, Senior Editorial Project Manager

(Serials).
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Dust explosions are not an inevitable outcome of handling bulk powders

in industrial scenarios. It is hoped this book will be a step toward convincing

readers of the truth in this statement.

PAUL R. AMYOTTE

Department of Process Engineering & Applied Science,

Dalhousie University, Halifax, NS, Canada

FAISAL I. KHAN

Centre for Risk, Integrity and Safety Engineering (C-RISE),

Faculty of Engineering & Applied Science,

Memorial University, St. John’s, NL, Canada
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CHAPTER ONE

Dust explosions: An overview
Paul R. Amyottea,*, Martin P. Clouthiera,b, Faisal I. Khanc
aDepartment of Process Engineering & Applied Science, Dalhousie University, Halifax, NS, Canada
bJensen Hughes, Inc., Halifax, NS, Canada
cCentre for Risk, Integrity and Safety Engineering (C-RISE), Faculty of Engineering & Applied Science,
Memorial University, St. John’s, NL, Canada
*Corresponding author: e-mail address: paul.amyotte@dal.ca
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1. Introduction

In the preface to this third volume ofMethods in Chemical Process Safety,

we commented on three key aspects of the dust explosion problem:

• Dust explosions can occur in any industrial application that involves the

handling of bulk powders—not just those arising in the chemical process

industries (CPI).

• Dust explosion prevention and mitigation require a process safety

approach to be truly effective.

• Dust explosions must not be viewed as an unavoidable and insurmount-

able challenge during the manufacturing, processing, or handling of

combustible particulate solids.

Within the broad field of dust explosion risk reduction, the current book is

aimed at providing readers with a roadmap for gaining an appreciation of the

veracity of the above points. Motivation for its preparation comes from the

Methods in Chemical Process Safety, Volume 3 # 2019 Elsevier Inc.
ISSN 2468-6514 All rights reserved.
https://doi.org/10.1016/bs.mcps.2019.03.004
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ongoing challenge of effectively communicating the process safety nature of

dust explosions to stakeholders most affected by these events and to those in

the best position to prevent them.

Ideally this book will be read sequentially from the current chapter,

“Dust explosions: An overview” by Amyotte et al. through to the final chap-

ter, “Dust explosions: Emerging/unique scenarios” by Di Benedetto et al.

As explained later in Section 3, we have attempted to arrange an information

flow that moves from fundamental principles to specific applications.

Readers can, of course, skip directly to any chapter most relevant to their

immediate needs and then return to previous or subsequent chapters as

required. While there is some overlap and cross-referencing among chapters,

we have strived for the most part to present stand-alone entities.

One of the more significant challenges in selecting chapter topics was to

decide what material to leave to other general safety and process-safety spe-

cific references. Thus, while the importance of concepts such as safety man-

agement systems and safety culture is mentioned briefly here, readers are

referred to other resources for a more comprehensive treatment—for exam-

ple, Amyotte and Lupien (2017) and Hopkins (2005), respectively.

There are also numerous other references on dust explosions available,

several of which were written by authors of chapters in the current book.

See, for example, Bartknecht (1989), Barton (2002), Eckhoff (2003), CCPS

(2004), Frank, Rodgers, and Colonna (2012), Mannan (2012), Amyotte

(2013), Zalosh (2016), Ogle (2017), and Amyotte and Clouthier (2019).

2. Basic features of dust explosions

Here we present a summary of two basic dust explosion features: dust

explosion terminology and the explosion pentagon. Both appear in subse-

quent chapters and are introduced now as a common reference point.

2.1 Dust explosion terminology
Table 1 gives definitions for the more common explosibility and flammabil-

ity parameters encountered in the field of dust explosions. These parameters

are not fundamental properties of a given material; they are strongly depen-

dent on both material characteristics such as particle size distribution, and

experimental conditions such as turbulence of the dust cloud. Standardized

testing is key to obtaining parameter values appropriate for industrial appli-

cation (Amyotte & Eckhoff, 2010).

2 Paul R. Amyotte et al.



2.2 The explosion pentagon
Fig. 1 shows a graphical representation of the explosion pentagon, which

describes the necessary conditions for a dust explosion: fuel, oxidant, igni-

tion source, mixing (or dispersion), and confinement. Most dust explosions

involve deflagrations, in which the flame travels at less than the speed of

Table 1 Important dust explosibility/flammability parameters.

Parameter
Typical
units Description

Pmax bar(g) Maximum explosion pressure in constant-volume

explosion

(dP/dt)max bar/s Maximum rate of pressure rise in constant-volume

explosion

KSt bar�m/s Volume (V)-normalized (or standardized) maximum

rate of pressure rise in constant-volume explosion

KSt¼ (dP/dt)max � V1/3

MEC g/m3 Minimum explosible (or explosive) dust concentration

MIE mJ Minimum ignition energy of dust cloud (electric spark)

MIT °C Minimum ignition temperature of dust cloud

LIT °C Minimum ignition temperature of dust layer or dust

deposit

MOC

(LOC)

Volume % Minimum (or limiting) oxygen concentration in the

atmosphere for flame propagation in dust cloud

Adapted from Amyotte, P.R., & Eckhoff, R.K. (2010). Dust explosion causation, prevention and mit-
igation: An overview. Journal of Chemical Health and Safety, 17(1), 15–28.

Fig. 1 The explosion pentagon.
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sound in the unreacted medium and is preceded by a pressure or blast

wave. It is the subsequent bursting or rupturing (due to internal pressure

development) of the enclosure in which the deflagration occurs that pro-

duces explosion effects. In the case of limited or no confinement, the result

may be a flash fire with the potential for secondary fires (Amyotte &

Clouthier, 2019).

3. Progression of book chapters

Following the current chapter “Dust explosions: An overview”

by Amyotte et al., the book is organized in a logical progression beginning

with a basic treatment of dust explosions (chapter “Dust explosions:

Fundamentals” by Eckhoff ) and ending with an examination of non-

traditional fuels giving rise to these undesired events (chapter “Dust explo-

sions: Emerging/unique scenarios” by Di Benedetto et al.). Consistent

with the overall theme of dust explosions being process safety events, the

intervening chapters describe case histories and lessons learned (chapter

“Dust explosions: A serious concern” by Cloney and Snoeys); experimental

methods for determining the dust explosibility parameters shown in Table 1

(chapter “Dust explosions: Test methods” by Dastidar); hazard identification

as a critical initial step in addressing the dust explosion challenge (chapter

“Dust explosions: Hazard identification” by Frank); the extension of hazard

identification to an examination of explosion likelihood and consequence

severity (chapter “Dust explosions: Risk assessment” by Ogle and Cox);

risk reduction techniques (chapter “Dust explosions: Safety measures” by

Clouthier et al.); and relevant regulatory andguidance documentation (chapter

“Dust explosions: Regulations, standards, and guidelines” by Zalosh).

4. Concluding remarks

Each of the chapters identified in Section 3 provides readers with

expert guidance on the specific subject material. Each chapter also gives

advice on particular requirements to ensure effective application of the prin-

ciples covered, as well as identifying knowledge gaps needing further

attention.

As but one example, we draw attention to the chapter “Dust explosions:

A serious concern” by Cloney and Snoeys, which illustrates the extent of the

global, pervasive, and ongoing problem of dust explosions. Here we see clear

4 Paul R. Amyotte et al.



evidence of the magnitude of the problem, the breadth of the problem, and

the continuing challenges affecting problem resolution.

Fig. 11 in the above mentioned chapter, in particular, epitomizes the

theme of the current book. Deliberate, open-air spraying of powdered milk

during civil protest action is not a process industry event no matter how lib-

eral a definition of the process industries is adopted. Yet the prevention of

such an event can only be accomplished by communication of the process

safety nature of dust explosions and dust flash fires. As critical as occupa-

tional/personal safety measures are to the world of industrial safety, they

do little to ease the problem of dust explosions. Again, these are process

safety incidents that require rigorous application of the technical, manage-

ment, and cultural principles of process safety for effective risk reduction.

Acknowledgment
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1. 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 sowith a violence and speed that increase with increasing degree

of sub-division of the material. Fig. 1A 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 Fig. 1B, the combustion rate increases because

the total contact surface area between wood and air has been increased.

Fig. 1 Illustration of the increase of the combustion rate of a given mass of combustible
solid with increasing sub-division. Panel (A) illustrates slow combustion, (B) fast combus-
tion, and (C) a dust explosion. From Eckhoff, R. K. (2003). Dust explosions in the process
industries (3rd ed.). Gulf Professional Publishing/Elsevier. (1st edition published in 1991, 2nd
edition in 1997). ISBN 0-7506-7602-7.
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Also, the ignition of the wood has become easier. If the sub-division is con-

tinued right down to the level of small particles of sizes of the order of 0.1mm

or less, and the particles are suspended in a sufficiently large volume of air to

give each particle enough space for its unrestricted burning, the combustion

rate will be very fast, and the energy required for ignition very small. This is

illustrated in Fig. 1C.

Such a fast-burning dust cloud may produce a sufficient pressure rise in

the fully or partly confined environment where it occurs, for the boundaries

of the confinement to burst or collapse, and a “bang” being emitted into the

surroundings. This is a dust explosion. In general, dust clouds will be easier

to ignite and will burnmore violently the smaller the dust particles 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 explo-

sion space may rise rapidly and the process equipment or building may burst,

and life, limb and property can be lost. A more comprehensive account of

the various aspects of dust explosions is given by Eckhoff (2003), which is

also the main source of the summary given in the present chapter.

2. Materials that can give dust explosions

As with gas/vapor and spray/mist explosions, dust explosions also

generally arise from rapid release of heat due to the chemical reaction:

fuel + oxygen! oxides+ heat (1)

In some special casesmetal dusts can also react exothermally with nitrogen

or carbon dioxide, but most often oxidation by the oxygen in air is the heat-

generating process in a dust explosion. This means that only materials that

are not already stable oxides can give rise to dust explosions. This excludes

substances such as silicates, sulfates, nitrates, carbonates and phosphates,

and therefore dust clouds of Portland cement, sand, limestone, etc. cannot

give dust explosions. The main groups of materials that can give dust explo-

sions are:

– Natural organic materials (grain, wood, linen, sugar, etc.)

– Synthetic organic materials (plastics, organic pigments, pesticides,

pharmaceuticals, etc.)

– Coal and peat

– Metals (aluminum, magnesium, titanium, zinc, iron, etc.)

9Dust explosions: Fundamentals



The heat of combustion of a material is an important parameter because it

determines the amount of heat that can be liberated in an explosion. When

comparing various materials in terms of their potential hazard, it is useful to

relate the heat of combustion to the same amount of oxygen consumed. This

is because the air in a given volume of dust cloud contains a given, limited

amount of oxygen irrespective of the kind of dust. This limited amount of

oxygen also limits how much heat can be released in an explosion per unit

volume of dust cloud. In Table 1 the heats of combustion of various sub-

stances, per mole of oxygen consumed, are given.

Ca and Mg top the list, with Al closely behind. Si is also fairly high up on

the list, with a heat of combustion per mole of oxygen about twice the value

of typical natural and synthetic organic substances and coals. Table 1 is in

accordance with the experience that the temperatures of flames of dusts of

metals like Al and Si are very high compared with those of flames of organic

dusts and coal dusts.

Table 1 Heats of combustion (oxidation) of various substances
per mole O2 consumed.
Substance Oxidation product(s) kJ/mol O2

Ca CaO 1270

Mg MgO 1240

Al Al2O3 1100

Si SiO2 830

Cr Cr2O3 750

Zn ZnO 700

Fe Fe2O3 530

Cu CuO 300

Sucrose CO2 and H2O 470

Starch CO2 and H2O 470

Polyethylene CO2 and H2O 390

Carbon CO2 400

Coal CO2 and H2O 400

Sulfur SO2 300

From Eckhoff, R. K. (2003).Dust explosions in the process industries (3rd ed.). Gulf
Professional Publishing/Elsevier. (1st edition published in 1991, 2nd edition
in 1997). ISBN 0-7506-7602-7.
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3. Factors influencing ignitability and explosibility
of dust clouds

A fairly comprehensive list of factors influencing the ignitability and

explosibility of dust clouds may look as follows:

a. Chemical composition of the dust, including its moisture content

b. Chemical composition and initial pressure and temperature of the

gas phase

c. Distributions of particle sizes and shapes in the dust, determining the

specific surface area of the dust in the fully dispersed state

d. Degree of dispersion, or agglomeration, of dust particles, determining

the effective specific surface area available to the combustion process

in the dust cloud in the actual industrial situation

e. Distribution of dust concentration in the actual cloud

f. Distribution of initial turbulence in the actual cloud

g. Possibility of generation of explosion-induced turbulence in the still

unburnt part of the cloud (location of ignition source an important

parameter)

h. Possibility of flame front distortion by other mechanisms than

turbulence

i. Possibility of significant radiative heat transfer (highly dependent on

flame temperature, which in turn depends on particle chemistry)

Factors a, b, c and perhaps also i can be regarded as basic parameters of

the explosive dust cloud. However, factors d to h are influenced by the

actual industrial dust cloud generation process and explosion development.

These in turn depend on the nature of the industrial process (flow rates,

etc.) and the geometry of the system in which the dust cloud is burning.

Also, the location of the ignition point can play an important role in decid-

ing the course of the explosion. In view of the wide spectrum of dust cloud

concentrations, degrees of dust dispersion and turbulence, and of locations

of potential ignition sources in industry, a correspondingly wide spectrum

of possible dust cloud ignition sensitivities and combustion rates must

be expected. This complex reality of the process industry is also shared

by laboratory experimentation and represents a constant challenge in the

design of adequate experiments and interpretation of experimental results.

Eckhoff (2003) gives an overview of experimental methods used for

assessing various combustibility and ignitability properties of explosible

dust clouds.

11Dust explosions: Fundamentals



4. Combustion of dust clouds in air

4.1 Explosible concentration ranges of dust clouds in air
The explosive combustion of dust clouds, as illustrated in Fig. 1C, cannot

take place unless the dust concentration, i.e., the mass of dust per unit

volume of dust clouds, is within certain limits. As discussed by Eckhoff

(2016), a similar situation exists for combustion of homogeneous mixtures

of gaseous fuels and air, for which the upper and lower flammability limits

are well established. Fig. 2 indicates the explosible range for a typical natural

organic material, such as maize starch (in air at normal temperature and

atmospheric pressure).

The explosible range is quite narrow, extending over less than two orders

of magnitude, from the order of 100g/m3 on the lean side to 2–3kg/m3 on

the rich one. The explosibility limits differ for various dust materials. For

example, zinc powder has a minimum explosible concentration in air of

about 500g/m3. Explosible dust clouds have high optical densities, even

at the lower explosible limit. As illustrated in Fig. 2, maximum permissible

dust concentrations in working atmospheres are three to four orders of

magnitude lower than typical minimum explosible dust concentrations.

Hence, the unpleasant dust concentrations that sometimes occur in general

working atmospheres in factories, and which calls upon the attention of

industrial hygiene authorities, are orders of magnitude lower than the min-

imum concentrations that can propagate dust flames. Fig. 3 illustrates the
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Fig. 2 Range of explosible dust concentrations in air at normal temperature and atmo-
spheric pressure for a typical natural organic dust (maize starch). Comparison with
typical range of maximum permissible dust concentrations in the context of industrial
hygiene, and a typical density of deposits of natural organic dusts. From Eckhoff, R. K.
(2003). Dust explosions in the process industries (3rd ed.). Gulf Professional Publishing/
Elsevier. (1st edition published in 1991, 2nd edition in 1997). ISBN 0-7506-7602-7.
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high optical densities of explosible dust clouds, based on a rule of thumb by

Intelmann, quoted by Zehr (1965).

If a glowing 25W light bulb is observed through 2m of coal dust cloud,

the bulb cannot be seen through dust concentrations exceeding 40g/m3, i.e.,

about half of the minimum explosive concentration. It then follows that the

dust clouds in which dust explosions are initiated are practically always found

inside process equipment, such as mills, mixers, screens, dryers, cyclones,

filters, bucket elevators, hoppers, silos, aspiration ducts and pipes for pneu-

matic transport of powders. Such explosions, initiated by some ignition

source, are called primary explosions. This reveals an important difference

between dust and gas explosions: In the case of dusts, the primary explosions

practically always occur inside process equipment, where electrical appara-

tuses are scarce or absent. In the case of gases, however, the main hazard is

primary gas explosions outside process equipment where gas from accidental

leaks gets mixed with air and explosive atmospheres are generated, and where

a wide range of potential ignition sources may be found, including various

electrical apparatuses (see Eckhoff, 2016).

4.2 Flame propagation processes in dust clouds
Leuschke (1965) pointed out some characteristic differences between a lam-

inar premixed gas flame and a laminar dust flame. The reaction zone in the

dust cloud is generally thicker than in premixed gas, typically in the range

GLASS

25W

2 m

GLASS
40 g/m3 COAL DUST

Fig. 3 A cloud of 40g/m3 of coal dust in air is so dense that a glowing 25W light bulb
can hardly be seen through a dust cloud of 2m thickness. From Eckhoff, R. K. (2003).
Dust explosions in the process industries (3rd ed.). Gulf Professional Publishing/Elsevier.
(1st edition published in 1991, 2nd edition in 1997). ISBN 0-7506-7602-7.
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5–100mm. When discussing dust flames, it is useful to distinguish between

two flame types. The first, the Nusselt type, is controlled by diffusion of oxy-

gen to the surface of individual particles, where a heterogeneous chemical

reaction takes place. In the second type, the volatile flame type, the rate

of gasification, pyrolysis or devolatilization is the controlling process, and

the chemical reaction takes place mainly in a homogeneous gas phase. In

Nusselt type flames, the greater thickness of the combustion zone as com-

pared with that of premixed gas flames results from the slower rate of molec-

ular diffusion, compared to diffusion in homogeneous premixed gases. With

the volatile flame type, the greater flame thickness is due to a pre-heating

zone, where combustible gases and vapors (volatiles) are driven out of the

particles ahead of the flame. Mixtures of such volatiles and air are just as

explosive as explosive mixtures of gaseous hydrocarbons and air. The com-

bustion 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 the case

of metals, low-melting-point materials may oxidize in the vapor phase, but

due to the formation of oxide film round each particle, this does not result in

a homogeneous metal vapor/air flame. Because of the large heat of combus-

tion per mole oxygen of, for example, aluminum andmagnesium dust, com-

pared with organic dusts, the temperature of the burning particles 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 probably less important than in aluminum and magnesium

dust flames. Leuschke (1965) conducted an illustrative series of experiments

demonstrating the importance of radiative heat transfer in metal dust flame

propagation, using the experimental set-up illustrated in Fig. 4.

Two transient dust clouds were generated simultaneously on 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. Only flames of Zr, Ti, Al and Mg were

able to produce sufficient radiation to ignite the second cloud. The specific

role of thermal radiation in the propagation of dust flames and build-up of

the explosion pressure varies with the dust type, and more research is

needed to quantify the radiative contribution under various circumstances.

Another difference between flame propagation in premixed gases and

dust clouds has been elucidated by Goral, Klemens, and Wolanski (1988).
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They studied upward propagation of flames in a lean methane/air mixture to

which they had added inert particles (sand). They found that the upwards

flame velocity increased with increasing sand grain size. This effect was

mainly attributed to enhanced combustion due to micro turbulence gener-

ated in the wake of the falling particles, although thermal radiation effects

were also assumed to play a role.

4.3 Influence of dust chemistry
There are two aspects to consider, namely the thermodynamics of the explo-

sion, and the kinetics. The thermodynamics is concerned with the amount

of heat that is liberated during combustion, the kinetics with the rate at

which the heat is liberated. The maximum rate with which the explosion

pressure rises in closed-bomb experiments is a relative measure of the

GLASS PANES

AIR BLAST DUST DUST AIR BLAST

GAS FLAME

BURNING DUST
CLOUD AS
SOURCE OF
RADIATION

DUST
CLOUD
TO BE
IGNITED

Fig. 4 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, G.
(1965). Beitrage zur Erforschung des Mechanismus der Flammenausbreitung in
Staubwolken, Staub (Vol. 25). pp. 180–186 as reproduced in Eckhoff, R. K. (2003). Dust
explosions in the process industries (3rd ed.). Gulf Professional Publishing/Elsevier.
(1st edition published in 1991, 2nd edition in 1997). ISBN 0-7506-7602-7.
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violence to be expected from explosions of a given dust. Fig. 5 shows how

the maximum rates of pressure rise of starch (potato and maize 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

are probably in some way slowing down the combustion process.

Fig. 6 also illustrates the influence of dust chemistry on the explosion

kinetics.

The heats of combustion of PVC and polyethylene are not very different.

As the figure shows, closed-bomb experiments also give about the same

maximum pressure for very small particle sizes. However, most probably

the chlorine in the PVC causes a quite dramatic drop in the rate of heat

release as the median particle size increases beyond about 20μm. Due to

the very slow combustion, Pmax for PVC also drops much faster as the par-

ticle size increases than for polyethylene. The retarding influence of chlorine

on the combustion process most probably is of the same nature as that of
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Fig. 5 Influence of chemistry (starch or protein) and specific surface area of natural
organic materials on maximum rate of pressure rise in closed 1.2L Hartmann bomb.
From Eckhoff, R. K. (1977/1978). Pressure development during explosions in clouds of dusts
from grain, feedstuffs and other natural organic materials. Fire Safety Journal, 1, 71–85 as
reproduced in Eckhoff, R. K. (2003). Dust explosions in the process industries (3rd ed.). Gulf
Professional Publishing/Elsevier. (1st edition published in 1991, 2nd edition in 1997).
ISBN 0-7506-7602-7.
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the halogens in Halons, which were extensively used for explosion and fire

suppression before the negative influence of such materials on the global

environment was fully realized.

4.4 Influence of moisture in dust
Moisture in the dust reduces both ignition sensitivity and explosion violence

of dust clouds markedly. If safety measures against electric spark ignition are

based onminimum ignition energy (MIE) data for a given dust moisture con-

tent, it is essential that this moisture content is not subsided in practice. The

influence of dust moisture on the minimum ignition temperature of dust

clouds is less marked than on MIE. The specific role of moisture in reducing

both ignition sensitivity and explosion violence of clouds of organic dusts is
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Fig. 6 Influence of adding chlorine to a C–H based polymer material on maximum
explosion pressure and maximum rate of pressure rise in 1m3 standard ISO vessel. From
Bartknecht W. (1978). Explosionen—Ablauf und Schutzmassnahmen. Springer-Verlag,
Berlin, ISBN 3-540-08675-7 as reproduced in Eckhoff, R. K. (2003). Dust explosions in the
process industries (3rd ed.). Gulf Professional Publishing/Elsevier. (1st edition published
in 1991, 2nd edition in 1997). ISBN 0-7506-7602-7.
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complex. First, evaporation and heating of water represent an inert heat sink.

Second, the water vapor mixes with the pyrolysis gases in the preheating

zone of the combustion wave, and makes the gas mixture less reactive.

A third factor is that moisture increases the inter-particle cohesion of the dust

and prevents dispersion into primary particles.

4.5 Influence of particle size on explosion violence
Figs. 5 and 6 not only illustrate the influence of dust chemistry on dust cloud

combustion rate. They also exhibit a clear dependence of the explosion vio-

lence on particle size (specific surface area) for the four dust types shown.

This is a general trend for most dusts. However, the trend does not continue

indefinitely as the particles get smaller. In the case of coal and organic mate-

rials, release of combustible gases from the particles (devolatilization) precedes

combustion, which then starts in the homogeneous combustible gas phase.

The limiting particle size, below which the combustion rate of the dust cloud

does not increase any more, depends on the ratios between the time constants

of the three consecutive processes devolatilization, gas phase mixing and gas

phase combustion. Particle size primarily influences the devolatilization rate.

Therefore, once the gas phase combustion has become the slowest of the three

steps, a further reduction of the particle size does not increase the overall com-

bustion rate. For coals it was found that the limiting particle diameter is of the

order of 50μm. However, for materials yielding gaseous pyrolysis products

that are more reactive than volatiles from coal, 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 10μm, whereas for reactive dusts such as some organic dyes, it

may well be considerably smaller. For metals, in particular those at the top

of Table 1, the limiting particle size, below which there is no longer any

increase in ignition sensitivity and explosion violence, is considerably smaller

than for most organic materials. This is because these metals typically do not

devolatilize/pyrolize, but melt, evaporate and burn as discrete entities. In such

cases the aggravating influence of particle size may continue even below 1μm.

4.6 KSt and the “cube-root-law”
The KSt concept was probably first introduced by Bartknecht (1971, 1978).

He claimed that the validity of the “cube-root law”:

dP=dtð Þmax �V1=3¼ constant¼KSt (2)

had been confirmed in experiments with numerous dusts in vessel volumes

from 0.04m3 and upward. The KSt value [barm/s], being numerically
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identical with the (dP/dt)max [bar/s] in the 1m
3 standard ISO test was den-

oted “a specific dust constant,” which has led to considerable confusion. As

pointed out by Eckhoff (2003), the “cube-root-law” is only valid 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 surfaces must be geometrically similar (for example

spherical). In all test methods known to the present author most of these con-

ditions are not fulfilled. Therefore, experimental KSt values are just arbitrary

measures of dust explosion violence, reflecting the experimental conditions in

the test method used. This fact is often neglected when discussingKSt in rela-

tion to industrial practice. Table 2 shows an arbitrary selection of KSt values

for maize starch dust clouds in air, determined in various apparatus.

Table 2 KSt values for clouds of maize starch dust in air in different closed vessels.

Investigator
(dp/dt)max

[bar/s]
Volume V of
apparatus [m3]

KSt
[barm/s]

Bartknecht (1978) 680 0.0012 73

Nagy and Verakis (1983) 612 0.0012 66

Eckhoff (1987) 220 0.0012 23

Nagy and Verakis (1983) 413 0.009 86

Aldis, Lee, and Lai (1983) 320 0.020 87

Eckhoff (1987) 365 0.020 100

Yi Kang (1988) 10–20 0.026 3–6

Yi Kang (1988) 60–80 0.026 20–25

Nagy and Verakis (1983) 272 0.028 83

Bond, Knystautas, and Lee

(1986)

50 0.33 34

Kauffman, Srinath, Tezok,

et al. (1984)

72 0.95 71

Kauffman, Srinath, Tezok,

et al. (1984)

20 0.95 20

Nagy and Verakis (1983) 136 3.12 200

Nagy and Verakis (1983) 110 6.7 209

Nagy and Verakis (1983) 55 13.4 131

The table is taken from Eckhoff, R. K. (2003). Dust explosions in the process industries (3rd ed.).
Gulf Professional Publishing/Elsevier. (1st edition published in 1991, 2nd edition in 1997).
ISBN 0-7506-7602-7.
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The values range from 5 to 10 bar m/s to over 200bar m/s, corresponding

to a factor of more than 20. Some of the discrepancies can probably be attrib-

uted to differences in moisture content and effective particle size of the

starches used, and to different data interpretation (peak ormean values). How-

ever, differences in the turbulence of the dust clouds probably play the main

role. When using KSt values for sizing of vent areas and other purposes

according to various codes, it is absolutely essential to use only data obtained

from the standardized test method, or a smaller-scale method that has been

calibrated against the standard method.

5. Ignition sources that can start dust explosions

5.1 Smoldering or burning “nests”
Experience has shown that combustible dusts, when deposited in heaps or

layers, may under certain circumstances develop internal smoldering com-

bustion nests of high temperatures. This is due to the porous structure of dust

deposits, which gives oxygen access to the particle surface throughout the

deposit, and also makes the heat conductivity of the deposit low. The initial

oxidation inside the deposit may sometimes be due to the deposited dust or

powder having initially a higher temperature than intended or permissible.

However, some natural vegetable materials of high fat and or moisture

content may develop spontaneous combustion even from normal ambient

temperatures, due to biochemical activity. If such a reaction zone, often

called a “smoldering nest,” makes contact with an explosive dust cloud, a

dust explosion may be initiated. In other cases the dust deposit is a layer rest-

ing on a heated surface (overheated bearings, heaters in workrooms, light

bulbs, walls in dryers, etc.) that supplies the heat needed to trigger self-

heating in the layer. Alfert, Eckhoff, and Fuhre (1989) studied experimen-

tally the initiation of dust explosions by smoldering nests in a 236m3 silo.

5.2 Open flames
Flames of welding and cutting burners are more than sufficiently powerful

to initiate explosions in any dust cloud that is at all able to propagate a self-

sustained flame. The cutting burner flame is particularly hazardous because it

supplies excess oxygen to the working zone. All codes and regulations for

preventing dust explosions contain strict requirements to the safety precau-

tions that have to be taken when performing hot work in areas containing

combustible dust. Smoking should be prohibited in areas where combustible
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dusts exist. A burning woodenmatch develops about 100 J of thermal energy

per second. This is more than sufficient for initiating explosions in most

combustible dust clouds.

5.3 Hot surfaces
Hot surfaces (e.g., overheated bearings, heaters in workrooms, light bulbs,

walls in dryers) can also initiate dust explosions directly by contact between

the dust cloud and the hot surface. However, the minimum hot surface

temperatures needed for this are generally considerably higher (typically

400–500 °C for organic dusts) than for initiating self-ignition in dust layers.

5.4 Heat from mechanical impacts
In order to clarify the situation, it seems useful to distinguish between

friction and impact. 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 fragments of solid material may be torn off, and if made of

metal, they may start burning in air due to the initial heat absorbed in 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 some misplaced stationary object inside a bucket

elevator is repeatedly hit by the buckets.

5.5 Electric sparks and arcs: Electrostatic discharges
There are two types of spark discharges to consider. The first type is inductive

sparks/arcs generated when live electric circuits are broken, either acciden-

tally or intentionally (e.g., in switches). If the points of rupture are separated

at a high speed a transient inductive spark is formed across the gap. If the

current in the circuit prior to rupture is i and the circuit inductance L,

the theoretical spark energy, neglecting external circuit losses, will be

½Li2. The second type of spark discharges is capacitive spark discharges. They

occur when charge that has accumulated on an electrically conducting,

unearthed, object is discharged to earth across a small air gap. In process

industries that produce and/or handle powders, electrostatic charging is gen-

erally tribo-electric, which implies transfer of electrons between objects of

different electron affinity when the objects are separated after having first
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been in contact. In a process plant this occurs during handling and transport

of powder and dust whenever the powder/dust and the process equipment

make contact and are subsequently separated. The theoretical spark energy,

neglecting external electric circuit losses, equals½CU2, whereC is the capac-

itance of the un-earthed, charged process item with respect to earth, and U is

the voltage difference. In addition to spark discharges across two electrically

conducting electrodes, there are also some other types of electrostatic dis-

charges that can ignite dust clouds. Glor (1988) and L€uttgens and Glor

(1989) distinguished between five different types of electrostatic discharges

in addition to sparks, namely:

– Corona discharges

– Brush discharges

– Propagating brush discharges

– Discharges along the surface of powder/dust in bulk

– Lightning-like discharges

However, of these five discharge types only propagating brush discharges

and discharges along the surface of powder/dust in bulk have been

shown to be able to ignite dust clouds in air. Propagating brush discharges

can be particularly energetic and dangerous. Detailed information on this

particular hazard is provided by both Glor (1988) and L€uttgens and

Glor (1989).

5.6 Jets of hot combustion products
The basic process is the same as for explosive gas mixtures, as described in

Eckhoff (2016). In the case of dust clouds, the “maximum experimental

safe gap” (MESG) can simply be defined as the largest width of a slot that

will just prevent transmission of a flame in a dust cloud inside an enclosure

to a similar dust cloud on the outside. This definition is somewhat vague

because it defines neither the length of the slot nor the explosion pressure

inside the enclosure or the enclosure volume. Therefore, MESG is not a

fixed constant for a given explosive cloud, but depends on the actual cir-

cumstances. MESG for dust clouds is of some importance in practice,

although not in the context of electrical equipment enclosure design as

it is for gases.

5.7 Shock waves
Shock waves, i.e., very steep and strong pressure wave fronts traveling at

speeds exceeding the speed of sound, can in some cases be generated in
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industrial accidents, e.g., by pressure vessel failure. In some cases shock

waves passing through an explosible dust cloud can ignite the cloud. An

analysis of shock wave ignition of dust clouds was given byWolanski (1990).

5.8 Light radiation
Proust (1996) investigated experimentally the extent to which a beam of

laser light was able to ignite an explosive dust cloud. He was unable to find

a generally valid correlation between the ease with which a dust cloud could

be ignited directly by a laser beam, and theminimum electrical spark ignition

energy of the same dust cloud. Proust also conducted experiments where

ignition occurred indirectly, via a small solid target inside the dust cloud that

had first been heated by the laser beam via an optical cable. He found that

the probability of a given laser beam igniting a given dust cloud increased

markedly with this set-up compared with direct laser beam ignition. But still

the minimum ignition energies were several orders of magnitude larger than

the corresponding minimum ignition energies found using electrical spark

discharges.

6. Primary and secondary dust explosions, and dust
flash fires

6.1 Primary dust explosions
Dust explosions in the process industries most often start inside some process

unit (a mill, a filter unit, a cyclone, a storage silo, etc.). This kind of initial

explosion event inside some process unit is called a primary explosion. It is a

central concern in dust explosionmitigation to limit the extent of any primary

dust explosion inside some process unit to that unit.

6.2 Secondary dust explosions
A typical chain of events leading to a secondary dust explosion outside process

equipment is illustrated in Fig. 7. The first step in the process leading to sec-

ondary dust explosions outside process equipment is entrainment of dust

layers accumulated there by the blast wave and flame from the primary

explosion. The second step is ignition of this secondary cloud by the primary

dust flame following the blast wave. As shown in Fig. 2 there is a gap of about

two orders of magnitude between the maximum explosive dust concentra-

tion and the bulk density of a dust layer. The consequence of this with regard
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to the volume of dust cloud that can be produced by a given volume of dust

layer is illustrated in Fig. 8.

The simple relationship between the dust concentration c and the bulk

density of the dust layer ρbulk, the layer thickness h, and the height H of the

dust cloud produced from the layer, is:

PRIMARY EXPLOSION
BLAST WAVE DUST LAYER IS

ENTRAINED AND
DUST CLOUD FORMED

EXTENSIVE SECONDARY
EXPLOSION CAN RESULT

A

B

Fig. 7 Illustration of how the blast wave from a primary dust explosion inside a process
vessel (A) can entrain and disperse an external dust layer into a dust cloud that is
subsequently ignited by the primary dust flame (B). From Eckhoff, R. K. (2003). Dust
explosions in the process industries (3rd ed.). Gulf Professional Publishing/Elsevier.
(1st edition published in 1991, 2nd edition in 1997). ISBN 0-7506-7602-7.
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OF BULK DENSITY
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Fig. 8 Illustration of the potential secondary-dust-explosion hazard of even thin dust
layers. A 1mm layer of a dust of bulk density 500kg/m3 (A) will, by complete dispersion,
generate a cloud of average concentration 100g/m3 if dispersed in a room of 5m height
(B). Partial dispersion up to only 1m gives 500g/m3 (C). From Eckhoff, R. K. (2003). Dust
explosions in the process industries (3rd ed.). Gulf Professional Publishing/Elsevier.
(1st edition published in 1991, 2nd edition in 1997). ISBN 0-7506-7602-7.
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c¼ ρbulk h=Hð Þ (3)

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:

c¼ ρbulk 4h=Dð Þ (4)

In the case of a tube diameter of 0.2m, typical of many dust extraction

ducts in industry, a layer thickness of only 0.1mm is sufficient for generating

a dust concentration of 1000g/m3 with a dust of bulk density 500kg/m3. In

general, dispersible dust layers in process plants represent a potential hazard

of extensive secondary dust explosions, which must be reduced to the extent

possible.

6.3 Flash fires in secondary dust clouds outside process
equipment

A secondary dust explosion occurs when a secondary dust flame, as illus-

trated in Fig. 7, creates a sufficient pressure rise to cause destruction of

building structures, etc., accompanied by audible “bangs” typically associ-

ated with explosions. However, in some cases the burning of the secondary

dust cloud may not cause a sufficient pressure rise for this kind of destruc-

tion to occur. Such events are called “dust cloud flash fires.” Due to the

unavoidable blast wave produced ahead of the dust flame emitted by the

primary dust explosion inside some process equipment, possible dust layers

throughout the work rooms may be swept into suspension and become

ignited by the flame propagating behind the blast front from the primary

explosion. This kind of flashes may propagate long distances throughout

a factory without causing any significant structural damage to the building

structures. Flash fires are, however, a serious threat to people. Because of

the high flame temperature, serious burns may result. Furthermore, when

inhaled, the smoke and event hot air resulting from flash fires can cause seri-

ous damage to the tissue of the lungs. In the worst case such inhalation can

be fatal.

7. Explosion of “hybrid mixtures”

7.1 Definition of “hybrid mixtures”
Bullet point b in Section 3 also embraces the special case where the air con-

tains a fraction of a combustible gas/vapor. When the concept of “hybrid

mixtures” was first defined in a modern industrial-safety context, e.g., by
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Bartknecht (1978), focus was primarily on mixtures in which the combus-

tible gas/vapor fraction was smaller than the lower explosibility limit (LEL)

of the gas/vapor itself.

7.2 Early history
One of the first studies of the ignitability and explosibility of this kind of

mixture was probably undertaken more than 130 years ago by Engler

(1885). He conducted experiments in a wooden explosion box of volume

of about 30L and essentially open at the bottom. The box was filled with a

mixture of air and methane of the desired methane concentration, and a

cloud of fine charcoal dust, which was unable to give dust explosions in

pure air, was introduced at the container top by a vibratory feeder. Engler

observed that methane concentrations as low as 2.5vol% made clouds of the

charcoal dust explosible. The methane/air alone without the dust did not

burn unless the methane content was raised to 5.5–6vol%. Two decades

later, Engler (1907) described a simple laboratory-scale experiment by

which this “hybrid” effect could be demonstrated more clearly. The orig-

inal sketch of the apparatus and a detailed description of the experimental

procedure are given in Eckhoff (2003).

7.3 Further studies of “hybrid” effects on dust explosions
of small percentages of combustible gas

One of the first systematic investigations in the United States of the

“hybrid” effect on dust explosion violence was probably by Nagy and

Portman (1961). When a coal dust was dispersed in various methane/air

mixtures in a closed vessel, they found that the maximum rate of pressure

rise (dP/dt)max in the explosions increased markedly with increasing meth-

ane content in the air. In one experiment (dP/dt)max was less than 100bar/s

withoutmethane, and nearly 500bar/s with only 2%methane in the air, i.e.,

less than half of the minimum explosive concentration of just methane in

air. Adding small percentages of combustible gas to the air most often also

reduces the minimum explosible dust concentration (MEC). Cardillo and

Anthony (1978) studied this effect experimentally using propane mixed

with the air. They found that clouds of iron dust responded to small

propane additions in the same systematic way as organic dusts. For no pro-

pane in the air MEC for the iron dust was 200g/m3, whereas for 1vol%

propane it was 100g/m3.
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The influence of small fractions of methane in the air on the minimum

electric spark ignition energy (MIE) for coal dust clouds was investigated

systematically by Franke (1978). He found substantial reductions in the

MIE, by factors of the order of 100, when the methane content in the air

was increased from 0 to 3vol%. Pellmont (1979) found a similar quite sub-

stantial effect on MIE for some dusts when adding various fractions of

propane to the air. Addai, Gabel, and Krause (2016) published results from

an experimental investigation of the minimum ignition temperature (MIT)

and the minimum explosible dust concentration (MEC) of hybrid mixtures

of a combustible dust and a combustible gas/vapor in air. They adopted an

expanded hybrid-mixture concept comprising clouds of a wide range of

ratios of combustible dust particles and combustible gas/vapor. The exper-

iments were performed in a modified Godbert-Greenwald (GG) furnace.

It was found that the MITs of the gases and solvent vapors decreased

significantly when a combustible dust of concentration below the LEL of

the dust alone was added. A significant decrease of MIT was also found if

the gas/vapor cloud was mixed with a combustible dust that could not at

all be ignited alone in the GG furnace. It was also found that a hybrid cloud

of a combustible dust at a concentration<MEC and a combustible gas at a

concentration<LEL could be ignited in the GG furnace. Th data of

Pellmont (1979) in Fig. 9 illustrates the hybrid effect on the minimum electric

spark ignition energy (MIE) of various dusts, when the air was mixed by var-

ious amounts of propane. As the figure shows,MIE dropped significantly from

the value for dust in air only, even when the content of propane in the air was

less than the minimum explosive concentration of propane in air alone (about

2vol%). As Fig. 9 also illustrates, the hybrid effect getsmore pronounced asMIE

for the dust in air alone increases. Fig. 10 illustrates the hybrid effect on the

explosion violence of clouds of a cellulose dust when propane was mixed with

the air. Even in this case, the hybrid effect is significant for contents of propane

in the air of less than MEC of propane in air only, i.e., <about 2vol%.

8. Detonation of dust clouds

8.1 Qualitative description of detonation
As for premixed gases detonation in an explosive dust cloud is a singular,

extreme mode of flame propagation through the cloud. The transfer of heat

from the burning to the unburnt cloud is then no longer by diffusion, which

is characteristic of the deflagration mode of explosion propagation discussed
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so far. In a detonation heat is transferred to the unburnt dust cloud just ahead

of the detonation front by extremely fast and intensive compression inside a

shock wave front propagating just ahead of the combustion zone. Detona-

tion in a dust cloud can only be initiated by a sufficiently strong shock wave.

In principle such a wave can be generated inside the explosive cloud in two

different ways. The first is by, e.g., detonating an explosive charge or
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discharging a very energetic electric spark inside the cloud. The second is by

gradual build-up of a strong shock front by turbulent acceleration of the

explosion itself (deflagration-to-detonation transition, DDT).

8.2 Experiments in narrow ducts and large-scale galleries
Various workers have found clear evidence of proper dust detonations even

in ducts of quite small diameters. For example, Kauffman and Nicholls

(1982) reported that a self-sustained steady detonation wave propagated

through clouds of oats and wheat grain dust in air, inside a vertical laboratory

scale duct of about 6cm�6cm square cross section and about 6m length.

The dust was charged into the duct at the top at a mass rate giving the desired

0 125 250 375 [g/m3]

400

[bar/s]

0

5

[bar]

300

200

100

0

No C3H8

+ 0,9 Vol% C3H8
M

ax
im

um
 r

a
te

 o
f 

ris
e

of
 e

xp
lo

si
on

 p
re

ss
ur

e
M

ax
im

um
 e

xp
lo

si
on

ov
er

-p
re

ss
ur

e
+ 2,7 Vol% C3H8

+ 4,5 Vol% C3H8

Dust concentration in cloud

Fig. 10 Influence of content of propane in air on the explosion violence of a cellulose
dust in a 1m3 closed explosion vessel. From Bartknecht, W. (1987). Staubexplosionen—
Ablauf und Schutzmassnahmen. Springer-Verlag. ISBN: 0-387-16243-7.

29Dust explosions: Fundamentals



dust concentration during gravity settling down the tube. The dust explo-

sion was initiated by a local hydrogen/oxygen explosion at the bottom tube

end. At an oats dust concentration of 250–270g/m3 (slightly below stoichio-

metric) the measured detonation front velocity was 1540m/s, which is

somewhat lower than the theoretical Chapman-Jouguet velocity at stoichio-

metric concentration of about 1800m/s. The highest measured peak pres-

sure was about 24bar(g), quite close to the theoretical C-J pressure of

22.4bar(g) at stoichiometric dust concentration.

Gardner, Winter, and Moore (1986) provided further conclusive evi-

dence of genuine detonations being possible in dust clouds. They used

clouds of high-volatility coal dusts in air, and found that detonations could

be generated by turbulent flame acceleration (DDT). The experimental

arrangement consisted of a 20m3 ignition chamber connected to a 42m long

straight cylindrical test duct of diameter 0.6m. The duct was essentially open

at the downstream end. To start the experiments, air was blown through the

system at a volumetric rate giving an average velocity of 20–30m/s in the

duct. Dust was then fed into the air stream just upstream of the 20m3 cham-

ber to give the desired dust concentration, ranging from 30 to 850g/m3, in

the explosion chamber as well as in the 42m long duct. The dust cloud was

ignited in the 20m3 chamber by a flame jet or a chemical igniter. Some

results from Gardner et al.’s experiments are summarized in Fig. 11. These

results indeed confirm that detonation developed in the experiments. An

extreme experimental transient peak pressure value of 81bar(g) was mea-

sured. This shows that detonation pressures can exceed C-J values consid-

erably during transient periods.

8.3 Unconfined dust cloud detonations
Tulis (1984) provided direct experimental evidence of a self-sustained det-

onationwave being able to travel through an unconfined dust cloud in air. In

these experiments a very fine aluminum flake powder of specific surface area

3–4m2/g was used. The unconfined cloud was about 10m long and about

1m high. When detonation in this cloud was initiated at one end by means

of a 2.3kg charge of a high-explosive, a stable, self-sustained detonation in

the dust cloud was obtained. The average velocity of the detonation wave

was 1750m/s, and the peak pressures in excess of 28bar. The corresponding

calculated C-J values were 1850m/s and 26bar. This close agreement

between experiment and theory seems to confirm that the phenomenon

observed was in fact a proper, unconfined dust cloud detonation.
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1. Introduction

On the evening of February 7, 2008, approximately 120 workers were

on active duty at the Imperial Sugar refinery in Port Wentworth, Georgia.

Nine days prior the company had named a new chief operating officer,

and just before 7:15 p.m. he was touring the facility with three employees.
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The group was startled when they heard a loud noise, later described

as sounding like a large roll of heavy packing material being dropped from

a forklift somewhere in the nearby packing building. In the next five

seconds, large explosions heaved the 3-in. thick concrete floor slabs and

blew out the brick walls of the facility as massive flames and debris erupted

from the packing building and adjacent sugar storage silos (U.S. Chemical

Safety and Hazard Investigation Board [CSB], 2009).

As reported by the CSB following its 4-month investigation of the

disaster, in 2007 Imperial Sugar had enclosed the steel belt conveyors below

the sugar silos to address contamination concerns (CSB, 2009). This change

was made without considering the possible hazards of accumulated combus-

tible sugar dust within the confined space created by the enclosure.

Although the destruction of the conveyor and silos during the explosions

prevented the CSB from identifying an ignition source, experimental testing

demonstrated hot surface ignition caused by malfunctioning roller supports

or bearings was a credible cause of the primary explosion below the sugar

silos (CSB, 2009).

The CSB investigation found that the explosion beneath the silos blew

off every steel panel in the enclosed 80-foot conveyor system. Pressure

waves blew out brick walls between the south stairwell and the packing

building. Sugar dust accumulations on elevated surfaces and spilled sugar

on the floor in the packing building added more fuel for secondary explo-

sions, which violently heaved the concrete floors. This allowed even more

sugar dust to be lofted into the air. The ensuing explosions continued

for 15min after the initial explosion, as captured by nearby business video

cameras, and resulted in almost total destruction of the facility (see Fig. 1).

In Fig. 1, the three sugar silos are shown in the center of each image. For

reference, the bucket elevator tower, which is taller than the silos, is to

the west in both images, and the concrete and metal framing of the destroyed

sugar packing building is directly to the south.

Fourteen lives were lost during the Imperial Sugar refinery disaster.

Four workers were fatally injured during the explosions. Four more could

not escape the resulting fires, including twowho had re-entered the building

to rescue their coworkers. Six workers succumbed to burn-related injuries in

the weeks and months after the incident, and an additional 36 were injured,

including some with permanent, life altering conditions (CSB, 2009). At the

time, the Imperial Sugar refinery disaster was one of the deadliest confirmed

dust explosions in the history of the United States.
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2. Loss history

One of the most concerning issues around the Imperial Sugar refinery

explosion is how well-known the hazards of combustible dust were at the

time. Just 2 years prior, the CSB released its Combustible Dust Hazard Study

that summarized 281 major combustible dust explosions between 1980 and

2005 in the United States (CSB, 2006). In the report, the CSB also detailed

findings from in-depth investigations of three dust explosions in 2003,

which combined, killed 14 workers and injured more than 40 others.

Fig. 1 Destruction from Imperial Sugar refinery explosion in Port Wentworth, Georgia
on February 7, 2008, which took the lives of 14 workers and injured 36. The images show
an overhead view from the southwest (top) and side view from the south (bottom) with
three silo structures and the west bucket elevator in the background. The ruined south
packing building is in front of the silos in each image (CSB, 2009).
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Recommendations in the Combustible Dust Hazard Study included

those directed at the Occupational Safety and Health Administration

(OSHA) to issue a general combustible dust industry standard to prevent

fires and explosions by clarifying requirements for hazard assessment,

engineering controls, housekeeping, building design, explosion protection,

operating procedures, and worker training (CSB, 2006). Furthermore, in

October 2007, 5 months before the Imperial Sugar incident, OSHA (2007)

issued the Combustible Dust National Emphasis Program (NEP), in which

it recommended all work places handling combustible dust abide byNational

Fire Protection Association (NFPA) guidelines for prevention and protection

from dust explosions. These include:

• NFPA 654—Standard for the Prevention of Fire and Dust Explosions

from the Manufacturing, Processing, and Handling of Combustible

Particulate Solids (NFPA, 2017).

• NFPA 68—Guide for Venting of Deflagrations (NFPA, 2018).

• NFPA 69—Standard on Explosion Prevention Systems (NFPA, 2019).

In its report, the CSB stated that company management and supervisory

personnel at Imperial Sugar had reviewed and distributed NEP documents,

but “did not promptly act to remove all significant accumulations of sugar

and sugar dust throughout the packing buildings and in the silo penthouse”

(CSB, 2009). As a result, inappropriate equipment design, lack of engineer-

ing controls, inadequate housekeeping, and ineffective employee training all

contributed to the magnitude and severity of the sugar dust explosions at the

facility.

In the spirit of the now famous quotation by George Santayana (1905),

“those who cannot remember the past are condemned to repeat it,” the

following sections present loss history information on dust explosions from

throughout the world. The goal is to illustrate the seriousness of dust

explosions as global process safety hazards and to highlight the materials,

industries, and equipment that are typically involved.

2.1 Dust explosions in the United States
Although tracking of loss history involving combustible dust has been

fragmented between different government groups, industrial associations,

non-profit organizations, and for-profit companies, the United States has

benefited from having several agencies and universities collecting the

information at different times. As reported by Eckhoff (2003), the NFPA

published a report in 1957 summarizing 1123 dust explosions they recorded
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from 1900 to 1956. The type of material, number of injuries and fatalities,

and magnitude of material loss of these explosions are presented in Table 1.

The percentage of the total number of incidents, percentage of fatalities, and

percentage of injuries for each type of material are broken down in the table,

as well as the average number of fatalities, injuries, and material losses per

explosion. Note that the material losses are given in US dollars at the time

of the explosion and are not adjusted for inflation (Eckhoff, 2003).

The first take-away from the dust explosions summarized in Table 1 is the

number of different materials involved. These materials include several from

traditional chemical processing industries as well as manufacturing and other

physical processing. In a trend that continues through most of the loss history

information presented in this chapter, food, feed, wood, and wood products

makeup a large percentage (more than 65% from theNFPAdata) of the overall

dust explosions. However, the importance of explosion prevention and

protection in other industries should not be understated. For example, in this

data explosions involvingmetal and plastic dusts have higher fatality and injury

rates per incident than those involving food, feed, or wood.

More recently, tracking dust explosion loss history in the United States

has been completed using an industry specific approach. The most general

incident statistics are available in CSB investigation reports. In their

Combustible Dust Hazard Study the CSB summarized data from 281 dust

Table 1 Dust explosions in the United States, 1900–1956: Fatalities, injuries, and
material losses in a sample of 1123 explosions.

Type of dust

Explosions Injuries Fatalities Material losses (USD)

Total % Total % Av. Total % Av.
Total
(Million $)

Average
(Thousand $)

Wood and bark 162 15 160 9 0.99 38 6 0.23 11.4 70

Food and feed 577 51 1061 60 1.84 409 61 0.71 75.8 131

Metals 80 7 198 11 2.48 108 16 1.35 3.2 40

Plastics 61 5 121 7 1.98 44 7 0.72 3.7 61

Coal (not mines) 63 6 37 2 0.59 30 4 0.48 1.6 25

Paper 9 1 0 0 0 0 0 0.00 0.5 56

Other 171 15 193 11 1.13 47 7 0.27 4.3 25

Summation/Av. 1123 1770 1.04 676 0.6 100.5 89

Data from NFPA (1957) as reported by Eckhoff, R. (2003). Dust explosions in the process industries (3rd ed.).
Burlington, MA: Elsevier Science.
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explosions between 1980 and 2005 (CSB, 2006). These resulted in 119 fatal-

ities and 718 injuries. A summary of the explosion incidents, injuries, and

fatalities per year and the cumulative total over the period presented are

given in Fig. 2. The average number of injuries per explosion in this data

is 2.55, while the average number of fatalities per explosion is 0.42. It is

important to note that the CSB data does not include dust explosions in

industries such as agriculture and feed covered underOSHA’s grain handling

standard, or incidents in coal mines and other facilities covered under the

Mine Safety and Health Administration (MSHA) regulations.

The CSB also included a breakdown of explosion incidents by

industry and material involved. This breakdown is reproduced in Fig. 3 using

data from the Combustible Dust Hazard Study (CSB, 2006). Even with

Fig. 2 Dust explosion incidents (top), injuries (middle), and fatalities (bottom),
1980–2005 (CSB, 2006). Does not include incidents in facilities covered by OSHA’s grain
handling standard or those occurring in coal mines and facilities covered by MSHA
regulations.
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agricultural activities covered under OSHA’s grain handling standard not

included, food, feed, and food products still make up the largest percentage

of the dust explosions recorded. More recently, the CSB released a brief

update to its list of recorded incidents showing 105 incidents, 303 injures,

and 59 fatalities in the period between 2006 and 2017 (CSB, 2018a). The

breakdown betweenmaterials and industries involved is similar to that shown

for the previous period in Fig. 3.
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Fig. 3 Breakdown of dust explosion incidents in the United States, 1980–2005, by
industry and material involved. Does not include incidents in facilities covered by
OSHA’s grain handling standard or those occurring in coal mines and facilities covered
by MSHA regulations (CSB, 2006).
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Agricultural dust explosions in the United States since 1977 have been

recorded annually by groups at Kansas State University (1977–2005) and
Purdue University (2006–2017). These reports can be accessed through

the universities’ websites and have been collected and summarized in terms

of incidents, injuries, and fatalities per year in Fig. 4. In all, 566 explosions,

782 injuries, and 188 fatalities were recorded with an average of 13.8 inci-

dents, 19.1 injuries, and 4.6 fatalities per year from 1977 to 2017. The aver-

age number of injuries per explosion is 1.38 in the entire period and the

average number of fatalities per explosion is 0.33. The average facility dam-

ages in the Kansas State University incidents were $1,080,000 USD per inci-

dent in the year that the incident occurred. This is of similar magnitude to

the property loss data from the insurance company FM Global, that found a

Fig. 4 Dust explosion incidents, injuries, and fatalities from agricultural activities in the
United States, 1977–2017. Incident data is taken from annual reports released by
Dr. Robert Schoeff of Kansas State University, 1977–2005 and by Dr. Kingsly Ambrose of
Purdue University, 2006–2017 (Ambrose 2015, 2017; Schoeff 1985, 1989, 1996, 2006).
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gross loss of $1,710,000 USD per incident (indexed to 2007 dollars) for 166

explosions between 1983 and 2006 (FM Global, 2012).

TheMSHA also keeps track of all incidents causing fatalities in mines and

related facilities within the United States. These can be accessed through an

online fatality reporting system (MSHA, 2019), and shows at least twomajor

explosions since 2001 involving coal dust. On September 23, 2001, a roof

collapse in the Brookwoodmine in Alabama lead to a methane gas explosion

that killed one worker and injured three more. A subsequent methane gas

explosion ignited a secondary coal dust explosion that propagated through-

out much of the mine, fatally injuring another 12 miners (MSHA, 2002).

In a similar set of circumstances, on April 5, 2010, a methane/natural

gas explosion at the cutting wall of the Upper Big Branch Mine-South

in West Virginia ignited a massive secondary coal dust explosion. This sec-

ondary coal dust explosion fatally injured 29 miners and seriously injured

two more (MSHA, 2010). Although the total number of dust explosion

incidents in coal mines is lower than in other industries, the severity can

be significantly higher as illustrated by the combined 42 fatalities from

these two disasters.

2.2 Dust explosions in Europe
Yuan, Khakzad, Khan, and Amyotte (2015) provide a thorough review of

more than 2000 reported dust explosions worldwide between 1785 and

2012. The breakdown of incidents from their work is reproduced in

Fig. 5. The United States had the largest number of reported explosions,

followed by Europe, Japan, China, and Canada. It is important to note that

dust explosions as a whole are typically underreported and that this may

impact quantitative comparisons between these different regions. However,

Yuan et al. (2015) demonstrate that total industrial output, gross domestic

product, research activities in process safety, and government emphasis on

incident reporting in each region tend to agree with the overall trends in

reported dust explosions seen in their work.

Europe is the geographical region with the second highest number of dust

explosions after the United States, based on the review of Yuan et al. (2015).

To the present coauthors’ knowledge, there is no single system tracking dust

explosions in Europe, but some countries have robust reporting practices. For

example, Beck (1982) reported on 357 dust explosions in Germany between

1965 and 1980 (as presented by Eckhoff, 2003). Table 2 summarizes these

incidents. As in the previous table, the incidents are divided by the type of
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material involved, and summaries of the percentages of the total and average

number of injuries and fatalities per recorded incident are included.

Comparing the information in Tables 1 and 2 demonstrates how the

materials involved in dust explosions can vary between different regions

of the world. Although the number of incidents involving food and feed

is high in Germany, it is only half of the percentage of the incidents reported

Fig. 5 Reported dust explosions in different regions of the world from 1785 to 2012.
Modified from Yuan, Z., Khakzad, N., Khan, F., & Amyotte, P. (2015). Dust explosion:
A threat to the process industries. Process Safety and Environmental Protection, 98, 57–71.

Table 2 Dust explosions in the Federal Republic of Germany, 1965–1980: Fatalities and
injuries in a sample of 357 explosions.

Type of dust

Explosions Injuries Fatalities

Total % Total % Av. Total % Av.

Wood 113 32 124 25 1.10 12 12 0.11

Food and feed 88 25 127 26 1.44 38 37 0.43

Metals 47 13 91 18 1.94 18 17 0.38

Plastics 46 13 98 20 2.13 18 17 0.39

Coal and peat 33 9 39 8 1.18 7 7 0.21

Paper 7 2 0 0 0.00 0 0 0.00

Other 23 6 13 3 0.57 10 10 0.43

Summation/Av. 357 492 1.38 103 0.29

Data from Beck (1982) as reported by Eckhoff, R. (2003).Dust explosions in the process industries (3rd ed.).
Burlington, MA: Elsevier Science.
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for these materials in the United States. Furthermore, wood, metals, and

plastics in Germany make up more than double the percentages seen in

the United States. Metals and plastics again have the highest number of inju-

ries per incident. This is similar to the US data. However, the average num-

ber of fatalities per incident for these materials in Germany is significantly

lower. This coincides with the overall average injuries and fatalities per inci-

dent, which are 1.38 and 0.29, respectively from 1965 to 1980. This average

injury rate is higher than in the US, while the average fatality rate is lower.

