
5.1 What is a Dust Explosion?

5.1.1 Introduction

The phenomenon of dust explosions is in fact quite simple and easy to
envision in terms of daily life experience. Any solid material that can
burn in air will do so with a violence and speed that increases with
increasing degree of sub-division of the material. Figure 5-1 (a) illustrates
how a big piece of wood, once ignited, burns slowly, releasing its heat over a
long period of time. When the wood is cut in small pieces, as illustrated in
Figure 5-1 (b), the combustion rate increases because the total contact sur-
face area between wood and air has been increased. Also, the ignition of
the wood has become easier. If the sub-division is continued right down
to the level of small particles of sizes of the order of 0.1 mm 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 com-
bustion rate will be very fast, and the energy required for ignition very
small. This is illustrated in Figure 5-1 (c). Such a burning dust cloud is
a dust explosion.

In general, the dust cloud will be easier to ignite and burn more 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 pres-
sure in the fully or partly enclosed explosion space may rise rapidly and
the process equipment or building may burst, and life, limb and property
can be lost.
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(a) SLOW COMBUSTION

(b) FAST COMBUSTION

(c) EXPLOSION

Figure 5-1 Illustration of the increase of the combustion rate of a given mass of
combustible solid increases with increasing sub-division. From Eckhoff (2003).



5.1.2 Materials that Can Give Dust Explosions

In the same way as gas/vapor and spray/mist explosions do, dust explo-
sions also generally arise from rapid release of heat due to the chemical
reaction:

fuel + oxygen —> oxides + heat

In some special cases metal dusts can also react exothermally with
nitrogen or carbon dioxide, but most often oxidation by oxygen is the
heat-generating process in a dust explosion. This means that only mate-
rials 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, lime-
stone, etc. cannot give dust explosions.

The materials that can give dust explosions include:

• 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.)

The heat of combustion of the material is an important parameter because
it determines the amount of heat that can be liberated in the explosion.
However, when comparing the various materials in terms of their poten-
tial hazard, it is useful to relate the heat of combustion to the same amount
of oxygen consumed. This is because the gas in a given volume of dust
cloud contains a given amount of oxygen, which determines how much
heat can be released in an explosion per unit volume of dust cloud. In
Table 5-1, the heats of combustion of various substances, 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 5-1 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 coals.



5.1.3 Factors Influencing the lgnitability and Explosibility of Dust
Clouds

A fairly comprehensive list of factors influencing the ignitability and
explosibility of dust clouds may look as follows:

• chemical composition of the dust, including its moisture content

• chemical composition, and initial pressure and temperature of the gas
phase

• distributions of particle sizes and shapes in the dust, determining the
specific surface area of the dust in the fully dispersed state

• 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

Table 5-1 Heats of Combustion (Oxidation) of Various
Substances per Mole O2 Consumed

Substance Oxidation product(s) KJ/mole O2

Ca

Mg

Ai

Si

Cr

Zn

Fe

Cu

Sucrose

Starch

Polyethylene

Carbon

Coal

Sulphur

1270

1240

1100

830

750

700

530

300

470

470

390

400

400

300

and H2O

and H2O

and H2O

and H2O



• distribution of dust concentration in the actual cloud

• distribution of initial turbulence in the actual cloud

• possibility of generation of explosion-induced turbulence in the still
unburned part of the cloud (location of ignition source important
parameter)

• possibility of flame front distortion by other mechanisms than
turbulence

• possibility of significant radiative heat transfer (highly dependent on
flame temperature, which in turn depends on particle chemistry)

Factors one, two, three, and nine can be regarded as basic parameters of
the explosive dust cloud. Factors four to eight are, however, influenced by
the actual industrial dust cloud generation process and explosion develop-
ment. 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 burns.
The location of the ignition point is another parameter that can play an
important role in deciding the course of the explosion.

In view of the wide spectrum of dust cloud concentrations, degrees of
dust dispersion and turbulence, and 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 ade-
quate experiments and interpretation of experimental results.

5.2 Combustion of Dust Clouds in Air

5.2.1 Explosive Concentration Ranges of Dust Clouds in Air

The explosive combustion of dust clouds, as illustrated in Figure 5-1 (c)
cannot take place unless the dust concentration, i.e. the mass of dust per
unit volume of dust clouds, is within certain limits. This is analogous with
combustion of homogeneous mixtures of gaseous fuels and air, for which
the upper and lower flammability limits are well established. Figure 5-2
shows the explosive range for a typical natural organic material, such as
maize starch, in air at normal temperature and atmospheric pressure. This



MASS OF POWDER/DUST PER UNIT VOLUME [g/m3]

Figure 5-2 Range of explosive dust concentrations in air at normal temperature and
atmospheric pressure for a typical natural organic dust compared with typical range of
maximum permissible dust concentrations in the context of industrial hygiene, and a

typical density of deposits of natural organic dusts.

range is quite narrow, extending over less than two orders of magnitude,
from the order of 100 g/m3 on the lean side to 2-3 kg/m3 on the rich one.
The explosive limits differ somewhat for the various dust materials. For
example, zinc powder has a minimum explosive concentration in air of
about 500 g/m3.

