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Dust layers on the bottom of mine tunnels, on factory floors, or on the floors of
grain elevator passages are the most frequent cause of highly destructive dust
explosions. Typically, such layered dust explosions involve a high velocity,
accelerating, turbulent flame which is fed by the dust layer and results in high
destructive static and dynamic pressures. In some cases transition to detonation has
been observed, and such explosions are the most destructive. Scientific studies of
such layered dust explosions, conducted at the University of Michigan, are discussed.

INTRODUCTION

Dust explosions in coal mines motivated the carliest scien-
tific studies of combustion phenomena. Typically such explo-
sions are caused by the layers of coal dust on mine floors but
also have occurred in many other industries involving the
generation of dust, and of these explosions of grain clevators
are, perhaps, the most common.

Tvpical organic dusts which are found in almost any indus-
try have a specific explosion energy 3 to 5 times higher than
militarv and commercial explosives, and many pharmaceuti-
cal and metallic dusts have specific explosion energics that
are ceven higher. Consequently, accidental explosions of in-
dustrial dusts are usually devastating, and the dust flames
which always accompary such explosions emit much more
intense radiation than gascous flames. For these reasons ra-
diation burns and other injuries incurred in dust explosions
can be severe.

In recent times the number of a powder products has grown
rapidly. cspecially in the food, textile, pharmaceutical, and
metal industries. Unfortunately many dust explosions con-
tinue to oceur in connection with these industries. While data
for many of these explosions remain undocumented, such as
the 1991 flour cxplosion in a Detroit bagel bakery, some
statistics arc available for the agricultural and agricultural
product industrics. Between 1976 and 1985 there have been
210 explosion incidents resulting in 143 deaths and 432 in-
jurics. Some recent detailed accident statistics for grain ele-
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vators and grain handling facilitics are as follows on a fiscal
year basis: In 1988 there were 12 incidents resulting in 12
injuries and 8§ deaths including the ADM Jolict IL disaster in
which 5 died; In 1989 there were 10 incidents resulting in 5
injuries and 2 deaths; In 1990 there were a total of 18 inci-
dents reported with 8 injuries and no deaths, while, through
May 31. in fiscal 1991 there have been cight incidents result-
ing in 6 injurics and no deaths.

Although fires and explosions within the grain and grain
products industry are specialized because of the involvement
of grain dust, certain scientific results and technology arc
transferable to other fire and explosion situations such as
occur in the chemical and petroleum industrics. A detailed
review of all accidents involving accidental fires and explo-
sions in the United States during the last decade has recently
been presented by Kauffman [/].

ANATOMY OF LAYERED DUST EXPLOSIONS

To have a dust explosion it is necessary that there be:
ignition, fuel, oxidizer, mixing, and confinement. In layered
dust as in other explosions all five elements must be simulta-
neously present. What distinguished layered dust cxplosions
from others is the dominant role played by the entrainment
and mixing of the dust layer with the surrounding gaseous
oxidizer, usually air.

The elements of a typical layered dust explosion arc illus-
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FIGURE 1. Elements of a Layered Dust Explosion.

trated in Figure 1. Ignition is usually started by a primary
explosion which may be a consequence of clectrical or me-
chanical sparks, a welding torch or numerous other sources.
The primary explosion stirs up the settled layers of dust and
ignites a dust flame which begins to propagate through the
mine tunnel, grain elevator or production facility. Due to
confinement and the fact that the primary explosion often
occurs at the closed end of a tube or passage, as illustrated in
Figure 1, the high temperature combustion products behind
the flame cause the flame to accelerate which results in the
formation of a precursor shock wave ahead of the flame. The
dust lifted from the layer on the floor by the flow behind the
shock provides further fuel for the accelerating flame. This
process, called the secondary explosion, can result in the gen-
eration of high and very destructive pressures and gas veloci-
ties. Ultimately the flame-shock complex in secondary cxplo-
sions may move at velocities on the order of 1000 m/s, Under
some conditions this high speed flame and precursor shock
become coupled together with a resultant transition to detona-
tion. Such explosions are the most destructive and may gener-
ate pressures on the order of 20 atm. Since these fronts move
supersonically any venting to alleviate damage is rclatively
ineffective. During deflagration /detonation transition (DDT)
pressure spikes with amplitudes as high as 60 atm have becn
observed.