Loss history information is generally unavailable for other countries in

Europe. A notable exception may be the United Kingdom, for which

Mannan andWaldram (2014) report 984 fires and explosions involving dusts

or powders from 1958 to 1988. These authors state that 1357 injuries and

39 fatalities resulted from these incidents and that 46% of them involved dust

explosions. A detailed breakdown of the injuries and fatalities from dust

explosions is unavailable, although the total numbers suggest there were

an average of 14.6 explosions per year and that the maximum injury and

fatality rates per explosion were 3.0 and 0.09, respectively.

2.3 Dust explosions in Asia
According to the incident data of Yuan et al. (2015) summarized in Fig. 5,

Japan and China have the next highest number of dust explosions. In their

work, Nifuku, Matsuda, and Enomoto (2000) summarized loss history data

in Japan from the period 1952 to 1995. In that time, there were 269 dust

explosions, 567 injuries, and 106 fatalities. The breakdown among different

materials analyzed in their work is summarized in Table 3. The percentages

of the total explosions and average number of injuries and fatalities per

recorded explosion are also given for reference.

In Nifuku et al.’s (2000) loss history data on Japan, explosions involving

metals make up a larger percentage of the overall number of dust explosions

than in theUnited States or Germany, while food and feedmake up a smaller

percentage. Similar to the German incidents in Table 2, in Nifuku et al.’s

data, the number of injuries and fatalities from dust explosions involving

metals is quite high at 2.39 injuries per explosion and 0.64 fatalities per

explosion.

As Yuan et al. (2015) point out, the severity of individual dust explosion

incidents in China is significantly higher than in other parts of the world.

The review of Yan and Yu (2012) corroborates this. These authors found

518 injuries and 123 fatalities in 72 dust explosions from 1981 to 2011,
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not involving coal mines. Of particular severity were a starch dust explosion

in Hebei in 2010, which resulted in 19 fatalities and 49 injuries, and a flax

dust explosion in Heilongjiang, which resulted in 58 fatalities and 177

injuries. With these two catastrophic incidents included, the loss history

suggests 7.2 injuries and 1.7 fatalities per dust explosion (Yan & Yu, 2012).

The severity of dust explosion incidents in China is further increased

when the coal mining industry is included. As reported by Wang and Li

(2001) and summarized by Zheng et al. (2009), at least 21 dust explosions

in coal mines causing more than 100 fatalities each have occurred in China.

In their work, Zheng et al. (2009) summarize 103 incidents between 1949

and 2007 that resulted in a startling 4613 fatalities.

2.4 Summary of loss history data
To conclude this section on loss history from dust explosions, Table 4 sum-

marizes the data recorded from the different countries and from different

sources. The number of years and number of explosions recorded are given

in the table. This is followed by the calculated number of explosions per year,

injuries per explosion, and fatalities per explosion. Note that underreporting

of dust explosions, and in particular different rates of reporting between

different countries and sources impacts the calculated values. Furthermore,

Table 3 Dust explosions in Japan, 1952–1995: Fatalities and injuries in a sample of 269
explosions.

Type of dust

Explosions Injuries Fatalities

Total % Total % Av. Total % Av.

Coal 13 4 41 8 3.15 7 7 0.54

Inorganic 31 9 28 6 0.90 9 9 0.29

Metals 64 18 153 31 2.39 41 40 0.64

Food and feed 46 13 109 22 2.37 17 17 0.37

Chemical synthetics 36 10 79 16 2.19 12 12 0.33

Intermediate additives 50 14 69 14 1.38 13 13 0.26

Cellulosic materials 28 8 84 17 3.00 7 7 0.25

Miscellaneous 1 0 4 1 4.00 0 0 0.00

Summation/Average 269 567 2.11 106 0.39

Data from Nifuku, M., Matsuda, T., & Enomoto, H. (2000). Recent development of standardization of
testing methods for dust explosion in Japan. Journal of Loss Prevention in the Process Industries, 13, 243–251.
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many of the data collections only include severe incidents with injuries or

fatalities. This will tend to reduce the total reported incidents per year and

increase the injuries and fatalities per explosion compared to collections that

report less severe incidents as well.

With these difficulties in mind, the summary of incidents given in

Table 4 demonstrates a range of the number of injuries per reported severe

dust explosion between 1.0 and 3.0 and the number of fatalities per severe

explosion between 0.25 and 0.60. The number of reported fatalities within

agricultural industries in the United States appears to fall within these values,

Table 4 Summary of dust explosion loss history from different countries: Number of
years, sample size (number of explosions), explosions per year, injuries per explosion,
and fatalities per explosion.

# Years
Sample
size

Explosions
per year

Injuries
per year

Fatalities
per year

General Processing Industries

United States (1900–1956),
NFPA (1957)

reported by Eckhoff (2003)

57 1123 19.7 1.04 0.60

United States (1980–2005),
CSB (2006)

26 281 10.8 2.55 0.42

United States (2006–2017),
CSB (2018b)

12 105 8.8 2.88 0.56

Germany (1965–1980),
Beck (1982)

reported by Eckhoff (2003)

16 357 22.3 1.38 0.29

Japan (1952–1995),
Nifuku et al. (2000)

44 269 6.1 2.11 0.39

China (1981–2011),
Yan and Yu (2012)

31 72 2.3 7.19 1.71

Specific Processing Industries

US agricultural (1977–2017),
(Ambrose, 2015, 2017;

Schoeff, 1985, 1989, 1996, 2006)

41 566 13.8 1.38 0.33

US coal mines (2001�2010),

MSHA (2019)

10 2 0.2 – 21.0

China coal mines (1949–2007),
Zheng et al. (2009)

58 103 1.7 – 44.8
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while the severity of dust explosions in coal mines is between one and two

orders of magnitude higher with regard to fatalities. In general, the number

of injuries and fatalities per severe dust explosion in the United States is

similar to Germany and Japan, considering the accuracy of the data and

the potential impact of underreporting. The injury and fatality rates in

China, especially when coal mining is considered, appear to be significantly

higher than in the other countries, as was suggested by Yuan et al. (2015).

3. Illustrative dust explosion incidents

The following sections outline several specific dust explosions to

illustrate the impact on the industries, facilities, and workers involved.

Where applicable, lessons learned from the incident are discussed. The illus-

trative incidents are divided by representative industries, including grain

handling and storage, food and feed processing, coal mining and storage,

wood processing and wood products, metalworking and metal products,

and pharmaceutical component manufacturing, so that the interested reader

can review those most related to their work.

3.1 Grain handling and storage
Due to the 566 dust explosions in grain elevators, feed mills, flour mills,

and other grain processing facilities over the last 50 years (see Section 2.1

and Fig. 4), these industries have received considerable attention in the

United States. In particular, the US Department of Agriculture (USDA)

set up a Special Task Force on grain elevator safety and explosions in 1980

(USDA, 1980). This was after an exceptionally devastating period of grain

elevator explosions between 1976 and 1978. Early in 1976 two explosions

killed 14 and injured 20, beginning a sequence of 42 explosions over the next

2 years. Of the 87 fatalities and 164 injuries resulting from these explosions,

five incidents occurred during 7 days, December 21–28, 1978, which alone

caused 59 deaths and 49 injuries (USDA, 1980).

In their Special Task Force report, the USDA summarized probable

ignition sources and probable locations of the primary explosion in a sample

of 250 incidents between 1958 and 1978. Although the ignition source was

unknown 41.2% of the time, when it could be determined, welding or

cutting, electrical failure, tramp metal, primary fire, friction from choked

legs, overheating bearings, friction sparks, and lighting were identified

as the top eight ignition sources (USDA, 1980). Although the probable
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location of the primary explosion was unknown 42.8% of the time, when it

could be determined, bucket elevators, grinding equipment, storage bins/

tanks, and headhouses were identified as the top four primary explosion

locations (USDA, 1980).

Unfortunately, grain elevators remain a source of particularly devastating

dust explosions around the world today. In 2018 alone, fatal grain elevator

explosions took place in the state of Nebraska, in the Port of Aqaba, Jordan,

and in the town of Lions Den, Zimbabwe, taking the lives of 14 individuals

(Cloney, 2019). At least 15 more people were injured in unconfirmed grain

elevator explosions in Argentina, France, Canada, and the United States in

the same year (Cloney, 2019).

The devastation from the Nebraska grain elevator explosion is shown

in the news agency photo in Fig. 6. The elevator included 16 grain storage

silos and a 200-foot headhouse structure with a 30-foot drying cone on top.

At the time of the incident, three workers were inside the structure. Onewas

treated for minor injuries at the scene and another was transferred to the

hospital with significant burns (SiouxLandProud, 2018). He later died in

hospital on July 9, 2018 (Butz, 2018).

The fire chief, in an interview with Sioux City Journal, reported that

workers were getting ready to transfer grain when the explosion happened,

Fig. 6 Explosion of grain elevator in South Sioux City, Nebraska on May 29, 2018, which
took the life of one worker and injured another. Photo courtesy of SiouxLandProud.
(2018). 1 seriously injured in South Sioux grain elevator explosion, fire. Retrieved from
https://www.siouxlandproud.com/news/local-news/reports-say-grain-elevator-explodes-
in-south-sioux/1206320915.
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and witnesses stated that the explosion started near the top of the elevator

and worked its way down. The possible collapse of the remaining structure

was a serious concern, and two dozen families were evacuated from their

homes for 2 weeks while the structure was brought down (Richardson,

2018a). Sioux City Journal reported that OSHA investigators arrived on site

following the explosion but dropped the investigation after determining that

the privately-owned elevator had too few employees to fall within its juris-

diction (Richardson, 2018b). On October 15, 2018, South Sioux City sued

the grain elevator owner for $120,000 to cover emergency expenses con-

nected with the explosion (Hytrek, 2018).

One of the most devastating dust explosions in 2018 occurred at a grain

elevator in the Port of Aqaba, Jordan, and took the lives of seven workers.

The grain terminal consisted of 75 silos, each with a diameter of 9m and

height of 45m, as well as a 55-m tower structure. Government investigators

determined that the primary explosion occurred on the third floor of the

tower and propagated through the bucket elevators into the underground

conveying system. Secondary explosions in the tunnels propagated through-

out the conveying system and caused subsequent explosions in some of the

silo structures (Alnajdawi, 2019a).

The destruction to the brick tower structure and grain terminal silos is

shown in Fig. 7 from photos provided by forensic investigators. A subse-

quent interviewwith investigators revealed that the grain terminal was being

decommissioned at the time of the explosion (Alnajdawi, 2019b). Although

the subcontractor responsible for demolition had received a risk assessment

outlining dust explosion risks at the facility, the workers did not remove

combustible grain dust prior to commencing iron cutting and hot work

activities. Furthermore, the dust collection equipment was dismantled prior

to clean up, allowing grain dust to accumulate. Although the ignition source

could not be determined, investigators stated that a spark from iron cutting

may have ignited combustible dust or gas in the vicinity of the bucket ele-

vators and conveyors containing combustible grain dust, causing the primary

explosion (Alnajdawi, 2019a).

3.2 Food and feed processing
As demonstrated with the Imperial Sugar refinery explosion outlined in

Section 1, the dangers of combustible dust do not lie only in the handling

and storage of materials. Any physical process that causes breakdown of a

product and generates fine dust has the potential to cause a catastrophic dust
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explosion. An example of this is the recent corn dust explosion at the Didion

Milling facility in Cambria, Wisconsin on May 31, 2017.

As reported in the Factual Investigation Update released by the CSB

(2018b), the Didion facility involved a dry corn milling operation. Dry corn

milling entails a system of equipment that cleans, grinds, separates, and trans-

ports the incoming bulk corn kernel shipments. The facility included five mill

buildings (A, B, C, D and F), a multi-purpose building that housed the Cmill

and packaging equipment, a train and truck bulk-loading facility, offices,

a laboratory, a maintenance shop, and the mill control room (CSB, 2018b).

Fig. 7 Destruction from grain elevator explosion in the Port of Aqaba, Jordan onMay 14,
2018, which killed seven and injured two. The explosion started on the third story of the
tower shown in the top image and propagated through the underground conveyors to
the silos shown in the bottom image. Photo courtesy of Ali Alnajdawi, Forensic Laboratory
Department of the Ministry of the Interior of Jordan.
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From its post-incident interviews, the CSB outlined the perception of

workers about the series of events involved in the explosion: Workers

saw or smelled smoke on the first floor of the B mill, potentially coming

from a gap mill used to grind corn kernels. Then while inspecting the equip-

ment, the workers witnessed a filter from the intake line to the mill blow off,

resulting in corn dust filling the air. They then witnessed flames shooting out

of the air intake line, which was followed by one or more explosions.

The destruction from the primary and secondary corn dust explosions is

demonstrated in photos supplied in the Factual Investigation Update (CSB,

2018b). These are reproduced in Fig. 8 and show the facility before and after

the incident. From a first glance, one may be tempted to dismiss the destruc-

tion as being limited to the outside walls of the A, B, and D mills in the

background. However, a closer look reveals that the entire multistory,

Fig. 8 Photos of the Didion dry corn milling facility before the incident (top) and after
the incident (bottom). The vantage point is from the southwest looking northeast at the
office in the foreground and tall milling buildings in the background. The multipurpose
building behind the offices was completely destroyed as shown in the post-incident
photo (CSB, 2018b).
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multipurpose building between the offices and mill buildings completely

collapsed from the explosions.

The approximate location of the 19 workers on duty at the time of

the explosion (11:00 p.m.) is given in Fig. 9. The circles denote workers

who were fatally injured. Three were killed during the explosions and

two succumbed to their injuries in hospital after the incident. All 14 of

the remaining employees on site were injured; their locations are indicated

as pentagons in the figure. As tragic as this disaster was, it could have been

much worse had the incident occurred during the day, when over 60 people

would have been working inside the facility (CSB, 2018b).

At the time of writing, the CSB has yet to release its final report

on the Didion Milling facility explosion. Although it is still under investi-

gation, the interim factual update suggests that fugitive dust emissions from

leaking equipment and conveying pipes, product spillage from bags, and dust

accumulation from opening equipment for maintenance contributed to the

severity of the explosions (CSB, 2018b). This is further confirmed by the

citation and notification of penalty document recorded by OSHA on

November 17, 2017 (OSHA, 2017). In addition to wilful violations around

Fig. 9 Approximate location of workers inside the Didion facility at the time of the inci-
dent. Circles indicate workers who sustained fatal injuries and pentagons indicate
injured workers. Red dashed lines indicate buildings that were severely damage and
collapsed. Yellow dashed lines indicate buildings severely damaged that were accessi-
ble by investigators (CSB, 2018b).
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absence of a compliant fugitive dust housekeeping program and the use of

compressed air in the presence of running machinery, the $1.837 million

USD citation also lists penalties associated with a fluid bed dryer not being

equipped with an automatic fire protection system, several dust collectors

not containing explosion suppression systems, size reduction equipment

not containing ameans to remove ferrous materials, and pneumatic conveying

systems not being conductive, bonded, and grounded. Other penalties

include absence of regularly scheduled equipment inspection and mainte-

nance, absence of annual employee training on common ignition sources

and safety practices, absence of compliant employee alarm systems, and a

failure to provide flame-resistant clothing.

3.3 Coal mining and storage
As outlined in the loss history information provided in Section 2, dust explo-

sions in coal mines represent an extremely severe hazard, which may be why

there are more fatalities in coal mining than other industries. In fact, a coal

mine explosion in Liaoning province, China, in 1942 that caused 1594

fatalities and 246 injuries might be the most severe dust explosion recorded

in history (Mining Technology, 2014 as reported by Yuan et al., 2015).

There are many technical lessons to be learned from the more than 1000

pages of the MSHA reports on the coal mine explosions in Alabama in 2001

(MSHA, 2002) and West Virginia in 2010 (MSHA, 2010), discussed in

Section 2.1. These include the importance of rock dusting and proper mine

ventilation. However, as outlined by Amyotte and Oehmen (2002) in their

review of the Westray coal mine explosion in Nova Scotia, Canada, these

incidents typically afford many lessons that “transcend industrial boundaries

and are related to the basic principles of loss management” (p. 58).

The Westray coal mine explosion occurred on the morning of May 9,

1992. At 5:18 a.m. a spark from cutting equipment at the mine face ignited

methane gas. This was followed by a coal dust explosion that propagated

several kilometers throughout themine shaft. All 26menworking in themine

were killed (Richard, 1997). The aftermath of the explosion included a 5-year

inquiry by the Province of Nova Scotia, a criminal trial of the mine managers,

and the introduction of new legislation in Canada establishing legal duties for

organizations, corporations, representatives, and managers for the health and

safety of workers (Canadian Centre of Occupational Health and Safety, 2019).

Some examples of human elements that led to the Westray mine

explosion include: human tampering with methane level monitors to turn
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them off or reduce their sensitivity; workers not being empowered to rec-

ognize, report, and act on the known hazards of coal dust accumulation in

the mine; continuation of work in spite of unsafe levels of both methane gas

and coal dust; and improper motivation by which production proceeded at

the expense of safety (Amyotte &Oehmen, 2002). In addition to the imme-

diate technical causes that led to the fatal coal mine explosion, these more

basic causes and lack of management control are applicable to all industries

in which combustible dust is handled.

It is important to note that the danger of coal dust explosions is not only

isolated to mining industries. Many industries that burn coal for heating or

power generation also need to be aware of the hazards involved. For exam-

ple, onMarch 17, 2018, a coal storage silo at the San Juan Power Generation

Station in New Mexico, collapsed causing an explosion and fire (Ditzler,

2018a). A subsequent investigation undertaken by the local government

concluded that corrosion of a faulty weld holding two silo sections together

caused the collapse, releasing 614 tons of coal (Ditzler, 2018b). Dust from

the falling coal exploded and damaged the nearby power generation unit,

which required $15–20 million USD in repair to the utility.

3.4 Wood processing and wood products
Wood is a complex biological and chemical material that creates a variety of

hazards when processed.When wood dust is suspended in air, explosive dust

clouds are formed that are easily ignited by sources such as sparks that are

inherent to the process of woodworking. To control emissions and dust

layers, ventilation and dedusting systems are commonly used in the wood

industry. These systems are composed of fans, cyclones, and dust collectors.

It is also common practice in the wood industry to use blowers instead of

suction fans for the dedusting of workstations. This generates positive work-

ing pressures in the installation that increase the risk of dust leaking to the

outside and forming dust layers. Besides the risk of secondary explosions,

dust layers on machinery act as an insulator trapping in heat. If enough heat

is generated, wood dust will ignite, causing smoldering, which can lead to a

dust explosion.

Explosions involving wood dust can occur at wood processing facilities,

furniture factories, and lumber mills. A recent example of a tragic wood dust

explosion occurred on July 17, 2015, at a wood flour mill in Bosley, UK that

processes wood into a fine powder to make laminate flooring. The massive

explosion occurred a few weeks after council enforcement officers attended
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the site, having received complaints about sawdust, noise, and pollution,

and following fires in 2010 and 2012 (Segalov, 2015). The destruction

resulting from the Bosley mill explosion is shown in Fig. 10. Much of

the laminate flooring company was destroyed in the disaster. More than

30 individuals were assessed by medics and ambulance crews at the scene.

Days later, search teams found four workers in the rubble who had been

fatally injured.

Another devastating explosion involving wood dust occurred at

the Lakeland Mills forest products company in Prince George, British

Columbia, Canada on April 23, 2012. Two dozen workers were on shift

in the sawmill section of the mill when a loud explosion shook the building,

and fire erupted around them. The workers fought their way through the

smoke and flames, desperate to get out of the building before the power

failed or there was another explosion. Twoworkers died and 22 were injured

(WorkSafe, 2014). This incident followed another sawmill explosion at

Babine Forest Products in Burns Lake, British Columbia on January 20,

2012, where twoworkers were killed and 20were injured (WorkSafe, 2012).

In their investigation of the LakelandMills forest products explosion, the

BC Safety Authority concluded that wood dust accumulated throughout the

facility was the main fuel for the devastating explosions. The Authority

identified the root cause of the accident to be a failure of the company to

Fig. 10 Destruction from a potential wood dust explosion at a laminate flooring
company in Bosley, UK on July 17, 2015, which killed four people and injured 30. Photo
courtesy of Cheshire Fire and Rescue Service.

54 Chris Cloney and Jef Snoeys



effectively recognize and manage wood dust explosion hazards, based on

several observations including the following:

• History of fires at the site,

• History of wood dust-related fire safety inspection deficiencies,

• Evidence of wood dust found during the investigation,

• Employee statements regarding the presence of wood dust at the facility,

• Identification of electrical equipment not approved for hazardous locations

within and near the area of explosion origin (BC Safety Authority, 2014).

Another industry trend that is significant to combustible dust safety involv-

ing wood products is the production and use of wood-fuel pellets in burning

and power generation. In an investigation into the explosibility character-

istics of dust from wood pellets, Melin (2013) found that it may have a lower

ignition energy and higher explosion severity than dust from coal tradition-

ally used for these operations. As older facilities are converted to using wood

pellets, these enhanced hazards need to be considered. The potential fire and

explosion hazards of biomass are demonstrated in a 2014 report describing

multiple incidents at industrial biomass plants in the USA, Canada, Europe,

and New Zealand (Hedlund & Astad, 2014).

3.5 Metalworking and metal products
As metal materials are more frequently being used in industries, including

transportation and electronics and in emerging fields such as 3D printing,

metal dust explosions are becoming more prevalent. These can occur during

manufacturing of metal products, such as the 2003 Hayes Lemmerz alumi-

num dust explosion that killed one worker and injured six (CSB, 2005), or

during recycling operations, such as the 2010 AL Solutions explosion that

killed three and injured one (CSB, 2011a).

As discussed by Taveau, Hochgreb, Lemkowitz, and Roekaerts (2018),

one of the first documented aluminum dust explosions in theUSwas reported

by Price and Brown (1922). On February 26, 1920, inManitowoc,Wisconsin

six workers were killed and four injured in an aluminum polishing operation.

A piece of steel wire was sucked into the exhaust system and created sparks

upon impact with the fan. The sparks ignited an aluminum dust explosion that

propagated back through the suction system into the room. The explosion

was so violent that it could be heard as far away as 2 miles from the plant.

In a tragic example of not learning from previous incidents, three flash fires

in a 4-month period in 2011 at an atomized steel and iron powder producer in

Gallatin, Tennessee took the lives of five workers and injured three more
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(CSB, 2011b).On January 31, 2011, the first flash fire occurredwhenworkers

were trying to restart a bucket elevator motor. During the restart, vibrations

dispersed fine iron dust into the air and caused a dust flash fire that engulfed

two workers. The first employee died 2 days later while the second passed

away from his injuries 4 months after the incident (CSB, 2011b).

Less than 2 months after the first 2011 incident, an employee suffered

first- and second-degree burns from another iron dust flash fire. On March

29, 2011, the employee was using a hammer to reconnect a gas line in a band

furnace. The worker inadvertently lofted large amounts of iron dust from the

surface of the band furnace that ignited and engulfed theworker (CSB, 2011b).

In the final and most severe incident at the facility in 2011, workers

noticed a hissing sound near a band furnace on May 27, 2011. Workers

assumed that the leak was non-flammable nitrogen because of a recent leak

in a nitrogen pipe elsewhere in the plant, despite both nitrogen and hydro-

gen piping being located in the vicinity. While using a forklift to open the

cover of a trench containing the piping, sparks ignited a hydrogen gas explo-

sion. The overpressure from the explosion dispersed large quantities of iron

dust from rafters and upper surfaces of the building, leading to multiple flash

fires in the area. Three workers were killed during the explosions and

another two workers suffered burn injuries (CSB, 2011b).

Perhaps one of the most severe metal dust explosions in recent history

occurred at an aluminum alloy polishing facility in Kunshan, China. On

August 2, 2014, an explosion occurred in a dust collector located outside

the facility (Li, Yang, Yuan, & Eckhoff, 2016). The explosion propagated

into the main building through the dust extraction system and ignited

significant quantities of aluminum dust inside the facility. The multiple explo-

sions resulted in 146 workers suffering fatal injuries and another 114 suffering

non-fatal burn injuries. As discussed by Li et al. (2016), the presence of explo-

sion isolation systems in the ducting could have limited the consequences of

the deflagration substantially.

3.6 Pharmaceutical component manufacturing
In many of the explosions discussed in the previous sections, visible dust

accumulation in the facility was a contributing factor in the explosion and

greatly enhanced the severity of the incident. To conclude this section,

we examine a polyethylene dust explosion where virtually no visible dust

could be seen throughout the working area of the facility.

The West Pharmaceutical facility in Kingston, North Carolina man-

ufactured drug-delivery components such as syringe plungers, septa, and vial
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seals (CSB, 2004). The rubber compounding processes involve two produc-

tion lines, each with a mixer, a mill, and coating equipment. After the rubber

was smoothed into strips in the mill, the strips were trimmed and dipped into

a vat containing a slurry of very fine polyethylene powder and water (CSB,

2004). According to the CSB report, West Pharmaceutical was very aware

that the compounding process could cause dusty conditions in the facility,

and it took extensive precautions to reduce dust accumulation (CSB, 2004).

This entailed installing ventilation and dust collection systems at the mixers

and “around the clock” housekeeping, including vacuuming and wiping up

dust on exposed surfaces. Cleanliness of the facility was a high priority due to

the pharmaceutical use of the rubber products.

On January 29, 2003, a massive dust explosion erupted at the West

Pharmaceutical facility killing six workers and injuring 38 others including

two responding firefighters (CSB, 2004). The facility was totally destroyed

and burning debris ignited fires in wooded areas as far as 2 miles away. The

extent of the damage made it impossible to determine the ignition event,

although overheating of the rubber and ignition of vapors, overheated

overhead light fixtures, electrical sparks from faulty wiring, and ignition

by running electrical motors are considered as possible causes (CSB, 2004).

The fuel for the West Pharmaceutical explosion was very fine poly-

ethylene dust accumulated above the false ceiling tiles at the facility. Internal

investigation by the company suggested depths of 0.125–0.25 in. (3–6mm)

covering approximately 90% of the milling and batching area. Interviews

with workers by the CSB suggested thicker depths ranging from 0.5 to

2 in. (12–50mm; CSB, 2004). Although the visible dust accumulations at

the facility were practically non-existent, these non-visible accumulations

were enough to destroy the facility. This incident led to a CSB recommen-

dation to industry that areas of a facility inaccessible to housecleaning such as

concealed spaces, including suspended ceilings, should be treated with the

same degree of caution as visible locations and be sealed if possible to avoid

dust accumulation (CSB, 2004).

4. Lessons learned and open challenges

The more than 100 years of loss history and illustrative incidents out-

lined in Sections 2 and 3 demonstrate the serious threat dust explosions pose

to processing industries and their impact on workers and facilities handling

combustible dust. This chapter concludes with a summary of the lessons

learned over that period and open challenges remaining in addressing dust

explosions and related hazards.

57Dust explosions: A serious concern



4.1 US chemical safety board recommendations
Perhaps the largest source for lessons learned from dust explosions are the

CSB incident investigations. For every investigation, the CSB issues safety

recommendations to prevent the recurrence or reduce the impact of similar

incidents in the future. The status of each recommendation is then followed

over time. The CSB communicates regularly with the recommendation

recipients, evaluates response plans and actions, and designates the recom-

mendation as closed only after a vote by CSB board members.

Nine large-scale dust explosion incident investigations were completed by

the CSB between 2003 and 2019, resulting in 93 safety recommendations.

During its tracking of the recommendations, the CSB assigns each a status after

reviewing the recipient’s actionor proposed actions. Table 5gives a summaryof

the number of recommendations assigned in each of theCSB investigations and

the current number of recommendations in each of four status categories as of

February 2019. For the purpose of this summary, the status categories have been

divided into four classes: Class A includes recommendations where an accept-

able response or action has not been received; Class B includes recommenda-

tions where an acceptable response plan has been received but actions have not

been completed, evaluated, or approved; Class C includes recommendations

where acceptable actions have been approved and the recommendation closed;

Table 5 US Chemical Safety Board investigations, number of recommendations from
each, and number of recommendations in each status category class as of
February 2019.
Investigation # Rec. Class A Class B Class C Class D

2017 Didion Milling Company (open) – – – – –

2012 US Ink 8 4 – 4 –

2011 Hoeganaes Corporation 13 4 3 6 –

2010 AL Solutions 4 – 4 – –

2008 Imperial Sugar Company 11 1 – 9 1

2006 Dust Hazard Investigation 6 1 – 5 –

2003 West Pharmaceutical Services 9 – – 9 –

2003 CTA Acoustics 22 – – 22 –

2003 Hayes Lemmerz 20 2 – 10 8

Total 93 12 7 65 9

Status categories: Class A—Unacceptable response or action, no response received, awaiting response, or
awaiting evaluation or approval of response; Class B—Response plan or timeline received; Class C—
Acceptable action completed or exceeded; Class D—No longer applicable, reconsidered, or superseded.
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and Class D includes recommendations that are no longer applicable and

have been closed. The 2017 Didion Milling explosion and fire is still under

investigation and recommendations have not been made to date.

TheCSB safety recommendations summarized inTable 5 have been issued

to over 40 different parties including the corporations that have experienced

dust explosions, industry associations, safety organizations, trade unions, trade

associations, emergency response organizations, and government entities.

In all, 65 of the recommended actions (70%) have been completed, evaluated,

and approved. Lessons learned from these incidents can be gleaned from some

of the recommendations themselves, which are paraphrased here:

• Conduct facility audits to emphasize engineering, hazard, and manage-

ment of change (MOC) compliance withNFPA standards such as 54, 61,

72, 484, 497, 499, 654, 655, 664, and 2113,

• Ensure equipment is designed to minimize release of combustible dust

into the facility,

• Ensure facilities are designed to minimize surfaces where combustible

dust can accumulate,

• Ensure that spaces inaccessible to housekeeping are sealed to prevent dust

accumulation,

• Develop and implement written operating procedures for dust mainte-

nance and housekeeping operations,

• Improve emergency evacuation policies and procedures including alarm

systems and evacuation drills,

• Develop and implement regular training programs on fire and explosion

hazards of combustible dust for all facility employees,

• Implement programs to conduct management reviews of incident and

near-miss incidents including fires and flash fires,

• Prohibit the use of sprinkler systems in all buildings that process or store

combustible metals,

• Fully identify the hazardous characteristics of new materials and use

appropriate versions of safety data sheets.

From these recommendations, lessons learned include following the correct

NFPA guidelines and standards for the facility; ensuring fugitive dust emis-

sions do not increase to hazardous levels in open and closed parts of the facil-

ity; implementing effective training, emergency response, management of

change, and near-miss investigation programs; and properly characterizing

the materials at the facilities.

Another important contribution of the CSB recommendations is to

encourage communication with third parties that may not be directly involved

in the incident but that are implicated. For example, recommendations to
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conduct researchor communicate investigation findings havebeenmade to and

completed by several associations, including those involved with aluminum

handling, die casting, risk and insurance management, steel work, chemical

handling, plastics manufacturing, baking, and food products. These actions

have also been completed by several local first response groups, fire depart-

ments, community affairs groups, and building code councils named in CSB

recommendations. It is unlikely that this level of communication on the hazards

of combustible dust would have occurred within these groups without the

recommendations, tracking, and follow up by CSB to ensure action.

4.2 A comprehensive general industry standard
One of the most notable CSB recommendations that has not been classified

as receiving an acceptable response is for OSHA to work towards issuing a

general combustible dust standard within the United States. The CSB first

made this recommendation in its 2006 Combustible Dust Hazard Investiga-

tion Report (CSB, 2006), suggesting that it be based on the current NFPA

standards and include comprehensive guidelines for general industry on

hazard assessment, engineering controls, housekeeping, building design,

explosion protection, and worker training in facilities handling combustible

dust. This recommendation was repeated in the CSB investigation into the

2008 Imperial Sugar refinery explosion (CSB, 2009), the 2011 Hoeganaes

Corporation explosions and flash fires (CSB, 2011b), the 2012 US Ink

explosions and flash fires (CSB, 2013), and in a recent “Call to Action:

Combustible Dust” released by the CSB (CSB, 2018c).

Following the Combustible Dust Hazard Investigation Report, OSHA

issued a Combustible Dust National Emphasis Program (NEP) in October

2007 (OSHA, 2007). Following the Imperial Sugar refinery explosion,

OSHA revised the NEP to focus on industries with a high frequency of dust

explosions or that have experienced catastrophic loss (OSHA, 2008).

In October 2009, OSHA released an advanced notice of proposed

rulemaking with regard to combustible dust in the workplace (OSHA,

2009), and in May 2011 an expert forum was convened to discuss the topic

(OSHA, 2011). However, in the fall of 2018, work on a general industry stan-

dard focusing on combustible dust was removed from the upcoming spring

regulatory agenda (Office of Information and Regulatory Affairs, 2018).

To date, a comprehensive combustible dust standard has not been

implemented and remains an open focus area on the CSB list of Drivers

of Critical Chemical Safety Change within the United States (CSB, 2018c).
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4.3 Response to dust fires
One of the most commonly cited severe dust explosion scenarios causing

injury or fatalities occurs during response to a fire in a facility. This happened

in the Didion Milling explosion discussed in Section 3.2 where workers

gathered to investigate smoke coming from milling equipment prior to

the primary explosion. This also occurred at a flash fire at US Ink in East

Rutherford, New Jersey, where seven workers gathered in a hallway after

an initial explosion. Some had fire extinguishers and were trying to put

out the flames before a large flash fire engulfed the workers (CSB, 2013).

More recently, on January 24, 2019, one worker was killed and three injured

in Belgium when opening a silo hatch in response to a wood shavings fire.

The fatally injured man was directly impacted by the fireball and fell 4m

from the wood shavings silo access hatch (Santens & Lemant, 2019).

One of the groups most impacted when it comes to responding to dust

fires and explosions are first responders. Out of 36 injuries reported from

dust fires and explosions in the United States in 2018, six of the them were

to firefighters (Cloney, 2019). This included heat exhaustion and smoke

inhalation requiring hospitalization, knee injuries, a broken hand, two con-

cussions, and amputated toes (Cloney, 2019).

Unfortunately, firefighters are not limited to non-life-threatening

injuries from dust explosions or off-gas explosions from dust fires. History

provides many examples of firefighters being fatally injured by explosions

when responding to dust fires:

• In 2003, two volunteer firefighters were killed and eight injured in a

lumber company silo explosion when they were directing water through

the cover hatch at a silo fire (National Institute for Occupational Safety

and Health [NIOSH], 2006);

• In 2009, one firefighter died and eight were injured by an explosion

caused by spraying water and a foam solution on a dumpster containing

aluminum shavings and dust (NIOSH, 2009);

• In 2011, two firefighters were killed and one injured when spraying water

into a coal storage silo, which triggered an explosion (NIOSH, 2012);

• In 2019, one firefighter was killed and one injured when fighting a grain

storage bin fire that led to an explosion (Saunders, 2019).

The risk of injury or fatalities from a backdraft explosion or a secondary

explosion is greatly enhanced with the presence of workers or firefighters

in the immediate vicinity. Clearly, awareness of the potential hazards and

education on methods most likely to reduce the chance of an explosion
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when fighting dust fires is an open challenge for the combustible dust

safety community. An excellent resource for fire extinguishing and preven-

tion of these types of hazards is provided by Henry Persson of the Technical

Research Institute of Sweden (Persson, 2013).

4.4 Difficulties with small operations
An additional challenge when it comes to dust explosion safety is the number

of small facilities that handle combustible dust. For example, according to

the USDA, there are over 3 million farming operations within the United

States alone (USDA, 2014). Many of these farms contain grain storage silos

or grain processing equipment that generate combustible dust. Another large

contributor is small woodshops, lumber mills, and wood processing opera-

tions. Many of these have dust collectors that handle sawdust produced

during operation. These operations pose a number of challenges with regard

to combustible dust safety. As demonstrated in the South Sioux City grain

elevator explosion outlined in Section 3.1, the operation may not fall under

OSHA’s jurisdiction if it does not have enough employees. This may lead to

reduced oversight and/or lesser investigation of explosions.

Another difficulty is that small-facility operators may not be aware or

understand that explosion protection is needed in the first place. An example

of this can be drawn from the Dust Collector Safety Program completed

in Nova Scotia, Canada in 2010 (Province of Nova Scotia, 2010). In the

program, the province conducted an independent review of dust-collector

units at 15 schools and found that all 15 had deficiencies that needed to be

corrected. The province then shut down all dust-collector units in govern-

ment buildings and school wood production labs (about 150 locations in

total) for 10 weeks. Many of the units had deficiencies, including incorrect

or absent explosion venting, incorrect dust collector sighting, absence of

fire protection systems, and incorrect exhaust air systems. In some cases,

incorrect return air ducting and under maintained systems led to sawdust

accumulation in drop ceilings above the woodshops (Slaunwhite, 2019).

Again, this difficulty is compounded when one considers the number of

wood shops in operation. In the United States alone, the U.S. Department

of Education, National Center for Education Statistics (NCES) reported

more than 24,000 public secondary schools in the country in 2015

(NCES, 2018), and it seems reasonable to assume that many of these would

have wood shops with a dust collection system. Although no dust explosions

were reported at educational facilities in 2018, five sawdust fires were

reported (Cloney, 2019). Keeping in mind the issues with response to dust
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fires outlined in Section 4.3, the potential for hazardous scenarios like dust

accumulation in false ceilings, and the fact that classrooms may contain

dozens of students at any given time, education in proper response to these

dust fires and correct system design, installation, and inspection are impor-

tant challenges to consider.

4.5 Hazards to the public
The impact of dust explosions can extend further into the public sphere than

just grain and wood handling operations. This includes localized small-scale

fires or large-scale flash fires and explosions. For example, in 2017 local

news sources reported a dust explosion on the music video set of the

seven-member Korean group, Oh My Girl. According to the reports, com-

bustible dust being used in the video got too close to the lighting, causing an

explosion when the lights were turned off (Druther, 2017). Also in 2017, a

Danish man with his hands tied behind his back was accidently set on fire

while friends poured sacks of cinnamon over his head. It is a Danish tradition

to cover in spices, men and women who have reached their 25th birthday

unmarried (Mordi, 2017). Flash fires are not part of the tradition, and

fortunately the man only suffered minor burns as he had on a facemask

and had water poured over him before an ignition could occur.

The scale of these types of public incidents can also be quite large. For

example, on June 27, 2015, a flash fire ignited at the Festival of Colors in a

water park in Bali, New Taipei, Taiwan with a crowd of approximately

1000 people present (Liao, Yeh, Tsai, & Chen, 2016). During a concert

the organizer had colored cornstarch sprayed from the stage with high-

pressured bottles. The powder was allowed to build up on the ground

and some of it was repeatedly blown into the air by blowers in a drained

swimming pool. As reported byWang and Lin (2015), the combustible dust

ignited on an overheated spotlight, causing a massive flash fire. Almost 500

people were treated at nearby hospitals for burn injuries; half suffered burns

over 40% of their bodies and 75% suffered from second- or third-degree

burns (Wang & Lin, 2015).

Unfortunately, the potential for this type of mass-casualty incident is pre-

sent whenever large quantities of combustible dust are inappropriately col-

lected, handled, or dispersed, especially if those involved do not know or

understand the potential danger.

In January 2017, European farmers and milk board representatives

sprayed several tons of milk powder on a European Council building in

Brussels in a protest demonstration (PressTV, 2017). Videos of the
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demonstration show industrial equipment spraying several meter-thick

clouds of milk powder, and protestors dumping large bags near crowds

including dozens of onlookers, demonstrators, and police (Euronews,

2017). Screen captures from the videos are given in Fig. 11, showing clearly

hazardous levels of milk powder. The videos also show individuals spraying

Fig. 11 Screen captures from video of protestors spraying milk powder at European
Council building in Brussels in January 2017. The top image shows farm equipment
spraying clouds of milk powder while the bottom image shows bags of power being
dumped from a backhoe and being dispersed with leaf blowers. DailyNation. (2017).
Angry farmers spray EU HQ with milk powder [Video file]. Retrieved from https://www.
youtube.com/watch?v¼n_uSFa-6FNg.
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inches-thick layers of the powder with leaf blowers, front end loaders

moving it around, and what appears to be a lit road flare lying in a pile

of the power (DailyNation, 2017). Fortunately, ignition of the powdered

milk did not occur in what could have been a very serious and deadly

disaster.
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1. Introduction

Combustible dusts and powders are a serious hazard in the process

industries and behave differently than flammable gases. The chemical com-

position of the dust or gas affects its reactivity but for dusts the additional

parameters of particle size distribution, particle morphology and moisture
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content will also play a role. These added parameters increase the difficulty in

generating test data to assess and design fire, flash fire and deflagration pre-

vention and protectionmethodologies. There are many tests that can be per-

formed to generate data that can be used for the development of mitigation

and prevention strategies and this can lead to some confusion as to which

tests are necessary and when to perform them.

The decision tree in Fig. 1 is a guide to tackle the problem. The tree is

broken into four main Stages with the later Stages having two branches. The

first Stage discusses identifying materials to be tested. The second Stage then

discusses selecting samples from that material. The third Stage is broken into

two branches; the first branch (Stage 3a) is a screening test for dust/powder

deflagration potential while the second branch (Stage 3b) discusses screening

tests for layer or pile combustibility. The fourth and final Stage outlines in

two branches detailed experiments to look at the explosion severity and

ignition/propagation sensitivity of a dust/powder cloud in Stage 4a and

the fire and autoignition potential of the dust/powder in Stage 4b.

Quantitative data from these later Stages can be used in explosion and fire

mitigation design and strategy.

Fig. 1 Combustible and deflagrable dust testing strategy.
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2. Stage 1—Material identification

The first step in assessing the risk of a dust/powder deflagration or fire

hazard is to establish exactly what chemical will be involved—what will be

the “fuel” for combustion. Ultimately, all materials that are capable of for-

ming an oxide can take part in a fire or deflagration. Organic material will

react to create water and carbon dioxide while NOx, SOx and POx are also

possibilities. What is not often considered is that metals in particulate form

can also burn.Metals like aluminum, titanium andmagnesium can burn very

energetically forming their respective oxides; while metals like iron, copper,

nickel and tungsten burn less violently. Therefore, when surveying a facility

or process it is vital to look at all the particulate material that is composed of

organic material (e.g., plastics, resins, wood and agricultural material) and

metals (e.g., tailings, shavings, swarf, etc.).

If an unknown material is present in the process either as a byproduct or

as a contaminant then further study is required. The material can be tested

for composition or a review of the process flow can help puzzle out the com-

position of the particles.

The NFPA standards as well as online databases have examples of mate-

rials that have a potential for combustibility or deflagrability with test data.

It is important to understand that the data in the tables are a good indicator as

to the reactive nature of a given material (chemical, metal, wood or agricul-

tural product) but they may not be identical to the material in the process/

facility under study.

3. Stage 2—Sample identification and characterization

An important fact should be kept in mind. Dust/powder combustibility

and deflagration characteristics, unlike for gases, are heavily influenced by the

particle size distribution, particlemorphology andmoisture content of the sam-

ple andnot solely dependent on the chemistry of the fuel or the fuel-to-air ratio.

Therefore the combustibility and deflagrability test data that will be generated

by laboratory work is highly sample specific and not material specific. Historical

and literature data is only valid and canonly be used if the chemical composition

and physical nature of the samplematches those of the sample previously tested.

If these chemical and/or physical properties are not the same then the literature

and historical data cannot be used for design purposes or for developing a

deflagration or fire protection/mitigation strategy. This is the case when using

reported test data from the various standards as well as from online databases.
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Once the materials that should be studied have been identified the next

step would be to review the facility layout information and process flow

information to develop a documented sampling plan. The sampling plan

should include the locations where fine dust or powders are found at the

facility. This can either be as fugitive material on surfaces outside of process

equipment as well as material from inside process equipment (e.g., bucket

elevators and dust collectors). These samples should then be uniquely iden-

tified so that they can be traced back to a specific location within the facility

and time of collection. When collecting these samples it is vital that safety

protocols be followed to protect against hazardous situations (e.g., confined

space entry, working on elevated surfaces and working near electrical com-

ponents) and harmful contact with dangerous chemicals (e.g., acidic or caus-

tic). The samples should be placed in air-tight unbreakable containers to

avoid sample contamination or further oxidation of the sample (very impor-

tant when studying metal, metal alloy or metal containing mixtures).

It is very important to make sure that a representative sample is being

collected for the initial screening test covered in Stages 3a and 3b. It is

important to understand if the sample under study will be a coarse combus-

tible particulate solid or a fine dust. If the material is only a coarse particulate

solid then it may not deflagrate but it may propagate combustion in a layer or

pile. This would have a great impact on the interpretation of the combus-

tibility and deflagrability data. This information is not applicable to other

parts of the facility or process line where this same material may be present

as a finer and drier dust like in a dust collector.

Both ASTM and the NFPA standards recommend testing material that is

<75μm (>95% through a 200-mesh screen) and<5%moisture. This advice

is prudent since the dust deflagrability and combustibility, determined from

tests in Stages 4a and 4b, are tied to the particle size distribution and moisture

level; the finer and drier the material, the more reactive it is. This particular

recommendation is important when studying material from dust collectors

and cyclones as well as overhead and vertical surfaces so as to have conser-

vative data from which to design deflagration mitigation equipment or

develop a safety strategy. It should be noted that European test methods rec-

ommend a finer 63μm size and <10% moisture level.

One sample from a given process stream may not be enough for the pur-

poses of an assessment. The source material from upstream in a process might

undergo particle size reduction through impact and abrasive forces or seg-

regation and separation. Also, one sample is not sufficient if there is a pos-

sibility that a pure dust, or powder, is not being studied. If the dust or
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powder material is a mixture then the relative composition of the compo-

nents can change over time (i.e., batch-to-batch variation) or the chemical

composition of the mixture could be altered (e.g., contamination by another

chemical or removal of a constituent dust).

Therefore it would be necessary to sample the dust in the facility and pro-

cess from multiple locations for further characterization. If there is limited

material to be sampled or if it is desired that a limited number of tests be

performed then fine and dry material representing the “worst case” and most

reactive nature of the material should be used as the sample for testing in

Stages 4a and 4b.

4. Stage 3a—Reactive as a cloud (deflagration)

In the previous section the selection of the powder or dust was dis-

cussed. This sample material will pose a hazard to people, equipment and

plant facilities in two forms: first, as a suspended cloud where it can form

a deflagration, and second as a burning pile where flame spread can propa-

gate throughout the facility. Both hazard potentials need to be evaluated and

assessed. To assess the deflagration hazard potential of a dust one can use a

two-step approach. The first step is to attempt to create a deflagration in a

bench-scale apparatus. Then if the sample is not qualitatively assessed to be

propagating a flame by visual inspection, this negative propagation test result

is confirmed by performing a deflagration test in a larger vessel, typically a

20-L closed spherical chamber, using a stronger ignition source.

4.1 Go/no go explosibility screening
The initial bench-scale test is performed in aModifiedHartmann Tube Appa-

ratus. An example of this apparatus is shown in Fig. 2. The standard test

method used for this deflagration screening can be found in VDI 2263 Part 1

(1990) and also in ISO/IEC 80079-20-2 (2016). Currently ASTM does

not have a deflagration screening test using the Modified Hartmann Tube

Apparatus.

The apparatus consists of a vertical clear tube closed at the bottom, hav-

ing a volume of approximately 1.2L. On the top opening of the tube there is

either a loose-fitting flap or a slitted paper diaphragm. The tube is approx-

imately 70mm in diameter and the bottom of the dispersion cup is approx-

imately 100mm from the ignition source. There are two acceptable ignition

sources for this apparatus. The first is a continuous AC electric arc having a

voltage of approximately 15kV and an apparent power level of 0.2kVA.
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The second, and less commonly used, is a glowing heating coil with a wire

diameter of approximately 1.2mm, wire length of 470mm and coil diameter

of 11mm. The temperature of the wire is between 1000 and 1200 °C.
The test procedure is to place the sample of dust to be tested in the dis-

persion cup and loft it into a cloud in the tube using 50mL of air at 7–8bar in
pressure. For these screening tests the ignition source is pre-energized before

the dust dispersion. Qualitative observations are made for flame propagation

up the length of the 1.2-L tube away from the ignition source. Typically,

five dust concentrations are used from 250 to 1500g/m3 for this test. The

test may be stopped if flame propagation is observed and additional concen-

trations need not be tested, and the sample can be considered a deflagrable

dust in cloud form. If the material fails to ignite with an electric arc the hot

glow coil ignition source may be used.

If the results from the Modified Hartmann Tube tests are negative or

inconclusive then further screening testing in a closed chamber having a vol-

ume of 20L or greater is appropriate. The most common vessels used are the

20-L sphere and the 1-m3 chamber.

The standard procedure for screening tests conducted in a 20-L sphere,

or larger, are found in ASTME1226 Section 13, VDI 2263 Part 1 and ISO/-

IEC 80079-20-2. A detailed description and operation of the 20-L spherical

and the 1-m3 chambers can be found in Section 6.1.

Fig. 2 Modified Hartmann Tube Apparatus for deflagration screening test.
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In this procedure the sample dust is dispersed into the test chamber with a

blast of pressurized air creating a homogeneous dust cloud. Again, as in the

ModifiedHartmann Tube procedure a range of concentrations is tested. The

VDI and ISO standards recommend four to five concentrations between 250

and 1500g/m3 be tested while the ASTM method requires 1000 and

2000g/m3 be tested. However, in common practice, laboratories using

the ASTMmethod for deflagration screening test four to five concentrations

between 500 and 3000g/m3. The wider range is argued for metals, metal

alloys or mixtures containing metals, some of which (like tantalum) do

not exhibit deflagrability until dust concentrations have exceeded

2000g/m3. After dispersion of the dust into a cloud the pyrotechnic ignition

source is discharged after a preset delay time. For the smaller 20-L chamber

the delay time is 60�5ms while for the larger 1-m3 chamber the delay time

is 600�100ms. The resulting pressure in the chamber is recorded as a func-

tion of time. Here again there is a difference between the various test stan-

dards. The VDI standard requires that a 1–2kJ source be used in the 20-L

chamber while the ISO standard specifies the use of only a 2-kJ source. Both

standards require the use of a 10-kJ ignition source for the tests conducted in

the 1-m3 chamber. The ASTM screening test recommends the use of either

a 5-kJ or 10-kJ ignition source. The use of the stronger ignition source in the

ASTM method can lead to a phenomenon known as “overdriving” in the

20-L chamber. Overdriving is hypothesized to occur when the suspended

dust cloud is preheated and/or is partially burned by the flame volume of

the igniter itself with no real flame propagation in the dust under study.

The overdriving phenomenon is observed in the smaller 20-L sphere but

not in the 1-m3 chamber which is 50 times larger. This tends to generate

positive results for deflagrability/explosibility in the 20-L sphere for dusts

that do not demonstrate cloud flame propagation in the 1-m3 or larger scale.

When there is some doubt or uncertainty in the deflagrability of a dust from

tests conducted in the 20-L sphere, the screening test should be repeated in

the larger 1-m3 chamber.

The differences in ignition source energy also predicate differences in the

criterion used to assess whether a deflagration has occurred. The VDI stan-

dard has a criterion for a deflagration as a pressure rise of 0.5bar; i.e., if the

maximummeasured pressure in the test chamber, after initiation of the igni-

tion source, is <0.5bar the dust is not explosible, but if the pressure is

>0.5bar the dust is explosible. The standard does not indicate what happens

if the pressure rise is exactly 0.5bar. According to the ISO standard criterion,

an explosion is said to have occurred if the pressure rise in the chamber is

equal to or >0.3bar after compensating for the explosion pressure
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contributed by the ignition source. The ASTM standard has a criterion for a

deflagration as a pressure rise of 1.0bar or greater after compensating for the

ignition source. These discrepancies between the standards has led to situ-

ations where the dust sample in question has been deemed a deflagration

hazard when tested by one method but not a hazard when tested by another.

See Fig. 3 for test data of an organic powder. On the ordinate is plotted the

overpressure (in barg) generated by the screening test in the 1-m3 chamber

for an organic dust for concentrations of 250, 500 and 1000g/m3 (as indi-

cated on the abscissa). In this situation the dust produced an overpressure of

0.4bar at 500g/m3 and 0.3bar at 1000g/m3, crossing the criterion for the

ISO standard, and thus is considered an explosible dust. It does not, how-

ever, cross the criterion for deflagrability/explosibility for either the VDI

or the ASTM standard.

If the sample under study is classified as deflagrable/explosible then

further testing by progressing onto Stage 4a in Fig. 1 is encouraged.

5. Stage 3b—Reactive as a pile or layer (combustion)

In Section 4 the combustibility of a dust in cloud form was addressed.

This is not the only form in which a dust or powder can exhibit a hazard.

Fig. 3 Deflagration screening test results performed in a 1-m3 chamber for an
organic dust.
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Dusts or powders deposited on surfaces or in bulk containers like silos or

Flexible Intermediate BulkContainers (FIBC), also called super sacks, can pre-

sent a fire hazard if an oxidizer and ignition source are present. A screening

test should be performed to assess this form of hazard. While the two methods

provided below are adequate to indicate a fire spread potential, it should be

noted that they are both deficient in one common way. If the material has

a low melting point, like many polymers or some agricultural products, it will

readily form a pool of liquid in these test methods and not exhibit flame prop-

agation. If this scenario occurs then it is advised to conduct a flash point test

to address the hazard of a pool fire. Flash point methods are not covered in

this chapter.

For dust reactivity in a pile or layer, particle size distribution and

morphology do not play as critical a role as they do for suspended cloud

deflagrability.

5.1 Burning behavior
The Burning Behavior test can be found in VDI 2263 Part 1 and is used to

ascertain if a sample will propagate a flamewhen exposed to an ignition source

and how quickly that fire will spread. The apparatus consists of a ceramic or

glass plate, a platinum wire 1mm in diameter and 86mm in length having a

temperature of 1000°C, and a powder mold of 2cm by 4cm having a volume

of approximately 5cm3. Often a practical alternative to the platinum wire

ignition source, especially when testing metal dust samples, is a flame torch

having a temperature in excess of 1000°C; see Fig. 4. As a note of caution

Fig. 4 Burning Behavior Apparatus for assessing flame propagation as a powder pile.
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when using a torch ignition source, the pressures generated by the flame may

push or blow away the pile of sample under study. This may not occur when

studying metals but can occur when studying light polymers or agricultural

samples.

To conduct the test the sample is prepared in the mold and then placed

onto the ceramic or glass plate creating a powder train or pile. The ignition

source is then applied to one end of the pile and observations are made for

ignition of the pile. Once ignition has occurred the ignition source is

removed and propagation away from the point of ignition is monitored.

This test is generally performed at room temperature but can also be per-

formed at an elevated temperature of 100 °C. Some materials may not

exhibit flame propagation at room temperature but may have flame propa-

gation at elevated temperatures. The combustibility of the dust pile is then

rated into Combustion Classes (CL) in accordance with the guidance pro-

vided in Table 1. The left most column in the table categorizes the obser-

vations by degree of propagation: the lowest being no propagation, followed

by brief ignition and rapid extinction, and then ignition with localized

Table 1 Burning behavior test classes.

Test result
Observed flame
propagation

Combustion
class (CL#) Reference material (20 °C)

No ignition No 1 Table salt

Brief ignition, rapid

extinction

2 Tartaric acid

Localized combustion

or glowing with

practically no spreading

3 D+ lactose

Glowing without sparks

(smoldering) or slow

decomposition without

flame

Yes 4 1-Amino-8-napththol-3,

6-disulfonic-acid

Burning like fireworks

or slow quiet burning

with flames

5 Sulfur

Very rapid combustion

with flame propagation

or rapid decomposition

without flame

6 Black powder
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combustion or glowing with no practical flame spread. These observations

make up the lowest combustion classes of CL1, CL2 and CL3 and represent

little or no fire propagation hazard from the sample. It should be noted that

while CL2 and CL3may not necessarily contribute to a fire spreading hazard

they do have the potential of increasing the intensity of an existing fire.

The major hazard for a dust or powder fire is from samples that show

some degree of flame spread or propagation and fall into the categories of

CL4, CL5 and CL6. The qualitative assessment for ranking the burning

behavior of the sample into these categories can be seen in the first column

of Table 1.

If the sample under study can be classified into either CL4, CL5 or CL6

when tested at room temperature or at 100 °C then further testing by pro-

gressing onto Stage 4b in Fig. 1 is encouraged.

5.2 Burn rate screening
This test is performed per UN Manual of Tests and Criteria for Transpor-

tation of Dangerous Goods, Section 33, Classification Procedures, Test

Methods and Criteria Relating to Class 4, Test N.1: Test Method for Readily

Combustible Solids.

The material is formed into an unbroken strip, or powder train, approx-

imately 250mm in length with a cross-section of approximately 20mm

wide (base) and 10mm high (see Fig. 5 for apparatus diagram). The strip

is formed on a cool, impervious, low heat-conducting ceramic plate. As in

the Burning Behavior test a hot flame or heated platinum wire (minimum

temperature of 1000°C) is used to ignite the powder train. The flame tem-

perature is typically measured using a calibrated thermocouple before the test.

The ignition source (e.g., torch flame) is applied to one end of the pow-

der train until the material ignites, or for a maximum duration of 2min

(5min for powders of metal or metal-alloys). Observations are made to

determine if flame propagation occurs along the 200-mm length. For metal

powders, the stipulated period of observation is 20min. Burning distance

and burning time are also measured and recorded. If the flame propagates

down the length of the powder train, a flame propagation hazard for a pile

of this material exists and further analysis is warranted.

Ultimately, the importance of either the Burning Behavior test or

the Burn Rate Screening test is to qualitatively assess flame propagation

of the pile of powder. The actual hazard is quantified by progressing onto

the tests outlined in Stage 4b.
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6. Stage 4a—Deflagration testing

After completing Stage 3a from Fig. 1 it is now important to charac-

terize the deflagration potential of the sample in question for both explosion

severity and ignition sensitivity or likelihood. The explosion severity is char-

acterized by determining Pmax and KSt; the larger these values the more

energetic the deflagration. These values are crucial in the calculations for

deflagration protection. Ignition sensitivity or likelihood is not reliant on

one test or one characteristic. Several factors are in concert to gauge whether

a sample will be easily ignited or take part in a deflagration. The major char-

acteristics addressed in this chapter for ease of ignition/likelihood of a def-

lagration are the MEC, MIE, MIT and LOC. As a general statement the

Fig. 5 Burn rate apparatus.
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lower the value for each of these parameters the easier the sample is to ignite

or the greater the likelihood of a deflagration and thus a higher hazard. See

Table 1 in “Dust explosions: An overview” by Amyotte et al. for definitions

of the various parameters.

It is important to reflect that for these deflagration parameters there is no

one threshold value that makes the sample under study more or less hazard-

ous than another material. The magnitude of the hazard, or risk of a defla-

gration or fire, is dependent on the actual circumstances at a given facility for

a given process and scenario.

6.1 Explosion severity (Pmax and KSt)
The test is conducted in accordance with ASTM E1226 (2012). Other test

methods used are EN 14034-1 and -2 (2011, 2011) and also VDI 2263 Part 1

(1990). All of these methods are nearly identical in the way they are per-

formed and in the way in which the data is analyzed.

