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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

C = Ppyix (4h/D) 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 buring 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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kinds of ignition sources, a range of laboratory-scale test methods have
been developed.

5.3.2 Smoldering or Burning “Nests”

As discussed in Chapter 4, experience has shown that combustible dusts,
when deposited in heaps or layers, may under certain circumstances
develop internal smoldering nests of high temperatures. This is due to the
porous structure of dust deposits, which gives oxygen access to the par-
ticle 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 tempera-
ture than intended or permissible. However, some natural vegetable mate-
rials may develop initial spontaneous combustion even at normal ambient
temperatures due to biochemical activity, if the content of fat and/or
moisture is high.

If a dust deposit containing such a hot reaction zone, often called a
‘smoldering nest’, is disturbed and dispersed by an air blast or some
mechanical action, the burning dust may initiate a dust explosion if
brought in contact with a combustible dust cloud. In other cases the dust
deposit or layer rests on a heated surface, which supplies the heat
needed to trigger self-ignition in the dust. Such surfaces can be over-
heated bearings, heaters in workrooms, light bulbs, walls in dryers, etc.
Dust deposits on heated surfaces may prevent normal cooling by
forming an insulating layer. This may cause a further temperature rise in
the surface, which will, in turn, increase the likelihood of ignition of the
dust further. In general the minimum temperature of a hot surface for a
layer of a given dust to self-ignite decreases with increasing thickness of
the dust layer.

Pinkwasser (1985, 1986) studied the possibility of dust explosions being
initiated by smoldering lumps (‘nests’) of powdered material that was
conveyed through a process system. The object of the first investigation
(1985) was to disclose the conditions under which smoldering material
that had entered a pneumatic conveying line would be extinguished, i.e.
cooled to a temperature range in which the risk of ignition in the down-
stream equipment was no longer present. In the case of > 1 kg/m3 pneu-
matic transport of screenings, low-grade flour and C3 patent flour, it was
impossible to transmit a 10 g smoldering nest through the conveying line
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any significant distance. After only a few m, the temperature of the smol-
dering lump had dropped to a safe level. In the case of lower dust concen-
trations, between 0.1 and 0.9 kg/m3 , 1.e. within the most explosive range,
the smoldering nest could be conveyed for an appreciable distance, but no
ignition was ever observed in the conveying line.

In the second investigation (1986) smoldering nests of 700°C were
allowed to fall freely through a 1 m tall column containing dust clouds in
air of 100-1000 g/m3 of wheat flour or wheat starch. Ignition was never
observed during free fall. However, in some tests with nests of at least
25 mm diameter and weight at least 15 g, ignition occurred immediately
after the nest had come to rest at the bottom of the test column. This indi-
cates that a smoldering nest falling freely through a dust cloud in a silo
without disintegrating during the fall, has a higher probability of igniting
the dust cloud at the bottom of the silo than during the fall. This result
agrees with the findings of Alfert, Eckhoff and Fuhre (1989), who studied
the ignition of dust clouds in a 22 m tall silo of diameter 3.7 m by falling
smoldering nests. It was found that nests of low mechanical strength dis-
integrated during the fall and generated a large fire ball that ignited the
dust cloud. With mechanically stable nests, ignition of the dust cloud
occurred either some time after the nest had come to rest at the silo
bottom, or when the best became disintegrated during the impact with the
silo bottom. However, as soon as the nest had come to rest at the silo
bottom, it could also become covered with dust before ignition of the dust
cloud got under way.

