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Abstract

Dust explosions pose a serious hazard in many in-
dustries. The detonability and flammability of dust/
oxidizer mixtures depends on the ignition delay of
the dust particles when suddenly exposed to a high
temperature environment. Consequently, the ignition
delay time of dust particles behind a shock wave in
the Mach number range of 4.0 to 5.0 has been meas-
ured using a photo-muitiplier tube to determine the
onset of ignition. The dusts investigated included
Pittsburgh Seam Coal, graphite, diamond, cats, and
RDX. The experimental arrangament censisting of a
shock tube and two different dust injection devices
is described in detail, and experimental results for
dusts ranging in particle size from 2 um to 74 um
are presented. In the Mach number range considered,
ignition delay times varied from 2 pus to 100 us.

A detailed analytical model based on a solution
of the heat conduction equations for the particle
interior coupled with a solution of the particle e-
guation of motion has been developed. Heterogene-
ous reactions which occur on the particle surface
and in the pores within the particle are used to
model the chemistry. The results were in reasonable
agrecment with most of the data. Approximate analy-
ses based on a comparison of characteristic thermal
and chemical times were also developed. A key con-
clusion is that the ignition delay is mainiy deter-
mined by the heat up time of the particle surface.

Introduction

Grain dust explosions pose a serious safety haz-
ard for grain elevators, and coal dust explosions
can be an important factor in mine accidents. Such
explosions may involve accelerating flames or, in
some cases, detonations. From a safety point of
view, it is important to know the detonability and
the detonation and flammability limits of dust
clouds and these parameters depend on the detailed
structure of the flame or detonation front. The
ignition of the dust particles is the first step in
dust explosions, and the time required for ignition
or the ignition delay has a major influence on flam-
mability and detonability. Anomalies observed in
the case of dust explosions, such as the surprising
result that RBX clouds of very small particles are
more diffi?u?t to detonate than clouds with Targer
particles,! may be related to the details of the
processes which Tead to particle {gnition.

The present paper reports on a combined experi-
mental and analytical study of the shock ignition
of coal, graphite, diamond, RDX and oats dusts and
is an extension of the earlier work of Ural, et al
A description of the experimental arrangement and
the difficulties involved in obtaining reliable data
is followed by the presentation of experimental re-
sults and a theoretical analysis of the particle
ignition process.

Experimental Arrangement

Experiments were conducted in a horizontal shock
tube with a 7.3 cm diameter driver section 3 m long
and a 3.8 c¢m x 6.4 cm rectangular driven section 2.6
m Tong discharging into a dump tank. The shock tube

’,,” can produce Mach numbers ranging from 4.0 to 5.0
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which is of the same order as the Mach numbers en-
countered in detonations.

A small cloud of dust particles is injected into
the test section just before the arrival of the
shock wave which is wonitored through pressure
transducers. Light emission from the test section
is monitored by a photomultiplier tube and a neu-
tral density filter is used for decreasing the
overall sensitivity. Two pressure switches with a
timer are used to measure the shock speed and to
trigger an oscilloscope for outputs from the pres-
sure transducer and the photomultiplier tube,

Injection of the dust particles in the shock
tube is a major source of difficulty. Two differ-
ent types of injectors were used. In thg first,
which s identical to that used by Ural,® dust is
loosely packed into aroves of the end of a .35 mm
diameter spring driven plunger which is stopped sud-
denly at the shock tube surface so that the dust is
injected inertially. In the second injector the
dust is blown into the test section when a piston
is released and expels air from a 25 mm diameter
cylinder as shown in Fig. 1{a). Precise timing is
required, to insure that the shock wave strikes the
dust just when the injected cloud reaches the cen-
ter of the test section, and is provided by the in-
jector time delay generator which consists of a
power supply, waveform generator, pulse generator
and oscilloscope. A shadow photograph of the dust
cloud 1s obtained during each test, to monitor whe-
ther proper dispersion occurred. A cloud of 53-74
u graphite dust is shown in Fig. 1(c) after the pas-
sage of a shock with a Mach number of 4.4, and dif-
ferential separation of larger and smaller particles
is evident.

Extraneous radiation from dirt inside the shock
tube was a major problem in initial tests, but was
successfully eliminated by passing a strong shock
through the tube prior to each test,

The ignition of dust particles in the shock tube
was identified by 1ight emission, and the ignition
delay time was therefore defined as the time inter-
val between shock-dust contact and the onset of
light emission. A precise absolute determination
of the ignition delay is difficult in the experimen-
tal arrangement used here. However, it was conclu-
ded that consistent use of the same criterion for
all experiments will provide good comparative data
for different dusts. In the present case the time
at which the deflection of the photomultiplier out-
put trace exceeded the actual trace width was taken
as the onset of ignition.