This test method is used to determine the deflagration parameters of a

combustible dust-air mixture. The parameters measured are the maximum

explosion pressure (Pmax) and the maximum rate of pressure rise ((dP/

dt)max). Data obtained from this test method provides a relative measure

of deflagration intensity and is also used for the design of protection systems,

such as deflagration venting. The test is commonly conducted in closed

chambers of two sizes, like the deflagration screening test discussed in

Section 4.1; the 20-L sphere and the 1-m3 chamber.

The Pmax is the average maximum pressure (above the pressure in the

vessel at the time of ignition) reached during the course of a deflagration

for the optimum concentration of the dust tested. Pmax is determined by

a series of tests over a large range of concentrations.

The (dP/dt)max is the average maximum value for the rate of pressure

increase per unit time reached during the course of a deflagration for the

optimum concentration of dust tested. It is determined by a series of tests

over a large range of concentrations.

TheDeflagration Index, KSt is the average (dP/dt)max normalized to a

1.0-m3 volume. It is measured at the optimum dust concentration. KSt is

defined in accordance with the following cubic relationship:

KSt ¼ dP

dt

� �
max

�V
1
3 (1)
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where:

P ¼pressure, bar

t ¼ time, s

V ¼ test chamber volume, m3

KSt ¼deflagration index, bar-m/s.

The 20-L chamber (as depicted in Fig. 6), the most common chamber

used for explosion severity determination, is equipped with a rebound noz-

zle to disperse the material dust, and two electrodes for connecting two (2)

chemical squib pyrotechnic igniters (2�5kJ¼10kJ of ignition energy) to a

voltage source. The chamber is equipped with two pressure transducers to

measure the pressure output of an explosion. The pressure-time data is col-

lected by a high-speed data acquisition system. The test is automated and

computer controlled. Fig. 7 shows a photograph of a 20-L sphere.

For each test, a known amount of sample is weighed and then placed in

the dust storage chamber or on top of the rebound nozzle if there is too

much dust to fit in the storage chamber (see Fig. 6).

The ignition source (chemical squib igniters) is placed in the center of the

chamber. The chamber is sealed and all valves are closed. Then the chamber

is partially evacuated so after addition of dispersing air, the desired nominal

pressure in the chamber of 1bar absolute is reached prior to initiation of the

Fig. 6 20-L sphere test setup.
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deflagration test. Then the automated test sequence is started using the com-

puter control software. The dust storage chamber is pressurized to 21bar(a).

The dispersion solenoid valve is opened releasing the dust into the 20-L

chamber and raising the chamber pressure to 1bar(a).

After a computer-controlled delay time of 60�5ms the chemical squib

igniters are initiated. The resulting pressure rise is measured by two piezo-

electric pressure transducers. The pressure-time history data is then reviewed

and the maximum explosion pressure and rate of pressure rise for that indi-

vidual “shot” is determined. The computer program used to review the

pressure-time data applies a correction factor to the maximum measured

explosion overpressure to account for the energy of the ignition source

and the quenching effect of the vessel walls. Fig. 8 is a representation of a

typical pressure-time trace from a single “shot.” The time is plotted on

the abscissa and the overpressure is plotted on the ordinate. The trace starts

below the zero-pressure level since the chamber is partially evacuated. Then

as the air is released from the storage chamber through the solenoid valve the

pressure in the chamber rises to the zero-pressure level. The red vertical line

represents the initiation of the ignition source. After a slight induction

period the pressure in the chamber rises due to the deflagration. The “+”

mark at the top of the pressure-time trace represents the maximum pressure

developed by the deflagration for this particular run. The “*” mark on the

pressure-time trace is the maximum slope of the trace and is the maximum

rate of pressure rise (dP/dt) for this particular “shot.”

Fig. 7 20-L spherical chamber photograph.
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To determine the maximum explosion pressure and pressure rise rate,

successive tests are run at increasing dust concentrations while using the

same strength ignition source (10kJ).

An initial concentration of 125g/m3 is tested. Then the dust concentra-

tion is systematically increased until curves are obtained for both (dP/dt)max

and Pmax that indicate an optimum value has been reached. If it is indicated

that the optimum concentration for (dP/dt)max or Pmax is <125g/m3, the

tested concentration is halved; (60, 30g/m3) until the optimum value is

obtained. At least two (2) additional test series are run at the concentrations

where the maximums are found and at one (1) concentration on each side of

the maximums. The maximums from each series are then averaged to gen-

erate a value for Pmax and a value for (dP/dt)max.

The explosion severity test results for a sample of Niacin are summarized

in Table 2. Figs. 9 and 10 depict the explosion overpressure and rate of pres-

sure rise as a function of dust concentration for the sample of Niacin tested,

respectively.

The sample of Niacin is determined to be explosible having a Pmax value

of 7.9bar with a (dP/dt)max of 883bar/s. Then using Eq. (1), the KSt value of

240bar-m/s is calculated. Again, it should be noted that the explosion sever-

ity illustrated here is sample specific and not material specific. Using this data,

mitigation strategies may be developed to handle this powder to minimize

the risk of an explosion.
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Fig. 8 Deflagration pressure-time trace from a test conducted in a 20-L sphere.
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Table 2 Detailed explosion severity test results (20-L chamber).

Sample: Niacin

Room temperature: 17 °C Barometric pressure: 995mbar

Relative humidity: <20% Date of test: Nov. 12, 2016

Run

125g/m3 250g/m3 500g/m3 750g/m3 1000g/m3 1250g/m3

Pm
[barg]

dP/dt
[bar/s]

Pm
[barg]

dP/dt
[bar/s]

Pm
[barg]

dP/dt
[bar/s]

Pm
[barg]

dP/dt
[bar/s]

Pm
[barg]

dP/dt
[bar/s]

Pm
[barg]

dP/dt
[bar/s]

1 4.7 207 7.1 648 7.9 861 7.5 893 7.4 784 6.9 773

2 7.2 605 8.0 888 7.7 832 7.4 730

3 7.4 666 7.9 831 7.6 746 7.5 868



The 20-L sphere, while convenient to use, does have some limitations.

Chief among these is the phenomenon of “Overdriving” mentioned in

Section 4.1. In the determination of explosion severity, “Overdriving” will

inflate the values of Pmax and KSt. Conversely, it has been reported that,

Fig. 9 Explosion overpressure as a function of dust concentration in a 20-L chamber
for Niacin.

Fig. 10 Rate of pressure rise as a function of dust concentration in the 20-L chamber
for Niacin.
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given the small volume of the 20-L sphere, the vessel walls can abstract

heat from the deflagration and diminish the intensity of the deflagration

thereby deflating values for Pmax and KSt. This phenomenon has been

termed “Underdriving” and can be seen for many slow burning metals

and metal alloys.

The realization of “Overdriving” or “Underdriving” in the 20-L sphere

cannot occur unless a relative comparison is made against a benchmark. In

the case of dust cloud deflagration characterization, that benchmark vessel is

the 1-m3 chamber. It can be considered the “Gold Standard” since an ener-

getic ignition source for a 20-L volume is small for the 1000-L volume of the

1-m3 chamber. To illustrate this point, the discharge of a 10-kJ ignition

source in the 20-L sphere without dust present will raise the pressure in

the chamber to approximately 1.1bar gauge. On the other hand, performing

a similar experiment in the 1-m3 chamber will raise the pressure in this vol-

ume by only 0.035bar gauge. In the case for “Underdriving” where it is pos-

tulated that the surface area of the smaller volume abstracts heat from the

deflagration and thereby degrades the combustion efficiency, we can com-

pare a surface area to volume ratio of 18m�1 for the 20-L sphere to 4.8m�1

for the 1-m3 chamber.

With the 1-m3 chamber, the explosion severity standards are the same as

for the 20-L sphere. However, the ASTM standard does not give design or

test procedure specifications like the ISO 6184-1:1985 (1985), VDI 2263 or

EN 14034-1 and -2 test methods mentioned above. It should be noted that

for this large chamber, due to the nature of math, when using Eq. (1) the

(dP/dt)max equals the KSt.

A photograph of a 1-m3 spherical vessel is depicted in Fig. 11. Fig. 6

can be used again to discuss the test procedure for this vessel. The 1-m3

chamber is equipped with two air nozzles and reservoirs to disperse

the sample dust, and two electrodes for connecting two pyrotechnic

chemical igniters (2�5kJ¼10kJ of ignition energy) to a voltage source.

The chamber is equipped with two pressure transducers to measure the

pressure output of an explosion. The pressure-time data is collected by a

high-speed data acquisition system. The test is automated and computer

controlled.

For each test, a known amount of material is weighed and then placed in

the dust dispersion chamber (or the dust quantity is split in half and placed

equally inside each of the two dispersion chambers). If there is too much

material to be placed in the dispersion chamber, then an alternative bowl

arrangement as depicted in Figs. 12 and 13 can be used.
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Fig. 12 Chamber set-up using bowl to disperse the sample.

Fig. 13 Test bowl filled prior to closing the 1-m3 chamber.

Fig. 11 1-m3 chamber test setup.



The ignition source (igniters) is placed in the center of the chamber. The

chamber is sealed and all valves are closed. Then the chamber is partially

evacuated so after addition of dispersing air, the desired nominal pressure

in the test chamber of 1bar absolute is reached prior to initiation of the def-

lagration test. Then the automated test sequence is initiated using the com-

puter control software. The dust dispersion chamber(s) is pressurized to

21bar(a). The dispersion valves are opened, releasing the dust into the

1-m3 chamber and raising the chamber pressure to 1bar(a).

After a computer-controlled delay time of 600�100ms, the chemical

squib igniters are initiated. The resulting pressure rise is measured by two

piezoelectric pressure transducers. The pressure-time history data is then

reviewed and the maximum explosion pressure and rate of pressure rise

are determined. The computer program used to review the pressure-time

data applies a correction to filter out electrical noise and smooth out the

signal.

To determine the maximum explosion pressure and pressure rise rate,

successive tests are run at increasing dust concentrations while using the

same strength ignition source (10kJ).

The peak pressure is determined by analyzing the pressure-time curve.

The peak pressure rise rate is determined by measuring the slope of the

pressure-time curve (dP/dt).

An initial concentration of 125g/m3 is tested. Then the dust concentra-

tion is systematically increased until curves are obtained for both (dP/dt)max

and Pmax that indicate an optimum value has been reached. If it is indicated

that the optimum concentration for (dP/dt)max or Pmax is <125g/m3, the

tested concentration is halved (60, 30g/m3) until the optimum value is

obtained.

The explosion severity test results for a sample of Niacin are summarized

in Table 3. Figs. 14 and 15 depict the explosion overpressure and rate of

pressure rise as a function of dust concentration for the dust sample tested,

respectively.

The sample of Niacin is determined to be explosible having a Pmax value

of 7.9bar with a (dP/dt)max of 244bar/s. Then using Eq. (1), the KSt value of

244bar-m/s is calculated. For this sample of Niacin the 20-L explosion

severity results (Table 2) agree favorably with the values obtained in the

1-m3 chamber (Table 3). The relationship may be different for other samples

but the results obtained from the 1-m3 chamber supersede those from the

20-L sphere.
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Table 3 Detailed explosion severity test results in a 1-m3 chamber.

Sample: Niacin

Room temperature: 17 °C Barometric pressure: 995mbar

Relative humidity: < 20% Date of test: Nov. 12, 2016

Run

125g/m3 250g/m3 500g/m3 750g/m3 1000g/m3 1250g/m3

Pm
[barg]

dP/dt
[bar/s]

Pm
[barg]

dP/dt
[bar/s]

Pm
[barg]

dP/dt
[bar/s]

Pm
[barg]

dP/dt
[bar/s]

Pm
[barg]

dP/dt
[bar/s]

Pm
[barg]

dP/dt
[bar/s]

1 4.8 45 6.8 131 8.0 209 7.6 237 6.9 229 6.6 225

2 7.9 198 7.5 251 7.0 194



Fig. 14 Explosion overpressure as a function of dust concentration in a 1-m3 chamber
for Niacin.

Fig. 15 Rate of pressure rise as a function of dust concentration in the 1-m3 chamber for
Niacin.
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6.2 Minimum explosible concentration (MEC)
This test is performed per ASTM E1515 (2014). Minimum Explosible

Concentration is the minimum concentration of a combustible dust that

is capable of propagating a deflagration through a uniform mixture of

the dust in air, under the specified conditions of the test. The MEC data

obtained from this test method can provide a relative measure of the con-

centration of a dust in the form of a uniform cloud necessary for an explo-

sion. In some ways the concept of the MEC is similar to the concept of

the Lower Flammable Limit (LFL) used for gases and vapors—the limit

concentration of fuel below which flame propagation does not occur.

The MEC method found in ASTM E1515 is similar to the deflagration

limit method found in VDI 2263 Part 1 and EN 14034-3 (2011). The

VDI and ENmethods refer to the dust cloud deflagration limit as the Lower

Explosion Limit (LEL).

The values obtained by these test methods are specific to the sample

tested (particularly the particle size distribution) and the method used and

must not be considered to be an intrinsic material constant.

The most common apparatus used for this method is the 20-L chamber

(see Fig. 7). The operating procedure for theMEC test is similar to the oper-

ating procedure for the explosion severity test discussed in Section 6.1 and

will not be repeated here.

To determine the minimum explosible concentration, successive tests

are run at decreasing dust concentrations while using the same strength igni-

tion source. An initial concentration (usually 100g/m3) is tested. The dust

concentration is then incrementally increased or decreased until “GO” and

“NO GO” are established. Then in the ASTMmethod the dust concentra-

tion is systematically modified by 10g/m3 when the concentration is

100g/m3 or less, or �25% if >100g/m3 until the MEC of the sample is

determined. The EN standard starts testing at 500g/m3 and decreases con-

centration by 50% for each step until no propagation is observed. If the sam-

ple does not deflagrate at 500g/m3 then the concentration is increased by

250g/m3 and retested. The VDI method gives no guidance on initial con-

centration or step size for the procedure.

In ASTM E1515 for the 20-L sphere, two acceptable ignition energy

levels, 2.5kJ and 5kJ, are recommended. The ASTM standard does not give

guidance for what ignition strength should be used for the 1-m3 chamber to

determine MEC. By default, a 10-kJ ignition source is used. As in the def-

lagration screening test, an explosion can be differentiated from a “NOGO”
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by evaluating the increase in pressure (due to air-dust mixture explosion)

above that of the igniter. If peak pressure is 1bar more than the initial pres-

sure (after the igniter and wall-quenching correction), the explosion is con-

sidered a “GO.” The VDI and EN standards have a similar methodology to

the ASTM standard but as in the explosibility screening test, use a different

ignition source (2kJ in the 20-L sphere and 10kJ in the 1-m3 chamber) and

have different criteria for a deflagration: >0.5bar overpressure in the VDI

standard, �0.3bar in the EN standard. To some degree the deflagration

screening test should be considered a subset of the MEC/LEL test. The def-

lagration screening test from Section 4.1 is establishing if a MEC/LEL exists

for a sample.

In the ASTM standard the MEC is interpolated between the lowest

concentration tested for which a “Go” result was observed and the highest

concentration tested for which a “No Go” was observed. Then, either

graphically or by calculation, the MEC is established as the dust concentra-

tion at which the sample would produce a 1bar overpressure. The rate of

pressure rise (dP/dt) is not considered for MEC calculations. The other test

methods have a different interpretation of the limit condition and therefore

can result in some confusion when developing a combustible dust deflagra-

tion mitigation strategy. The VDI method considers the limit to be the dust

concentration which just did not result in an ignition (i.e., the highest con-

centration tested that did not result in an explosion) and the EN method

considers the LEL to be the lowest concentration of dust tested for which

an explosion was observed. Given variations in the ignition energy used

for the test, the criteria used to demarcate a “Go” from a “No Go,” and

the selection of the “limit,” it is important to specify the test method used

when discussing the MEC/LEL explosion limit condition.

MEC test result for Lycopodium using ASTM E1515 are summarized in

Table 4 (20-L experiments) and Table 5 (1-m3 chamber experiments), the

MECest being the interpolated concentration for a 1bar explosion pressure.

The calculation is made using the lowest concentration for which an ignition

has been observed and the highest concentration tested at which three sub-

sequent no ignitions have been observed.

The MEC for Lycopodium in the 20-L chamber is determined to be

between 30 and 40g/m3 with an interpolated value of 38g/m3. The

MEC result from the 1-m3 chamber is slightly different with an interpolated

value of 34g/m3. Fig. 16 depicts the data in Tables 4 and 5 graphically. It

should be noted that if the differing criteria from the VDI and EN standards
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are used, the limiting concentration can be slightly different. For example, if

one were to only consider the 1-m3 chamber results, the limit concentration

would be 30g/m3.

It is important to keep dust concentrations below the MEC in order to

minimize the risk of a dust explosion. As an illustration, consider a scenario

where this sample is deposited as a thin and even layer in an empty room

with dimensions of 12m�12m�3m. Assuming that this material has an

approximate bulk density of 0.36g/mL, a dust layer that is 0.3mm thick

is sufficient, when uniformly dispersed, to create an explosible dust cloud.

6.3 Minimum ignition energy (MIE)
This test method covers the determination of the minimum ignition energy

of a dust cloud in air by a high voltage spark. Data obtained from this test

method provides a relative measure of ignition sensitivity of a dust cloud.

Table 4 Detailed MEC test results.

Lycopodium in a 20-L Chamber MECest ¼38g/m3

Room temperature: 20 °C Barometric pressure: 996mbar

Relative humidity: <20% Date of test: Feb. 2, 2015

Run

30g/m3 40g/m3 50g/m3 60g/m3

Pm [barg] Pm [barg] Pm [barg] Pm [barg]

1 0.0 1.2 2.0 2.9

2 0.5 – – –

3 0.4 – – –

Table 5 Detailed MEC test results.

Lycopodium in a 1-m3 chamber MECest ¼34g/m3

Room temperature: 20 °C Barometric pressure: 996mbar

Relative humidity: <20% Date of test: Feb. 1, 2015

Run

20g/m3 30g/m3 40g/m3 60g/m3

Pm [barg] Pm [barg] Pm [barg] Pm [barg]

1 0.2 0.5 1.6 3.2

2 0.7 1.8

3 0.6 1.5
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The test is performed per ASTM E2019 (2019). However, the test

methods VDI 2263 Part 1 (1990), ISO/IEC 80079-20-2 (2016) as well as

EN 13821 (2002) have a similar procedures. All these methods generally

use a Modified Hartmann Tube as the test vessel, like the one described

in Section 4.1 for the deflagration screening test. However, in place of a con-

tinuous AC arc, a capacitive discharge circuit is used to generate a transient

discrete spark.

A typical MIE apparatus is depicted in Fig. 17. It is equipped with a dust

dispersion cup, a dispersion nozzle (mounted at the center of the dispersion

cup), a compressed air source (7bar) and a pair of electrodes mounted on the

clear glass cylinder wall (one a fixed high voltage electrode, the other a mov-

ing ground electrode). Fig. 18 shows a photograph of anMIE apparatus. The

discharge circuit consists of a high voltage supply (15 or 11kV), interchange-

able capacitors, and inductance source (1mH). By modifying the supplied

voltage and introducing capacitors of different capacitances, the energy level

of the discharge can be moderated.

To calculate the capacitor stored ignition energy (stored in the capacitor

by an applied voltage) the following equation is utilized:

WStored ¼ 1

2
C V 2

1 �V 2
2

� �
(2)

Fig. 16 Determination of the MEC for lycopodium in the 20-L sphere and the 1-m3

chamber using ASTM E1515.
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where: WSTORED ¼capacitor stored ignition energy, J

C ¼capacitance of the discharge circuit capacitor, F

V1 ¼voltage to which the capacitor is charged, V

V2 ¼voltage on the capacitor after discharge (often set as zero), V.

The inductance source is used to lengthen the duration of the spark to

better simulate discharges from electrical/electronic sources, whereas tests

without inductance simulate sparks from pure/ideal electrostatic sources.

It should be noted that tests conducted with inductance in the circuit often

produce sparks that are more incendive than circuits without inductance—

thereby generating a conservative MIE level. However, the magnitude of

this difference is sample specific and is not the same for all materials. It is even

possible, for some rare materials, that sparks without inductance can ignite

dusts at lower energy levels than sparks with inductance.

Fig. 17 MIKE 3 Minimum Ignition Energy (MIE) test setup from TUV.
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For each test, a desired amount of dust material is placed in the cup

around the dispersion nozzle. The electrode gap is set at 6mm. Using the

computer control/data acquisition software the desired energy level is

selected, and the program initiated. The dust is then dispersed as a dust cloud

inside the chamber. After a set delay time the computer-controlled spark dis-

charges and observations are made for flame ignition/propagation.

The difference between an ignition, “Go” and a non-ignition, “No Go”

is evidenced by the appearance of a fireball in the chamber. Once “Go/No

Go” spark energy is found for a particular concentration, the procedure is

repeated for higher and lower dust concentrations.

The spark energy is reduced in steps at the given dust concentration until

the dust cloud no longer ignites in any of ten (10) tests at a given energy. The

procedure is repeated at different dust concentrations, and ignition delay

times, until the lowest (minimum) ignition energy value is found.

The MIE is then reported as being greater than the highest energy that

is not able to ignite the dust cloud and lower than the lowest energy that

Fig. 18 Photograph of an Minimum Ignition Energy (MIE) apparatus.
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is able to ignite the dust cloud (Energy for Non-Ignition<MIE<Energy

for Ignition). In situations where the lowest energy the tester is capable

of producing (1mJ) ignites the dust being tested, no additional testing is

required and the MIE is reported as being <1mJ.

For the purpose of comparison between different apparatus, one statis-

tical MIE value (Es) instead of the energy range (E1, E2) may be used. This

single statistically interpolated value (Es) can be estimated by use of the prob-

ability of ignition as follows:

Es¼ 10
logE2�

I E2½ � logE2� logE1ð Þ
NI + Ið Þ E2½ �+1

� �� �
(3)

where: I[E2]¼number of tests with ignition at the energy E2.

(NI+I)[E2]¼ total number of tests at the energy E2.

Below is an example calculation:

Ignition energy (mJ)

Dust loading in 1.2-L chamber (mg)

Probability300 600 900 1200 1500

30 NI I I I NI 3 of 5

10 NI NI NI 0 of 3

Es ¼ 10
log30�

3 log30� log10ð Þ
5+ 1

� �� �
¼ 17mJ

where: I ¼ ignition of dust

NI ¼no ignition of dust in 10 trials.

The MIE test result for a sample of the Niacin is summarized in Table 6.

The data is represented graphically in Fig. 19. The open circles in the figure

Table 6 Minimum ignition energy test results [with inductance].

Room temperature: 19 °C Barometric pressure: 993mbar

Relative humidity: 39% Date of test: Nov. 14, 2016

Material
tested

Moisture
content (wt%)

Mean particle
size (μm) MIE (mJ)

Interpolated
MIE, Es (mJ)

Niacin 1.2 15

100%<75μm
100%<500μm

1<MIE<3 1.4
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are dust concentrations that did not ignite at a given ignition energy. The

solid squares (if present) represent concentrations that ignited. The vertical

bar above the solid square is proportional to the number of experiments

required before the test material ignited. The green, blue and red colors of

the data represent tests conducted with an ignition time delay of 150, 120

and 90ms, respectively.

Again, the values obtained are specific to the sample tested, the method

used and the test equipment used. The values must not be considered

intrinsic material constants. Any change in particle size, shape, volatility

or moisture will change results.

Most electrostatic ignition sources have energies <1000mJ. Common

electrostatic ignition sources are typically <30mJ (people, small isolated

components, etc.).

6.4 Minimum autoignition temperature of a dust cloud (MIT)
This test method covers the determination of the minimum temperature at

which a given dust cloud will auto ignite when exposed to air heated in a

furnace at local atmospheric pressure. The data obtained from this test

method provide a relative measure of dust-cloud autoignition temperature.

The test data developed from this test method can be used to limit the

temperature to which a dust cloud is exposed, thereby preventing ignition

Fig. 19 Ignition Energy as a function of dust concentration in the Mike 3 MIE [with
inductance] apparatus for Niacin.
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of the cloud. Because of the short duration of the test, the data obtained are

most applicable to industrial equipment where dust is present as cloud for a

short time.

The test is conducted per ASTM E1491 (2019). Other test methods

like VDI 2263 Part 1 (1990), ISO/IEC 80079-20-2 (2016) as well as EN

50281-2-1:1999 “Electrical apparatus for use in the presence of combustible

dust—Part 2-1: Test methods—Methods of determining minimum ignition

temperatures” can be used to determine the MIT of a sample as well. The

methods are nearly identical with slight differences in the criterion for the

MIT selection, dust concentrations used and the temperature steps taken to

establish the MIT. The ASTM, VDI and ISO standards permit the use of the

horizontal BAM Oven designed at the Bundesanstalt f€ur Materialforschung

und pr€ufung in Berlin, Germany; see Fig. 20. All the standards permit the

use of the vertical Godbert-Greenwald (G-G) Oven; see Fig. 21.

It should be noted that the difference in orientation does lead to different

values reported for the MIT. Therefore, it is important to ascertain which

apparatus had been used for the MIT determination before using the data

for deflagration mitigation design. The horizontal BAM Oven tends to

generate lower values of MIT than the vertical G-G Oven due to the longer

residence time of the dust in the heated zone of the apparatus.

Using the ASTM method, and the BAM Oven as the test apparatus, an

initial estimate of the MIT is made by typically heating the oven to a pre-

determined temperature (maximum of 600°C) and then switching off the

Fig. 20 BAM Oven apparatus.
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power and allowing the temperature to fall. At intervals of 50 °C, as the
temperature falls, the premeasured dust is placed in the dust sample tube.

The initial test concentration is a measured volume of 1mL. The dust sample

tube is then inserted into the furnace and the dust dispersed with a blast

of air. Observations for the presence, or absence, of flame exiting the flap

at the rear of the oven are made.

After obtaining an estimate of the MIT, the exact value is determined by

a series of tests at various dust concentrations and at temperatures near the

estimate. The selected starting temperature is the lowest temperature for

which flame is observed. The ignition tests are continued by decreasing

the test temperature in 10 °C increments until flame is no longer observed

(within 5 s). For this series, the oven is stabilized at the set temperature before

each test. At the highest temperature for which no flame is observed, at least

three dust concentrations are tested (volumes of 0.5, 1, and 2mL). The test

reports the MIT as the lowest temperature at which any positive result

(flame) is observed over a series of concentrations. It should be noted here

that the G-G Oven has a slightly different procedure where the initial start

Fig. 21 Photograph of a Godbert-Greenwald Oven apparatus.
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temperature can be has high as 1000°C, the mass of dust used is varied from

0.01 to 1.0g and the pressure pulse used to disperse the dust is varied from

0.02bar to 0.5bar.

The MIT results for a Plastic Dust sample tested are depicted graphically

in Fig. 22. The temperature at which the test was run is presented on the

abscissa and the volume of sample used is presented on the ordinate. The

hollow squares represent tests for which no flame was observed within a

5 s window (“No Go”) and the solid circles represent tests where flame

was observed exiting out of the BAM Oven—(“GO”). The MIT for this

sample is determined to be 470 °C if the ASTM and VDI criterion is used.

However, if the EN and ISO criterion is used, theMITwould be reported as

450 °C (ignition temperature minus 20 °C for ignition temperatures above

300 °C and minus 10 °C for ignition temperatures at or below 300 °C). This
ignition risk should be evaluated in light of the process environment and

temperatures exceeding the MIT should be avoided.

6.5 Limiting oxygen concentration (LOC)
This test method is used to determine the lowest oxygen concentration

for which a uniform combustible dust cloud is capable of propagating a

deflagration in a mixture of oxygen and inert gases.

Fig. 22 MIT Results for Plastic Dust in the BAM Oven.
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The test is performed per the new standard ASTM E2931 (2019);

however, similar approaches can be found in VDI 2263 Part 1 (1990), as well

as EN 14034-4:2004+A1:2011 (2011).

As with the deflagration screening test in Section 4.1, the explosion

severity test in Section 6.1 and the MEC test in Section 6.2 the LOC can

be established using a 20-L spherical chamber (Fig. 7) or the 1-m3 chamber

(Fig. 11). All the standards mention the use of a 10-kJ ignition source in

the 1-m3 chamber but they vary when it comes to the ignition source used

in the 20-L sphere. As with the limit concentration and the screening test,

the VDI standard recommends the use of a 1-kJ or 2-kJ ignition source with

a 0.5bar overpressure criterion. The EN standard requires a 2-kJ ignition

source with a 0.3bar criterion after discounting the contribution to the over-

pressure by the igniters. The ASTM method recommends using a 2.5-kJ

igniter with a 1-bar overpressure criterion after compensating for the influ-

ence of the igniter.

The procedure followed for the test is similar to the MEC or explosion

severity test where for each test, a known amount of sample is weighed and

then placed in the dust storage chamber or on top of the rebound nozzle if

there is too much dust to fit in the dispersion chamber. Then the chamber is

evacuated to near vacuum. The appropriate amount of oxygen and nitrogen

is added, so after addition of the dispersing nitrogen gas, the desired normal

chamber pressure of 1bar absolute (and desired oxygen concentration) is

reached prior to initiation of the deflagration test. After the preset delay time

(60ms for the 20-L sphere and 600ms for the 1-m3 chamber) the ignition

source is discharged and the resulting overpressure is recorded on the data

acquisition computer. The pressure-time history data is then reviewed

and the maximum explosion pressure is determined; as with the MEC

the rate of pressure rise is not used.

To determine the LOC, successive tests are performed by varying the

oxygen concentration until no deflagration occurred. All tests are initially

conducted at, or near, the dust concentration at which the Pmax occurred.

A deflagration “GO” can be differentiated from a “NO GO” by evaluating

the increase in pressure above that of the igniter. If the maximum pressure in

the chamber during the course of a deflagration reached one (1) bar (g), after

correcting for the influence of the igniter and vessel wall, the trial is consid-

ered a “GO.” The maximum pressure is determined by analyzing the

pressure-time curve. The lowest oxygen concentration at which a deflagra-

tion occurs and the highest concentration at which a deflagration does

not occur are established for a given dust concentration; the LOC is the
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midpoint between these two oxygen concentrations. This evaluation is

slightly different in the EN and VDI test methods where the LOC is the

maximum oxygen concentration at which an explosion will just not occur.

Using the ASTM standard with the 20-L sphere the LOC results for a

Corn Starch sample are reported in Table 7. The data are represented graph-

ically in Fig. 23. The results indicate that the LOC for this sample is deter-

mined to be at 11.5�1vol% oxygen. This value can be usedwhen developing

an explosion hazard mitigation strategy based on inerting requirements.

Keeping oxygen concentration levels below the LOC will reduce the risk

of violent dust cloud explosions.

It is important to note that obtaining a parabolic shape is not necessary to

establish the LOC in Fig. 23. All that is required is establishing that the

Table 7 Limiting oxygen concentration (LOC) test results.

Room temperature: 19°C Barometric pressure: 1006mbar

Relative humidity: <20% Date of test: Aug. 31, 2011

Material
tested

Moisture
content
(wt%)

Mean particle
size (μm)

Dust
concentration
(g/m3)

Oxygen
concentration
(vol%)

Pm
(barg)

Calculated
LOC (vol%)

Corn

Starch

1.1 11

100%<75μm
100%<500μm

250 14 6.1 11.5�1

250 12 4.7

250 11 0.0

250 11 0.1

250 10 0.0

125 14 5.5

125 13 5.1

125 12 0.0

125 11 0.1

125 11 0.0

500 14 6.1

500 12 5.2

500 11 0.0

500 11 0.0

500 10 0.0
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ignition of the dust sample in a cloud does not occur below 11% oxygen for

any dust concentration. Also, it should be noted that this test method only

addresses a sample’s ability to propagate a deflagration as a suspended cloud

in low oxygen atmospheres. It does not make any conclusions about the

sample’s ability to propagate combustion as a pile or layer in reduced oxygen

environments.

7. Stage 4b combustion testing

Once Stage 3b has been completed and the sample has been deter-

mined to propagate a flame as a pile or a layer, it is important to characterize

this combustion hazard in a more quantitative way. The following test

methods are a practical subset of the tests that can be conducted to establish

dust combustibility in bulk.

7.1 Burn rate test
The test is performed per UN Manual of Tests and Criteria for Transpor-

tation of Dangerous Goods, Section 33, Classification Procedures, Test

Methods and Criteria Relating to Class 4, Test N.1: Test Method for Readily

8

9

10

11

12

13

14

15

0 250 500 750

%
 O

xy
g

en
 

Dust Concentration (g/m3)

No Go Go

Fig. 23 Oxygen content as a function of dust concentration for Corn Starch.

107Dust explosions: Test methods



Combustible Solids and is an extension of the procedure found in Section 5.2.

The key reason to perform this test is to establish the transportation classi-

fication as a “readily combustible solid” and required packing group of the

material.

According to UN Recommendations on the Transport of Dangerous

Goods, Manual of Tests and Criteria (2015), the packing group assignments

are as follows (see Fig. 24):

1. Powdered, granular or pasty materials must be classified in Division 4.1

when the time of burning of one or more of the test runs, in accordance

with the UNManual of Tests and Criteria, is<45 s or the rate of burning

is >2.2mm/s. Powders of metals or metal alloys must be classified in

Division 4.1 when they can be ignited and the reaction spreads over

the whole length of the sample in 10min or less.

2. Packing group criteria for readily combustible materials of Division 4.1

are assigned as follows:

a. For readily combustible solids (other than metal powders), Packing

Group II must be assigned if the burning time is <45 s and the flame

passes the wetted zone. Packing Group II must be assigned to pow-

ders of metal or metal alloys if the zone of reaction spreads over the

whole length of the sample in 5min or less.

Fig. 24 N.1 Test Method for Readily Combustible Solids flowchart.
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b. For readily combustible solids (other than metal powders), Packing

Group III must be assigned if the burning rate time is <45 s and the

wetted zone stops the flame propagation for at least 4min. Packing

Group III must be assigned to metal powders if the reaction spreads

over the whole length of the sample in >5min but not >10min.

In addition to the packing group classification, the utility of Test N.1, above

that of the burn rate from Section 5.2 alone, is that it helps classify the risk. If

the solid propagates a flame down the length of the pile in less time than the

criterion of 45 s (10min for metals), the risk of fire spread from this material is

high. That is not to say if the material burns slower that the risk is not present

or that fire spread will not occur, but it is valuable insight for relative risk

ranking of the hazard. Additionally, a higher flame propagation risk can

be assigned if the material rapidly propagating flame is stopped by the wetted

zone (fire spread may be controlled). The greatest risk of flame propagation

from the burning solid occurs when the wetted zone cannot stop the flame

propagation. It may not be readily controlled by sprinkler systems. Fig. 25

shows Test N.1 being performed on a metal dust sample using a torch flame

as the ignition source. The platinum wire ignition source could not be used

for this material.

7.2 Layer ignition temperature (LIT)
This test method covers a laboratory procedure to determine the hot-surface

ignition temperature of dust layers by measuring the minimum temperature

at which a dust layer will self-heat. The data obtained from this test method

provides a relative measure of the hot-surface ignition temperature of a

dust layer.

The test is conducted per ASTM E2021 (2015). Test methods like VDI

2263 Part 1 (1990), ISO/IEC 80079-20-2 (2016) as well as EN 50281-2-

1:1999 “Electrical apparatus for use in the presence of combustible

dust—Part 2-1: Test methods—Methods of determining minimum ignition

temperatures” have similar procedures. The hot-surface ignition tempera-

ture of the material in the form of a dust layer is determined by using a

hot plate apparatus. An example of such an apparatus can be seen in

Fig. 26. The addition of the pan is not specified in any of the above standards

but can be used for practical purposes to contain powder spills and liquids if

the sample happens to melt. It is important to ensure that the addition of the

pan does not affect the temperature profile of the hot surface.

A 20-cm diameter and 2.5-cm thick stainless-steel plate is positioned on

top of the hot plate. An aluminum pan is placed on top of the stainless-steel
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Fig. 25 Burn rate determination.

Fig. 26 Hot-Plate apparatus.



plate. A 10-cm diameter (1.27cm high) stainless steel ring is placed on the

top of the aluminum pan. The assembly of the ring, aluminum pan, stainless-

steel plate and hot plate can be taken as a whole and referred to as the hot-

plate assembly. The hot-plate assembly is then set to a constant temperature

and allowed to stabilize. The test sample is placed within the metal ring on

top of the aluminum pan. (see Fig. 26). The maximum test temperature for

the ASTM method is 450 °C. If reactivity is not observed at this maximum

temperature limit the experiment is terminated and the LIT is reported to be

>450 °C for the sample. The maximum test temperature for the ISO/IEC

and EN test methods is 50 °C lower at 400 °C.
The hot-plate assembly temperature is set and controlled to a desired

temperature by a temperature controller. The temperature of the hot-plate

assembly and the dust layer sample are continuously monitored and recorded

on a data logger/data sheet as a function of time to the end of the test. The

test is continued for 120min, or until the sample layer melts, ignites, or reaches

a maximum temperature without igniting and is cooling down. Visual

observations are also made during the test. If after 120min, self-heating is

not apparent, the test is terminated.

If melting occurs, this fact is reported along with the melting temperature

and the test series is discontinued. At this point it might be prudent to

conduct a flashpoint test or L€utolf Oven Test (Section 7.6) to determine

if smoldering gases and or flammable vapors are liberated.

The ASTMmethod recommends using a ring having a height of 12.7mm.

The VDI, ISO/IEC and EN standards all use a ring having a height of 5mm.

This is a key difference since testing with a thinner layer may result in an LIT

value that is higher than one determined using a thicker layer. The ASTM

standard does not preclude the use of other ring heights but if a different ring

height is used, it must be explicitly stated when communicating the test result.

The sample temperature is monitored to determine temperature rise due

to oxidative and/or decomposition reactions. Ignition is considered to have

taken place when either of the following occurs:

• There is visible evidence of combustion such as a red glow or a flame.

• The temperature in the dust layer at the position of the thermocouple

rises at least 50 °C above the hot plate temperature.

Formation of char and/or evolution of smoke without an accompanying

minimum rise in sample temperature are considered as “no ignition” per this

ASTM standard. The other standards have slightly different ignition criteria.

The VDI method uses evidence of visible smoldering or flame ignition as

criterion for a “Go”while the ISO/IEC and EN standards add a temperature
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rise of 250 °C in the dust layer above that of the hot-plate assembly or a dust

layer temperature of 450 °C (the maximum hot-plate assembly temperature

in the ISO/IEC and EN standards is 400 °C whereas the ASTM standard

uses 450 °C—the VDI sets no limit).

The normal procedure for this test is to start at the highest hot plate tem-

perature and make observations for an “ignition.” If an ignition does not

occur the test is terminated and the sample has no practical LIT. If an

“ignition” is observed then the temperature of the hot plate is lowered

and the procedure is repeated. The initial step size for these decrements is

50 °C. Eventually, after multiple trials the final step size between a “Go”

and a “No Go” will be 10 °C. For all methods the LIT temperature is the

lowest temperature tested that showed some evidence of ignition.

The results for the LIT test performed using the ASTM standard on a

Biomass sample are shown in Table 8. Graphical results are shown in

Figs. 27 and 28. The LIT value for this sample is determined to be 220°C. It is

Table 8 Hot-surface temperature results.

Room temperature: 20 °C Barometric pressure: 1014mbar

Relative humidity: <20% Date of test: Nov. 14, 2018

Sample
Test duration
(min)

Temperature at which no
ignition is observed (°C)

LIT dust
layer (°C)

Observations
Or comments

Biomass �32 210 220 Visible embers

Fig. 27 Test data showing an ignition for the sample labeled “Biomass” at set temper-
ature 220 °C (visible embers).
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important to note that the test is performed for a dust layer thickness of 1.27cm

and this sample may behave differently at different layer thicknesses. Typically,

as the layer thickness increases, the LIT of the dust layer will decrease.

7.3 Auto ignition screening (Grewer)
This test is designed to determine the temperature of a material in a hot air-

stream where an oxidation reaction occurs at a significant scale. It is applied

to material which are subjected to elevated temperatures in an air-stream for

a short time period. The data obtained from this test method can provide

guidance for the allowable inlet temperature of a process unit such as a spray

dryer, oven or silo.

The tests are performed using a Grewer Oven manufactured by TUV of

Switzerland (see Fig. 29). A schematic diagram of the oven is given in

Fig. 30. The test method used for this analysis is based on VDI 2263 Part 1

Section 1.4.1.

The sample is loosely filled into an 8mL stainless steel wire mesh basket

and placed within the Grewer Oven at room temperature. A second wire

mesh basket is filled with fine graphite powder, which acts as a reference

substance for comparative temperature measurements. Each material is then

fitted with a thermocouple in such a way that they are equidistant from the

walls of the wire basket.

The oven is then set to ramp at a constant rate of 1.2 °C per minute up to

a temperature of 300°C. The air flow through the oven is adjusted to a

Fig. 28 Test data showing no ignition for the sample labeled “Biomass” at set temper-
ature 210 °C.
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Fig. 29 Grewer oven apparatus.

Fig. 30 Schematic diagram of the Grewer oven setup.
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constant rate of 2L per minute. During the test, the sample temperature is

monitored to determine temperature rise due to oxidative and/or decom-

position reactions above that of the oven itself. Ignition is considered to have

taken place when the temperature in the bulk powder temperature rises sig-

nificantly above the oven temperature.

7.4 Hot storage screening
This test is useful to estimate the temperature at which a sample of material in

bulk will self-heat, or the time it will take for a sample of material (in bulk) to

self-heat at a given isothermal temperature. It is limited in its application if

the size of the test basket does not reflect the size of the material in bulk in the

actual process environment. To extrapolate the results to larger amounts of

sample, the tests need to be performed with larger quantities of sample so

that the desired value (temperature or time) can be extrapolated.

The tests are performed using a Hot StorageOven Apparatus like the one

pictured in Fig. 31 by OZM of the Czech Republic. The test method used

for this analysis is based on VDI 2263 Part 1 Section 1.4.2.

This test is run isothermally in a drying oven; a supply of preheated

fresh air at a rate of 100L/h can also be added to the oven to prevent oxygen

starvation during the reaction. The oven has a wire mesh barrier to prevent

Fig. 31 Hot storage basket test setup.
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air draughts from disturbing the sample basket nested within (see Fig. 31).

The outer wire basket has to be large enough so as not to interfere with

or retard the reactivity of the nested basket, keeping in mind that for extrap-

olation purposes, the nested basket size may be varied. The common vol-

umes are 100, 1000, and 1600mL; but other sizes like 25, 50, and

500mL for example can also be used. The temperature-time data is collected

from inside the sample as well as the air space inside the wire mesh barrier.

A rise in temperature above that of the storage temperature (sample core

temperature>oven temperature) is categorized as self-heating. An auto-

ignition is said to have occurred if the sample exceeds 400 °C. However,

for conservative safety design the highest storage temperature tested that

does not ignite the sample is taken to be the autoignition temperature.

See Figs. 32–34 for example time-temperature traces. In the legend of

the figures “TC” is the abbreviation for thermocouple.

By plotting the base-ten logarithm of the volume (log V) against the

inverse absolute temperature (with T in K) a study of the autoignition tem-

perature as a function of volume can be established—even extrapolating to

volumes much larger than tested in the laboratory. Alternatively, plotting

induction time against temperature for a given volume or induction time

as a function of volume at a constant temperature will enable the estimation

of self-heating of large volumes of material.
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Fig. 32 Time-temperature trace at 160 °C for a 100mL square basket of chemically
treated agricultural product.
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7.5 Exothermic decomposition screening
The exothermic decomposition test is conducted by Thermogravimetric

Analysis (TGA) or Differential Scanning Calorimeter Analysis (DSC) per

ASTM E2550 (2017) and ASTM E537 (2012), respectively. The tests can
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Fig. 33 Time-temperature trace at 180 °C for a 100mL square basket of chemically
treated agricultural product.
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be performed independently of each other and the data then matched and

compared. Or, if possible both tests can be performed simultaneously using

TGA/DSC apparatus.

The test method covers a laboratory procedure to assess the presence of

enthalpic (exothermic reactions and endothermic reactions) and mass

changes using milligram sample sizes, and approximates the temperatures

at which these enthalpic changes occur.

The TGA/DSC apparatus measures mass loss/gain and heat flow at var-

ious temperatures. A typical TGA/DSC apparatus is configured to operate

with a temperature range from room temperature to 1000 °C. The test cell
in the apparatus is confined in a ceramic heating cylinder, which is purged

with a desired flow rate of purge gas. The purge gas may be air to study the

behavior of the martial in an oxidizing environment or it may be nitrogen or

argon to study the material’s behavior in an inert environment.

In the TGA/DSC apparatus, each sample is placed in a 90μL alumina

pan. A lid is not used during this analysis to allow for gas exchange. The

pan and an empty reference pan are placed onto the TGA/DSC balance

arm in the cell and heated at a preset rate (typically 1–20 °C/min) using a

computer-based thermal analysis/controller unit to control the temperature

program. The heat flow and mass changes, as a function of temperature, of

the sample pan and reference pan are recorded and stored on the computer.

In this way, the differential heat flow and mass change between the sample

and the reference pan is measured.

Each thermograph is then analyzed to determine endothermic and exo-

thermic peak temperatures and mass loss or gain. When the test material

releases thermal energy, a positive heat flow peak (exothermic release of

energy) is recorded. For the absorption of energy, a negative heat flow peak

(endothermic energy absorption) is observed. Sample mass loss or gain is

recorded directly. Mass loss could equate to volatile or gas liberation due

to decomposition or combustion while mass gain is indicative of metal com-

bustion where heavy oxides are formed.

From this information, the onset temperature (when the differential heat

flow starts to occur) and peak temperature (when no more heat is liberated

or released) can be determined.

These reactions, in which the material absorbs or generates heat, are

phase changes that equate to complete or partial melting/vaporization

(endothermic) or reaction (exothermic). Reactions are considered complete

when the peak exothermic temperature is reached.
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Example results of TGA/DSC testing are presented in Fig. 35. An

exothermic reaction begins around 400 °C resulting in an exothermic

peak (blue line) and significant mass loss (black line). Then as the tem-

perature continues to ramp, a second reaction occurs. This reaction is

endothermic (negative peak) and is accompanied by a slight mass loss,

possibly attributed to vaporization of non-reactive gases. Above 750 °C
the sample is inert and no further reactions are observed. In total the sam-

ple lost 74% of its initial mass with the remaining 26% possibly being ash

or existing metal oxides. Thus, for this example of an exothermic screen-

ing test, temperatures above 400 °C should be avoided, to provide an

adequate margin of safety avoidance temperatures above 300 °C would

be prudent.

7.6 Smoldering gas evolution (L€utolf )
Reactions that occur in the bulk powder with limited oxygen availability, or

even without oxygen present, are called exothermic thermal decomposi-

tions. These decompositions can result in self-heating of the sample and even

the generation of gases. These gases can lead to overpressurization of the

container the dust/powder sample is stored in; and if the gases are flammable,

even lead to a gas/vapor deflagration hazard.
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Fig. 35 TGA/DSC thermograph for a representative sample.
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The thermal decomposition with gas evolution test is performed using a

L€utolf Oven manufactured by TUV of Switzerland. A schematic diagram of

the oven is in Fig. 36. The test method used for this analysis is based on VDI

2263 Part 1 Section 1.5.1.

Approximately 2 g of the Test Sample are placed in a test tube which

is then placed in a heating block (see Fig. 36). An inert reference mate-

rial with a similar specific heat and thermal conductivity (usually graph-

ite which does not react below 400 °C) is placed in a test tube and

placed in the heating block and is called the Reference. The block

is heated at a rate of 2.5 °C per minute. If an exotherm is detected

the test is repeated under isothermal conditions using the onset from

the dynamic run.

In addition to monitoring the temperature of the Test Sample and the

Reference, additional Test Samples can be placed into test tubes in the

heating block as shown in Fig. 36. One test tube can be connected to a

gas meter or inverted graduated-cylinder submerged in water to monitor

and collect any gas generation that may occur. Also, another Test Sample

tube can be left open to the atmosphere to allow the liberated gases to

mix with air and then ignitability can be tested with a heated platinum wire;

thereby establishing whether the liberated gases are flammable.

The test is repeated isothermally, using 10°C decrements, until the sam-

ple does not demonstrate exothermic behavior in a 5-h period after the start

of the test. To be conservative, the decomposition temperature for this

L€utolf Oven test is the highest temperature tested at which no exothermic

deviation was observed when compared to the Reference sample during the

5-h test period.

Fig. 36 L€utolf oven setup.
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8. Concluding remarks

The framework outlined in Fig. 1 and subsequently described in

the preceding sections proposes a methodology for characterizing a dust

or powder for combustible or deflagrable behavior; it does not proport to

be the only methodology to do so. There may be times when “pot holes”

arise in the “road map” provided and alternative routes may need to be

explored. For example, many metal, metal alloys and metal mixtures exhibit

deflagration potential when screened in the Modified Hartmann Tube in

Stage 3a using an electric arc but do not show reactivity in the 20-L sphere,

or 1-m3 chamber, when tested with a chemical igniter (see Section 4.1). The

temperature of the 10-J electric arc in the Hartmann apparatus can exceed

15,000 °C while the temperature of a 10-kJ chemical igniter (used in the

20-L sphere or 1-m3 chamber) is limited to 4000°C—not hot enough to

vaporize the metal and promote oxidation. Additionally, there are rare

occurrences where a metal (pure, mixture or alloy) does not react in Stage

3a but if the sample is tested for reactivity in Stage 4a using the MIT test,

described in Section 6.3, it does indicate deflagration potential by projecting

flames from the oven. In both circumstances the acquisition of data for effec-

tive deflagration mitigation and prevention may not be obtainable since

20-L sphere and 1-m3 chamber testing cannot be performed. Under these

circumstances numerical estimation based on thermodynamic calculations,

while a crude alternative, may be the only recourse.

However, irrespective of these “pot holes,” which only occur rarely,

the framework in Fig. 1 has great utility in characterizing combustion and

deflagration behavior of dusts and powders. If an alternative framework is

under consideration, it should still have these four sequential stages; material

identification (Stage 1), sample selection and characterization (Stage 2),

assessment of deflagration potential (Stage 3a), assessment of combustion

potential (Stage 3b), deflagration characterization for both severity and ignit-

ability (Stage 4a) and finally characterization of combustibility as a pile or

layer (Stage 4b). If anyone of these stages is omitted there is a possibility that

any mitigation design or prevention strategy that is developed may not be

fully effective in protecting human life, capital equipment or the facility.
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1. What is a dust hazard analysis? What does it seek
to achieve?

Other chapters in this book describe the process safety concerns asso-

ciated with the handling and processing of combustible dusts (Chapters 1

and 3), and the engineering and administrative controls that can be applied

to remove or control those hazards or to mitigate their potential con-

sequences (Chapter 7). This chapter bridges the knowledge gap between

having an awareness of the process safety concerns and implementing

appropriate controls to ensure the safety of operations handling or

processing combustible dust. Bridging this gap requires the conduct of

a dust hazard analysis (DHA).

The National Fire Protection Association (NFPA) defines a DHA as:

A systematic review to identify and evaluate the potential fire, flash fire, or explo-
sion hazards associated with the presence of one or more combustible particulate
solids in a process or facility.

NFPA 652, (2019, p. 11)
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To understand the DHA process, it is necessary to define some terms. The

following definitions have been taken from the American Institute of Chem-

ical Engineers (AIChE) Center for Chemical Process Safety (CCPS) Process

Safety Glossary (CCPS, 2018). Some definitions have been abridged for

brevity.

• Hazard—An inherent chemical or physical characteristic that has the

potential for causing damage to people, property, or the environment.

• Scenario—A detailed description of an unplanned event or incident

sequence that results in a loss event and its associated impacts, including

the success or failure of safeguards involved in the incident sequence.

• Consequence—The undesirable result of a loss event, usually measured

in health and safety effects, environmental impacts, loss of property, and

business interruption costs.

• Likelihood—A measure of the expected probability or frequency of

occurrence of an event.

• Risk—A measure of human injury, environmental damage, or eco-

nomic loss in terms of both the incident likelihood and the magnitude

of the loss or injury [i.e., consequences].

• Safeguard—Any device, system, or action that either interrupts the chain

of events following an initiating event or that mitigates the conse-

quences. A safeguard can be an engineered system or an administrative

control.

To tie these concepts together, begin by noting that it is the hazards asso-

ciated with process materials or equipment that pose the potential for harm.

These hazards are what we seek to protect against. When dealing with com-

bustible dusts, the most obvious consideration is the combustibility of the

dusts, and this hazard will be a primary focus of the DHA. However, other

hazards are likely to exist. Hazard identification will be addressed further in

this chapter.

A scenario is a sequence of events through which the potential for harm

associated with a hazard could be manifested. Event scenarios represent a

departure from normal, safe operation. Scenarios can be initiated by a variety

of factors; for example, equipment failure, human error, or external factors

such as weather events. A goal of a DHA is to identify credible scenarios that

must be guarded against. A typical DHAmay have to address a large number,

perhaps scores, of scenarios.

It is necessary to gain a perspective on both the consequences that could

occur from each scenario and the likelihood of occurrence. Taken together,

consequence and likelihood define the risk associated with the scenario.
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Risk can be viewed as a measure of loss per unit time; e.g., the cost of equip-

ment damage per year or, in the case of personal injuries, perhaps fatalities

per year. A scenario that could result in significant consequences and is likely

to happen frequently would be a high risk scenario. An unlikely scenario

that, even if it were to occur, would have minimal consequences would

be a low risk scenario. Scenarios, with various levels of consequence and

likelihood, will yield a spectrum of risks in the DHA.

The assessment of process risk can be based upon purely subjective deci-

sions relying upon the experience and judgment of the DHA team.Or, it can

involve rigorous quantitative assessments such as described in Chapter 6.

Later in this chapter, a semi-quantitative approach to assessing scenario risk

will be presented. In all cases, making risk-based decisions about whether

further risk reduction is warranted will require an understanding of the

organization’s tolerance for risk. More about this later.

In seeking to control risk, we can address the consequences of the sce-

nario, the likelihood of the scenario, or both. As indicated in the definition

above, a safeguard can be intended to reduce either. A safeguard could be an

engineered feature such as a high temperature interlock or a deflagration

suppression system. Or, it could be an administrative control, such as an

operating procedure and operator intervention in response to an alarm.

Before taking credit for a safeguard, we must have a high level of confidence

that it will reliably perform as required when called upon.

Thus, conducting a DHA requires the following sequence of steps:

• Identify hazards associated with operations

• Identify credible scenarios through which the potential harm associated

with the hazards could be manifested

• Determine the potential harm (consequences) associated with these

scenarios

• Determine the likelihood of the scenarios occurring

• Identify existing engineered and administrative safeguards that could

effectively prevent or mitigate the scenarios

• Evaluate the risk of operations and determine if additional safeguards are

warranted, and if so

• Propose additional, appropriate safeguards, then reevaluate the risk

As Fig. 1 illustrates, the DHA process can be somewhat iterative, as addi-

tional safeguards are proposed and evaluated to determine whether a toler-

able level of risk has been attained.

As readers, especially those associated with the chemical process indus-

tries, proceed through this chapter they may recognize a marked similarity
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between DHAs and process hazard analyses (PHAs). This is not an incidental

similarity. The approach for conducting DHAs is largely patterned off of the

approach for conducting PHAs. In fact, when NFPA first formalized the

requirement for conducting a systematic review of combustible dust hazards,

the term PHA was used (NFPA, 2006). NFPA subsequently substituted the

term DHA to avoid any potential confusion with US regulatory require-

ments for the conduct of PHAs in chemical plants; requirements whichmight

not be applicable to a process handling combustible dusts (NFPA, 2016).

Safeguards can be expensive to establish andmaintain, and no company has

unlimited resources to expend. At the same time, process incidents, fires, and

explosions can result in great costs in terms of harm to personnel, equipment

damage, lost production, environmental damage, and loss of company repu-

tation. The systematic review of process hazards that is provided by a DHA

provides the company an opportunity to gain confidence that necessary and suf-

ficient safeguards against process hazards have been identified and implemented.

Identify 
Combustible 
Dust Hazards

Identify 
Credible Loss 

Scenarios

How Bad Could 
the Consequences 

Be?

How Likely Is the 
Event?

Are Safeguards 
Sufficient to Control 

Process Risk?

Propose 
Additional 
Safeguards

Implement Any 
Additional Safeguards, 
Maintain All Safeguards

NO

YES
DHA

BY
OTHERS

Fig. 1 Process flow for conducting a DHA.
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2. Some basic concepts for the conduct of DHAs

As the definition of DHA indicated, the intent is to conduct a system-

atic review. The underlying concept of a DHA is quite straightforward. The

DHA team need only answer four questions. What can go wrong? How bad

could it be? How likely is it to happen? What do we need to do? While the

concept is straightforward, careful planning, preparation, and implementa-

tion are required to accomplish a systematic review.

2.1 Staffing a DHA
DHAs are typically a team-based exercise, for a number of reasons. First, it is

important to ensure that a suitable mix of knowledge, experience, and per-

spectives is brought to the effort. Some common considerations include:

• At least one team member should have a good knowledge of dust explo-

sion fundamentals (such as outlined in Chapter 2), common safety mea-

sures (Chapter 7), and regulatory and consensus standards requirements

(Chapter 8).

• Since the DHA addresses the safety of process operations, one team

member should be very familiar with the process and how it is operated.

This could be either an operator or an operations supervisor. Whoever

fills this role should have worked in the process long enough to be able to

speak authoritatively. The operations representative should seek input

from others in operations so that their perspectives can be considered

in the DHA meetings.

• Equipment integrity is commonly a focus in a DHA. A representative

from the maintenance group may be warranted.

• Someone with an engineering background, preferably associated with

the process being studied, should be on the team.

• Someone from the Environment, Health, and Safety function may be

needed to address regulatory issues.

• This chapter will later describe a number of analytical techniques for con-

ducting theDHA.A facilitator, familiar with the selected technique(s) and

experienced in conducting DHAs is a necessity. The facilitator will be

responsible for ensuring that the DHA is truly systematic.

• It is often helpful to include a scribe on the team, to document the team’s

deliberations, relieving the facilitator of this responsibility so that he/she

can focus on keeping the team moving effectively.
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• Other, more specialized expertise may be required. It is often possible to

bring this expertise into the meetings on an as-needed basis, rather than

requiring continuous attendance by the expert(s). One source of addi-

tional expertise that should not be overlooked is equipment manufac-

turer or vendor representatives. Their perspective may be valuable

when addressing new or unique types of equipment.

Some of the above roles might be fulfilled by the same person. The appro-

priate team size will be governed by the scope of the DHA, in terms of the

size and complexity of the process being analyzed. A team as small as three

people might be appropriate for some simpler processes. Other processes

might require a team of six or more persons. The team should not be too

small. A second reason for a team-based approach is to provide sufficient

diversity of perspectives, so that important issues receive healthy debate

rather than perfunctory decisions.

A DHA might be completed in a few days or it might require a few

weeks of meetings. It is important to ensure continuity of membership

on the team throughout the DHA. Team effectiveness is reduced when fre-

quent membership substitutions are made. This can be a particular problem

with operations representatives, due to rotating shift schedules. It is not

uncommon to pull an operator off of the normal shift rotation as required

for DHA meeting attendance.

The facilitator role requires special qualifications. As noted, the facilitator

must be experienced in applying the analysis technique(s) that are to be used.