5.3.3 Open Flames

The flames of welding and cutting burners are 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 reg-
ulations for preventing dust explosions contain strict requirements to the
safety precautions that have to be taken when performing hot work in
areas containing dust. Smoking should be prohibited in areas where com-
bustible dusts exist. A burning wooden match develops about 100 J of
thermal energy per second. This is more than sufficient for initiating
explosions in most combustible dust clouds.
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A pragmatic test method for assessing whether a dust cloud in air can be
ignited by an open flame is illustrated in Figure 5-24. The test is based on
the consideration that a welding burner flame is amongst the strongest
ignition sources encountered in industrial practice. A vertical tube of
length 40 cm and diameter 14 cm, open at both ends, was fitted with a U-
shaped dust dispersion tube and an acetylene/oxygen welding burner. A
quantity of the powder to be tested was placed at the bottom of the disper-
sion tube, and a controlled blast from a compressed air reservoir dispersed
the dust into a cloud in the main tube where it was immediately exposed
to the hot flame from the welding burner. The amount of powder and the
dispersion air pressure was varied to produce optimal conditions for igni-
tion. When a dust flame occurred, its maximum height, color and
apparent violence were assessed by the observer.

5.3.4 Hot Surfaces

Besides igniting dust layers, hot surfaces can initiate dust explosions by
direct contact between the dust cloud and the hot surface. However, the
minimum hot surface temperatures needed for this are generally consider-
ably higher (typically 400-500°C for organic dusts) than for ignition of
dust layers.

In the U.S.A,, the ignition temperature of dust clouds in contact with a hot
surface was traditionally determined in the Godbert-Greenwald furnace,
which is illustrated in Figure 5-25.

In this apparatus the internal surface of a vertical cylindrical ceramic tube,
open at the lower end, is kept at a known, constant temperature, and a
sample of the powder is dispersed as a dust cloud into the tube from above
by means of a blast of air. The automatically controlled temperature of the
internal wall of the tube is changed in steps and the experiment repeated
until the minimum temperature for ignition has been identified. The Inter-
national Electrotechnical Commission (IEC) investigated the performance
of the Godbert-Greenwald furnace through several round-robin test series
involving several central test laboratories in Europe and the U.S.A. The
influences of a number of details of the apparatus itself and of the experi-
mental procedure were studied and details of apparatus and procedure
specified more closely. The resulting, improved Godbert-Greenwald fur-
nace has now been adopted by IEC as a standard method for determining
minimum ignition temperatures of dust clouds.
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Figure 5-24 Welding torch ignition test apparatus used in Norway for assessing
whether or not a dust cloud can be ignited by an open flame. From Eckhoff (2003).

5.3.5 Heat from Mechanical Impacts

The literature on dust explosions is sometimes confusing when discussing
ignition of dust clouds by heat from mechanical impacts. This is reflected
in the use of terms such as “friction” or “friction sparks” when catego-
rizing ignition sources. 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
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Figure 5-25 Godbert-Greenwald furnace for determination of the minimum ignition
temperature of dust clouds. From Eckhoff {2003).

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
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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. This may gradually generate a hot spot of sufficient size
and temperature to ignite the dust cloud directly.

A practical mechanical impact situation may be as follows: A steel bolt
is accidentally entering the top of a large concrete silo during filling of
the silo with maize starch. The bolt falls down into the nearly empty silo
and hits the concrete wall near the silo bottom at a velocity of 25-30 m/s.
Visible sparks are generated. A dense, explosive cloud of maize starch
occupies the region where the impact occurs. Is ignition of the cloud
probable? A test method for investigating this problem is shown in
Figure 5-26.
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Figure 526 Apparatus for determining the sensitivity of dust clouds to ignition by
single accidental mechanical impacts. From Pedersen and Eckhoff (1987).
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Experiments using this apparatus indicated that ignition of clouds of natural
organic materials by metal sparks from single impacts, where steel is the
metal component, seems less likely than believed by many in the past. How-
ever, if the metal is titanium or zirconium, ignition can occur quite readily.

The thermite reaction (2Al + Fe,05 — Al,O5 + 2Fe + heat) is often men-
tioned as a potential ignition source from impacts involving aluminum
and rust. However, if a lump of normal soft aluminum collides with a
rusty steel surface, a thermite reaction will not necessarily take place. In
fact, due to the softness of the aluminum, the result is often just a thin
smear of aluminum on top of the rust. However, if this sandwich of alu-
minum and rust is given a blow by a third hard object, a thermite flash
capable of igniting dust clouds can easily be produced. The same applies
to a rusty surface that has been painted with aluminum paint, if the pig-
ment content of the paint is comparatively high.

