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FIRE AND EXPLOSION HAZARDS OF OIL SHALES

By Staff, U.S. Bureau of Mines

ABSTRACT

This L.S. Bureau of Mines publication presents the results of investigations into the fire
and explosion hazards of oil shale rocks and dust. Threc areas have been examined: the
explosibility and 1gnitability of oil shale dust clouds, the lre hazards of oil shale dust layers
on hot surtaces, and the ignitability and extinguishment of oil shale rubble piles.



INTRODUCTION

Oil shale can present a safety hazard to those involved in
its mining, processing, or stockpiling. In mining and process-
ing, oil shale dust is generated, dispersing in the air and
depositing on equipment surflaces. A sulficiently high concen-
tration of oil shale dust in the air can propagate an explosion
if a strong ignition source is present. Oil shale dust on the
surfaces of equipment can undergo combustion if the temper-
ature of a surface is sufficiently hot. Large quantities of oil
shale, in stockpiles for example, represent another fire hazard,
if ignited spontaneously or by an outside ignition source.

As part of its program to improve personnel safety in the
minerals industry, the U.S. Bureau of Mines examined these
aspects of oil shale mining in order (o establish criteria for

safety. This report is divided into three parts. Part | presents
results from studies on the explosibility and ignitability of [ine
and coarse oil shale dust clouds, using a 20-L laboratory
chamber and a J.2-L furnace. Part 2 reports on the hazards of
oil shale dust layers on hot surfaces. A hotplate was used 1o
determine minimum hot-surface ignition temperatures. Part 3
covers Lhe ignition and extinguishment of large oil shale rubble
piles. The oil shales that were tested came from the Green
River Formation in the Western United States.

This work was done with financial support from the
Colorado Mining Association and the U.S. Department of
Energy, under memorandums of agreement 14-09-0050-3285,
14-09-0050-3286, and 14-09-0070-3291.



PART 1: EXPLOSIBILITY AND IGNITABILITY OF OIL SHALE DUST
CLOUDS

By Kenneth L. Cashdollar,” Martin Hertzberg,? and Ronald S. Conti 3

ABSTRACT

The U.S. Bureau ol Mines investigated the explosion hazards of fine and coarse oil shale
dust clouds. Six grades of fine dust of varying oil assay (20 to 55 gal/ton) but with similar
size distributions were studied in a 20-1 explosibility chamber and a 1.2-L ignitability
lurnace. Also studied was a coarse oil shale dust with an assay ol 33 gal/ton. For
comparison, Pittsburgh Seam bituminous coal, gilsonite, sulfide ore, and anthracite coal
were also tested.

The lean limits ot flammability varied inversely with oil assay, and all grades of the fine
shale dust were capable of generating explosions al concentrations above their respective lean
limits. However, cven the 50-gal/ton [ine shale dust was less hazardous than a similar size of
Pittsburgh bituminous coal dust in the 20-L chamber tests. The coarse shale dust had a much
higher lean Mammable limit and a lower maximum pressure and rate of pressure rise than the
similar-assay {inc shale dust. The shales were at least an order of magnitude less ignitable by
cleciric sparks than the bituminous coal. The shale dust clouds were, however, somewhat
more casily ignited thermally than the coal.
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INTRODUCTION

For a number of vears, the Bureau has conducted labo-
ratory and full-scale mine experiments on the explosion haz-
ards involved in the mining and processing of oil shale dusts.
The earliest work was done by Allison and Bauer (/)* who
showed that oil shale dust could indeed propagate an explo-
sion. More recent and more comprchensive mine testing ot the
explosibility of oil shale dusts was conducted by Richmond
(2-5). Bureau research also involved the monitoring of meth-
ane emissions in oil shale mines and the study of large oil shale
rubble fires (3, 5-6).

Supplementing this work, a Bureau contractor (7-9)
evaluated the fire and explosion hazards of oil shale mining.
Various accident scenarios were postulated, mine dust loadings
were measured, and laboratory tests were conducted (7-/2).
The laboratory dust flammability testing under the contract
used a Hartmann apparatus (/3) and found that oil shale dust
could be ignited only after altering the standard procedures (7,
12). Bureau research (/4) has shown that the [.2-1. Hartmann
apparatus has several severe deficiencies, such as nonuniform
dust dispersion and inadequate ignition energy, which limit its
usefulness, particularly for hard-to-ignite dusts such as oil
shale.

The Bureau’s recent laboratory dust flammability testing
has been conducted in a 20-L chamber (/5) in which optical
probes are used to monitor the uniformity of the dust disper-
sion and strong chemical ignitors are used to initiate the
explosion tests. The explosibility data reported here are from
this 20-L chamber. Some ol the data for the fine-size oil shale
dusls were also presented at the [7th Qil Shale Symposium
(16).

There are two aspects 1o the explosion hazard of dusts.
One is related to the probability of having a flammable volume
of dust dispersed in air. To evaluate this hazard, it is necessary
to measure the [ean concentration limit ol flammabilitv for the
dust and to compare that number with the actual dust loading
in the mine volume. The second aspect is related to the
probability of igniting the llammable dust cloud. To evaluate
this, the minimum thermal autoignition temperature and
minimum ignition energy can be measured. If both a flamma-
ble dust cloud and a sufficiently strong ignition source are
presen(, an explosion will occur, and the explosion pressure
and rate of pressure rise will provide a measure of the severity
of the explosion. [n part | of this report, the terms “llamma-
bility’” and “explosibility’ are both used to refer to the ability
of an airborne dust cloud to propagate a flame after it has
been initiated by a sufficiently strong ignition source. The
terms refer to a rapid deflagration and not a detonation.

Because ol the complexity and large scale ol full-scale
experimental mine tests, personnel and time demands are
considerable for each test. Laboratory tests in the 20-L cham-
ber can be conducted much more easily and quickly. Various
comparison experiments (/7-19) have shown good agreement
between laboratory and mine tests. Therelore, the laboratory
chambers are now used for preliminary screening betore
full-scale mine tests are conducted. Full-scale mine tests are,
however, still essential for the tinal evaluation of the true
explosion hazard.

APPARATUS AND EXPERIMENTAL METHOD

OIL SHALE AND COMPARISON DUSTS

The properties and characteristics of the line- and coarse-
size o1l shale and comparison dusts are shown in table [-1. In
the Irst column ol the table is an identilication nurnber used

*Halic numbers in parentheses reler 1o nems in e hist ol relerences ai the end
ol part |

in previous Bureau publications (2, 5, /6) for the same oil shale
dusts. The Fischer assays (20) have uncertainties of 1 10 3
gal/ton. Based on additional data, the Fischer assays have
been revised slightly from the values in earlier reports. The
percentage ol volatiles is the sum ol the ol and gas amounts
from the Fischer assays (5). The heating values were measured
in an adiabatic bomb calorimeter (2/). The size analyses are

Table 1-1.—Properties of oil shale and comparison dusts

Dust Fischer assay.” Volatility. Heating value Mean diameter, .m Minus 200
sample’ galfion pcl Blu/lb callg Surtace (D.) Mass (D,.) mesh, wt pct
FINE-SIZE DUST
Oil shale:
5082 .... 20 9 1.810 1,010 14 37 85
6114 . 23 10 2.140 1.190 16 114 57
6238 . 33 15 3.230 1,790 12 56 72
0000 . 42 19 4,100 2,280 17 43 84
5084 . 50 22 4,700 2610 17 51 78
5777-5.... 55 25 5.260 2.920 21 93 60
Anthracite coal NAp 5 12,860 7.140 13 37 77
Sulfide ore.. NAp NAp ~ 2,000 ~-1,100 18 40 81
Piltsburgh coa NAp 37 13,800 7.670 32 50 80
GISONN@ ...oovveeies ot s e, NAp 85 17,770 9,870 24 54 72
COARSE-SIZE DUST
Ol shale 5933 ...... ..o oo oo o 33 15 3.190 1.770 ~ 55 310 27
Pittsburgh coal NAp 37 14,040 7.800 90 325 21

NAp Not apphcabE:‘ 7

' Oil shale identification numbers were used in previous Bureau publications (2, 5, 16).