Equally important, the facilitator must be an effective meeting leader. While

a number of organizations teach facilitation courses, classroom training alone

is not sufficient. Facilitators learn by doing. It is preferable to have a facili-

tator who has been mentored by an experienced facilitator for at least a few

DHAs. Facilitators are often third-party consultants. Whether the organiza-

tion obtains its facilitators from inside or outside of the company, there

should be clear criteria established for qualifying facilitators.

It is common for the facilitator to provide a brief orientation to the team

before the start of the DHAmeetings. This orientation should include a dis-

cussion of what the DHA is meant to achieve; the responsibilities of the team

members and expectations that those responsibilities (including meeting

attendance) will be met; and a description of the analysis technique(s) that

will be used. A team walk-through of that portion of the facility that will

be covered by the DHAmay be helpful in giving the teammembers an equal

grounding.
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It is important for the facilitator to ensure that a critical mass of the team is

present at each meeting. If any of the core team is absent, and not represen-

ted by a suitable replacement, then the meeting should be canceled for

that day.

2.2 Information required to support the DHA
A significant amount of information is required to support the DHA. This

information should either be in the meeting room, or readily accessible by

team members. Fortunately, the increased use of computer databases is facil-

itating information access. Commonly required information (sometimes

referred to as process safety information) would include, but not be limited to:

• Information on the chemical and physical properties of process chemicals,

including feedstocks, products, byproducts, and waste streams. Some of

this information will be available from Safety Data Sheets (SDSs). How-

ever, SDSs commonly lack sufficient information on dust combustibility

parameters. So, test data will often be required (Chapter 4). This will be

discussed further later under the hazard identification topic.

• Process descriptions

• Operating and maintenance procedures

• Housekeeping records, where available

• Data for process equipment, including material transfer containers/bags

• Dust collection system design, where applicable

• Data for safeguards and other protection systems, such as the fire protec-

tion system

• Maintenance records

• Equipment and instrumentation diagrams (Sometimes called Piping and

Instrument diagrams or P&IDs)

• Hazardous area classification drawings

• Information on past incident investigations (for the process being ana-

lyzed, from other company sites running similar processes, from industry

events, etc.)

• Relevant industry consensus standards

The site should have a system for ensuring that such information is

maintained correct and up-to-date. If not, key information may have to

be updated before the DHA can begin. DHA meetings will be less effective

if they are frequently interrupted to allow confirmation or correction of

information. Worse, wrong conclusions could be drawn if incorrect infor-

mation is not detected during the DHA.

130 Walter Frank



2.3 DHA meeting logistics
DHA meetings should not be allowed to become an enervating experience

for team members. Meeting rooms should provide a comfortable working

environment. Meetings should be held as far away as is feasible from routine

business distractions. Many organization find it advisable to limit meetings to

a 6-h daily duration. This helps prevent burnout, while also allowing some

time at the start and the end of each day for team members to return phone

calls and emails, and to attend to other routine responsibilities. It is not

uncommon to see meetings limited to 4 days per week; although, this

may be less feasible if the facilitator is an out-of-town consultant.

NFPA provides guidance on conducting PHAs/DHAs in the NFPA

Guide to Combustible Dusts (Frank, Rodgers, & Colonna, 2012).

3. Hazard identification

A hazard that has not been identified cannot be assessed. Conse-

quently, it is important to comprehensively identify the hazards associated

with the process, equipment, and process materials.

Recall that the definition of hazard was “An inherent chemical or phys-

ical characteristic that has the potential for causing [harm]…” The term

“dust hazard analysis” leaves the implication that the DHA may only be

focused on the hazards associated with dusts. The organization should deter-

mine what the scope of the DHAwill be, and communicate this to the DHA

team. Will it just be the hazards (chemical and physical) of the combustible

solids in the process? Or, will the physical characteristics of the equipment

(temperature, pressure, rotation) also be addressed?What about other chem-

ical hazards not associated with combustible dusts? Will industrial hygiene

issues (e.g., toxicity) be addressed? The answers to these questions may be

governed, at least in part, by whether and what other hazard assessment pro-

grams the organization has in place.

An example of potential hazards associated with combustible dust pro-

cesses, but not directly related to dust combustibility, would be the hazards

introduced by the use of inert gases for deflagration prevention. Inerts can

introduce a variety of physical, chemical, and health hazards into the process

environment. Detailed treatment of this topic can be found in Frank (2004)

and Green and Southard (2018).

Generally, conventional worker safety issues (“slips, trips, and falls”) are

not covered under the DHA. If relevant learnings on these topics are
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discovered during the DHA meetings, these learnings are typically docu-

mented and resolved separately from the DHA.

Chapter 4 addresses analytical approaches to determining dust combus-

tibility and explosibility parameters. Certainly, the DHA will include con-

sideration of the fire and explosion hazards associated with combustible

solids. While the needs of individual situations may vary, the team com-

monly will need to know the following parameters for use in their

deliberations:

• Minimum explosible concentration (MEC)

• Maximum deflagration pressure (Pmax)

• Dust deflagration index (Kst)

• Minimum ignition energy (MIE)

• Volume resistivity

• Minimum autoignition temperature (MAIT) and/or dust layer ignition

temperature (LIT)

Other parameters that may be relevant for the DHA could include:

• Limiting oxidant concentration (LOC)—if inerting is to be considered as

a deflagration protection option

• Particle size distribution

• Various thermal stability tests—if process materials are suspected of being

thermally unstable and will be heated in the process, intentionally or dur-

ing credible process upsets.

NFPA 652 (2019) now requires that potentially combustible process partic-

ulates be screened to determine whether they are combustible or explosible.

Obviously, if a screening test determines that a dust is not combustible, fur-

ther testing is not required.

It may be necessary to investigate chemical incompatibility issues (unsafe

reactions between, typically, binary combinations of chemicals). As an

example, a DHA team may need to know, when selecting a gas for inerting

purposes, that aluminum metal will burn in CO2 or that titanium metal will

burn in nitrogen! Or, the DHA team assessing an aluminum powder process

should be aware of the thermite reaction between aluminum and iron oxide

(rust). Frank (2004), Urben (2006), and Pohanish and Greene (2009) are

useful sources of chemical incompatibility information.

Explosive (as opposed to explosible) materials are beyond the scope of a

typical DHA and will not be addressed here.

While this chapter addresses “dust hazard analyses,” sites handling com-

bustible solids with larger particle size materials (e.g., pellets or prills) should

not adopt a false sense of security. Larger particulates can abrade during
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handling, producingmuch smaller particles. Particles thatmay be large in one

dimension but very small in the other two (fibers), or large in two dimensions

but very small in the third (flakes) can still combust rapidly and pose a fire or

explosion hazard similar to what we would normally consider “dust.”

For this reason, the NFPA combustible dust standards have removed any

mention of particle size from the definition of combustible dust. While it is

noted that NFPA 70 has added a 500μmmaximum particle size criterion to

its definition of combustible dust (to be in alignment with some European

standards), this criterion should not be regarded as defining an “explosion-

safe” particle size. Chapter 4 addresses the role that particle size has in

influencing experimentally determined explosibility parameters.

Considerable data on explosibility parameters exist in the literature.

Careful consideration must be given to whether it is prudent to use such data

in lieu of process-specific test data. In some cases, literature values were

determined using apparatus and/or test procedures that were not in align-

ment with current standardized test protocols. Also, literature data often lack

information on sample particle size, so it is not possible to judge the rele-

vance of the data to actual process conditions. NFPA 652 allows the use

of literature data, “deemed to be representative of current materials and pro-

cess conditions” only for screening to determine the combustibility or

explosibility of a given material. It does not permit the use of literature data

for design purposes (NFPA, 2019).

When determining the characteristics of process materials, it may be

appropriate to address intermediates, byproducts, and waste products in

addition to feedstocks and final products.

4. Technique selection

There are a number of techniques, pulled from the PHA tool box,

which can be used in a DHA. These include:

• What If Analysis

• Checklist Analysis

• What If/Checklist Analysis (WI/CL)

• Hazard and Operability Study (HAZOP)

• Failure Mode and Effects Analysis (FMEA)

• Layer of Protection Analysis (LOPA)

Each tool has its benefits and weaknesses, as will be discussed below. Key

considerations in determining the appropriate technique to use include

the nature and complexity of the process. In some circumstances, multiple
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techniques might be used on the same DHA. An experienced facilitator

should be familiar with each of these techniques and capable of selecting

the most appropriate technique(s) to use in a given DHA. Detailed descrip-

tions of each of these techniques (and others) can be found in CCPS (2008).

4.1 What if analysis
What If is the simplest and most straightforward technique to use. To con-

duct a What If, the team brainstorms issues that they believe need to be

assessed.While issues do not literally need to be phrased asWhat If questions,

the underlying intent is to identify credible departures from normal operat-

ing conditions so that the team can evaluate their potential impact on the

safety of operations. For example, “What if the spray dryer temperature gets

too high?” Once an issue has been raised, the team can then proceed to

assessing potential consequences, identifying possible causes and any existing

safeguards, and determining if additional safeguards are warranted.

The team’s deliberations can be documented in a table similar to Table 1.

As the table indicates, the team has determined that the original question

“What if the spray dryer temperature gets too high?” was not sufficiently

granular and have substituted two questions that more deeply focus on

potential causes of too-high temperature. Different causes may have differ-

ent existing safeguards and may require different recommendations for addi-

tional safeguards.

Note that, although the first two What If concerns both deal with dryer

overheating, only one allows taking credit for operator intervention. This is

because the second concern is caused by operator error, so it would be

imprudent to assume that the operator could reliably detect and correct

his or her own error. Safeguards for protecting against a scenario must be

independent of the cause of the scenario. Qualification of safeguards will

be discussed in more detail later in this chapter.

Also, note that Recommendation 4 requires follow-up action to deter-

mine if an additional safeguard is feasible. The teamwas not aware of a specific

safeguard to recommend, so they identified a need to do follow-up research

outside of the team meetings. DHA meetings may not be the appropriate

forum for the detailed engineering of solutions to identified problems. This

is often best done later, perhaps by others with more specialized expertise.

What If analysis has the benefit of being an easy to understand and easy to

implement approach to assessing process hazards. However, since it is based

on brainstorming, it is solely reliant on the knowledge of the team members
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to ensure an adequate assessment. For this reason, it is all the more important

to ensure that the team membership provides an adequate cross-section of

disciplines with experience sufficient to be able to envision the problems that

could credibly occur within the process.

This technique also relies on the experience and ability of the facilitator,

who must be capable of stimulating participation by team members if the

activity level in the meeting begins to ebb. Conversely, the facilitator must

be able to sense when the team has adequately assessed one matter and move

on to the next.

Table 1 Example what if table.

What if assessment for:
Product spray

dryer Date: April 1, 20XX

No. What if?
Potential
consequences

Existing
safeguards Recommendations

1 Product spray

dryer overheats

(failure of

temperature

controller)

Fire, and possibly

explosion, in

dryer.

Equipment

damage.

Personnel injury,

possible fatality

• Operating

procedures and

operator

monitoring

• High

temperature

interlock shuts

down dryer

1. Ensure that the

maximum safe

operating

temperature is stated

in the operating

procedure, along

with consequences

of deviation and

steps to correct

2 Product spray

dryer overheats

(operator error,

wrong setpoint

entered for

temperature

controller)

Fire, and possibly

explosion, in

dryer.

Equipment

damage.

Personnel injury,

possible fatality

• High

temperature

interlock shuts

down dryer

2. Consider creating a

software clamp in

the control system

to limit the

maximum possible

setpoint

3 Product layer

builds up on

interior wall of

the spray dryer.

Overheats, then

sloughs off

Fire, and possibly

explosion, in

dryer.

Equipment

damage.

Personnel injury,

possible fatality

• Periodic

inspection and

cleaning of

dryer

3. Monitor operations

to determine typical

rate of

accumulation; set

cleaning frequency

appropriately

4. Determine if there is

a means for on-line

monitoring of

buildup

4 …
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4.2 Checklist analysis
This technique is based upon the use of pre-prepared lists of questions to

stimulate and guide discussions. Checklists can vary across a broad spec-

trum with respect to detail, length, and focus. A checklist might address

just the general concepts associated with combustible dust safety, or it

might focus narrowly on a single topic such as human factors (human error)

or housekeeping.

Some companies have developed checklists specific to particular types of

equipment or unit operations. Such checklists can accumulate and distill

knowledge from various sites across the company, resulting in the consoli-

dation of what the company deems to be good practices for the subject or

activity. As an example, the company might have a checklist for spray dryers

that lists the safeguards that the company expects should be applied to every

spray dryer within the company.

The NFPA combustible dust standards (Table 2) can be a good source of

content for checklist development. While they may not address every aspect

of combustible dust safety, the cited NFPA standards (and the other stan-

dards that they reference) represent the industry consensus of the basic

Table 2 NFPA combustible dust standards.
NFPA Std. Title Facility/material covered

652 Standard on the Fundamentals of

Combustible Dust

Provides requirements that are

common to all commodities and

industries

61 Standard for the Prevention of Fires

and Dust Explosions in Agricultural

and Food Processing Facilities

Agricultural and food processing

facilities

484 Standard for Combustible Metals Combustible metals

655 Standard for Prevention of Sulfur

Fires and Explosions

Sulfur

664 Standard for the Prevention of Fires

and Explosions in Wood Processing

and Woodworking Facilities

Wood processing and

woodworking facilities

654 Standard for the Prevention of Fire

and Dust Explosions from the

Manufacturing, Processing, and

Handling of Combustible

Particulate Solids

Any combustible particulate solid

not covered by one of the above

standards
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requirements for preventing combustible dust fires and explosions. Similar

standards exist in other countries and regions. Chapter 8 addresses regula-

tions, standards, and guidelines. Whatever the source and nature, checklists

represent a consolidation of knowledge on the subject topic. As such, they

seek to fill the knowledge gap that may exist when conducting, for example,

a What If analysis. Checklists present a detailed itemization of the consider-

ations that have been judged to be relevant by those who produced the

checklists. That said, no checklist can be all-encompassing or comprehen-

sive. It may be necessary to apply two or more checklists to a given DHA.

Table 3 shows an example of a portion of checklist that might be used to

assess site housekeeping practices.

While checklists provide a more structured approach than What If, the

content of the checklists can limit the scope of the review.

4.3 What if/checklist analysis
This technique combines the two previously described techniques, seeking

to counter the weaknesses that the two techniques are subject to when used

individually.

Commonly, the What If portion of the analysis is conducted first, all-

owing for original, inspirational thought during the brainstorming session.

The risk, otherwise, might be that the team adopts the attitude “Well, the

checklists were very detailed… there can’t be much that hasn’t already been

addressed,” which could discourage the brainstorming. After the facilitator

senses that the team has gone as far as they can with the brainstorming, the

relevant checklist(s) are then used to supplement the What If deliberations.

4.4 Hazard and operability study (HAZOP)
HAZOP is a technique that was developed for the chemical process indus-

tries. As with the other techniques described here, HAZOP is intended to

assess the safety significance of deviations from normal, safe operations.

However, it provides a much more structured approach for doing so.

To begin the HAZOP, the process is sectioned into nodes that encom-

pass, for example, a major piece of equipment or a system of closely related

equipment. For each node, a description is written of the intent of the node;

that is, what is intended to be accomplished within the node and what are

the normal ranges of key process variables within the node. This description

of what is normal then serves as the basis for the assessment of the significance

of deviations from normal.
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To perform the assessment, relevant process parameters are identified.

Table 4 provides a list of typical parameters. The list is not meant to be

comprehensive; the process description, or the written intent of a partic-

ular node, might suggest other parameters that should be studied. Devia-

tions from normal operation are then proposed by combining each process

parameter with a relevant guide word. A list of common guidewords

Table 3 Example checklist.

Housekeeping checklist

No. Questions
Answers/
observations Recommendations

1 Are housekeeping procedures

documented, with periodic reviews and

updates?

2 Have housekeeping frequencies been

established consistent with ensuring that

unsafe levels of dust do not accumulate

between cleanings?

3 Does the housekeeping program require

regular inspection to evaluate dust

accumulation rate and cleaning

frequencies?

4 Does the housekeeping program provide

requirements for the timely clean-up of

spilled combustible solids?

5 Does the housekeeping program require

cleaning methods that minimize the

generation of combustible dust clouds?

6 Does the housekeeping program specify

that vacuuming is the preferred method of

cleaning?

7 Does the housekeeping program control

the use of compressed air blowdown?

[Detailed requirements for when

blowdowns would be permitted would

follow.]

8 …

Notes:
1. This partial checklist was developed from content in NFPA 654 (2017).
2. The content of this checklist is meant to be illustrative only, and does not constitute a comprehensive treat-

ment of the topic.
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(again, not intended to be comprehensive) is provided in Table 5. For

example, returning to the spray dryer example used previously, the pro-

cess deviation involving excessive temperature in the dryer would result

from combining the guideword “More” and the process parameter

“Temperature.”

As the teamworks through the assessment, a process parameter is selected

and then successively combined with every relevant guideword. Then, the

next process parameter is selected and the analysis process continues as

described. This is repeated until every pertinent deviation (parameter/

guideword combination) has been addressed.

Table 6 illustrates what a portion of a HAZOP for the previous spray

dryer example might look like. The similarities to the learnings from the

What If analysis will be obvious. In reality, the HAZOP can be regarded

to be a structured What If, with the structure imposed by the deviation-

by-deviation approach helping to ensure that no significant What If issue

is overlooked.

Table 4 Process parameters for HAZOPs.
Common process parameters for HAZOP studies

Pressure Speed/RPM

Temperature Time

Flow Sequence

Composition Conductivity

Level Others … as needed

Based upon CCPS (2008), with added content.

Table 5 Typical guidewords for HAZOP.
Common guidewords for HAZOP studies

No Before

Less After

More Longer (time)

Part of Shorter (time)

As well as

Other than Others… as needed

Based upon CCPS (2008), with added content.
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Table 6 Example HAZOP table.

Node 6: Product spray dryer.
Intention: YYY lb./h product slurry. XXX wt% solids. Dry to <0.5wt% solids. Maximum product temperature 150 °C.
Drawings: [Relevant drawings describing equipment in the node would be provided here.]
Parameter: Temperature.

Dev. No. Guideword Causes Consequences

Initial
Existing
safeguards Recommendations

Mitigated

CommentsS L R S L R

6.1 More Failure of

temperature

controller on

product spray

dryer

Fire, and possibly

explosion, in dryer.

Equipment damage.

Personnel injury,

possible fatality

C 2 II • Operating

procedures and

operator

monitoring

• High

temperature

interlock shuts

down dryer

1. Ensure that the

maximum safe

operating

temperature is

stated in the

operating

procedure, along

with consequences

of deviation and

steps to correct

C 1 I

6.2 More Operator

error, wrong

setpoint

entered for

temperature

controller

Fire, and possibly

explosion, in dryer.

Equipment damage.

Personnel injury,

possible fatality

C 2 II • High

temperature

interlock shuts

down dryer

2. Consider creating a

software clamp in

the control system

to limit the

maximum possible

setpoint

C 1 I

6.3 Less Loss of steam

flow to dryer

air heater

Process upset.

Accumulation of wet

feed in bottom of the

dryer. 1–2 days

downtime

No safety consequences

– – – • Low

temperature

interlock shuts

down dryer,

stopping

wet feed

N/A – – –



TheHAZOP table contains columns not shown on the previousWhat If

table—those columns headed S, L, and R. S denotes the severity (conse-

quence level) of the scenario, L denotes the likelihood of the scenario,

and R denotes the corresponding risk. Estimates are provided for both

the initial situation and the situation that is anticipated after any recommen-

dations are implemented. When addressing the initial state, it is common

practice to estimate the severity of the scenario assuming that all safeguards

fail to provide their intended protective function. This ensures that the

severity ranking reflects the worst credible consequences for the scenario.

Credit is typically taken, however, for existing safeguards when estimating

the likelihood of the scenario. Credit for safeguards is taken when estimating

both the severity and the likelihood for the mitigated case (i.e., after imple-

mentation of any additional safeguards recommended by the study).

A discussion of how to validate the anticipated reliability of safeguards is pro-

vided later in this chapter.

When describing the consequences of a scenario, it important to describe

an actual, credible consequence. A statement such as “Spray dryer temper-

ature too high” is not a consequence statement, as it does not describe an

actual loss. Note how the consequence statements in Table 6 are expressed.

This consideration is important for all techniques described in this chapter.

The risk estimates in the HAZOP table are not required, but are increas-

ingly commonly used. Fig. 2 andTables 7 and 8 illustrate the commonly used

riskmatrix approach for relating severity, likelihood, and risk. Table 7 defines

Fig. 2 Risk matrix.
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a three-level scale of relative degrees of severity (in terms of personal injury).

Table 8 defines a three-level scale of relative degrees of likelihood. Fig. 2 is

the risk matrix defining a three-level scale of risk, determined by the various

combinations of severity and likelihood. Using their experience and judg-

ment, the team estimates for each safety-significant scenario the appropriate

values of S and L and then determines R from the matrix.

As noted, the severity scale in Table 7 addresses personal injury. Many

companies have other severity scales to address other consequences of con-

cern, such as environmental damage, business interruption costs, and public

relations damage.

Table 9 shows an approach to prioritizing the implementation of

risk-reduction recommendations, based upon the final, mitigated risk esti-

mate. Higher risk scenarios require more prompt implementation of

Table 7 Severity scale for risk matrix
Severity scale for risk matrix

Severity ranking Description

C One or more fatalities or permanent disabling injuries

B One or more lost workday cases

A First aid case

Table 8 Frequency scale for risk matrix.
Frequency scale for risk matrix

Frequency ranking Description

3 Likely to occur once per year

2 Likely to occur once in life of process

1 Unlikely to occur

Table 9 Required risk reductions for risk matrix.
Required risk reductions

Risk ranking Requirement

III Reduce to level II within 30 days, and level

I within 90 days

II Reduce to level I within 90 days

I No action required, but consider further risk

reductions when feasible
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recommendations. The lowest level of risk requires no action, but addi-

tional risk reduction measures may be taken where feasible and cost effec-

tive. This is an example of application of the concept that risk should be

reduced to a level that is As Low As Reasonably Practicable (ALARP)

(CCPS, 2009). In this example, the boundary between Level II risks

and Level I risks, where no further risk reduction efforts are required,

demonstrates the company’s threshold for risk tolerance.

Fig. 2 and Tables 7–9 are very simplistic examples, crafted solely for this

discussion. They are not intended to be suitable for use in an actual DHA. In

reality, most companies using the risk matrix approach will provide greater

granularity in the severity, likelihood, and risk scales. For example, there

might be five levels each in the severity and likelihood scales and four levels

of risk. More realistic examples of risk matrices and associated consequence,

likelihood, and risk scales can be found in Frank et al. (2012), CCPS (2008),

and CCPS (2017).

Clearly, for a large process with multiple process parameters of signifi-

cance, the conduct of a HAZOP can be a lengthy endeavor. But, where

there is complexity in the process, a technique that can effectively address

that complexity, while helping ensure a thorough analysis, is warranted.

4.5 Failure mode and effects analysis (FMEA)
FMEA is a technique developed within the aerospace industry. Its focus is on

addressing factors that can influence the reliability of a machine or a system.

FMEA can be valuable as part of a DHA if there is mechanical complexity in

the processing equipment and equipment failure can lead to process safety

problems. It can also be helpful in evaluating the reliability of protective

systems, such as the analyzers, flow controllers, and gas supply of a system

providing nitrogen inerting to a piece of equipment.

Table 10 provides a simplistic example of an FMEA for a rotary valve

used to provide deflagration isolation in a combustible dust process. A key

feature of a rotary valve in this service is the requirement for close tolerances

between the vanes on the valve shaft and the valve body (housing). If the

clearance is too great, flames might be able to pass through the valve, all-

owing propagation of the deflagration between the equipment upstream

and downstream of the valve. The example FMEA seeks to evaluate valve

failures that could permit this to occur.

Amore detailed FMEAmight result, for example, from the assessment of

a deflagration suppression system. This might require looking at the failure
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Table 10 Example FMEA table.

FMEA for rotary valve feeding product pneumatic conveyor

No.
Equipment or
component description Failure mode Effects Existing safeguards Recommendations Comments

1 Shaft vanes Design or

procurement

error results in

rubber-tipped

vanes

Tips could burn off in a

fire, increasing clearance

between vanes and

housing. Flames pass

through valve. Fire or

explosion in connected

equipment. Equipment

damage. Personnel

injury, possible fatality

• Design specs call for

all-steel vanes

• Pre-startup safety

inspection after valve

replacement

• Periodic maintenance

inspections could also

detect error

None

2 Shaft vanes Design or

procurement

error results in

excessive

clearance

between vanes

and housing

Flames pass through

valve. Fire or explosion

in connected

equipment. Equipment

damage. Personnel

injury, possible fatality

• Design specs stipulate

required clearance.

• Pre-startup safety

inspection after valve

replacement

• Periodic maintenance

inspections could also

detect error

1. Review valve

specs and

ensure that

they meet the

clearance

requirements

in NFPA 69

3 Shaft vanes Vane erosion in

service results

in excessive

clearance

between vanes

and housing

Flames pass through

valve. Fire or explosion

in connected

equipment. Equipment

damage. Personnel

injury, possible fatality

• Vane clearance

measured with feeler

gauge during each

maintenance

inspection

2. Review past

inspection

records and

determine if

inspection

frequency is

sufficient

It is

believed

that the

valve has

been

replaced

once in the

last 5 years



modes of the pressure transducer, the system controller, the suppressant bot-

tles and their actuators, etc.

FMEA can be a valuable supplement to other DHA techniques, such as a

HAZOP, where it could be used to evaluate a protective system to deter-

mine whether it is sufficiently reliable to allow it to be credited in the assess-

ment of risk.

4.6 Layer of protection analysis (LOPA)
The discussion of the HAZOP technique, above, included a description of a

subjective approach to evaluating scenario risk. In that approach, the deter-

mination of the reliability of safeguards and decisions about the required

number of safeguards were based upon the collective experience and knowl-

edge of the team. LOPA provides a more quantitative approach to making

these decisions. It provides a methodology that is midway between the

purely subjective approach of the HAZOP and the fully quantitative

approach to risk assessment described in Chapter 6.

LOPA can be integrated into, and conducted with, the HAZOP assess-

ment or it can be performed as a separate set of meetings, but still using the

scenario learnings from the HAZOP. Often, LOPA is applied only to those

scenarios that, based upon the initial S/L/R assessment, have the highest

risk. Some organizations also include high severity scenarios regardless of

the estimated likelihood. This reflects a conservative attitude that, for exam-

ple, any scenario that could possibly result in multiple fatalities should be

assessed with greater rigor, no matter how unlikely the scenario might be.

This chapter does not provide a detailed description of how to conduct a

LOPA. The breadth of such a discussion is beyond the scope of this book.

However, some high-level insight into LOPA is warranted here.

A central element of LOPA is the use of standardized databases of equip-

ment failure rates and human error rates. These databases have been com-

piled by organizations such as CCPS (2013 and 2015). Some companies

have sufficient equipment history to generate their own failure rate statistics.

As an example, consider a scenario that is initiated by the failure of a

temperature controller (as in the spray dryer example previously used in this

chapter). In a LOPA, a database value for the failure frequency of a tem-

perature controller would be determined. Next, consideration is given

to the existing and proposed safeguards that are intended to stop the

scenario and prevent it from causing an actual loss. Database failure prob-

abilities are determined for each safeguard for which credit is to be taken.
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The likelihood of suffering a loss from the scenario (expressed as events/

year) is calculated from the initiating event frequency multiplied by the

probability of failure of each existing safeguard. The number of additional

safeguards required to reach a tolerable level of risk can then be determined

based upon the probability of failure of each proposed safeguard.

LOPA focuses on the likelihood side of the risk equation. Some compa-

nies provide guidance to HAZOP and LOPA teams for estimating the cred-

ible consequences of an event. For example, a table might be provided

showing the expected damage to a pressure vessel, as the internal pressure

is increased in increments above the maximum allowable working pressure.

Degrees of injury are provided for each level of damage to the pressure ves-

sel. Similar tables would be provided to help assess the severity of other com-

mon events.

As noted previously, the LOPA can be conducted during the HAZOP

meetings. However, it is usually necessary to have a controls engineer

involved in the LOPA discussions. For this reason, some companies schedule

meetings solely for doing the LOPA outside of the HAZOP. This can either

be after the HAZOP is completed, or periodically during the HAZOP (e.g.,

setting aside one afternoon every few days to perform the LOPA on the

HAZOP scenarios studied since the prior LOPAmeeting). This allows more

effective use of the controls engineer, who may not be required for the

HAZOP sessions. When the LOPAmeetings are held separately, the LOPA

team typically includes the core members of the HAZOP team.

In either case, if the HAZOP facilitator is not LOPA-qualified, an addi-

tional facilitator will be required.

Guidance for conducting LOPAs can be obtained from CCPS (2010c).

5. Evaluating safeguards

When conducting a DHA, it is inevitable that the team will need to

evaluate the reliability of safeguards, either existing or proposed. Several key

considerations are discussed below.

5.1 Safeguards must be independent of the cause
of the scenario

Consider a transmitter that is providing a temperature signal to a temperature

controller, as well as providing the signal to a high temperature interlock. If

the temperature transmitter fails and sends an erroneously low value to the
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controller, the controller will put more heat into the system, potentially

overheating it (as was the case in the prior dryer example). But, the high tem-

perature interlock will receive the same erroneously low signal and will not

be able to shut down the system. In this case, the device intended as a safe-

guard against the problem is not independent of the cause of the problem.

Next, consider a situation where an operator is required to perform the

manual valving necessary to add liquid to a tank. The operator starts the liq-

uid flow, then gets distracted to another task and forgets to monitor the tank

level. A safeguard of “Operator intervention” would not be appropriate for

this vessel overflow scenario unless it could be shown that there was at least

one other operator who could be expected to detect and correct the first

operator’s error.

5.2 Safeguards must be independent of each other
In some high risk situations, it may be necessary to have multiple safeguards

to ensure adequate safety. For example, suppose that a piece of equipment is

nitrogen-inerted to prevent dust explosions. Further, suppose that the DHA

has specified redundant oxygen analyzers and alarms in order to ensure that a

high oxygen concentration is detected, even if one of the analyzers fails.

Connecting the two analyzers to the same sample tap on the inerted equip-

ment could provide a commonmodemeans of disabling both analyzers. The

two safeguards are not independent of each other.

Next, consider a situation where the DHA has determined that two high

temperature interlocks are required on the same piece of equipment. Two

temperature transmitters are provided, and they are located remotely from

each other, on opposite sides of the equipment. However, the transmitters

are identical and an instrument mechanic makes the same error in calibrating

both of them. In that sense, the two transmitters are not independent of each

other. A proper LOPA analysis would likely specify that the two tempera-

ture transmitters be of different design or technology, so that a common ser-

vicing error could not simultaneously disable both.

5.3 Safeguards must be maintained and tested
The health of a safeguard in service, such as a high temperature alarm or a

relief valve, can never be known at a precise moment. The only thing that

can be known is whether the safeguard properly functioned as required the

last time it was tested, or the last time that it was called upon to respond to an
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actual need. Further, as the time since the last test increases, the probability of

the device failing to work as intended increases. For this reason, regular

maintenance and testing schedules must be maintained for safeguard devices.

If a particular device is identified in a DHA as being a safeguard, the team

should either confirm that a maintenance and inspection schedule has been

established for the device, or write a recommendation that a maintenance

and inspection schedule should be established. The frequency of testing is

one consideration that factors in the assessment of the reliability of the

safeguard.

Operator intervention is often cited as a safeguard in a DHA. Particular

care should be given to evaluating whether this is prudent to do. At a min-

imum, the following should be considered:

• Will the operator have time to identify, evaluate, and respond to a prob-

lem before it progresses to a point where intervention can no longer pre-

vent a loss? Consider work load, likely distractions, and physical needs of

the task vs operator capabilities when making this evaluation.

• Is there a procedure that clearly instructs the operator on how to identify

the problem, and what to do to resolve the problem successfully? For

example, does the procedure specify safe upper and lower operating

limits for safety-related process parameters? Is the procedure regularly

reviewed and updated as required? Is the operator trained on the proce-

dure, with periodic refresher training?

• Does the operator understand the procedure and his/her responsibilities

under the procedure? Is the operator periodically tested or drilled on the

procedure so that comprehension can be confirmed?

DHA teams must not credit a safeguard unless they have a basis for sufficient

confidence that the safeguard will reliably provide the protection that it is

intended to provide.

6. Crafting recommendations

It would be a rare occurrence if a DHA did not identify a gap to fill or

find an opportunity to improve process safety. Following are several consid-

erations that the DHA team should keep in mind when writing

recommendations.

6.1 Recommendations must be of credible value
The team should apply the considerations laid out in Section 5.

148 Walter Frank



6.2 Each risk gap must be addressed with a recommendation
One or more recommendations should be provided for each situation where

the residual risk associated with a scenario exceeds the relevant risk tolerance

criteria.

6.3 Consider the need for interim mitigations
There may be situations where it is evident to the team that implement-

ing a recommendation may require considerable time. For higher risks, it

would be appropriate to recommend alternate, temporary means of mit-

igating the risk, to serve until the final recommended mitigation can be put

in place.

6.4 Comply with applicable regulations
If the DHA indicates that the current status does not satisfy applicable reg-

ulatory requirements, recommendations intended to come into compliance

are warranted.

6.5 Stay within the scope of the DHA
If the DHA scope is to address only process safety risks, recommendations

related to process improvement opportunities or conventional worker

safety issues should not be made part of the DHA. While it is likely that

important learnings in these other areas could come from the DHA delib-

erations, it is best to separately record them for follow-up outside of the

DHA context.

6.6 Avoid extraneous recommendations
Every process safety-related recommendation should be linked to a finding

in the DHA. If the team has a valid recommendation, but cannot link it to

the content of the DHA, then they likely overlooked something in their

deliberations. The gap in the DHA should be identified and filled.

6.7 Recommendations must be practical and achievable
Aspirational recommendations that cannot be achieved with currently avail-

able technologies should not be made.

6.8 Recommendations should be as precise as feasible
Recommendations should normally call for concrete actions. While there

may be times when a recommendations such as “Find a way to do X…”
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is warranted, X should be clearly and narrowly defined. “Evaluate the most

suitable means of providing overtemperature protection for the dryer” is a

far better recommendations than “Find a means of preventing fires in the

dryer.” Where there is reason for a “Determine this…” or “Study that…”

recommendation, there should be a second, related recommendation along

the lines of “Implement the results of the study…”

7. Documenting the DHA and sharing the learnings

The DHA should be documented in a written report. Considerable

time, effort, and expense will have been devoted to conducting the DHA,

and the preparation of a comprehensive report documenting the learnings

protects this investment. The DHA provides input to a variety of other man-

agement systems at the facility, including operating procedures, training, the

mechanical integrity program, the emergency response program, and the

management of change program (discussed later in the chapter). A well-

prepared report can help communicate the DHA learnings to these other

efforts. Finally, it is common practice to periodically update the DHA. This

will require that a documented record of the prior DHA be available to the

subsequent DHA team.

The recommended content of a DHA report includes:

• An executive summary of the DHA scope and findings.

• A description of the methodology used in the DHA.

• A brief description of the process that was assessed.

• A list of team members and their qualifications (including, where appro-

priate, time associated with the subject operation or process).

• A schedule showing when meetings were held, and their duration. This

should include an attendance roster showing which team members were

involved which days, typically broken down to showmorning and after-

noon attendance.

• Copies of the completed data tables and checklists developed during

the DHA.

• Copies of relevant equipment and instrumentation drawings referred to

during the DHA.

• A list of other more significant process and equipment information used

in the DHA (including revision numbers or dates, where appropriate).

• Itemized list of the recommendations from the current study.

• For DHAs that update or revalidate the prior DHA, a list of recom-

mendations from the prior DHA with descriptions of their status.

150 Walter Frank



The status of any recommendations from even earlier DHAs should

also be documented.

• A signature page showing that each team member endorses the contents

of the report.

There exist a number of commercial software packages that could be used

for recording the tables that document the deliberations of the DHA teams

(e.g., theWhat If or HAZOP tables). However, the results frommany of the

techniques described in this chapter could be documented readily using

spreadsheet or word processing software.

A general practice is to require that all DHAs be maintained for the life of

the process. How this is done varies from organization to organization. Some

organizations have gone to an all-electronic records system. Some organiza-

tions keep the reports both electronically and in hard copy in a central storage

location. Organizations that rely solely on hard copies are increasingly rare.

Two important considerations are: (1) that secure archival copies of the

reports aremaintained and (2) reports are readily available for thosewho need

to refer to them in the course of their duties.

The learnings from the DHA should be shared with all potentially

affected personnel. Again, practices vary. Some organizations still place

a hard copy of the report in a central location such as a control room.

Others distribute just a brief summary of a report and a listing of the rec-

ommendations coming from the study. It is increasingly common to find

that a full electronic copy of the report is accessible by all employees

through the facility intranet.

8. Review and endorsement of the DHA report

While practices vary from one organization to another, there should

be a site policy for a management level review and endorsement of the DHA

report. This might involve the site manager and his leadership team, or this

might be delegated to the senior operations manager in the unit or area

containing the process under review.

A key consideration is that the DHA report contains recommendations

for future actions. At this point, these are just recommendations from the

DHA team to management. It is important that management review and

accept (endorse) the recommendations for implementation. Just because

the DHA team views a recommendation to be a good idea does not mean

that management will view it to be a good idea, or even feasible.
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There are four common considerations under which management might

justifiably reject (or decline to implement) a recommendation:

(1) The analysis upon which the recommendation is based contains factual

errors;

(2) The recommendation is not necessary to protect the health of employees

or contractors;

(3) An alternative measure would provide a sufficient level of protection;

(4) The recommendation is infeasible.

In the case of (3), the alternative measure should be provided to replace the

original recommendation. In the case of (4), a feasible recommendation that

will achieve the goal of the original recommendations should be identified.

It is a good practice to involve the DHA team in discussions related to the

rejection or substitution of recommendations, so that they can provide input

or rebuttal.

Important aspects of the management endorsement step are the assign-

ment of responsibilities for recommendation implementation and establishing

firm required implementation deadlines (due dates) for each recommenda-

tion. Responsibilities should be assigned to specific individuals (not general

work groups). Due dates should reasonably consider factors such as required

engineering time, funding schedules, and opportunities for installation (e.g.,

must installation await a maintenance turnaround?). Due dates must be

credible as management has a responsibility to enforce expectations and

accountabilities for compliance with the due dates. If implementation of

a recommendation must be delayed, and the recommendation addresses a

high risk concern, an interim recommendation should be scheduled for

timely implementation.

9. Resolving DHA recommendations

At this point, the recommendations coming from the management

endorsement process have been identified, recommendations have been

assigned to the responsible parties, and firm due dates for implementing

the recommendations have been established. Now, a process for tracking

the progress of recommendation implementation and for documenting

the implementation must be implemented.

It is important that the site have a system for tracking the current status of

each recommendation. A number of commercially available software tools

are available to do this, but many organizations still effectively do so with

spreadsheets.
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Responsible parties should be required to regularly report progress

toward recommendation implementation. It is important to identify poten-

tial obstacles before they become schedule breakers. Some systems send out

email reminders to the responsible parties as the due date approaches. This

may include notices to the supervisor of the responsible party.

When closing a recommendation, the responsible party should be

required to specifically document what was done to satisfy the recommen-

dation. An entry of “Done” does not suffice. If the recommendation was to

provide protections against overheating a dryer, “Done” does not provide an

understanding of how the intentwas achieved. Better systems include, at least

on a spot-check basis, for field verification that recommendations have been

adequately implemented. To do so, the verifier has to have some idea of what

was done. Furthermore, when the DHA is next updated, the team needs to

have an understanding of what was done to satisfy prior recommendations.

Recommendations should not be closed based upon a promise of further

action. Responses such as “Budget request submitted” or “Project initiated”

are not satisfactory justifications for closing a recommendation. Budget

requests can be denied. Projects can be assigned a low priority and left to

wither. In either case, the required hazard mitigations will not have been

implemented but, if the recommendation has been closed out, tracking of

progress will end.

Job assignments will change, and the recommendation tracking system

should have the capability to document the reassignment of recommenda-

tion responsibilities. Progress on implementing a recommendation should

not cease when John Smith retires from the company.

Management oversight and enforcement of implementation schedules

is important. The number of overdue recommendation action items is an

increasingly common key performance metric reported to site manage-

ment, and often further up the management chain. Management should

reinforce through their communications, and through enforcement of

accountabilities, that there is a firm expectation that recommendations will

be implemented in a timely fashion, in compliance with schedules.

There will be situations where unforeseen circumstances legitimately

delay implementation of a recommendation. The recommendation track-

ing system should provide a means for the review and, where appropriate,

approval of the extension of due dates for justifiable cause. More rigorous

systems keep track of the number of extensions for a given recommenda-

tion and escalate the management approval level with each subsequent

request.
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Some organizations implement a verification and validation program for

recommendations. Verification means that some recommendations will be

field checked to confirm that they were implemented as described. Valida-

tion involves a look-back at some future date to determine if the recommen-

dation, as implemented, actually achieved the underlying intent of the

recommendation.

10. When should DHAs be conducted?

10.1 Initial DHAs
DHAs are a relatively new concept for some industries processing or han-

dling combustible dusts. The concept was first introduced in NFPA 654

(2006) and has gradually spread throughout the other NFPA combustible

dust standards. NFPA 652 (NFPA, 2019) currently requires that existing

facilities complete an initial DHA by September 7, 2020. Considering the

value that a DHA can contribute to a facility’s risk reduction efforts, all facil-

ities that have not conducted an initial DHA should move expeditiously

to do so.

10.2 Project DHAs
The preliminary design of a new project provides the best opportunities

for implementing engineered controls of combustible dust hazards. At this

stage, it is still possible to evaluate and substitute design alternatives, when

such changes can still be made (at least figuratively) with an eraser. A pre-

liminary DHA at this stage (perhaps a What If or Checklist review) can

be effective in avoiding errors and inappropriate design concepts that

would be much costlier to correct when design is nearing completion,

or construction has begun.

When design is nearing completion (for example, at 90% design com-

plete), a more detailed DHA should be conducted to revisit and revalidate

the design concepts, and to see if they have been properly implemented.

This more detailed DHA should be updated after start-up and initial oper-

ation in order to reflect any last-minute changes that were made during final

design, construction, and start-up.

10.3 Updating (revalidating) DHAs
Periodically updating DHAs is a common practice, and is required byNFPA

(2019). Subsequent to the completion of a DHA, it is likely that an
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organization will accumulate more information about what is required to

safely operate the process. Such learnings can come from the investigation

of incidents occurring within the process, from other company sites, or from

industry incidents. Information can also be acquired through industry con-

ferences or from trade publications.

Changes will likely have been implemented within the process (see

Section 11). As a result, the prior DHA will no longer reflect the current

state of the process. Also, there may have been changes in industry standards

or regulatory requirements subsequent to the prior DHA.

For all of these reasons, it is prudent to review and update the DHA

report, as warranted. A frequency of once every 5 years is typical. A schedule

of upcoming revalidations should be maintained, with assigned responsibil-

ities and accountabilities for ensuring that the schedule is met.

The revalidation review is conducted in the same manner as previously

described in this chapter. The preparation requirements will be similar, with

the exception that the information required to support the DHA would

include any relevant incident investigation reports and documentation of

changes made subsequent to the prior DHA. A team with comparable back-

ground, experience, and expertise will be required to conduct the DHA.

If the new DHA team is confident of the quality and documentation of

the prior DHA, the update could involve a review of the prior report, with

limited revision and supplementation to reflect any new learnings. How-

ever, if there are reasons to suspect the quality of the prior review or the

completeness of the documentation, it may be appropriate to begin the

DHA afresh. CCPS guidance for the revalidation of PHAs may be of assis-

tance when planning to revalidate DHAs (2010d).

10.4 Management of change
Management of Change reviews (discussed in detail next) include “mini-

DHAs” that will be conducted throughout the life of the process as changes

are made.

11. Management of change

11.1 The reasons for managing change
A thoroughly conducted DHA should establish a foundation for under-

standing the hazards in a process as well as the safeguards required and pro-

vided to control those hazards. The value of the DHA report in providing a
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historical record of the DHA learnings, and in communicating learnings to

those having a need to know them, has already been discussed.

Throughout the lifetime of a process, there likely will be many changes

implemented. Each change poses the potential for introducing new hazards

into the processes, increasing existing hazards, or weakening or removing

existing safeguards. Consequently, it is important that each proposed

change be carefully assessed for its potential effect on the safety of combus-

tible dust operations. This is the purpose of the management of change

(MOC) process.

There is a broad spectrum of types of changes that could have an impact

on process safety. These include:

• Changes to process equipment or safety systems (e.g., modification,

addition, removal)

• Changes in process technology (e.g., changes in operating parameters)

• Changes in feedstocks (e.g., substitutions, specification changes)

• Changes in procedures (e.g., operating, maintenance, emergency

response)

• Changes in staffing (e.g., reducing the number of operators, mechanics,

engineers)

• Changes to infrastructure (e.g., building design, utility systems, ventila-

tion systems)

The MOC process is intended to ensure that each of these changes is closely

reviewed. During this review, the DHA serves as a reference documenting

what has previously been determined to be required for safe operations. Of

particular concern for combustible dust processes are changes in the dust

characteristics, as these are often directly related to the efficacy of a credited

safeguard. A change in particle size can affect theMEC, the LIT, and the KSt,

and thus the effectiveness of concentration interlocks, electrical equipment

temperature class, and explosion protection systems. Even changes that are

intended to improve process safety should be assessed to see if they could

introduce unintended, negative consequences, when compared to the safety

base-line established by the DHA.

11.2 Identifying changes
To control change, it is necessary to be able to recognize change. To

understand what a change is, it might be helpful to first describe what is

not a change. The term commonly used to describe a “non-change” is

replacement-in-kind (RIK). CCPS defines RIK as:
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An item (equipment, chemical, procedure, etc.) that meets the design specification
of the item it is replacing. This can be an identical replacement or any other alter-
native specifically provided for in the design specification, as long as the alternative
does not in any way adversely affect the use of the item or associated items.

CCPS (2018)

Replacing a gasket with an identical gasket would be RIK. Replacing a

spark detector in a combustible dust conveying system with an identical

spark detector would be RIK. Replacing one engineer with another sim-

ilarly qualified engineer would be RIK.

Any situation (e.g., after maintenance, installation, replacement) that is

not an RIK is, therefore, a change. Replacing a gasket with a different gasket

material would be a change. Replacing a spark detector with a different type

of spark detector would be a change. Reducing the number of engineers at a

facility would a change.

It is important that all in the organization (including purchasing agents

and warehouse personnel) have a good understanding of RIK and change

so that they can actively and effectively support the MOC process.

11.3 Conducting an MOC
A detailed step-by-step description of how the MOC process should be

implemented will not be presented here. CCPS provides such details

(2010a and 2010b). However, the following provides a high level summary

of the process and shows responsibilities for each step.

(1) Develop a change request describing the proposed change, why it is

needed, and what it intends to accomplish (Initiator)

(2) Develop a data package for the change reviewers (Initiator)

(3) Identify those disciplines that should review the change (Initiator

and/or MOC Coordinator)

(4) Assess the change for its potential significance on the safety of operations

(Discipline Experts)

(5) Recommend actions required to safely implement the change, includ-

ing any additional safeguards (Discipline Experts)

(6) Reject or approve the change (Management)

For approved changes:

(7) Implement recommended actions (Various)

(8) Verify that change has been installed per design and that all actions

required for safe start-up have been completed (Various)

(9) Authorize start-up (Management)
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It is necessary to have a formalized procedure and associated forms to doc-

ument both the progress of the MOC process and the required approvals. It

is increasingly common to use a computer-based system to document the

processing of the MOC.

The focus here is on those activities that parallel key concepts in

conducting a DHA. Looking at the above lists, it should be apparent that:

Step (2) corresponds to compiling information that will support the DHA;

Step (3) corresponds toDHA team selection; and Steps (4) and (5) correspond

to conducting the DHA meetings.

Various techniques can be used for Step (4), assessing the change for its

potential significance on the safety of operations. The nature and complexity

of the change would be significant factors in technique selection. A simple

change might be assessed with a What If or Checklist review. It is not

uncommon for a company to have preparedMOC checklists addressing dif-

ferent types of changes for use in this review. Amore complex change might

require a HAZOP or FMEA. This could be either a de novo assessment or

an update of the relevant portion of the prior DHA.

The “mini-DHAs” used to assess the safety significance of the proposed

change help ensure that the primary DHA is maintained evergreen and

up-to-date. As described before, consideration of the many changes that

may have followed the last DHA is a part of the regular revalidation of

the DHA. A rigorous MOC program not only ensures the safe implemen-

tation of changes, it also protects the investment of time, effort, and expense

that went into developing the primary DHA.

12. Application of DHA learnings

The learnings from a DHA can and should be used to inform and

support other process safety management activities. The following is just

a partial listing of the sorts of interactions that can exist between the

DHA program and other process safety management activities:

12.1 Project design
The recommended timing of DHAs over the course of a project was

described previously. A preliminary DHA, early in the project cycle, can

help stimulate the consideration of inherently safer design alternatives.

Building better safety into the design of the process can help alleviate the

need for less reliable administrative safety controls later during the operation

of the process.
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12.2 Procedures
DHAs define the manner in which the process can, and must be, safely oper-

ated. This includes assisting the development of safe operating ranges, and

steps required to control process upsets before they cause losses. This sort

of information must be incorporated in site procedures for process start-

up, routine operation, and normal and emergency shutdown.

12.3 Training
DHAs inform the training effort through the content of the procedures.DHAs

also identify higher risk or higher complexity scenarios that should be consid-

eredwhen planning drills to refresh operator awareness and assess competency.

12.4 Mechanical integrity program
DHAs help identify equipment that should be classified as being process

safety critical. This could be either equipment whose failure could initiate

a scenario, or equipment that constitutes a safeguard intended to interrupt

and guard against a scenario. In either case, routine preventive maintenance

and inspection plans and schedules should be developed for such process

safety critical equipment.

12.5 Emergency response
Emergency response planners should consult the DHA to identify particu-

larly significant scenarios to include in response plans and drills.

12.6 Management of change
The mutually supportive roles between the DHA program and the MOC

program have already been discussed.

12.7 Process safety information
Up-to-date process safety information is required for the DHA. However,

the DHA can also identify needed updates of process safety information.

12.8 Incident investigation
The DHA can be a useful reference for a team investigating a process-related

incident. The DHA provides descriptions of process deviations and their sig-

nificance, and may help the investigation team understand how a process

upset led to an incident.

As demonstrated above, the DHA serves as a foundational element for

much of the site process safety management system.
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13. DHA procedure

Most organizations will have a site procedure or policy document out-

lining how the DHA program will be implemented. This document should

address, at a minimum:

• Establishing responsibilities for the tasks involved in implementing the

DHA program

• Defining required DHA team membership and qualifications, including

for the facilitator

• Establishing DHA revalidation requirements and frequencies

• Identifying allowed and/or preferred analysis techniques

• Establishing who has authority for approving DHA reports

• Providing a protocol for review and endorsement or rejection of

recommendations

• Providing criteria for prioritizing and scheduling recommendations

• Defining required DHA report content

• Defining the process for tracking recommendations to resolution

(including reassignment of recommendation responsibility and exten-

sion of due dates)

14. Examples of industry approaches
to conducting DHAs

14.1 NFPA approach
NFPA 652, in appendix B, describes a DHA approach that could be

described as a Checklist approach (NFPA, 2019). The approach is based

upon the determination of whether, for a room or piece of equipment,

the four conditions required for a combustible dust deflagration (flash fire)

exist. These conditions are:

1. Is there a combustible dust present, with a particle size sufficiently small

to promote rapid combustion?

2. Does there exist a means of dispersing the dust to form a suspended

dust cloud?

3. Is the quantity of dust sufficient to produce a dust concentration in the

cloud above the minimum explosible concentration (MEC)?

4. Is there an ignition source present that is sufficiently strong to ignite the

cloud (NFPA uses the term “competent ignition source)?
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The late Trevor Kletz, a noted process safety expert, is quoted as observing

that “Ignition sources are the only thing we get for free in the chemical

industry.” Experience would suggest that this is true also for industries

processing combustible dusts. As NFPA 652 notes, it is typically assumed

that an ignition source is present, unless a rigorous analysis justifies conclud-

ing otherwise.

If the above four conditions exist, and the dust is confined within equip-

ment or a room, then the fifth condition that is required for an explosion

exists—confinement of the dust cloud and the pressure that it will produce

upon burning, potentially leading to the bursting of the equipment or room.

The DHA proceeds by evaluating each major piece of equipment and

each building compartment (room) to determine whether the conditions

required for a deflagration or an explosion exist. Where the potential for

a deflagration or explosion exists, existing protections are noted and evalu-

ated and a determination is made as to whether additional protections are

warranted.When searching for protections, it is appropriate to try to remove

as many as possible of the conditions listed above. As an example, this might

involve striving to eliminate ignition sources, improving housekeeping

practices to limit the available dispersible dust, and providing deflagration

venting to relieve pressure from the room.

NFPA 652 and the relevant NFPA combustible dust standards (see

Table 2) can be used as, or to prepare, checklists itemizing those protections

that have been identified, through an industry consensus process, as being

necessary to guard against particular situations. NFPA standards contain

mandatory requirements. In other words, if a particular situation exists,

the mandatory protections listed for that situation typically must be

implemented. However, the combustible dust standards do provide options

for forgoing certain protections, or for identifying alternate protections,

when a documented risk assessment shows that comparable protection

would be provided. A thorough DHA would be an essential component

in such a risk assessment. NFPA provides a more detailed description of

its suggested DHA approach, along with a worked example (NFPA, 2019).

14.2 CCPS risk-based approach
CCPS (2017) provides a good background for those seeking to conduct a

DHA. It begins by discussing dust combustibility concepts and briefly sum-

marizes the combustible dust safety concerns associated with a number of

different types of equipment, which could be helpful to a DHA team in
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identifying scenarios. It then describes a “basic” approach to conducting a

DHA. This approach parallels the checklist approach described previously

in this chapter:

1. Determine if a combustible dust is involved.

2. Determine which standard(s) apply.

3. Determine where fire/explosion hazards exist.

4. Review current status vs protections required by the standard(s).

5. Make recommendations.

6. Document the review.

7. Implement the recommendations (CCPS, 2017).

The focus here is the alternate, risk-based approach for conducting DHAs

described in CCPS (2017). The initial, unmitigated risk is estimated using

a risk matrix approach such as outlined above in the discussion of HAZ-

OPs. Then, drawing upon LOPA methodology, potential protections for

lowering risk are identified, their reliabilities are estimated, and the num-

ber of protections required to achieve a tolerable level of risk are deter-

mined. The book provides a detailed worked example illustrating this

approach.

As noted previously, the NFPA dust standards allow a risk-based

approach to justifying alternatives to their prescriptive protection require-

ments. The risk-based DHA approach that CCPS (2017) describes provides

one approach to conducting the risk assessment required by NFPA.

14.3 Determining hazardous area classifications
While not a DHA approach per se, hazardous area classification is an impor-

tant consideration in any DHA and warrants discussion. The basic concept

underlying the hazardous area classification exercise is the determination of

the likelihood of having, in a given area, either a potentially hazardous accu-

mulation of dust or the presence of a combustible dust cloud. Distinctions

are made depending upon whether such conditions are: (1) normally pre-

sent; (2) infrequently present under abnormal circumstances; or (3) likely

to never be present. The objective of hazardous area classification is to estab-

lish a basis for the design and specification of electrical equipment so that it

does not serve as an ignition source; either due to the production of

incendive electrical sparks or due to elevated surface temperatures. More

rigorous performance requirements for electrical equipment apply when

dust hazard conditions are normally present, as contrasted with infrequently

present. No special requirements are necessary when dust hazard conditions

162 Walter Frank



are likely never to be present. Determining the hazardous area classification,

in order to evaluate the suitability of electrical equipment in an existing facil-

ity, or to specify or confirm the electrical equipment requirements for a

design project, is an important aspect of a DHA.

As noted above, two considerations exist—ignition of combustible

materials via contact with hot surfaces, and ignition of combustible materials

by electrical sparks. Contact with hot surfaces can involve settled layers of

dust on equipment (motors, transformers, lighting fixtures, etc.) or it can

involve dust clouds contacting the same hot equipment. To evaluate igni-

tion potential for hot surfaces, it will be necessary to know the surface tem-

perature that can ignite the dust. For layers of dust settled on equipment, this

requires determining the dust layer ignition temperature (LIT). For dust

clouds, this requires determining the minimum autoignition temperature

(MAIT). These parameters are discussed further in Chapter 4.

No dust combustibility parameters are requiredwhen evaluating the igni-

tion potential of electric sparks.While, minimum ignition energy (MIE) was

mentioned previously in this chapter, the application of this parameter is lim-

ited to evaluating static electric (electrostatic) sparks for their potential to

ignite dust clouds. Sparks from powered electrical equipment would have

energies that are orders of magnitude greater that the MIEs determined

for dusts that pose deflagration concerns.

Two commonly used classification systems are the North American

(Class and Division) system and the European (Zone) system. The Class

and Division system is established by the National Electric Code, NFPA

70 (2017). Combustible dusts are assigned to Class II (Class I is flammable

and combustible gases and vapors). Division 1 defines areas where dust

hazard conditions are normally present. Division 2 defines areas where dust

hazard conditions are infrequently present. Areas where hazardous condi-

tions are likely never to be present are classified non-hazardous (or general

purpose). Guidance for determining Division assignments for combustible

dusts is provided in NFPA 499 (2017). As specified in NFPA 70, the full

description of the area classification for a combustible dust includes a

Group rating, which depends upon the physical and chemical properties

of the dust. As an example, Class II, Division 1, Group E would designate

an area where a combustible dust hazard normally exists, and the dust is a

combustible metal.

The European Zone system is roughly analogous to the Class/Division

system and will not be detailed here. European guidance on determining

zones is provided in IEC standard 60079-10.2 (2015). Since many American
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companies buy electrical equipment from Europe, NFPA 70 andNFPA 499

contain guidance and requirements on a Zone system that has been adapted

from IEC standards.

Hazardous area classifications are normally documented on building

drawings or area plot plans showing the extent of the various classified

regions. Such drawings would normally be included in the information

gathered to support the DHA. However, the DHA can be used to validate

or update the information on the classifications drawings by identifying

those areas that require a hazardous classification and determining the level

of classification. An area tour by the DHA team could be used to determine

whether the electrical equipment is in keeping with the assigned classifica-

tion. The NFPA requirements for howmuch combustible dust must be pre-

sent to warrant a hazardous area classification are rather stringent and it is not

uncommon to encounter areas that are misclassified, or that are correctly

classified but contain inappropriate electrical equipment.
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1. Why perform a risk assessment?

The purpose of performing a risk assessment is to provide evidence-based
information and analysis to make informed decisions on how to treat particular
risks and how to select between options.

American National Standards Institute (2011a, p. 11)

All facilities that store, handle, or process combustible dusts are potentially

subject to combustible dust explosion hazards,whichmay result in someman-

ner of harm to its owners, employees, or the general public. These hazards

have been discussed at length in previous chapters. As a result of these hazards,

various standards have been published with the intent to control, mitigate, or

eliminate their negative consequences.a Several of these standards apply to a

particular family of commodities and/or processes, on the basis that they share

a similar hazard profile (e.g., NFPA 61 for agricultural dusts, NFPA 484 for

a For non-governmental standards, see the National Fire Protection Association (NFPA) 652: Standard

on the Fundamentals of Combustible Dust, and NFPA’s various commodity standards, NFPA 61,

NFPA 484, NFPA 654, and NFPA 664. For governmental standards, see the United States’ grain

handling standard, 29 CFR 1910.262.
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metal dusts, or NFPA 664 for wood processing and woodworking facilities).