5.3.6 Electric Sparks and Arcs; Electrostatic Discharges

5.3.6.1 Introduction

It has been known for more than 100 years that electric sparks and arcs
can initiate dust explosions. The minimum spark energy required for igni-
tion varies with the type of dust, the effective particle size distribution in
the dust cloud, the dust concentration and turbulence, and the spatial and
temporal distribution of the energy in the electric discharge or arc. For
many decades it was thought that the electric spark energies needed for
igniting dust clouds in air were generally much higher, by one or two
orders of magnitude, than the minimum ignition energies for gases and
vapors in air. However, it has now become generally accepted that many
dusts can be ignited by spark energies in the range 1-10 mJ, and even
below 1 ml], i.e. in the range typical of gases and vapors.

5.3.6.2 Inductive and Capacitive Spark Discharges

5.3.6.2.1 General

One distinguishes between inductive sparks or arcs generated when live
electric circuits are broken, either accidentally or intentionally (e.g. in
switches), and discharges caused by release of accumulated electrostatic
charge.
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In the former case, if the points of rupture are separated at high speed,
transient inductive sparks are formed across the gap as illustrated in
Figure 5-27. 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 1/2Li2. As an example, a current of 10 A and L equal to 1073
H gives a theoretical spark energy of 0.5 mJ. This is too low for igniting
most dust clouds in air. However, larger currents and/or inductances can
easily give incendiary sparks. Sometimes rupture only results in a small
gap of permanent distance. This may result in a hazardous stationary arc
if the circuit stays live.
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SPARK ENERGY = .12. L2

Figure 5-27 Inductive spark or “break flash” generated when a live electric circuit is
suddenly broken and the points of rupture are separated at high speed.
From Eckhoff (2003).

Capacitive spark discharges occur when charge that has accumulated on
an electrically conducting, unearthed, object is discharged to earth across
a small air gap. In the process industries producing and handling powders,
electrostatic charging is generally tribo-electric, which implies transfer of
electrons between objects of different electron affinity during contact and
subsequent separation. In a process plant this occurs during handling and
transport of powders and dusts whenever the powder/dust and the process
equipment make contact and separates.

An electrostatic spark discharge results if the discharge of the accumu-
lated charge occurs between two electrically conducting electrodes. The
spark gap distance must then be sufficiently short to allow breakdown and
spark channel formation at the actual voltage difference between the
charged object and earth. On the other hand, in order for the spark to
become incendiary, the gap distance must be sufficiently long to permit
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the required voltage difference to build up before break-down of the gap
occurs. The theoretical spark energy, neglecting external circuit losses,
equals 1/2CU?, where C is the capacitance of the un-earthed, charged pro-
cess item with respect to earth, and V is the voltage difference.
Figure 5-28 illustrates a practical situation that could lead to a dust explo-
sion initiated by an electrostatic spark discharge.
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Figure 5-28 Ilustration of a practical situation that could fead to a dust explosion
initiated by an electrostatic spark discharge. From Eckhoff (2003).

Glor (1988) estimated typical approximate capacitance-to-earth values for
objects encountered in the process industry. The values given in
Table 2-11 in Section 2.2 (ignition of gases) are equally valid in the con-
text of dust explosions. Such capacitance values are used for estimating
the maximum theoretical spark energies 1/2CU? when discharging a non-
earthed metal object of capacitance C and at a voltage U, to earth.
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5.3.6.2.2 The Minimum Ignition Energy (MIE) of a Dust Cloud

The MIE of a given dust in air is a commonly used measure of the ease
with which the cloud is ignited by electric sparks and electrostatic dis-
charges. A typical apparatus for laboratory determination of MIE of dust
clouds is illustrated in Figure 5-29. An appropriate quantity of the dust is
placed in the dispersion cup at the bottom of the 1.2 liter plastic or glass
cylinder and dispersed by a blast of air deflected by a conical “hat” as
indicated. A spark of the desired energy is discharged across the elec-
trodes synchronously with the transient appearance of the dust cloud in
the spark gap region, and it is recorded visually whether or not ignition
takes place. MIE is often defined as the lowest spark energy that gives at
least one ignition in ten trials at the same spark energy.

