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INTRODUCTION

In the investigation of the ignition of dust particles, one of the main objectives has been to
find the detailed structure of detonation and explosion phenomena. Accidents are often
caused due to dust, e.g., by grain dust in grain elevators or coal dust in coal mines.

Dusts are produced in many industrial processes. They may be ignited by various ignition
sources and lead to flame propagation, which disperses the dust by the expansion of the
burned gases. The cloud ahead of the flame is then caused to move in the direction of flame
propagation and turbulence is generated. Simultaneously, the fresh mixture is heated by both
heat conduction and radiation from the flame front. It may finally lead to detonation and
explosion. The energy required for initiation and propagation of detonation in tubes of finite
diameter depends on the structure of the reaction zone and, especially, upon the length of the
induction zone. The length of the induction zone in dust detonations can be determined by
measuring the ignition delay of a small cloud of dust particles behind incident shock waves.

On the other hand, the fluidized bed combustion has become a very important practical
development in combustion technology. Its remarkable success has resulted from the ability
of fluidized beds to burn coals of low quality. For the design and operation of the fluidized
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bed combustor the ignition of solid fuel is one of the important phenomena involved. The
lowest bed temperature should be known for the start-up and efficient control of the fluidized
bed combustor.

Furthermore, by measuring ignition delays of various materials, their sensitivities to igni-
tion can be assessed and compared. From this viewpoint, the experimental and theoretical
information on the ignition of dust particles are presented in the following.

EXPERIMENTS

Introductory Remarks

Ignition delay times of various dusts have been measured by researchers using shock tubes
[1-6] and fluidized bed combustors [41]. Experimentally, the definition of ignition can be
specified by measuring the intensity of carbon dioxide emission, as was done in Reference
[71, or the intensity of light emission as in [1, 4-6], and assigning some arbitrary level as a
reference.

Ignition Modes

There are two ignition modes: heterogeneous and gaseous ignition. Which ignition mode is
more likely to occur is strongly dependent on the heating rate of solid particles. Therefore
the Biot number, which is the ratio of surface temperature gradient in a solid particle to that
in the gas, plays a significant role in determining the ignition mode. For metal particle igni-
tion, the Biot number is so small that a uniform temperature distribution inside the particle
may be assumed.

However, in particles such as coal and oats, the Biot number is of order unity where particles
are exposed to the forced convective heating by hot gases flowing behind a shock wave. In this
case, the temperature distribution inside the particle plays an important role. In addition,
if the strong convective heating causes a very short ignition delay time, in which the effects
of devolatilization are negligible, the solid phase type of ignition might prevail. But in condi-
tions where the heating rate is low, for example, in the stagnant hot gases created by a re-
flected shock wave {1, 6, 8-9], the assumption of a uniform temperature distribution might
be acceptable. This is because the rate of heat transfer to the inside of the body from the
surface in contact with the hot gases is comparable to the heating rate of the surface by the
hot gases. Consequently there is enough time for substantial amounts of volatile gases to be
given off by the particle, and the ignition mode may then be of the gaseous type. The gas-
phase ignition of coal in oxygen was observed in reflected shock experiments [10].

In [11], the devolatilization effect was found to be negligible in a shock wave ignition
study and this was proven by experimentally measuring and comparing the ignition delays of
coal, graphite, and char under the shock tube conditions. Thus the heterogeneous ignition
mode was proposed in incident shock experiments.

Ignition Delays
Incident Shock Wave Ignition

In [4], ignition delay times behind incident shock waves were measured in pure oxygen for
the various materials as listed in Table 1. The ignition delay time was defined as the time
interval between the interaction with the dust cloud and the appearance of light. Figure 1
shows a schematic diagram of the experimental set-up. A small cloud of dust particles is
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Table 1

Dusts Investigated

Particle-Size

Range
Substance (xm)
Coal (Pittsburgh Seam) 53-74
Graphite 53-74
Oats 53-74
Diamond* 4-6
RDX-E 2 (mean diameter)
RDX-E* 2 (mean diameter)
RDX-A* 37 (mean diameter)

* Implies addition of 10% Cabosil by weight.

Reprinted from [4] with permission of the American Institute of Aeronautics and Astronautics.
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Figure 1. Schematic of experimental setup for incident shock wave ignition.

injected into the test section just before the arrival of the shock wave. Two different types of
injectors were used: an inertial injector, which is operated by inertial force as shown in Fig-
ure 2; and a pneumatic injector, as shown in Figure 3, whose driving force is the pressure
difference between the inside and outside of the shock tube.

Typical clouds formed by the two different injectors are illustrated in Figures 4 and 5.
When dust was loaded into the three holes of the inertial injector tip, which was installed on
the top of the shock tube, a small compressive force was applied. Therefore, after the dust
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was introduced into the test section by the inertial force, both large and small agglomerations
were observed in the cloud as shown in Figure 4. The pneumatic injector, on the other hand,
was installed at the bottom of the shock tube with the dust dropped freely on several screens
inside the injector tip. As shown in Figure 5, the dust was injected in a well-dispersed pattern
by the air flow, which was induced by the movement of a piston. For the detailed experimen-
tal procedure, see [4].

In Figure 6, the experimental results for coal and graphite are plotted on a logarithmic
scale for both injectors versus the inverse of post-shock gas static temperature, nondimen-
sionalized by the initial temperature, together with its corresponding incident shock wave
Mach number. All the experimental data were obtained with pure oxygen to prevent the
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Figure 2. Inertial dust injector (based on {4] with permission of the American Institute of Aero-
nautics and Astronautics).
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Figure 3. Pneumatic dust injector (based on [4] with permission of the American Institute of
Aeronautics and Astronautics).
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Figure 4. Shadowgraph of dust ciouas rormeu Dy an ineruar INjector.

Figure 5. Shadowgraph of dust clouds formed by a pneumatic injector.
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Figure 6. Ignition delay data for pure oxygen (reprinted from [4] with permission of the Ameri-
can Institute of Aeronautics and Astronautics).

whole phenomena from being controlled by the diffusion of oxygen to the particle surface.
The values of the post-shock static temperature ranged from 1,160 to 1,600 K. This form of
representation is typically used for systems governed by an Arrhenius rate law, and then the
slope of the delay curve is proportional to the activation temperature. The data appear to lie
on a straight line for the range of experiments. The temperature range above corresponds to
Mach numbers ranging from 4 to 5, as indicated on the Mach number scale above the inverse
temperature scale. As was expected, the ignition delay time decreased with increasing inci-
dent shock wave Mach number. Since the inertial injector produces clouds with a consider-
able particle agglomeration, the observed ignition delays are somewhat longer than with the
pneumatic injector.