? To conver! o liters per metric ton, muliply by 4.17.



from a combination of sonic sieving data and Coulters
counter data (electrolytic conductivity through a small orifice).
For the Coulter data, the dusts were dispersed in isopropyl
alcohol. The symbol D, represents the surface mean diameter,
and D, is the volume or mass mean diameter. The weight
percent through a 200-mesh sieve is listed in the last column.

Four additional fine-size dusts were studied for compari-
son with the fine oil shales; they are also listed in table 1-1.
The volatilities and heating values for the coals and gilsonite
were measured by the standard ASTM methods (27). The mean
particle sizes are similar to those of the shales. Pittsburgh
Seam pulverized bituminous coal was used for comparison
because of the large amount of practical data on its explosion
hazards in the coal mining and electric power industries.
Gilsonite (asphaltite or uintahite) is a mined asphaltic material
that is even more hazardous than coal. An anthracite coal was
chosen as a material that has a long mining history with no
record of any pure dust explosion (22). A sulfide ore (about 40
pct sulfur) was chosen as a material that is difficult to ignite
but that has caused secondary explosions during mine blasting
operations (23~24).

The properties and characteristics of the coarse oil shale
and Pittsburgh coal comparison dusts are shown at the bottom
of table I-1. The coarse coal was 99 pct minus 20 mesh and 21
pct minus 200 mesh. The coarse oil shale was 89 pct minus 20
mesh and 27 pct minus 200 mesh.

*Reference (o specific products does not imply endorsement by the Bureau of
Mines.

Optical dust probe

h— Sapphire Sapphire
[ window window-———

%= Ignition point

Pressure
transducer

Dust reservoir

Figure 1-1.—20-L dust explosibility test chamber.

20-L EXPLOSIBILITY TEST CHAMBER

The 20-L laboratory chamber (/5) used for the flamma-
bility and ignitability testing of the dusts is shown in figure
[-1. The optical dust probes (25-26) are used 1o measure the
dust dispersion uniformity. The dust is placed in the reservoir
at the bottom of the chamber and is dispersed through the
holes in the nozzle by a blast of air from a reserve tank (not
shown). The standard procedure is to partially evacuate the
chamber to 0.1 atm absolute so that the blast of air (which
disperses the dust) raises the chamber pressure to | atm
absolute at ignition. Various ignition sources, such as electric
sparks, chemical matches, and strong chemical ignitors, can be
used. A more detailed description of the experimental proce-
dures can be found in reference 135.

1.2-L IGNITABILITY FURNACE

The 1.2-L furnace (27) used to measure the thermal and
electrical ignitability of the dusts is shown in figure 1-2. For
the thermal ignition tests, the furnace is set at a predetermined
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[
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|
—————— Transformer
. CLLLI

Dispersion
receptacle.

Scale, cm

Figure 1-2.—1.2-L ignitability furnace. (C = capacitor; E =
charging voltage; R = resistor; S = switch.)



temperature and the dust is placed in the dispersion receptacle.
Then the receptacle is quickly inserted into the bottom of the
furnace, and an air blast from the reservoir disperses the dust
into the furnace. A fiberglass filter diaphragm on the top of
the furnace confines the dust so that its concentration is
controlled. The maximum time of exposure of the dust cloud
to the furnace temperature is at least several seconds, after
which the dust begins to settle out. The criteria for ignition are
that the diaphragm rupture and that flame be observed
emitting from the top of the furnace. Because of its larger
volume, more uniform dispersion, and longer residence time,

the 1.2-L furnace generally gives somewhat lower minimum
autoignition temperatures (27) than does the 0.3-L Godbert-
Greenwald furnace (/3) used in earlier Bureau studies.

The electrical circuit shown in figure 1-2 was not a part of
the system during the thermal ignitability testing, but it was
used for spark ignitability testing (28-29) in the furnace at
ambient temperature and at elevated temperatures below the
autoignition temperature of the dust cloud. A similar spark
ignition circuit was also used in the 20-L chamber for ignit-
ability testing at ambient temperature.

EXPERIMENTAL DATA

AUTOIGNITION TEMPERATURES

Some of the thermal autoignition data for the fine oil
shale and Pittsburgh coal dusts are shown in figure 1-3. The
areas above and to the right of the curves represent the
combinations of temperatures and dust cloud concentrations
that will thermally autoignite in the 1.2-L furnace. The areas
below the curves represent combinations that will not ignite
thermally, although dusts in this region might dellagrate if
initiated by a point ignition source such as a spark or chemical
match flame. Both the low-grade (20- to 23-gal/ton) and
high-grade (50- to 55-gal/ton) oil shales have slightly lower
minimum autoignition temperatures (AIT) than the Pittsburgh
coal dust. (The AIT is sometimes also referred to as the “cloud
ignition temperature.”) The rich oil shale reaches its minimum
AIT at about the same concentration as the Pittsburgh coal,
but the 20- to 23-gal/ton shale reaches its minimum AIT at a
significantly higher concentration. The minimum AI[T’s, 475°
to 500° C, measured for oil shales in the [.2-L furnace are

significantly lower than the 560° to 620° C minimum AIT’s
reported previously for the shales in the Godbert-Greenwald
furnace (/2).

The complete data for the minimum AIT’s for the fine oil
shales and the comparison dusts are shown in table 1-2. The
oil shales have minimum AIT’s similar to that of gilsonite,
somewhat lower than those of Pittsburgh coal and the sulfide
ore. The anthracite coal dust has a much higher AIT of
675° C.

The thermal ignitability data for the 33-gal/ton coarse-
size oil shale dust are compared with those for the fine-size
shale of the same assay in figure 1-4 and table 1-2. The
minimum AIT for the coarse oil shale is 525° C, only slightly
higher than that of the fine shale. However, the minimum AIT
is reached at a much higher concentration for the coarse-size
shale. The coarse Pittsburgh coal dust was also tested in the
1.2-L furnace. Its AIT is 575° C, slightly higher than the value
for the fine-size Pittsburgh coal.
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Figure 1-3.—Thermal ignitability data for fine-size oil shales compared with pulverized Pittsburgh coal.
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Figure 1-4.—Thermal ignitability data for coarse-size oil
shale compared with fine-size oil shale of same assay.

Table 1-2.—Thermal and electrical ignitability data for oil shale
and comparison dusts

Room-temperature
minimum spark energy, J

Stared, 1/2 CE?  Effective, 2.5 VAp
FINE-SIZE DUST

Dust Minimum
sample AlT, °C

Qil shale:
20-galfton................ 500 = —
23-galfton .. 500 - =
33-galfton.. 500 — —
42-gallton... 500 NI NI
50-galfton................ 475 80-100 1-2
Anthracite coal ........... 675 — -
Sulfide ore........ 5 550 — —
Pittsburgh coal . 540 .310 .070
Gilsonite...........cc.coe. 490 1140 .030
COARSE-SIZE DUST
Qil shale: 33-gal/ton ... 525 — —
Pittsburgh coal ........... 575 — —
AIT  Autoignition temperature. NI Nonignitable.

NOTE.—Dashes indicate no data were obtained.