Explosive dust clouds have a high optical density, even at the lower
explosive limit. This is illustrated by the fact that the range of maximum
permissible dust concentrations that are specified in the context of indus-
trial hygiene in working atmospheres, are three to four orders of magni-
tude lower than typical minimum explosive dust concentrations. This
means that the unpleasant dust concentration levels that can sometimes
occur in the general working atmosphere of a factory, and which calls
upon the attention of industrial hygiene authorities, are far below the
concentration levels that can propagate dust flames. Therefore, the
minimum explosive concentration corresponds to dust clouds of high
optical densities, which are unlikely to occur regularly in work rooms of
factories. Figure 5-3 illustrates the high optical densities of explosive dust
clouds, based on a rule of thumb by Intelmann, and quoted by Zehr (1965):
If a glowing 25 W light bulb is observed through 2 m of coal dust
cloud, the bulb light cannot be seen through dust concentrations exceeding
40 g/m3.

It then follows that the dust clouds in which dust explosions are primarily
initiated are practically always found inside process equipment, such as
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Figure 5-3 A cloud of 40 g/m3 of coal dust in air is so dense that a glowing 25 W light
bulb can hardly he seen through a dust cloud of 2 m thickness. From Eckhoff (2003).

mills, mixers, screens, dryers, cyclones, filters, bucket elevators, hoppers,
silos, aspiration ducts, and pipes for pneumatic transport of powders.
Such explosions, initiated by some ignition source are called primary
explosions.

This reveals an important difference between primary dust and gas explo-
sions. In the case of dusts, the primary explosive clouds practically
always occur inside process equipment, i.e. in areas where electrical appa-
ratus is scarce or absent. In the case of gases, however, the main hazard is
primary gas explosions outside process equipment where gas from acci-
dental 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.

5.2.2 Flame Propagation Processes in Dust Clouds

5.2.2.1 Basic Differences between Premixed Gas Flames and Flames in
Dust Clouds

Leuschke (1965) pointed out some characteristic differences between a
laminar premixed gas flame and a laminar dust flame. One important dif-
ference is that the reaction zone in the dust cloud is considerably thicker
than in the gas, irrespective of the type of dust, and of the order of at least
10-100 mm. When discussing this feature of dust flames, it is useful to
distinguish between two flame types. The first, the Nusselt type, is con-
trolled by diffusion of oxygen 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
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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 compared with that of premixed gas flames,
results from the slower rate of molecular 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. Pre-
mixed volatiles and air burn just as readily as any explosive mixture of
gaseous hydrocarbon and air. The combustion of the remaining solid char
particles occurs subsequently at a slower rate in the tail of the flame, and
therefore the volatile flame in clouds of coals and organic dusts is also, in
fact coupled to a Nusselt type flame.

In the case of metal dusts, low-melting-point materials may oxidize in the
vapor phase, but due to the oxide film round each particle this does not
result in a homogeneous metal vapor/air flame. Because of the large heat
of combustion per mole oxygen of for example aluminum and magnesium
dust, compared with organic dusts, the temperature of the burning parti-
cles is very high and thermal radiation plays a significant 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 pressure of radiative
heat transfer in metal dust flames, using the experimental set-up illus-
trated in Figure 5 ^ .

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 this burning
cloud was able to ignite the second 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 var-
ious circumstances.

Another difference between flame propagation in a premixed gas and dust
cloud has been elucidated by Goral, Klemens, and Wolanski (1988). They
studied upwards propagation of flames in a lean methane/air mixture to
which had been added inert particles (sand). It was found that the upwards



Figure 5-4 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 (1965).

flame velocity increased with increasing sand grain size. The effect was
mainly attributed to the enhanced combustion due to the micro turbulence
generated in the wake of the falling particles, although thermal radiation
effects were also assumed to play a role.

5.2.2.2 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
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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 frequently used relative measure of the violence to
be expected from explosions of a given dust.

Figure 5-5 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.

SPECIFIC "ENVELOPE" SURFACE AREA ImVgJ

Figure 5-5 Influence of chemistry (starch or protein) and specific surface area of
natural organic materials on maximum rate of pressure rise in closed 1.2 liter Hartmann

bomb. From Eckhoff (1977/1978).

Another example of the influence of dust chemistry on the explosion
kinetics is shown in Figure 5-6. The heats of combustion of polyvinylchlo-
ride (PVC) and polyethylene are not very different. Closed-bomb experi-
ments also give about the same maximum pressure for very small particle
sizes. However, the chlorine in the PVC causes a quite dramatic drop in
the rate of heat release as the median particle size increases beyond about
20 |Lim. Due to the very slow combustion, Pm a x for PVC also drops much
faster as the particle size increases than for polyethylene. The retarding
influence of chlorine on the combustion process most probably is of the
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Figure 5-6 Influence of chlorine in molecule of dust material on maximum explosion
pressure and maximum rate of pressure rise in 1 m3 standard ISO vessel, for various

particle sizes. From Bartknecht (1978).

same nature as that of the halogens in the halons, which were extensively
used for explosion and fire suppression before the negative influence of
such materials on the global environment was fully realized.