The fundamental process governing these phenomena is
the burning of the individual dust particles. The primary ex-
plosion then involves the propagation of a flame through a
highly turbulent dust air mixture. The interaction between an
accelerating flame, the shock precursor and the dust layer
determine the severity of the secondary explosion and the
likelihood that transition to detonation will occur. Of thesc
phenomena, the secondary explosion is, perhaps, the most
complex and studies of secondary laycred dust explosions
under controlled conditions are described below.

EXPERIMENTAL MEASUREMENTS

A Flame Acceleration Tube (FAT) has been uscq to study
secondary explosions and is described in detail by Li et al[2].
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FIGURE 2. Schematic diagram of the Flame Accelera-
tion Tube (FAT).

The FAT is a horizontal pipe with onc end closed and the
other open to ambient air. The FAT, a schematic diagram of
which is shown in Figure 2, consists of a 70 m long steel tube
with an inside diameter of 30 cm. The FAT is instrumented
with static pressure transducers, dynamic pressure transduc-
ers, and photo diodes at cight stations along the tube. A
four-wavelength optical pyrometer is mounted ncar the end
of the tube. Six pressure switches arce distributed along the
last 20 m of the FAT. The data acquisition system is com-
posed of a 64 channcl, 2 kHz analog to digital converter—a
LeCroy 8212A system, and an IBM Personal Computer AT,
Four Kistler 603B1 pressure transducers are installed around
the circumference at 90° intervals at a distance of 60 m from
the closed end. Tektronix 7D20 digital oscilloscopes are em-
ployed to record the signals from these Kistler transducers
and trom PCB 102A pressurc transducers and photo diodes
at the last two stations. The initiator assembly, as also shown
in Figurc 2, consists of a 2.44 m long and 5.08 cm inside
diameter dctonation tube and a three meter long V-channel
within the FAT. The detonation tube, scparated from the
FAT by a Mylar diaphragm, is filled with an H, /O, mixture.
A specially designed cart, equipped with a six liter dust
pan, an auger, two motors (one driving the auger and the
other the cart) and a fan, is used to travel inside the FAT
and deposit the dust layer on the bottom of the FAT with the
desired concentration, which can be adjusted by varying the
auger speed. The cited dust loadings are taken as the nomi-
nal values based on the assumption that all of the dust in the
layer is uniformly dispersed through the FAT prior to com-
bustion. Generally this will not be the case; not all of the dust
is necessarily dispersed and the distribution across the FAT
will not be uniform. The actual dust distribution after disper-
sal can only be determined by careful concentration measure-
ments, and thesc are not, so far, available. As will be evident
from the results below, the dispersion process has a domi-
nant influence of the flame acceleration and DDT.
Operationally, the dust layer is deposited into the main
section of the FAT with the desired concentration by the
cart. In the initiator section, cornstarch is laid along a V-
channel to produce concentrations of 500-600 g/m* after
dispersion. The detonation tube is filled with a stoichiometric
H,/O, mixture with a pressurc of | atm abs. High pressure
air (20 atm) is discharged through orifices in the V-channel,
suspending the dust in the initiator. After a 0.25 s delay. a
glow plug ignites the gas mixture in the detonation tube,
which then ignites the suspended dust cloud, leading to the
combustion of the layered dust in the rest of the FAT. The
energy release by the ignition process is negligibly small,
comparcd with that of the later detonation process.
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FIGURE 3. Pressure histories at eight measuring sta-
tions in the 70 m FAT showing flame trajectory (Ref. 2).
Wheat dust layer, nominal concentrations:/

o =400 gm/m3, 8 <x <36 m,
o =300 gm/m3, 33 <x <67 m.