IGNITION ENERGIES

The minimum spark ignition energies for the fine olil
shales were measured at room temperature in the [.2-L furnace
and 20-L chamber. The minimum ignition energy is generally
observed to be apparatus dependent because it is a function of
the turbulence level generated by the dust dispersion process as
well as the circuit efficiency for transferring stored electrical
energy into the gas in the spark gap (29). Therefore, the values
reported here should be considered only as relative values for
comparing different dusts and not as absolute minimum
values. Lower turbulence levels than those used here would
probably result in lower minimum ignition energies. [n indus-
try, turbulence levels may vary over a wide range, depending on
how the dust is dispersed. The data reported in table 1-2 are
mainly from the 20-L chamber; the minimum values from the
1.2-L furnace were about the same for the shale but larger in
the cases of the Pittsburgh coal and gilsonite. The data are
reported both as the stored energy on the capacitor, 1/2 CE?,
where C is the capacitance and E is the voltage, and also as the

effective energy deposited into the gas in the spark gap. To
compare different types of ignition sources, the effective
energy of each is obtained by measuring the pressure rise, Ap,
due to the ignition source by itself in a fixed volume V. For the
sparks, the effective energy is defined (28-29) as 2.5 VAp.
For either the stored or effective minimum ignition energy,
even the richest oil shale tested is at least an order of
magnitude more difficult to ignite than the Pittsburgh coal,
which is itself somewhat more difficult to ignite than gilsonite.
The 42-gal/ton shale could not be ignited at ambient temper-
ature by the strongest spark available (1 to 2 J effective
energy). At above-ambient temperatures of 100° to 200° C,
this shale could easily be ignited by the 1- to 2-J spark. This
lowering of the minimum ignition energy at elevated temper-
atures has been discussed previously (27-29). The 23-gal/ton
oil shale could be ignited only with a very strong chemical
ignitor. Even a chemical ignitor with a calorimetric energy of
2,500 J and a 2.5 VAp energy of about 1,500 J was not able to
ignite a uniformly dispersed cloud; however, one with a
calorimetric energy of 5,000 J and a 2.5 VAp energy of about
2,500 J did ignite the 23-gal/ton shale. Such difficulty in
igniting predispersed oil shale dust clouds of low assay was
also observed by Richmond (4-5) in full-scale mine tests.

EXPLOSIBILITY DATA

The dust explosion data from the 20-L chamber for the
fine oil shale and the comparison dusts are shown in figure 1-S
as a function of dust concentration. The pressure rise rate is
shown in figure 1-54, and the maximum explosion pressure
ratio is shown in figure 1-5B. The explosion pressure ratio is
the maximum explosion pressure (corrected for the small
pressure rise due to the ignitor itself) divided by the pressure at
ignition, which is about | atm absolute. The criteria (30) used
to define the lean flammability limit (also known as the
minimum explosible concentration) are a pressure ratio of 2
and a pressure rise rate of 5.4 atm/s. A pressure ratio of 2
corresponds to a pressure rise of approximately | atm above
the pressure at ignition. The pressure rise rate, dp/dt, is often
size normalized by multiplying by the cube root of the vessel
volume. For the 20-L (0.02-m*) chamber, the second flamma-
bility criterion would therefore correspond to a (dp/dt)-V'/?
value of 1.5 bar-m/s (30). These flammability criteria assure
that there is significant flame propagation beyond the ignition
source.

The data shown in figure 1-58 are for the strongest
chemical ignitor, with 5,000 J calorimetric energy. For the
dusts shown in the figure, Pittsburgh bituminous coal dust has
the lowest Jean limit and highest maximum explosion pressure.
Gilsonite, which is not shown in the figure, has a lower lean
limit and about the same maximum pressure as the Pittsburgh
coal, as shown in table 1-3. The 50-gal/ton oil shale has a
higher lean limit concentration and significantly lower maxi-
mum pressure than the Pittsburgh coal. The lower assay oil
shales have progressively higher lean [imits and lower maxi-
mum pressures.

The variation in the measured lean limits with ignition
energy, shown in table 1-3, indicates the ease or difficulty in
igniting the various dusts. Pittsburgh coal can be ignited at
almost as low a concentration with the 2,500-J ignitor as with
the 5,000-J ignitor. The more difficult to ignite 50-gal/ton
shale can be ignited at much lower concentrations with the
stronger ignitor. The same is true for the 33-gal/ton shale, The
23-gal/ton shale and the sulfide ore could not be ignited with
the 2,500-J ignitors. As discussed in previous publications (/4,
18, 30), the true lean limit concentration for dust explosibility
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Figure 1-5.—Explosibility data for fine oil shales compared with Pittsburgh coal, sulfide ore, and anthracite

coal of similar size.

Table 1-3.—Explosibility data for the oil shale and
comparison dusts

Lean flammability

Dust limit, kg/m3, with Maximum  Maximum rale
sample ignitor of— pressure o_f pressure
rise, atm rise, atm/s
2,500J 5,000J
FINE-SIZE QUST
Oil shale:
20-gal/ton — ~08 2.7 A
23-galiton.... NI 6 3.0 21
33-galiton.... 0.42 .25 3.7 44
42-galfton.... .20 16 4.5 85
50-galfton................ 20 13 4.5 85
Anthracite coal ........... — NI 4 <1
Sulfide ore.......... NI =9 ~2.3 ~10
Pittsburgh coal .090 .080 586 130
L& {70 5] - R — .040 .037 6.0 280
COARSE-SIZE DUST

Oil shale: 33-gal/ton ... NI ~07 33 ~20
Pittsburgh coatl ........... 0.27 .15 5.1 -~ 80

NI Nonignitable.

NOTE.—Dashes indicate no dala were obtained.

1s the value measured with a high enough ignition energy so
that the limit is independent of ignition energy. The data in
table 3 show that this true limit is probably reached for the
coal, but that even with the 5,000-J ignitors, the measured
limits for the oil shales may not yet be independent of ignition
energy.

The 20-gal/ton fine oil shale produced explosions only at
very high concentrations (0.8 to 1.5 kg/m?) in the 20-L
chamber. These results are comparable to results from the
full-scale mine tests (3, 5) that found that 22-gal/ton fine oil
shale dust could produce explosions at high concentrations,
but that 19-gal/ton shale did not propagate explosions.

The sulfide ore that was tested is somewhat comparable in
explosion hazard to the lower grade oil shales. It should be
noted that there is a wide range of sulfide ores (of varying
sulfur content) and that some sulfide ores have been involved
in secondary explosions during blasting in mines (23-24). For
the anthracite coal, the slight pressure rise observed was only
due to a small amount of burning around the ignition source
and does not signify flame propagation. Therefore, this 5-
pct-volatile anthracite is considered nonexplosible in air in the
20-L tests. Full-scale mine tests (24) have also shown that
anthracites do not propagate explosions.



The data in figure 1-54 for maximum rates of pressure
rise are similar to the pressure data except that the differences
among the various dusts are more pronounced. These data are
also listed in the last column of table 1-3. The rates of pressure
rise are very dependent on the turbulence in the chamber, and
therefore, the data should be used only for a relative compar-
ison among the various dusts. A higher level of turbulence
would increase the rates of pressure rise for all the dusts.

The 20-L explosibility data for the coarse oil shale dust
(33 gal/ton) are compared with those for the fine shale of the
same assay in figure 1-6. The maximum pressures for both
sizes were similar, but a much higher concentration of the
coarse dust was required to reach the maximum pressure. The
lean limit for the coarse dust using the 5,000-J ignitors was
about three times the limit for the fine dust using the same

ignitor. The coarse dust could not be ignited with the 2,500-J
ignitors, but the fine dust could be ignited even with 1,000-J
ignitors.

The coarse-size Pittsburgh coal was tested for compari-
son. [ts lean limit was about two times the limit for the
fine-size coal using the same ignitor. For both the coal and
33-gal/ton oil shale, the coarse dusts had much higher lean
limits than the fine dusts. A summary of the explosibility data
for the coarse dusts in the 20-1. chamber is listed at the bottom
of table 1-3. The maximum pressures and rates of pressure rise
for the coarse dusts are lower than those for the fine dusts of
the same type.

[n previous tests in the experimental mine (3, 3), this same
33-gal/ton coarse oil shale dust did propagate an explosion at
a high nominal concentration of about 0.5 kg/m?