5.2.2.3 Influence of Moisture

Moisture in the dust reduces both ignition sensitivity and explosion vio-
lence of dust clouds markedly. If safety measures against electric spark
ignition are based on Minimum Ignition Energy (MIE) data for a given
dust moisture content, it is essential that this moisture content is not sub-
sided in practice. The influence of dust moisture on the minimum ignition
temperature of dust clouds is less marked than on MIE. The specific role
of moisture in reducing both ignition sensitivity and explosion violence of
clouds of organic dusts is complex. First, evaporation and heating of
water represents an inert heat sink. Secondly, the water vapor mixes with
the pyrolysis gases in the preheating zone of the combustion wave, and
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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.

5.2.2.4 Influence of Particle Size

Figure 5-5, in addition to illustrating the influence of dust chemistry on
the dust cloud combustion rate, also shows a clear influence of particle
size/specific surface area for both materials. This is a general trend for
most dusts. However, this trend does not continue indefinitely as the par-
ticles get smaller. In the case of coal and organic materials pyrolysis/
devolatilization always precedes combustion, which primarily occurs in
the homogeneous 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, if the gas
phase combustion is the slowest of the three steps, increasing the devola-
tilization rate by decreasing the particle size does not increase the overall
combustion rate. For coals it was found that the limiting particle diameter
is of the order of 50 |um. However, for materials yielding gaseous pyrol-
ysis products that are more reactive than volatiles from coal, e.g. due to
unsaturated gaseous compounds, one would expect the limiting particle
size to be smaller than for coal. For natural organic compounds such as
starch and protein, the limiting particle diameter is probably not much
smaller than about 10 |im, whereas for reactive dusts such as some
organic dyes, it may well be even smaller.

For metals, in particular those at the top of Table 5-1, 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 do not devolatilize or pyrolyze, but
melt, evaporate, and burn as discrete entities. In such cases the aggra-
vating influence of particle size may continue even below 1 |um.

The pronounced decrease of MIE with decreasing particle size is dis-
cussed in Section 5.3.6.



5.2.3 Close-to-Laminar Flame Propagation in Dust Clouds

Close-to-laminar 20 mm diameter burner flames of clouds in air of lyco-
podium and polyvinyl alcohol were studied by Kaesche-Krischer and
Zehr (1958) and Kaesche-Krischer (1959). The burning velocity, defined
as the ratio of air flow and flame cone area, was determined photographi-
cally from the height of the flame cone. Some results are given in
Figure 5-7.

DUST CONCENTRATION Ig/m3)

Figure 5-7 Burning velocities of flames of lycopodium and polyvinyl alcohol dust
(<60 |im particle diameter) flames as functions of dust concentration. The dotted

stoich. cone, lines refer to dust in air only.
From Kaesche-Krischer and Zehr (1958) and Kaesche-Krischer (1959).

Lycopodium/air flames of dust concentrations lower than 180 g/m and
higher than 500 g/m3 were difficult to stabilize (stoichiometric concentra-
tion -125 g/m3). The appearance of a stabilized lycopodium/air flame
was very similar to that of a rich hydrocarbon/air flame, i.e. a blue flame
front followed by a more or less luminous soot tail. Approximate ther-
mocouple measurements of flame temperatures gave about 1800 K for a
180 g/m3 flame, and 1100 K for a 500 g/m3 flame. Figure 5-7 shows the
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measured burning velocities as a function of the dust concentration. In the
range 180-300 g/m the burning velocity of lycopodium flames has a
maximum value of about 0.25 m/s. The corresponding concentration
range for the PVA dust was 140-220 g/m3. Figure 5-7 also shows that an
increase of the oxygen content in the gas from 21 vol.% in air to 30 vol.%,
gave a significant increase of the measured burning velocities for both
dusts, in accordance with expectations. The photographs provided by
Kaesche-Krischer and Zehr (1958) indicate typical thicknesses of lycopo-
dium flames of a few mm.

Kaesche-Krischer implied that the differences in the concentration ranges
giving the highest burning velocities for the two dusts were due to a
higher volatile content in the PVA than in lycopodium, assuming that the
flame essentially propagates through a homogenous mixture of volatiles
and air.

In a comprehensive survey of a number of investigations on the propaga-
tion of laminar pulverized coal dust/air flames, Smoot and Horton (1977)
discussed factors influencing experimentally determined burning veloci-
ties, flame temperatures and flame thicknesses. Most experiments have
been performed on stabilized dust flames in burners of various kinds. Due
to heat losses by radiation from the hot dust particles, and conduction,
typical stabilized burner flames will have temperatures that are lower than
the adiabatic flame temperature. In principle heat losses can be avoided
by using burners of very large diameters, or equipped with walls having
temperature and emissivity profiles matching those of the flame. Smoot
and Horton found large differences in burning velocities observed by var-
ious investigators which could not be explained in terms of variations in
dust properties or dust concentration. They considered incomplete disper-
sion of fine cohesive dusts, as illustrated in Figure 5-8, as the main source
of error.