These standards are predominated by prescriptive requirements aimed at

mitigation and/or elimination of specific, known hazardous consequences

associated with that hazard profile. A common requirement, particularly in

more recent standards, includes performing a dust hazard analysis (DHA), as

discussed in a previous chapter. However, compliance with standards can

typically be achieved by implementing the required safety improvements

once a DHA has established the extent of the explosion hazard. Why, then,

would the same entity need to perform a dust explosion risk assessment?

Themost general answer to that question is that a dust explosion risk assess-

ment is appropriate when an organization wishes to make an evidence-based

decision between various risk reduction options (American National

Standards Institute, 2011a, p. 11). Achieving compliance with applicable

standards does not eliminate the risk associated with dust explosions, and

it may not even minimize the risk. As a result, a variety of circumstances

may arise in which an organization must make a choice between two or

more risk management strategies. A risk assessment places various outcomes

on a common scale to facilitate this decision-making. However, prior to

discussing specific examples, it is useful to distinguish the following related

vocabulary: hazard, consequence, likelihood, and risk (American National

Standards Institute, 2011b).

• A hazard is a source of potential harm. Combustible dusts may present

fire and explosion hazards as they have the potential to participate in fires

and explosions.

• A consequence, in the context of these hazards, typically refers to a negative

(or hazardous) outcome associated with a dust fire or explosion. These

consequences may be financial, environmental, or health and safety

related.

• The likelihood of a consequence is an estimate of the frequency or

probability that the consequence occurs. Likelihood may be expressed

qualitatively or quantitatively.

• The concept of risk combines the consequences associated with a hazard

and the relative likelihood of those consequences becoming manifest.

Thus, in order to understand the risk of an activity, it is necessary to under-

stand the hazards, the potential consequences associated with those hazards,

and how often those consequential outcomes may occur. Once established,

a well-performed risk assessment facilitates the ranking of risk priorities, a

comparison of risk reduction options, and informs a variety of other risk

management decisions.
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For example, an organization may want to consider a performance-based

approach to hazard control, rather than implementing the prescriptive

requirements dictated in a standard. This may be considered because a par-

ticular prescribed solution has been determined to be infeasible or imprac-

tical, or the organization may believe it has devised a better approach

(National Fire Protection Association, 2019, Section A.4.2.4). In these cases,

a risk assessment may be a requirement for compliance if a method other

than the prescribed approach is ultimately adopted. For example, the choice

of a performance-based approach may require accompanying documenta-

tion in need of approval by the authority having jurisdiction over the facility.

As part of a performance-based approach, a facility may establish its perfor-

mance criteria through a risk assessment considering the impact of the

performance-based design in fire and explosion scenarios, and its impact

on other prescribed design features (National Fire Protection Association,

2019, Section 6.2).

Another reason to perform a risk assessment related to combustible dust

hazards is when considering loss prevention strategies that exceed compli-

ance with applicable requirements. Each organization that handles combus-

tible dust has an explicit or implicit level of risk tolerance by performing

activities where combustible dust hazards exist. A consistently applied risk

assessment can help an organization better understand this risk across its facil-

ity or facilities, and determine areas where investment will yield the greatest

reduction to the overall safety-related risk associated with operation. By

considering the addition of an engineering or administrative safeguard, a risk

assessment allows a facility to establish a business case for safety-related

investments in a manner consistent with other financial decisions. All orga-

nizations are balancing the investment of time and resources with each oper-

ational decision, and a risk assessment establishes a hierarchy through which

investments can be prioritized to achieve the greatest level of risk reduction.

Many business decisions related to these investment decisions are made on

the basis that a certain capital investment will improve yield or otherwise

increase the bottom line of the business. A risk assessment elucidates the

potential (or avoidance thereof ) losses associated with dust hazards in a

similar manner.

The risk assessment process and its outputs may vary widely depending

on the scope and objectives of the study. Three factors tend to drive the

success of a combustible dust risk assessment:

• Scope: defining the scope of the study of the risk assessment by esta-

blishing the boundaries that will not be crossed,
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• Data quality: selecting a risk assessment methodology consistent with the

quality of the information available to the risk assessment team, and

• Consistency: maintaining consistency in the interpretation of conse-

quence severity, likelihood, and risk level determination.

Defining the scope of the study is the process of identifying the portions of

the building and manufacturing processes that will be included in the risk

assessment. Failure to define the boundaries of the study can lead to wasted

time and effort.

The quality of the data is the second important consideration. Risk

assessment is often conceived as an exercise in probability mathematics. This

exercise is useful if it is based on an accurate development of the probabilistic

event structure (such as event trees), and if the likelihood of these events can

be reasonably estimated. Estimates of likelihood may be derived from failure

statistics databases if those statistics are both comprehensive and reliable. In

this context, reliability is evaluated in terms of accuracy, precision, and sim-

ilarity of the operating environment. Such data are available for many elec-

tronics devices and in the flow component devices found in nuclear power

plants. However, reliable failure statistics are not available in every industry.

This seems to be particularly so in industries that transport, handle, trans-

form, and store particulate solids. It is important to realize the strengths

and limitations of the consequence severity and likelihood estimates. These

concepts are elaborated on in subsequent sections.

However, perhaps the most important aspect of the application of a risk

assessment to make risk-based decisions is consistency. The ultimate user of

any risk study must ensure that the alternatives being compared have been

assessed in a consistent manner in terms of consequence severity, likelihood,

and risk level. Subsequent sections provide a detailed review of the twomain

phases of any risk assessment activity: consequence assessment and likelihood

assessment. The final sections are focused on strategies for implementation.

2. Consequence assessment

Consequence assessment involves the definition of the hazard sce-

nario, the identification of the injury-causing agents, and the specification

of the levels of consequence magnitude. With combustible dust, the haz-

ards arise from combustion. The hazardous effects include thermal, chem-

ical, and mechanical hazards. The thermal effects of concern are flame

contact, hot gases, and thermal radiation. The chemical hazards are the

toxic gases generated by incomplete combustion. The mechanical hazards

are the hydrostatic overpressure associated with a deflagration, shock wave
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formation and interactions that can magnify the deflagration overpressure,

missile projection from bursting equipment and vessels, and building collapse.

The specific hazards presented and their severity depend on the particular

combustible dust hazard scenario under consideration. In this section, we will

consider four hazard scenarios: smoldering, flash fire, deflagration, and flame

acceleration. These hazard scenarios and their hazardous effects are summa-

rized in Table 1. Unless stated otherwise, the following observations assume

that the combustible dust is an organic material.

The description of hazards for each hazard scenario reflects typical situ-

ations as determined from accident investigation reports, accident statistics,

and anecdotal experiences. The reader is cautioned to always be vigilant for

the possible exception to the rule.

The severity of any given hazard scenario depends on a number of dif-

ferent factors including, but not limited to, the properties of the combustible

dust, the size and shape of the confining equipment or structure, the nature

of the ignition event, and, for dispersed clouds, the nature of the turbulence

of the dust environment. For a particular hazard scenario, one could observe

a wide variation in hazard severity caused by variations in these physical fac-

tors. Hence, the risk analyst may have to resort to models of combustion

behavior that presume a more severe, rather than less severe, event. The

consequence analysis should be tempered by practical knowledge about

the processing technology and other relevant technical knowledge and

experience so that the end result reflects a reasonable attempt to define a typ-

ical hazard level and a worst credible hazard level. The worst credible hazard

level is intended to reflect a higher level of hazard than is actually achievable

in an accident situation with a single event failure. The risk analyst must

Table 1 Combustible dust hazard scenarios and hazard effects.
Hazard
scenario Thermal hazards Chemical hazards Mechanical hazards

Smoldering Glowing embers Carbon monoxide,

smoke

Negligible

Flash fire Flames, hot gases,

thermal radiation

Negligible Negligible

Deflagration Flames, hot gases,

thermal radiation

Usually negligible Overpressure, missiles,

structural collapse

Flame

acceleration

Flames, hot gases,

thermal radiation

Usually negligible Overpressure, shock wave

formation and interactions,

missiles, structural collapse
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guard against specifying a worst-case scenario unless absolutely necessary.

Worst-case scenarios generally consider the occurrence of multiple indepen-

dent failure events, and may not represent a credible scenario. In fact, the

worst-case scenario conceivable is often extremely improbable. Worst-case

scenarios—hazard scenarios based on what is conceivable—can lead to

excessively burdensome risk management decisions.

Evaluating the severity of combustible dust consequences can be per-

formed by testing or by calculation. Testing is usually targeted at determin-

ing performance properties of combustible dust clouds or layers that will

indicate either the ease of ignition or the characteristics of the dust that will

influence the design of safeguards. See chapter “Experimental methods” by

Dastidar of this book discusses these experimental methods.

The calculation of hazards is grounded in combustion science (Eckhoff,

2003; Ogle, 2017). The calculations can be performed with simple combus-

tion models or, for more complex situations, with computational fluid

dynamics (CFD). CFD methods are especially well suited for understanding

deflagration development and propagation inside equipment or through

complex structures. A more detailed discussion of CFD can be found else-

where (Ogle, 2017, Chapter 10).

The first hazard scenario considered is smoldering. Smoldering is non-

flaming combustion. Smoldering propagates through unburnt material as

a combustion wave called a smolder wave. It tends to form glowing embers

and generates large quantities of carbon monoxide and smoke both of which

are explosive. Smoldering may appear to be a deceptively low risk scenario

because it is not typically associated with dramatic fire and explosion effects.

However, a smoldering fire can unexpectedly transition into a flaming fire or

explosion (Ogle, 2017, Chapter 5). Furthermore, the toxic effects of carbon

monoxide, which is odorless and colorless, begin to manifest at much lower

concentrations than its lower flammability limit (Carbon monoxide, 2018).

It is difficult to estimate the hazard level of a smoldering dust fire. The

hazard level depends primarily on the size of the dust deposit in which the

smoldering occurs and on the size of the enclosure in which the deposit is

located. A further difficulty is that there are very little data on smoke yields

for combustible dust.b However, a few generalizations can be stated. Some

b Smoke yield is a quantitative measurement of the mass of smoke and its chemical composition resulting

from the incomplete combustion of fuel. See, for example, Gottuck,D.T. andLattimer, B.Y.Chapter 16

Effect of Combustion Conditions on Species Production in Hurley, Morgan J., Daniel T. Gottuk, John

R. Hall Jr., Kazunori Harada, Erica D. Kuligowski, Milosh Puchovsky, John M. Watts Jr., and

Christopher J. Wieczorek, eds. SFPE Handbook of Fire Protection Engineering. Springer, 2015.
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smoldering fires in industrial settings have been known to persist for weeks.

In those circumstances, only a small volume fraction of burning combustible

dust occupying an enclosure is required to create a potentially toxic environ-

ment. Larger volumes are required to achieve an explosive atmosphere.

Once smoldering begins in a dust deposit, it tends to expand in the form

of a smolder wave. Smolder waves are often idealized as spherically expan-

ding combustion waves. However, the propagation of a real smolder wave is

definitely non-spherical. Real smolder waves tend to weave their way

through the combustible dust deposit by progressing through localized

channels of greater gas permeability. Finally, smolder waves can transition

into flaming fires. This transition can present additional hazard effects such

as thermal effects or, if the enclosure atmosphere is flammable, mechanical

effects. The magnitude of uncertainty presented by the smoldering hazard

scenario severely limits the ability to estimate consequences.

The second hazard scenario to consider is the flash fire. A combustible

dust flash fire occurs when a flame sweeps through a cloud of dust dispersed

in air. Unlike smoldering, a flash fire is an extremely fast event. The injury

potential of a flash fire depends on the duration of the thermal radiation

exposure and the radiant heat flux.

The consequence assessment for a combustible dust flash fire begins with

a dust cloud that is ignited at its center with the flame propagating spherically

outward. However, dust clouds are rarely dispersed as spherical clouds, and

they can be ignited off-center or even at the edge. The spherical propagation

of the flame is a useful reference case, but the risk analyst must be on guard

for possible departures from that behavior.

Three basic features of the dust cloud help to define the hazard severity

of a flash fire: the dust cloud size, the duration of the combustion event,

and the thermal radiation output. For the purposes of consequence anal-

ysis, the dust cloud size can be estimated if one defines the mass of com-

bustible dust involved in the event and calculates the stoichiometric

concentration of the dust in air. The mass of dust is determined by con-

sidering the operational factors in that particular room. For example, a pre-

scribed level of housekeeping, defined by an action level for fugitive dust

cleanup, can help determine the mass of dust involved. Other methods for

determining the threshold quantity of accumulated fugitive dust can be

found in various safety standards such as NFPA 654 (National Fire

Protection Association, 2017).

Once the mass of dust has been determined, the next step is to specify the

dust concentration within the cloud. The stoichiometric concentration is
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recommended because it is a property of the material: it has a fundamental

meaning, is uniquely defined, and is independent of a test method. The stoi-

chiometric concentration is defined as the concentration of fuel that is

exactly required to consume all of the oxygen present in the cloud assuming

ideal combustion. To calculate the stoichiometric dust concentration, one

must know the chemical composition of the dust expressed as the empirical

formula and the molar mass of the dust. For an organic dust composed of

carbon, hydrogen, and oxygen, the combustion stoichiometry equation

can be written thus:

CxHyOz + x+
y

4
�z

2

� �
O2 +3:76N2ð Þ

! xCO2 +
y

2
H2O+3:76 x+

y

4
�z

2

� �
N2 (1)

This gives a simple result for calculating the stoichiometric dust con-

centration in g/m3 for any organic fuel of the form CxHyOz with a molar

mass Md expressed in g/mol:

ρd, st ¼
8:59Md

x+
y

4
�z

2

� � (2)

The derivation of this relationship and a similar relation for metal com-

bustion can be found in the literature (Ogle, 2017, Chapter 3).

Knowing the mass of dust involved in the flash fire and its stoichiometric

concentration, one can calculate the volume and then the radius of a spher-

ical dust cloud. Assuming an order of magnitude estimate of the burning

velocity of the dust flame as 1m/s, one can estimate the duration of the flash

fire event by taking the radius of the cloud and dividing by the burning

velocity. For more detail, see Ogle (2017, Chapters 3 and 7). This represents

the duration of the thermal exposure.

Although there are empirical data on the radiant heat flux from combus-

tible dust flash fires, it has not been compiled into a quantitative correlation

(Ogle, 2017, Chapter 7). Correlations do exist for the radiant heat flux from

flammable vapor flash fires, but these are based on much larger quantities of

fuel than are typically encountered in a combustible dust deflagration

(Center for Chemical Process Safety, 1994; Van den Bosch & Weterings,

2005). As flash fires become larger, buoyancy effects become more signifi-

cant and may not be appropriate for smaller scale events. Instead, it is rec-

ommended that the risk analyst use the black body emissive power for

thermal radiation and a view factor analysis to determine potential radiant

174 Russell A. Ogle and Brenton L. Cox



heat flux magnitudes on the target surface. The black body emissive power is

given by the following expression:

qb¼ σT 4
f (3)

The quantity qb is the black body emissive power, Tf is the fireball tem-

perature expressed in Kelvin, and σ is the Stefan-Boltzmann constant which

has a value of 5.67�10�8W/m2 K4.

The severity of human burn injury is determined by observation of the

type of burn received. Severity is ranked by medical diagnosis and classi-

fied in increasing order of severity as first-degree, second-degree, and

third-degree burns. A first-degree burn is analogous to sunburn. It is char-

acterized by reddening of the skin and some pain, but without blisters or

permanent damage. A second-degree burn is characterized by severe red-

dening of the skin, with blisters formed in the outer layers. A third-degree

burn is characterized by destruction of all skin layers and permanent

damage (Prugh, 1994).

The propensity for human burn injury is correlated with the dosage of

radiant heat flux for a specified period of time. As a reference point, sunlight

imposes a radiant heat flux of roughly 1kW/m2. An example of human burn

injury criteria are summarized in Table 2 adapted from Prugh (1994).

The probability of surviving exposure to thermal radiation is related to

the extent of third-degree burns and age of the individual. Hence, these

guidelines are a reasonable first approximation, but they are merely guide-

lines and should not be considered as absolute values. The mechanism

of human burn injury is very complex and has been the subject of numer-

ous studies. For a review of the recent literature, see Wieczorek and

Dembsey (2015).

Table 2 Human burn injury due to thermal radiation exposure.
Radiant heat
flux (kW/m2) Duration (s) Dosage (J/m2) Consequence

3.7 45 170 Pain threshold

9 45 430 Second-degree burn

18 45 850 50% fatality (assumes third-degree

burn over 50% of skin surface)

40 45 1800 99% fatality (assumes third-degree

burn over 90% of skin surface)
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The third hazard scenario to consider is the confined dust deflagration.

The difference between a combustible dust flash fire and a dust deflagration

is confinement such that the combustion process generates an overpressure

sufficient to cause blast damage. A simple way to draw this distinction is to

consider the overpressure generated in an enclosure as a function of the size

of the dust cloud. The fractional fill of an enclosure αfill is defined as the ratio
of the dust cloud volume to the enclosure volume. The fractional fill is

equated with a ratio of pressures: the de minimis overpressure divided by

the maximum overpressure of a dust deflagration (i.e., Pex, the overpressure

generated by a dust deflagration where the dust cloud volume equals the

enclosure volume). The de minimis overpressure is taken as 0.03barg

(Center for Chemical Process Safety, 1996). The flash fire criterion is then

given by the following equation:

αfill flash fireð Þ� 0:03

Pex�1:013ð Þ (4)

The derivation of this relationship can be found in the literature (Ogle,

2017, Chapter 3).

The hazardous effects of a dust deflagration are overpressure, missiles,

and structural collapse. The following damage criteria come from a reference

for evaluating the consequences of external blast, but they are relevant to

internal blast effects as well (Center for Chemical Process Safety, 1996).

The damage criteria are based on the premise that the greatest hazard to per-

sonnel is posed by the failure of the structure, which leads to the projection

of missiles and falling debris. The analysis of the structural dynamics and asso-

ciated damage that occurs due to an explosion is a very complex undertak-

ing. These structural damage criteria represent a first approximation and are

not absolute values; they are guidelines for predicting the consequences of a

very complex phenomenon and should be applied cautiously.

• Minor damage (△P>0.03 bar g): Significant cosmetic damage to structure.

Building repair is possible. Possible minor personnel injury due to glass

breakage or scabbing.

• Moderate damage (△P>0.07 bar g): Possible deformation of structural

members, short of failure. Building may be reusable without repair. Pos-

sibly some debris formed. Personnel injury from debris is likely.

• Major damage (△P>0.14 bar g): Possible failure of isolated structural

members. Partial building collapse. Building cannot be reused and must

be replaced. Possible serious injury or fatality of some building occupants.
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• Catastrophic damage (△P>0.21 bar g): Complete collapse of structure.

Probable serious injury or fatality of all occupants.

The constant volume overpressure of a dust deflagration is a function of the

dust chemical composition, the particle size distribution, the dust concentra-

tion, the turbulence level, and ignition source characteristics. Typical labora-

tory measurements of constant volume dust deflagrations yield overpressures

in the range of 5–10barg (Ogle, 2017, Chapter 8). These overpressures are

10–300 times greater than the structural damage criteria presented above.

Clearly, containment of the explosion pressure is typically not possible in

building structures.

The final hazard scenario to consider is flame acceleration. Flame accel-

eration effects tend to magnify the dust explosion hazard. Example scenarios

involving flame acceleration effects are secondary explosions, confined dust

deflagrations, and pressure piling. In each case, the deflagration wave gen-

erates a shock wave that promotes the extension of the explosion far beyond

its origin. Flame acceleration often causes multiple equipment or structural

failures called domino effects. These domino effects can greatly magnify the

consequence severity of the dust explosion.

Secondary explosions occur when there is a significant accumulation of

combustible dust throughout a room. In the event that a primary dust def-

lagration vents into the room, the shock wave generated can loft and suspend

the fugitive dust into the air. The flame, which travels at a much slower

speed than the shock wave, then propagates through the suspended dust

cloud. The end result is that the secondary explosion exhibits a much greater

level of damage than would have occurred if only the primary explosion had

occurred.

In a confined dust deflagration, the deflagration propagates through a

conduit. The conduit prevents expansion of the high pressure, high temper-

ature combustion products and constrains the expansion to one dimension.

This channeling of the explosion energy results in an acceleration of the

flame with the formation and strengthening of a shock wave. The incidence

and reflection of the shock wave at an elbow or tee can increase the imposed

overpressure by a factor of 2–8. If the deflagration breaches the conduit and

vents into the surroundings, an expansion wave can form and travel in the

reverse direction of the conduit. Expansion waves often cause collapse of

conduits due to the sub-atmospheric pressures that they can generate.

Pressure piling occurs when the deflagration travels from one vessel or

enclosure to another. The shock wave formed from the initial explosion

causes a pre-pressurization of the target enclosure and suspends any fugitive
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dust in its path. When the flame pursues the suspended dust, the explosion

pressure in the second enclosure is increased by the pre-pressurization effect.

Properly designed deflagration protection measures in the second enclosure

can be overwhelmed by the pressure piling effect.

The common element that runs through these various scenarios is the

formation of a shock wave caused by the propagating dust deflagration.

The overpressure generated by the shock wave can be calculated as a func-

tion of the flame speed using the following simple linear relation:

P2�P1¼ ρ1 c1 v2� v1ð ÞorΔP¼ ρ1 c1Δv (5)

This equation indicates that the overpressure of the shock wave equals

the flame speed, Δv, times the unburnt density of the air, ρ1, and the sound

speed, c1. At typical ambient conditions of 1atm. and 300K, the overpressure

generated by a dust flame with a flame speed of 50m/s is approximately

0.2barg, a pressure level equal to the catastrophic damage criterion. The risk

analyst should bear in mind that this linear relation is an approximation for

flame speeds <400m/s.

3. Likelihood assessment

Likelihood assessment is the process of estimating the likelihood of a

particular outcome. In spoken English, the word likelihood is interchange-

able with the word probability (Merriam-Webster, 2018). In the context

of risk assessment, this definition is still accurate, but likelihood may or

may not be imbued with the same level of mathematical rigor as the term

probability connotes. Thus, there is sometimes a distinction between the

use of the word likelihood and the word probability, in that the likelihood

may not be mathematically-derived (American National Standards

Institute, 2011b). As defined by the CCPS (2017, p. 73), “the likelihood

of an event is a measure of the expected probability or frequency with

which an event occurs.” In other words, likelihood is an estimate of prob-

ability. Except when otherwise clarified, in this chapter, this definition

of likelihood is adopted. First, though, a more detailed discussion of this

distinction is provided.

3.1 Definition of likelihood (and probability)
A useful discussion of the various approaches to likelihood estimation

appeared in a recent study about uncertainty by Crump (2017), where
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the author set forth three categories of likelihood (note, the reference used

the term probability in the broad sense in which this chapter and many other

references use the word likelihood). These three categories are theoretical

(or classical), empirical (or relative), and subjective. The categories are well

illustrated by considering the rolling of two dice.

The theoretical likelihood is the classical probability. The probability of

rolling a seven is the sum of the outcomes that result in a seven divided by the

sum of all possible outcomes. There are six outcomes of a two-dice roll that

result in an outcome totaling seven: 1-6, 2-5, 3-4, 4-3, 5-2, 6-1. There are

36 total outcomes. Therefore, the probability is 6/36 or 1/6 (or 0.167) of

rolling a seven. In equation form:

Pn¼7¼ sum outcomes where n¼ 7ð Þ
sum all potential outcomesð Þ ¼

6

36
¼ 1

6
(6)

When accurately computed and applied, these results are universal and

free of bias. However, it is not generally practical (or even possible) to estab-

lish the theoretical likelihood of an outcome associated with combustible

dusts fires and explosions. Thus, likelihood must be estimated through

empirical and/or subjective means, and it is important to understand their

relative strengths and weaknesses.

Empirical likelihood is based on data. The formulation of empirical like-

lihood is similar in appearance to the theoretical probability, but there is an

important distinction. To continue the example, consider a scenario where a

pair of dice is rolled daily, and its outcome is recorded. The empirical like-

lihood is calculated by dividing the total number of recorded sevens by the

total number of dice rolls performed. In equation form:

L
emp
n¼7¼

number of days where a seven was rolled

total number of days dice were rolled
(7)

After many trials, the empirically derived likelihood will approach the

theoretical likelihood (or the probability). If the dice are rolled once a

day, 5 days a week, for 40 years, it is reasonable to believe the total number

of sevens will be close to one sixth, or about 1733 of the 10,400 tests. How-

ever, if few trials have been run, or if the theoretical probability of the out-

come of interest is low, then the empirically derived likelihood may vary

widely from the true theoretical probability.

Analogs to these empirical tests in the realm of combustible dust are his-

torical process failure data, incident/near miss investigations, and equipment
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failure rate information. These data sources can be used to compile the

empirical likelihood of certain events occurring over the number of years

of operation. For example, for a large organization that performs many

iterations of the same activity, it may be possible to estimate the frequency

of an initiating event from historical information. However, even though

this category of likelihood is, at least by somemeasures, objectively obtained,

it is far from guaranteeing a number close to the true theoretical probability,

particularly for low probability outcomes, rarely performed activities, or

new processes. Abuswer, Amyotte, Khan, and Morrison (2013) suggest

that at least 10 years of operation is required to obtain a reliable likelihood

assessment, but this number may need to be even larger to accurately cap-

ture lower probability occurrences. In addition to small sample sizes, his-

torical data may be subject to biases, such as under-reporting of incidents

and/or near-misses, incorrect attribution of causes, or gaps in the historical

record. As a result, this methodology may result in an underestimation of

incidents and a false sense of resiliency (Center for Chemical Process

Safety, 2017, p. 74).

Subjective likelihood relies on the judgment, experience, and intuition

of the participants in the risk assessment. The team may also rely on anec-

dotal resources such as the memory and tenure of senior operators and other

employees. This approach typically results in qualitative statements of like-

lihood, such as “expected to happen once in the life of the facility” or order

of magnitude estimates (e.g., 10�2 year�1). This category is the simplest

to understand, but not necessarily the simplest to properly execute, as it is

also the most susceptible to bias. However, the team may rely upon outside

references to calibrate their judgment and defend against the over or under-

prediction of risk. For example, guidance for subjective estimation of like-

lihood is provided in the Center for Chemical Process Safety Guidelines for

Combustible Dust Hazard Assessment, and of particular utility is the qualitative

and semi-quantitative data provided in its Appendix C (2017).

Hybrid or intermediate methods for estimation of likelihood also exist.

Consider the common case mentioned above, where a consequence of

interest has not taken place in the life of the facility, but is nonetheless both

physically possible and credible. For guidance in this scenario, see a study

by Freeman (2011), which examined a variety of quantitative methods

for estimating the likelihood of the unexperienced incident. The method-

ology recommended by this study was to first assume that the consequence

or initiating event has happened, but only once in the total number of years

of operation. If this assumption does not yield a tolerable level of risk, then
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more complex methods involving probability theory are recommended. In

either case, the result is a mathematically derived likelihood, but it is still

arguably subjective, as there is not an unambiguously “correct” method

to estimate the likelihood of these low probability events.

3.2 Quantitative estimates of likelihood
Estimates of likelihood may be quantified regardless of whether they are

derived from empirical data such as failure rates, or are subjectively deter-

mined. However, care should be taken to ensure consistency when conver-

ting qualitative statements to quantitative values. For example, the statement

“expected to occur once in the lifetime of the facility” may differ depending

on the team’s assessment of the facility’s lifetime (Center for Chemical

Process Safety, 2017). See the article by Crump (2017) for an illustrative dis-

cussion on the various interpretations of qualitative statements like certain,

likely, improbable, and doubtful.

Particularly in the setting of a quantitative risk assessment (QRA), esti-

mates of likelihood for a given consequencemay begin by contemplating the

frequency of a specific initiating event. The likelihood of a specific conse-

quence may then be calculated by multiplying the frequency of the initiating

event by the probability of each subsequent event necessary to result in the

final outcome of interest. In equation form:

Li consequenceð Þ¼ f initiating eventð Þ∗
YN

j¼1
Pj intermediate eventð Þ (8)

Note, one initiating event may have a number of distinct consequences.

This is represented here by the index i, where the ith consequence from the

initiating event is being considered. Similarly, a number of intermediate

events may be necessary to result in the ith consequence. The equation rep-

resents each of theseN intermediate events with the index j. The product of

allN intermediate events multiplied by the frequency f of the initiating event

yields the frequency fi of the consequence of interest. Initiating event fre-

quencies have been proposed in other references (Center for Chemical

Process Safety, 2017, Appendix C, Section C.1.1).

Consider as a simple example the sequence of events for a dust deflagra-

tion involving fugitive combustible dust deposited on the floor of a room.

The hazard scenario is that the dust could become suspended as a cloud with

a dust concentration at or exceeding theminimum explosible concentration.

Assume further that an adequate ignition source is present within the dust

cloud. Finally assume that a worker is inside the room and close enough

181Dust explosions: Risk assessment



to the dust cloud so that he or she could be injured if the cloud is ignited.

This hazard scenario is portrayed as a single branch on a simple event tree as

shown in Fig. 1, adapted from Ramirez, Ogle, and Carpenter (2015).

Based on this simple example, the likelihood that a dust suspension event

leads to human injury is estimated according to the following equation:

Li human injury due to dust deflagrationð Þ
¼ f suspensionð Þ∗

YN

j¼1
Pj intermediate eventsð Þ

¼ f suspensionð Þ∗P ignitionð Þ∗P occupancyð Þ (9)

The frequency that dust will be suspendedmay be further subdivided, for

example, into an equipment failure or a loss of containment from a duct. The

probability of ignition can be estimated between 1 and 0.01, depending on

the minimum ignition energy (MIE) of the dust (Center for Chemical

Process Safety, 2017, Appendix C, Section C.1.2). If hot work or other

obvious ignition sources are present, the probability of ignition is generally

assumed to be 1. The probability of occupancy can be calculated from the

type of activities performed in the space and how often operators or other

personnel are required to perform those activities.

This example illustrates how various factors, including the presence or

absence of a safeguard, may be considered when contemplating the like-

lihood of a given consequence. In areas where frequent suspensions of

combustible dust exist, robust ignition source control measures and/or

limitations to human occupancy may be necessary to reduce risk to a tol-

erable level. CCPS provides guidance on estimates of the effectiveness of

ignition source controls, which may reduce the ignition probability by as

much as an order of magnitude (2017, Appendix C, Section C.1.2). Once

consequence severity and likelihood have been adequately assessed, risk

can be considered.

4. Risk assessment

The purpose of risk assessment is to provide an evidence-based process

by which an organization can identify, evaluate, and control the hazards of

their operation in a cost-effective manner. In its most general application,

the goal of a risk assessment is to consider the entire portfolio of risks that

Fig. 1 Event tree branch for a dust deflagration.
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the organization must manage, and to prioritize the investment of capital and

operating expenses in a way that promotes the most aggressive control actions

applied to the most significant hazards in the operation. In more targeted

activities, a risk assessment may aim to compare specific aspects of two alter-

natives. In either case, the objective is to make informed, risk-based manage-

ment decisions, where the slogan of good risk management is “worst first.”

The risk assessment process is rarely a solo activity; it usually requires a

team of participants who embody both the technical and business knowl-

edge for the facility. The proper implementation of risk assessment requires

that the risk study participants all understand the distinction between con-

sequence, likelihood, and risk.

As previously described, risk is a measure of probable loss. Risk can be

defined as follows: “A measure of human injury, environmental damage, or

economic loss in terms of both the incident likelihood and the magnitude of

the injury, damage, or loss” (Center for Chemical Process Safety, 2000,

p. 735). Risk is best understood as a quantity composed of two constit-

uent parts, consequence severity and likelihood. Since risk, consequence,

and likelihood are quantitative concepts, the risk assessment team needs a

set of measurement scales for each of these attributes. In a formal probabi-

listic risk assessment, one would develop an extensive set of event trees to

describe the various accident scenarios of interest and then calculate the

probable loss as consequence times the probability of occurrence (Center

for Chemical Process Safety, 2000, Chapter 3; National Aeronautics and

Space Administration, 2011, Chapter 3).

Formal probabilistic risk assessments (PRA) have been popular in many

industries such as nuclear power, aerospace vehicles, offshore oil and gas

production platforms, and petrochemical plants. This is not the case for

facilities that handle particulate solids. However, some studies have been

published that illustrate the use of PRA for dust explosions using general-

ized failure data obtained from various industries, e.g., Jones, Brusewitz,

and Goforth (1989, 1990) and Abuswer, Amyotte, Khan, and Morrison

(2013). It is important to note that these studies assume that reliable failure

rate statistics from operating conditions relevant to that industry are avail-

able. This is not a safe assumption for the equipment that is typically used to

process particulate solids. For example, it may be possible to locate failure

rate statistics on conveyor bearings, but was the failure data obtained from a

service environment that is sufficiently similar to your plant? Formal prob-

abilistic risk assessments frequently require extensive data, effort, and

expertise. The investment required and the data needed may not be feasible

in many organizations.
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There is a need for less expensive, less intensive risk assessment methods.

One such method is the Layer of Protection Analysis or LOPA method

(Center for Chemical Process Safety, 2017, Appendix C). The LOPA

method relies on order of magnitude estimates for failure event probabilities.

Data for the estimation of failure event probabilities are easier to obtain and

are less sensitive to equipment service conditions. In the chemical process

industries, LOPA has become popular as a refinement to process hazard

analyses. The authors recommend that if you wish to conduct a combustible

dust risk assessment, consider using LOPA. Techniques that are more

sophisticated can only be justified if you are confident you have reliable fail-

ure event probabilities to use in your analysis.

As shown in the previous chapter, the risk matrix is a popular tool used to

promote consistency in the evaluation of consequence severity, likelihood,

and risk level. Before the risk matrix is introduced here, we must first

consider the problem of measurement. There are three different types of

measurement scales: nominal, ordinal, and cardinal (Corder & Foreman,

2009). Cardinal scales are the most familiar measurement scale. In a cardinal

measurement scale, each observation is assigned a real number. The number

is an indication of the magnitude of the observation. In the context of a risk

assessment, an example of a cardinal measurement scale would be the

measurement of a loss event in terms of the monetary value of the damage

caused by the incident. The advantage of the cardinal scale is its familiarity;

we are used to measuring things with numbers. However, there are many

examples of losses where an observation of the loss cannot be easily translated

into a monetary value. Hence, there is a need for other types of measurement

scales.

A nominal scale essentially assigns observations to categories without

consideration for the magnitude of the observation. An example of a

nominal scale would be to classify a set of marbles according to their color.

The only quantitative information derived from a nominal scale is the

number of marbles assigned to a particular color. Because a nominal scale

is not able to convey a sense of magnitude, it rarely finds application in risk

evaluation.

An ordinal scale is a measurement based on a ranking of magnitude.

Returning to the marble analogy, one could sort marbles according to size

by ranking them as small, medium, and large. The categories small, medium,

and large could be assigned the value of 1, 2, and 3. The numerical values do

not convey the exact diameter of the marble (that would be a cardinal scale

measurement). Instead, the numerical values convey the relative size of the
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marbles. In risk assessment, ordinal scales have proven to be a useful artifice

for the evaluation of consequence, likelihood, and risk.

Let us consider consequence severity first. The magnitude of a conse-

quence must be translated into a readily understood measurement of severity.

Generally speaking, the hazards of dust explosions and fires include overpres-

sure, flame and thermal effects, and toxic gas exposure. Specifying a range of

consequences in terms of mechanical, thermal, and chemical effects would

be a complex undertaking and would likely be difficult to use. Instead, the

traditional approach to consequence evaluation is to specify a range of con-

sequences in terms of the severity of the injury caused by the exposure to

the event. An example of how to quantify severity is to consider a range of

onsite worker consequences in increasing order of severity: no injury,

minor injury (first aid), severe injury (hospitalization), permanently dis-

abling injury or fatality, and multiple fatalities. The consequence levels

can be assigned a numerical rank (Table 3).

In this example, the numerical value of the consequence category

increases as the severity increases. The type of consequence shown here is

specific to worker safety. Similar measurement scales could be devised for

environmental impact or business impact.

The magnitude of the likelihood is simply the probability of occurrence.

In a formal probabilistic risk assessment, the probability of occurrence is

decomposed into its constituent probabilities, and each probability is esti-

mated from an appropriate statistical database. Unfortunately, the data

required for this detailed determination of probabilities are not always avail-

able, and in many situations, it is not a convenient approach to use in a team

setting. A simpler and easier approach can be facilitated by the use of an ordi-

nal scale that substitutes judgment for rigorous probability determinations.

An example of how to quantify likelihood is to specify a range of likeli-

hoods in increasing order of probability: not expected to occur in the

Table 3 Consequence severity.
Consequence category Description

1 No injury

2 Minor injury (first aid)

3 Severe injury (hospitalization)

4 Permanently disabling injury or fatality

5 Multiple fatalities

185Dust explosions: Risk assessment



lifetime of the facility, may occur once during the life of the facility, may

occur several times in the life of the facility, expected to occur once every

year, and may occur several times each year. The likelihood levels can be

assigned a numerical rank (Table 4):

In this example, the numerical value of the likelihood category increases

as the probability of occurrence increases.

Now we need an ordinal measurement scale for risk. Examples of cate-

gories of risk level are the following: acceptable (no mitigation required),

moderate (mitigation desirable but not required), high (mitigation required

within a reasonable period of time), and unacceptable (mitigation required

immediately). This measurement scale is summarized in Table 5.

The numerical value of the risk category increases as the risk magnitude

increases.

Once the ordinal measurement scales for consequence severity, likeli-

hood, and risk have been established, the risk analysis team must have a pro-

cess for mapping a specific consequence-likelihood pair into a measure of

risk. A commonly used approach for this mapping is the risk matrix.

The risk matrix is a semi-quantitative tool for mapping consequence-

likelihood pairs into a risk level. The matrix is frequently formatted with

likelihood levels forming the rows and consequence severity levels forming

Table 4 Likelihood levels.
Likelihood category Description

1 Not expected to occur in the lifetime of the facility

2 May occur once during the life of the facility

3 May occur several times in the life of the facility

4 Expected to occur once every year

5 May occur several times each year

Table 5 Risk categories.
Risk category Description

I Acceptable (no mitigation required)

II Moderate (mitigation desirable but not required)

III High (mitigation required within a reasonable period of time)

IV Unacceptable (mitigation required immediately)
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the columns. An example risk matrix, adopted from the NFPA combustible

dust book, is shown in Fig. 2 (Frank, Rodgers, & Colonna, 2012):

In this risk matrix, the consequence severity level increases from left to

right, and the likelihood level increases from the bottom to the top. This

assignment of risk levels is not simply the judgment of a single individual.

The designation of risk level that corresponds to each consequence-

likelihood pairing is a risk management determination that must faithfully

reflect the risk tolerance of the decision makers responsible for the manage-

ment of the organization.

The use of the risk matrix is, to a certain degree, a subjective evaluation

of risk. The organization must rely on the judgment of the risk analysis team

to implement the risk assessment process in a way that is consistent with the

safety values of the organization. Onemight think that it would be easier and

less controversial to use a specific number as the safety risk goal. This is often

not the case. In some countries there are regulations that mandate a specific

safety risk goal. Other countries, like the United States, do not provide such

guidance. An organization can choose to adopt its own safety risk goal, and

there are well-established methods for making that determination (Center

for Chemical Process Safety, 2009).

There are advantages and disadvantages to using a risk matrix. The pri-

mary advantages are that it is relatively easy to use and serves to standardize

the documentation of the risk assessment effort. The primary disadvantage,

often cited in the risk assessment literature, is that it may oversimplify the task

of estimating consequence severity and likelihood (Baybutt, 2018; Cox,

2008; Pickering & Cowley, 2010). The authors believe that the use of a risk

matrix can be effectively used if care is taken to promote consistent and

Fig. 2 Risk matrix.
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objective evaluations of each consequence-likelihood paring. The ultimate

choice lies with the organization and/or the risk assessment team.

The ultimate purpose of the risk assessment process is typically not to

simply evaluate the risk of a particular hazard scenario, but to also evaluate

the potential risk reduction benefit of safeguards (see chapter “Safety mea-

sures” by Taveau). The risk matrix can help in this regard as well. The sys-

tem’s safety hierarchy provides a convenient framework for evaluating the

potential risk reduction benefit of different safeguards. The system’s safety

hierarchy is a ranking of safeguards in decreasing order of effectiveness:

• Eliminate the hazard

• Reduce the hazard severity with passive safeguards

• Reduce the hazard severity with active safeguards

• Reduce the hazard severity with procedural safeguards

• Tolerate the residual hazard severity

In this context, eliminating the hazard would imply eliminating the gener-

ation, handling, or storage of combustible dust. This is likely an unacceptable

alternative. The next two classes of safeguards are often referred to as engi-

neering controls. A passive safeguard is one that simply works by virtue of its

existence; it does not require a physical actuation. Explosion containment is

an example of a passive safeguard. An active safeguard is one that requires a

physical actuation to work. Explosion suppression is an example of an active

safeguard. A procedural safeguard, also called an administrative control, con-

trols a hazard through operational procedures. A hot-work safety program is

an example of a procedural control. Finally, the last safeguard in the hierar-

chy is tolerating the residual hazard severity. The residual hazard severity is

the potential for harm that remains after implementation of the safeguards.

This is also sometimes referred to as residual risk tolerance.

5. Risk management

In this chapter, we have focused on the risks associated with combus-

tible dust. The ultimate goal of risk management is to identify, evaluate, and

control risks within the organization.We have discussed how to evaluate the

components of risk, consequence severity, and likelihood, and we have

offered some cautions on the challenges involved. The risk matrix was dis-

cussed as a commonly used device for mapping consequence and likelihood

into a risk level. If it is to be a useful tool, the risk matrix must accurately

reflect the organization’s risk tolerance. Once each hazard scenario has been

evaluated and mapped into a risk level, recommendations for control mea-

sures can be evaluated and selected. Combining these recommendations into
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a structured document, sometimes called a risk register, is a useful way to

track the list of action items to be implemented and monitored. This

activity—identifying, evaluating, and controlling risk—is called risk man-

agement. In this section, we discuss some good practices to help promote

successful risk management.

First and foremost, the risk management initiative must be directed and

supported by the organization’s management in a visible and substantive

manner. The risk team must be empowered to proceed with the risk assess-

ment and report on their progress to the organization’s management. The

organization’s management must be committed to objectively evaluating

and implementing the risk team’s recommendations. This does not mean

that the risk team’s recommendations should be accepted uncritically. In

fact, risk management works best in an environment of objective thought-

fulness and careful evaluation of alternative risk controls. Money spent on

risk control for one portion of a manufacturing process may preclude money

spent on another portion of the same process. Monetary resources are always

finite. It is management’s responsibility to allocate those resources to the best

use for safety of the entire manufacturing operation. One purpose of a risk

assessment is to equip management with the knowledge necessary to make

informed decisions of this nature.

The performance of the risk assessment team can be optimized through

training, preparation, and calibration. The risk assessment team should be

drawn from the organization representing the engineering (or scientific),

operations, and maintenance functions. At least one member of the risk

assessment team should have some level of training in risk assessment meth-

odology. This person is usually the designated facilitator of the risk assess-

ment assignment. The facilitator should brief the remaining team

members on the methodology to be used and the plan for implementation.

Preparation for the risk assessment includes collecting and reviewing the

design basis documents for the process under study. The team should be

familiar with the design basis and understand the impact of any data gaps that

are discovered during the preparation activity. The risk assessment team

must understand the design basis for both the manufacturing processes

and the buildings that support them. The design basis is typically docu-

mented through drawings, specifications, equipment operating manuals,

operating procedures, and related documents. It is difficult to assess the risk

reduction benefit of a protective device, like an explosion vent, if the design

basis for the explosion vent is unknown.

Finally, it is important to calibrate the team members on the conse-

quence severity, likelihood, and risk levels. This can take many forms
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and varying levels of effort. The simplest calibration tool is a simple table of

definitions and examples to define each category (Center for Chemical

Process Safety, 2017, pp. 112–114 and Appendix C). A more elaborate

effort would include conducting group exercises to challenge, test, and

improve the group’s ability to achieve consistency in the use of profes-

sional judgment (Hubbard, 2010).

During the risk assessment exercise, the team may generate risk reduc-

tion recommendations. Risk reduction recommendations should be phrased

in a manner that acknowledges that the team may not have the time,

resources, or knowledge to determine the best solution for each combustible

dust hazard scenario. Instead, the risk reduction recommendations should

be generalized statements of risk reduction upon which organization man-

agement must evaluate and act. An example of a poor risk-based recom-

mendation is, “Add explosion venting to Dust Collector XXX-17 within

the next six months.” This type of recommendation is likely too specific

and may not recognize alternative measures for Dust Collector XXX-17,

such as implementing explosion suppression, inerting with nitrogen gas, or

decommissioning based on its poor condition and age. An example of a better

risk-based recommendation is, “Consider in the next six months whether

explosion protection is needed for Dust Collector XXX-17.” This recom-

mendation gives management the flexibility to determine the best path

forward for the equipment.

Two main work products result from the risk assessment. The first is the

summary report that documents the scope of the study, the design basis doc-

uments reviewed, and the risk assessment process itself. The documentation

for the risk assessment process should include a list of all combustible dust

hazard scenarios reviewed, the determination of consequence severity, like-

lihood, and risk level for each scenario, and the risk reduction recommen-

dations. The second work product is the risk register. The risk register is

essentially a list of action items that require follow-up with the organization’s

management. A process is required for monitoring the risk register and

verifying that each item has been reviewed and some action has been taken

(or in the absence of action, an explanation has been provided). Many orga-

nizations couple their risk register to the organization’s work flow system so

that the purchasing, engineering, operations, and maintenance staff are

alerted to the need to process any given work order to fulfill the accomplish-

ment of a risk reduction item.

One of the major benefits of the risk register is that it gives organization

management a tool for auditing the outcome of each risk reduction
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recommendation. Thus, both the risk team and the organization’s manage-

ment can have assurance that the risk reduction recommendations are being

addressed in a timely fashion. The risk register can also alert management to

funding or staffing needs that may not have been anticipated, and thereby

serves as a business planning tool.

Finally, the process of risk management must also consider the manage-

ment of change (MOC) process employed in the organization. It is likely

that each risk reduction recommendation will trigger an MOC action item

as new features are introduced into the process or as equipment is modified.

6. Summary

The prescriptive requirements of safety standards can be inflexible and

difficult to implement in new or novel process technologies. A combustible

dust risk assessment may reveal an alternative approach for identifying, eval-

uating, and controlling combustible dust risks. However, risk assessment

requires specialized knowledge and data that may be difficult to obtain. If

an organization chooses to conduct a combustible dust risk assessment, they

should strive to select a diverse pool of talent for the risk team. It is vitally

important that organization management clearly conveys their risk tolerance

criteria, and that the risk team facilitator ensures that their efforts meet that

requirement. Organization management must commit to evaluating and

implementing the risk reduction recommendations that are presented by

the risk team. The risk study should be documented and its recommenda-

tions should be audited and updated as necessary. Regulatory compliance is

another consideration that must be addressed.
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1. Introduction

This chapter discusses the various methods that are commonly used in

industrial applications to prevent the occurrence of a deflagration (achieved

by eliminating one of the four conditions necessary for a deflagration to
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occur: ignition source control, elimination or adequate reduction of fuel,

oxygen concentration reduction, or preventing credible dispersion scenar-

ios). Guidance on hazardous area classification specific to dust applications is

offered. Safety measures to mitigate the potential consequences of a confined

or partially confined deflagration (resulting in an explosion) are also pres-

ented.Mitigation measures include pressure containment, explosion protec-

tion by deflagration venting, and explosion suppression. Also discussed are

methods to control the propagation of deflagrations by using active or pas-

sive isolation techniques. In the context of dust explosion prevention and

mitigation, the concepts of inherently safer design and hierarchy of controls

are introduced.

1.1 Inherently safer design
Inherent safety is a proactive approach in which hazards are eliminated or

lessened so as to reduce risk with decreased reliance on engineered (add-on)

devices and procedural measures. The concepts of inherent safety and inher-

ently safer design have been formalized, beginning with the pioneering work

of Kletz and Amyotte (2010). A number of principles or guide words to facil-

itate inherent safety implementation in industry have been developed; the fol-

lowing four basic principles have gained widespread acceptance:

• Minimization: use smaller quantities of hazardous materials when the

use of such materials cannot be avoided or eliminated. Perform a

hazardous procedure as few times as possible when the procedure is

unavoidable.

• Substitution: replace a substance with a less hazardous material or

processing route with one that does not involve hazardous material.

Replace a hazardous procedure with one that is less hazardous.

• Moderation: use hazardous materials in their least hazardous forms or

identify processing options that involve less severe processing conditions.

Simplification design processes, processing equipment, and procedures

to eliminate opportunities for errors by eliminating excessive use of

add-on safety features and protective devices.

• Simplification: design processes, processing equipment, and procedures

to eliminate opportunities for errors by eliminating excessive use of add-

on safety features and protective devices.

Amyotte, Pegg, and Khan (2009) and Chapter 13 in Kletz and Amyotte

(2010) give numerous examples of application of these principles to the issue

of dust explosion risk reduction. The inherent safety principles work in

194 Martin P. Clouthier et al.



conjunction with additional means of reducing risk—namely, passive and

active engineered safety, and procedural safety—within a framework com-

monly known as the hierarchy of controls (Hopkins, 2005). Inherent safety,

being themost effective approach to risk reduction, sits at the top of the hier-

archy; it is followed in order of decreasing effectiveness by passive

engineered safety devices (e.g., explosion relief vents), then active

engineered safety devices (e.g., automatic suppression systems), and finally

procedural safety measures (e.g., ignition source control by hot-work

management).

Graphical representations of the four basic inherent safety principles are

shown in Fig. 1. The red filled circles represent a hazardous substance. The

blue filled shapes are nonhazardous. These graphics were developed with

dust explosion hazards in mind. The last figure, simplification, represents

error tolerance and the ability to withstand explosion overpressure.

Sections 2 and 3 delve further into the specific technologies and methods

by which dust explosions are prevented or controlled.

2. Prevention measures

This section discusses two commonly used methods for prevention of

dust explosions. The methods discussed are oxidant concentration reduction

and combustible concentration reduction.

A B

C D

Fig. 1 Graphical representation of the four elements of inherent process safety.
(A) Minimization via reduction of dust concentration. (B) Substitution of hazardous dust
(red particles) with nonhazardous dust (blue particles). (C) Moderation by inerting.
(D) Simplification with explosion pressure resistant or explosion pressure shock resistant
design.
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2.1 Oxidant concentration reduction
Explosion prevention by oxidant concentration reduction, also known as

inerting, is a technique that involves the prevention of an explosion by

substituting the air in the enclosure to be protected by an inerting gas

to make flame propagation impossible. Inerting is aimed at maintaining

the oxygen level in the enclosure below the limiting oxygen concentration

(LOC), which is defined as the smallest concentration of oxygen that can

support a self-propagating flame regardless of the concentrations of fuel and

diluent. The LOC for a particular dust depends on the inerting gas used. For

example, the same dust will have different LOCvalues when either helium or

nitrogen is used as the inerting gas. Nitrogen is the most commonly used

inerting gas, as described, for example, by Yanisko, Zheng, Dumoit,

Carlson, et al. (2011). The LOC values for select combustible dust clouds

when using nitrogen as the inerting gas are provided in Table C.1(b) of

NFPA 69 (2019). Other common inerting gases are argon, carbon dioxide,

flue gases, helium, and steam. Relative merits and demerits of common

inerting gases are shown in Table 1. Availability and reliability of supply, cost,

effectiveness, and compatibility with the process are some of the factors that

should be taken into consideration when choosing an inerting gas.

Reliable measurement of LOC is crucial to the effective application of

oxidant concentration reduction as an explosion prevention technique. As

detailed in chapter “Dust explosions: Test methods” by Dastidar, LOC

testing is performed in the 20-L chamber in accordance with ASTM

E2931 (2013). A safety margin should be maintained between measured

LOC and operating oxidant concentration in the enclosure. The safety

margin takes into account factors such as fluctuations occurring in the sys-

tem and the reliability of monitoring equipment. NFPA 69 (2019) recom-

mends that where the oxygen concentration is continuously monitored, a

safety margin of at least 2 volume % below the LOC should be

maintained—but only if the LOC is not less than 5%. If the LOC is found

to be less than 5%, the system should not operate at more than 60% of the

determined LOC. For example, if the LOC of a dust is determined

through testing to be 4%, the operating LOC should not be greater than

2.4%. In contrast, if the oxygen concentration will not be continuously

monitored and controlled with safety interlocks, the oxygen concentra-

tion should be designed to operate at least 4.5 volume % below the

LOC, provided the LOC is greater than or equal to 7.5%. If the LOC

is less than 7.5%, the oxygen concentration should not be more than

40% of the LOC. If the oxygen concentration is not continuously
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monitored, the oxygen concentration should be checked on a regularly

scheduled basis. The source supplying the inerting gas should be reliable

and capable of continuously supplying the quantity sufficient to maintain

the desired operating oxidant concentration in the enclosure. Additional

safety measures that should be put in place include installing an alarm sys-

tem that is triggered when there is a drop in the pressure or flow rate of the

inerting gas, and interlocking the equipment with an installed low flow

rate or pressure switch to automatically shut down the system if loss of

the inerting gas occurs.

Table 1 Relative merits of inert gases.
Gas Advantages Disadvantages

Nitrogen • Readily available in compressed

or cryogenic form, and in some

cases as a waste gas from on-site

processes.

• Moderate cost.

• Less effective in volume/volume

terms than carbon dioxide.

• Some metal dusts react with

nitrogen (for example,

magnesium) at high temperature.

Flue

gases

• Often readily available as a waste

gas from on-site processes or

from inert gas generators.

• Often available at low cost.

• Requires additional equipment

to cool the gas, remove

contaminants, monitor or

remove flammable vapors and

remove incandescent material.

Carbon

dioxide

• Readily available in compressed

form from proprietary inert gas

generators, and in some cases as a

waste gas from on-site processes.

• Effective—higher oxygen levels

(percent by volume) are

permissible compared with

nitrogen.

• Moderate cost.

• Some metal dusts react violently

with carbon dioxide

(for example, aluminum).

• Flow of carbon dioxide can

generate considerable

electrostatic charge.

Argon or

helium

• Unlikely to contaminate

products or react with them.

• Expensive.

Steam • May be generated by the process. • May not be available during

start-up and shutdown.

• Incompatible with many

products.

• Will condense if temperature

falls, leading to loss of inert

atmosphere.

From CCPS. (2005). Guidelines for safe handling of powders and bulk solids. New York, NY:
Wiley-AIChE.
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There are two common techniques of applying inerting gas: blanketing

(also known as padding) and purging. In the blanketing technique, the space

above the dust is “blanketed” with an inert gas atmosphere which prevents

ingress of air into the enclosure. Blanketing can be achieved through trickle

or balanced-pressure blanketing (CCPS, 2005). In the purging technique,

the inerting gas is released inside the vessel prior to the addition of the mate-

rial. Table 2 shows equations from the literature for estimating the number

of pressurization cycles required to reach the desired oxygen level using the

purging techniques of pressure purging, vacuum purging, combined

pressure-vacuum purging, and sweep-through purging.

Though more suitable for protecting process equipment, oxidant con-

centration reduction can be used to protect buildings and rooms, provided

steps are taken to mitigate the asphyxiation hazards associated with reduced

levels of oxygen. In such situations, operations in the buildings or rooms

should be controlled remotely and breathing apparatus and other safeguards

should be provided for operating personnel. Whether applied to a process

vessel or a building, according to Section 6.3 of NFPA 69 (2019), the factors

that should be considered when applying oxidant concentration reduction as

Table 2 Number of pressurization cycles N required to reach desired oxygen level.
Purge type Equation Author(s)

Pressure purging

N ¼
log

Ci�Cp

CN�Cp

� �

logP

Pilkington (1999)

Vacuum purging

N ¼
log

CN�Cp

Ci�Cp

� �

logP

Pilkington (1999)

Combined pressure-vacuum

purging yn� yoxy ¼ PL

PH

� �N
½yo� yoxy�

Crowl and Louvar

(2001)

Sweep-through purging Qvt¼V � ln C1�Co

C2�Co

h i
Crowl and Louvar

(2001)

Where (a) Ci is the initial oxygen concentration. (b) CN is the final oxygen concentration. (c) Cp is the
oxygen concentration of the purge gas. (d) P is the purge pressure. (e) yn is the mole fraction of oxygen in
the vessel after N purge cycles. (f ) yoxy is the mole fraction of oxygen contained in the nitrogen. (g) yo is
the initial mole fraction of oxygen in the vessel. (h) PL is the low pressure (psia, mmHg, atmosphere, or
bar). (i) PH is the high pressure (psia, mmHg, atmosphere, or bar). (j) Qv is the volumetric flow rate
of purge gas (m3/min). (k) t is the time to reach the desired oxygen level (min). (l) V is the vessel volume
(ft3 or m3). (m) Co is the oxygen concentration in the purge gas (nitrogen). (n) C1 is the initial oxygen
concentration in the vessel. (o) C2 is the final oxygen concentration in the vessel.
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a basis for safety are the effectiveness of the method, reliability of the system,

and personnel hazards inherent in the system.

Total inerting of a large enclosure may require using a large quantity of

inerting gas. This could be costly and impractical. In such cases, it might be

desirable to limit the amount of inerting gas required by using partial

inerting, a type of inerting that does not require the inerting of the entire

enclosure. Partial inerting can provide an acceptable level of protection

where total inerting is unreasonably conservative.

2.2 Combustible concentration reduction
Combustible concentration reduction is an explosion prevention technique

that involves reducing the concentration of a dust cloud below its minimum

explosible concentration (MEC). MEC is the concentration of a combusti-

ble dust cloud below which it cannot sustain or propagate a flame. MEC for

select combustible dust/air clouds estimated from experiments performed in

the 20-L chamber are given in Table 3. The reported MEC values range

from 30 to 600 g/m3. Unfortunately, in contrast to gases and vapors which

have well-known flammability limits, dusts are known to exhibit substantial

differences in reportedMEC values for a given dust (Eckhoff, 2003 b). This is

not surprising as achieving uniform and reproducible dispersion of dust

clouds from one experiment to another is almost practically impossible.

For example, Eckhoff (2003 a) reported MEC values for corn starch in air

in the range 8 to 400 g/m3. The discrepancy was ascribed to differences in

apparatus and interpretation of data (Eckhoff, 2003 a); as well as the energy

of the ignition source, with more energetic igniters more likely to produce

low MEC values.

It is crucial to provide instrumentation to monitor and control the pro-

cess as the permissible combustible dust concentration depends on reliable

monitoring of the process. The combustible concentration should not

exceed 25% of the MEC, except where the system is continuously moni-

tored with safety interlocks, in which case the combustible concentration

is permitted to be maintained at or below 60% of the MEC. If ventilation

is used in the facility, care should be taken to prevent entrainment of haz-

ardous concentrations of the exhausted air back into the facility through

fresh air intake systems.