As discussed by Eckhoff (2003) there can be a strong influence of the
spark discharge time on MIE for dust clouds, in particular for spark
energies exceeding 1 J. In standard testing for MIE optimal discharge
times for ignition is achieved by introducing a 1-2 mH inductance in the
discharge circuit, and this feature is compulsory in the current interna-
tional (IEC) and European standard methods for MIE determination for
dust clouds. This inductance is to be removed, however, when the pur-
pose of the test is to assess the sensitivity to ignition by electrostatic
spark discharges. A major limitation of the standard test apparatuses
commonly used, is that they cannot generate sparks of energies signifi-
cantly lower than 2-3 mJ. However, recently Randeberg et al. (2005)
developed a spark generator capable of producing synchronized capaci-
tive sparks of energies down to less than 0.1 mJ, suitable for duct cloud
ignition tests.

Figure 5-30 illustrates various circuits that have been used to generate the
electric spark discharges in MIE tests. In the original circuit of U.S.
Bureau of Mines, a substantial part of the capacitor energy was lost in the
transformer. In the case of the direct high voltage discharge circuit the
switch element needed for synchronization of dust dispersion and spark
discharge requires special considerations. In the CMI circuit a trigger
transformer feeding 2-3 mJ into the main discharge is used for triggering
the discharge. Other synchronization principles are also in use, including
a fast-moving earthed electrode.
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Figure 5-29 Illustration of an apparatus type commonly used for experimental
determination of minimum electric spark ignition energies (MIE) of explosive dust
clouds in air. From Eckhoff (2003).

5.3.6.2.3 Range of MIEs for Dust Clouds

Minimum electric spark energies (MIE) for ignition of dust clouds vary, as
already mentioned, with dust type, particle size, and other factors. In the
past it was thought that the absolute lower limit for MIEs of dust clouds in
air was of the order of 10 mJ, i.e. nearly two orders of magnitude above
typical MIEs of IIA gases (see Chapter 2). However, it is now accepted
that MIEs of clouds of dusts in air span over at least 8 decades, from per-
haps as low as 0.01 mJ in the lower end to beyond 1kJ in the upper.
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Figure 5-30 Three different electric circuits used in experimental determination of
minimum electric spark ignition energies (MIE) of explosive dust clouds in air.
From Eckhoff (2003).
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5.3.6.2.4 Conservative Ignition Curves for Dusts Clouds Based on MIE

For capacitive circuits, conservative ignition curves are obtained directly
from the equation 1/2CU?% = MIE. Charts showing this graphically, for a
range of MIE values, are given in Figure 5-31. In the case of inductive
circuits, conservative ignition curves are obtained directly from the equa-
tion 1/2Li%Z = MIE for L > 1 mH. For smaller L, the ignition current will
be independent of L, and the circuit will essentially be resistive. Charts
showing conservative ignition curves for inductive circuits, for a range of
MIE values, are given in Figure 5-32. For resistive ignition circuits Eck-
hoff (2002) has suggested that an equation of the form I = A-MIEB/U?,
where A and B are empirical constants, may provide a first order conser-
vative estimate. Graphs representing this equation for preliminary values of
A and B are given by Eckhoff (2003). More research is needed to establish
more reliable resistive circuit ignition data in the range of higher MIEs.
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Figure 5-31 Theoretical conservative capacitive ignition curves for dust clouds based
on the equation 1/2CU2 = MIE. The numbers attached to the straight lines are the
respective MIE values in J. From Eckhoff (2003).
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Figure 5-32 Theoretical conservative inductive ignition curves for dust clouds hased
on the equation 1/2Li2 = MIE, valid for L > 1 mH. The numbers attached to the straight
lines are the respective MIE values in J. From Eckhoff (2003).