The experimental results of Smoot and Horton in Figure 5-9 illustrate
how improved dispersion of a fine coal dust increased the burning
velocity by at least fifty percent.

Non-homogeneity is an inherent feature of any real dust cloud, and this
also influences the pattern of flame propagation through such clouds. This
not least complicates the experimental determination of the minimum
explosive dust concentration. Informative experiments has been conducted
in fairly large industrial scale equipment, the work of Palmer and Tonkin
(1971) being a good example. Their apparatus is illustrated in Figure 5-10.
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Figure 5-9 Effect of very fine SiO2 fluidizing agent (Acrosil) on the burning velocity of
an air suspension of 10 |im, 28% volatile content Sewell coal dust.

From Smoot and Horton (1977).
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Figure 5-8 Illustration of perfectly dispersed dust cloud and cloud consisting of
agglomerates of much larger effective particle sizes than those of the primary particles.

From Eckhoff (2003).
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Figure 5-10 Vertical large-scale explosion tube facility for flame propagation studies.
Internal tube diameter 0.25 m. Total tube length 5.2 m. Ignition point 1.5 m above

bottom. From Palmer and Tonkin (1971).

The dust was introduced at the top of the tube by a screw feeder and
dropped into a vibrating 20 cm diameter and 15 cm high dispersing cylinder
hanging immediately underneath the screw exit. After having passed
through the perforated bottom of the cylinder, the dispersed dust settled
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freely under gravity through the entire length of the tube until finally being
collected in a bin at the bottom end. Dust concentration and flame propaga-
tion could not be measured in the same test, but had to be determined in
separate tests at nominally identical dust cloud generation conditions, i.e.
rotating speed of the feeding screw conveyor and vibration mode of the dust
disperser. The dust concentration was measured gravimetrically. A manu-
ally operated sliding tray was inserted into the tube like a gate valve about
3.5 m below the tube top. By simultaneously closing the tube at the top by a
conventional sliding gate valve, the volume of dust cloud between the top
valve and the tray was trapped. By dividing the amount of dust finally set-
tled out on the tray by the volume between the tray and the top valve, the
average dust concentration in this section of the tube could be obtained.
Immediately before performing an explosion test the dust feed was stopped
and the bottom end of the tube closed by a gate valve located just below the
ignition zone. The ignition source was a propane flame generated by
injecting a small pocket of a propane/air mixture into the bottom region of
the explosion tube and igniting by means of an electric spark located at the
tube axis.

By means of this apparatus the average length of upwards vertical flame
propagation away from the ignition source could be determined as a func-
tion of the average dust concentration in the measurement section.

5.2.4 Maximum Pressures Generated from Constant-Volume
Adiabatic Combustion of Dust Clouds in Air

In Table 5-1 calcium, magnesium, and aluminum top the list with
1,100-1,300 kJ/mole oxygen consumed. The lowest values are 300 kJ/
mole oxygen for copper and sulphur. It would be expected that this differ-
ence will to some extent be reflected in the maximum pressure of explo-
sions, when performed adiabatically at constant volume. Zehr (1957)
made some calculations of the maximum pressures to be expected under
such conditions. In Figure 5-11, his results have been plotted against data
from experiments in either 1 m3 or 20 liter closed bombs.

For aluminum and magnesium Zehr only indicated that the theoretical
values would be larger than 10 and 13.5 bar(g) respectively. This is
because at high temperatures the two metals will also react exother-
mally with the nitrogen in the air. Theoretical maximum pressures based
on the assumption that reaction with oxygen is the only contributor to



EXPERIMENTAL PMAX {bar (g)}

Figure 5-11 Correlation between Pmax from experiments in 1 m3 or 20 liter closed
vessels, and theoretical adiabatic constant-volume Pmax values

calculated by Zehr (1957).

heat production therefore gives lower values than the experimental
ones. In view of the uncertainties involved in the calculations,
Figure 5-11 suggests a fair correlation between theoretical and experi-
mental data, with the theoretical results being somewhat higher than the
experimental ones for the organic dusts. This would be expected
because of the idealized assumptions of stoichiometry and complete
oxidation of all fuel, on which the calculations were based.

Figure 5-12 shows experimental data confirming the expectation that the
maximum adiabatic constant volume explosion pressure (absolute) for
dust clouds is proportional with the initial pressure (absolute) of the
unburned cloud, as for explosive mixtures of combustible gases.
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INITIAL PRESSURE [bar (abs.)]