PARTICLE SIZE VARIABLE AND MICROSCOPIC OBSERVATIONS

In a previous study (3/) of coal dust and polyethylene
powder, it was possible to isolate the particle size variable and
to measure the effect of particle diameter on the lean limit of
flammability and the minimum AIT. Using narrow size distri-
butions for coal and polyethylene with average diameters
ranging from 2 to over 400 um, it was determined that the lean
limits were insensitive to particle size below some characteristic
diameter. Above these characteristic diameters of 50 um for
Pittsburgh Seam coal dust and 100 um for polyethylene, the
lean limit concentrations increased markedly with increasing
particle diameter. The minimum AIT’s for coal dust and
polyethylene powder displayed a similar particle size depend-
ence excepl that at the elevated temperatures involved, both the
characteristic diameters were larger. It was, therefore, quite
logical to attempt to initiate a similar study of the effect of
particle size on the flammability limit and thermal ignitability
for the oil shale dust studied here. In the case of polyethylene,
which is a totally volatilizable, homogeneous solid, the particle
size and volatility variables are readily separable. Even though
the coal structure is heterogeneous and contains separate
pyritic inclusions, the data in figures 1-74 and B show that
there is no tendency for these separate phases to concentrate in
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Figure 1-6.—Explosibility data for coarse and fine sizes of
33-gal/ton oil shale.

either the fine or the coarse fractions of the sieved dust. The
volatile content and heating value are essentially independent
of particle size, despite the heterogeneous structure of the coal.

Figure 1-7C shows a different behavior for a broad size
distribution of 33-gal/ton oil shale that was sieved to obtain
the various sizes shown. There is an increase in the heating
value with increasing particle size until the heating value levels
off at the 300- to 1,000-um particle size range. The heating
values are proportional to the Fischer assays as shown in a
previous Bureau publication (5). This observation of lower
heating values or lower assays associated with the finer sizes of
oil shale has been reported previously (2, /0). This variation in
assay with particle size is a reflection of the basic heteroge-
neous structure of the oil shale and the way in which that
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Figure 1-7.—Heating value for oil shale as function of particle
size compared with heating value and volatile content of Pitts-
burgh coal.



heterogeneity affects its pulverization. This variation is con-
sistent with the structure studies of Tisot and Murphy (32),
who showed that the average particle size of the mineral matter
in the Green River shale deposit was less than 44 um. The
parent oil shale rock is a heterogeneous agglomerate consisting
of fine mineral particles bound together by a soft kerogen glue
or matrix in some regions and by an inorganic cementing agent
in other regions. When the shale is pulverized, the fine mineral
particles are more easily separated from the matrix, leaving a
higher kerogen concentration in the larger particles. This
structural heterogeneity and grinding behavior of the oil shale
also serves as a basis for the physical concentration method for
oil shale enrichment described by Fahlstrom (33). Independent
studies of comparable methods were later reported by others
(34-36) at the 16th Oil Shale Symposium in 1983,

“"his structural heterogeneity is clearly illustrated by the
optical and scanning electron microscope (SEM) data shown in
figure 1-8. A second sample of various sieved fractions was
sampled and analyzed with an optical microscope and with the
X-ray imaging feature (37) of the SEM. Figure 1-8A4 shows an
optical photomicrograph of a collection of particles from
several of the various sieved fractions. [n the upper left portion
of figure 1-8A4 is an approximately 600-um-diam particle from
the 40- by 30-mesh sieved fraction. This particle was selected
because of its high optical transparency. The three correspond-
ing SEM X-ray maps were made by collecting only the X-rays
from a particular element to form an image showing the
distribution of that element over the field of view (37). A
comparison of the three X.-ray images show that the 600-um
transparent particle contains a large amount of calcium and

ks 0 300
O Al X-ray map

Scale, pum

Figure 1-8.—Optical microscope photograph of oil shale particles (4) and corresponding SEM X-ray maps for elements calcium

(B), silicon (C), and aluminum (D).



only trace amounts of silicon and aluminum. [herefore, that
particle is most likely calcitic in composition.

In the upper right quadrant of figure 1-84 is a particle
from the 40- by 30-mesh sieved fraction that was selected
because it was one of the more opaque particles observed with
the optical microscope. This particle is clearly much more
heterogeneous in structure than the calcitic particle. Some
areas of the particle appear quite dark and are probably high
in kerogen content; lighter areas are probably mineral matter.
The corresponding X-ray maps in figures 1-88, C, and D show
a strong silicon X-ray signal and weaker signals from both the
calcium and aluminum for this particle. Thus, its heteroge-
neous structure seems to contain the organic kerogen matrix
together with mineral matter such as quartz, feldspar. spurrite,
calcite, doloinite, etc. (38).

The dark particle in the lower left quadrant of figure
1-84 was selected from the 100- by 70-mesh fraction. This
particle is even darker than the previous particle, and its
corresponding X-ray maps show some silicon and smaller

amounts of aluminum and calcium. This particle appears to be
another highly heterogeneous agglomerate but with a higher
kerogen content than the particle in the upper right quadrant.

The lower right quadrant contains a large number of very
small particles from the minus 400-mesh sieved fraction.
Probably each of these small, individual mineral particles is
fairly homogeneous in structure (32), and the data in figure
1-7C show that these smaller particles are lower in organic
content.

These structure studies show that the particle size and oil
content variables are not independent. The fact that the
heating value (or kerogen content) decreases with decreasing
particle size may have a moderating effect on the potential
explosion hazard of dust generated in a practical mining
situation. The fundamental heterogeneous structure of the oil
shale deposits also has implications for the effective design of
retorting or pyrolysis systems for the efficient recovery of the
shale’s oil content (37).

DISCUSSION AND CONCLUSION

The fundamental conclusion of part 1 is that fine oil shale
dusts with Fischer assays of 20 gal/ton or greater are a
potential explosion hazard and that even relatively coarse sizes
of such dusts can propagate an explosion if the dust concen-
tration is high enough. However, measurements (9, //) have
shown that, with current mining practices, the accumulated
dust levels in oil shale mines are well below that required to
propagate an explosion if the dust were dispersed. Recent
measurements (39-40) have shown that during blasting oper-
ations there may be pockets of higher dust concentration near
the face that could result in some localized burning of oil shale
dust. However, there is not enough dust generated during
blasting to cause large-scale propagating explosions. If meth-
ane were present in the mine in addition to the oil shale dust,
the potential hazard would be increased.

In surface facilities that process, grind, or beneficiate oil
shale, the concentrations may exceed the minimum explosible
concentrations (lean limits) listed in table 1-3. Therefore, these
facilities should be evaluated for potential explosion hazard on
a case-by-case basis.

The flammability and ignitability data reported in this
part have broadened the comparison of various-grade oil
shales to include other dusts with more extensive mining
histories. Fine 50-gal/ton oil shale dust is only slightly less
hazardous than a similar size of Pittsburgh coal in terms of its
lean flammability limit concentration and the explosion pres-
sures generated, but it is at least an order of magnitude more
difficult to ignite with an electric spark. For the fine shales, the
lowest assay that could propagate an explosion was 20 gal/ton.
Sulfide ore, which has a history of secondary dust explosions
during blasting in mines, is comparable in explosion hazard to
the lower grade oil shales. All of the oil shales tested were
somewhat more easily ignited thermally than was the Pitts-
burgh coal since the AIT’s of oil shale dust clouds were lower
than that of the coal.