RESULTS OBTAINED FROM THE FLAME
ACCELERATION TUBE

Pressure Histories

Pressure histories measured by Li et al [2] at different
distances from the closed end of the FAT. as illustrated in
Figure 3. indicate that detonation or quasi-detonation can be
achicved in initially layered grain dust with ambient air as
oxidizer. Figure 3 shows the variation of pressure with time
at various stations along the FAT and the trajectory of the
flame propagating down the FAT, based on photo diode
measurcments at different measuring stations. It can be seen
in Figure 3 that the flame front accelerates rapidly in the
sceond halt of the FAT. while pressure waves associated with
the flame coalesce into strong shocks. A sudden increase of
maximum pressure can be observed between x =45 and 64 m
from approximately 7 to 26 atm and an increase in flame
velocity from approximately 400 to 1400 m/s. A wave origi-
nating {rom this location travels back to the closed end of the
FAT at a ncarly constant velocity. at the local speed of sound
and when it reaches the closed end of the FAT a reflected
wave emerges traveling toward the open end, also at the local
speed of sound. The wave traveling backwards is very typical
of DDT in gascous detonations, and was first identificd and
named retonation wave by Dixon ncarly a century ago. An
cxplosion occurred between x = 45 and 64 m, and this is the
“Explosion within an explosion” noted by Urticv and Oppen-
heim 3] which almost always appears during DDT. There
arc also significant differences between the structure of
gascous and heterogeneous detonations. Thus Zhang and
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FIGURE 4. Flame propagation velocity as a function of
x/d, the ratio of distance to tube diameter Results
shown: Wolanski et al. [6], corn starch pre-dispersed in
air, o =500 gm/m?3, d=13 cm; Zhang and Groenig [4],
corn starch pre-dispersed in O,, =500 gm/m3, d=
14.1 cm; Matsui and Komamaiya [7], soot coating in O,
d=2.8 cm; Cybulski [8], coal dust, pre-layered in air, d
(equivalent) = 265 cm. From Ref. 5.

Groenig [4] observed a spin like structure in detonations
propagating through a pre-mixed cloud of corn starch and
oxygen over a wide range of concentrations in contrast to
very reactive gascous fuels for which such structures only
occur in mixtures very close to the detonation limit. It should
be noted that for less reactive gascous cxplosives such as
methance spin also is obscrved over a wide range of mixture
ratios.

Transition Distance

The distance for transition to detonation is onc of the most
important paramcters governing DDT and is in many cascs
an indicator of the likelihood that transition to detonation
will occur. Detonation is unlikely in tubes or channels shorter
than this distancc. The main paramecters governing this dis-
tance arc the tube dimension and geometry, the wall rough-
ness, the nature, strength and location of the ignition source,
the boundary conditions, i.c. closed vs. open ended tubces, the
heat of combustion and the reaction kinetics of the fucl.
These parameters contribute to the level of turbulence, and
the shock flame interactions which are two of the main flame
acccleration mechanisms lcading to transition. In order to
compare transition distances for dust detonations, measured
under various conditions the variation of flame velocity with
distance normalized by tube diameter as measured by several
investigators and in the FAT is shown in Figure 4 taken from
[5] Transition to detonation is indicated when the flame
propagation velocity reaches the detonation velocity which is
generally on the order of 1500 to 2000 m /s for organic dusts.

For comparison the results of the studies of DDT in het-
crogencous explosions of Wolanski er @l [6]. Zhang and
Groenig [4], Matsui and Komamiya [7], and Cybulski [8] are
also shown in Figure 4. A description of experimental facili-
tics and test methods used by these authors are presented in
Table 1. Wolanski et al. [6] used a 13 m long and 13 ¢cm i.d.
vertical tube. and Zhang and Groenig [4] used a 17.4 m long
and 14.1 cm i.d. horizontal tube. Pre-suspended dust and
strong shock initiation were used in both studies. while Zhang
and Groenig used pure oxygen to enhance the combustion
process. Matsui and Komamiya [7] used a 5.2 m long and 2.8
cm i.d. tube coated with soot particles formed from the burn-
ing of acetylenc. Technically, this work docs not belong to
the category of dust combustion, because a) the sizes of soot
particles are in range of 5 to 10 nanometers, while small
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Table 1 Test Conditions for the Flame Propagation Data Shown in Figure 4