5.3.6.2.5 Parameters Influencing measured MIEs of Dust Clouds

Turbulence in the dust cloud raises the effective MIE and therefore pro-
vides a safety factor as far as ignition is concerned. This is illustrated by
the work of Yong Fan Yu (1985), who was unable to ignite turbulent
explosive clouds of wheat grain dust in a container at the exit of a pneu-
matic transport pipe, even with highly incendiary “soft” electric sparks of
energies in excess of 1 J. In the type of test illustrated in Figure 5-29 the
turbulence of the dust cloud at the moment of ignition can be varied by
varying the delay between dust cloud generation and ignition. The larger
the delay, the lower the turbulence. Figure 5-33 gives some results of
MIE as a function of ignition delay.

Figure 5-34 shows how particle size influences the minimum ignition
energy for three different dusts. The vertical scale is logarithmic, and it is
seen that the effect is very strong. Kalkert and Schecker (1979) developed
a theory indicating that MIE is proportional to the cube of the particle
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Figure 5-33 [llustration of the influence of initial turbulence of explosive dust clouds
on the minimum electric spark energies required for ignition. Data from Glarner (1984).

diameter, as also illustrated in Figure 5-34 by their theoretical prediction
of the relationship for polyethylene.

Moisture in the dust reduces both ignition sensitivity and explosion vio-
lence of dust clouds. Figure 5-35 illustrates the influence of dust moisture
on MIE. The vertical axis is logarithmic, and it is seen that the effect is
quite significant. If safety measures against electric spark ignition are
based on MIE data for a given dust moisture content, it is essential that
this content is not subsided in practice.

5.3.6.3 Electrostatic Discharges Other Than Sparks

5.3.6.3.1 Overview

Glor (1988) and Liittgens and Glor (1989) distinguished between five dif-
ferent types of electrostatic discharges in addition to sparks, namely:
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Figure 5-34 Minimum experimental electric spark ignition energies (MIE) of clouds in
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From Kalkert and Schecker (1979).

* brush discharge

¢ corona discharge

* propagating brush discharge

» discharge along the surface of powder/dust in bulk
* lightning-like discharge

5.3.6.3.2 Corona Discharges

Corona discharges, illustrated in Figure 2—-33 in Section 2.2, occur under
the same conditions as brush discharges, but are associated with earthed
electrodes of much smaller radii of curvature, such as sharp edges and
needle tips. For this reason such discharges will occur at much lower field
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Figure 5-35 Influence of dust moisture content on minimum electric spark ignition
energy (MIE) for three dusts. From van Laar and Zeeuwen (1985).
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strengths than the brush discharges, and the discharge energies will there-
fore also be much lower. Consequently, the possibility of igniting dust
clouds by corona discharges can be ruled out.

5.3.6.3.3 Brush Discharges

Brush discharges, illustrated in Figure 2-34 in Section 2.2, occur between
a single curved, earthed metal electrode (radius of curvature 5-50 mm)
and a charged non-conducting surface (plastic, rubber, dust). Brush dis-
charges can ignite explosive gas mixtures. However, according to Glor
(1988), no ignition of a dust cloud by a brush discharge had yet been dem-
onstrated, not even in sophisticated laboratory tests using very ignition
sensitive dusts. The conclusion that brush discharges cannot ignite dust
clouds in air is strongly supported by the more recent experiments by
Larsen et al. (2003). It must be emphasized, however, that this does not
apply if the powder/dust contains significant quantities of combustible
solvents, which can increase the ignition sensitivity of the cloud substan-
tially, even when the vapor concentration in the air is well below the LEL
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of the vapor alone. Such clouds of a combustible dust suspended in a mix-
ture of a combustible gas or vapor and air are called “hybrid” mixtures.