For the safety engineering design of pressure-release
(venting) systems to protect equipment and personnel against
excessive pressures during dust explosions, the (West) German
Society of Engineers (Verein Deutscher Ingenieure or VDI) and
the National Fire Protection Association (NFPA) have pub-
lished detailed guidelines (4/-42). The VDI classification is
based on an index that is the maximum rate of pressure rise,
normalized to a I-m® test chamber. This index is Kg =
(dp/dt)ax-V'7? in bar meters per second, where dp/dt is the

rate of pressure rise and V is the test chamber volume, If the
exact Kg,-value is known for a dust, the nomograms can be
used to determine venting areas. Even if only the general
Kg,-class is known, the nomograms can be used to determine
approximate venting areas. The Kgq -classes are St 1 for 0 to 200
bar-m/s, St 2 for 200 to 300 bar-m/s, and St 3 for >300.-bar
m/s. The VDI recommended test for rate of pressure rise is
made at a higher turbulence level than the data reported here
in table 1-3. However, even with this difference, the oil shales
(with assays greater than 20 gal/ton) and the Pittsburgh coal
can be confidently estimated to be in class St | according to the
VDI guideline. The gilsonite would probably be near the
boundary between classes St | and St 2 if tested at the higher
turbulence level.

The NFPA has developed the National Electrical Code
(NECQC) for electrical equipment in hazardous locations (43-46).
Dusts are classified according to their explosion severity and
ignition sensitivity indexes based on old Bureau of Mines
testing procedures in the 1.2-L Hartmann chamber and 0.3-L
Godbert-Greenwald furnace (/3). These indexes can also be
calculated from the data (tables 1-2 and 1-3) obtained in the
newer 20-L chamber and |.2-L furnace. According to the data,
the fine-size 50-gal/ton oil shale would have an explosion
severity of about 0.5 relative to a Pittsburgh coal value of 1.0
and an ignition sensitivity less than 0.05 relative to a Pitts-
burgh coal value of 1.0. The NFPA-NEC classification system
says that the presence of dust with explosion severity greater
than 0.5 and ignition sensitivity greater than 0.2 makes an area
a Class II location (one made hazardous by combustible dust).
Dusts with lower explosibility indexes are not considered to be
significant explosion hazards in terms of electrical equipment.
Therefore, the 50-gal/ton oil shale dust would be only a weak
explosion hazard and the lower assay shales even less of a
hazard in terms of electrical equipment. According to the
NFPA classification scheme, the oil shales listed in tables |-2
and -3 do not require electrical equipment suitable for Class
Il hazardous locations. Hov.cver, the results of the 20-L
laboratory tests and the results from the experimental mine
tests (3-5) have shown that stronger ignition sources, similar to
those that might be present during blasting operations, can
ignite oil shale dust clouds (with assays greater than 20
gal/ton) and lead to propagating dust explosions if the dust
concentration is sufficient.



REFERENCES

1. Allison, V. C., and A. D. Bauer. Explosibility of Oil-Shale Dust.
BuMines RI 2758, 1926, 8 pp.

2. Richmond, J. K., and L. F. Miller. Explosion and Fire Properties
of Oil Shale. Paper in 10th Qil Shale Symposium Proceedings
(Golden, CO, Apr. 21-22, 1977). CO Sch. Mines Press, Golden, CO,
1977, pp. 45-59.

3. Richmond, J. K., M. J. Sapko, L. F. Miller, A. L. Furno, and L.
E. Dalverny. Fire and Explosion Properties of Oil Shale, Part 1. Paper
in 13th Oil Shale Symposium Proceedings (Golden, CO, Apr. 16-18,
1980). CO Sch. Mines Press, Golden, CO, 1980, pp. 193-207.

4, Richmond, J. K., M. J. Sapko, L. F. Miller, and L. E. Dalverny.
Explosion Hazards in Gassy and Non-Gassy Oil Shale Mines. Paper in
14th Qil Shale Symposium Proceedings (Golden, CO, Apr. 22-24,
1981). CO Sch. Mines Press, Golden, CO, 198], pp. 61-74.

5. Richmond, J. K., M. J. Sapko, and L. F. Miller. Fire and
Explosion Properties of Oil Shale. BuMines R1 8726, 1982, 39 pp.

6. Sapko, M. J., J. K. Richmond, and J. P. McDonnell. Continuous
Monitoring of Methane in a Deep Oil Shale Mine. Paper in [5th Oil
Shale Symposium Proceedings (Golden, CO, Apr. 28-30, 1982). CO
Sch. Mines Press, Golden, CO, 1982, pp. 320-340.

7. Crookston, R. B., M. T. Atwood, R. E. Williams, and M. D.
McGuire. An Evaluation of the Fire and Explosion Hazards of Oil
Shale Mining and Processing. Volume |: Analytical Studies and
Accident Scenarios (contract J0275001, Tosco Corp.). BuMines OFR
12(1)-85, 1983, 268 pp.; NTIS PB 85-165492.

8. Crookston, R. B., and M. D. McGuire. An Evaluation of the Fire
and Explosion Hazards of Qil Shale Mining and Processing. Volume
2: Data Summary of Anvil Points Raw Shale Waste Pile Combustion
(contract J0275001, Tosco Corp.). BuMines OFR 12(2) 85, 1983, 144
pp.; NTIS PB 85-165959.

9. __ . An Evaluation of the Fire and Explosion Hazards of Oil
Shale Mmmg and Processing. Volume 3: Oil Shale Mine Dust Program
(contract J0275001, Tosco Corp.). BuMines OFR [2(3)-85, 1983, 74
pp., NTIS PB 85-165967.

10. Atwood, M. T., L. Goodfellow, and R. K. Kauffman. Chemical
and Physical Properties of Qil Shale Dust and Correlations With
Laboratory Fire and Explosivity Test Results. Paper in 12th Oil Shale
Symposium Proceedings (Golden, CO, Apr. 18-20, 1979). CO Sch.
Mines Press, Golden, CO, 1979, pp. 299-315.

I1. Crookston, R. B., and W. N. Hoskins. Potential for Fires and
Explosions in Qil Shale Mining and Processing. Paper in 12th Qil
Shale Symposium Proceedings (Golden, CO, Apr. 18-20, 1979). CO
Sch. Mines Press, Golden, CO, 1979, pp. 326-338.

12. Williams, R. E., Z. Zborovszky, R. M, Blunt, and D. West.
Laboratory and Fire Explosivity Testing of Oil Shale Dust. Paper in
12th Qil Shale Symposium Proceedings (Golden, CO, Apr. 18 20,
1979). CO Sch. Mines Press, Golden, CO, 1979, pp. 316-325.

13. Dorsett, H. G., Jr., M. Jacobson, J. Nagy, and R. P. Williams.
Laboratory Equipment and Test Procedures for Evaluating Explosibil-
ity of Dusts. BuMines R] 5624, 1960, 21 pp.

[4. Hertzberg, M., K. L. Cashdollar, and J. J. Opferman. The
Flammability of Coal Dust-Air Mixtures. Lean Limits, Flame Tem-
peratures, lgnition Energies, and Particle Size Effects. BuMines RI
8360, 1979, 70 pp.

15. Cashdollar, K. L., and M. Hertzberg. 20-L Explosibility Test
Chamber for Dusts and Gases. Rev. Sci. Instrum., v. 56, 1985, pp.
596-602.

16. Cashdollar, K. L., M. Hertzberg, and R. S. Conti. Explosion
Hazards of Qil Shale Dusts: Limits, Pressures, and Ignitability. Paper
tn 17th Oil Shale Symposium Proceedings (Golden, CO, Apr. 16-18,
1984). CO Sch. Mines Press, Golden, CO, 1984, pp. 243-254.

17. Cashdollar, K. L., M. Hertzberg, and J. K. Richmond. Inhibi-
tion of Coal Dust Explosions: Comparison of the 8-Liter Laboratory
Chamber and Experimental Mine. Paper F4 in 20th International
Conference of Safety in Mines Research Institutes, Sheffield, England,
October 3-7, 1983. HSE, 1983, 11 pp.

18. Hertzberg, M., K. L. Cashdollar, and C. P. Lazzara. The Limits
of Flammability of Pulverized Coals and Other Dusts. Paper in
Eighteenth Symposium (lInternational) on Combustion (Waterloo,
Canada, Aug. 17-22, 1980). Combustion [nst., Pittsburgh, PA, 1981,
pp. 717-729.