Figure 5-12 Influence of initial pressure on maximum pressure and maximum rate of
pressure rise in explosions of clouds of sub-bituminous coal dust in air in a 15 liter

closed bomb. Median particle size by mass 100 |im. From Pedersen and Wilkins (1988).

5.2.5 Turbulent Flame Propagation in Dust Clouds

5.2.5.1 Basic Features of Closed-Bomb Studies of
Turbulent Dust Flames

Much of the published experimental study of turbulent dust explosions
has been conducted in closed vessels of the type illustrated in Figure 5-13.
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Figure 5-13 Schematic illustration of the type of apparatus commonly used in closed-
vessel turbulent dust explosion experiments. From Eckhoff (2003).

The explosion vessel of volume V1 and initial pressure P1 is equipped
with a dust dispersion system, a pressure sensor and an ignition source. In
most equipment the dust dispersion system consists of a compressed-air
reservoir of volume V2 « V1, at an initial pressure P2 » P1. In some
apparatuses the dust is initially placed on the high-pressure side of the dis-
persion air valve, as indicated in Figure 5-13, whereas in other apparatus
it is placed downstream of the valve. Normally, the mass of dispersion air
is not negligible compared with the initial mass of air in the main vessel.
This causes a significant rise of the pressure in the main vessel once the
dispersion air has been discharged into the main vessel. In some investi-
gations this is compensated for by partial evacuation of the main vessel
prior to dispersion so that the final pressure after dispersion completion,
just prior to ignition, is atmospheric. This is important if absolute data are
required, because the maximum explosion pressure for a given dust at a
given concentration is approximately proportional to the initial absolute
air pressure. Both the absolute sizes of V1 and V2 and the ratio between
them vary substantially from apparatus to apparatus. The smallest V1

used are of the order of 1 liter, whereas the largest that has been traced is
250 m . The design of the dust dispersion system varies considerably
from apparatus to apparatus. A number of different nozzle types have
been developed with the aim to break up agglomerates and ensure homo-
geneous distribution of the dust in the main vessel. The ignition source
has also been a factor of considerable variation. In some of the earlier
investigations, continuous sources like electric arcs or trains of electric
sparks, and glowing resistance wire coils were used, but more recently it
has become common to use short-duration sources initiated at a given
time interval after opening of the dust dispersion valve. These sources
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vary from electric sparks, via exploding wires to various forms of electri-
cally triggered chemical igniters.

An important inherent feature of all apparatus of the type illustrated in
Figure 5-13 is that the dispersion of the dust inevitably induces turbu-
lence in the main vessel. The level of turbulence will be at maximum
during the main phase of dust dispersion. After the flow of dispersion air
into the main vessel has terminated, the turbulence decays with a time
contraint that increases with increasing V1. Therefore both the strength of
the dispersion air blast and the delay between opening of the dust disper-
sion value and ignition have a strong influence on the state of turbulence
in the dust cloud at the moment of ignition, and consequently also on the
violence of the explosion. The situation is illustrated in Figure 5-14.
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Figure 5-14 Illustration of generation and decay of turbulence during and after
dispersion of dust in an apparatus of the type illustrated in Figure 5-13. (Note: A

common way of quantifying turbulence intensity is by the Root Mean Square (RMS) of
the turbulent velocity fluctuations as measured by e.g. Laser Doppler Anemometry.)

5.2.5.2 Closed-Bomb Experiments

The primary result from a closed bomb dust explosion experiment is a
trace of the explosion pressure as a function of time, as illustrated in



Figure 5-15. Two parameters are normally of prime interest, viz. the
maximum explosion pressure, i.e. the peak value of the recorded pres-
sure-versus-time trace, and the maximum rate of pressure rise, i.e. the
steepest gradient of the rising part of the pressure-versus-time trace.

Figure 5-15 Illustration of typical trace of explosion pressure versus time during a
dust explosion in a closed vessel.

Figure 5-16 gives an example of a set of results from a complete series of
closed-bomb tests of one given dust.

Tests are carried out over a wide range of nominal dust concentrations
(mass of dust dispersed divided by vessel volume). Furthermore, due to
inevitable scatter, several tests must be performed at each nominal dust
concentration. Normally the dust concentrations that give the highest
values of the maximum pressure and maximum rate of pressure rise are
not the same. The test results are the highest mean values obtained for
each of the two parameters.

The data in Figure 5-17 illustrate the influence of the ignition delay on
the explosion development in a cloud of lycopodium in air in a 1.2 liter
Hartmann bomb.