In Figure 7, the experimental data for other dusts injected by the inertial injector are dis-
played. Although all 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 dust, suggesting
that it is also a more detonable material. Interestingly, RDX-A (mean diameter 37 xm) with
Cabosil has shorter delay than RDX-E (mean diameter 2 um) with Cabosil. This supports the
observed stronger detonability of RDX-A versus RDX-E. However, it should be noted that
the smaller particles would be heated and ignited faster than the larger particles from the
point of view of heat transfer. The ignition delay of the very small diamond particles is com-
parable to that of the much larger graphite particles and is probably related to the surface
properties of these two forms of carbon.

Straight lines obtained from the data using a mean square fit are shown in Figure 8. Their
equivalent activation energies, which are proportional to the slope for each curve, are also
indicated in the figure.

Based on [12], ignition delay times are given in Figure 9 for three different dusts: coal,
milo, and Kansas City red wheat. In all cases, air has been used as an oxidizer. Three differ-
ent sizes of dust were run: less than 37 um, 37-54 um, and 55-74 um. As little size effect
was seen on the ignition delay data, these classifications are not differentiated here. The coal
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Figure 7. Ignition delay data for pure oxygen (reprinted from [4] with permission of the Ameri-
can Institute of Aeronautics and Astronautics).

dust is included in that one may recall that it is the standard of explosibility testing in the
Hartman apparatus. Milo and wheat dust are seen to be more reactive than coal dust. In fact,
the ignition delay times for wheat can be quite short, and indeed comparable to those for
gaseous hydrocarbons. The activation energies are similar to those for gas-phase reactions.
The data in Figure 10 show a comparison between two similar but chemically different sub-
stances: wheat and white wheat flour. The difference no doubt reflects the removal of certain
components of the grain before the production of the flour.

In Figure 11, the longer ignition delay data obtained from the vertical shock tube are com-
bined with the data from the horizontal tube. In the former case, the dust used was simply
smaller than 74 um, while in the latter case it was between 53 and 74 um. For the case of
vertical tube, dust is fed into the tube at a controlled rate by a feeder in order to produce a
known dust concentration along the entire length of the tube. When the mixture has been
established, the ball valve is closed to protect the feeder, and a combustion process is initi-
ated in the hydrogen/oxygen mixture in the initiator tube.

The data collected using the two different systems are in good agreement for corn, soy-
bean, and Hutchinson hard red winter wheat. Wheat again is seen to be the most reactive
substance.

A comparison is made in Figure 12 between the two different types of wheat dust in the
same size range and for oats dust having a slightly smaller size. Not only do the two different
“identical” wheats show different ignition delay times, but they have different activation
energies. The oats data show that it, along with wheat, is one of the more reactive dusts.
Figure 13 represents the ignition data on pet food dust, which is no more reactive than coal
dust.

From Figures 9 through 13, it can be summarized that

1. The ignition process is adequately described by an Arrhenius rate law.
2. For dust sizes less than 74 um, there is little size effect.
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3. Significant differences exist between different grain dusts.
4. Agricultural dusts are more readily ignitable than coal dust.

Reference (3] reported experimental data on ignition of 17-um-diameter magnesium parti-
cles behind the incident shock wave. These data are reproduced in Figure 14.
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Figure 8. Linear curves based on mean square fit to experimental ignition delay data.

Reflected Shock Wave Ignition

In the foregoing section, the ignition data of dust particles behind incident moving shock
waves were presented. In that case, the dominant mode of heat transfer that contributes to the
particle ignition is the convective heat transfer by the hot gas flow around the particle
neglecting radiative heat transfer. The plausible ignition mode for coal under incident shock
wave conditions was found to be the surface ignition as assisted by [4, 11], because the vola-
tile production by thermal decomposition of coal requires longer than the measured ignition
delays according to [13].

To investigate the ignition of dust particles in the absence of forced flow around the parti-
cle, the reflected shock waves were employed by [1, 8-9] for the case of coal. As in Figure
15, {1] reported the measured ignition delay of Pittsburgh seam coal as a function of the
temperature behind a reflected shock in air. Ignition delay, for this study, is defined as the
time interval between the instant the incident shock disperses the particles and the instant the
photomultiplier tube detects visible radiation. It was carried out under the conditions of 1-
1.5 atm pressure behind the reflected shock using two particle sizes, 41 um and 19 gm. For
the ranges of gas pressure and particle size investigated, the ignition delay decreases as the
gas temperature increases. The plot suggests the existence of minimum gas temperature for
ignition as the delay curves become asymptotic with the delay-time axis. It appears that 41-
um coal has longer ignition delays than 19-um coal, the difference being larger for lower gas
temperatures.
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Figure 9. Ignition delay data for air (based on [12}).
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Figure 10. Ignition delay data for air (based on [12]).

On scanning the samples, it was also observed in [1] that unheated coal generally tended to
have a sharp, angular external surface, the size of the particles varying sufficiently. When
heated to various temperatures, one notices that the angular external surface gets rounded
and there appears to be an increase in the overall sizes.

Reference [8] has employed two bituminous coals, an Illinois number 6 and a Pittsburgh
seam, in their single-pulse shock study. The indication of ignition was afforded by both line
emission from the incandescent coal particles and laser extinction. With burnout, the particle
volume fraction decreased, and the resulting change in laser transmission was interpreted as
the particle ignition point. The general behavior of the ignition delay of the coal samples
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Figure 12. Ignition delay data for air (based on [12]).

versus gas temperature is demonstrated in Figure 16. The experimentally determined activa-
tion energies for the Arrhenius-type ignition delays are 20,800 cal/mole for Illinois number
6, 30,500 cal/mole for Pittsburgh seam (3.3 pm), and 43,600 cal/mole for Pittsburgh seam
(14.9 um). The effect of particle size was demonstrated by comparison of the delays of the
two-size-classified Pittsburgh seam samples. As intuitively expected from the heat-up con-
sideration, the larger coal did demonstrate the longer delay. The surprising result of the igni-
tion delay measurements was the effect of coal type. The Illinois and the Pittsburgh seam
(3.3 um), samples with similar ASTM volatile matter content and with comparable size dis-
tributions, had markedly different ignition delays. In fact, the slightly larger Illinois coal
demonstrated a shorter delay at any temperature, and only during the highest temperature
runs did the two samples exhibit the same delay.
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Figure 14. Ignition delay data of magnesium particles with diameter 17 um (based on [3] with
permission of the American Institute of Aeronautics and Astronautics).