Table 1. Dust Investigated
Substance Particle size range, v
Coal (Pittsburgh Seam) 53-74
Graphite 53-74
Di amond® 4-6
Dats 53-74
RDX-£ 2 (mean diameter)
RDY-E£+ 2 {mean diameter)
RDX-A* 2 {mean diamater)

Yimplies addition of 10% cabasil by weight.



Experimental Results

Ignition delays in pure oxygen have been meas-
ured for the materials listed in Table I for values
of the post shock static temp. ranging from 1160 X
to 1600 K. A summary of the results is presented in
Fig. 2 which shows the variation of the ignition
delay time on a legarithmic scale with the inverse
temperature. This form of representation is typi-
cally used for systems governed by an Arrhenius
rate Taw, and then the slope of the delay curve is
propertional to the activation temperature. In the
present case the ignition delay depends on both the
chemistry of ignition and on the physical process
of particle heating. Nevertheless, the data stil]l
appears to lie on a straight line for the range of
experiments. The temperature range ahove corre-
sponds to Mach numbers ranging from 4-5 as indica-
ted on the Mach number scale above the inverse tem-
perature scale.

Data using both the inertial and the air injec-
tor is presented in Fig. 2(a). The inertial injec-
tor produces clouds with considerabte particlie ag-
glomeration; consequently, the observed ignition
delays are somewhat Tonger than with the air injec-
tor. Straight lines obtained from the data using a
meah square fit are shown in Fig. 3. fquivalent
activation energies corresponding to the slopes of
these curves are also indicated.

Although a1l the delay times are below 100 us
there is a wide discrepancy among the different
materials. Oats dust has a significantly shorter
delay time than coal, suggesting that it is also a
more detonable material. Interestingly, RDX-A
(mean diaweter 37 u) with cabesil has shorter delay
than RDX-E (mean diameter 2 u) with cabosil. This
supports the observed stronger detonability of RDX-
A versus RDX-E, and may be related to the effect of
the plastic coating on each particie. The ignition
delay of the very small diamond particles is com-
parable to that of the much larger graphiie parti-
cies, and is probably related to the surface prop-
erties of these two forms of carbon.

Theoretical Analysis

Immediately after shock passage each dust parti-
cle is in the supersonic flow induced by the shock
wave. The resultant convective heating causes a
rapid increase in the particle surface temperature.
At the same time the drag forces cause the parti-
cles to accelerate with an accompanying reducticn
in the relative velocity and in the rate of convec-
tive heating. With increasing particle temperature
the rate at which the gaseous oxidizer and the par-
ticle react increases until the reactive heat re-
Tease results in temperature runaway or ignition.
The rate of particle acceleration, which depends on
the ratio of drag force to particle mass will thus
have an important influence on the ignition delay.

The theoretical model must account for particle
acceleration, particle heating and chemical reac-
tion within the particle. TIn the present model,
which follows that presented by Ural, et al.l, it
is assumed that the cloud is monodisperse with
spherical particles, and that each particle is inde-
pendent of the other particles in the ¢loud. The
analysis then reduces to the consideration of a sin-
gle accelerating spherical particle in a flow which
is initially supersonic as shown in the sketch be-
Tow.
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The eguation of motion of the particle is given by

I I B
3 c dt 2 Dpve
The relative velocity (Vy-Vp) ranges from superson-
ic to very low subsonic values so that the drag

coefficient Cp varies widely; henc§, it was neces-
sary to use empirical correlations® for CD‘
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Because of the high convective velocity around
the particles the Biot number, Bi = (hR/k.), s of
order unity so that the temperature variation with-
in the particle must be taken into account. Thus
for Mg = 4.0, 1.2 < Bi < 2.6 while for Mg = 4.8,
2.2 < Bi < 3.8 for spherical 53u coal particles.
The energy equation thus becomes the heat conduc-
tion equation for the particle interior and is

a7 [ 2 a7 u'{r.t

—os S () 4 : 2
i r2 ar ( Sr) pCC (2}
whare u"* is a source term which accounts for the

heat released by the surface reaction within the
porous particle, The boundary condition at the
surface is

aTl -
ke =7 (R,t) =

. h(E)ITe() - TR, 0)] (3)