As can be seen, there is little difference between the maximum explosion
pressure obtained with a delay of 40 ms and the one obtained with a delay
of 200 ms, whereas the maximum rate of pressure rise is drastically
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NOMINAL DUST CONCENTRATION [g/m3]

Figure 5-16 Influence of nominal dust concentration on maximum explosion pressure
and maximum rate of pressure rise in dust explosions in air in the 1.2 liter Hartmann

bomb. Dust: maize starch containing 11% moisture. Bars indicate ± 1 standard
deviation. From Eckhoff et al. (1985).

reduced, from 430 bar/s to 50 bar/s, i.e. by a factor of almost ten. There is
little doubt that this is due to the reduced initial turbulence in the dust
cloud at the large ignition delays (see Figure 5-14). With increasing igni-
tion delay beyond 200 ms, the maximum explosion pressure is also
reduced, most probably because the dust has started to settle out of sus-
pension before the ignition source is activated.
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DELAY BETWEEN DUST DISPERSION AND IGNITION [ms]

Figure 5-17 Influence of initial turbulence on explosion rate of a dust cloud.
Experiments with 420 g/m3 of lycopodium in air in the 1.2 liter Hartmann bomb. Five
experiments per delay. Bars indicate ± 1 standard deviation. From Eckhoff (1977).

As would be expected, the same kind of influence of ignition delay as
shown in Figure 5-17 is found in all experiments of the type illustrated in
Figure 5-13. One of the first researchers to observe this effect was Bart-
knecht (1971) when performing dust explosion experiments in a 1 m
explosion vessel of the type illustrated in Figure 5-18. As the ignition
delay was increased from the lowest value of about 0.3 s to about 1 s, Bart-
knecht found a marked decrease of (dP/dt)max, whereas Pm a x was much less
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dependent of the ignition delay. If the ignition delay was increased further,
however, there was a marked decrease even for Pmax.

For several decades the 1.2 liter Hartmann bomb, originally developed by
L Hartmann at the U.S. Bureau of Mines in the 1940s, was used as a stan-
dard apparatus in many countries for assessing maximum explosion pres-
sures and maximum rates of pressure rise of various dusts. However,
because of the small bomb size, the Pm a x values obtained are normally
significantly lower than those attained in larger volumes for the same
dusts. The current international (ISO) and European Union standard appa-
ratus for measuring (dP/dt)max and Pm a x for various dusts is essentially
the same as the 1 m apparatus developed by Bartknecht (1971), and illus-
trated in Figure 5-18.
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Figure 5-18 1m3 closed vessel specified by the International Standardization
Organization (1985) for determination of maximum explosion pressures and maximum

rates of pressure rise of dust clouds in air.



Based on the comprehensive studies by Bartknecht and Siwek, smaller
vessels, most often of 20 liter volumeare now used for determining so-
called KSt values according to the 1 m ISO standard. KSt is defined as the
product of the maximum rate of pressure rise determined in a given closed
vessel and the cube root of the vessel volume. However, this "cube-root"
law is only valid for idealized theoretical conditions. This implies that in
practice, in order to satisfy the "cube-root" law, the dust dispersion
system, the ignition source strength and the ignition delay in smaller ves-
sels must be tuned in such a way that the products of the measured max-
imum rates of pressure rise (bar/s) and the cube roots of the vessel
volumes (m) equal the KSt values that would have been measured for the
same dusts in the 1 m3 ISO standard test.

Figure 5-19 shows the 20 liter closed vessel designed by U.S. Bureau of
Mines. This design gives easy access to the interior of the vessel for
cleaning etc. The original dust dispersion system shown in the figure is
not compatible with the ISO standard. However, as shown by Skjold
(2003), compatibility can be obtained for this chamber by using an alter-
native dust dispersion system developed in Switzerland.

5.2.5.3 Acceleration of Dust Explosion in Elongated Systems

Coal mines essentially consist of long galleries of large length-to-diameter
ratio (LfD). In the extensive systematic research on the propagation of
coal dust explosions in coal mines, large-scale experimental galleries
have been a main tool of investigation. The tests in experimental coal
mines in UK about 1890 were probably the first of this kind.

Fischer (1957) reported results from coal dust explosion experiments in
a 260 m long experimental coal mine gallery of equivalent-circle cross-
sectional diameter of 3.2 m, i.e. L/D of about 80. The main purpose of
these experiments was to investigate whether deposits of stone dust on
shelves in the upper part of the gallery cross-section would prevent the
propagation of coal dust explosions in the gallery. However, it appeared
that under certain circumstances this stone dust had little effect, and very vio-
lent flame acceleration phenomena were observed, as shown in Figure 5-20.

The coal dust explosion was initiated by an explosion of 40 m3 methane/
air at the upstream closed end of the gallery. The gas was ignited by
black powder probably ensuring violent combustion of the gas. The blast
from the gas explosion in turn swept up the coal dust layer of 4 kg per m



Figure 5-19 Cross-section of U.S. Bureau of Mines' 20 liter explosion vessel for
determination of maximum explosion pressure, maximum rate of rise of explosion

pressure, minimum explosive dust concentration, and other parameters of explosive
dust clouds. From Cashdollar and Hertzberg (1985).

length of gallery on the floor and initiated the self sustained dust explo-
sion down the entire length of the gallery. The most striking feature of
Figure 5-20 is the very constant flame speed of 1040 m/s measured from
about 50 m from the closed end right to the open tube end 200 m further

Dispersion
air

PGM -83
\O\Z.