In theory, if the concentration of a dust cloud can be reliably assessed

and maintained below its MEC, it is impossible for the dust cloud to sustain

or propagate a deflagration. However, this is often impractical in industrial
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Table 3 Minimum explosible concentration (MEC) for combustible dust/air clouds
estimated from experiments in the 20-L chamber.

Sample MEC (g/m3) d50 (μm)
% Particle distribution
(<75 μm)

Aluminum polishing dust 175 33 89

Aluminum stearate 30 12 100

Calcium stearate 40 10 100

Cerelose dextrose 300 29 85

Charcoal dust 45 39 69

Die cutter 60 68 54

Dog feed 125 27 92

Epoxy resin 40 139 22

Foam dust 50 301 6

Ginger powder 75 64 59

Gum 75 56 59

HDPE 75 61 100

L-Arginine 125 61 59

Lemon blend 150 43 86

Lime blend 200 75 90

Meat and blood meal 150 149 32

Milk powder 100 12 100

Nondairy creamer 125 2 100

Plastic 600 77 49

Polypropylene 75 29 95

Polystyrene 45 53 66

PVC 150 77 100

Salt and pepper >1000 32 89

Saw dust 100 274 10

Skim colostrum 40 33 83

Sodium sulfide 200 30 78

Starch 75 16 100
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applications as it is often very difficult to reliably estimate the dust concen-

tration inside process equipment. The dust cloud concentration may vary

widely and may oscillate between concentrations below and above the

material MEC during normal operation. In addition, deposited dust layers

may be resuspended and form a dust cloud concentration above the mate-

rial MEC. This resuspension further exacerbates the unpredictability of the

dust concentration in the process equipment. Thus, while combustible

concentration reduction is good in theory, it has limited application in

practice. As discussed in CCPS (2005), the combustible concentration

reduction technique is more suitable for equipment containing gases

and vapors than for systems containing combustible dusts because of the

reasons mentioned above.

3. Mitigation measures

This section discusses four commonly used methods for mitigating

dust explosions and preventing secondary explosions. The methods dis-

cussed are pressure containment, venting, suppression, and isolation.

Table 3 Minimum explosible concentration (MEC) for combustible dust/air clouds
estimated from experiments in the 20-L chamber.—cont’d

Sample MEC (g/m3) d50 (μm)
% Particle distribution
(<75 μm)

Stearic acid 100 56 70

Steel shot/paint dust 250 34 79

Succinic acid 100 20 100

Sugar 125 18 99

Tartaric acid 200 48 68

Upholstery dust 225 46 67

Vancide (triethyl hexahydrotriazine) 60 5 97

Whey 100 8 100

Notes: (a) Data from Jensen Hughes Dust and Flammability Testing Laboratory, Halifax, NS, Canada.
(b) Testing was performed in the 20-L chamber utilizing a single 5-kJ chemical igniter as an ignition
source. (c) Testing was performed in accordance with ASTM E1515 - 07 (2007). (d) Prior to testing,
the samples were dried to moisture content by weight of less than 5%. (e) Each test was performed
using synthetic air with an oxygen concentration of 20.9 � 0.5%. (f ) d50 (median diameter) is the
particle diameter at which the particle size distribution is divided into equal halves above and below
this diameter.
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3.1 Pressure containment
Pressure containment is an explosion protection technique that involves

designing a process equipment or vessel and its appurtenances to withstand,

without rupture, the maximum overpressure expected in the event of an

explosion (Fig. 2). These appurtenances include ducts, vents, and other con-

nections to the vessel, which could experience pressure from an explosion.

The design pressure of the vessel is based either on allowing permanent

deformation but no rupturing of the protected vessel (explosion-proof

shock-resistant), or on preventing both permanent deformation and rupture

of the vessel (explosion-pressure shock-resistant). According to FMG 7-76

(2017), all vessels with a design pressure of at least 3 bar(g) (if designed in

accordance with ASME Boiler and Pressure Vessel Code, Section VIII)

or a yield strength of at least 6 bar(g) (if designed in accordance with other

codes) can be considered as having an explosion-proof shock-resistant

design. This is, however, subject to the assumption that the explosion occurs

at an initial pressure of less than 1 bar(g). Explosion-pressure shock-resistant

vessels are described as vessels with a design pressure of at least 6 bar(g), and it

is also assumed that the explosion occurs at an initial pressure of less than 1

bar(g). These descriptions are applicable mainly to internal positive over-

pressure. As a vacuum could ensue from an explosion, NFPA 69 (2019) rec-

ommends that all explosion-pressure shock-resistant vessels should be

designed to withstand an absolute internal pressure of 0.69 bar(a). The suit-

able ratio of design pressure to the yield stress of the vessel depends on

whether vessel deformation is allowed or not. As a general rule, design pres-

sure should be selected such that it is less than the yield and the ultimate

stresses for the material of construction. Barton (2002) suggests that

Fig. 2 Vessel designed for pressure containment.
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explosion-proof shock-resistant vessels should be designed such that themax-

imum explosion pressure does not exceed 90% of the yield stress of the weak-

est part of the vessel or its appurtenances. In contrast, for explosion-pressure

shock-resistant vessels, Barton (2002) suggests that the maximum explosion

pressure should not exceed 50% of the yield stress of the weakest part of the

vessel or its appurtenances.

Pressure containment is often viewed as an example of the inherent safety

principle of simplification discussed in Section 1.1 and depicted in Fig. 1D.

As an explosion mitigation measure, it is particularly suited to situations in

which the material being handled could emit hazardous materials or combus-

tion products. Venting is not desirable in such instances due to the unaccept-

able risk this would pose to personnel and the environment. Though pressure

containment is usually used for vessels small enough to offer a cost advantage

over other credible explosion protection measures, relatively large vessels are

increasingly being protected by the technique.

A crucial factor in determining the suitability and effectiveness of pres-

sure containment is the reliable measurement of the maximum explosion

pressure, Pmax. Pmax is determined through testing conducted in the

20-L chamber in accordance with ASTM E1226 (2013). Further discus-

sions on dust explosion testing procedures and equipment can be found

in chapter “Dust explosions: Test methods” by Dastidar. As it is not sen-

sitive to vessel size, Pmax determined in the 20-L chamber can be applied

to a vessel of any size. Pmax in a single vessel is usually in the range 5–10
times the operating pressure. While it is easy to determine Pmax and design

pressure for single vessels as described above, in industrial settings, vessels are

rarely in isolation; rather, they are often interconnected. For interconnected

vessels, it is difficult to determine the design pressure due to complicating

phenomena such as pressure piling, which is the behavior of an explosion

as it propagates from a vessel to another through a pipe. Pressure piling pre-

sents the greatest hazard in an interconnected system (Barton, 2002). As the

flame accelerates through the connecting pipe, it precompresses the gas in the

pipe and the secondary vessel. If there is an ignitable concentration of dust

inside the second vessel and along the length of the pipe, the flame can ignite

the dust. Due to the magnifying effect of the precompression, the explosion

in the second vessel will be disproportionately higher than would have been

expected based on the concentration of dust in it. Even if the vessel is vented,

an explosion can still propagate toward another vessel through a connecting

pipe; however, propagation is less likely in piping less than 100 mm in diam-

eter (NFPA 69, 2019). Pressure-piling effects depend on the explosibility of
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the dust (KSt), dust concentration, the relative sizes of the vessels, dimensions

of the connecting pipe, flow velocity and turbulence inside the pipe, the igni-

tion energy, and position of ignition point. In relatively rare cases for highly

reactive materials (e.g., aluminum), deflagration to detonation transition

(DDT), which is the sudden transition from a deflagration type of combus-

tion to a detonation type of explosion, may also occur. Whereas a deflagra-

tion is characterized by a subsonic flame propagation velocity and modest

overpressures, a detonation, in contrast, travels at supersonic speeds with

highly elevated pressures. Overall, these phenomena make the determination

of design pressure in interconnected vessels more challenging than for single

vessels.

Annex G ofNFPA 69 (2019) provides guidance on a deflagration contain-

ment calculation method for when only two vessels are connected without

isolation devices. This is based on the work of Holbrow, Lunn, and

Tyldesley (1999). A correction factor (CF) is applied to the Pmax design value

based on the interconnecting pipe diameter and the volume ratio of the vessels.

The ratio of vessel volumes is estimated from Eq. (1):

V2

V1 +Vp
(1)

whereV1 andV2 are the two volumes, withV1 being the larger volume lim-

ited to 20 m3. Vp is the volume of the interconnecting pipe. The relation

assumes that the primary ignition is initiated in V1, the larger vessel. The

corresponding correction factor for the estimated vessel volume ratio can

be read off the curve G.1 (b) in NFPA 69 (2019). A major limitation of this

relation is that it is limited to dusts with Pmax of less than 9 bar(g).

A simple design guide to aid in deciding whether pressure containment is

the optimal choice for explosion protection for a single vessel or inter-

connected vessels is presented in Fig. 3. Due to the complicated nature of

interconnected vessels, a combination of several protective measures are

usually necessary to protect the vessels. For example, the different units

or vessels in the system may need to be isolated to prevent the transmission

of flame and pressure from one part of the system to another. At least one of

the criteria listed in Section 13.2.2 of NFPA 69 (2019) and shown in Fig. 3

must be satisfied for pressure containment to be permitted as a protection

technique for interconnected vessels. The presentation is similar to that

given by Barton (2002) but is simpler and with the additional recognition

of the criteria for interconnected vessels.
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3.2 Deflagration venting
Deflagration venting is an explosion protection measure that involves the

provision of a predesigned escape route (called an explosion vent) for the

release of the pressure and flame generated during an explosion quickly

enough to prevent a dangerous build up of pressure within the vessel, pipes

and ducts, or building that is being protected. As discussed in Pekalski,

Zevenbergen, Lemkowitz, and Pasman (2005) and depicted in Fig. 4, the

vent is actuated before the design strength of the enclosure is reached. Def-

lagration venting is used to minimize structural or mechanical damage in the

event of a deflagration by venting combustion gases and pressures to a safe

location outside of the enclosure. Explosion vents, also referred to as explo-

sion panels or explosion relief panels, provide a passive and cost-effective

means of explosion mitigation strategy. Venting can be used to protect a

variety of industrial equipment such as dust collectors, cyclones, mills,

Fig. 3 Simple guide to designing single and interconnected vessels for pressure
containment.
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dryers, bucket elevators, and bins. Buildings can also be vented to protect

their structural integrity in the event of an explosion. Deflagration venting

for buildings is typically provided by installing thin metal panels on the exte-

rior walls of the building to represent the weakest point of the structure.

Consequently, should there be a deflagration, the deflagration vents will

be the only part of the structure that will fail while the remainder of the

building will be protected from damage. The vents are precisely designed

to burst at a given opening pressure (activation pressure, Pstat) to maintain

the structural integrity of the building.

The deflagration venting calculations for dust and hybrid mixtures

are based on the methodology outlined in Chapter 7 of NFPA 68 (2018).

These calculations depend on a number of factors such as the deflagration

explosibility index of the dust (KSt); the reduced pressure (Pred), which is

the maximum pressure developed in the enclosure during a vented deflagra-

tion; the static activation pressure (Pstat), which is the pressure at which the

vent panel opens; the maximum pressure developed in unvented standard

testing (Pmax); the inertia of the vent panel; and the geometry of the enclosure.

Corrections are applied to the initial estimated vent area based on whether

Pmax

Pdes

Pred

Pstat

Vent
response

time

Time

P
re

ss
u

re

Vented explosion

Unvented explosion

Fig. 4 Illustration of vented and unvented explosions. From Pekalski, A. A.,
Zevenbergen, J. F., Lemkowitz, S. M., & Pasman, H. J. (2005). A review of explosion preven-
tion and protection systems suitable as ultimate layer of protection in chemical process
installations. Process Safety and Environmental Protection, 83(1), 1–17. Copyright 2005
by Elsevier B.V.
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allowances aremade for the effects of vent panel inertia, initially elevated pres-

sure, additional turbulence, vent discharge ducts, and partial volumes.

The effect of vent ducts on dust explosion development has very impor-

tant practical implications because of the use of ducts in situations where the

vented flow needs to be directed to a safe location outdoors. The presence of

ducts can cause a substantial increase in Pred, and the vent area should, there-

fore, be increased to offset this increase. Sometimes, bends are required in

discharge ducts to circumvent obstructions en route to a safe discharge loca-

tion. In such instances, the number of bends should be minimized as the

presence of bends complicates the flow and could lead to substantial increase

in flame speed and overpressure. Generally, the presence of bends generates

strong turbulence, which may induce a flame tip wrinkle and enhance

combustion (Sulaiman, Kasmani, & Mustafa, 2015; Thomas, Oakley, &

Bambrey, 2010). Bends are also known to cause reflection of the pressure

waves, causing the unburned dust to move in the opposite direction of flame

propagation, creating very strong mixing between hot flames and unburned

dust cloud, thus resulting in more turbulence. For example, a study by

Phylaktou, Foley, and Andrews (1993) reported that the presence of a

90 degrees elbow in a pipe generated flame speed and overpressure increase

about five times higher than observed for straight pipes. Although, these stud-

ieswere largely conducted on gas–air mixtures, theymay be applicable to dust

explosions to an extent. Since experiments show that the effect of two bends

on reduced pressure, Pred, is greater than suggested by assuming that the con-

tributions are additive (Barton, 2002), having multiple bends may lead to

unpredictable outcomes. In situations where the use of vent ducts is imprac-

ticable, a flame-arresting and particle retention device can be used. The device

will cool the hot combustion gases and retain the burned and unburned dust

resulting from a deflagration. Fig. 5 compares a conventionally vented explo-

sion with an explosion vented with a flame-arresting and particle retention

device (also known as flameless venting). No external flame is observed when

the flameless venting device was used. Further discussions on dust explosion

venting using flameless venting can be found in Holbrow (2013).

The overall resistance coefficient of the vent duct application is a com-

bination of the resistance coefficients due to the static pressure loss for duct

entry at the juncture with the vessel (Kinlet), resistance coefficient of the vent

duct, resistance coefficient for bends and fittings (Kelbow), and the loss due to

the outlet condition of the vent at the discharge point (Koutlet). In a situation

where a vent duct discharges at roof level, it may be desired to have some

form of covering to prevent debris from falling into the duct. The effects of
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the covering on the flow in the duct depends on the type of covering and its

installation. Generally, a grating over the end of a vent duct does not have a

noticeable effect on the Pred, provided the mesh is not too small (NFPA 68,

2018). However, the use of a rain hat may increase the Pred as rain hats pro-

vide additional resistance to flow in the duct as a function of the gap between

the base of the rain hat and the vent duct diameter. The loss coefficients for

different configurations of rain hats are listed in Fig. A.8.5(d) of NFPA

68 (2018). Care should be taken to verify that the rain hat will readily open

when needed and will not impair the intended function of the duct.

3.3 Suppression
Explosion suppression is an explosion protection technique that involves the

detection and suppression of an explosion at its incipient stages to prevent

the build-up of a destructive overpressure (Fig. 6). Suppression is usually

used where pressure containment is undesirable or unreasonably costly

and explosion venting is not feasible, probably due to toxicity of the dust

or the length of duct required to vent to a safe location.

Suppression can also be used as a secondary independent layer of protec-

tion to supplement a preventive primary basis for safety such as the oxidant

concentration reduction method. This combination can offer an added

level of confidence in the safety of the design; should the primary basis

for safety fail, suppression can act as an effective backup mitigation plan.

Suppression is suitable for vessels with volumes ranging from 0.25

to 1000 m3. Thus, it is ideal for processing equipment (blenders, dryers,

Fig. 5 Conventionally vented explosion and explosion vented with a flameless venting
device. (A) Conventionally vented explosion. (B) Explosion venting with a flameless
venting device. From Holbrow, P. (2013). Dust explosion venting of small vessels and
flameless venting. Process Safety and Environmental Protection, 91(3), 183–190. Copyright
2012 by Elsevier B.V. on behalf of The Institution of Chemical Engineers.
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dust collectors, etc.), material-handling equipment (pneumatic conveyors,

bucket elevators, etc.), and storage equipment (pressure tanks, etc.).

Suppression can be used for vessels larger than 1000 m3, provided the

suppressant canisters can be positioned within the boundaries of the vessel.

Suppression requires that the incipient deflagration be detected very soon

after ignition, and that the suppressant is discharged in sufficient quantity to

extinguish the deflagration before a destructive overpressure is developed.

Therefore, a properly installed suppressant system is crucial to the effective

use of suppression as an explosion protection technique.

There are three commonly use suppression strategies:

1. Advanced inerting: the explosion is detected, its location identified,

suppressors are activated, and the suppressant barriers are established

to prevent the spread of the explosion to other process units.

Fig. 6 Stages in a deflagration suppression. The detector is represented by the red side
button while the suppressant canister is represented by the blue attachment at the top
(alternative arrangements can be used).
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2. Local suppression: the initial explosion is detected, its location identified,

and the suppressors are activated to ensure that the flame does not prop-

agate beyond the explosion kernel.

3. Total suppression: the explosion is detected and the entire system is del-

uged with suppressant such that the explosion is totally suppressed.

As a suppressant is discharged into a vessel, four complex and interrelated

processes—the relative extent of which depends on the nature of the

suppressant—occur (CCPS, 2005):

1. Quenching: heat is abstracted from the combustion zone through

energy transfer. This is usually the most important mechanism for dust

explosions.

2. Wetting: liquid suppressant is adsorbed on unburned dust particles and

renders them nonexplosible.

3. Inerting: suppressant dilutes the concentration of unburned dust cloud

and renders it nonexplosible.

4. Free radical scavenging: suppressant supplies active species which compete

with chain-propagating reactions in the combustion process.

Detection devices should be able to sense a deflagration by detecting a spec-

ified pressure or rate of pressure rise, or by sensing a radiant energy from the

deflagration (NFPA 69, 2019). The device should be located such that the

temperature it experiences from the deflagration does not exceed its

manufacturer-quoted temperature rating. It is also important that the device

be positioned such that it activates and discharges during the early stages of a

deflagration as it may be of little use when the pressure and flame are already

fully developed. In the selection of suppressants, consideration should be

given to effectiveness and compatibility with the dust being processed.

The process compatibility and relative merits of common suppressants, as

discussed in Barton (2002), are summarized in Table 4.

Commonly used powder suppressants include sodium bicarbonate, potas-

sium bicarbonate, and mono-ammonium phosphate powder (MAPP).

Caution should be taken when water is used as a suppressant as the deluge

of water, if not properly controlled, can cause structural damage to con-

nected equipment, unless a means of relieving the accompanying pressure

is provided.

Suppressants are stored in varieties of hardware depending on the man-

ufacturer. Common suppressor types are the high rate discharge (HRD) sup-

pressors and hemispherical suppressors. HRD canisters come in various sizes

and are usually equipped with fast-opening valves, which open to allow the
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discharge of the suppressant as soon as a deflagration is detected. Highly sen-

sitive detectors can detect the emerging explosion within milliseconds.

While it is desirable that the pressure sensor be highly sensitive, if the spec-

ified pressure (or pressure rise) value is too low, pressure variations during

normal operations of the equipment may activate the discharge valves when

there is no actual deflagration. In order to avoid such false alarms, someman-

ufacturers install two detectors placed at 90 degrees to each other to assist

in distinguishing pressure (or pressure rise) due to normal operation fluctu-

ations from the ones from an actual deflagration. An alternative is to set the

pressure (or pressure rise) higher than expected pressure fluctuations in the

system but low enough not to hamper its sensitivity.

In some cases, suppression may need to be supplemented by other explo-

sion protection techniques such as venting and containment. For example, if

the design pressure of a protected vessel is not expected to withstand the

maximum explosion pressure from a highly reactive dust such as St-3 dusts,

it may be desirable to lower the maximum explosion pressure by chemical

suppression to a limit the vessel can withstand. Similarly, suppression can be

used in combination with venting in instances where full venting may gen-

erate a fire ball with dimensions such that it poses an unacceptable risk to

personnel and structures in its vicinity. In such cases, suppression acts to

weaken the strength of the explosion before it is vented. Another possible

use of suppression-venting combination is in equipment where large open-

ings are not desired; suppression can help to limit the vent area required for

safe operations. A suppression system can also be configured to actuate other

isolation devices such as isolation and deluge valves.

Table 4 Relative merits of common suppressants.
Consideration Powder Water (pure)

Combustible dust class St 1, St 2, and some St 3 No

Toxicity No No

Contamination Yes No

Decomposition Slight No

Notes: (a) Adapted from Barton, J. (2002). Dust explosion: Prevention and pro-
tection, a practical guide. Woburn: Gulf Professional Publishing, p. 90. Institution
of Chemical Engineers (IChemE). Fluorocarbons are listed as suppressants in the
original table but have been omitted from this table as there are potential environ-
mental, health and safety concerns associated with their use. (b) St-1 dusts haveKSt

of� 200 bar �m/s, St-2 dusts have KSt of 201–300 bar �m/s, while St-3 dusts have
KSt > 300 bar �m/s.
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3.4 Deflagration control by isolation
Deflagration control by isolation is an explosion protection technique that

involves the use of a barrier to interrupt flame and pressure propagation in

interconnected enclosures. Isolation techniques can be passive or active.

Active isolation requires detection, control, and a response (pneumatic or

electrical) that creates an isolating barrier, whereas passive isolation tech-

niques respond to the explosion pressure to create the barrier. NFPA

69 (2019) discusses the use of four components for active isolation: chemical

barrier, fast-acting mechanical valve, externally actuated float valve, and

actuated pinch valve. Passive isolation techniques include passive float val-

ves, passive flap valves, flame front diverters, material chokes (rotary valves),

static dry flame arresters, hydraulic-type flame arresters, and liquid product

flame arresters. A passive isolation valve and two types of active isolation val-

ves are compared in Table 5.

Where fast-acting mechanical valves are used, they should be designed

to withstand the expected maximum explosion pressure, including pressure

piling. Additional information on active and passive isolation techniques

can be found in CCPS (2005), NFPA 69 (2019), Bartknecht (1981),

Siwek (1989), and Eckhoff (2003 a).

Table 5 Comparison of common explosion isolation techniques.
Fast-acting mechanical valve Actuated pinch valve Passive isolation valve

Valve closure is actuated in

response to detection of

deflagration by one or more

strategically positioned

detectors.

Valve closure is actuated

by gas discharge at high

speed from a pressurized

cylinder connected to the

valve assembly.

Valve closure is

actuated by the

explosion pressure

wave that precedes the

flame front.

Relies on detection and

control hardware (control

panel, detector(s), valve

assembly, etc.) supplied by

manufacturer.

Relies on detection and

control hardware (control

panel, detector(s), pressure

cylinder, pinch valve

assembly, etc.) supplied by

manufacturer.

Does not require

detection or control

hardware to activate.

Valve closure is typically

accomplished in milliseconds

per inch of valve diameter.

Time for electrical

transmission from control

panel should be taken into

consideration.

Valve closure is typically

accomplished in

milliseconds. Time for

electrical transmission

from control panel should

be taken into

consideration.

Time for electrical

transmission from

control panel is not

applicable.
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4. Electrical classification

Classified electrical components form an important part of the dust

explosion safety systems discussed in this chapter and should be included

as part of an overall dust hazard mitigation strategy. Improperly classified

or unclassified electrical components installed in areas having the potential

to form combustible dust atmospheres can act as an ignition source for a

suspended dust cloud and result in a deflagration or explosion. Thus, it is

important to consider the potential for electrical components to act as an

ignition source and determine how to prevent dust cloud ignition from

being initiated by electrical components.

This section discusses the steps that should be taken to ensure that elec-

trical components installed within a facility where combustible dusts are

handled are adequately classified. We discuss how to determine the hazard-

ous area classification, the various systems available for area classification, the

methods of protection for electrical components, and the meaning of mark-

ings on classified electrical components.

4.1 Classification systems
It is important to note that there are two recognized classification systems for

electrical components in hazardous atmospheres: the Zone and Division

systems.

The Division system has traditionally been used in the United States and,

prior to the most recent (2017) edition of NFPA 499 (2017), it was the only

recognized classification system for combustible dusts. Prior to 2015, the

Canadian Electrical Code (CSA-C22.1, Part 1) also used theDivision system

for combustible dusts, but now gives preference to the Zone system, and

hence both systems are discussed.

There are three zone classifications that can be associated with an envi-

ronment: Zone 20, Zone 21, and Zone 22. These zones are classified as

follows (IEC 60079-10-2):

1. Zone 20:An area in which an explosive dust atmosphere, in the form of a

cloud of combustible dust in air, is present continuously or for long

periods or frequently.

2. Zone 21:An area in which an explosive dust atmosphere, in the form of a

cloud of combustible dust in air, is likely to occur in normal operation

occasionally.
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3. Zone 22:An area in which an explosive dust atmosphere, in the form of a

cloud of combustible dust in air, is not likely to occur in normal oper-

ation; however, if it does occur, it will exist for a short period only.

For combustible dusts, the Division system considers combustible dust

atmospheres as Class II atmospheres and associate a Division as follows

(NFPA 499, 2017):

1. Class II, Division 1 A location:

• In which combustible dust is in air under normal operating conditions

in quantities sufficient to produce explosive or ignitable mixtures, or

• Where mechanical failure or abnormal operation of machinery or

equipment might cause such explosive or ignitable mixtures to be

produced, andmight also provide a source of ignition through simul-

taneous failure of electrical equipment, through operation of protec-

tion devices, or from other causes, or

• In which Group E combustible dusts (see Table 6 in Section 4.4 for

definition) may be present in quantities sufficient to be hazardous.

2. Class II, Division 2 A location:

• In which combustible dust, due to abnormal operations, may be pre-

sent in air in quantities sufficient to produce explosive or ignitable

mixtures; or

Table 6 Zone and Division material classification description.

Zone group
Division
group Description

Group IIIC Group E Atmospheres containing combustible metal dusts,

including aluminum, magnesium, and their commercial

alloys, or other combustible dusts whose particle size,

abrasiveness, and conductivity present similar hazards in

the use of electrical equipment.

Group IIIB Group F Combustible carbonaceous dusts that have more than eight

percent total entrapped volatiles (see ASTM D3175,

Standard Test Method for Volatile Matter in the Analysis

Sample of Coal and Coke, for coal and coke dusts) or

that have been sensitized by other materials so that they

present an explosion hazard.

Group IIIB Group G Combustible dusts not included in Zone Group IIIC

(or Groups E and F) including flour, grain, wood, plastic,

and chemicals.

Group IIIA Class III Solid particles, including fibers, greater than 500 μm in

nominal size, which may be suspended in air and could

settle out of the atmosphere under their own weight.
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• Where combustible dust accumulations are present but are normally

insufficient to interfere with the normal operation of electrical

equipment or other apparatus, but could become suspended in air

as a result of infrequent malfunctioning of handling or processing

equipment; or

• In which combustible dust accumulations on, in, or in the vicinity of

the electrical equipment could be sufficient to interfere with the safe

dissipation of heat from electrical equipment, or could be ignitable by

abnormal operation or failure of electrical equipment.

There is no direct equivalence between the Zone and Division systems; how-

ever, local Codes generally provide some guidance. For example, theCanadian

Electrical Code (CSA22.1-15, 2015)) will permit Class II, Division 1 in both

Zone 20 and 21 locations, and Class II, Division 2 equipment in Zone 22 loca-

tions. Conversely, the National Electrical Code® (NFPA 70, 2017) will only

permit Zone 20 equipment in Class II, Division 1, and Zone 21 and 22 equip-

ment in Class II, Division 2 locations. (NFPA 70®, National Electrical Code ®,

and NEC® are registered trademarks of the National Fire Protection Associ-

ation, Quincy, MA.) Further information on classification systems can be

found in chapter “Dust explosions: Hazard identification” by Frank.

4.2 Hazardous area classification (HAC)
Chapter “Dust explosions: Hazard identification” by Frank touched on

hazardous area classification (HAC) studies and discussed their role in a dust

hazard analysis. The hazardous area classification study is the first step in the

selection of appropriate electrical components for use in hazardous

environments.

The goal of a hazardous area classification study is to delineate the areas

where hazardous levels of combustible dusts may be present during the oper-

ation of various equipment by assessing the likelihood of explosive dust

atmospheres occurring throughout a facility or process. The HAC has

two main objectives: determination of the severity of the hazard in a hazard-

ous area, and determination of the extent of the respective area. An HAC

will also assist in determination of the type of protection required for

electrical components installed in the classified locations.

Various resources are available for guidance on the performance of a

hazardous area classification study, but in general, these follow similar steps

and attain the same objective. Two of the most frequently utilized resources

are NFPA 499 (2017) (US and Canada) and IEC 60079-10-2 (2015)

(Canada and Europe) which follow each of the following steps:
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1. Identify material characteristics: The first step in a HAC study is to identify

the material characteristics associated with the materials being handled at

the facility. The hazards present at any facility will be dependent on the

materials being handled, and the classification of electrical components is

also dependent on the material characteristics.

2. Identify sources of fugitive dust release: Each source of combustible dust release

in the process is identified, accounting for potential abnormal conditions

but generally not including catastrophic failure of multiple systems.

3. Identify frequency of release:The frequency of release is determined for each

source and documented. IEC 60079-10-2 (2015) suggests three possible

options: constant release of dust (continuous grade), occasional release

under normal operation (primary grade), and release only under abnor-

mal conditions (secondary grade).

4. Determine zone severity and extent: Based on the results from the three pre-

vious steps, guideline documents such as NFPA 499 (2017) or IEC

60079-10-2 (2015) will offer suggestions on how to classify the areas sur-

rounding the sources of emissions identified.

In addition to the emission sources and their frequency, fugitive dust

emissions from equipment may accumulate on surfaces and should also

be considered in a hazardous area classification evaluation. Dust layers

allowed to accumulate on surfaces and equipment pose the following

potential hazards (NFPA 499, 2017):

1. Depending on the rate of burning, dust layers can be dispersed into air to

generate a combustible dust cloud. If the dust cloud is ignited, it can

result in the occurrence of a flash fire or explosion which can cause fur-

ther disruption of existing dust layers and potentially lead to a secondary

explosion.

2. Insulating properties of combustible dust layers can cause electrical

equipment to overheat, which may ignite the dust layer and create a

potential ignition source for a deflagration. The presence of dust layers

distributed across various pieces of equipment indicates the requirement

to determine the minimum dust layer ignition temperature (LIT) of the

sampled dust.

Consequently, there are some guidelines on HAC where combustible dust

tends to accumulate over time and form a layer. Generally, housekeeping

measures (Section 6) can be implemented to avoid this situation, but where

this is impractical, Appendix Tables A.6.7(a) and A.6.7(b) in NFPA 499

(2017) can be used for guidance on how to classify areas based on the amount

of dust present.
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Hazardous area classification studies should be carried out wherever elec-

trical components are installed where combustible dusts are being handled as

part of a process. Once a hazardous area classification study has been com-

pleted, electrical components for use in hazardous areas can be selected and

installed. The following information should be included as part of a hazard-

ous area classification study:

• The type of material being handled and the dust group.

• The classification for each area of a process. Often this can be presented

in the form of a hazardous area classification drawing with a geometric

representation of the hazardous locations.

• The maximum equipment surface temperature permitted for electrical

components.

These items are important in the selection of classified electrical components

for use in the hazardous atmosphere and will be indicated on the equipment

label of the component. Sections 4.3–4.5 describe these items in more detail.

4.3 Protection methods
Various protection methods are available for classified electrical components

and there is generally no preferred method, so long as it is able to provide the

required level of protection. Themethod of protection is only required to be

indicated on the equipment label in the Zone system. The following lists

some of the protection options available along with associated markings that

can be found on classified components.

1. Encapsulation (“m”)—This method utilizes an enclosure to isolate the

electrical components capable of igniting an explosive atmosphere. This

method can be utilized for protection of equipment in Zone 20 (“ma”),

Zone 21 (“mb”), or Zone 22 (“mc”).

2. Protection by enclosure (“t”)—This protection method consists of an

enclosure that is constructed to prevent the ingress of dust and is suitable

for Zone 20 (“ta”), Zone 21 (“tb”), and Zone 22 (“tc”).

3. Intrinsic safety (“i”)—Intrinsically safe components are designed such

that the energy they utilize is insufficient to ignite the explosive atmo-

sphere in which they are located. This type of protection can be utilized

for Zone 20 (“ia”), Zone 21 (“ib”), or Zone 22 (“ic”).

4. Pressurized enclosure (“pxb,” “pyb,” or “pzc”)—This method utilizes a

positive gas pressure inside the equipment to prevent ingress of explosive

dust. This method can be utilized for Zone 21 (“pbx” and “pyb”) or

Zone 22 (“pzc”).
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Various other methods of protection are available for Division systems, but

they have no associated markings required on the equipment label. Two are

listed here:

1. Hermetically sealed

2. Dust ignition proof

It should be noted that other methods of protection are available for elec-

trical components, particularly for Class I (or Zone 0, 1, and 2) for flam-

mable vapor atmospheres. The methods of protection listed in this

Section have been extracted from the Canadian Electrical Code and the

National Electrical Code for protection of components in combustible dust

atmospheres.

4.4 Material classification
The material classification is one of the markings that will be on a classified

electrical component. This identifies the type of atmosphere in which the

electrical components can be utilized. Materials are divided into groups,

but the groups are different for the Zone and Division system as shown

in Table 6.

4.5 Temperature codes
The temperature code of an electrical component indicates the maximum

surface temperature that the component is capable of reaching during its

operation. This is the only marking that is consistent between both the Zone

and Division systems. The temperature code is an important part of equip-

ment classification that requires particular attention for dusts, as combustible

dusts have both a minimum ignition temperature as a dust cloud, and a min-

imum ignition temperature as a layer. The minimum ignition temperature

of a dust cloud considers the surface temperature required for the auto-

ignition of a dust cloud without the presence of an ignition source. Themin-

imum ignition temperature of a dust layer considers the minimum surface

temperature required for the combustion of an accumulated layer of dust

on a hot surface without the presence of an ignition source. The latter is gen-

erally the lower value of the two. Hence, the lower of the two temperatures

must be taken into account when determining the appropriate temperature

code for an electrical component.
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4.6 Suitability
An aspect that is not discussed in the hazardous area classification study but is

very important in the selection of classified components is suitability. The

suitability of electrical components for use in hazardous atmospheres is eval-

uated through a recognized testing agency, which is able to confirmwhether

the component being evaluated meets the appropriate requirements for its

stated use.

In North America, each country has a list of certified agencies; Nation-

ally Recognized Testing Laboratories (NRTLs in the United States and reg-

ulated by the US Department of Labor) or Certification Bodies (in Canada

and regulated by the Standards Council of Canada) are capable of providing

a certification mark demonstrating the suitability of electrical components

for use in the specified hazardous location. While some US NRTLs will

meet the requirements for Canadian Certification Bodies, this is not always

the case. Thus, the suitability of electrical components should always be

confirmed before they are installed.

In some cases where specialized equipment or small quantities of equip-

ment are manufactured and the capital investment to obtain certification

for multiple jurisdictions may not be practical for the manufacturer, a field

evaluation may be a possible alternative to the certification mark, if it is

acceptable to the authority having jurisdiction. A field evaluation is not equiv-

alent to certification but can be performed by a certified Inspection Body to

evaluate the level of safety of a product and is generally an acceptable form of

approval for the use of electrical components in hazardous atmospheres.

5. Ignition source control—Electrostatic hazards

Hot surfaces, friction, impacts, spontaneous combustion, flames, hot

work (e.g., welding, soldering, brazing), and electrostatic sparks are some of

the ignition sources that may be present in a facility handling and processing

combustible dusts. If the other elements of the explosion pentagon are pre-

sent (fuel, confinement, oxidant, and dispersion), an ignition source may

provide sufficient energy for ignition and propagation of flame in a process

equipment or enclosure. Since electrostatic hazards are ubiquitous in many

industrial processes, understanding and mitigating electrostatic hazards as an

ignition source will be the focus of this section.
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5.1 Origin and types of electrostatic charges
Charges build up on particles through repetitive contact as they rub against

one another and equipment surfaces. Drying, sieving, grinding, and pneu-

matic conveying are some of the common operations during which particles

come into contact with one another and equipment surfaces, and become

charged. In these operations, the more vigorous the contact, the more

the charges generated (Britton, 1999; CCPS, 2005; NFPA 77, 2019). If suf-

ficiently high charges are generated, a break down of the associated electric

field may cause an energetic electrostatic discharge which can result in igni-

tion of suspended dust clouds. It is, therefore, important to understand and

mitigate these hazards. For an electrostatic discharge to be a source of igni-

tion, the following four conditions must be met (Britton, 1999):

1. An effective means of charge accumulation must be present, i.e., charge

generation must exceed charge dissipation.

2. A flammable atmosphere must be present when the static discharge

occurs.

3. The minimum ignition energy (MIE) of the combustible dust must be

exceeded by the effective energy of the static discharge.

4. The surrounding atmosphere must be conducive to the propagation of

an ignited flame.

NFPA 77 (2019) provides the definition for five types of discharges that are

relevant to the bulk handling of particulate solids.

• Corona discharge.A low energy electrical discharge that occurs when gases

break down near sharp conductive edges.

• Brush discharge. This is similar to corona discharge but has higher energy

and is characterized by low-frequency bursts, which can form between

charged nonconductive surfaces and grounded conductors.

• Bulking brush discharge. An electrical discharge created during bulk trans-

fer of dust into containers. It appears as a luminous, branched channel

flashing radially from the wall toward the center of the pile. An example

of electrostatic discharge generated inside a silo during charging of pow-

ders is shown in Fig. 7.

• Propagating brush (Lichtenberg) discharge. A Lichtenberg discharge is an

energetic discharge caused by electrical breakdown across a dielectric

layer.

• Spark. A spark is a short-duration electric discharge that occurs as a result

of a sudden breakdown of air or an insulating material separating two

conductors at different electric potentials. It is usually accompanied by

a transient flash of light.
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Due to their relatively high energies, propagating brush discharges and

sparks appear to be the major causes of ignition of combustible dust clouds.

Previous attempts to ignite sensitive dust clouds (MIE: 1.0–10 mJ) by pos-

itive brush discharges have failed (Britton, 1999). Since the likelihood of

ignition is related most strongly to the MIE of the dust, combustible dusts

with low MIE are more susceptible to ignition by electrostatic charges than

dusts with relatively high MIE. Hence, caution should be taken when han-

dling dusts with low MIE.

MIE tests with inductance usually produce lower values compared to

tests performed without inductance. Inductance is typically not a character-

istic of electrostatic discharge; thus, it is appropriate to utilize testing without

inductance when evaluating whether or not electrostatic discharge is a cred-

ible source of ignition for combustible dust clouds. Table 7 compares the

results for three combustible dust samples tested with and without induc-

tance. For the least sensitive dust (Sample A), the use of inductance has

no impact on the reported MIE for the sample, up to the maximum spark

Fig. 7 Electrostatic discharge generated inside a silo during charging of powder.
Adapted from Choi, K., Endo, Y., & Suzuki, T. (2018). Experimental study on electrostatic
charges and discharges inside storage silo during loading of polypropylene powders.
Powder Technology, 331, 68–73. Copyright 2018 by Elsevier B.V.
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energy used for testing in the MIE III apparatus (2000 mJ). In contrast, the

MIE values reported for Samples B and Cwhen tested with inductance were

about an order of magnitude lower than the reported value when inductance

was not used.

MIE for select combustible dust/air clouds estimated from experiments

performed in the Chilworth MIE III apparatus are given in Table 8. The

reported MIE values range from 3 mJ to >2000 mJ.

5.2 Preventing electrostatic discharge
Grounding and bonding can help dissipate charges and prevent electrostatic

discharge in process equipment. Therefore, reliable grounding and bonding

of all conducting parts of process equipment should be provided in confor-

mance to good engineering practice such as outlined in NFPA 77 (2019).

ASTM E2019 recommends a resistance to earth of less than 1 � 106 Ω �m
for conducting items to give a wide margin of safety and to allow for var-

iations of resistance over a period of time. A resistance to earth of less than

1� 106Ω �mwill ensure that the conducting items do not accumulate char-

ges and, thus, prevent spark discharges. All conductive components sepa-

rated by flexible tubing materials should be bonded. A mitigation strategy

sometimes used in an attempt to dissipate electrostatic charges is to wrap

a grounded conducting wire helically around an insulator tube. As discussed

in L€uttgens and Norman (1997), this may actually be counterproductive as

the grounding wire may direct the field from the charge on the inside of the

tube outwards to the wire, thereby allowing a very high charge density to

build up inside the tube until the breakdown potential of the wall of the tube

is attained. This can result in a propagating brush discharge transmitted

through the tube to the helical wire. It is, therefore, recommended to

replace insulating tubes with tubes made of a conducting material, which

Table 7 Summary of MIE test results (with and without the use of
inductance).

Sample

MIE (mJ)

With inductance Without inductance

A > 2000 > 2000

B 100–300 1000–2000

C 100–300 300–1000

Note: Data from Jensen Hughes Dust and Flammability Testing Laboratory,
Halifax, NS, Canada.
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Table 8 Minimum ignition energy (MIE) for combustible dust/air clouds estimated from
experiments in the Chilworth MIE III apparatus.

Sample MIE (g/m3) d50 (μm)
% Particle distribution
(<75 μm)

Aluminum dust 10–30 17 98

Aluminum polishing dust 300–1000 33 89

Aluminum stearate 5–10 12 100

Cerelose dextrose 1000–2000 66 53

Coke > 2000 47 100

Die cutter 300–1000 68 54

Dog feed 300–1000 27 92

Echinacea > 2000 49 100

Epoxy resin > 2000 139 22

Foam dust > 2000 301 6

Ginger powder 1000–2000 64 59

Gum > 2000 56 59

HDPE 1300–1500 61 100

L-Arginine 100–300 61 59

Lemon blend 300–1000 43 86

Lime blend 300–1000 75 90

LLDPE plastic dust 3–8 44 100

Meat and blood meal > 2000 149 32

Nondairy creamer 300–1000 2 100

Paint (automotive) > 2000 47 72

Paint primer dust 100–300 51 72

Polyacrylamide > 2000 71 55

PVC > 1800 77 100

Salt and pepper > 2000 32 89

Saw dust > 2000 274 10

Skim colostrum > 2000 33 83

Sodium sulfide > 2000 30 78

Starch 1000–2000 226 20

Continued
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should be properly grounded. Generally, the use of insulator tubes, linings or

coatings for transporting combustible dusts should be avoided.

Humidification is another strategy for dissipating static charges. If the

ambient humidity is maintained at or above 65%, the surface of the particles

may adsorb enough moisture to ensure a surface conductivity that can pre-

vent a build-up of static charges (NFPA 77, 2019). However, prevention of

charge accumulation through humidification will be effective only if there is

a conductive path to ground. It should be noted that not all materials are

affected by humidity as described above. Some materials, such as some poly-

meric materials, are capable of accumulating charges even when the humid-

ity is at 100%. Charge relaxation is another method of preventing ignition

through electrostatic discharges. In this case, the particles are allowed suffi-

cient time to “relax” their charges before the material is introduced into the

process equipment. Similar to humidification, charge relaxation can work

only if there is a conductive path to ground. Its effect may, however, be

short-lived as the particles may soon build up charges as they are transported

during processing. Ionization, passive neutralizers, active neutralizers, and

Table 8 Minimum ignition energy (MIE) for combustible dust/air clouds estimated from
experiments in the Chilworth MIE III apparatus.—cont’d

Sample MIE (g/m3) d50 (μm)
% Particle distribution
(<75 μm)

Stearic acid 10–17 56 70

Steel dust > 2000 22 95

Succinic acid > 2000 20 100

Sugar 1000–2000 18 99

Tartaric acid > 2000 48 68

Upholstery dust > 2000 46 67

Vancide (triethyl hexahydrotriazine) 300–1000 5 97

Whey > 2000 4 100

Wood dust 100–300 70 54

Notes: (a) Data from Jensen Hughes Dust and Flammability Testing Laboratory, Halifax, NS, Canada.
(b) Testing was performed in a Chilworth MIE III apparatus without inductance and in accordance with
ASTM E2019 (ASTM E2019 (2013)). (c) The Chilworth MIE III utilizes a 1.2-L Hartmann tube in
which a dust cloud is formed by introducing pressurized air into the tube. (d) Prior to testing, the samples
were dried to moisture content by weight of less than 5%. (e) The maximum spark energy that can be
generated utilizing the MIE III apparatus is 2000 mJ. (f ) d50 (median diameter) is the particle diameter at
which the particle size distribution is divided into equal halves above and below this diameter.
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control of personnel charging are other means of controlling electrostatic

hazards. More detailed discussions of various techniques that can be used

to prevent electrostatic discharge are presented in CCPS (2005), Britton

(1999), and Pratt (2000).

6. Housekeeping

Shock waves from an initial deflagration may dislodge deposited dust

particles and form a dust cloud which can be ignited by the flame or heat

from the deflagration. This may cause a secondary explosion which is usually

more severe than the primary explosion. It is, therefore, crucial to design and

implement a formalized housekeeping program aimed at preventing or min-

imizing accumulation of dust in the process area around equipment in

which dust cannot be completely contained during normal operations.

Attention should also be given to obscure parts of equipment and areas

of the facility where dust may accumulate without being noticed. For

example, dust may accumulate, unnoticed, in the space above suspended

ceilings, joints between walls, and interior of pipes and electrical conduits

(NFPA 69, 2019).

While NFPA 69 (2019) provides some basic guidance on safe house-

keeping, more comprehensive guidance can be found in other standards

which are specified in NFPA 69 (2019). NFPA 69 (2019) specifies that

housekeeping should be performed, as appropriate, in accordance with

NFPA 61 (2017), NFPA 484 (2019), and NFPA 654 (2017). NFPA Stan-

dards are freely available for viewing online on the National Fire Protection

Association (NFPA) website. NFPA 654 specifies the use of continuous suc-

tion to reduce or eliminate fugitive dust from processes where combustible

dust is released during normal operations. Vacuuming is the preferred

method of cleaning in NFPA 654; however, the standard permits the use

of other cleaning methods such as sweeping and water washdown when

vacuuming is not practicable. Blowdowns using compressed air or steam

are also permitted to be used for cleaning inaccessible surfaces or surfaces

where other methods of cleaning result in greater personal safety risk.Where

compressed air blowdown is used, compressed air hoses should be equipped

with pressure relief nozzles limiting the discharge gauge pressure to 207 kPa.

All ignition sources and hot surfaces capable of igniting a dust cloud or

dust layer should be shut down or removed from the area. NFPA 654 pro-

vides additional guidance on proper cleaning methodologies to avoid the

risk of generating suspended dust clouds that could lead to a fire or explosion
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hazard. Areas out of reach of a centralized vacuum cleaning system should

be cleaned using portable vacuums that comply with the following

requirements:

1. Vacuum cleaners should be made of conductive and noncombustible

materials and the hoses should also be conductive or static dissipative.

2. All conductive components of the vacuum cleaner should be bonded

and grounded.

3. Dust-laden air should not be allowed to pass through the fan or blower.

4. Electrical motors should not be in the dust-laden air stream unless listed

for Class II, Division 1 locations.

5. Paper filter elements should be avoided when liquids or wet material are

picked up by the vacuum cleaner.

While NFPA 654 requirements make it permissible to clean dust with

vacuum cleaners, this does not apply to combustible metal dusts. The

requirements for metal dusts are more stringent and can be found in NFPA

484. Special engineering consideration should be given when using portable

vacuum systems for the cleaning of finely divided combustible metal dust.

Vacuum cleaners are permitted for use if only small amounts of dust are

to be cleaned. Even in such instances, the vacuum should be emptied after

each operational shift and should not be used as the primary dust collector

(NFPA 484, 2019). Conductive, nonsparking scoops, brushes with natural

fiber bristles, and soft brooms are also recommended for cleaning metal dusts.

Compressed air is permitted for cleaning only if areas to be cleaned are impos-

sible to clean by vacuuming or other means; however, caution must be taken

to remove potential ignition sources in and around the process area.

7. Conclusion

Dust explosions can have devastating impacts on lives, properties, and

the environment. Hence, the interest in devising means of either preventing

dust explosions from occurring in the first place, or mitigating their conse-

quences when they occur. Consequently, a suite of safety measures have

been developed by loss practitioners in the process industry.

Inherently safer design is a proactive approach which aims to eliminate or

lessen hazards, and consequently the risk, with decreased reliance on

engineered devices and procedural measures. The four basic principles of

inherent safer design (Minimization, Substitution, Moderation, and Simpli-

fication) have gained widespread acceptance in the process industry.

Prevention measures such as oxidant concentration reduction and com-

bustible concentration reduction are viable techniques for preventing dust
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explosions from occurring. These measures focus primarily on preventing

the occurrence of a deflagration by eliminating one of the four conditions

necessary for a deflagration to occur: ignition source control, elimination or

adequate reduction of fuel, oxygen concentration reduction, or preventing

credible dispersion scenarios. Pressure containment, venting, suppression,

and isolation are mitigation measures commonly used to mitigate the

potential consequences of a confined or partially confined dust deflagration

(resulting in an explosion).

Hazardous area classification (HAC) specific to dust applications is also an

important dust hazard mitigation strategy as improperly classified or unclas-

sified electrical components installed in areas having the potential to form

combustible dust clouds can act as an ignition source resulting in a deflagra-

tion or explosion. All these safety measures should be given careful consid-

eration by loss practitioners in the process industry.
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1. Introduction

This chapter is organized geographically, starting with international

standards and then proceeding regionally and nationally. The regional

approach to explosion protection regulations and standards is described,

including the key standards writing organizations, and a summary of
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the more important dust explosion standards provisions is provided.

Guidelines promulgated by industry trade associations, professional

organizations, and consensus standards writing organizations are also cov-

ered to the extent these are known to the author and the colleagues who

graciously aided in this endeavor.

The geographical approach outlined above has inherent limitations in

that many standards writing organizations seek distribution and imple-

mentation of their standards far beyond regional borders. They now also

welcome contributions from personnel and companies working outside

their original geographical boundaries. Nevertheless, most regulations

are issued and enforced on either a continental, national, or sub-national

basis, so this is the structure adopted in this chapter for both the regulations

and standards.

Most of the international standards are equipment, material, or testing

standards whereas many of the continental/national/sub-national standards

and regulations concern facilities and powder/dust processing, handling, and

storage equipment. Originally most of these application standards were

entirely prescriptive but current standards often have performance-based

options allowing varying ways to achieve stated objectives. Since these

explosion protection objectives and the criteria for achieving them are more

likely to remain intact than the prescriptive requirements as the standards

evolve over multiple editions, this chapter emphasizes those objectives

and criteria.

2. International dust explosion standards

2.1 ISO/IEC standards
The International Electrotechnical Commission (IEC) is a worldwide orga-

nization producing international standards on subjects related to electrical

and electronic considerations. IEC Technical Committee 31 is responsible

for Equipment for explosive atmospheres. The IEC TC31 standards

described below are important publications in the international approach

to dust explosion hazard evaluation and protection.

These IEC standards use the following IEC definition of combustible

dust as “finely divided solid particles, 500μm or less in nominal size, which

may form explosive mixtures with air at standard atmospheric pressure and

temperatures.” Although this definition has no criteria for determining

whether these solid particles can form explosive mixtures with air, Ignition
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Tests described in ISO/IEC80079-20-2 provide an empirical basis for deter-

mining if indeed the suspended dust sample can be ignited as an explosive

mixture with air.

2.1.1 ISO/IEC 80079-20-2-2016
Explosive atmospheres: Part 20-2 material characteristics: Combustible dust test

methods.

ISO/IEC 80079-20-2 is the successor replacement of former standards

IEC 61241-2-1, IEC 61241-2-2, and IEC 61241-2-3, combining the

revised requirements of these three standards into a single document.

According to the document scope, it “describes the test methods for the

identification of combustible dust and combustible dust layers in order

to permit classification of areas where such materials exist for the purpose

of the proper selection and installation of electrical and mechanical equip-

ment for use in the presence of combustible dust.”

The ISO/IEC 80078-20-2 combustible dust identification procedure

entails conducting one or more Go/No Go tests in the specified test appa-

ratus as illustrated in Fig. 1. The first tests are conducted in the 6.8cm diam-

eter, 30cm longHartmann cylinder using a spark and a hot coil igniter. Visual

indication of flame propagation away from the ignition source is the crite-

rion for designating the dust sample as combustible dust/flying. The term

combustible flyings is defined in ISO/IEC 80079-20-2 as “solid particles,

including fibers, where one dimension is greater than 500μm in nominal

size, which may form an explosive mixture with air at standard atmospheric

pressure and temperature.”

As per the Fig. 1 flow chart, a no-ignition result in theHartmann cylinder

tests leads to additional tests in either a 20-L sphere equipped with two 1kJ

igniters or in the Godbert-Greenwaldt oven at a temperature of 1000 °C.
The 20-L sphere ignition criterion is a measured pressure at least 0.3 bar

greater than the pressure produced by the igniter alone.

ISO/IEC testmethods for the characterization of combustible dust/flyings

ignitability and explosibility properties are listed in Table 1. Corresponding

ASTM and EN test methods are also listed. The chapter on Experimental

Methods in this volume includes descriptions of most of these tests.

2.1.2 IEC 60079-10-2: 2015, classification of areas: Explosive dust
atmospheres

This IEC standard provides guidance and criteria for the identification and

classification of areas where explosive dust atmospheres and combustible
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dust layers are present, so as to allow assessment of potential ignition sources

and selection of appropriate equipment in those areas. The three-zone clas-

sification system summarized in Table 2 is used.

The Annex to IEC 60079-10-2 has examples of classifications for com-

mon powder and dust handling equipment. One diagram for a dust collec-

tion system shows the interior of a cyclone separator and the dirty side of a

Test in Hartmann tube
with spark

YES

YES

YES

Test in 20 litre sphere with
2 × 1000 J

P ≥ 0,3
bar over igniter

pressure

Material is
combustible dust /

flying. It can form an
explosive dust
atmosphere

Material is not a
combustible dust, 
It cannot form an

explosive dust
atmosphere

Consider that
material is

combustible flying /
dust and it can form

an explosive dust
atmosphere, unless
otherwise verified in

20 litre sphere

YES

1
YES

NO

NO

NO

NO

NO

NO
2

2

Further testing to characterize
material to enable selection of
suitable electrical equipment

1

YES

Verify?

IEC

Ignition?

Ignition?

Ignition?

Sufficient
material for 20 I

sphere?
Test in GG at 1000 °C

Test in Hartmann tube
with hot coil

Fig. 1 ISO/IEC 80079-20 flow chart to determine dust combustibility. Copyright © 2016
IEC Geneva, Switzerland. www.iec.ch.

232 Robert Zalosh



media dust collector as being Zone 20 areas, while the ducting between

them is a Zone 21 area. The clean side of the media dust collector is desig-

nated as a Zone 22 area because explosible dust concentrations would only

exist there if/when there is a torn or displaced filter.

Once the zones have been determined in a facility, IEC 60079-10-2

requires the determination to be documented in drawings. Electrical equip-

ment selected for use in all three zones should be Group III equipment per

IEC 60079-0 summarized below.

Table 1 ISO/IEC dust combustibility characterization tests.
ISO/IEC
designation Test

ASTM
counterpart EN counterpart

80079-20-2

Chapter 7

Combustible dust determination ASTM E1226 EN 14034

80079-20-2

Section 8.1

Dust cloud minimum ignition

temperature

ASTM E1491

80079-20-2

Section 8.2

Dust layer minimum ignition

temperature

ASTM E2021 EN 50821-2-1

80079-20-2

Section 8.3

Dust cloud minimum ignition

energy

ASTM E2019 EN 13821

1241-2-3

(1994)

Minimum explosible concentration ASTM E1515 EN 14034-3

ISO 6184 Explosion pressure and normalized

rate-of-pressure rise (Pmax and KSt)

ASTM E1226 EN 14034-1

Table 2 IEC explosive dust zones.
Zone Definition

20 • A hazardous atmosphere formed by dust cloud in air is present:

(i) Continuously or (ii) For long periods or (iii) Frequently

• Dust layers may be formed

21 • A hazardous atmosphere formed by dust cloud in air is likely to occur

in normal operation, but not frequently and only for short periods

• Layers of combustible dust will in general be present

22 • A hazardous atmosphere formed by dust cloud in air is not likely to

occur in normal operation and, if so, then for a short period only

• Accumulations and layers of combustible dust are present
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2.1.3 IEC 60079 standards on electrical equipment in explosive
dust (class II) atmospheres

IEC 60079-0 describes general requirements for construction, testing, and

marking of Ex equipment intended for use in explosive atmospheres, includ-

ing both explosive gas atmospheres and explosive dust atmospheres. Equip-

ment intended for use in dust explosive atmospheres are designated by IEC

60079-0 as Group III equipment, with subcategories Group IIIA equip-

ment for combustible xflyings, Group IIIB equipment for non-conductive

dust (volume resistivity >103 Ωm), and Group IIIC for conductive dusts.

The requirements in IEC 60079-0 are focused on ignition hazard assessments

accounting for hot surfaces, electrical arcing, electrostatic discharges, and

mechanically/impact generated sparks. There are provisions for equipment

withmetal enclosures and for non-metallic enclosures. These general require-

ments are supplemented by the IEC 60079 requirements for the particular

dust ignition prevention method as listed in Table 3.

The three-fold Equipment Protection Levels specified in several of the

Table 3 Protection Features can be categorized as indicated in Table 4.

Equipment with an EPL classification of Da can be used in all three hazard-

ous location dust zones. An EPL of Db allows use in Zones 21 and 22,

whereas an EPL of Dc allows use only in Zone 22. North American and

European standards, NFPA 70 and EN 60241-0, respectively, also provide

requirements for which types of electrical equipment protection are needed

in Zones 20, 21, and 22.

Equipment certified to an IEC dust explosion protection standard must

have an IECEx conformity label which has to contain markings described in

IECEx 04A to indicate its applicable designations and the certifying issuer

and certificate number. For example, a label with the marking Ex tb IIIC

T100 °CDb IP67 would indicate that it has been certified as equipment pro-

tection type “t,” EPL “Db,” for use with dust group IIIC (conductive com-

bustible dust) materials, with a maximum surface temperature of 100 °C, and
has dust ingress protection 67, meaning it is dust-tight and water immersion

resistant.