19. Cashdollar, K. L., M. J. Sapko, E. S. Weiss, and M. Hertzberg.
Laboratory and Mine Dust Explosion Research at the Bureau of
Mines. Paper in Industrial Dust Explosions. ASTM, Philadelphia, PA,
STP 958, 1987, pp. 107-123.

20. Stanfield, K. E., and [. C. Frost. Method of Assaying Qil Shale
by a Modified Fischer Retort. BuMines RI 4477, 1949, 13 pp.

21. American Society for Testing and Materials. Standard Test
Method for Gross Calorific Value of Solid Fuel by the Adiabatic Bomb
Calorimeter, D2015; Standard Test Method for Proximate Analysis of
Coal and Coke, D3172. Sections in 1987 Annual Book of ASTM
Standards: Volume 05.05, Gaseous Fuels; Coal and Coke. Philadel-
phia, PA, 1987, pp. 304-314, 380-381.

22. Hartmann, 1. Studies on the Development and Control of
Coal-Dust Explosions in Mines. BuMines [C 778S, 1957, 27 pp.

23. Gardner, E. D., and E. Stein. Explosibility of Sulphide Dusts in
Metal Mines. BuMines RI 2863, 1928, 11 pp.

24. Nagy, J. The Explosion Hazard in Mining. MSHA, IR 1119,
1981, 69 pp.

25. Cashdollar, K. L., I. Liebman, and R. S. Conti. Three Bureau
of Mines Optical Dust Probes. BuMines R1 8542, 1981, 26 pp.

26. Conti, R. S., K. L. Cashdollar, and I. Liebman. Improved
Optical Probe for Monitoring Dust Explosions. Rev. Sci. Instrum., v
53, 1982, pp. 311-313.

27. Conti, R. S., K. L. Cashdollar, M. Hertzberg, and [. Liebman.
Thermal and Electrical Ignitability of Dust Clouds. BuMines RI §798,
1983, 40 pp.

28. Hertzberg, M., R. S. Conti, and K. L. Cashdollar. Spark
[gnition Energies for Dust-Air Mixtures: Temperature and Concentra-
tion Dependences. Paper in Twentieth Symposium (International) on
Combustion (Ann Arbor, MI, Aug. 13-17, 1984), Combustion Inst.,
Pittsburgh, PA, 1985, pp. 1681-1690.

29. Hertzberg, M., R. S. Conti, and K. L. Cashdollar. Electrical
lgnition Energies and Thermal Autoignition Temperatures for Evalu-
ating Explosion Hazards of ‘Dusts. BuMines R1 8988, 1985, 41 pp.

30. Hertzberg, M., K. L. Cashdollar, and [. A. Zlochower. Flam-
mability Limit Measurements for Dusts and Gases: lgnition Energy
Requirements and Pressure Dependences. Paper in Twenty-First Sym-
posium (International) on Combustion (Munich, Federal Republic of
Germany, Aug. 3-8, 1986). Combust. [nst., Pittsburgh, PA, 1988, pp.
303-313.

31, Hertzberg, M., K. L. Cashdollar, D. L. Ng, and R. S. Conti.
Domains of Flammability and Thermal lgnitability for Pulverized
Coals and Other Dusts: Particle Size Dependences and Microscopic
Residue Analyses. Paper in Nineteenth Symposium (International) on
Combustion (Haifa, Israel, Aug. 8-13, 1982). Combustion Inst.,
Pittsburgh, PA, 1982, pp. 1169-1180.

32. Tisot, P. R., and W. I. R. Murphy. Physical Structure of Green
River Oil Shale. Chem. Eng. Prog., Symp. Ser., v. 61, 1965, pp. 25~32.

33. Fahlstrom, P. H. A Physical Concentration Route in Oil Shale
Winning, Paper in 12th Qil Shale Symposium Proceedings (Golden,
CO, Apr. 18-20, 1979). CO Sch. Mines Press, Golden, CO, 1979, pp.
252-277.

34. Datta, R. S., and C. A. Salotti. Coarse Beneficiation of Green
River Qil Shale. Paper in 16th Oil Shale Symposium Proceedings
(Golden, CO, Apr. 13-1S5, 1983). CO Sch. Mines Press, Golden, CO,
1983, pp. 413-425.

35. Krishnan, G. N., E. P. Farley, and R. G. Murray. Beneficiation
of U.S. Oil Shales by Froth Flotation. Paper in 16th Qil Shale
Symposium Proceedings (Golden, CO, Apr. 13-15, 1983). CO Sch.
Mines, Golden, CO, 1983, pp. 426-436.

36. Salotti, C. A., and R. S. Datta. Size Reduction of Green River
Shale. Paper in 16th Oil Shale Symposium Proceedings (Golden, CO,
Apr. 13-15, 1983). CO Sch. Mines Press, Golden, CO, 1983, pp.
394-412.

37. Ng, D. L., K. L. Cashdollar, M. Hertzberg, and C. P. Lazzara,
Electron Microscopy Studies of Explosion and Fire Residues. BuMines
1C 8936, 1983, 63 pp.

38. Branch, M. C. In-Situ Combustion Retorting of Oil Shale. Prog.
Energy and Combust. Sci., v. 5, 1979, pp. 193-206.



39. Weiss, E. S., K. L. Cashdollar, and M. J. Sapko. Dust and
Pressures Generated During Commercial Ol Shale Mine Blasting.
Paper in 18th Oil Shale Symposium Proceedings (Grand Junction, CO,
Apr. 22-24, 1985). CO Sch. Mines Press, Golden, CO, 1985, pp.
68-76.

40. . Dust and Pressure Generated During Commercial Oil
Shale Mining: Part L. Paper in 19th Oil Shale Symposium Proceedings
(Golden, CO, Apr. 21-22, 1986). CO Sch. Mines Press, Golden, CO,
1986, pp. 47-38.

41, Verein Deutscher Ingenieure (German Society of Engineers).
Druckentlastung von Staubexplosionen (Pressure Release of Dust
Explosions). VDI Guideline 3673 (in Ger., Engl., Fr.). VDI-Handbuch
Reinhaltung der Luft, v, 6; available from Beuth Verlag, D-1000 West
Berlin, Federal Republic of Germany, 1983, 51 pp.

42. Nalional Fire Protection Association (Quincy, MA). Guide for
Venting Deflagrations. NFPA 68, 1987, 51 pp.

43. . National Electrical Code 1987, Pp. 70-423 to 70-449.

44, . Manual for Classification of Gases, Vapors, and Dusts
for Electrical Equipment in Hazardous (Classified) Locations. NFPA
497M 1986, 1986, 27 pp.

45, Mational Maierials Advisory Board, Committee on Evaluation
of Industrial Hazards. Classification of Combustible Dusts in Accor-
dance with the National Electrical Code. Natl. Acad. Sci., Washing-
ton, DC, NMARB 353-3, 1980, 29 pp.

46. . Classification of Dusts Relative to Electrical Equip-
ment in Class II Hazardous Locations. Natl. Acad. Sci., Washington,
DC, NMAB 353-4, 1982, 51 pp.




PART 2: FIRE HAZARDS OF OIL SHALE DUST LAYERS ON HOT
SURFACES

By Yael Miron' and Charles P. Lazzara?

ABSTRACT

The U.S. Bureau of Mines determined the minimum hot-surface ignition temperatures of
fine and coarse oil shale dusts (20 to 50 gal/ton) from the Green River Formation in Colorado
and fine and coarse Pittsburgh bituminous coal dust, using a hotplate. Dust layers were 10
cm in diameter and 6.4- to 25.4-mm thick. [gnition criterion was a temperature rise within the
dust layer of at least 50° C above that of the hotplate.