In [8], the surface oxidation rates were determined by analysis of the rate of decrease of
the laser line extinction. The behavior of these measurements as a function of gas tempera-
ture is shown in Figure 17 for three samples. It must be noted that measurements of the large
Pittsburgh seam sample had to be corrected for diffusion rates similar to the technique de-
scribed in [14]. It was found that the surface oxidation rate generally approximated an Arrhe-
nius behavior with the initial gas temperature. The Illinois coal had 2 much faster surface
reaction rate than the Pittsburgh coal by a factor of 1.5 to 3, depending on the gas tempera-
ture.

In [9], ignition delay times of coal particles were determined by a shock-tube technique
that permitted test times of up to 40 ms. The ignition of particles, of high volatile Utah coal
was determined by detection of visible radiation from a flame region around the particles and
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Figure 16. Ignition delay as a function of initial reflected shock gas temperature. P, = 1.6 atm,
Py = 6.4 atm. (based on [8] with permission of the Combustion Institute).

by detection of changes in infrared radiation produced by the temperature jump of the parti-
cles, which occurred with flame appearance. Figure 18 presents ignition data measured in
air for 25-pm-diameter coal particles and totally devolatilized coal particles at 7.65 atm.
This figure is presented to establish a basis for the discussion of all of their coal-ignition
data. This comparison of coal and char ignition results under the same conditions suggests
that the heterogeneous oxygen-char reaction can be neglected as long as volatiles are being
generated by pyrolysis of the coal particles.

Figure 19 is a summary plot of the coal ignition data in air at 7.65 atm for average particle
diameters of 12, 25, 48.5, and 96.5 um. The results are presented in terms of the calculated
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Figure 18. Ignition times in air against the reciprocal of the calculated gas temperature behind
the reflected shock wave (based on [9] with permission of the Combustion Institute).

gas temperature, and the ignition times have been corrected to account for the fact that the
measured times were relative to the time that the incident shock wave reached the end of the
tube, while the total particle heating time would start when the particle first entered the hot
stagnant gases. An estimate of the magnitude of this time correction suggests that the mea-
sured times were too long by about 0.2 ms, and tests in which very high shock strengths were
used to induce very rapid ignition indicated a correction of 0.5 ms. A correction of 0.3 ms
was adopted, but an uncertainty of about 0.2 ms must be accepted in the ignition times of {9].

An important effect noted in the data shown in Figure 19 is that under similar test condi-
tions, the ignition times were increased by almost a factor of five when the particle size was
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increased by a factor two. Such a strong function of particle size on ignition times has not
been previously established. Two points in Figure 19 are for a mixed-size sample of equal
masses of each of four sizes (96.5, 48.5, 40.5, and 25-um) of coal particles. Much as ex-
pected, the ignition times for the mixed sample, as measured by first light, corresponded to
the ignition times of the smaller (25-um diameter) particles. This result emphasizes that un-
der the shock tube test conditions, little interaction occurred between particles.
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Figure 19. Ignition times of coal particles of various sizes in air as a function of the calculated
gas temperature behind the reflected shock wave (based on [9] with permission of the Combus-
tion Institute).

In the above three cases [1, 8, 9], a plate of a knife blade was installed inside the shock
tubes to contain dust samples. And the reflector was located 18-27 c¢m behind the knife
blade, resulting in the exposure of the dusts to the incident shock wave condition long enough
not to have an influence. Therefore, the ignition delay times in hot stagnant gas could not be
obtained in those cases.

This shortcoming has been improved in [6]. To disperse the dusts across the cross section
of the shock tube, a new air injector was devised, which injected dusts into the shock tube
when a shock wave arrived at it. The reinforced air injector is schematized in Figure 20.
Furthermore, the reflector was placed 1.5 cm behind the air injector to reduce the effects of
forced convective flow induced by the incident shock wave to a minimum. The ignition delay
time was defined as the time interval between the interaction of the reflected shock wave
with the dust cloud and the appearance of visible light.

Typical cloud interaction with a shock wave is illustrated in Figure 21. As is shown in the
figure, after a collision of the dust with the shock wave, the particles moved downstream a
little. And the incident shock wave was reflected by a reflector installed on the right-hand
side. The size ranges of the dusts investigated are listed in Table 2. Their typical magnified
photographs of shapes are represented in {6]. As can be seen, their shapes are very irregular.

In Figure 22, their experimental ignition delay times are plotted on a logarithmic scale
versus the inverse reflected shock gas temperature, nondimensionalized by the initial tem-
perature together with its corresponding incident shock wave Mach number. The raction rate
of the particle depends on the rate of transport of oxygen by diffusion to the particle. To
prevent the whole phenomena from being controlled by the diffusion of oxygen to the parti-
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Figure 20. Schematic of a reinforced air injector (reprinted from [6] with permission of Gordon
and Breach Science Publishers Inc.).
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Figure 21. Shadowgraph of dust/shock wave interaction for 53 — 74 um coal dust, incident
shock wave Mach number, M = 3.19 (reprinted from [6] with permission of Gordon and Breach
Science Publishers Inc.).
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Table 2
Dusts Investigated

Particle-Size
Range
Substance (zm)
Coal (Pittsburgh Seam) 53-74
Oats 53-74
Corn Starch 53-74
Flour 53-74
Wheat 53-74
Lycopodium Less than 34

Reprinted from [6] with permission of Gordon and Breach Science Publishers Inc.

x Coal (53-74 micron)
| Oats (53-74 micron)
O Corn starch (53-74 micron)
0O Flour (53-74 micron)
o Wheat (53-74 micron)
a Lycopodium (less than 34 micron)

TS is the gas temperature behind the reflected shock

1000
‘! ”:“ A
500 x—
$d T
r )
Xpn
K -y
ad
IGNITION DELAY 100 A -
(MICRO SEC) -
=
50
Incident shock
Mach number
32 «31 .30 229 .28
10 + + + + 4
0.18 0.19 0.20 0.21 0.22 0.23 024
295/TS

Figure 22. Experimental ignition delay under reflected shock conditions (reprinted from [6]
with permission of Gordon and Breach Science Publishers Inc.).

cle, all experimental data presented were obtained with pure oxygen at an initial pressure of
/3 atm in the test section. Therefore, only thermal effects on the particle ignition were
sought.

As was expected generally, the ignition delay time in the figure decreases with increasing
gas temperature. All ignition delays are above 100 usec except for that of oats dust. But it
was observed that coal, as well as oats, under reflected shock condition was ignited much
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later than under incident shock conditions [4]. This difference is due to the absence of strong
convective heating behind the reflected shock wave.