5.3.6.3.4 Propagating Brush Discharges

Propagating brush discharges, illustrated in Figure 2-35 and Figure 2-36
in Section 2.2, can, however, initiate dust explosions. Such discharges,
which will normally have much higher energies than ordinary brush dis-
charges, occur if a double layer of charges of opposite polarity is gener-
ated across a relatively thin sheet (< 8 mm thickness) of a non-conducting
material (Glor, 1988). The reason for the high discharge energy is that the
opposite charges allow the non-conductor surfaces to accumulate much
higher charge densities than if the sheet had been charged on only one of
the faces. Glor pointed out that in principle close contact of one of the
faces of the sheet with earth is not necessary for obtaining a charged
double layer. By adding electrons to one side of a plastic sheet and
removing electrons from the other, the same result can be obtained. How-
ever, in practice earth on one side is the most common configuration. In
the context of powders and dusts Figure 2-36 may illustrate pneumatic
transport of a powder/dust in a steel pipe with an internal electrically insu-
lating plastic coating. Due to the rubbing of the powder against the
plastic, charge is accumulated on the internal face of the plastic coating.
The high mobility of the electrons in the steel causes build-up of a corre-
sponding charge of opposite polarity on the outer face of coating in con-
tact with the steel. If a short passage between the two oppositely charged
faces of the plastic coating is provided, either via a perforation of the
coating or at the pipe exit, a propagating brush discharge can result. Liit-
tgens and Glor (1989) give an example of a dust explosion that was initi-
ated by a propagating brush discharge. Acrylic powder was transported
pneumatically in a 50 mm diameter plastic pipe outdoors, and rainwater
and snow provided the earthed electrically conducting shield on the outer
surface of the pipe.

Glor (1988) identified five typical situations which may lead to propa-
gating brush discharges during transport and handling of powders:

* high-velocity pneumatic transport of powder through an electrically
insulating pipe, or a conductive pipe with an insulating internal
coating
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* use of inspection windows of glass or Plexi glass in pneumatic
transport pipes

* continuous impact of powder particles onto an insulating surface (e.g.
a coated dust deflector plate in the cyclone of a dust separator)

» fast movement of conveyor or transmission belts made of an
insulating material, or of a conductive material coated with an
insulating layer of high dielectric strength

« filling of large containers or silos made of insulating material (e.g.
flexible intermediate bulk containers) or of metallic containers or
silos coated internally with an insulating layer of high dielectric
strength

5.3.6.3.5 Electrostatic Discharge Along the Surface of
Powder/Dust in Bulk

This type of discharge may occur if strongly non-conducting powders are
blown or poured into a large container or silo. When the charged particles
settle in a heap in the container, very high space charge densities may be
generated and luminous discharges may propagate along the surface of the
powder heap from its base to its top. However, under realistic industrial
conditions only very large particles, of 1-10 mm diameter, are likely to
generate spark discharges due to this process. It further seems that very
high specific electrical resistivity of the powder is also a requirement
(>101Y ohmem) which probably limits this type of discharge to coarse
plastic powders and granulates. The maximum equivalent spark energy for
this type of discharge has been estimated to the order of 10 mJ, but little is
known about the exact nature and incendivity of these discharges. Because
of the large particle size required to generate the charge, these particles are
unlikely to give dust explosions, and therefore a possible explosion hazard
must be associated with the simultaneous presence of an explosive cloud
of an additional, fine dust fraction. Glor (1988) pointed out that the proba-
bility of occurrence of this discharge type increases with increasing
charge-to-mass ratio in the powder, and increasing mass filling rate.

5.3.6.3.6 Lightning Type Discharge

Lightning type discharge, which may in principle occur within an electri-
cally insulating container with no conductive connection from the interior
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to the earth is the last type of discharge mentioned by Glor (1988) and
Liittgens and Glor (1989). However, as Glor stated, there is no evidence
that lightning discharges have occurred in dust clouds generated in indus-
trial operations.

5.3.7 Jets of Hot Combustion Products

The basic process is the same as for explosive gas mixtures, as described in
Section 2.2.7. In general terms, the maximum experimental safe gap
(MESG) may be defined as the largest width of a slot that will just prevent
transmission of a flame in a gas or dust cloud inside an enclosure to a sim-
ilar gas or dust cloud on the outside. This definition is somewhat vague and
raises several questions. It neither defines the length of the slot, nor the
explosion pressure inside or the volume of the enclosure. Therefore, MESG
is not a fixed constant for a given explosive cloud, but depends on the actual
circumstances. MESG for dust clouds is of limited relevance in practice and
has no relevance, in the context of electrical equipment enclosure design.