Minimum ignition temperatures for the fine dusts ranged from 200° to 325° C and
depended on layer thickness, and for the oil shales they were also a function of grade. The
values for 50-gal/ton oil shale and Pittsburgh coal dusts were similar for layer thicknesses of
12.7 and 25.4 mm. Coarse dust layers had significantly higher minimum ignition tempera-
tures. Glowing particles were observed only in 50-gal/ton oil shale dust, most often with the
6.4-mm layers. Flaming combustion did not occur in any of the tests. Layers of 50-gal/ton
oil shale and Pittsburgh coal dust were also tested in an enclosure containing a flammable
methane-air mixture at hotplate temperatures between 350° and 400° C. The layers
underwent glowing combustion but did not ignite the flammable mixture.

'Chemical engineer.
2Supervisory research chemist.
Pitisburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA.



INTRODUCTION

The mining and processing of raw oil shale produce a
combustible dust in underground mines and aboveground
facilities. This dust settles on available surfaces in layer-like
fashion. Some of these surfaces can be hot, such as the
surfaces of engines and exhaust lines of diesel equipment and
of electrical enclosures. [f the temperatures of such surfaces
are sufficiently high, various exothermic reactions, including
combustion, can occur in the oil shale dust layers. The ignition
of an oil shale layer in this manner could result in fire. Also, if
a flammable gas atmosphere is present, as is possible in some
deep oil shale mines (/),* an explosion might ensue. Large-
scale tests, at the Bureau’s Experimental Mine, have demon-
strated that oil shale dust can propagate an explosion when
initiated by an ignited methane-air mixture (2). However, the
likelihood for ignition of flammable methane-air mixtures by
reacting layers of oil shale dust, heated by hot surfaces, has not
been studied in detail.

In coal mines and in gassy noncoal mines, Federal regu-
lations mandate the maximum permissible temperatures for
various surfaces. As an example, in coal mines, the maximum
temperature of the external surfaces of exhaust systems of
diesel mine locomotives is limited to 204° C (3). Similarly, the
temperature of any external surface of the engine or exhaust
system of mobile diesel-powered transportation equipment for
gassy noncoal mines is also limited to 204° C (4). This latter
regulation is intended to prevent fires that might result from
the contact of diesel fuel with the hot surface. For permissible
electrical enclosures and mechanical components in coal
mines, the surface temperature is not allowed to exceed 150° C,
under normal operating conditions (5). The National Electrical
Code (NEC) also limits the maximum surface temperature of
electrical equipment in locations that are hazardous because of
the presence of combustible dust (6). The NEC states that the
maximum temperature shall be less than the ignition temperature
of the specific dust and in no case shall it be greater than 165° C
for a nonconductive dust and electrical equipment not subject to
overloading. For equipment such as motors and power trans-
formers that may be overloaded, the maximum surface temper-
ature is 120° C for normal operation and 165° C for abnormal
operation.

In order to evaluate the hazards of oil shale dust layers on
hot surfaces, the Bureau determined the minimum hot-surface
ignition temperatures of a graded series of oil shale dusts and
assessed the fire and explosion hazards associated with the
combustion process.

Two tests have commonly been used to measure the
minimum ignition temperature of a dust layer: a modified
Godbert-Greenwald furnace test and a hotplate test. Most of
the ignition temperature values for dust layers found in the
literature were obtained in the modified Godbert-Greenwald
furnace test (7). In this test (8), a relatively small sample of
dust filling a %-in-deep, 1-in-diam container made of 40-mesh
stainless steel is suspended in the center of the furnace, which
is already heated to a set temperature considered likely to cause

*talic numbers in parentheses refer to items in the list of references at the end
of part 2.

ignition. A stream of air passes through an inlet orifice and
flows upward through the furnace, at a rate that ranges
between 0.5 and 3 L/min. The flow rate is adjusted so as to
maintain the sample temperature at the furnace wall tempera-
ture if ignition does not occur. In successive trials, the
temperature of the furnace is either increased or decreased by
5° C increments (as required) until a minimum is obtained at
which ignition of dust just occurs. The ignition is denoted by
an inflection in the temperature-time record of a thermocouple
embedded in the dust as well as by visual observation of the
top surface of the dust, via a mirror placed above the furnace.
The duration of a test is regulated so that the dust maintains
the set temperature of the furnace for a 5-min period unless
ignition occurs sooner. The duration of a test is usually on the
order of 15 min.

Various hotplate tests have also been used to determine
the hot-surface ignition temperatures of dusts. Results of these
tests are scattered in the literature and have not been compiled.
A few tests have been made with oil shales. For instance, the
Bureau conducted hotplate tests with oil shales from the Green
River Formation, assaying at 19, 25, and 48 gal/ton (9). In
these tests, the dust was placed on a hotplate at room
temperature, and the hotplate was then heated to a desired
temperature. Both Godbert-Greenwald furnace tests and hot-
plate tests of oil shale dusts from the Green River Formation
were conducted by the Tosco Corp. under Bureau contract (10),
and results were reported for a Jimited number of tests.

The results obtained in previous hotplate tests suffer from
the fact that neither the test equipment nor the testing
procedure was standardized. In recognition of these draw-
backs, the Natiomal Academy: of Sciences Committee on
Evaluation of Industrial Hazards, as part of a larger program
to classify gases, vapors, and dusts in accordance with the
NEC, recommended a detailed test procedure for the determi-
nation of the ignition temperature of dust layers (/7). In this
test, layers of dust are placed on the surface of a hotplate
preheated to a desired temperature and the temperature within
the layer is monitored. Both the thickness and the diameter of
the layer can be varied, and in general, the samples are much
larger than those used in the Godbert-Greenwald furnace test.
Unlike the sample in the isothermal furnace, which is evenly
heated, the sample in this test is heated on one side only; this
condition more closely resembles actual conditions of depos-
ited dust layers in the workplace.

Ignition, as defined by this hotplate test, is the initiation
of combustion in the material under test. [gnition is consid-
ered to have taken place at the minimum hotplate temperature
at which—

e There is visible evidence of combustion such as red
glow or flame;

® The dust layer undergoes a 50° C rise in temperature
above that of the hotplate as measured by a thermocouple in
the geometric center of the layer; or

® The dust melts.

The test equipment and the procedures recommended by
the committee were used in this study; the possibility that a
burning dust layer could initiate the explosion of a flammable
methane-air mixture was also examined.
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EXPERIMENTAL EQUIPMENT AND PROCEDURES

HOTPLATE ASSEMBLY

The test equipment consisted of a commercial hotplate,
on which the centrally positioned circular aluminum plate was
20 cm in diameter and 2.5 c¢cm thick. The temperature at the
surface of the aluminum plate was controlled by a temperature
controller connected to a thermocouple mounted just below
the plate surface. The junction of the thermocouple was in
contact with the plate and was within | +0.5 mm of the upper
surface, at its center.

The combination of heated plate and temperature con-
troller met the following performance requirements, specified
in the test procedure:

I. The plate is capable of attaining a temperature of 400° C
without a dust layer in position.

2. The temperature of the plate is constant to within +5° C
throughout the test.

3. When the temperature of the plate reaches a constant
value, the temperature across the plate is uniform to within
+5° C.

4. The plate temperature does not change by more than
+ 5° C during the placing of the dust layer on the plate, and
it is restored to within 2° C of the set value within 5 min of
placing of the sample,

5. Temperature controller and thermocouples are cali-
brated and correct to within +3° C.

A stainless steel ring, placed on the aluminum plate,
contained the dust layer and maintained its shape and size. The
ring specified in the test procedure is 10 cm in diameter and
12.7 mm high, but rings of other dimensions were also used.