Tube Tubce
Length Diameter Loading
Investigation [m] {cm] [nitiation Pattern Oxidizer
This Study 71 29.85 Self Pre-layered Air
Cybulski [28] 200 265* Dircct Pre-layered Air
Matsui and Komamiya [22] 5.2 2.8 Both Film Coated Oxygen
Wolafiski ef al. [18] 13 13 Direct Pre-suspended Air
Zhang and Grénig [19] 17.4 14.1 Direct Pre-suspended Oxygen

“The maximum height of the gallery is chosen as characteristic length.

conventional dust particles of interest in most dust explosions
are generally in the range of 5-400 pm in diameter, and b)
these soot particles contained a large proportion of hydro-
gen. Cybulski [8] studied coal dust flame propagation in a
400 m long gallery in an experimental mine. The maximum
height of the gallery (2.65 m) was chosen as the characteristic
length in determining the normalized distance x/d. The dust
was layered on the floor and shelves in the gailery for a
distance of 200 m. The ignitor was located in the middle of
the 400 m long gallery so that the flame, essentially, propa-
gated from an open toward a closed end, thus providing a
very different boundary condition from the other investiga-
tions compared here.

From Figure 4 it can be seen that stable detonations prop-
agating at a constant velocity were achieved using direct or
shock initiation by Wolanski et al. [6], Zhang and Groenig
[2], and Matsui and Komamiya [7] in a distance on the order
of 50 tube diameters. Matsui and Komamiya [7] also achieved
a stable detonation with self initiation but the transition dis-
tance was doubled to about 100 tube diameters. Detonation
velocity also was reached by Cybuiski [8] in pre-layered dust
at a distance of about 50 characteristic lengths after which
the velocity dropped to zero because of the conditions of the
experiment.

The flame velocity in the FAT for wheat with a concentra-
tion of ¢ =300 gm/m* increases to about 1750 m/s until
x/d = 210 after which it decelerates to 1500 m/s at the end of
the FAT. For the richer flame with o = 500 gm/m* the veloc-
ity accelerates continuously until it reaches a value of about
2000 m/s at the end of the FAT. In the case of Mira Gel dust
the flame reaches a constant velocity of about 900 m/s at
x/d = 170 and this wave can be considered to be a quasi
detonation rather than a regular, full fledged detonation.
While the pressure profiles and flame trajectories in Figure
3, and others like it (Li er «l, [2], Li, [9)) indicatc that
transition to detonation has occurred, it is not clear from the
results shown in Figure 4 that this layered dust detonation is
stable and would continue to propagate at a constant velocity
or whether it would propagate as a galloping detonation or
possibly extinguish. A tube much longer than the FAT would
be required to establish the behavior of the layered dust
detonation after DDT has occurred. However, in any case,
damage in an accidental explosion with these characteristics
would be extensive.

It is, perhaps, questionable to compare results at the same
value of the normalized distance x/d since the boundary con-
ditions for each of the experiments described above are dif-
ferent. However. the results do indicate that the transition
distance for layered dust detonations is about twicc that for
detonations propagating through pre-dispersed dust, proba-
bly because reaction between the dust particles and the oxi-
dizer must be preceded by the relatively slow dust entrain-
ment process. The comparison of results in Figure 4 indicates
that DDT is favored by pre-mixing of the dust and oxidizer,
direct or blast vs. self initiation, and enrichment of air by
oxygen or replacement by pure oxygen.
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The Effect of Dust Moisture Content and Layer
Geometry