Dust reservoir
Scale, cm

Support ring
Dispersion nozzle

Ignition point

Sapphire
window

Optical dust probe

Sapphire
window

Optical dust probe

O'ring gasket

Hinged top.

Sapphire
window



DISTANCE FROM iGNITiON POINT AT CLOSED END (m]

Figure 5-20 Time of arrival of bituminous coal dust/air flame as a function of distance
from ignition point at closed end of gallery of length 260 m and diameter 3.2 m.

Pressure at closed end as a function of time. Nominal average dust concentration
500 g/m3. From Fischer (1957).

down. Fischer associated this with "some kind of detonation" (see
Section 5.2.6). The pressure versus time was recorded only at the
upstream closed end of the gallery, because the explosion was so violent
that all the measurement stations further down the gallery were
destroyed. As can be seen, the peak pressure at the closed end was about
5 bar(g). It would be anticipated that the pressures further down the gal-
lery were considerably higher.

Jost and Wagner (in Freytag, 1965) have illustrated the various character-
istic phenomena occurring during acceleration of premixed gas flames in
long one-end-open tubes. There are good reasons for assuming that their
overall picture, as reproduced in Figure 5-21, also applies to dust clouds.

The only major difference is that a dust cloud needs to be generated by
raising dust deposits into suspension. This means that stage one and pos-
sibly also stage two in Figure 5-21, the ignition and laminar propagation
of the initial flame, may not be relevant for dust flames. As already dis-
cussed, Fischer (1957) used a turbulent gas flame for initiating the dust
entrainment and explosion. However, once the dust explosion gets under
way, the blast wave generated by it will entrain dust further downstream
as already discussed. Therefore all stages of Figure 5-21, from stage three
and downwards, will apply even to dust clouds. The essential reason for
the flame acceleration is turbulence generated in the unburned cloud
ahead of the flame due to wall friction when the cloud is pushed towards
the open tube end by the expansion of the part of the cloud that has
burned. The cloud combustion rate increases as soon as the flame front
reaches the turbulent region of the unburned cloud. This in turn increases
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Figure 5-21 Characteristic phenomena during acceleration of gas or dust flames in
one-end-open long tubes, from laminar combustion via turbulent combustion to

detonation. VF is the flame speed; V2 is the velocity of the unburned gas or dust cloud
ahead of the flame. From Jost and Wagner, in Freytag (1965).
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the expansion rate of the combustion products and therefore also the flow
rate of the unburned cloud further ahead. The result is an even higher tur-
bulence level and further increase of the combustion rate.

During all these stages, compression waves will be emitted and propagate
towards the open tube end. Because of heating of the cloud ahead of the
flame due to adiabatic compression, each wave will propagate at slightly
higher velocity than the previous one. Ultimately, therefore, they will all
catch up with the initial wave and form a strong leading shock front. The
turbulent flame front will also, due to the positive feedback mechanism of
combustion rate flow rate turbulence enhanced combustion rate, eventu-
ally catch up with the leading shock wave. If the leading shock is suffi-
ciently strong, a switch can occur in the mechanism of flame propagation.
Instead of heat being transferred by turbulent diffusion behind the leading
shock wave, the dust cloud may become ignited in the highly compressed
state inside the leading shock. If the induction time of ignition is suffi-
ciently short, the chemical reaction zone and the propagating shock wave
then become closely coupled and propagate through the cloud at constant
velocity. This is detonation. However, as already mentioned, flame prop-
agation at a constant high speed will not necessarily have to be a classical
detonation, but can also be a high-speed turbulent deflagration supported
by wall friction or repeated-obstacle-induced turbulence.

5.2.6 Detonation of Dust Clouds

5.2.6.1 Qualitative Description of Detonation

As for detonation in premixed gases (see Section 2.1.7), 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 unburned
cloud is then no longer by diffusion, which is characteristic of the defla-
gration mode of explosion propagation discussed so far. In stead heat is
transferred by extreme, very fast compression of the unburned cloud cap-
tured in a shock wave driven through the cloud at supersonic speed by the
explosion itself. The detailed mechanism of ignition and combustion
inside the shocked detonation front is still a subject of research.

Detonation in a dust cloud can only by initiated by a sufficiently strong
shock wave. Such a wave can either be supplied by an explosive charge



detonated inside the cloud, or by gradual build-up of a strong shock by
turbulent acceleration of the explosion itself as illustrated in Figure 5-21.
(Deflagration-to-Detonation-Transition, DDT.)