In [15], to assess the detonability of heterogeneous mixtures, their ignition delays were
measured behind the reflected shock waves. The experiments were carried out with powders
of aluminum (particle sizes between 15 and 20 um), TNT (100-um particles), naphtalene,
and wheat flour. The ignition delays were compared with those for kerosene drops in air and
for gaseous mixtures of heptane and methane. Figure 23 presents the measured ignition de-
lays of these different combustible powders. As follows from the figure, the ignition delays

of dusts in reflected shock waves are close to those for liquid fuel drops and are much larger
than for gases.
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Figure 23. Arrhenius plots of ignition delays of dust suspensions (data from [15]).

1. TNT-air 5. RDX-0, 8. Aluminum
2. Wheat flower 6. Cy7Haqair 9. Heptane-air
3. Naphthalene 7. Kerosene-O, 10. Methane-air
4. Coal dust-O,

Ignition in Fluidized Bed Combustor

Recently, Prins et al. [41] reported on volatiles and char ignition delays. They investigated
four coal types, as listed in Table 3.

The time from the introduction of a coal particle into the fluidized bed until the visible
appearance of a volatile flame is called the volatiles ignition delay. Table 4 shows, for coal
type 2, that the ignition delay increases with decreasing bed temperature. Also, coal particles
twice as large were found to yield somewhat longer ignition delay, and wet coal particles (as
received) cause the volatiles ignition delay to be several times larger than that for air-dried
coal particles. The effect of moisture content is obvious, since the production of combustible
volatiles is retarded by the evaporation of water, which has a considerable heat effect.
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The char ignition delay is largely determined by the bed temperature as in Figure 24. Char
delay times depend on the type of coal. At a relatively low bed temperature (600°C), the char
ignition delay of high-rank coals appears to be larger than that of low-rank coals. This could
result from the difference in reactivity with respect to the carbon/oxygen reaction. At a high
bed temperature (800°C), low rank coals show the largest ignition delay. The transition of
behavior must be related to the process of volatiles evolution. At a low bed temperature,
solid ignition of the partially devolatilized coal particle occurs faster than that of the volatiles
free char particle. At a high bed temperature, however, the rapid devolatilization and subse-
quent combustion of volatiles hinders the char ignition.

Table 3
Coal Analyses

1 2 2* 3 3t 4
Proximate Analysis (%)
Moisture 12.6 16.4 48.5 1.9 0 1.3
Volatile matter 48.0 33.9 20.9 353 0 11.3
Ash 4.1 24.0 14.8 19.2 30.5 4.6
Fixed carbon 353 25.6 15.8 43.7 69.5 82.7
Ultimate Analysis (%)
Carbon 65.6 39.9 24.6 64.9 80.6 87.4
Hydrogen 3.9 3.8 2.3 34 54 3.8
Nitrogen 0.7 - — 0.9 1.6 0.9
Sulfur 0.2 1.0 0.6 0.8 0.7 0.3
Oxygen e 12.8 14.9 9.2 9.0 5.6 —
Chlorine 0.1 — — 0.1 0.2 0.1

* Wet brown coal, type 2 as received.
+ Char of type 3, prepared in a nitrogen fluidized bed at 850°C.
Reprinted from [41] with permission of the Combustion Institute.

Table 4
Volatiles Ignition Delay

Bed Temperature Particle Diameter Ignition Delay
©) Coal Type (mm) (S)
680 2 4.7 9.0

2 8.6 17.6
2% 9.3 45.8
750 2 4.7 2.8
2 8.6 33
2% 9.3 19.2
850 2 4.7 1.2
2 8.6 2.6
2% 9.3 10.9

Bed material: low-density alumina; oxygen mole fraction: 0.21; fluidization velocity: 0.25 m/s.
Reprinted from [41] with permission of the Combustion Institute.
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Figure 24. Char ignition delay as a function of the bed temperature for five different coal types
(reprinted from [41] with permission of the Combustion Institute). Bed material: low-density
alumina; Fluidization velocity: 0.25 m/s; Oxygen mole fraction: 0.21.

THEORIES
Introductory Remarks

Among the many papers published that have developed ignition theories, {16] presented a
review of the classical literature and thermal ignition theory. Reference [28] calculated the
variation of ignition position and ignition delay time for different geometries, i.e., a slab, a
cylinder, and a sphere, using Frank-Kamenetskii parameters and different wall tempera-
tures. It was concluded that if the scale of the reaction zone is much smaller than the charac-
teristic length of the body size, then infinite body theory can be used to estimate the ignition
delay; otherwise the theory is not applicable.

Generally speaking, existing theoretical models for the ignition of a condensed material
can be classified into three types, depending on the site of the key exothermic reaction lead-
ing to ignition. These are solid-phase, gas-phase, and heterogeneous exothermicity.

Type of Ignition

For solid-phase ignition of a reactive solid, the widely used Zeldovich thermal ignition
theory takes into account the heat transfer from the environment and the ensuing heat release
but excludes the effects of gas diffusion. This theory has also been applied to the fields of
thermal explosion and the ignition of solid propellants. Reference [17] presented the results
and correlations of a numerical analysis. An asymptotic analysis for the limit of large activa-
tion energy, which has been recently developed for combustion science, was applied to vari-
ous types of ignition of a condensed material in the solid phase [18-20, 42].

For heterogeneous ignition, including the diffusion effects of the oxidizer, the asymptotic
analysis for the limit of large activation energy was also applied [21-24]. Meanwhile, [25]
used a local similarity method and other related methods to analyze the problem.
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In gas-phase ignition, a process of endothermic gasification, which is usually assumed to
be of an Arrhenius type, as well as the diffusion effects of the oxidizer, must be included. It
was found that in this type of ignition there are three different stages: the inert, transition,
and transport-controlled stages. Depending on the temperature at which fuel vapor is gener-
ated, the ignition process occurs during the transition or transport-controlled stage. Each
case has been analyzed in [26, 27]. All of the above asymptotic analyses were done for a
semi-infinite body.

It is desirable to identify which type of ignition actually occurs in a given situation. To
clarify this, [29] opened the way for direct comparison of the heterogeneous and gas-phase
theories on a more or less equal basis with each other by extending the solution of [30] to the
heterogeneous case. The results showed, however, that both theories give similar predictions
for the ignition delay time. Therefore, the experimental results were incapable of identifying
the correct theory of ignition. Also, the problem of the transition of ignition from one mode
to another was addressed in [31]. It was theorized that for a partially pyrolysive material like
coal, the mode of ignition varies depending on the particle size, volatile content, and ambient
oxygen concentration. However, there is still no satisfactory theory that explains what type
of ignition mode is more significant in a given situation.