Humidity and the frequency of dust explosions in industry
are closcly related. Statistics on dust explosion accidents in
the United States from 1979 to 1986 [/0] show that an over-
whelming majority of such explosions occurred in the winter
months (November through February, October through
March for the high latitude states), and in inland areas (100
miles or farther from coast lines). Low humidity in these
months and arcas certainly contributes to the causes of dust
explosions in the grain industry, since humidity of the ambi-
ent air directly affects the moisture content of dusts. During
the experimental study of explosions in the FAT, a similar
situation was experienced, i.c., most of the runs that resulted
in DDT were observed during the winter months rather than
in the summer (especially in July and August), since the dust
layers were in direct contact with the ambient air. The pres-
sure histories and flame trajectories for two runs with Mira
Gel dust are shown in Figure 5 [/7]. All conditions are iden-
tical except that onc run used dry dust when the atmospheric
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humidity was low, while the other used dust under high hu-
midity conditions. The cifferences between these two runs
are striking. Both dry and wet runs produced very similar
pressure waves and flame trajectories in the early stage (x <
31 m). In fact. the flame velocity of the wet run for 9 <x <21
m is cven slightly higher than that of the dry run. However,
the combustion wave of the dry run continued to accelerate
through the rest of the FAT. while the counterpart in the wet
run decelerated and, as a consequence, generated much lower
pressures than the dry run. Figure 5 thus demonstrates, at
lcast qualitatively, the irportance of dust moisture content
on the combustion process.

The cffects of moisture content on the maximum pressurc
as a function of distance along the FAT are shown in Figure
6 for cornstarch dust with 1% in weight Cab-O-Sil amor-
phous fumed silica additive [/7] with a nominal dust loading
of 500 gm/m*. The length of the dust layer was 51 m. The
curves represent the average value of two different runs at
the same conditions. Results are shown for both wide and
narrow dust layers as discussed in more detail below; how-
ever. for cach class of layer the moist dust explosions gener-
ated significantly lower pressures than the dry dust.

For pre-layered dust combustion, unlike pre-suspended
dust combustion, dust particles must first be entrained into
and mixed with the ambicnt oxidizing atmosphere. Ordinar-
ily. the overwhelming majority of dust particles do not exist
individualiy but as agglomerates of many particles. The mois-
ture content strongly atfects the cohesiveness of these ag-
glomerations. so that the convective flow induced by the com-
pression tor shock) waves ahead of the deflagration more
readily breaks up the drier dust agglomerations than those
with the high moisture content. The moisture inside the dust
also absorbs a certain amount of heat during vaporization
and devolatilization, and this also may diminish the intcnsity
of the combustion process. High moisture content thus ad-
versely affects the mixing process of dust and air which ex-
plains the results shown in Figures 5 and 6.

Since dispersion plays a key role in layered dust explosions,
the gecometrv of the dust layer must also be an important
paramcter: therefore, the effect of dust layer thicknesses and
width was investigated. For this purpose layered explosions
were initiated in the FAT for two dust layers with different
thicknesses and widths but with the same nominal concentra-
tion. The thicknesses of the wide and narrow layers were of
the order of (.5 mm and 5 mm, respectively. Due to the
identical concentrations. for both, the thin layer provides a
wider coverage, on the order of 50 cm, over the inside wall
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of the FAT. The width of the thick layer was approximately
5-8 cm.

As can be seen in Figure 6, moist dust with a narrow layer
produces the weakest combustion among all four combina-
tions. Dry dust with a wide layer resulted in the fastest pres-
sure development. This is a very reasonable result since dry
dust, as alrcady noted above, promotes more intense combus-
tion than moist dust, and because the wider layer exposes
more dust particles to the dispersing convective flow above
the layer. Among the other two combinations. moist dust
with a wide layer resulted in faster pressure development and
produces higher pressure than dry dust with a narrow layer
suggesting that between the factors of moisture content and
layer thickness the latter scems to be more important.