5.2.6.2 Experiments in Small Ducts and Large-Scale Galleries

Various workers have found clear evidence of proper dust detonations in
ducts of smaller diameters. For example, Kauffman et al. (1982, 1984)
demonstrated that a self-sustained steady detonation wave propagated
through clouds of oats and wheat grain dust in air, inside a vertical labora-
tory scale duct of 6.35 cm x 6.35 cm square cross-section and 6 m length.
The dust was charged into the duct at the top at a mass rate giving the
desired dust concentration during gravity settling down the tube. The dust
explosion was initiated by a local hydrogen/oxygen explosion at the
bottom tube end. At an oats dust concentration of 250-270 g/m3 (slightly
below stoichiometric) the measured detonation front velocity was 1540 m/s,
which is somewhat lower than the theoretical Chapman-Jouguet velocity
at stoichiometric concentration of about 1800 m/s. This is in accordance
with expectations because inevitable energy losses in a real dust detonation
would cause the real detonation velocity to be somewhat lower than the
ideal C-J velocity. The highest measured peak pressure was, however,
about 24 bar, quite close to the theoretical C-J pressure at stoichiometric
concentration of 22.4 bar.

Kauffman et al. (1984) also investigated the upper and lower dust concen-
tration limit for detonations of oats dust in air in their laboratory-scale
vertical tube. They found that detonations could only be initiated, even
with very vigorous ignition sources, within the narrow concentration
range of approximately 200-450 g/m3.

Gardner et al. (1986) provided further conclusive evidence of proper deto-
nations being possible in clouds of high-volatility coal dusts in air, and
that such detonations can be brought about by turbulent flame accelera-
tion (DDT), as illustrated in Figure 5-21. The experimental arrangement
consisted of a 20 m ignition chamber connected to a 42 m long straight
cylindrical test duct of diameter 0.6 m, which 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 20-30 m/s in the
duct. Dust was then fed into the air stream just upstream of the 20 m3

chamber to give the desired dust concentration, ranging from 30 g/m3 to



850 g/m , in the explosion chamber as well as in the 42 m long duct. The
dust cloud was ignited in the 20 m3 chamber by a flame jet or a chemical
ignitor. An extreme experimental transient peak pressure value of 81 bar(g)
was measured in the duct when DDT occurred. This agrees with the gen-
eral experience that at DDT there is always a regime in which the detona-
tion wave is overdriven before settling down to the C-J conditions.
During this transient period, the detonation pressure can exceed the C-J
value considerably.

5.2.6.3 Unconfined Dust Cloud Detonations

Tulis (1984) provided direct experimental evidence of a self-sustained
detonation wave being able to travel through an unconfined dust cloud in
air. In these experiments a very fine aluminum flake powder of specific
surface area 3-4 m2/g was used. The unconfined cloud was about 10 m
long and about 1 m high. When this cloud was initiated at one end with a
2.3 kg high-explosive charge, stable, self-sustained detonation was
achieved. The average velocity of the detonation wave was 1750 m/s, and
the peak pressures in excess of 28 bar. The corresponding calculated C-J
values were 1850 m/s and 26 bar. This close agreement between experi-
ment and theory seems to confirm that the phenomenon observed was in
fact a proper, unconfined dust cloud detonation.

5.2.7 Primary and Secondary Dust Explosions

One important objective of dust explosion mitigation is to limit dust
explosions in process equipment to the process unit in which they were
initiated. This first explosion inside a process unit is called the primary
explosion. A central concern in all dust explosions protection efforts is to
avoid secondary explosions outside process equipment caused by entrain-
ment and ignition of dust layers accumulated there by the blast wave and
flame from the primary explosion, as illustrated in Figure 5-22.

As illustrated in Figure 5-2, there is a gap of about two orders of magni-
tude between the maximum explosive dust concentration and the bulk
density of dust layers and heaps. The consequence of this with regard to
the volume of dust cloud that can be produced by a given volume of dust
layer, is illustrated in Figure 5-23.



Figure 5-23 Illustration of the potential hazard of even thin dust layers. A1 mm layer
of a dust of bulk density 500 kg/m3 will generate a cloud of average concentration

100 g/m3 if dispersed in a room of 5 m height. Partial dispersion up to only 1 m gives
500 g/m3. From Eckhoff (2003).

The simple relationship between the dust concentration c and the bulk
density of the dust layer Pbuik> ^e layer thickness h, and the height H of
the dust cloud produced from the layer, is:

(5.1)

(a) (b) (C)

1 mm LAYER OF DUST
OF BULK DENSITY

Figure 5-22 Illustration of how the blast wave from a primary explosion entrains and
disperses a dust layer, which is subsequently ignited by the primary dust flame.

From Eckhoff (2003).
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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-sec-
tion, one has

(5.2)

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

5.3 Ignition of Dust Clouds in Air

5.3.1 Introduction

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

• smoldering or burning dust

• open flames (welding, cutting, matches, etc.)

• hot surfaces (hot bearings, dryers, heaters, etc.)

• heat from mechanical impacts

• electrical discharges and arcs

In addition, there are some more sophisticated potential ignition sources
including:

• laser light

• adiabatic compression and shock waves

• ultrasonic waves

There is considerable variation in the ignition sensitivity of clouds in air
of various types of dusts, not least due to variations chemical composition
including moisture content, and particle size. In order to quantify the igni-
tion sensitivity of dust clouds and dust deposits, when exposed to various
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