Schuber (1988, 1989) investigated the influence of various parameters on
MESG for dust clouds. The situation addressed was possible transmission
of a dust flame from one side of a rotary lock to the other, as illustrated in
Figure 5-36.

The research apparatus used by Schuber is illustrated in Figure 5-37.
Explosive dust clouds of desired concentrations were generated simulta-
neously from compressed dust reservoirs in both the large vessel (1 m?)
and the smaller vessel (40 liters) mounted inside the large one. The cloud
in the smaller vessel was subsequently ignited, and it was observed
whether the cloud in the large vessel was ignited by the flame jet being
transmitted through the annular gap in the wall of the smaller vessel.

Schuber found that MESG increased with increasing initial turbulence in
the dust clouds. This is in harmony with the increase of the minimum elec-
tric spark energy for ignition of both gases and dust clouds with increasing
turbulence. In order to ensure conservative results, Schuber conducted his
experiments with comparatively low initial turbulence in the dust clouds.
He correlated his experimental MESG values with the product of minimum
electric spark ignition energy and the dimensionless minimum ignition tem-
perature, as shown in Figure 5-38. Because (TI + 273)/273 is in the range
between two and three for most of the dusts tested, the double-logarithmic
correlation in Figure 5-38 is essentially between MESG and MIE.
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Figure 5-36 Illustration of a practical flame jet transmission situation for burning dust
clouds: a rotary lock with a dust explosion occurring on one side. From Schuber {1988).
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Figure 5-37 lustration of the experimental set-up comprising a split and flanged 40
liter explosion vessel mounted inside a 1 m® explosion vessel. The annular gap for
possibie flame transmissions between the twe flanges on the two halves of the 40 liter
sphere. From Schuber (1989).
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Figure 5-38 Correlations hetween MESG and ignition sensitivity of clouds in air of
various dusts, for various gap lengths. From Schuber (1989).

MIE x tmJl

As already pointed out the original motivation for Schuber’s work was the
uncertainty related to the ability of rotary locks to prevent transmission of
dust explosions. He also carried out industrial scale experiments with a
set-up as illustrated in Figure 5-36, with a rotary lock mounted between
two vessels in which explosive dust clouds were generated simulta-
neously. The dust cloud on the one side was then ignited and it was
observed if transmission of flame occurred to the extent that the dust
cloud on the other side was also ignited. On the basis of numerous experi-
ments, Schuber (1989) constructed a nomograph for predicting maximum
permissible gaps between the edges of the rotary lock blades and the
housing for preventing flame transmission. (See Eckhoff, 2003).

5.3.8 Shock Waves

Shock waves, i.e very steep and strong pressure wave fronts traveling at
speeds larger than the speed of sound, can be generated by industrial acci-
dents, e.g. by pressure vessel failure. An informative analysis of shock
wave ignition of dust clouds was given by Wolanski (1990). His illustra-
tion of the particle interaction with the convective flow behind the inci-
dent shock wave is shown in Figure 5-39.

At the first moment of interaction, the stationary particle is subjected to the
supersonic flow. A bow shock is formed near the particle; and since the tem-



5.3 Ignition of Dust Clouds in Air 253

BOW SHOCK

ACCELERATING
PARTICLE

INCIDENT
“\_SHOCK
Figure 5-39 Schematic illustration of the interaction between a stationary dust

particle and the convective supersonic gas fiow behind the incident shock front.
From Wolanski (1990).