Definition of Ignition

Definition of ignition is another difficulty in both experimental and theoretical work. Ref-
erence [17], in its numerical study, defined the nondimensional ignition time as the nondi-
mensional heating time required for the surface temperature to reach a minimum in an addi-
tional time equal to the initial heating time after cessation of heating. In thermal theory, a
widely used definition of ignition delay is the time when a precipitous change of the tempera-
ture occurs.

An Elementary Model

The simplest model of ignition is the basis for the elementary theory. Its characteristic
features are as follows:

1. The thickness of the heated layer in which the chemical reaction proceeds is considera-
bly less than the radius of particle, so that the particle may be visualized as a semi-
infinite body with flat surface.

2. The physical properties are constant throughout the process.

3. The chemical reaction is of the zeroth order.

The equation for the elementary model is then denoted by

2
a_T=aa_T+gAexp -—_E_ ¢))
at ax?  pc RT

The initial condition is t =0, T = T;. The boundary conditions are as follows:

at x = oo —=0

at x=x, -\ QI =, = constant or T, =T,
0x /.

depending on the heating mechanism.
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For a case of ignition at a constant surface temperature, the formula for t;, ignition delay
time is

t _F i
T,—T, RT,

In

pc [ET,—T,;
or g7

For the ignition by a constant heat flux, t; can be represented by

12RT}?
t; = 0.46cpN(T,—T)? |1 + —="2 | g2 3
i coNT,—T)) BT, —T) q (3)

as in [16] where T, is the temperature of inflection of the Ty(t) curve.
Solid-Phase Ignition under Convective Heating

Reference [32] dealt with the analytical description of the process of solid-phase ignition of
a solid under convective heating by a hot gas. The effects of interphase mass transfer were
neglected. When a semi-infinite body is heated at its surface by a flux proportional to the
difference in its surface temperature and that of the source, the equations describing the tem-
perature distribution can be written in nondimensional form as the heat conduction equation

99 9%
5;—6—‘22:0 £>0,7>0 4)

to be solved with the initial condition
0(£,0) = 6;

which is also the temperature of the solid far from the surface at all times. The surface condi-
tion is

£=0,7>0: —g—z=1—0+chp(~()a/G) )]

where an exothermic heterogeneous reaction with Arrhenius kinetics takes place at the sur-
face of the solid. The temperature has been made nondimensional with the temperature of the
heat source; @, is the nondimensional activation temperature. The characteristic length and
time used in the nondimensional length £, time 7, and frequency factor B have been obtained
from the thermal diffusivity, thermal conductivity, and convective heat transfer coefficient.
By integrating Equation 4 with initial and boundary conditions, the following integral equa-
tion can be obtained between the surface temperature 6, and heat transfer flux at the surface:

b, — b= D dy ©)

VR RN

1 S’l —0;+B exp (—6./6

For large values of 6, and fast reactions corresponding to large values of Bexp( — 6,), a
thermal runaway occurred at a well defined ignition time 7;, given by the relation
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5 \172
B =043 (__oi,) Ba/bsi 0
ansi

where 0 = 0,(1)
dé
esi’ == i
it (1)

For large values of 6, and slow reactions corresponding to values of B such that
& = 0,Bexp( — 0,) is of order unity, the ignition time 7, is given by the relation

8 120D _ 1, (e, Bet) @®)
T

For subcritical values of 8, that is, for values of B smaller than a critical B,

1 g
BCC %a = —
603 ( )

no ignition time, leading to high temperature, exists.

Radiant Ignition of Solid

In [19], an asymptotic analysis of the limit of large activation energy was presented for
radiant ignition of a solid that experiences a one-step Arrhenius reaction in the condensed
phase. The mathematical problem that must be solved can be written as

a6 - 620 —_ — )b —

3 o +ISexp (= 8 + Al — ¢)° exp( — 0,/6) (10)
and

de _A _

3= (e exnl 0./6) an

with the initial conditions
«£00=0 60 =1

and the boundary conditions

e(o0,7)=0 (o0, 7)=1 g—Z(O,‘r)=O

The initial temperature T, of the solid is taken to be uniform. The ratio of AT, to the nonre-
flected portion q of the incident radiant energy flux at ignition will be employed as the char-
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acteristic length in forming the nondimensional spatial variable £. The quantity (\Ty/q)*/« is
the characteristic heat conduction time that will be used to form the nondimensional time
variable 7. Dependent variables are 8(¢,7) = T/T, and e(§,7), the ratio of the product concen-
tration to the final product concentration. Nondimensional parameters that appeared are a
Damkohler number A, defined as the ratio of the characteristic heat conduction time to a
characteristic chemical time, the latter being based solely on the pre-exponential rate factor;
the nondimensional activation energy 8, = T,/T,, where T, is the activation temperature, the
order b of the chemical reaction, and the heat release parameter B = (T; — T,)/T,, where T;
is the adiabatic flame temperature of the ignition reaction. The additional nondimensional
absorption coefficient is defined as { = pAT,/q where g is the absorption coefficient. The
function I(7) is defined as the ratio of the instantaneous incident radiant flux to the incident
radiant flux at ignition. For clarity of presentation, I(7) =1 is assumed here.

When the order of { is the same as that of 6,, the thermal runaway or ignition was found to
occur at 7:

0 o \12
A exp (—B—a) =(§;-) (w7~ Gl exp (d,) (12)

where G is a function of ¢, defined by
G=§0 exp [—x — ¢ ! exp (— £10] dx (13)

¢1 is of order unity and defined as ¢, = {8, where 6 = /62/6,; d, in Equation 12 is ex-
pressed as d, = dg + InG. d; is the first term of an expansion

d=d; +6d{ +... (14)
of the quantity
o\ _p
d=lIn {(x7)" |-£] A exp 2 (15)
(A 6.

0. is expressed as

Bo=1+2VrJm— ¢ (1-g) (16)
where
ge=exp (§77e) exfe (§ V) (17

When { is on the order of unity, the thermal runaway or ignition was found to occur at 7.:

A exp (—g—) = 2. exp (co) (18)

[
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where ¢, which is of order unity, is the first term of the expansion

c=co+0%;+... (19)
of the quantity
c=In[""g A exp (- 6,/0,)] 20)

Ignition of Solid in Stagnation Point Flow

Reference [20] developed a theory to describe ignition of a solid body that is quickly im-
mersed in the flow of a hot gas. The homogeneous solid, semi-infinite in extent, experiences
a one-step reaction of the Arrhenius type without reactant depletion. The problem, as shown
schematically in Figure 25, has the constant-property condensed phase occupying the half-
space x<0 and the stagnation-point flow of the inert, ideal gas occupying the half space
x>0. Since the gas efflux is neglected during the ignition transient, the solid-gas interface
remains fixed at x = 0. As in [20], the well-known set of ordinary differential equations for
quasi-steady flow model, obtained after performing the Howarth-Dorodnitzyn transforma-
tion, is

1
£7 67+ — /6, — ') =0 21
k1 ) @b

6" +16" =0 @2)

with boundary conditions f =’ =0, =8,atx=0;and f' = 1,0 =0, at x = oo, in which f
and 0 are nondimensional stream function and nondimensional gas-phase temperature equal
to T/T;, and primes denote the differentiation with respect to the similarity variable

1= {0+ DipceA}™ | ploddy

In the above equations, t; is the characteristic flow time and k is a constant equal to 0 for two-
dimensional flows and equal to 1 for axisymmetric flows. The Prandtl number was taken as
unity, the specific heat ¢ at constant pressure is treated as constant, and the equality
PH = Pelhe Was assumed.