2.2 United Nations standards
2.2.1 UN dangerous goods transport: Flammable solids

and self-heating powders
Although theUNGloballyHarmonized System for Classification and Label-

ing of Chemicals (GHS) does not include an explicit category for combus-

tible dusts, many combustible powders can potentially be in one or more

categories of GHS Physical Hazards categories such that they would also
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Table 3 IEC 60079 and ISO 80079 standards on equipment in explosive dust
atmospheres.
IEC 60079
or 80079
designation Title Protection feature

60079-2 Gas and dust—Pressurized

enclosure “p”

Pressurized enclosure with inert gas to

prevent entry of combustible dust

60079-11 Gas and dust—Intrinsic

safety “i”

Limitations on current and voltage at

worst-case operating conditions;

grounding requirements. Three levels of

intrinsic safety: ia, ib, and ic

60079-13 Gas and dust—Equipment

protection by pressurized

room “p” and artificially

ventilated room “v”

Requirements for the design,

construction, assessment, verification and

marking of rooms used to protect

internal equipment in Zone 20, Zone 21,

or Zone 22 explosive atmospheres

protected either by pressurization or

forced ventilation

60079-18 Gas and dust—

Encapsulation “m”

Enclosing portions of the equipment

capable of igniting combustible dust with

a molding compound (solid resin or

polymer) that will prevent ignition of

dust layer or suspended dust cloud. Three

levels of encapsulation: ma, mb, mc

60079-25 Gas and dust—

Intrinsically safe electrical

systems

Electrical systems with low currents and

voltages, and sufficiently reliable

grounding and fault detection, to prevent

ignition of gases or dusts

60079-31 Equipment dust ignition

protection by enclosure “t”

Dust ingress protection (specified IP

rating with corresponding ta, tb,and tc

levels) and limited surface temperatures

60079-33 Gas and dust special

protection “s”

Electrical equipment employing a

method of protection not covered by any

other existing standard in the IEC 60079

series. Evaluation guidance given in

standard and requirements for

independent verifiers

80079-36 Gas and dust—Non-

electrical equipment for

explosive atmospheres

Preventing energetic electrostatic

discharges and incendiary

mechanical/impact sparks

80079-37 Gas and dust—Non-

electrical equipment for

explosive atmospheres;

protection by liquid

immersion “k”

Supplements 80079-36 by describing the

prevention of ignition by liquid

immersion



be on the list of UN Dangerous Goods for Transport. Restrictions on the

international transport by road of these materials include limitations on the

quantity of materials, specifications of appropriate packaging, package

labels, and training of personnel responsible for arranging such transport.

In many cases these regulations have also been adopted for commercial

transport within a nation.

For example, the Division 4.1 category of flammable solids is applicable

to granular or powdery materials that burn rapidly when ignited in a spec-

ified laboratory test utilizing a 25cm long pile of material, as described in the

Manual of Tests and Criteria for the Recommendations on the Transport of

Dangerous Goods. Examples of Division 4.1 flammable solid powders

include calcium resinate, silicon powder, sulfur, and wetted titanium with

particle size <35μm (UN Dangerous Goods List).

TheDivision 4.2 category of Dangerous Goods for transport is applicable

to materials that are liable to spontaneous combustion (UNECE). The two

Division 4.2 subcategories are pyrophoric materials and self-heating mate-

rials. Pyrophoric materials in this context are substances that ignite within

5min of contact with air. Self-heating materials will ignite only in large

amounts (kilograms) and after long periods of time (hours or days). The test

criterion for a self-heating powder is a temperature rise over 200°C when

exposed to 140 °C as a 10-cm sample cube. Examples of Division 4.2 pow-

ders and dusts include activated carbon, certain metal catalysts, dimethylzinc,

fibers/fabrics with oil, fishmeal, and sodium dithionite.

The Division 4.3 category of Dangerous Goods is for materials which

react with water to emit flammable gases liable to form explosive mixtures

with air. The UN recommended simplified test method to determine if a

powder is a Division 4.3 material is to form a 3cm diameter, 2cm high pile

of powder with a hollow in the top, and then add a few drops of water into

the hollow to observe any gas evolution and possible spontaneous ignition.

Examples of Division 4.3 powders include alkali metal amides, aluminum

carbide, aluminum powder, calcium carbide, lithium hydride, and zinc.

Table 4 IEC equipment protection levels (EPLs).

EPL Protection criteria
Applicable
dust zone

Da: ia, ma, ta Protection for two independent malfunctions 20, 21, 22

Db: ib.,mb, pb, tb Protection for one malfunction 21, 22

Dc: ic, mc, pc, tc Protection for normal operation 22 only
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2.2.2 Globally harmonized safety data sheets and hazards
identification guidance

Safety Data Sheets are used worldwide to document the hazards and prop-

erties of individual chemicals and other materials used in commerce. Annex

4 of the UN GHS document provides globally harmonized guidance on

how and what data are provided on these Safety Data Sheets. This guidance

includes use of a 16-section format for a Safety Data Sheet (SDS), with the

specific hazards associated with a material stated in the second section of the

SDS, and the material chemical and physical properties being listed in

Section 9. However, there is still no documentation or agreement on

how dust explosion hazards should be characterized in the Hazard Identifi-

cation section, and which combustibility properties should be listed for

powders and other particulate materials in Section 9 of the Globally

Harmonized SDS.

As of now, the Globally Harmonized SDS (UN, 2015) Section 9 is sup-

posed to indicate whether the material is ignitable and whether ignition can

result in an explosion. Data on lower and upper flammability or explosive

limits and material auto-ignition temperature are only needed for flammable

gases and liquids but often an SDS for a combustible powder will include the

Minimum Explosible Concentration. Since there is currently no GHS guid-

ance on SDS Section 9 data for combustible powders, it is rare for a SDS to

include KSt and Pmax data, the most commonly measured combustible dust

properties.

Another complication with describing dust explosion hazards on a mate-

rial SDS is that the user of the material may process the material in a manner

that generates combustible dust from a material in a form that was originally

too large to pose such a hazard. Furthermore, reductions in particle size dur-

ing handling and processing would be expected to significantly change the

powder combustibility properties.

The UN GHS Subcommittee of Experts on the GHS has formed a cor-

respondence group that generated a new draft Annex 11.2 informal docu-

ment to provide “guidance on the factors that contribute to a dust explosion

hazard and on hazard identification and the need for risk assessment, preven-

tion, mitigation, and communication.” (ST/SG/AC.10/C/4/2017/3).

However, there were some requested revisions to this draft and a reluctance

by one expert to include risk assessment in the guidance (ST/SG/AC.10/

C.4/66) so that as of July 2018, the Subcommittee had not included the

revised draft on its agenda for formal discussion (ST/SG/AC.10/C.4/70)

in its last two meetings.
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3. North American regulations and standards

3.1 Facility regulations
Industrial facility building and occupancy permitting in North America is

governed by state, provincial, and local (county and city) building codes.

These are usually based onmodel codes, primarily the International Building

Code (IBC), International Fire Code (IFC) and NFPA 5000 Building Con-

struction and Safety Code. There are no IBC explicit limits on the amount

of combustible dust in a particular facility, but there are specific restrictions

and protection requirements for the Flammable Solids category of hazardous

materials as defined above.

IFC Chapter 22, Combustible Dust-Producing Operations, has restric-

tions on open flame devices and spark producing equipment “in areas where

combustible dust is generated stored, manufactured, processed or handled.”

It also prohibits the use of forced air to remove dust from surfaces. The IFC

Chapter 22 statement on dust explosion protection is that “the fire code official

is authorized to enforce provisions of codes and standards listed in

Table 2204.1 to prevent and control dust explosions.” The listed standards

are the NFPA standards described below. This provision leaves it up to the

local fire code official to apply provisions of these NFPA standards. In prac-

tice, there is a wide variation in the implementation by fire code officials

such that many small towns do not require any implementation unless

and until a major dust explosion occurs in their area.

The NFPA 5000 description of occupancy categories places the gener-

ation, use, or storage of combustible dust into the High Hazard Level 2 cat-

egory. Flammable solids fall into the High Hazard Level 3 category. There

are specific NFPA 5000 building construction and protection requirements

for these HighHazard occupancies, and there is also a requirement for build-

ings handling combustible particulate solids presenting a fire or explosion

hazard to be constructed in accord with NFPA 654.

The federal agencies with responsibility for the safety of workers in

facilities with combustible dust are the Occupational Safety and Health

Administration (OSHA) in the United States and the Canadian Centre

for Occupational Health and Safety. Although these federal agencies do

not have general dust explosion prevention regulations, they do have several

important specific regulations that are used in inspecting facilities with com-

bustible dust hazards. For example, there is a detailed regulation applicable

to grain handling facilities (CFR 1910.272) with explicit requirements for
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maximum accumulated dust levels (3.2mm) in priority areas and prohibitions

on the use of compressed air blowing to remove dust accumulations in areas

containing ignition sources.

The more general OSHA approach toward combustible dust hazards in

the myriad of other industrial facilities is to implement a Combustible Dust

National Emphasis Program (NEP). The purpose of the OSHA Combusti-

ble Dust NEP, Directive CPL 03-00-008, “is to inspect facilities that gen-

erate or handle combustible dusts which pose a deflagration or other fire

hazard.” The Directive provides guidance on selecting facilities for inspec-

tion and policies and procedures to use in these inspections. Besides ran-

domly selecting facilities from a master list, sometimes the inspections are

in response to employee complaints or notifications by other government

agencies and public safety officials, as well as in response to major dust explo-

sion incidents involving a fatality or multiple serious injuries.

As part of an OSHA NEP inspection, dust samples are obtained and sent

to the OSHA Salt Lake Tech Center for testing to determine if the dust is

indeed combustible. The Salt Lake Tech Center tests for this purpose are

conducted in a 20-L sphere in a modified version of the ASTM E1226

and the IEC 80078-20-2 Go/No Go test procedure described above.

The OSHA SLTC variations include using a longer igniter time delay after

initial dust dispersion (so-called low turbulence condition), and the use of

only one 2.5kJ pyrotechnic igniter, i.e., a much lower ignition energy.

The test criterion is that a sample is combustible if any test at any dust con-

centration results in a pressure ratio greater than two. The pressure ratio is

defined per ASTM E1226 as follows:

PressureRatio¼Pex�ΔPign

Pig

(1)

where Pex is the maximum explosion pressure (above the pressure in the ves-

sel at the time of ignition) reached during the course of a single deflagration

test,ΔPign is the pressure rise due to the igniters alone, and Pig is the pressure
at the time of ignition. As a reference point, the benchmark Pittsburgh seam

coal dust (80% through a 200 mesh sieve), has a Pressure Ratio of 6.9 when

tested using the OSHA SLTC low turbulence, 2.5kJ igniter, slightly lower

than the Pressure Ratio obtained using ASTM E1226 methodology.

Upon the request of an OSHA inspector, the SLTC may also conduct

a so-called Class II test to determine if the dust sample should be classified

as an NFPA 70 (National Electrical Code) Class II material (combustible

dust) for purposes of the NFPA 70 requirements for electrical equipment
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and wiring in hazardous locations. The Class II test entails running a

series of closed vessel explosion tests in the Hartmann stainless steel

cylinder to measure the maximum pressure, Pm, and maximum rate of

pressure rise, (dp/dt)Pmax, and then normalizing the product of these

values by the corresponding values for Pittsburgh seam bituminous coal

dust per the recommendations of the National Materials Advisory Board.

The normalization produces an Explosion Severity Index defined as

follows:

ExplosionSeverityIndex¼
Pm

dP

dt

� �
max

Pm

dP

dt

� �
max

� �
PittCoal

(2)

If the sample’s Explosion Severity Index is greater than or equal to 0.5,

the sample material is classified as a Class II material.

If the OSHA SLTC test determines that the sampled material at the facil-

ity is indeed a combustible dust, and the conditions at the facility warrant it,

the OSHA inspector can recommend issuing citations for violation of the

following and other specific standards.

• 29 CFR 1910.272—accumulations of combustible dust at levels that

present a deflagration hazard

• 29 CFR 1910.1200—employers failing to inform employees of the haz-

ards of exposure to hazardous chemicals and provide training on those

hazards

• 29 CFR 1910.307(b)—electrical equipment and wiring must be safe for

the hazardous location in which they are installed (applicable to Class II

materials)

In addition to the specific standards above, OSHA NEP inspections often

result in citations for violations of the Occupational Safety and Health

Act 5(a)(1) general duty clause concerning industry recognized deflagration,

explosion, or fire hazards in equipment. Equipment that has frequently been

the subject of 5(a)(1) general duty clause violations include dust collectors,

mixers, shredders/mills, dryers, ovens, pneumatic and screw conveyors, and

process equipment with improper deflagration vents that produce a burn

injury hazard to employees. OSHA considers the NFPA combustible dust

standards and explosion protection standards to represent documentation

of industry recognized combustible dust hazards and examples of how to

effectively mitigate those hazards.
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3.2 NFPA standards
National Fire Protection Association (NFPA) standards are developed by

volunteer Technical Committees with members representing the balanced

interests of pertinent equipment manufacturers, users, insurers, installers/

maintainers, testing laboratories, special experts, labor, and code enforcers,

such that no more than one-third of the committee is any single category.

These Committees also seek and review input from the general public and

other NFPA members during a revision cycle for each standard.

3.2.1 NFPA 652 and commodity-specific standards
There is a series of six NFPA standards focusing on combustible dust, and

these standards in turn reference requirements in other NFPA standards

on explosion prevention and protection. This relationship is depicted in

Fig. 2. The central standard is NFPA 652, Standard on the Fundamentals

of Combustible Dust, which is 78 pages in length including the Annexes.

The other five standards shown in Fig. 2 in a circular arrangement around

NFPA 652 are called commodity-specific or industry-specific standards, as

follows:

• NFPA 61—Agricultural and Food Processing Facilities

• NFPA 484—Combustible Metals

NFPA 61

NFPA 655

NFPA 484

NFPA 70

Combustible Metals

Electrical Code

Other

Guidelines

NFPA 77
NFPA 499

NFPA 69

To NFPA 68, 69, 70 

To NFPA 68, 69, 70 

NFPA 654

Other Particulates

Class II Hazardous
Locations

Explosion Prevention

NFPA 68

Electrostatics

Deflagration Venting

NFPA 652

NFPA 664

Wood Processing
Dusts

Dust FundamentalsSulfur

To NFPA 68, 69, 70

To NFPA 68, 69, 70

To NFPA 68, 69, 70

Agricultural/Food
Dusts

Fig. 2 NFPA combustible dust and explosion protection standards.
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• NFPA 654—Combustible Particulate Solids (excluding the other four

commodity-specific materials)

• NFPA 655—Sulfur

• NFPA 664—Wood Processing and Woodworking Facilities

The premise in this arrangement of NFPA combustible dust standards is

that NFPA 652 provides the general requirements for identifying dust fire

and explosion hazards and ways to control those hazards, while the five

commodity-specific standards provide details on equipment, materials, and

processing, storage, and handling conditions pertinent to those materials and

industry operations. NFPA 654, which is 61 pages long, is special in that it

often providesmore details on dust fire and explosion prevention technology,

especially the technology found in chemical, plastics, rubber, paper-based

product, and pharmaceutical, and cosmetics manufacturing facilities.

All the NFPA combustible dust standards now require a Dust Hazards

Analysis for new and existing facilities. The objective of the Dust Hazards

Analysis (DHA), as stated in NFPA 652 is to “evaluate the fire, deflagration,

and explosion hazards and provide recommendations to manage the

hazards.”NFPA652 requires theDHA to be based on test data representative

of the dust that is present. There is a chapter describing how to obtain and test

representative dust samples. The determination ofwhether or not a dust sam-

ple poses a dust explosion hazard is based on the ASTME1226 “Go/NoGo”

screening test or the ASTME1515 test forMinimumExplosible Concentra-

tion (MEC). Once the pertinent dust test data is obtained, NFPA 652

describes the dust explosion hazard evaluation process for process systems,

and for buildings and building compartments. An important aspect of this

analysis is the identification of ways that dust clouds can form (including

deliberate clouds in process equipment), and identifying credible ignition

sources within and outside equipment for both settled and suspended dust.

There are extensive descriptions of appropriate dust control and fugitive dust

cleaning methods to prevent inadvertent dust clouds and ignitions.

Once the DHA identifies the equipment and building areas with dust

explosion hazards, NFPA 652 and the other dust standards provide require-

ments for appropriate explosion protectionmeasures. In the case of buildings

and building compartments, the requirement in paragraph 9.2.3.2 is to pro-

vide deflagration venting in accordance with NFPA 68, where a dust explo-

sion hazard is identified within equipment larger than 0.2m3, paragraph

9.7.3.2 states.

“Explosion protection systems shall incorporate one or more of the fol-

lowing methods of protection:
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(1) Oxidant concentration reduction in accordance with NFPA 69

(2) Deflagration venting in accordance with NFPA 68

(3) Deflagration venting through listed flame-arresting devices in accor-

dance with NFPA 68

(4) Deflagration pressure containment in accordance with NFPA 69

(5) Deflagration suppression system in accordance with NFPA 69

(6) Dilution with a noncombustible dust to render the mixture

noncombustible”

Furthermore, paragraph 9.7.4.1 states “Where a dust explosion hazard exists,

isolation devices shall be provided in accordance with NFPA 69 to prevent

deflagration propagation between connected equipment.”

As an alternative to the prescriptive explosion protection requirements

above, the NFPA combustible dust standards allow a Performance-Based

Design Approach to dealing with these hazards. This Performance-Based

Design Approach entails developing specific dust explosion scenarios for the

pertinent equipment or building, and then describing and analyzing the

effectiveness of the alternative explosion protection approach for these sce-

narios. The life safety performance criteria for dust explosion protection in

these scenarios are (NFPA 652 paragraph 6.3.1.2) either:

(1) Ignition has been prevented or

(2) Under all explosion scenarios, no person, other than those in the imme-

diate proximity of the ignition, is exposed to untenable conditions,

including missile impact or overpressure, due to an explosion, and

no critical structural element of the building is damaged to the extent

that it can no longer support its design load during the time necessary

to effect complete evacuation

There are also the following performance criteria for preventing explosion

propagation and for preventing damage from dust explosions (paragraphs

6.3.4 and 6.3.5)

Particulate processing systems shall prevent fire or explosion from prop-

agating from one process system to an adjacent process system or to the

building interior.

(1) Internal pressures in the building or building compartment or equip-

ment sufficient to threaten its structural integrity

(2) Extension of the flame front outside the building or building compart-

ment or equipment of origin except where intentionally vented to a safe

location

(3) Rupture of the building or building compartment or equipment of ori-

gin and the ejection of fragments that can constitute missile hazards
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3.2.2 NFPA 68
The most commonly used form of dust explosion damage mitigation for

equipment and rooms is deflagration venting, which is the subject of NFPA

68. Using NFPA 68 terminology, the vent design is intended to limit the

maximum pressure developed in the deflagration, denoted by Pred, to toler-

able values. The upper limit of Pred, per NFPA 68-2018 Section 6.3.1, is

two-thirds of the enclosure ultimate strength (corresponding to failure of

the weakest structural component) or two-thirds of the enclosure yield

strength (lowest pressure that produces permanent deformation).

The deflagration vent design parameters are (i) vent total area, Av,

(ii) vent closure deployment pressure, Pstat, (iii) vent panelmass per unit area,M,

(iv) vent location relative to potential ignition sources, and (v) number of vent

panels in a large enclosure. If a vent duct is used to transport burning dust to

a safe area outside a building, the additional design parameters are the duct

hydraulic diameter, Dh, the duct length, Lduct, the duct friction factor, fD, and

resistance coefficients for any duct fittings or connectors or elbows.

The NFPA 68 combustible dust parameters governing the challenge to

deflagration venting are the dust deflagration index, KSt, and the closed ves-

sel maximum pressure, Pmax, both determined from ASTM E1226 testing.

The enclosure parameters, in addition to Pred, are the enclosure volume, V,

and the effective length-to-diameter ratio, L/D. The NFPA 68 procedure

(Section 6.4) for calculating L/D, entails first determining the maximum

possible flame length, H, along the enclosure central axis, from the farthest

end of the enclosure to the opposite end of the vent. The maximum flame

length identification then leads to calculations of the corresponding

flame-filled volume and the effective cross-sectional area. After the effec-

tive hydraulic diameter, Dh, is calculated from the effective cross-sectional

area and perimeter, the enclosure L/D is set equal to H/Dh.

The basic equation in NFPA 68 for calculating Av0, the vent area for

compact enclosures with L/D�2, is

Av0¼ 1x10�4 1 + 1:54Pstat
4=3

� �
KstV

3=4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pmax

Pred

�1

r
(3)

where all of the pressures are in units of bar-g, V is in m3, KSt is in bar-m/s,

and Av0 is in m2.

Eq. (3) was developed from a combination of analytical considerations

and empirical parameters determined from large-scale test data correlations.

As described byUral (2001), the analytical considerations include adopting an
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empirical correlation that is consistent with balancing the volume production

rate of combustion products with the volume flow rate of combustion prod-

ucts through the vent. For low values of Pred allowing an incompressible vent

flow equation, this implies that the low-pressure asymptote for the general

equation should have Av0 proportional to KsSt=
ffiffiffiffiffiffiffi
Pred

p
. The high-pressure

asymptote for which Pred approaches Pmax should have Av0 approaching zero.

The empirical coefficients and exponents in Eq. (3) were obtained by the

NFPAExplosion Protection Technical Committee by comparing calculated

vent areas with confidential data produced in a large-scale test program with

parameters reported by Ural (2001). The dust explosion tests were con-

ducted using dust cloud turbulence levels equivalent to the turbulence level

used in ASTM and ISO standard tests to determine Pmax and KSt. Since

Eq. (3) was obtained as a best-fit to the original data set, the agreement with

that data, as shown in figure 5 of Ural (2001), is quite good over the two

order-of-magnitude range of vent areas from 0.1m2 to 10 m2.

NFPA 68 vent area adjustments for enclosure L/D, vent panel mass per

unit area, M, and vent duct effects were based on correlations of large-scale

test data in six additional test programs with parameter values summarized by

Zalosh (2008). The development of the calculation procedure for vent duct

effects is described by Ural (2005). The L/D>2 vent area adjustment is

given by the following equation:

Av1¼Av0 1 + 0:6
L

D
�2

� �0:75

e�0:95Pred
2

" #
(4)

where Av1 is the adjusted vent area. Bins and silos are important examples of

the elongated enclosures for which Eq. (4) was developed. NFPA bin and

silo dust explosion protection requirements are also provided in NFPA

61, but NFPA 61 does not require use of NFPA 68 calculated vent areas

because it is apparently not possible to provide the full vent areas in some

situations (NFPA 61 paragraph A.8.2.7.2).

Tascon, Ramı’rez-Gomez, and Aguado (2016) have recently reported

results of silo explosion venting tests conducted with L/D ratios of 1, 2, 3,

and 4, using corn starch and wheat flour as the test fuels. They compared their

actual vent areas used to the vent areas calculated from Eqs. (3) and (4) for the

measured Pred values, with results shown in Fig. 3A for the corn starch tests

and in Fig. 3B for the wheat flour tests. The corn starch test results in Fig. 3A

indicate that ratio A1-NFPA/Aexp is less than one for most of the tests with 1–3
modules (L/D�3), but the ratio is in the range 1.0–1.3 for the 4-module tests.
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Fig. 3 (A) Comparison of NFPA 68 required and actual silo deflagration vent areas in
corn starch tests. (B) Comparison of of NFPA 68 required and actual silo deflagration
vent areas in wheat flour tests. From Tascon, A., Ramı´rez-Gomez, A., & Aguado, P.
(2016). Dust explosions in an experimental test silo: Influence of length/diameter ratio
on vent area sizes, figure 12. Biosystems Engineering, 148, 18–33.
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The wheat flour test results in Fig. 3B show that A1-NFPA/Aexp is less than

one for the two smallest L/D ratios, and greater than one for the highest L/D

ratio tests. Overall, Tascon et al. conclude that about half of the NFPA

68 calculated vent areas were less than the actual vent areas, and the other

half were larger than the actual values, without large deviations from the

actual areas in most cases.

Zalosh (2008) provided more extensive calculations of Av1-NFPA/Avexp

for the 270 data points in all six test data sets that were available at the time.

The average ratio was 1.2, i.e., on average the NFPA 68 vent areas were 20%

larger than the actual vent areas, and the standard deviation was 0.46. NFPA

68 calculated vent areas were more likely to be less than the actual vent areas

for values of Pred below about 0.2bar-g and KSt values less than about

50bar-m/s.

Many of the low Pred applications are for buildings and rooms. Dust

explosion scenarios for buildings and rooms often involve secondary dust

explosions due to the lifting of accumulated dust layers on walls, floors, equip-

ment, and structures. NFPA 68 paragraph 8.2.4.7 accounts for the additional

turbulence and possible flame jet ignition in those scenarios by requiring that

the calculated total vent area for buildings be increased by a factor 1.7.

The test data used for correlation Eqs. (3) and (4) were obtained with

worst-case dust concentrations occupying virtually the entire volumes of

the test vessels. This situation is unlikely to occur in most accidental explo-

sions and cannot occur if there is insufficient combustible dust within the

enclosure to produce a worse-case full volume dust explosion. To accom-

modate these situations, NFPA 68-2018 section 8.4 provides deflagration

vent guidance for partial volume deflagrations in which the worse-case

suspended dust concentration occupies only a fraction of the enclosure vol-

ume. Per paragraph 8.4.1, “When the volume fill fraction, Xr, can be deter-

mined for a worst-case explosion scenario, the minimum required vent area

shall be permitted to be calculated from the following equation:

Av�pv ¼Av3Xf
�1=3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xf �Π
1�Π

r
(5)

where:

Av-pv ¼vent area for partial volume deflagration (denoted as Av4 in

NFPA 68).

Av3 ¼vent area for full volume deflagration after adjustments for L/D,

building 1.7 factor, and vent panel mass.

Xf ¼ fill fraction>Π.
Π ¼ Pred/Pmax.
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Fig. 4 is a graph of Av-pv /Av3 as a function of Pred/Pmax for different

values of the fill fraction, Xf. At low values of Π, the vent ratio approaches

the fill fraction to the 1/6 power. As the fill fraction approaches Π, the vent
ratio approaches zero because the enclosure can withstand the deflagration

without venting.

The partial volumemethod is being used for building explosion scenarios

with limited amounts of suspended dust and accumulated fugitive dust.

NFPA 68-2018 section 8.4.3 provides a detailed procedure for calculating

the worst-case fill fraction from the weighed mass of dust deposits on the

floor and other surfaces. The calculation procedure includes estimating

the fraction of accumulated dust that would be entrained into the burning

dust cloud during a deflagration.

In applications involving process equipment producing large dust and air

transport velocities and associated high turbulence levels, there is an NFPA

68 provision described by Zalosh (2007) for determining whether additional

Fig. 4 NFPA 68 graph of ratio of partial volume to full volume required vent areas versus
pressures versus pressure ratio and fill fraction. Include following paragraph. With per-
mission from NFPA 68-2018, Standard on Explosion Protection by Deflagration Venting,
Copyright © 2017, National Fire Protection Association. This reprinted material is not the
complete and official position of the NFPA on the referenced subject, which is represented
only by the standard in its entirety which can be obtained through the NFPA web site at
www.nfpa.org.
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vent area is needed to accommodate larger dust burning rates and, if so, how

much added vent area is needed. This provision is rarely needed because the

basic vent area Eq. (3) was based on data for the large turbulence levels inher-

ent in the testing to determine dust KSt values.

One NFPA 68 provision that is being widely implemented is the use of

flameless vents for indoor process equipment. These devices are built with

flame-arresting components and particulate retention components for the

burned and unburned dust. NFPA 68-2018 Section 6.9 requires these

devices to be certified for the pertinent dust Kst and Pmax values and that

the Avo value calculated from Eq. (3) be increased to compensate for the vent

flow restrictions caused by the flame arresting and particulate retention com-

ponents. NFPA 68 paragraph 8.10 requires that the surrounding building be

able to withstand the pressure increase, ΔP, caused by the flameless venting,

with ΔP calculated as ΔP¼ 1:74P0
V1=V0

	 

, where P0 is the ambient pres-

sure, V1 is the volume of the protected equipment, and V0 is the free volume

of the surrounding building. There is also an inspection andmaintenance pro-

vision to verify that the flame-arresting vent remains clean and unobstructed

since accumulations on the vent may decrease its flame arresting capability.

NFPA 68 also has special dust explosion venting requirements for the fol-

lowing applications: filter media dust collectors, bucket elevators, bins and

hoppers, and storage vessels with integral bin vents for preventing fugitive

emissions during vessel filling. Locations of dust collector internal filters rela-

tive to the collector vents affect theNFPA68 required dust collector vent area.

Since vented dust explosions can generate large flames and blast waves

outside the vent, NFPA 68 has precautions for avoiding injuries and damage

to nearby personnel and objects. The flame-extension distance from the vent

can be calculated from a simple equation in NFPA 68-2018 Paragraph 7.6.1

that accounts for the enclosure volume and the number of vents. Paragraph

11.3.4 requires that the vent closure have a clearly marked warning sign. An

example of such a sign is shown in Fig. 5.

3.2.3 NFPA 69
The types of dust explosion prevention systems covered in NFPA 69-2014

can be divided into the following three categories: (1) preventing a deflagra-

tion within an enclosure; (2) preventing the propagation of the deflagration

to interconnected equipment and structures; and (3) containing or

suppressing the deflagration within the originating enclosure.
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The first NFPA 69 method of preventing a deflagration within an enclo-

sure is oxidant concentration reduction. A key NFPA 69 requirement for

oxidant concentration reduction is that the oxygen concentration be safely

below the measured Limiting Oxygen Concentration (LOC) for the appli-

cable combination of combustible dust and inert gas. The specified margins

of safety in NFPA 69-2014 section 7.7.2 are shown in Table 5.

For example, the LOC listed in both in NFPA 69 Table C.1(b) and

NFPA 484 Table A.1.1.3(b) for aluminum with a median diameter of

22μm is 5 v% for nitrogen inerting. As per Table 5, the maximum allowable

oxygen concentration for equipment processing this size aluminum partic-

ulate is 0.40*5¼2 v% without continuous monitoring and interlocks, and

5 – 2¼3 v%with such monitoring/interlocks. NFPA 69-2014 section 7.2.2

requires the inerting system design and operation to be documented and

then reviewed by a qualified person.

TheNFPA 69-2014 chapter on deflagration suppression systems includes

the following important paragraph.

Fig. 5 Explosion Relief Vent Warning. With permission from SafetySign.com.

Table 5 NFPA 69 maximum allowable oxygen concentrations for inerting.
LOC (v%) Max O2 LOC (v%) Max O2

Without continuous

monitoring and interlocks

�7.5 LOC—4.5 v% <7.5 0.40*LOC

With continuous monitoring

and interlocks

�5 LOC—2 v% <5 0.60*LOC
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“10.4.2.1* System design methodology and application range shall be

supported by appropriate testing and certified by a recognized testing orga-

nization acceptable to the authority having jurisdiction.”

The term “authority having jurisdiction” (AHJ) in this paragraph is offi-

cial NFPA terminology to mean any person or organization responsible for

enforcing the requirements of this NFPA standard. In practice, it can be a

government official, such as an OSHA inspector or a Fire Chief or Fire

Marshal, with jurisdiction for the facility operation, and it can also mean

an insurance company representative. In the absence of these representa-

tives from external organizations, the AHJ can be the property owner or

his or her designated agent.

The most widely recognized U.S. testing organization for explosion

suppression systems is FM Global. FM Approval Standard 5700 describes

the requirements for explosion suppression systems. These requirements

include demonstrating the adequacy of the suppression system design

methodology for determining the “type and quantity of suppressant dis-

persing nozzle location, quantity, and size, and detector location, quantity,

and type.” The system design methodology is reviewed by FM prior to

conducting system verification testing in a test vessel with a minimum vol-

ume of 1m3. Three companies currently have FM Approved explosion sup-

pression systems based on this standard. Several others have explosion

suppression systemswithATEX certifications described later under European

Regulations and Standards.

NFPA 69 has two chapters on explosion isolation systems; one chapter is

for active isolation systems and the other is for passive systems. An active

isolation system has a detector, a controller, and a process-independent

pneumatic or electrical energy source, so that it creates an isolating barrier.

Passive isolation techniques create the isolating barrier without the need for

independent energized detection and control components.

The most common type of active isolation system for dust explosion

protection is a chemical flame front extinguishing system that injects a

barrier of extinguishing agent in a duct prior to the arrival of the flame

front that has entered the duct from an initiating explosion in equipment

connected to the duct. Fig. 6 is a diagram of a chemical isolation system

on the inlet duct to a dust collector that is equipped with an explosion

suppression system. The pressure detector for the explosion suppression

system senses the incipient explosion to allow the controller to trigger the

discharge of extinguishing agent into both the dust collector and the

inlet duct.
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A critical design parameter for isolation systems is the location of the iso-

lating agent container and duct injector on the inlet duct. NFPA 69-2014

section 11.4.1 requires this and other design methodology to “have been

supported by appropriate testing and certified by a recognized testing orga-

nization acceptable to the authority having jurisdiction.” This testing should

establish minimum required agent concentrations for particular dust hazards

and minimum and maximum isolation barrier locations from the explosion

originating equipment. The presence of duct elbows can affect these loca-

tions as seen in Fig. 7. Unlike the certification of explosion suppression sys-

tems described above, there has not been a North American certifying

organization for explosion isolation systems, so that most of these systems

have obtained ATEX certifications.

OtherNFPA69 active explosion isolation systems for dust explosions are:

• Fast-acting mechanical valves

• Externally actuated float valves

• Actuated pinch valves

NFPA 69 includes requirements for process analysis affecting system design,

and requirements for system installation, maintenance, and inspection.

The new 2019 edition of NFPA 69 includes new requirements for

Safety Instrumented Systems used for control of dust explosion suppres-

sion systems, active isolation systems, and oxidant concentration reduction

systems. The new requirements are that, as of November 2021, the Safety

Instrumented System themselves need to be either listed or certified to

achieve a safety integrity level 2 (SIL-2) or greater in accordance with

ANSI/ISA 84.00.01. There are also explicit requirements for system

software.

Fig. 6 Explosion suppression and isolation system diagram. From CV Technology with
permission.
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Dust explosion passive isolation systems covered in Chapter 12 of NFPA

69 are:

• Flame front diverters

• Passive float valves

• Passive flap valves

• Rotary valves

Flame front diverters vent the propagating explosion to a safe area, but the

other three types of passive isolation methods require the explosion pressure

to be contained in the duct or piping. Therefore, NFPA 69 requires the

duct, piping, and protected enclosures to withstand estimated pressures pro-

vided by the isolation system manufacturer. This in turn requires thorough

communications between the manufacturer and facility owner/operator to

characterize the deflagration characteristics of the dust or powder, and the

effect of turbulence-generating features in the piping/ducting such as

elbows, valves, and fittings. It also requires an understanding of the location

of probable ignition sources.

Since rotary valves are virtually omnipresent in particulate handling and

storage equipment, they are usually the preferred isolation device when

Fig. 7 Chemical isolation system installation. From IEP Technologies with permission.
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installed on the outlet of hoppers, silos, etc. NFPA 69 section 12.2.4 lists

nine conditions necessary for rotary valves to be effective explosion isolation

devices. Several of those conditions pertain to the valve construction and

pressure resistance to withstand the expected pressure Pred, which can

include the venting effect of air flow through the gap between the end of

the vanes and the housing shown in Fig. 8. (One rotary valve manufacturer

conducted testing to determine that the successfully isolated Pred for its valve

was 2.3bar-g.) NFPA 69 also requires an explosion detection device or

interlock from another control system on the protected enclosure to auto-

matically stop the rotary valve when a deflagration occurs.

Besides the general rotary valve construction and operating conditions,

there are also two alternative sets of rotary valve isolation design criteria in

NFPA 69. The first criteria set is for rotary valves that achieve isolation by

flame quenching, i.e., the close-clearance valves. The second criteria set is

for achieving isolation by maintaining a minimum product layer above

the valve.

The rotary valve close-clearance criteria are that the valve be designed

with a vane-housing gap clearance of 0.2mm, and that the actual clearance

be measured before installation and monitored using a predictive mainte-

nance program. The minimum product layer (material blockage) criterion

is that a level control switch be provided to maintain a layer depth of at least

0.3m above the valve inlet flange.

Fig. 8 Rotary Valve diagram. From NFPA 69 with permission using their wording below.
With permission from NFPA 69-2014, Standard on Explosion Protection Systems, Copyright
© 2013, National Fire Protection Association. This reprinted material is not the complete
and official position of the NFPA on the referenced subject, which is represented only by
the standard in its entirety which can be obtained through the NFPA web site at www.
nfpa.org.
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3.2.4 NFPA 499
NFPA 499 provides guidance on the classification of combustible dusts and

dusty hazardous locations in accordance with National Electrical Code

(NEC, NFPA 70) Articles 500 and 502. The NEC uses both the IEC zone

classification and the original NFPA Division classifications. These combus-

tible dust division classifications are developed further in NFPA 499. The

designation Class II is used to denote an area that is hazardous because of

the presence of combustible dust. These Class II locations are then divided

into Class II, Division 1 or Class II, Division 2, as explained in Table 6.

Explanations and guidance on the determination of ignitable concentra-

tions and hazardous dust accumulations are offered in Chapter 6 of NFPA

499, which being a Recommended Practice does not have the full authority

of an NFPA standard. This guidance includes the criterion that a dust layer

deeper than 3.0mm causes that location to be a Class II Division 1 location.

If the dust accumulations are sufficiently thick to make the underlying sur-

face color indiscernible, NFPA 499 suggests that the area be classified as a

Division 2 location. If the surface color is discernible, the location would

be unclassified without any need for special Class II rated electrical equip-

ment and wiring.

Group E dusts are defined in NFPA 499 as combustible metal dusts or

other dusts whose electrical conductivity pose similar hazards in the use

Table 6 National electrical class II division 1 and 2 location criteria.
Combustible dust
consideration Division 1 location Division 2 location

Suspended dust

cloud

Normal operating conditions

produce ignitable

concentrations

Only abnormal operating

conditions produce ignitable

concentrations

Abnormal

operation of

machinery or

equipment

Might cause ignitable

concentrations and a source of

ignition through simultaneous

failure of electrical equipment

or other causes

Can produce suspensions of

dust accumulations that are

normally insufficient to

interfere with normal

operation of equipment

Dust

accumulations

near electrical

equipment

Group E dusts present in

hazardous quantities

Group F or G dust

accumulations could be

sufficient to be either ignitable

or prevent safe dissipation of

heat from electrical

equipment
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of electrical equipment. These hazards, which include arcing and short cir-

cuits sufficiently energetic to ignite dust accumulations, are the reason that

the presence of Group E dusts requires a Division 1 location designation, and

there are no Group E Division 2 locations. Group F dusts are defined as car-

bonaceous dusts having>8% volatile content. Group G dusts, which are the

most commonly encountered combustible dusts, are those that are neither

Group E or Group F. Group G dusts include grain, wood, plastic, and rub-

ber. There is an extensive tabulation of materials in NFPA 499 giving their

National Electrical Code Group designations.

Since housekeeping is a major factor in Class II Division 1 and Division 2

hazardous location determinations, NFPA 499 Table A.6.7, shown below,

can be quite useful for these purposes.

Table A.6.7 Recommended Frequency of Housekeeping

Negligible, up to <1 mm
    (      in.)

Unclassified

Class II, Division 2

Class II, Division 1
or Division 2

Occasional

Infrequent

Infrequent Clean as appropriate

Clean as necessary to
maintain less than

Clean at freuqency

Clean at freuqency

appropriate to

appropriate to

minimize

minimize

additional dust

additional dust

accumulations or

accumulations
Immediately shut

down and clean
equipment

Infrequent

Continuous/
frequently

Class II, Division 1

Class II, Division 1Exceeds layer test value, or
presence of  extensive dust
cloud

>3 mm (    in.) to layer test
    value, or presence of  dust
    cloud

formation of  a
cloud

Up to 3 mm (     in.)

Depth of Dust Accumulation
on Equipment

(1)

Area
Classification

(2)

Release
Frequency

(3)

Housekeeping
Activity

(4)

1 32
1 8

Up to 3 mm (     in.) or
occasional cloud

1 8

formation

3 mm (    in.)1 8

1 8

From NFPA 499.

3.3 FM Global dust explosion loss prevention data sheets
3.3.1 FM Data Sheet 5-1: Electrical equipment in hazardous locations
FMData Sheet 5-1 provides the FMGlobal perspective on the application of

the U.S. NEC Articles 500 and 505 requirements as well as IEC 61241-3

(now IEC 60079-2), which describes the classification of areas where com-

bustible dusts may be present. However, it only uses the NFPA Division

classification scheme for combustible dusts. Data Sheet 5-1 also covers flam-

mable vapor and gas hazardous location classification, and recognizes the

Class 1 material zone classification system as well as the Class 1 Division
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classification system, but suggests using only one or the other for a particular

facility in order to avoid confusion.

Data Sheet 5-1 contains a simpler version of the NFPA Table A.6.7

(without the housekeeping column) for guidance in Division 1 and Division

2 determinations. It also stresses that dust control to prevent fugitive dust,

rather than housekeeping to clean accumulations, should be the primary

approach.

As for type of electrical equipment protection, Data Sheet 5-1 offers the

following options for Class II hazardous locations, assuming the equipment

is FM Approved for the particular Division.

(a) dust-ignitionproof (DIP), frequently used in Class II Division 1

locations,

(b) intrinsically safe (is), usually suitable for use in Class II Division 1

locations,

(c) non-incendive (NI), usually appropriate for Class II Division 2

locations,

(d) pressurized (p type). Use depends on whether it is Type X, Y, or

Z pressurization.

Data Sheet 5-1 contains extensive tabulated recommendations on use of the

following electrical components in Division 1 and Division 2 locations: wir-

ing, switches and circuit breakers, fuses, receptacles, motors and generators,

lighting fixtures, capacitors and transformers, and meters, relays, and instru-

ments. The document also offers valuable guidance on how to place some

types of unrated electrical equipment outside the classified area so as to

accomplish its function without the need for a Class II location certification.

3.3.2 FM Data Sheet 7-76: Prevention and mitigation of dust explosions
FM Data Sheet 7-76, which provides general guidance on the prevention

and mitigation of dust explosions is applied at all pertinent FM insured

facilities, and is a widely accessed reference at other facilities and by many

combustible dust hazard practitioners. It covers a wide variety of topics that

are summarized below.

3.3.2.1 Room/building explosion protection
This section of Data Sheet 7-76 emphasizes isolation of dust explosion haz-

ards by separation and by location (exterior wall) that facilitates explosion

venting. The actual required explosion vent areas, pressure resistance, and

separation distances are to be calculated using the FM Global proprietary

software called DustCalc. In the case of explosion vents on the roof, there
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are detailed requirements to prevent snow and ice interference with vent

actuation and unobstructed venting. The data sheet also recommends using

room pressurization to prevent migration of fugitive dust into adjacent

rooms. Dust control is also emphasized with guidance provided.

3.3.2.2 Equipment explosion hazards
This section has suggestions for dust hazard elimination by preventing dust

generation during material transport and handling (including the use of

water mist), and by equipment inerting. The equipment explosion venting

description includes (i) use of FM Approved flameless vents, (ii) estimates of

the pressure resistance of bag type dust collectors and similar rectangular

enclosures (0.2bar-g) and of cyclones and similar conical/cylindrical vessels

(0.3bar-g), and (iii) vent duct design and installation guidance. Explosion

propagation isolation guidance is provided for equipment “subject to unac-

ceptable property damage or business interruption by a propagating event.”

This criterion reflects the FM approach to making business evaluations

during the application of FM Data Sheet recommendations at insured facil-

ities. There is a separate Data Sheet, 7-17, for Explosion Protection Systems

recommendations, as summarized below. The guidance for rotary valve use

for explosion isolation is similar to the NFPA 69 guidance.

In the case of equipment having a high frequency of explosions, Data

Sheet 7-76 calls for either inerting or the use of spark detection and

extinguishing systems upstream of the first piece of equipment with an

explosion hazard. Examples given of high frequency explosion equipment

are: rotary dryers, flash dryers, sanding equipment, milling and grinding

equipment, and “any process or system that has experienced two or more

explosions within a 10-year period.”

Data Sheet 7-76 explosion protection guidance for cyclones includes

delineating conditions for which the normal air flow through the cyclone

can provide adequate explosion venting. These conditions are: (i) a dust

KSt �80bar-m/s, (ii) outlet duct going directly outsidewithout any obstruc-

tions, and (iii) outlet diameter�45% of cyclone diameter. Themedia collec-

tor explosion venting guidance includes allowing a limited amount of

explosion venting on the clean side of the filter. There is also a set of con-

ditions for which enclosureless dust collectors would be permissible at FM

insured facilities.

There is also guidance on explosion protection for silos, bucket elevators,

spray dryers, bulk raw-grain dust control, and additive manufacturing in
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Data Sheet 7-76. The additive manufacturing guidance (AM) is basic rec-

ommendations on bonding and grounding, powder container conductivity,

inerting of AM equipment, and portable vacuum certification for either

Class II, Division 1 or Zone 20 locations.

3.3.3 FM Data Sheet 7-17: Explosion protection systems
FM Data Sheet 7-17 describes FM recommendations on where and how

explosion suppression and isolation systems should be used for flammable

gas and combustible dust explosion protection. The following sentence is

a synopsis of these recommendations. “Provide explosion suppression for

high value equipment, or equipment that exposes high value processes, or

equipment with frequent explosions, when either explosion venting,

pressure containment, or inerting cannot be provided.” In other words,

FM prefers use of explosion venting, containment, and inerting because

of the inherent simplicity and reliability of these other explosion protec-

tion measures. Examples of powder/dust processing equipment that the

Data Sheet lists as good candidates for explosion suppression systems are:

mixers/blenders, pulverizers/mills, ovens, dust collectors, screw conveyors,

silos, and dryers.

Some limitations on explosion suppression systems applications men-

tioned in Data Sheet 7-17 are: dusts with KSt values>200bar-m/s, vessels

larger 1000m3, vessels smaller than 0.2m3, as well as untested combina-

tions of suppression with inadequate explosion venting. Since the Data

Sheet was published in 2012, some explosion suppression systems have

been successfully tested for dust Kst values above 200bar-m/s. There have

also been improvements in suppression and isolation system reliability.

Nevertheless, there is still a need for the recommended periodic service

and functionality testing and inspections called for in the Data Sheet

and in NFPA 69.

4. European regulations and standards

4.1 ATEX regulations
4.1.1 ATEX Directive 1999/92
European Union Member State facilities with potential explosion hazards

and manufacturers of equipment and protective systems for such hazards are

obligated to comply with the pertinent ATEX (Atmosphères Explosibles)

directives issued by the European Commission, and the national regulations

259Dust explosions: Regulations, standards, and guidelines



intended to implement those Directives. Directive 1999/92 and its amending

and corrective documents described belowpertain tominimum requirements

for improving the safety and health protection of workers potentially at risk

from explosive atmospheres. Directive 2014/34 and its predecessor direc-

tives pertain to equipment and protective systems intended for used in

potentially explosive atmospheres.

Directive 1999/92, which is a follow on to Directive 94/9, requires

employers to take measures to accomplish the following objectives:

– the prevention of the formation of explosive atmospheres, or where the

nature of the activity does not allow that,

– the avoidance of the ignition of explosive atmospheres, and

– the mitigation of the detrimental effects of an explosion so as to ensure the

health and safety of workers.

The term explosive atmosphere as defined in the Directive “means a mixture

with air, under atmospheric conditions, of flammable substances in the form

of gases, vapours, mists or dusts in which, after ignition has occurred, com-

bustion spreads to the entire unburned mixture.” The Directive does not

specify testmethods to determine conditionswhich allow combustion spread

throughout the mixture, but EN 140134-3 describes the European Norma-

tive test method for determining the Lower Explosive Limit for dust clouds.

Directive 1999/92 stipulates that employers document efforts to accom-

plish the cited objectives by drafting an explosion protection document

describing the following prior to the initiation of work in and around the

explosive atmospheres:

– that the explosion risks have been determined and assessed,

– that adequate measures will be taken to attain the aims of this Directive,

– those places which have been classified into zones in accordance with

Annex I,

– those places where the minimum requirements set out in Annex II will

apply,

– that the workplace and work equipment, including warning devices, are

designed, operated and maintained with due regard for safety.

The Annex I zone classifications for combustible dusts are identical to the

IEC Explosive Dust Zone classifications shown in this chapter as Table 2.

Annex II minimum explosion protection requirements include using

Directive 2014/34 defined Category 1, 2, and 3 equipment in Zones

20, 21, and 22, respectively. There are nine other explosion protection

requirements including dealing with releases of flammable gases and com-

bustible dusts, accounting for electrostatic discharges, warning workers
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about explosion hazards, and having experienced/competent persons ver-

ify overall explosion safety before an explosive atmosphere is allowed to

develop for the first time.

4.1.2 ATEX Directive 2014/34 equipment and protective systems
in potentially explosive atmospheres

This ATEX directive describes European Union (EU) responsibilities and

procedures to establish compliance with EU requirements for products and

systems intended for use in a potentially explosive flammable gas or com-

bustible dust environment. It delineates responsibilities for product/system

manufacturers, certifiers, importers, and distributors, all of whommay play

a role in placing the product or system into service. The Directive does

not cover responsibilities for actually using this equipment because those

responsibilities are described in ATEX Directive 1999/92. Directive

2014/34 does provide detailed descriptions of the certification process

and the required CE marking/labeling of the product to indicate the

certification results.

Annex II of Directive 2014/34 states the general design objectives for all

applicable equipment and systems, emphasizing the three principles of inte-

grated explosion safety. These principles are:

• to prevent the formation of explosive atmospheres which may be pro-

duced or released by equipment and by protective systems themselves,

• to prevent the ignition of explosive atmospheres, taking into account the

nature of every electrical and non-electrical source of ignition,

• should an explosion nevertheless occur…, to halt it immediately and/or

to limit the range of explosion flames and explosion pressures to a

sufficient level of safety.

In order to satisfy these objectives (particularly the accounting for every pos-

sible ignition source), the Directive 2014/34 Guidelines state (section 142)

that manufacturers should conduct a risk assessment considering possible

technical and operational faults. Other general requirements in Annex II per-

tain to equipment markings, instructions, selection of materials, design and

construction, and avoiding ignition and easy cleaning of surface dust deposits.

Annex I of Directive 2014/34 defines equipment groups and categories,

which are an essential aspect of the Directive application. Other than under-

ground mines, all the equipment falls into Group II. The Group II Category

1,2,3 criteria are shown in Table 7.

ATEX Group II Category 1 equipment must be so designed and con-

structed that sources of ignition do not become active, even in the event
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of rare incidents relating to equipment. Per the Directive 2014/34

Guidelines, Category 1 equipment intended for use with combustible dusts

must have:

• An independent second means of protection that will be effective even if

the primary means of protection fails;

• or, the requisite level of protection is ensured in the event of two faults

occurring independently of each other.

• A maximum surface temperature below the ignition temperature of

foreseeable suspended dust clouds.

• Designed so that dust can enter or escape from the equipment only at

specifically designated points.

• Either not allow opening of equipment when sources of ignition are pos-

sible or place a warning label for users not to open the equipment under

these circumstances.

Instead of the first bullet requirement above, Category 2 equipment “must

be designed and constructed so that ignition of air/dust mixtures is

prevented, even in the event of frequently occurring disturbances or equip-

ment operating faults.” Category 3 equipment “must be so designed and

constructed that air/dust mixtures cannot be ignited by foreseeable ignition

sources likely to exist during normal operation.” The Guidelines also have

specific functional requirements for pressure relief systems, explosion sup-

pression systems, and explosion isolation systems.

If we take rotary valves (airlocks) as an example, a Category 3 rotary valve

should certainly prevent frictional ignition of combustible powders during

normal operation and should be sufficiently robust to contain a deflagration

during normal operation. A Category 2 rotary valve should also prevent

ignition of a combustible powder-air mixture during foreseeable powder

flow plugs. A Category 1 rotary valve should do what the Category 2

Table 7 ATEX group II equipment categories

Category
Level of
protection Protection objective Energized/operational status

1 Very high Protected even when two

independent faults occur

Equipment remains

energized in all zones

2 High Suitable for normal operation

and frequently occurring

single faults

Remains energized in Zones

1 and 2 (G) and/or 21 and

22 (D)

3 Normal Suitable for normal operation Remains energized in Zones

2 (G) and/or 22 (D)

From ATEX Directive 2014/34/EU Guidelines (2017), table 5: Levels of Protection.
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and 3 valves do, and should also prevent ignition when another operational

fault occurs, which perhaps might be a vane break (unless the manufacturer

can show that is not credible) or some other type of trampmetal in the valve.

If furthermore, the rotary valve is intended to be an explosion isolation

valve, it should have the capabilities described previously to prevent flame

transmission. In order for a rotary valve to be considered a Category 1 iso-

lation valve, it might be both a close tolerance vane-housing clearance and

an automatically stopping (upon deflagration detection) valve that can main-

tain the minimum required product bed depth. At least one valve manufac-

turer has an ATEX explosion barrier rating for dusts having KSt values up to

300bar-m/s and Pmax values up to 10bar.

Directive 2014/34 introduces the term notified body to mean an orga-

nization that has been recognized by an EU Member State to conduct

ATEX equipment or system conformity assessments. The term stems from

the requirement for the Member State to notify the European Commis-

sion and other Member States that it has authorized the organization to

conduct such assessments. Besides examining and testing the equipment

to verify its ability to function as claimed by the manufacturer in a poten-

tially explosive flammable gas or combustible dust environment, the noti-

fied body has the following additional responsibilities: review product

documentation, draft an evaluation report, issue a EU-type examination

certificate and inform the notifying authority of such certificates, verify

that the manufacturer has an approved quality system for production

and product inspection, check the appropriateness of the CE product

marking showing ATEX conformity parameters, and conduct product

checks to verify conformity with the examination certificate. Notified

body examination certificates are required for Category 1 and 2 equip-

ment, but the manufacturer can often do its own conformity assessment

for Category 3 equipment. Manufacturer responsibilities for Category 3

equipment assessments described in Annex VIII of the Directive include

technical documentation, manufacturing compliance, and CE/EU mark-

ing of each product.

Fig. 9 is an example of an ATEX equipment mark with the required

ATEX and European Commission Сε symbols and the designations for

the equipment Category (2D in ATEX terminology and Db in IEC termi-

nology) and type of protection (tb) as well as the equipment manufacturer,

the notified body and the notified body’s Certificate ID number.

Sometimes the desired Category 1 equipment may not be available or

feasible for a particular application. The Directive Guidelines provide an

example of where Category 1 equipment would be desirable for a mill or
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Fig. 9 Example with explanations of ATEX equipment label.
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grinder in which combustible powder and dust clouds are generated rou-

tinely in the mill and outlet, i.e., Zone 20atm. Furthermore, ignition sources

are anticipated in the mill during expected malfunctions. According to the

Guidelines, since a Category 1 mill is probably not feasible, the manufacturer

has an obligation to provide additional protection measures, e.g., explosion-

resistant mill design and construction, and to warn users that the mill should

only be used with these additional measures so to prevent injuries and dam-

age. Specific measures for this example in the Guidelines are as follows.

• All requirements on the construction of the grinding assembly (e.g., suit-

able selection of material and bearings, minimum distances between rotating and

fixed parts), on certain equipment of the mill (e.g., foreign particles separator,

overload protection, temperature detector at the bearings)

and

• all construction measures of the mill (explosion pressure resistant design for the

maximum explosion pressure, or explosion pressure resistant design for the reduced

explosion pressure in combination with explosion pressure relief or explosion suppres-

sion, and in most cases additional explosion decoupling for connected installations)

are necessary to make the grinding operation safe.

4.2 EN standards
4.2.1 EN 13463: Non-electrical equipment for use in potentially

explosive atmospheres
EN 13463 is a series of European normalization standards on the safe use of

non-electrical equipment in potentially explosive flammable gas or combus-

tible dust atmosphere. EN 13463-1 describes the basic protection approaches,

and the subsequent parts in the series describe the details for specific protec-

tionmeasures. These have now been or are in the process of being replaced by

the ISO 80079 series of standards.

EN 13463-1, together with EN 1127-1, have been used by manufac-

turers as an aid in designing and constructing ATEX Category 3 equipment

without inherent and foreseeable ignition sources in normal operation, and

for preliminary analyses about possible fault conditions prior to examination

by a notified body as a candidate for Category 1 or 2 classification. EN

13463-1 calls for a formal documented systematic analysis of all possible

ignition sources and measures implemented to reduce the corresponding

ignition hazard, with results presented in tabular format. Table 8 lists the

potential Group IID (combustible dust) ignition sources described in the

standard.
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Table 8 EN 13463 guidance for assessing equipment non-electrical ignition sources.
Ignition source EN 13463 guidance

Hot surface temperature Maximum surface temperature should be at least 75 °C
below the measured hot surface ignition temperature

for a 5mm depth dust layer per EN 1127-1

Flames and hot gases Overheating of non-metallic materials can lead to

smoldering and the associated generation of hot gases

and particles

Mechanically generated

sparks: Energy limits for

single impacts: Drop tests

and impact tests described

125Nm for non-sparking

metals in 1D equipment

20Nm for other

materials in 1D

equipment

500Nm for non-sparking

metals in 2D and 3D

equipment

80Nm for other

materials in 2D and 3D

equipment

Friction generated sparks For most dusts, a relative contact speed of 1m/s is the

limit below which ignition is not expected

Incendive friction, impact,

or abrasion sparks

Limits on alloy components with aluminum,

magnesium, titanium, and zirconium in 1D equipment

7.5% magnesium limit for category 2 equipment. No

limit for category 3 equipment

Stray electrical currents Recommend user should assess potential for stray

currents due to short circuit to ground or magnetic

induction near electrical installations with high

currents. Also lightning

Static electricity: Isolated

metal parts

If there is a possibility of isolated metal parts being

charged, provide grounding terminals on equipment

Static electricity:

Propagating brush

discharges

Non-conductive layers and coatings on metal surfaces

should have a maximum electrostatic breakdown

voltage of 4kV. For Group IID equipment, incendive

propagating brush discharges can be prevented if the

thickness of the non-conductive layer is >10mm

Exothermic reactions;

including self-ignition of

dusts

External Reference: Heated air over interior dust

layers and possible thermite reactions between

oxidized and unoxidized metals should be assessed for

ignition hazards

Dust deposits trapped

between moving parts

Provide warnings and cleaning instructions to prevent

dust deposits between moving parts from causing

prolonged heating and eventual burning of the dust
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Documentation of the EN 13463 required ignition source assessment

should include the hazard assessment report, descriptions and drawings of

the equipment, and various test reports on thermal and chemical endurance

as well as ignitability reports. The ignition assessment summary can be tab-

ulated as shown in the Table 9 example, with the expected frequency of

occurrence being determined by a generic risk assessment of possible equip-

ment faults. The result of each incident source analysis can be used to deter-

mine the implications for equipment ignition source categorization.

4.2.2 EN 14491 dust explosion venting
EN 14491 is the primary European standard for the design of dust explosion

venting systems. Two supplementary standards are EN 14460, Explosion

Resistant Equipment, and EN 14497, Explosion Venting Devices. The vent

sizing parameters in EN14491 are almost identical to the parameters described

in theNFPA68 deflagration venting standard, with the addition of a vent effi-

ciency factor, Ef, to be determined as part of the EN 14497 explosion vent

device certification testing. The EN 14491 general deflagration vent sizing

equation for values of Pred in the range 0.1bar-g to 1.5bar-g is:

Av ¼ B

Ef

1+C log L=Dð Þð Þ (6)

where

B¼ 3:264x10�5PmaxKStPred
�0:569 + 0:27 Pstat�0:1ð ÞPred

�0:5
� �

V 0:753 (7)

C¼ 0:758�4:305logPredð Þ (8)

If 1.5bar-g�Pred �bar-g, Av ¼ B
Ef
.

These equations are applicable for L/D values up to 20, and for volumes

in the range 0.1–10,000m3, but there is a separate equation for building

explosion venting described below.