Another interesting result is that the combination that pro-
duces the fastest pressure rise is also the one for which the
pressure drops most rapidly toward the end of the FAT.
Thus, the pressure for the dry dust with a wide layer peaks at
x=39 m and then drops very rapidly, while that for moist
dust with a narrow layer continues to increase 1o the end of
the FAT. The fact that the pressurc is still increasing beyond
the end of the dust layer at x = 51 m suggests that the slower
burning rates enable some portion of the dust to be carried
downstream by the convective flow and to be burned there,

From the above observations it can be concluded that for
the same nominal concentration, widc layers are more sup-
portive of dust combustion (explosion) processes than narrow
layers. Because of the greater exposed arca of the wide layers
to the convective flow, more dust particles can be entrained
into the ambient air; enhancing the mixing process between
the dust particles and the oxidizer. For narrow layers, the
mixing and combustion processes are probably “localized™
near the bottom of the FAT. Hence. a large portion of the
FAT cross section and the oxidizer it contains is not-utilized
and this non-uniformity will certainly have an adverse affect
on-combustion.

Influence of Dust Characteristics on Peak Explosion
Pressures

The main experimental results for the four different dusts
considered in the layered dust explosion studics arc summa-
rized in Table 2. Because of the extreme complexity and
unpredictable nature of the dust explosion processes, the ex-
periments are not always- repeatable and the data scatter
over a relatively wide range. The data for corn dust werc
collected for a path length which was limited to 39 m, and,
hence, it is inappropriate to compare them with the data of
other dust types. Detonations were not observed in the corn
dust runs. evidently becausc the path lengths were too short
to permit DDT.

Among the conditions affecting flame acceleration, the
moisture content and width of the dust layer (discussed above)
play very important roles. In addition. the origin and physical
nature of the particular dust are important factors affecting
explosibility. As can be scen in Table 2, cornstarch exhibits
weaker explosive parameters than Mira Gel. although both
dusts possess the same chemical composition. Furthermore,
by observing the processes of flame acceleration, it was found
that DDT was more likely to occur when the flame front is
far behind the initial precursor shock for then the flame will
propagate into an already well dispersed dust cloud. This
conclusion is supported by the results of runs with voids
inserted in the dust layer. These voids cause the flame to
decelerate in the front part of the FAT and hence leave
sufficient time for the initial shocks and pressure waves to
entrain the layered dust. The flames which follow greatly
benefit from this well-dispersed dust cloud and accelerate
more rapidly in the rear part of the FAT.

As can be seen in Table 2, Mira Gel explosion parameters
reach their maximum values at a concentration of 500 g/m*
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Table 2 Layered Explosion Data for Various Dusts

52 V/ V\ D Tm'\\ P ( Pm;u.\ )
[g/m™] [m/s] (K] [atm]
Corn®
500 ~ 1700 ~5 10
Cornstarch”
500 1078-1330 1085~-11300 1050-1200 1640-1910 ~ 19 26
Mira Gel
250 925 ~ 1200 ~ 1150 1670~ 1850 ~9
300 1200 1250 1150-1200 ~ 1700 ~ 28
350 1300 1370 12501300 ~ 1800 ~ 20 29
400 1000-1368 1170-1368 1100~-1300 1620-1760 14-19 28
500 1368-1714 1520-1714 1350-1650 1700-1730 ~ 21 35
Wheat
250 1070 1280 1200 1670 23 40
300 1470-1790 1510-1790 1420—-1700 ~ 1800 26 62
350 > 1400 1365—-1720 1250-1650 ~ 1800 26 55
400 1625 1280-1670 1200-1550 1700~ 1800 24 45
450 1395 1395 1300 ~ 1600 24 35
500 1200-1400 1160-1250 1100-1180) 1680-1800 16-21 32
Wood
400¢ 1200-1600 1200-1600 1050-1510 1600- 1800 20 46
4004 1480-1775 1480-1775 1400-1700 1600- 1800 26 88
“Detonation not observed because of path length = 39 m.

19 in weight Cab-O-Sil amorphous fumed silica dust added.
“Dust size o < 150 pm.
Ud < 125 pm.