The energy equation for the solid and the associated boundary and initial conditions can be
written in nondimensional form as

oy _ _¥h 23
a7 a£2+Aexp( \[’) @

% 0,7 =6~ $(0,7), WEQ) = ¥(— 00,7 =1

where ¢, is the nondimensional activation energy equal to E/RT;.
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Figure 25. Schematic diagram of the configuration for the problem (adapted from [20] with

permission of Gordon and Breach Science Publishers Inc.).

For the previous formulations, an implicit formula for the ignition time, 7., was found to
be

— a—0.431 1 _ & ]1/2 !
0.— 17 © \/E;gc NTTE oe_lj 1+0@. -1 1—g)
A
X oD (- @9
where
g = exp [7:*(6. — 1)) erfe [V7* (6. — 1)7'] (25)

Tc* = Tc(oe - 1)2

Shock Wave Ignition of Dusts
Incident Shock Wave Ignition

Numerical Analysis. A physically plausible model for the ignition of dust behind a moving
shock wave has been described in [4]. The ignition process was simulated starting from the
instant the shock wave passes over a dust particle until ignition occurs.

For a particle that is initially in a convective flow behind the shock, the equation of motion
is

&,
dt

Cyp2mRE (V2 — V) (26)

DY =
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where p and p, = particle and gas densities
V, and V, = particle and gas flow velocities
R, = particle radius
C4 = drag coefficient

When the relative velocity (V, — Vp) is supersonic, a bow shock forms in front of each parti-
cle, as shown in Figure 26. In Equation 26, the empirical correlation given in [33] was used
for the drag coefficient Cy. In Figure 27, the numerically cafculated relative Mach number is
plotted versus time for two sizes of coal particles, starting from the interaction with the inci-
dent shock wave. For the same incident shock wave strength, the acceleration of the smaller
particles is greater than that of the larger.

Vo — Vs
P2 —
PQ - Accelerating
Particle
Bow Shock

Incident Shock

Figure 26. Schematic of interaction of a shock with a particle.
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Figure 27. Variation of relative Mach number with time for 53- and 74-micron coal particles-
(reprinted from [4] with permission of the American Institute of Aeronautics and Astronautics).
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The unsteady heat conduction equation inside a particle with a reactive heat source can be
expressed as

u ! ll(r’t)
pc

+

@7

a rar| or

0T _a 4 r26T
ar

It has been assumed that the particles are spherical and monodisperse and that the particle
temperature distribution is spherically symmetric. The volumetric rate of heat generation,
u III’ iS

u’ "=QpS;Ph,A exp ( - %) (28)

where Q and S; are the heat of combustion and the internal surface area per unit mass, re-
spectively. P9, is the partial pressure of oxygen of order n. The boundary conditions at the
surface and the center of particle become

A %—T— ®,.t) = hO[TH) = T(R,.0] 29)

a 0,n=0 (30)
ar

The initial condition is T = T; = 295 K. In Equation 29, an empirical correlation of experi-
mental data developed by [34] was used to determine the convective heat transfer coefficient
h(t). Equations 26 through 30 have been solved numerically for coal with n =1 according to
[14] and oats with n = 12 according to [35]. All of the data for the thermal and chemical
kinetic properties used in the computation of ignition delay times of coal and oats are summa-
rized in Table 5.

Typical temperature profiles for the interior of a 53-micron coal particle at M = 4.8 are
shown in Figure 28, where RR is the outer radius of the particle and R is the radial coordi-
nate. Only part of the particle radius, corresponding to three tenths of the radius from parti-
cle surface, is shown on the abscissa. The rate of surface-temperature increase slows down
initially, but then increases due to the effects of reaction. The occurrence of ignition is repre-
sented by temperature runaway. The computed ignition delay times for coal and oats are
shown in Figures 29 and 30 respectively, and are denoted by number 2.

Characteristic Time Approach. The ignition delay times can be estimated by incorporating
the key parameters relevant to the physically intrinsic concepts into a definition of ignition.
In terms of characteristic times, two simplified methods for the calculation of ignition delay
times are introduced here.

Through the integration of the trajectory Equation 26, the characteristic acceleration time,
Ta» can be defined as

R/V,

Ty =

G1)
E Cd P2
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Table 5
Thermat and Chemical Kinetic Properties of Coal and Oats Dust

Variable Coal Oats
Density (g/cm®) 1.2 0751
Thermal conductivity 0.00212 0.0007 2
(cal/cm/s/c)
Specific heat (cal/g/c) 0.236 0242
Heat of combustion (cal/g) 8,559 3,040 3
Internal surface area (cm?/g) 4.26 x 10° 9x 1074
Activation energy (kcal/gmole) 35.7 37.24
Pre-exponential factor, A 8,710 31,000 3
(g/cm?/s/atm™)

! Estimated based on bulk density of oats.
2 Refer to [35].
3 Refer to [36], average value taken.
4 Based on best fit of computed and measured ignition delays.
3 Based on smoldering combustion measurements in [35].
Reprinted from [4] with permission of the American Institute of Aeronautics and Astronautics.

7, is the order of time required for the particles to accelerate to the gas velocity. As can be
seen from the slopes of the curves of particle velocity versus time in Figure 27, for particles
of the same size the acceleration time is smaller at higher Mach numbers, and at the same
Mach number, it is smaller as well for smaller particles. The acceleration time is closely
related to the rate of change of convective heat transfer and to the gas recovery temperature.
Figure 31 shows the variations of convective heat transfer coefficient and gas recovery tem-
perature with time for 53- and 74-micron coal particles at M = 4.8. The 53-micron particle
having a smaller acceleration time experiences a more rapid change of these parameters.