In formuTating (3}, it is assumed that the film con-
ductance h is uniform over the particle surface,
even thgugh this is actually not the case, so that
the probiem will remain spherically symmetric. The
recovery temperature Tf and h will vary as the rel-
ative velocity V,-V¥p decreases during particle ac-
ce]erationd The empirical relations developed by
Fox et al.” have been used tc determine the film
conductance h. Typical values of these parameters
in the present case were:

for Mg=4.0; 0.9 < h < 2.7 cal/cmzsec K

12907 TF < 1640 K »

=4.8; 2.0 < h < 3.1 cal/em™sec K
1900 < T¢ < 2390 K

It has been assumed that the ignition reaction
is a first order surface reaction which, because of
particle porosity, can occur on the pores within
the particle. Hence, the source term u"' has been
taken as

and for M

wto= Qoo S, p02 A exp(-E/RT) {4)

where Si is the parosity of the particle per unit

™~



mass and Q is the combustion heat release, and A

is a pre-exponential factor. Evaluation of this

source term is a key source of difficulty because
of a lack of adequate kinetic data for many dusts
of interest.

Equations (1)-(4) have been solved numerically
for coal and oats dust. The thermal properties,
porasity and kinetic data gor coal dust have been
taken from Bﬁdzioch et al.”, Gun et al.®, and
Field et al./ The scurce of data for oats is giv-
en in Table II which summarizes the properties used
in computing ignition delays of coal and oats dust.
The internal surface avea and activiation energy of
oats dust were chosen to provide the best fit be-
tween computed and measured ignition delay times.
The solutions which have been obtained display ther-
mal runaway after a certain peried of time has e-
Tapsed and this then is taken as the point of igni-
tion. The results of these calculations are com-
pared to experimental data for 534 coal and oats
particles in Figs. 10 and 11 and agreement was

fouRg ?gd?ga gétgbggg?'because of a Tack of suffi-

cient data, the oats dust results are hased on
values of internal surface area and activation en-
ergy based on the best fit of theory and data.

The theory, however, does provide a suitable frame-
work for curve fitting between computed and meas-
ured data and may also provide a means of determin-
ing kinetic dust properties from fgnition delay
measurements.

Characteristic Times

From the discussion above it is evident that the
ignition delay of dust particles is governed by at
least three characteristic time scales: an acceler-
ation time 75. a surface heating or thermal time
th and a chemical time 1op, As wiltl be indicated
beTow, a careful consideration of these time scales
also leads to some approximate methads of computing
ignition delay times.

Fram the equation of motion (1) of the particle
it is readily shown that a characteristic time for
acceleration is given by
" _(R/VZ)/[(3/8)CD(°2/DC)] {5}
where Cp 15 en average drag coefficient. As is to
be expected, the acceleration time increases with
particle radius R and with the ratio {pc/pp} of
the density of the particle material to that of the
ambient gas. Thus the small Tow density particles
will rapidly accelerate to the gas velocity Vs be-
hind the shock. This behavior is strikingly i1lus-
trated in Fig. 4 which shows streak Schlieren pho-
tos of 18, 88, and 450u aluminum oxide particles
behind Mach Ne. 3.64, 3.77, and 2.49 shock waves,
The 8u particles are almost instantly accelerated
to the induced gas velocity behind the shock wave,
while the pondercus 4501 particles are very slow to
accelerate. Because of the importance of convec-
tion there is strong coupling between the
acceleration time 15 and the rate of particle heat-
ing, and the rapid decrease of convection for small
particles may account for the ohservation that
clouds of Fine particles are sometimes less detona-
ble than clouds ¢f larger coarser particles. The
effect of radius on particle acceleration is also
iTlustrated in Fig. 5 which shows the variation of
relative Mach No. with time for 53 and 74y parti-
cles, computed using Eq. (1).

Chemical reactions will play an insianificant
role during the initial stages of particle heating;

hence, a soTution of the unsteady heat conduction
aequation for a sphere with a convective boundary
condition [Eq. (3)] can be used to determine the
variations of surface temperature with time. Since
this sofution can be expressed in analytical form
if a constant average value is used for the film
conductance h, 1t also lTeads to a simple means of
computing @ characteristic thermal time vy, 1.e.
the time required for T., the surface temperature
to reach a given value. The solution given by
Carslaw and Jaegerd is

_ 17 . .2
T=Tg+ - r£1 B s1n(knr)exp(~4knt) (6)
where A, are eigenvalues determined from
A
= _ -0
tan lnR = )
i = 1
with A = kc R
The coefficients S“ are given by
. B 1 \
WU - g Vs - R s (0
g = :
n ZKnR - 5in 2 knR
Ti = initial particle temperature

B = (hR/kc)Tf.