perature of the gas between the particle and the bow shock is close to the stag-
nation temperature, the particle is heated rapidly. At the same time, the drag
force causes the particle to accelerate and the temperature to decrease. The
rate of particle acceleration depends on particle size and other properties.
Because very small particles accelerate rapidly to supersonic speeds, the stag-
nation temperature at the particle front exists only for an extremely short time.
Larger particles accelerate more slowly, thus remaining exposed to the higher
stagnation temperature between the bow shock and the particle for a longer
time. However, the larger particles require more heat for ignition. Wolanski
suggested, therefore, that depending on the dust type, there is an optimal par-
ticle diameter range, which provides the most favorable conditions for igni-
tion. In fact, in incident shock waves some dust particles can be more easily
ignited than can even a hydrogen/oxygen mixture. According to Wolanski,
experimental data do confirm that the ignition delay of dust particles behind
the incident shock depends on particle diameter; and the optimum diameter
for ignition varies with the nature of the particle. For organic particles the
optimal diameter is of the order of 10 um. Particles of diameters of only a few
um, or larger than 100 pm are usually more difficult to ignite in an incident
shock than particles of intermediate sizes.

5.3.9 Light Radiation

Ignition experiments using laser light can provide basic information not
only about dust cloud ignition processes, but also about flame propagation
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processes in dust clouds. Wel et al. (1994) used a simple, modified
Semenov model for auto-ignition (no temperature gradients inside initially
heated volume), for using experimental laser-light-pulse ignition data to
predicted minimum ignition temperatures and energies of dust clouds. The
predicted values were in approximate agreement with minimum ignition
temperatures and energies measured directly. Zevenbergen (2002)
reviewed various aspects of ignition of dust clouds by laser light.

Proust (1996), using a Nd-YAG CW laser, investigated experimentally
the ability of a beam of laser light 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 the min-
imum electrical spark ignition energy of the same dust cloud. Proust also
conducted experiments where ignition occurred indirectly, via a small
solid target in the dust cloud that had first been heated by the laser beam.
He found that the probability of a given laser beam igniting a given dust
cloud was considerably higher with this set-up than with direct laser beam
ignition. Proust (2002) extended these experiments by using both contin-
vous and pulsed radiation, and both targets of layers of non-combustible
material, e.g. iron oxide, and of layers of the same material as in the dust
cloud to be ignited. He was able to quantify minimum laser beam powers
impinging on a solid target required for igniting dust clouds by the heat
absorbed by the target. The parameters included the laser beam diam-
eter, the duration of the irradiation, the target material (combustible/
non-combustible), and the type of dust (starch, lycopodium, lignite, sul-
phur, ABS, and aluminum). An inherent complicating element in this
kind of experiment is that the laser light has to travel through some length
of dust cloud before impinging on the target. The part of the beam power
absorbed by the dust cloud is a function of both the length of the light path
through the dust cloud, the dust concentration, and the material and geom-
etry of the dust particles. Figure 5-40 shows a set of Proust’s results for
pulsed laser radiation.

The minimum ignition energies in Figure 5—40 were deduced from exper-
imental graphs of the minimum radiated laser energy received by the
target required for igniting the dust cloud, as a function of the time from
onset of radiation to ignition. By extrapolating the almost linear relation-
ships found to zero time, an estimate of the minimum ignition energy with
very short laser pulses hitting an inert iron oxide target, could be deduced.
The minimum ignition energies found in this way, ranging from 4-14 J
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Figure 5-40 Deduced relationship for the minimum energy of a very short laser pulse,

hitting a solid inert iron oxide target inside an explosive cloud of starch particles in air,

required for igniting the cloud, as a function of the starch concentration in the cloud.
From Proust (2002).

are substantially higher than the minimum electric spark ignition energy
of 10 mJ found for the actual starch in a standard MIE test.

5.4 Case Histories of Dust Explosions

5.4.1 Motivation for Selection

Most of the case histories given in the following are taken from the book
by Eckhoff (2003). Because of his close co-operation with Norwegian
industry in investigating accidental dust explosions that have occured
there. He has had access to detailed information on several such explo-
sions. It was natural, therefore, to include some of this information even
in the present book. However, the case history from China and the very
recent one provided by CSB (2003) constitute most valuable additional
examples illustrating that the dust explosion hazard continues to threaten
a wide range or process industries in many countries.
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