The characteristic thermal time, 74, can be defined as the time required for the particle
surface temperature T, to reach a given value during convective heating without taking the
reactive heat source term into account. Figure 28 shows that the temperature at the center of
the particle stayed at the initial temperature T;. An analytic solution of Equation 27 without
the heat source term can be found with the boundary condition T(0,t) = T; instead of Equa-
tion 30. For constant average values of convective heat transfer coefficient, h, and gas recov-
ery temperature, Ty, it follows that

T=Te+2 ¥ B, sin(wnr) exp (- awl) 32)
I =1

where w, are eigenvalues determined by

1

tan(wan) =_% and W = E —
w A Ry
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Figure 28. Temperature variation with time along radial direction for 53-micron coal particle
along the radial direction under incident shock condition created by incident shock wave Mach
number, M = 4.8 (reprinted from [6] with permission of Gordon and Breach Science Publishers
Inc.).
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Figure 29. Comparison of computed and measured ignition delays for coal dust (reprinted
from [4] with permission of the American Institute of Aeronautics and Astronautics).
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Figure 30. Comparison of computed and measured ignition delays for oats dust (reprinted
from [4] with permission of the American Institute of Aeronautics and Astronautics).
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Figure 31. Variation of convective heat transfer coefficient and gas recovery temperature with
time for 53- and 74-micron coal particles at M = 4.8.
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The coefficients (3, are given by

4|T,— Z sin(wnRp) _ Rycos(wiRp)
1+ WR, Wy

b= 2wR, — sin2w.Ry)

and Z=% T

Using Equation 32, the particle surface temperature variation with time, T, = T(R,,t), was
plotted in Figures 32 and 33 for 53-micron coal and oats particles. Each value of t can be

considered as the thermal time, 74, corresponding to the particle surface temperature, T, at
time t.

Using Equation 7, a characteristic chemical time, 7, can be defined as

-1
Tn= [exp ( - EET) Si Pb, A] 33)
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Figure 32. Variation of characteristic thermal and chemical time with the inverse surface tem-

perature for 53-micron coal particles (reprinted from [4] with permission of the American Insti-
tute of Aeronautics and Astronautics).
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Figure 33. Variation of characteristic thermal and chemical time with the inverse surface tem-
perature for 53-micron oats particles (reprinted from [4] with permission of the American Insti-
tute of Aeronautics and Astronautics).

For low values of the surface temperature, Tj, the chemical time, 7,,, will be much larger
than the thermal time, 7, as is evidenced from Figures 32 and 33, which show the variation
of In(r,) with inverse temperature. As expected, these curves display the typical Arrhenius
behavior. With increasing surface temperature, the thermal time increases rather slowly,
while there is a precipitous decrease in 7., which is characteristic of high activation energy
systems. This behavior suggests that ignition will occur soon after 7, becomes less than 7.

The intersection method is a simplified approach to the determination of ignition delay
time such that the time at the point of intersection where 7y, = 7y, is chosen. The results of
this approach, which is equivalent to the intersection of an ignition temperature, are shown
in Figures 29 and 30 as the curves denoted by number 3, and agreement with experimental
results is quite good.

Another simplified approach to the calculation of the ignition delay time, which can be
termed the fractional ignition delay time method, is based on the procedure employed by [37,
38]. If the temperature were constant, 7., would be of the order of the ignition delay time,
and during interval dt, (dt/7.,) represents the fraction of the elapsed ignition delay time. Thus

IR (34)
0 Tch

if 74 = 7. This trivial result can be extended to the case in which 7.,(T) is a function of the
temperature, with T = T(t) determined by Equation 32 evaluated at the surface of particle,
r = R,. Thus the ignition delay time can be determined from the integral relation

S g dt

o 7T =1 T=T (35)
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In this method, the characteristic thermal time, 7y,, is actually coupled to the characteristic
chemical time, 7.,(T), implicitly through its argument T. In Figures 34 and 35, the inverse of
Ten is shown for 53-micron coal and oats dust, respectively, at various Mach numbers. Be-
cause of the rapid increase of (1/7.,) after a given elapsed time, Equation 35 will lead to a
fairly sharp definition of 7,,. The corresponding calculated ignition delay times are shown in
Figures 29 and 30, and are denoted by number 4.

Asymptotic Analyses. The ignition of a solid spherical particle exposed to the hot gas at its
surface with constant average values of convective heat transfer coefficient, h, and gas re-
covery temperature, Ty, was investigated using the large activation energy asymptotics in
[39].

Using the following nondimensionalized parameters,

g="1T = i; =L
R,T; Ry R,
pn 2
E =L B = MRy A+ = QPSPLAR, (36)
RTi A )\Tx
Equation 27 is transformed into
a0 _ %0 E'¢
=38 Eexp( 0) @7
0. 10
=
b= ICRON
= 0. 084
-
<
O
= 0.06
w
T
O
L 0.04t
w
N
G
T 0.0
z
0.0

0 20 40 60 80 100 120 140
TIME (MICRO SEC)

Figure 34. Variation of inverse chemical time with time for 53-micron coal particles (reprinted
from [4] with permission of the American Institute of Aeronautics and Astronautics).
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Figure 35. Variation of inverse chemical time with time for 53-micron oats particles (reprinted
from [4] with permission of the American Institute of Aeronautics and Astronautics).

Then by carrying out an asymptotic analysis for the limit of large activation energy, the ther-
mal runaway was found to occur at ¢ = by = — 0.431. Using 0 = — 0.431, the ignition time
7. can be calculated from the following:

b.=0(1,7) =—2—+ Y Busin(rexp(—Nr) (38)
11X =
where X=Bi-—1,Z=?—iB
tan \, = — ﬁ
X

411- _Z_ sioh, _ COSA,
6 _ 1+X) | W
" 2\, — Sin(2\,)

b=In[A’ KiK{'dexp(—E’/6)] =bo+b;5+b8>+. .. (39

where 8=0,/vE"

Ki =} Bahcosh, exp( —Nro)
n=1
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Ko=— Y BMsin\, exp(—No7.)
n=1

In Equation 38, 6i(£,7) is the inert temperature defined by

_ZE Y \
=gt 1 intuBexp(- X “0)

The results for coal dust are displayed in Figure 36 as the curve labeled (*), together with
other computed and measured ignition delays. The above asymptotic analysis was in good
agreement with the experimental measurements and the numerical solution. However, the
main weakness is the need to choose appropriate values for the average recovery temperature
and convective heat transfer coefficient.

In the following, another asymptotic analysis in the limit of large activation energies is
described for a semi-infinite body. By employing this geometric simplification, the effects of
varying gas recovery temperature and convective heat transfer coefficient could be included
in the analysis.