¢ = dust concentration g/m”

= maximum flame velocity

= <
I

H

= maximum shock velocity

D = detonation velocity

Tinas = Maximum temperature
P = average pressure
Py = Maximum pressure

with a detonation velocity D = 1650 m/s and a maximum
pressure P, .. =35 atm. However the differences as concen-
trations range from 250-500 gm/m", do not seem very signifi-
cant. Wheat dust detonations are stronger than thosc ob-
served in cornstarch and Mira Gel with maximum pressurcs
and detonation velocities as high as 62 atm and 1700 m/s.
Wood flour exhibits a maximum pressure of 88 atm, onc of
the highest ever reported in dust detonations, and a velocity
of 1700 m/s for particle diameters, d < 125 pm. This pres-
sure peak was observed near the location where DDT occurs.
As already noted above, such pressure spikes are often ob-
served during DDT in gaseous detonations as well and ap-
pear to be a consequence of the “explosion within an cxplo-
sion,” discussed above, which is often associated with transi-
tion. Prior to this study the highest pressure and detonation
velocity were reported by Gardner et al. [712] at —81.5 atm
and 2850 m/s, respectively, in pre-dispersed coal dust. Exam-
ining this data, it appears that this high pressure and velocity
were apparently also recorded in the ncighborhood of the
DDT point.

From the wood flour data, it can be scen that the dust with
smaller particle size definitely produces a stronger detona-
tion. Since smaller particles require less time to reach the
autoignition temperature, i.e., have a shorter ignition delay
time they, as a group, exhibit stronger detonations; however,
this trend does not necessarily continuc with decrcasing par-
[lAClC size. As the particle size continues to decrease for a
given dust loading the particle surface area available for ab-
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sorption of heat from the surrounding medium increases. As
a result, for very small particles, there may, initially, be a
decrease in the ambicnt temperature and consequently an
incrcasc in the ignition delay time. This phenomenon has
been supported by experimental data as well as by theorctical
calculations for RDX particles for which the optimum diame-
ter for minimum ignition dclay was calculated by Lee er al.
[73] to be in the range of 6-10 wm. However, the dusts
tested in this study all are above this size range so that
the smallest size (d < 125 pum) turned out to be the most
detonative.

It is interesting that wood flour and wheat dust demon-
strated a stronger detonability than cornstarch or Mira Gel.
For explosions of pre-dispersed dust in a constant volume
enclosure of volume V the cxplosion rate constant for dust,
K,. dcfined as:

., (dP 13
1\'\1 h (—({T)mu\[/

is often used as a mecasurc of the “explosibility” of a given
dust-oxidizer mixturc. It is found that the value of K, is
approximately the same for wood flour, corn starch and wheat
dust in contrast to the observed “explosibility™ of these dusts
in layered explosions. This difference can be explained by the
fact,.a]rcady noted, that in pre-layered dust detonations the
dominant factor is the dust/oxidizer mixing process. The
physical shape and specific gravity of wood flour and wheat

Process Safety Progress (Vol. 14, No. 9)
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dust particles cnable them to be more effectively entrained
with ambient air, providing a suitable concentration to sup-
port flame propagation. The K, valuc arc usually measured
in a constant volume combustor in which the dusts tested
have been very well mixed with the oxidizers., before they are
ignited.

Scaling of Experimental Results

In almost all laboratory scale explosion cxperiments the
question of scaling the results to larger or full scale facilities
always arises. This is certainly truc for the FAT which has an
inner diameter of only 30 cm. Layered dust explosions also
have been studied in The Mine Barbara in Poland. In partic-
ular, the explosion of wheat dust layers was investigated in a
gallery of this full scale mine which is 3 m wide, 2.65 m high
and 400 m long. This facility has been described in detail by
Wolanski [ /4]. An example of the pressure histories recorded
at different distances from the closed end of this gallery is
shown in Figure 7. The results are at least qualitatively simi-
lar to the pressure historics from the FAT shown in Figure 3.
In this particular case transition to detonation occurred be-
tween 120 and 200 m from the closed end of the gallery with
maximum pressures on the order of 1.5 MPa. This valuc of
the peak pressure is of the same order as that obscerved in the
FAT when DDT occurred. These full scale results do indeed
suggest that the data obtained in the FAT experiments are
relevant to larger facilities.