Because of the rapidly decreasing exponential term
two terms of the series in Eg. {B) are quite suf-
ficient for determining tth. Typical values of
Tty are shown for 53u coal and oats dust in Figs.
§and 7 with the Togarithm of T4y plotted vs. the
inverse surface temperature. Because of the dif-
ferent thermal properties of oats and coal the re-
sults are significantly different.

A characteristic chemical or reaction time T¢p
can be defined on the basis of Eq. (4) as
Teh T exp(E/RT)/Si pozA {(7)
For Tow values of the surface temperature T, the
chemical time 1., will be much larger than the
thermal time as is evident from Figs. 6 and 7
which show the variatior of In tep with inverse
temperature. As is to be expected, these curves
display the typical Arrhenius behavior.

With increasing surface temperature the thermat

time_rtg increases rather slowly while there is a,
precipitous decrease in top whith 1s characteristic

of high activation energy systems. This behavior
suggests that ignition will occur soon after 1gp
becomes Tless than Ty, and one simpTified approach
to the determination of the inigition delay time 1is
to cheoose the time at the point of intersection
where T = 1oy, The results of this approach,
which is equivalent to the introduction of an igni-
tion temperature, are shown in Figs. 10 and 11 as
the curves denoted by No. 3, and agreement with
experimental results is quite good. .
Another simplified approach to the calculation
of the ignition delay time, which can be termedthe
fractional ignition delay time method, is ??sed on
the procedurg employed by Gukin and Sichel’' and
Oran et al.! among others. The difficulty is, of
course, that tep is constantly changing as the par-
ticle surface temperature changes during accelera-
tion and convective heating. If the temperature
were constant t., would be of the order of the ig-
nition delay time and during interval dt, (dt/vep)
represents the fraction of the ignition delay time



which has elapsed. Thus
“ig g
f P
0 ch
if Teh = Tig. This trivial result can be extended
to the case in which Toh{T} is a function of the
temperature with T = T{t) determined here by the

rate of surface heating. Thus the ignition delay
time is determined from the integral relation

= 1 (8)

fTig dt__ = g (9)
o Tenl
T = T{t)

{from Eq. {6}}.

The inverse of Tch(T) is plotted vs. time for
coal and oats dust 1n Figs. 8 and 9, and because
of the rapid increase of <) after a given elapsed
time, Eq. {9) will lead te a fairly sharp defini-
tion of ty5. This heuristic approach, which is
closely re?ated to the previous criterion that
Teh = Tip at ignitien, has no solid physical basis,
but as shown in Figs. 10 and 11 is alsoc in reason-
able agreement with measurement.

Discussion and Conclusions

Ignition delay measurements have been made for a
wide variety of dusts. Consistent insertion of a
small controlled quantity of dust into the shock
tube prior to shock arrival is one source of diffi-
culty. Precise determination of the instant of ig-
nition also poses serious problems. Use of a pho-
tomultiplier tube to monitor radiaticn from the
dust cloud, as was done here, does not provide an
absolute measurement of particle surface tempera-
ture for an unequivocal indication of ignition.
However, it is felt that the technique used here
does provide reliable comparative measurements of
the ignition delay of the various different types
of dust considered in this investigation.

The theoretical model is based on the simultane-
ous solution of the eguation of moticn of the indi-
vidual particles, and the heat conduction equation,
including a reactive source term, for the tempera-
ture in the interior of the particle. These two
equations are coupled by the dependence of the par-
ticle surface film conductance on the velocity of
the particle relative to the surrounding gas. The
dust cloud s assumed to consist of mono-disperse
spherical particles which do not interact with each
other, while photomicrographs of dusts show irrey-
ular particles covering a considerable size range.
The oats and coal dusts, which were the two dusts
for which theory and experiment were compaved, had
particle diameters ranging from 53y - 74,

The agreement between theory and experiment was
remarkably good despite these many restrictive as-
sumptions. The lack of kinetic data for mostdusts
was & major source of difficulty in computing igni-
tion delay times using the theory described above.
While considerable data is available for coal,
some of the key kinetic constants of oats dust were
determined by comparing the computed and measured
delay times. Thus, while the coal dust results
support the main elements of the model, the theory
only provides a reasonable framework for fitting
computed and measured results by suitable choice of
kinetic constants in the case of opats dust. These
results also suggest that careful ignition delay
measurements may provide a means of establishing

the kinetic constants of a wide variety of dusts.
It is interesting that the oats activation energy
of 37.2 Kecal/mol was very close to the value of
37.5 Kecal/wel for coal dust, and is also of the
same order as the activatiogn energy of wheat dust
in smoldering combustion.