When the surface of a semi-infinite body is heated by convection from hot gases at temper-
ature Ty, the dimensional heat conduction equation describing the temperature distribution is
expressed by

FOR 53 MICRON PARTICLE
1004 EXPERIMENTAL DATA

M
N L A - BY AIR INJECTOR
O gg B - BY INERTIAL INJECTOR gM
] B
4 0 - NUMERICAL SOLUTION, Ba M 2
S 40 g 88 "y,
ot BB Az
£ 20t %,‘ 3
> 2 AAA
S 10 3
o og
a et SOLUTION BY ASYMPTOTIC ANALYSIS
- 2 ® - IN SPHERICAL COORDINATES
5 4l FOR CONSTANT VALUES OF TF AND H
- 1:2:3 - IN SEMI INFINITE BODY
— 1 - FOR.CONSTANT VALUES OF TF AND H
— 2 - FOR CONSTANT H AND
z o) VARYING VALUES OF TF
o 3 - FOR VARYING VALUES OF TF AND H

" N
T 3

1 + + $ + + +
.18 .19 .20 .21 .22 .23 .24 .25 .2X%
295/7

Figure 36. Comparison of measured and asymptotically computed ignition delays for coal
dust.
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oT T
—_— >0,t>0 41
ot s ax? X @1

Under the assumption that an Arrhenius-type exothermic reaction occurs only at the body
surface, the boundary condition with a time-dependent gas recovery temperature, T(t), and
a constant convective heat transfer coefficient, h, can be expressed as

2 0,0 =Ty ~ TO,H] +u”
0x
where u” is the rate of heat generation per unit area by the exothermic reaction given by
u" =L,.QoSPh, A exp | — = )
: RT

The initial condition is T(x,0) =T
With the introduction of the following dimensionless parameters

T h E
= BO:_. E'=__
°=F \ R,
¢f=I_f Af:h@is_i&zé 43)
T, AT

Equations 41 and 42, boundary and initial conditions, have been transformed. Then by car-
rying out an asymptotic analysis for the limit of large activation energy, the ignition delay
time 7, can be calculated using Equation 44, its derivative at t., and Equation 45:

¢ = i(0,tc)

-

2B, 1 7 )
=1+== exp(~Byn) ¢ (tc—
= 50 P s 2 Jat, £ 4oyl

, B
In [A’ «/"exp( E)\/‘d— = —0.431 @5)
ATy (XS

In Equation 44, ¢y is the inert temperature distribution, which is given by

exp( — pd)dpdy (44)

$0,0) =1 +%/§2 So exp( — Bon)§ N ¢f( % 2) exp( — u)dudy (46)
T 2 Vat

Even if the convective heat transfer coefficient, h, varies with time, the foregoing analysis,
which leads to Equation 45, is still valid only if one condition is satisfied, which is expressed
in detail in [40]. The effect of varying the heat transfer coefficient, however, is embodied in
the calculation of ¢, and d¢y/dt(0,t.) in Equation 45.
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The final results for ignition delay times are plotted in Figure 36, as well, for comparison
with the others. The asymptotic analysis of the ignition of a semi-infinite body with a con-
stant average value of gas recovery temperature, Ty, yielded shorter ignition delays, but re-
sults were still in reasonable agreement with others. When the variation of gas recovery tem-
perature was also taken into account, the results were not significantly different. However,
when variations of T and h were both taken into account, the predicted ignition delay de-
viated significantly from the previous results as the incident shock wave strength decreased.

Reflected Shock Wave Ignition

The various methods mentioned above in Incident Shock Wave Ignition are still valid in the
case of reflected shock wave ignition. In fact, its application is simpler because there is no
forced flow around the particle. In this section, thus, as one example, an unsteady thermal
history inside a particle in the reflected shock wave conditions is discussed and compared
with that in the incident shock wave conditions.

Equation 1, initial and boundary conditions with thermal and chemical properties listed in
Table 5 were solved numerically, assuming that only a natural convective heat transfer to the
coal particle exists in the reflected shock conditions. The unsteady temperature variation
inside a 53-pm coal particle in the reflected shock conditions is illustrated in Figure 37. In
Figure 28, the temperature variation inside a 53-gm coal particle in the incident shock condi-
tions was shown. RR is the outer radius of the particle and R is the radial coordinate. For the
incident shock case, a large surface temperature gradient exists on the surface of particle.
And the rate of surface temperature increase initially slows down and then increases due to
the effects of surface reaction, with the center of particle remaining at the initial tempera-

TEMP DISTRIBUTION
1400, - INSIDE COAL PARTICLE
BEHIND REFLECTED SHOCK

1200.

1000. 1

800. 4

600 o
400.-\

INCIDENT SHOCK MACH NO-3.5
200. A TIME STEP EACH LINE-7S5 MICRO SEC
1500 MICRO SEC FOR LAST LINE

TEMPERATURE (KJ

0. + + * t 1
0.0 0.2 0.4 0.8 0.8 1.0

{RR-RJ/RR

Figure 37. Temperature variation with time along radial direction for 53-micron coal particle
along the radial direction under reflected shock condition created by incident shock wave Mach
number, M = 3.5 {reprinted from [6] with permission of Gordon and Breach Science Publishers
Inc.).
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ture. Thus, under the incident shock condition, ignition delays of dust were so short that the
reaction on the surface of the particle, as well as in pores within the particles, can be consid-
ered to be dominant over the gaseous reaction resulting from a devolatilization process. But
in a reflected shock case, e.g., hot stagnant gas, the particle temperature is almost uniform at
each time along the particle radius and the rate of temperature increase is much slower.
Thus, there is enough time for the center as well as the surface of the particle to be heated up
uniformly. In this situation, the whole particle is likely to warm up uniformly and be pyro-
lyzed, so that the volatile gases are ejected in the particle. Then they diffuse from the surface
of particle, mix with oxidizer, and finally result in ignition.

NOTATION
A pre-exponential factor R universal gas constant
¢ specific heat of particle R, radius of particle
Cy drag coefficient S; internal surface area
E activation energy t time
h  convective heat transfer coefficient t;  ignition delay time
L., volume-to-surface-area ratio T temperature
M  Mach number T; gas recovery temperature
0, partial pressure of oxygen of order n u”  heat release by the surface reaction
qo constant heat flux V  velocity
Q heat of reaction X  axial coordinate

r radial coordinate

Greek Symbols

o«  thermal diffusivity of particle 7, characteristic acceleration time
¢ nondimensional spatial coordinate 7.  characteristic chemical time
A thermal conductivity of particle T, characteristic thermal time
p  density of particle 6 nondimensional temperature
7 nondimensional time
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