Ory mixed dust, under 7Sy m
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=) Data from 36 m FAT, Ref. 15
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FIGURE 8. Computed and measured variation of the
pressure and flame position as a function of normalized
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MODELING STUDIES

A number of modeling studies of various aspects of layered
dust explosion have been conducted. This process involves
many complex nonlinear and unsteady phenomena. The most
important and difficult phenomena to model are the entrain-
ment of the dust from a surface by the boundary layer flow,
the succeeding formation of the dust-air mixturc, and the
coupling of the burning velocity with the intensity and scale
of the turbulence ahead of the flame. In an carly attempt to
model such explosions, the Chi and Perlee code for flame
propagation in ducts was applied to the layered dust explo-
sion problem by Srinath [75]. While these calculations repro-
duced the flame trajectories reasonably well, the computed
pressure variation did not agree with the experimental re-
sults, and the dust dispersion process was not taken into
account.

To improve this model Chang, et al. [76] incorporated a
model of dust dispersion developed by Mirels, and the turbu-
lerit combustion model of Clark and Smoot in the Chi-Perlece
code. Calculations were made for grain dust with 49 um
diameter particlcs and a dust layer loading of 0.5 kg/m*. The

calculated pressure histories at different downstrcam loca-
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tions are shown in Figure 8(a), while experimental results
obtained under similar conditions are presented in Figure
8(b). It can be scen that the initial pressure rise and flame
trajectory are comparable but the subsequent pressure
rise observed in the experiments was not reproduced by the
theory.

The difficulty is that both the Chang and Srinath models
ignore the possibility of reaction between the flame front and
the shock propagating ahcad of it. To investigate this effect
Lec and Sichel [/7] developed a one dimensional numerical
simulation of an accelerating tlame propagating through a
gascous fuel oxidizer mixturc in which the possibility of an
explosion between the leading shock and flame is taken into
account. Four pressure profiles at different times, computed
using this model, arc shown in Figure 9. The first frame
shows the pressure rise across the leading shock followed by
a pressure drop across the flame before there has been any
reaction between the flame and the shock. The occurrence of
an intense explosion leading to very high pressures similar to
those observed in the experiments is evident in the following
frame. The model thus reproduces the “cxplosion within an
explosion” obscrved during transition to detonation. The suc-
ceeding frames show the development of a steady state dcto-
nation pressure profile. This model does not account for the
dust dispersion nor docs it explain the factors determining
flame acceleration, and thesc are subjects for future re-
scarch. One dimensional modeling studies of the structure of
a dust detonation which take two phase flow and the individ-
ual particle rcactions into account have also been conducted
[18].

CONCLUSIONS

Transition from deflagration to dctonation has definitely
been observed in layered dust explosions. DDT in layered
dust explosions is favored by a low moisture content, a large
dust layer arca c¢xposed to the convective flow behind the
leading shock, and physical characteristics of dust particles
which favor entrainment. The importance of these factors
indicates that pre-layered dust explosions are dominated by
the dust/air mixing process. The strong detonability of wood
and wheat dust compared to other, less entrainable dusts
also reinforce this conclusion. While the explosion rate con-
stant K, can be used to evaluate the cexplosibility of dust
dispersed in constant volume containers, it does not appear
to be an appropriate indicator of “explosibility” or detonabil-
ity in faycred dust cxplosions. Comparison to full scale exper-
iments in the experimental mine Barbara suggest that the
results obtained from the FAT are, at least qualitatively ap-
plicable to large scale facilitics. Modeling studies have so far
been able to reproduce only some aspects of layered dust
explosions; therefore, much remains to be done in this arca.
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