The 2008 Fire Protection Research Foundation Report by Zalosh

included a comparison of vent areas calculated using the EN 14491

Eqs. (6)–(8) (above) with the actual vent areas used in the six sets of test data
mentioned above in the discussion of NFPA 68. The ratio of AvCEN/Avexp

had an average value of 1.28, i.e., on average, the EN 14491 calculated vent

areas were 28% larger than the actual experiment vent areas, and the standard

deviation was 0.58. Both of these values were slightly larger than the

corresponding values for the NFPA 68 calculated vent areas (1.19 and

0.46, respectively).
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Table 9 EN 13463 annex C ignition hazard table incomplete example for blender.
1 2 3 4

Ignition hazard
Assessed frequency of occurrence without additional

protection Measures applied to prevent ignition Frequency of occurrence with protection measures

a b a b c d e a b c a b c d e

No.
Ignition
source

Description/
cause

Normal
operation

Foreseeable
malfunction

Rare
malfunction

Not
relevant Reason Description

Basis/
standard Documentation

Normal
operation

Foreseeable
malfunction

Rare
malfunction

Not
relevant

Equip
category

1 Electrostatic

discharge

Internal

nonconductive

coating

X Breakdown

voltage

<4kV

EN 12463

Section

6.7.3

Material

specification

sheet

X 3D

2 Electrostatic

discharge

Deposit on

coating

x User

materials

melt and

deposit on

coating

Deposit on

coating

increases

breakdown

voltage

EN 12463

Section

6.7.3

Depends on

materials used

in equipment

x 3D

3 Mechanical

friction

Blades strike

housing

X Bearing

malfunction

Blade tip

speed

<1m/s

EN 12463

Section

6.4.2

Motor specs

and blade

diameter

x 1D



Tascón et al. (2016) compared their actual silo explosion vent test areas to

the vent areas calculated from EN 14491 for the three different silo L/D

ratios. The tests using wheat flour (KSt ¼150bar-m/s) produced ratios

mostly in the range 1.5–3.5, as shown in Fig. 10A. The tests using corn

starch (KSt ¼174bar-m/s) produced lower ratios, with values over 1 pri-

marily for the highest L/D, as shown in Fig. 10B. Tascón et al. conclude

that “EN 14491 clearly ensured safety, although it appears to oversize the

vent areas in some cases.”

The EN 14491 building explosion vent equation is

Av ¼ C

Ef

Asffiffiffiffiffiffiffi
Pred

p (9)

where Asis the building internal surface area (m
2), and there are three differ-

ent values of the constant C, depending on the dust KSt value as follows:

• 0<KSt �100: C¼0.018bar1/2;

• 100<KSt �200: C¼0.026bar1/2;

• 200<KSt �300: C¼0.030bar1/2.

Eq. (9) is only to be used for values of Pred up to 0.1bar. The vent area is to be

distributed as evenly as possible over the building external walls or roof. If

the vent area can only be placed on the endwall, Eq. (9) is restricted to build-

ings with a maximum length-to-diameter ratio of 3.

EN 14491 also provides quantitative guidance on the vented flame

length and pressure outside the enclosure, equipment vent duct effects, pipe-

line deflagration vents, and the design of external deflectors near the vent

discharge. The 2012 edition of EN 14491 describes a few special venting

configurations involving interconnected equipment in which explosion iso-

lation is not needed in the connecting piping between the equipment. These

situations have strict limits on the equipment volumes and strength (>0.5bar

in one case and >2bar in another case) as well as the vent areas. The 2012

edition also includes detailed specifications on preferred venting designs for

media dust collectors and for cyclones.

4.2.3 EN 14460
EN 14460, Explosion Resistant Equipment, introduces the terms design

pressure, explosion-pressure-resistant, and explosion-pressure-shock resis-

tant with the following definitions. The design pressure is equal to either

Pmax—100kPa, or Pred—100kPa, depending on whether or not the equip-

ment is equipped with explosion protection to limit the explosion pressure to

Pred. Explosion-pressure-resistant design is intended to avoid producing any
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Fig. 10 (A) Ratio of EN 14491 vent area to actual vent area for wheat flour tests. (B) Ratio
of EN 14491 vent area to experimental vent area for corn starch tests. Panels (A and B)
From .Tascon, A., Ramı´rez-Gomez, A., & Aguado, P. (2016). Dust explosions in an experi-
mental test silo: Influence of length/diameter ratio on vent area, Biosystems Engineering,
148, 18–33.
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permanent deformation of the equipment during the explosion. Explosion-

pressure-shock-resistant design is intended to withstand the explosion

without rupturing, but with allowable permanent deformation. Allow-

able deformations and design and construction procedures are given in

EN 13445.

4.2.4 EN 14373 explosion suppression systems
EN 14373-2005 describes the European Community certification testing

approach for determining the system effectiveness andmanufacturer’s design

model adequacy for equipment explosion suppression systems. The standard

introduces the term pred,max to denote the maximum suppressed explosion

overpressure at optimum fuel concentration. The system effectiveness test-

ing (for a new system) is geared toward determining pred,max as a function of

the various suppression system design parameters, including the following:

• suppressant agent,

• number of (High Rate Discharge) HRD-suppressor(s),

• volume of HRD-suppressor(s),

• HRD-suppressor outlet diameter,

• HRD-suppressor opening time,

• suppressant charge in HRD-suppressor,

• suppressant dispersion pressure,

• HRD-suppressor dispersion device,

• location of HRD-suppressor(s) on enclosure.

The standard suggests that the initial testing be conducted in a volume large

enough to accommodate one HRD-suppressor in order to establish the sys-

tem effectiveness, i.e., pred,max, for different fuel challenges as represented in

terms of combustible dustmaximumKSt and Pmax, and the system parameters

other than number and volume of HRD-suppressors. These tests should be

conducted in a test vessel with a length-to-diameter ratio of two. Later tests

are then carried out in a second volume to explore the relationship between

number of HRD-suppressors and equipment volume.

Suppression system manufacturers have their own proprietary mathe-

matical models or data correlations for determining the system parameter

values to be used for a given customer application, usually specified in terms

of the equipment volume, normal operating pressure range, and required

Pred value, as well as the dust KSt and Pmax values. The EN 14373 procedure

for certifying the manufacturer system design model entails conducting a

large number of tests with varying system parameter values, vessel volumes,

and dust KSt and Pmax values. The standard requires a minimum of 100 tests
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to be performed in at least four different test volumes. For each test, the

measusred Pred,max value is compared to the value calculated from the design

model. The EN 14373 acceptance criterion is that at least 95% of the calcu-

lated reduced suppressed explosion pressures must be greater than or equal to

the measured suppressed pressures. Fig. 11 shows the EN 14373 graph of

calculated versus measured suppressed pressures for tests with Pred,max values

below 0.5bar.

EN 14373 also contains requirements for suppression system installation,

commissioning, and maintenance, as well as marking and packaging. The

system marking must include the notified body’s identity and certification

report number.

4.2.5 EN 15089 isolation system
EN 15089 is analogous to EN 14373 in that both EN standards describe

explosion protection system effectiveness tests and tests to verify system

design models. The protection system categories covered in EN 15089

are passive explosion isolation systems and active explosion isolation sys-

tems, the difference being whether or not the system has detection and

control and indicating components. The particular isolation systems and

test configurations within these categories are: isolation valves (which

can be either active or passive), extinguishing barriers (active), and rotary

valves (passive). Separate EN standards are being developed for diverters

and for isolation flap valves.

The layout of the EN 15089 system effectiveness test for chemical

extinguishing barriers is shown in Fig. 12. Besides verifying the system
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Y
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pred,max calculated, in bar

pred,max measured, in bar

Fig. 11 Graph of suppression system calculated versus measured suppressed pressures.
Figure 9 from EN 14373, awaiting CEN permission.
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effectiveness, the test is intended to determine the minimum and maximum

effective values of the distance L of the extinguishing barrier from the equip-

ment being isolated. For dust explosions, the barrier is actuated from

control/indicating component processing of the signal from the system pres-

sure transducer. As indicated in the diagram, tests are conducted with three

different ignition source locations within the primary test vessel. Successful

flame extinguishment is determined from the output of flame transducers

installed downstream of the extinguishing barrier. Tests are conducted with

a dust having the highest KSt for intended system use (as specified by the

manufacturer) andwith another dust having a KSt value of 30% of the highest

value, but with a minimum of 50bar-m/s.

System design method verification testing is described in Annex A

(informative) of EN 15089. For each set of test parameters, the design

method (data correlation or mathematical model) is run to predict the min-

imum and maximum locations of the isolation device from the protected

equipment. The test result for the actual minimum effective distance should

be less than the predicted minimum distance, and the measured maximum

effective distance should be greater than the predicted maximum distance.

Furthermore, the calculated explosion pressure with the isolation device

should agree with the measured value to within 20%.

Key

1 Location of ignition source, Z1, 50% 8 Control and indication equipment/ indication equipment (CIE/IE)
2 Location of ignition source, Z2, 10% 9 Isolation device
3 Location of ignition source, Z3, 90% 10 Foil cover
4 Pressure transducer (Pt) 11 Camera
5 Transducer pressure (Tp) L1 Length of pipe

6 Flame transducer (Ft) L2 Length of pipe, L2 ≥ 1 m, L2 ≥ 2 × DN

7 Transducer flame (Tf)

4 5

3 1 2

6 7

8

4
6 9

6

L1 L2

10

11

Fig. 12 Extinguishing barrier explosion isolation system effectiveness test setup. From
EN 15089, awaiting CEN permission.
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EN 15089 also describes test reporting requirements and system marking

requirements. The latter includes identifying the notified body who con-

ducted the system certification tests and the associated certificate number.

5. Regulations and standards in other continents
and nations

5.1 Japan
Japanese government regulations concerning combustible dust hazards are

issued as part of the Occupational Safety and Health Regulations. Measures

related to dust explosions include the following items:

Prevention of explosion, fire, etc. by heated objects (article 248).

Measures to prevent explosion and fire during manufacturing and han-

dling of explosive materials (article 256).

Prevention of explosion and fire of combustible gas and dusts by venti-

lation or others (article 261).

Prevention of spontaneous combustion (article 266).

Installation of explosion isolation devices for fire and explosion (article

273-4).

Stipulations of work process for explosion and fire (article 274).

Evacuation in case of explosion and fire (article 274-2).

Prohibition of fire use where explosive and combustible items exist

(article 279).

Machines and facilities explosion-proof if those are used in explosive

atmosphere (articles 280–282).
Anti-electrostatic work clothing (article 286-2).

Static electricity discharge prevention where combustible powders are

handled (article 287).

Dryers having explosion release devices (article 294-4),

Dryers designed to discharge explosive materials safely if explosion and

fire are expected (article 294-5).

In addition to these regulations, there are several pertinent standards issued as

Japanese Industrial Standards available for Web site viewing at www.jisc.go.

jp. Many of these are Japanese versions of international standards issued by

either IEC or ISO. Examples are listed here:

• JIS Z 8817: 2002 Test method for explosion pressure and rate of pressure

rise of combustible dusts, references ISO 6184-1 (1985).
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• JIS Z 8818: 2002 Test method for minimum explosible concentration of

combustible dusts.

• JIS Z 8834: 2016 Method for determining minimum ignition energy of

dust/air mixtures, references IEC 61241-2-1.

Recommendations on the design, manufacture, installation, use, inspection,

and maintenance of explosion relief vents are published in NIIS-TR-No.38

(2005). This report primarily references NFPA 68 (2002). Since the publi-

cation of that report, NFPA 68 has undergone several revisions and Yashima

(2006) has reported on large-scale Japanese dust explosion venting tests pro-

ducing a great deal of valuable data on vented explosion pressures and exter-

nal flame length.

Another source of pertinent Japanese standards is the Japanese National

Institute of Occupational Safety and Health (JNIOSH). The following two

publications are examples of JNIOSH reports applicable to dust explosion

prevention and protection.

• JNIOSH-TR-No.42 (2007)—Recommendations for Requirements

for Avoiding Electrostatic Hazards in Industry

• JNIOSH-TR-No.47 (2017)—Recommended Practices for Explosion

Pressure Shock-resistant Dryers (Revised edition)

5.2 China
The State Administration of Work Safety in China has issued a number of

regulations pertinent to dust explosion hazards in the workplace. There is

one general regulation on dust explosion protection (GB 15577) together

with various regulations for specific types of industrial dust generation

and handling facilities and a regulation requiring electrical equipment

and dust testing and certification standards based on the IEC and ISO

international standards. GB 15577 mentions combustible dust control and

removal importance, and equipment explosion isolation, suppression, and

inerting as alternative protection measures. It encourages dust cleaning

methods to avoid dust cloud formation, employee education and training,

and control of various types of ignition sources including electrical equip-

ment, frictional/impact heating, electrostatic discharges, and spontaneous

combustion. However, the 2007 edition of the standard is only four pages

long and there have been extensive discussions on proposed enhanced

regulations with more explicit requirements for implementation. Issues

pertinent to the 2014 aluminum dust catastrophic explosion incident are

discussed by Li, Yang, Yuan, and Eckhoff (2016).
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Industry and equipment specific combustible dust regulations in China

include the following:

GB 17269—aluminum and magnesium powder manufacturing

GB 17440—grain processing, storage and handling

GB/T 17919—dust collectors

GB 19081—feed processing systems

China has Ex equipment certification standards that are identical or very

similar to most of the IEC and EN standards described previously,

including the EN 13463 series of standards for non-electrical equip-

ment, which is the GB 12476 series in China. Equipment manufacturers

can obtain a Chinese Ex certificate either by submitting an IECEx

certification, an ATEX certification, or by having the equipment eval-

uated and tested by a Chinese authorized organization (Xu, 2013). Per-

sonnel responsible for the installation, maintenance, and repair of Ex

equipment are required to have a Chinese Personnel Competence

Certificate (PCC).

The China National Accreditation Service for Conformity Assess-

ment (CNAS) has jurisdiction overseeing product certification organiza-

tions, inspection organizations, and laboratories, and their accreditation

bodies. As of 2007, there were four Ex testing laboratories In China, with

one dedicated to coal mine products and another devoted to electrical

equipment for the petroleum and chemical industry (Weijun, 2017),

but there are currently many more which have IECEx acceptance. There

is a China Quality Mark that has been used for Ex product certification

notifications since 2002, and a system for inspecting factories producing

Ex products.

5.3 India
India also has national standards that are counterparts to the corresponding

IEC Ex standards. They have the designation IS/ahead of the IEC standard

number or the EN number; for example, IS/EN 60079-31 is the Indian ver-

sion of Equipment dust ignition protection by enclosure “t” (IEC 60079-

31:2013).

In practice, India also uses NFPA and ATEX EN combustible dust stan-

dards, but there apparently are no official Indian regulations formally recog-

nizing, adopting or modifying those standards. Although India also has

promulgated some of its own fire protection standards for different types

of industrial facilities, it is not clear if there is much emphasis or detail on

dust explosion protection in those standards.
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5.4 Australia and New Zealand
Australia and New Zealand have many joint explosion protection standards,

particularly when it comes to adopting or implementing IEC Ex standards.

For example, AS/NZS 3000:2000 (Wiring Rules) states that the occupier

is responsible for hazardous area classification (Part 7.9.2.1) per the IEC clas-

sification system. AS/NZ60070-14,which covers selection, installation, and

testing of equipment in hazardous locations, and refers to the other AS/NZS

60079 AS/IEC standards, is also invoked by the AS/NZ 3000 series of reg-

ulations. All IEC, ISO and ISO/IEC Ex equipment standards relevant for

explosive dusts are adopted with no technical change. Installation standards

do have some modifications.

Besides the IEC/ISO standards, there are noAS/NZS general regulations

or standards on combustible dusts. Special powders that are UN Dangerous

Goods Categories 4.1, 4.2, or 4.3 would fall under the Major Hazardous

Facilities (MHF) regulation which does require a rigorous assessment of

potential incidents, and the adequacy of controls and management of these

materials.

Australian states and territories have worker safety regulations that

address certain specific dust explosion hazards, such as coal mine safety reg-

ulations in Queensland. The general Queensland Work Health and Safety

Regulation does include combustible dust in the context of hazardous area

classifications and invokes AS/NZS 61241.10, Electrical apparatus for use in

the presence of combustible dusts, area classifications.

New Zealand has a special interest in preventing powdered milk dust

explosions since the dairy industry is a major part of the New Zealand econ-

omy, and powderedmilk is an important export product. Spray dryers are the

most likely initiation site for a milk powder explosion, and the NewZealand

Department of Labor in 1993 published guidance “for the dairy industry on

the design, operation and maintenance of spray drying plant and ancillary

plant for the avoidance of fire and explosion, and minimizing the effects

of fire and explosion.”The published guidance covers dust collection systems

and storage silos and bins, as well as the spray dryers. It is a 63-page document

containing milk powder explosibility/ignitability test data as well as design

guidance for explosion protection via explosion venting, isolation, pressure

containment, explosion suppression, and inerting.

5.5 Brazil
There is no Brazilian general legal requirement requiring employers to have

an “explosion prevention dossier” similar to the ATEXEuropean Directive,

277Dust explosions: Regulations, standards, and guidelines



but there are requirements for certain agricultural facilities and materials.

For example, regulationNR31.14.11 requires elevator and silo delivery sys-

tems to avoid dust accumulations, especially near potential electrostatic

discharges. Regulation 31.14.12 declares silos to be Zone 20 areas with

corresponding electrical and lighting equipment restrictions. Equipment

certifications for all hazardous locations must be from Inmetro (Brazilian

Institute of Metrology and Industrial Quality) so imported equipment,

ATEX certificates, or similar ones from other countries, are not accepted.

Unlike ATEX’s Zone 22 allowance, Inmetro does not accept self-

certifications.

Local Fire Departments are responsible for approving an industrial instal-

lation to start operation. For industries with combustible dusts, there are two

states where their Fire Departments issue additional normative instructions.

The State of Paraná Technical Procedure Standard (NPT 027) applies to

facilities receiving, processing and storing agricultural products and their

derivatives, including: oilseeds, agricultural seeds, vegetables, sugar, flour,

inputs and other products. It stipulates that these facilities have a constant

cleaning and maintenance program to remove dust accumulation. The

responsible professional for this maintenance program has to provide his/her

program implementation documentation with the local Engineering Coun-

cil, annually. São Paulo State has a decree requiring external silo dust collec-

tors to be equipped with explosion venting and fire/explosion isolation and

spark detection and extinguishing systems.

Brazilian standard NBR 16385 has 11 pages of requirements for dust

explosion prevention and protection systems. These include dust testing

per the ISO 6184 and IEC 80079 standards, and classification of explosive

dust atmospheres per IEC 60079-10-2, well as electrical equipment speci-

fications per IEC 60079-31. Warning signs designating Zone 20, 21, and

22 areas are also required.

6. Concluding remarks

Dust explosion protection regulations and standards around the world

are a mixed bag of international standards primarily related to equipment

that can be used in dusty locations and ad hoc standards on explosion hazard

assessments and protection for particular facilities and materials. The stan-

dards in many cases become de facto regulations when they are cited by

national, regional, or state/provincial building or fire codes. Some states
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with multiple facilities manufacturing or processing certain powders or dust

generating particulate materials have developed special or expanded regula-

tions for these facilities.

One troubling aspect of the international guidelines is the lack of guid-

ance on how to characterize combustible dust hazards and properties on

Globally Harmonized Safety Data Sheets. The lack of guidance results in

widely varying, and often incomplete, documentation of combustible par-

ticulate/powder properties and hazards. Proposals to include combustible

dusts in the Globally Harmonized guidance are currently in limbo.

North American and European standards on combustible dust hazard

identification and explosion protection are more comprehensive and sys-

tematic than those from other continents. However, some nations in other

continents have made considerable progress in providing effective standards

and guidance on particular industries and materials with combustible dust

hazards.
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1. Introduction

Emerging technologies and processes, such as nano and green technol-

ogies, sustainable processes, and additive manufacturing processes, have led

to the development and handling of “novel” materials, which pose signifi-

cant safety issues as they exhibit properties different from those of commonly

used materials. In Fig. 1, a sketch of the emerging technologies and processes

connected to the emerging materials is given.

The main differences with respect to commonly used materials are

related to the particle size, shape and structure. In nano technology and addi-

tive manufacturing processes, particles are carbon-based, metals and metal

alloys, and polymers. They are scaled-down from micro to nano size. Fur-

thermore, the particles may present a porous structure which may signifi-

cantly affect reactivity. In sustainable and green processes, biomaterials are
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used which are characterized by non-spherical particle shape (flocculent

materials, flakes, fibers, etc.).

As reported byWorsfold, Amyotte, Khan, Dastidar, and Eckhoff (2012),

these dusts do not necessarily follow the traditional definition and, thus, they

have been named “non traditional” dusts. At the moment, data on flamma-

bility and explosion behavior, and standard procedures and equipment have

been derived for spherical dusts with micro size. However, data and knowl-

edge acquired in this field, even in terms of critical issues of procedures and

equipment (see, e.g., Di Benedetto, Russo, Sanchirico, & Di Sarli, 2013; Di

Sarli, Russo, Sanchirico, & Di Benedetto, 2013, 2014; Di Sarli, Sanchirico,

Russo, & Di Benedetto, 2015; Sanchirico, Di Sarli, Russo, & Di Benedetto,

2015), cannot be directly applied to the emerging non traditional materials.

In the following, the literature findings on the flammability and explo-

sion behavior of hybrid mixtures, nano materials, additive manufacturing

dusts and non-spherical dusts are described.

1.1 Hybrid mixtures
In 1885, Engler observed that mixing coal dusts with methane at a concen-

tration lower than the methane lower flammability limit would allow the

explosion of the dust/gas mixture, hence producing unexpected hazardous

conditions.

Fig. 1 Emerging materials and emerging technologies and processes imply
emerging risks.
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Dust/gas mixtures are frequently named “hybrid” mixtures, and many

studies have been performed showing that their ignition can occur at a leaner

dust concentration than if the dusts were alone (see, e.g., Amyotte, Mintz,

Pegg, & Sun, 1993; Amyotte, Mintz, Pegg, Sun, & Wilkie, 1991;

Bartknecht, 1981, 1989; Cashdollar, 1996; Chatrathi, 1994; Denkevits,

2007; Pilão, Ramalho, & Pinho, 2006a, 2006b).

Hybrid mixtures are non traditional materials because of the exceptional

behavior of the mixture with respect to the “traditional” behavior of dust

and gas (or solvent) separately. The non traditional behavior is reflected

in both flammability and explosion parameters.

Hybrid mixtures of combustible dusts, gases and solvents are usually

found in many industrial processes that handle combustible dust, vapor or

gas. However, they can also be accidently formed due to flammable vapor

build-up in the vicinity of dust source and storage (Amyotte &

Oehmen, 2002).

As reviewed by Amyotte (2013), explosions of hybrid mixtures cause

casualties, property damages and environmental contamination problems

every year all over the world. Most of the incidents as well as the conse-

quences of hybrid mixture explosions can be found in the database of the

US Chemical Safety and Hazard Investigation Board (CSB) (https://

www.csb.gov/investigations/completed-investigations/?Type¼2).

An example of a particularly devastating hybrid mixture explosion is that

which occurred at the Westray coal mine in 1992 (Amyotte & Oehmen,

2002). TheWestray coal mine explosion was triggered by methane and coal

dust and it resulted in 26 fatalities (Amyotte & Oehmen, 2002; Kao &

Duh, 2002).

Nevertheless, during the risk assessment phase or explosion hazard assess-

ment, especially during the application of ATEX directives, the case of these

mixtures is not frequently appreciated at its true value (Khalili, Dufaud,

Poupeau, Cuervo-Rodriguez, & Perrin, 2012).

1.1.1 Flammability and explosion behavior
Analysis and study of the flammability and explosion parameters of several

hybrid mixtures used in mining, nuclear, pharmaceutical, polymer, biomass,

and food processes, and textile manufacturing have been performed. Some

examples of the studied hybrid mixtures as related to different industries are

given in Table 1.

285Dust explosions: Emerging/unique scenarios



Table 1 Some examples of hybrid mixtures for different industries.
Hybrid mixtures Industry References

Methane and coal dust Mining Ajrash, Zanganeh, and Moghtaderi

(2017); Amyotte et al., (1993); Amyotte

and Pegg (1993); Cashdollar (1996);

Kundu, Zanganeh, Eschebach, and

Moghtaderi (2018)

Hydrogen gas with the

addition of graphite/

carbon, tungsten, and

aluminum dusts

Nuclear Denkevits (2007, 2010); Denkevits and

Hoess (2015); Khalil (2013)

Methanol, ethanol,

propanol, acetone,

diisopropyl ether and

nicotinic acid, lactose,

cellulose, magnesium

stearate, vitamins,

antibiotics

Pharmaceutical Dufaud, Perrin, and Traor�e (2008);
Dufaud, Perrin, Traore, Chazelet, and

Thomas (2009); Garcia-Agreda, Di

Benedetto, Russo, Salzano, and

Sanchirico (2011); Hossain et al. (2014);

Sanchirico, Di Benedetto, Garcia-

Agreda, and Russo (2011); Sanchirico,

Russo, Di Sarli, and Di Benedetto

(2014); Sanchirico, Russo, Di Sarli, and

Di Benedetto, (2015); Sanchirico et al.,

(2015); Sanchirico, Di Sarli, and Di

Benedetto (2018)

Solid polymers (e.g.,

polyethylene) and

flammable gas (e.g.,

ethylene)

Polymer Amyotte et al. (2009); Gan et al. (2018a,

2018b)

Biomass dusts and

ethane, hydrogen,

carbon monoxide

Biomass Saeed, Slatter, Andrews, Phylaktou, and

Gibbs (2016); Saeed, Andrews,

Phylaktou, and Gibbs (2017)

Cork and methane,

cornstarch and

propane, wheat dusts

and fermentation gases

Food Chatrathi (1994); Klemens, Teodorczyk,

Wolanski, and Wolinski (1993); Pilão

et al. (2006a, 2006b)

Wool and organic

matter

Textile

manufacturing

Danzi et al. (2018); Marmo (2010);

Marmo et al. (2018); Salatino, Di

Benedetto, Chirone, Salzano, and

Sanchirico (2012)
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For many hybrid mixtures, the flammability and explosion parameters

have been measured, mainly by varying the relative concentration of dust

with respect to the gas and the nature of the components.

It has been experimentally proven that flammable gases mixing with

clouds of flammable dusts, even at concentrations below the lower explosion

limit (LEL), could significantly enhance the explosion of dust clouds

(Amyotte et al., 1991; Bartknecht, 1981, 1989; Di Benedetto, Garcia-

Agreda, Russo, & Sanchirico, 2012; Dufaud et al., 2008; Garcia-Agreda

et al., 2011; Hertzberg, Cashdollar, & Zlochower, 1988; Landman, 1995).

From the measurements of the limit concentrations, it has been found

that coupled evaluations of MEC and LEL have to be performed. Among

the equations available for evaluating the lower explosion limit of the hybrid

mixture (LELhybrid), the equation proposed by Glassman (1996) reads as

follows:

LELhybrid¼ 100= Xgas=LELgas
� �

+ Cdust=MECdustð Þ� �
(1)

where

LELhybrid¼ lower explosion limit of the hybrid mixture (g/m3)

Xgas¼gas concentration in the hybrid mixture (vol%)

LELgas¼ lower explosion limit of the gas in air (vol%)

Cdust¼dust concentration in the hybrid mixture (g/m3)

MECdust¼minimum explosion concentration of the dust in air (g/m3)

Eq. (1) was obtained starting from Le Chatelier’s law originally developed

for homogeneous gas mixtures (Le Chatelier, 1891). Le Chatelier’s law

was derived by the concept of a constant limit flame temperature for a

given class of fuels. In the case of methane and coal dust mixtures, such

temperatures are comparable and thus the linear trend is valid.

Another correlation for LELhybrid is that developed by Bartknecht (1981)

who tested PVC dusts mixed with flammable gases, deriving Bartknecht’s

relationship:

LELhybrid¼MECdust Xgas=LELgas
� ��1
� ��2 (2)

The minimum ignition temperature (MIT) of hybrid mixtures cannot be

predicted by simply overlapping the effects of the single substances (Addai,

Gabel, & Krause, 2016). The MIT is an explosion characteristic which is

used for dust-air mixtures as well as for gas-air mixtures or for mixtures

of vapors of flammable liquids with air. However, while for dusts, the

Godbert-Greenwald (GG) furnace or the BAM oven is used to determine
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the MIT (CEN, 2007), for gases or vapors, the MIT is determined in the

Erlenmeyer flask (CEN, 2005). In the case of the MIT of hybrid mixtures,

the Erlenmeyer flask is not suitable because it does not allow the dispersion

of dust particles.

Addai et al. (2016) modified the GG furnace in order to allow the simul-

taneous addition of the flammable gas/vapor and generation of a dust-air

mixture. They proved that the addition of combustible gases/vapors to dusts

can be seen as the replacement for volatiles released from the dust during

pyrolysis and, hence, significantly affects the MIT, even at concentrations

well below the respective lower limits. As shown in Fig. 2, the addition

of a flammable gas/vapor to a dust decreases the MIT values by as much

as 50 °C (Addai et al., 2016).

The addition of flammable gas or vapor has been proven to also signif-

icantly reduce the minimum ignition energy (MIE) values (Fig. 3).

In Fig. 4, the effect of methane addition to PVC dust on the maximum

explosion pressure, Pmax, and the maximum rate of pressure rise, (dP/dt)max,

is shown.

An increase in methane concentration leads to an increase in explosion

indices, even at concentrations lower than the lower flammability limit (5%).

The addition of methane has only a marginal influence on the maximum

explosion pressure, while it has a marked effect on the maximum rate of

pressure rise. Accordingly, as reported by Bartknecht (1989), the addition

of a flammable gas may lead to a change in the dust classification (Table 2).

1.1.2 Explosion regime diagrams
Garcia-Agreda et al. (2011) developed an explosion regime diagram in the

plane of the dimensionless concentrations of dust (dust concentration/min-

imum explosible concentration, C/MEC) and gas (gas concentration/lower

flammability limit, y/LFL). This diagram is shown in Fig. 5.

Five explosion regimes have been identified: gas-driven explosion; dual-

fuel explosion; dust-driven explosion; synergic explosion; and no explosion

(Garcia-Agreda et al., 2011; Sanchirico et al., 2011). The dust (gas)-driven

explosion zone is the region in which the dust (gas) concentration is higher

than the MEC (LFL) and the gas (dust) concentration is lower than the LFL

(MEC). In these regimes, the flame propagation is manly driven by the fuel

at concentrations higher than the limit value. In the dual-fuel explosion

zone, both dust and gas concentrations are above the limit concentrations

(MEC and LFL, respectively) and, thus, they both contribute to flame prop-

agation and then explosion.
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For the tested hybrid mixture (niacin+methane), the limit between the

flammability region and the no-explosion region is well predicted by Le

Chatelier’s law (Eq. 1).

In the diagram of Fig. 5, the values of the deflagration index (KSt) for

individual tests are also plotted as they represent the radius of the circles.

The maximum values of KSt are found close to the theoretical

stoichiometric line.

MIT of  dust (without gas)

effect of  methane on dust

effect of  propane on dust

effect of  hydrogen on dust

MIT of  dust (without solvent)
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An advancement on the development of the hybrid mixture explosion

regimes has been proposed by Cloney, Ripley, Pegg, and Amyotte

(2017) who classified the literature data into two classes: low reactivity dusts

and high reactivity dusts. In Fig. 6, the explosion regimes are shown in the

dust-gas concentration plane as found for the low reactivity graphite and

Fig. 5 Explosion regime diagram for hybrid mixtures. Adapted from Garcia-Agreda, A., Di
Benedetto, A., Russo, P., Salzano, E., & Sanchirico, R. (2011). Dust/gas mixtures explosion
regimes. Powder Technology, 205(1–3), 81–86.

Table 2 Influence of propane content upon the dust classification into dust explosion
classes.
Propane content (vol%) 0 1.25 2.5 4.25

Dust category KSt [barm/s] Dust explosion class

Pea meal 110 St 1 (St 1/St 2) (St 2/St 3) St 3

Cellulose 220 St 2 (St 2/St 3) St 3 St 3

Optical brightener 295 (St 2/St 3) St 3 St 3 St 3

Adapted from Bartknecht, W. (1989). Explosions: Course, prevention, protection. Berlin, Heidelberg,
New York, London, Paris, Tokyo, Hong Kong: Springer-Verlag.
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hydrogen mixture (left) (Denkevits, 2007) and for the high reactivity alumi-

num dust and hydrogen mixture (right) (Denkevits & Hoess, 2015), with

spark ignition. The solid line represents nominally stoichiometric mixtures,

and the dashed line is the effective stoichiometric mixture where all of the

oxygen was consumed. The maximum pressure, Pm, and deflagration index,

Km, values are reported in the symbols.

In the case of low reactivity dusts (Fig. 6, left), four explosion regimes are

established: no explosion, gas-only explosion, two-stage explosion, and

single-stage explosion. With high reactivity dusts (Fig. 6, right), a fifth

dust-only explosion regime arises, and the explosion parameter behavior

in the two-stage regime is more complex.

Table 3 summarizes the explosion regimes at low and high dust

reactivity.

When testing hybrid mixtures, care must be taken with respect to the

ignition energy. Ignition energies of gas are significantly lower (�05mJ)

than dust (�50mJ). Most literature explosion tests on hybrid mixtures used

the standard explosion ignition energy for dusts (Amyotte et al., 2009;

Dufaud et al., 2008, 2009; Hossain et al., 2014; Khalil, 2013; Li, Lin,

Dai, & Zhao, 2012). However, results with different energies (0.5 up to

10kJ) have shown that, to avoid overdriving, it is very important to reduce

the ignition energy (Ajrash, Zanganeh, & Moghtaderi, 2016; Di Benedetto

Table 3 Additional explosion regimes for hybrid mixtures in the case of low ignition
energy.
Dust reactivity Explosion regime Explosion parameters (Pm and Km)

Low-reactivity No explosion Approximately zero

Gas-only explosion Both decrease with added dust

Two-stage explosion Pm only increases with added dust

Single-stage explosion Both increase with added dust

High-reactivity No explosion Approximately zero

Gas-only explosion Both decrease with added dust

Two-stage explosion Both may increase with added dust

Single-stage explosion Both increase with added dust

Dust-only explosion Both are insensitive to added gas

Adapted from Cloney, C. T., Ripley, R. C., Pegg, M. J., & Amyotte, P. R. (2017). Evaluating regime
diagrams for closed volume hybrid explosions. Journal of Loss Prevention in the Process Industries, 49,
912–918.
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et al., 2012). The explosion regimes of Fig. 6 were obtained by using a low

ignition energy.

In the case of high ignition energy, two regimes based on dust concen-

tration (Cdust) and gas mass fraction in air (Ygas) have been identified: het-

erogeneous combustion and homogeneous combustion (Table 4).

In the heterogeneous combustion regime, addition of gas below its flam-

mability limit has a limited impact on the explosion parameters. For dusts

that react homogeneously, addition of small amounts of flammable gas

has a large impact close to the dust MEC, but has a smaller impact at higher

dust concentrations. It is proposed that there are at least two dust combustion

regimes under these conditions: isolated combustion close to the dust MEC,

and group combustion further away. It is hypothesized that the addition of

flammable gas has a larger impact in the isolated combustion regime than

under group combustion conditions.

Beside the difference in the dust reactivity and the ignition energy,

another important difference has to be taken into account which is related

to the reaction mechanism of the dust.

1.1.3 Reaction mechanisms
The reaction mechanism of most organic dusts can be represented by the

scheme shown in Fig. 7 (Di Benedetto, Di Sarli, & Russo, 2010; Di

Benedetto & Russo, 2007).

Table 4 Additional explosion regimes for hybrid mixtures in the case of high ignition
energy.
Dust reaction Explosion regime Explosion parameters (Pm and Km)

Heterogeneous Ygas<LFL Both relatively insensitive to added gas

Ygas>LFL Insufficient literature data to explore

Homogeneous Cdust�MEC and

Ygas<LFL

Both very sensitive to added gas

Cdust≫MEC

and Ygas<LFL

Both relatively insensitive to added gas

Y>LFL Insufficient literature data to explore

Adapted from Cloney, C. T., Ripley, R. C., Pegg, & M. J., Amyotte, P. R. (2017). Evaluating regime
diagrams for closed volume hybrid explosions. Journal of Loss Prevention in the Process Industries, 49,
912–918.
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Dust reacts according to both homogeneous and heterogeneous paths. In

the homogeneous path, volatiles are formed which mix with the surround-

ing air and react in the gas phase, leading to flame propagation.

In the case of dusts that do not produce volatiles (metallic dusts, graphite,

etc.), the reaction mechanism is significantly different. These dusts burn

exclusively through heterogeneous surface oxidation. Heterogeneous com-

bustion proceeds through oxygen diffusion into either a molten or a solid

core and core superficial oxidation (Ben Moussa, Proust, Guessasma,

Saleh, & Fortin, 2017; Dreizin, 2000). The scheme for this reaction mech-

anism is shown in Fig. 8.

The heterogeneous reaction generates a film and reaction proceeds

according to the shrinking core model (Levenspiel, 1999).

On the basis of the two mechanisms of Figs. 7 and 8, we may also delin-

eate two different mechanisms for hybrid mixture explosions. Figs. 9 and 10

show the possible mechanisms for hybrid mixtures with, respectively, dust

that does not produce volatiles, and organic dust.

In the case of hybrid mixtures with dust that does not produce volatiles,

combustion reactions of flammable gas and dust proceed separately, the heat

transferred from one phase to the other being the only feedback mechanism

(Fig. 9). In the case of hybrid mixtures with organic dust, which are pre-

sumed to volatilize, the flammable gas mixes with the volatiles produced

from the dust (Fig. 10). These different mechanisms lead to quantitatively

and qualitatively different explosion regimes for hybrid mixtures with

organic dust and with dust that does not produce volatiles.

devolatilization gas products mixing

heterogeneous combustion

explosion
heat

heat

Volatile
dust

Fig. 7 Reaction mechanism for organic dusts. Adapted from Di Benedetto, A., & Russo, P.
(2007). Thermo-kinetic modelling of dust explosions. Journal of Loss Prevention in the
Process Industries, 20 (4–6), 303–309.

core superficial oxidationcore fusion
heat

heat

Dust that does
not produce

volatiles
O2 intra-pore
    diffusion

Fig. 8 Reaction mechanism for dusts that do not produce volatiles (metallic dusts,
graphite, etc.).
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1.2 Non spherical dusts
According to the NFPA 654 (NFPA, 2007), a combustible dust is a partic-

ulate solid that presents a fire or deflagration hazard when suspended in air

(or other oxidant) at various concentrations, regardless of size or shape.

In the last years, many accidents occurred as a consequence of fires and

explosions involving non spherical dusts like biomass dusts (Butcher, 2011;

Holland, 2011), wool dusts (Salatino et al., 2012), and polyethylene dusts

(Amyotte, Cloney, Khan, & Ripley, 2012).

Non spherical dusts may have the shape of fibers, flakes, chips or flocks.

Such dusts may also originate from particle fragmentation. In Table 5, SEM

images of different non spherical dusts are shown.

The particle shape has been shown to affect the dust propensity to

remain in suspension as well as its ignitability and explosibility (Amyotte

et al., 2012).

Non spherical dusts have not been studied to the same extent as spherical

dusts, and there is a lack of qualitative/quantitative data on such materials

(Febo, 2010; Marmo & Cavallero, 2008).

Non spherical dust size cannot be identified by a unique parameter like

the particle diameter. Depending on the particle shape, at least two param-

eters are required. The non spherical shape may be modeled as a square, a

cylinder, or a fiber and, thus, the characteristic parameters are the diameter

and the length or the two plane dimensions. Furthermore, in the case of

fibrous dusts, the formation of clusters is possible.

Bartknecht (1989) showed that the flammability and explosion

parameters of flocks are significantly affected by the dust fineness and, in par-

ticular, as the fineness is increased, ignition and explosion behaviors become

more severe.

core fusion core superficial oxidation
heat

heat

Dust that does
not produce

volatiles
O2 intra-pore
    diffusion

Gas

heat

gas-phase combustion

Fig. 9 Reaction mechanism for hybrid mixtures with dust that does not produce
volatiles.
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Marmo and Cavallero (2008) explored the effect of both diameter and

length on the explosibility parameters. They measured the MIE of nylon

flocks demonstrating that its values are affected by the diameter much more

than by the length of the fiber. These results have been confirmed by tests on

textile fibers (Marmo et al., 2018).

To understand if the effect of the size is qualitatively comparable to that

of spherical particles, Amyotte et al. (2012) studied the explosion behavior of

wood and polyethylene. In Fig. 11, the images of the fibrous samples studied

are shown.

Amyotte et al. (2012) performed measurements of MEC, MIE, MIT,

Pmax, and KSt, at different values of the particle size. The obtained results

are shown in Fig. 12.

Table 5 SEM images of different non spherical dusts.

Polyamide 6.6 (from
Iarossi et al., 2012)

Magnesium stearate (from Traor�e,
Dufaud, Perrin, Chazelet, & Thomas,
2009)

Wool (from Salatino
et al., 2012)

Flocks—polymers Flakes—metallic dusts, wood,

biomass

Fibers/fibrous

cluster—biomass,

polymers, wool

devolatilization gas products mixing

heterogeneous combustion

explosion
heat

heat

Volatile
dust

Gas

Fig. 10 Reaction mechanism for hybrid mixtures with organic dust.
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From these results, it appears that flocculent materials display the same

general trend of increasing explosion likelihood and consequence severity

with a decrease of the fiber diameter, analogously to spherical particles.

However, as suggested by Amyotte et al. (2012), parametric studies incor-

porating both diameter and length are required.
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Fig. 12 Measurements of MEC [g/m3], MIE [mJ], MIT [°C], Pmax [bar (g)], and KSt [barm/s],
at different values of the particle size: Polyethylene (top) and wood (bottom). From
Amyotte, P. R., Cloney, C. T., Khan, F. I., & Ripley, R. C. (2012). Dust explosion risk moderation
for flocculent dusts. Journal of Loss Prevention in the Process Industries, 25, 862–869.

Fig. 11 Images of the fibrous samples studied by Amyotte et al. (2012): Wood (left) and
polyethylene (right).
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1.2.1 Dispersion and sedimentation: Dustiness
Fibers, flocks and flakes are characterized by low values of density. As a

consequence, it has been found that dispersion of these dusts may be quite

complicated. During standard explosion tests in the 20L and/or 1m3 vessel,

residual fibrous materials were found in the dust holder (Pilão et al., 2006b;

Sattar, Phylaktou, Andrews, & Gibbs, 2012; Sattar, Slatter, Andrews,

Gibbs, & Phylaktou, 2012). Accordingly, some works have been done to

project novel dispersing systems of flocks (Bartknecht, 1989) and fibrous

dusts (Hu�escar Medina, Sattar, Phylaktou, Andrews, & Gibbs, 2015) able

to generate a uniform and homogeneous cloud inside the explosion vessel

avoiding incomplete feeding due to plugging. To overcome this issue,

Iarossi et al. (2012) placed a part of the dust in the external dust storage con-

tainer and the remainder amount directly in the 20L chamber around the

rebound nozzle. In this way, they were also able to feed much more sample

in the vessel.

The non spherical shape may also affect the ability of a dust to disperse in

air and to remain suspended. In order to measure the tendency of a dust to

form clouds (dispersion), Klippel, Scheid, and Krause (2013) introduced a

new safety parameter, the dustiness, and demonstrated that it is the key

parameter affecting the deflagration index.

More recently, Danzi et al. (2018) developed a semi-quantitative method

tomeasure the dustability index (DI). DI is calculated as the sum of the scores

assigned to three properties: (1) dust tendency to disperse fine particles in air

if handled; (2) dust tendency to settle in aggregates or fine particles; (3) dust

behavior if lifted by an air blast. They found that the dustability index

correlates well with KSt and MIE values, suggesting that it is a key parameter

affecting the explosion severity. They found that flocculent materials are

characterized by high values of the DI, thus suggesting that they have a good

ability to generate dust clouds (dustability).

Dustiness was found to be affected not only by the particle shape but also

by dust size, surface area, moisture content, density, and agglomeration

forces (Klippel et al., 2013). Moisture content, which affects cohesion

between the particles and the agglomeration processes, leads to an increase

of the particle size, thus reducing their tendency to form clouds.

Dust size, surface area and particle shape mainly act on the settling

velocity. In the literature, many studies have been performed to evaluate

the settling velocity of spherical and non spherical particles, at low and high

Reynolds numbers, in dilute and concentrated clouds (Bellani, Byron,

Collignon, Meyer, & Variano, 2012; Concha, 2009; Gupta, Clercx, &
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Toschi, 2018; Njobuenwu & Fairweather, 2014; van Wachem, Zastawny,

Zhao, & Mallouppas, 2015).

Stokes (1851) first studied the physics underlying sedimentation, devel-

oping the equation for spherical sedimentation. He showed that the settling

velocity increases with increasing particle density and size. In the turbulent

flow regime, Newton’s law is applied to determine the terminal velocity of a

settling particle, but the main dependencies on the particle density and size

are qualitatively the same.

When taking into account the non spherical shape, the qualitative behav-

ior significantly changes. Indeed, while spherical particles fall in a vertical

trajectory, non spherical particles rotate, vibrate and may follow spiral or

helicoidal trajectories. As a consequence, in the case of fibers, the settling

velocity is highly dependent on the coupling between the particle orientation

and the drift velocity (van Wachem et al., 2015).

As reported by Concha (2009), the drag coefficient measured as a func-

tion of the Reynolds number shows higher values for non spherical particles

(cubes, tetrahedrons, octahedrons, cube octahedrons) than for spherical

particles.

From these results, we may conclude that non spherical particles (fibrous

dusts, flocculent dusts, flakes) may remain suspended in air for a longer time

than traditional spherical particles due to their lower density and the non

spherical shape, unless they generate agglomerates.

It is worth noting that the effect of shape on settling velocity and then

dustiness is not straightforward and, thus, more detailed studies are required

depending on the peculiar shape features of the particles.

1.2.2 Turbulence
Dust explosion parameters are significantly dependent on the turbulence

level and on the particle-turbulence interaction.

In the case of non spherical particles, the shape effect of particles on the

particle-turbulence interaction may be pronounced (Bellani et al., 2012;

Njobuenwu & Fairweather, 2014).

Bellani et al. (2012) found that spherical particles provide a 15% reduc-

tion of the turbulence kinetic energy (TKE) relative to a flow without

particles. Conversely, ellipsoidal particles cause a reduction of only 3%,

despite having the same volume fraction and nearly the same total surface

area as spheres. They attributed this result to the flow near the particle

surface, which leads to changes in production and dissipation of TKE, as well

as redistribution of TKE across scales.
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Njobuenwu and Fairweather (2014) developed a computational fluid

dynamics (CFD) model based on large eddy simulation (LES) and showed

that the dynamics of non spherical particles differ from the corresponding

behavior of spherical particles with the same equivalent volume diameter

and the same mass. Their results indicate that the shape may have an impact

on the drag coefficient. The needle-like particles are seen to have increased

drag compared to the equivalent spherical particles, while the disk-like par-

ticles have an increased drag relative to both other particle types. In addition,

it can be seen that the difference in the value of the drag coefficients increases

greatly with increasing particle Reynolds number. This implies that the drag

coefficient is more influenced by particle shape and orientation at high

Reynolds numbers.

From these results, it turns out that the role of turbulence on the

explosivity of dust may be significantly dependent on the dust shape. Fur-

thermore, the particle surface area cannot be considered as the unique

parameter.

1.3 Nano particles
In 1959, Richard Feynman pushed scientists, with his lecture to the Amer-

ican Physical Society “There’s Plenty of Room at the Bottom,” to “small

science,” beginning the era of nano technologies. Spherical nano particles

are defined as those having a diameter of less than 100nm (0.1μm); non

spherical nano particles are defined as those having at least two dimensions

smaller than 100nm. In Fig. 13, the scales of materials from nano to micro

are shown.

When scaling down from micro to nano, chemical and physical proper-

ties of particles significantly change from both quantitative and qualitative

points of view. This has resulted in the “nano technology” industry growing

exponentially worldwide.

Nano materials have a large specific surface area as compared to micro

materials, and due to the larger number of atoms that occur on the surface

of nano particles, they often have very different properties (a greater reac-

tivity, strength, fluorescence, conduction, etc.), and may be composed of

organic materials, either natural or synthetic, metals of different shapes like

nano tubes, nano wires, and crystalline structures. Nano particles are then

widely used in batteries, cosmetics, pharmaceuticals, catalysts, clothing,

electronics, plastics, tires, and electronics.
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As reviewed by Bouillard, Vignes, Dufaud, Perrin, and Thomas (2010),

according to the powder classification proposed by Geldart (1973) (Fig. 14),

nano powders are C (cohesive) type and, as such, are difficult to fluidize and

then suspend. Cohesive particles are prone to agglomerate then reducing

their ability of suspending.

AI
20 nm

10–9 m

10–10 m 10–8 m 10–6 m

Lycopodium spore
30 mm

2,3 cm

Fly ash
10-20 mm

10–4 m 10–2 m

10–5 m 10–3 m10–7 m

Flocculent
dust
2 mm

carbon
nanotube

5 nm diameter

benzene
0.5 nm 5 mm

Nano Micro

CH4
0,414 nm

10–1m

Fig. 13 Scales of materials from nano to micro.

Fig. 14 Geldart’s classification: nano particles belong to C group (cohesive). Adapted
from Geldart, D. (1973). Types of gas fluidization. Powder Technology, 7, 285–292.
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In the micro range, dust flammability and explosion features are signif-

icantly affected by dust size. As shown in Fig. 15, on decreasing the dust size,

the particle hazard significantly increases: the deflagration index (KSt)

increases (Fig. 8A), whereas the minimum ignition energy (MIE) and tem-

perature (MIT) both decrease (Fig. 8B and C), and the minimum explosive

concentration (MEC) decreases as well (Fig. 8D).

When downsizing a particle to the nano range, its chemical and physical

properties significantly change. As a consequence, it is not straightforward to

extrapolate the trends of Fig. 15 to nano particles.

Data on flammability and explosion parameters in the nano range are

available up to 15nm (Wu, Chang, & Hsiao, 2009). The most extensive

work has been performed for Al particles (see, e.g., Bouillard et al., 2010;

Dufaud, Vignes, Henry, Perrin, & Bouillard, 2011; Huang, Risha,

Yang, & Yetter, 2006;Wu, Ou, Hsiao, & Shih, 2010). Different results have

been obtained for MIE, MEC, KSt and Pmax.

Bouillard et al. (2010) showed that, on decreasing the dust size in the

nano range, the MIE values decrease. In Fig. 16, the literature data of

MIE are shown as measured for Al particles.
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Fig. 15 Effect of dust size (micro range) on flammability and explosion features:
(A) deflagration index of polyethylene (Di Benedetto, Russo, Amyotte, & Marchand,
2010); (B) minimum ignition energy of aluminum; (C) minimum explosive concentration
and (D) minimum ignition energy of magnesium (Nifuku et al., 2007).
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From the analysis of these data, Bouillard et al. (2010) identified two

combustion regimes: the kinetically controlled regime and the diffusion

controlled regime. At low particle size (nano range), the kinetically con-

trolled regime is established, while in the micro-range, the diffusion con-

trolled regime is established. It is worth noting that the values of MIE of

nano dusts approach the values of gases (�1mJ).

The same qualitative behavior has been found for MEC. In Fig. 17, the

measured MEC values of aluminum particles are plotted as a function of the

particle size. When decreasing the dust size, a plateau is reached equal to

30g/m3. Similar results have been obtained for carbonaceous materials

(Bouillard et al., 2010; Turkevich, Dastidar, Hachmeister, & Lim, 2015).

In Fig. 18, the values of KSt (top) and Pmax (bottom) as measured for Al

dusts are shown.

Results show that a maximum is found in the trend which has

been attributed to two competitive phenomena (Eckhoff, 2013; Worsfold
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Fig. 16 MIE as a function of dust size (Al dusts) (Field, 1982; Kwok, Fouchard, Turcotte,
Lightfoot, & Bowes, 2002; Traor�e, 2007; Vignes, 2008; Zahari, Rusli, Buang, & Mohanan,
2018).
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et al., 2012): (1) the increase of the particle reactivity with decreasing its size;

(2) the increase of the tendency to form agglomerates with decreasing the

particle size.

Eckhoff (2012) showed that nano dusts are characterized by very strong

inter-particle cohesion forces which lead to the formation of agglomerates.

In Fig. 19, the agglomerates formed by titanium nano particles are shown.

The agglomeration tendency will significantly affect the suspension and

dispersion propensity of nano dusts and then their dustiness. As a conse-

quence, it is very difficult to generate a uniform and well dispersed cloud

of nano particles. On the other hand, nano particles may remain suspended

in the air for days until the agglomeration process transforms them into

much larger agglomerates, even if new agglomerates are formed continually

by inter-particle collision in a process named as coagulation (Green &

Lane, 1964).

The agglomeration and coagulation processes among nano particles are

also affected by the interaction with turbulent fluid flow. Recently, direct

numerical simulation (DNS) results of titanium particle formation and

growth showed that the neglect of the small-scale interactions/fluctuations

results in smaller particles (Das & Garrick, 2010).
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Fig. 17 MEC as a function of dust size (Al dusts) (Beck, Glienke, & M€ohlmann, 1997;
Krietsch, Scheid, Schmidt, & Krause, 2014).
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1.4 Dusts for additive manufacturing
Additive manufacturing (AM) refers to a set of techniques for the realization

of three-dimensional (3D) objects by means of special devices (3D printers)

that allow an additive production process by adding layer-upon-layer of

material. The process of constructing objects printing its layers is known

as 3D printing.
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Fig. 18 KSt (top) and Pmax (bottom) as a function of dust size (Al particles) (Holbrow et al.,
2010).
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The 3D printing process starts from a CAD model of the object. The

CADmodel drives the deposition, layer by layer, of a series of printing mate-

rials. For this purpose, different materials can be used. The characteristics of

the materials used may have a significant impact on the AM process. When

using powders, the main important properties affecting the performances of

the process as well as those of the final structure are morphology, particle size

and distribution, flowability, bulk properties and porosity (ASTM

International, 2014; Slotwinski & Garboczi, 2015).

(A)

(B)

10.0 kV 5.6 mm ×25.0 k SE(U) 2.00 um

10.0 kV 5.6 mm ×80.0 k SE(U) 500 nm

Fig. 19 Agglomerates formed by titanium nano particles: Scanning electron micro-
graph of a 150nm sample at different magnifications. From Boilard, S. P., Amyotte, P.R.,
Khan, F. I., Dastidar, A. G., & Eckhoff, R. K. (2013). Explosibility of micron- and nano-size tita-
nium powders. Journal of Loss Prevention in the Process Industries, 26(6), 1646–1654.
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At the moment, polymers, metals and metal alloys are the most used

materials in additive manufacturing. The chemical and physical characteris-

tics of these powders are particularly suitable for triggering dust explosions

and/or fires. In November 2013, at Powderpart Inc., a Woburn 3-D print-

ing company, a fire and an explosion occurred due to ignition of the metal

powder used (OSHA, 2014). Table 6 summarizes the explosion class of

powders used in 3D printing.

Table 6 Explosion class of powders used in AM (GESTI-DUST EX database).
Metals Class

Titanium St1

Tantalum St1

Tungsten St1

Niobium St1

Molybdenum St0

Aluminum St3

Stainless steel St1

Copper St0

Gold and silver St1

Metal alloys

Titanium alloys—Ti6Al4V St1

Aluminum alloys—AlSi12; AlSi10Mg St1

Polymers (thermoplastics)

Acrylonitrile butadiene styrene (ABS) St1

Nylon St1

Polycarbonate (PC) St1

Polyvinyl alcohol (PVA) St1-St2

PET (polyethylene terephthalate) St1

PETG (polyethylene terephthalate glycol-modified) St1

Polystyrene St1
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The safety properties of the materials used in 3D printing cannot be

simply derived from the literature data. Indeed, the particles used in additive

manufacturing are produced in the 3D printer and the properties of the

powder are directly related to the production technique. A variety of tech-

niques are used: gas atomization (GA), rotary atomization (RA), plasma

rotating electrode process (PREP), plasma atomization (PA) and others.

Some atomization techniques yield irregular shapes (like RA), others have

a large amount of satellites (like GA), and some others result in highly

spherical and smooth shapes (like PREP and PA) (Sames, List, Pannala,

Dehoff, & Babu, 2016). Fig. 20 shows the images of individual metal

particles with different shapes, produced using GA.

Porosity in the powder feedstock is common for certain production

techniques, like GA, that entrap inert gas during production. This entrapped

gas is transferred to the part, due to rapid solidification, and results in

“powder-induced porosity” in the fabricated material. These pores are

spherical, resulting from the vapor pressure of the entrapped gas.

Knowledge of the flammability and explosion behavior of traditional

metallic dusts, alloys and polymer dusts cannot be directly transferred to

the particles used in 3D printing, mainly due to the non spherical shape,

agglomeration and the presence of large pores.

Fig. 20 Images of individual metal particles with different shapes, produced using gas
atomization. From White Paper (2017). Optimizing metal powders for additive
manufacturing—Exploring the impact of particle morphology and powder flowability.
Malvern Instruments Limited (www.malvern.com/contact).
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The effect of the non spherical shape on the flammability and explosion

behavior has been discussed previously. Regarding the presence of large

pores inside the particles, they affect the particle density and the particle

reactivity. On increasing the particle porosity, the density decreases, even-

tually increasing the dustiness and then the propensity of the dust to dis-

persion and sedimentation, as discussed for non spherical particles.

The presence of a porous structure may also have a great impact on the

combustion reaction. In the case of metallic particles, combustion proceeds

according to the shrinking core particle model (Ben Moussa et al., 2017;

Dreizin, 2000; Levenspiel, 1999). The conversion degree is a function of

the diffusion coefficient, which is significantly dependent on the particle

porosity. On increasing the porosity, the diffusivity increases leading to

acceleration of the combustion rate.

In conclusion, the properties of 3D printing powders (non spherical

shape, large porosity, low density) may have an impact on reactivity, dust-

iness and interaction with turbulence, eventually affecting their flammability

and explosion behavior.

2. Conclusions

The presence in industrial processes of “non traditional” dusts poses

new issues in the study of the hazard coming from their flammability and

explosion behavior.

Non traditional dusts cannot be studied by simply classifying them into

hybrid mixtures, non spherical dusts, nano dusts, and 3D printer dusts, since

a given material might fall into all of these classifications. A more general

approach should be followed which aims at identifying the effect of the dust

properties on the flammability and explosion parameters.

Non traditional dusts differ from the well-studied traditional dusts in

terms of: (1) composition, whenmixed with flammable gases/vapors (hybrid

mixtures); (2) size; (3) shape; (4) density; (5) porosity. All these properties

may have an impact on the interaction with turbulence, the combustion

reaction mechanism, and the dust propensity to dispersion/sedimentation

(dustiness).

When dealing with non traditional dusts, it is very important to charac-

terize their behavior in the light of their properties. As shown in Fig. 21, we

should identify and quantify the role of the above dust properties (1–5) on
the interaction with turbulence, the combustion reaction, and the dustiness,

eventually evaluating the flammability and explosion behavior.
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In the future, in order to quantify the hazard coming from handling,

processing and storing non traditional dusts (hybrid mixtures, non spherical

dusts, nano dusts, and 3D printer dusts) fundamental studies on the role of

the physical and chemical properties of the dusts and their mixtures with

flammable gases/vapors are required, from both experimental and modeling

approaches.
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