The calculated fgnition delays veproduce the
interesting experimental observation that the ig-
nition process behaves as if it were governed by
an Arrhenius reaction with an activation energy of
15 to 18 Kecal/mol. This in spite of the fact that
that activation energies of the surface reactions
which govern ignition are on the order of 35 Kcal/
mol. This result suggests that ignition is
governed by the physical process of particle heat-
ing, rather than by surface reaction chemistry, a
conclusion which is supported by the approximate
analysis based on characteristic times.

Three characteristic times have been identified:
an acceleration time, a thermal time, and a chemi-
cal time. Convective heating is a key feature of
particle ignition behind incident shocks, and its
duration depends on the particle acceleration time.
Thus, small particles rapidly accelerate to the
local gas velocity, so that the time available for
convective heating is short. This effect is, how-
ever, counterbalanced by the fact that the film
conductance h varies inversely with the particle
radius. The chemical time 1s orders of magnitude
greater than the thermal time during much of the
particle heatup suggesting that the dust ignition,
at least in the cases analyzed here, is mainly a
thermal phenomenon, The approximate analysis
based on this observation yielded results which
were almost in exact agreement with the more de-
tailed calculations.

For sufficiently short times the solution for
the surface temperature of a sphere (Eq. 6), which
provides the basis for the approximate thermal
analysis, is identical to that for a semi-infinite
solid, suggesting that the particle diameter may
only have a weak effect on ignition delay. This
conclusion s supported by Fig. 12 which shows
ignition delays computed for 53u and 74y particles
using the detailed theory.

While both the experiments and the theory in-
volve many difficulties and approximations the re-
sults should lead to a better understanding of par-
ticle ignition. A key conclusion is that incident
shock ignition of particles is mainly a thermal
process.



Table II. Thermal and Chemical Kinetic Properties
of Coal and Oats Dust
Coal Dats
: 3 1.2 0.75¢1)
Density {gmfcm™) . .
Thermal Conductivity 4 5o272 0000742}
(cal/cm-se¢-°C) )
SDECif"IC Heat 0 24(2)
ot 0.236 .
Heat of Combustion 30403
(cal/qm) 8559 040
4
IT‘ItET‘T\a.'l Surw‘ace 4.%6 x ]06 9 x ]07( )
Area (em®/gm)
Activation Energy (4)
(k cal/gm-mole} 35.7 3.2
Pre-exponential (s
Factor, A 8.71 x 105 3.1 x 10"

(- mm)
cm -sec-atm

(1)E5timate based on bulk density of oats.
Dper. 13, p. 122.
(3)Average value taken from Ref. 10.

(4)Based on best fit of computed and measured igni-
tion delays.

(E)Based on smoidering combustion measurements,
Ref. 13.
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Nomenclature

pre-exponential factor

Biot number

specific heat of partial material

drag coefficient

average drag coefficient

activation energy

film conductance

thermal conductivity of particle

Mach number

oxygen partial pressure

combustion heat release per unit mass
particle radius

universal gas constant

radius

internal surface area per unit mass
time

particle temperature

initial temperature

static gas temperature behind incident shock
recovery temperature at particie surface
* volumetric heating rate within particle
gas velocity behind incident shock
particle velocity

thermal diffusivity of particile

gas density

density of particle material
characteristic acceleration time
characteristic chemical time
characteristic thermal time
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the experimental ignition delay data.
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Figure 5. The variation of relative Mach No. with
time for 53u and 74y dust particles.

Figure 4b. Streak photo of 88y particles accelera-
ted by an W = 3.77 shock.
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Figure 9,
Tg; with time for 53p oats particles.
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Figure 10. Comparison of conmputed and measured

ignition delays for coal dust.
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Figure 11, Comparison of computed and measured
ignition delays for oats dust.
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Figure 12. The effect of particle diameter on the
ignition delay time.