All the rings had slots at opposite ends of a diameter to
accommodate the positioning of a thermocouple through the
sample and parallel to the surface of the aluminum plate. A
fine (~0.25-mm-diam), bare type K thermocouple was used,
and its junction was positioned at the geometric center of the
ring. This thermocouple measured the temperature inside the
dust layer. A schematic of the hotplate is shown in figure 2-1.
The whole assembly, consisting of the hotplate, temperature
controller, and temperature indicators and/or recorders, was
set up in a laboratory hood and is shown in figure 2-2.
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Figure 2-1.—Schematic of hotplate.

Figure 2-2.—Hotplate test apparatus in laboratory hood.



Layer ignition tests were also conducted in a flammable
atmosphere, with an euclosure placed over the hotplate to
contain the gas mixture. This enclosure had an aluminum base
and a plastic upper part that afforded a visual observation of
the dust layers during the tests. Metered flows of air and
methane were premixed prior to their entering the enclosure.
Samples of the gas mixtures were analyzed by gas chromatog-
raphy to ensure the presence of the desired methane concen-
tration. The complete assembly is shown in figure 2-3.

TEST PROCEDURES
Minimum Hot-Surface Ignition Temperatures

The sample thermocouple was first positioned so that its
junction would be near the geometric center of the layer about
to be tested. The stainless steel ring was then placed on the
clean aluminum plate, and final adjustments were made in the
thermocouple position. A preselected test temperature was set
on the temperature controller, and the hotplate was heated.
When the plate temperature stabilized at the set value, the
stainless steel ring was filled with the test dust and the surface
of the layer was leveled. Any excess powder, which spilled onto
the aluminum plate, was removed. Efforts were made not to
compress the dust layer. The temperatures of the hotplate and
of the dust layer were monitored continuously to the end of the
test. The duration of the tests varied with Jayer thickness, type
and grade of dust, and with surface temperature, but in no

Figure 2-3.—Enclosure for flammable atmosphere in position
on hotplate.

case was it less than 25 min for layers that ignited or less than
30 min for layers that did not ignite.

The temperature just under the surface of the dust layer
was monitored with a 0.5-mm-diam, stainless-steel-sheathed
type K thermocouple. Although not called for in the test
procedure, it was helpful in indicating imminent reactions.

Trials were repeated with a fresh layer of dust each time,
until the minimum ignition temperature was determined. The
minimum ignition temperature 1s the temperature of the
hotplate that just causes ignition in the dust layer; it is no more
than 10° C higher than a hotplate temperature that fails to
cause ignition. At least two or three tests were conducted at the
hotplate temperature that just failed to cause ignition to
confirm results and check for reproducibility. In addition to
temperature-time records, visual observations of events—such
as evolution of smoke, charring, and smoldering—were also
noted.

Sprinkle tests were also conducted to simulate very thin
layers. In these tests, smalf amounts of dust were dropped
from a spatula onto the preheated surface and the minimum
hot-surface temperature at which glowing occurred was
determined.

Tests in Flammable Atmospheres

For the tests in the flammable atmospheres, the hotplate
was heated 1o a high temperature of about 380° C, with the
aluminum base of the enclosure already in position. Then the
stainless steel ring was filled with the test dust, and the plastic
upper part of the enclosure, covered with a plastic film, was
placed on top of the base. At the onset of ignition and
smoldering in the layer, an airflow of about 11 L/min was
introduced into the enclosure and directed downward over the
layer to promote development of substantial areas of glowing
particles (approximately 25 to 50 mm in diameter). When this
was accomplished, the air was replaced with a flammable
methane-air atmosphere. Metered flows of methane and air
were premixed, and the mixtures, containing anywhere from 7
to 10 pct methane, were introduced into the enclosure near the
dust layer at a rate of about 12 L/min. The desired gas
concentration was established inside the enclosure within a
minute. Sprinkle tests were also conducted in the flammable
atmospheres. For these tests, the hotplate was first heated to a
high temperature (>350° C), a flammable atmosphere was-
introduced into the enclosure, and then the dust being tested
was sprinkled onto the hotplate.

Gas Sampling

Gas samples were collected in evacuated glass sample
tubes with the aid of a hypodermic needle. The samples were
collected close to and above the dust layer, usually during
periods of vapor and/or smoke evolution. These samples were
then analyzed by gas chromatography. Gas samples were also
collected inside the enclosure during the tests in flammable
atmospheres. A long hypodermic needle was used to sample
the space just above the dust layer.

Weight Loss

The oil shale or coal to be tested was preweighed. Usually
a small amount of dust was left over after the stainless steel
retaining ring was filled. This amount was also weighed and its
weight subtracted from the original weight. After the test, the
residue was usually left on the hotplate to cool and then was
weighed. Any changes in layer weight were recorded. The
weight of the layer was also used to calculate layer density.



HIGH-TEMPERATURE HOTPLATE (>400° C)

A high-temperature surface was constructed from a circu-
lar heating coil used in electric ranges. The temperature of the
coil was controlled by a seven-position switch. A 22- by 22- by
0.6-cm stainless steel plate was positioned just above the coil
on ceramic supports. The surface temperature of the plate was
uneven and was not controlled other than by the switch setting.
The outer perimeter of the metal plate was covered with thick
insulating material to help maintain a more uniform temper-
ature in the central portion of the plate where the samples were
deposited.

At the two highest settings, which were used in almost all
the tests, the surface temperature of the coil was about 720°
and 770° C, and the surface temperature of the plate was
about 470° and 500° C, respectively. Dusts were either sprin-
kled or piled on the preheated plate surface without the use of
a retaining ring. Thermocouples within the pile measured the
approximate sample temperatures.

TEST MATERIALS

Four oil shale samples from the Green River Formation in
Colorado and two Pittsburgh Seam coal samples were tested.
The six dusts were analyzed, and the resultant Fischer assays,
heating values, and particle sizes are presented for fine and
coarse dusts, respectively, in table 2-1. The two Pittsburgh coal
samples were chosen for comparison purposes.

Taule 2-1.—Analyses of oil shale and coal dusts

Dust Fischer Heating Mean diameter, xm Minus
sare) assay,®> value, — — 200 mesh,
galton Btu/lb Surface (D;) Mass (D)  wt pct
FINE-SIZE DUST
Oil shale:
{{0]: L ——— 20 1,810 14 37 85
B6238cssmmmni 33 3,230 12 56 72
5084.....c..coeiinnn 50 4,700 17 51 78
Plitsburgh coal ..... NAp 13,800 32 50 80
COARSE-SIZE DUST
Oil shale 5933 ...... 33 3,190 ~55 310 27
Pittsburgh coal ..... NAp 14,040 115 4860 14

NAp Not applicable.

' Oil shale identification numbers were used In a previous Bureau publi-
cation (2).

2 To convert to liters per metric ton, snultiply by 4.17.

The oil shales ranged in grade from 20 gal/ton through 33
to 50 gal/ton. The fine 33-gal/ton oil shale was from the
Colony Mine while all the other oil shales were from Anvil
Points. The Pittsburgh Seam coal is a bituminous coal of high
volatility. As seen in the table, about 80 pct of the fine samples
pass through a 200-mesh (74-um) screen, whereas less than 30
pct of the coarse samples pass through the same screen. The
surface mean diameters (D,) of the fine and coarse coal
particles are about twice the size of the respective oil shale
particles, while the mass mean diameters of the coal and oil
shale samples are similar.

EXPERIMENTAL RESULTS

MINIMUM HOT-SURFACE IGNITION
TEMPERATURES

The fine oil shale and coal dusts were tested in [0-
cm-diam layers with the following nominal thicknesses: 6.4,
12.7, and 25.4 mm. [n addition, the 33-gal/ton oil shale was
tested in a layer that was 38.1 mm thick and 12.7 cm in
diameter. The coarse samples were tested in only a few selected
layer thicknesses. All the experimental data were obtained in the
form of temperature-time histories of the hotplate surface and of
the dust layer at its geometric center and at its surface. Represen-
tative temperature-time profiles are shown in figures 2-4 to 2-10.
In figure 2-4, two temperature-time profiles are shown for the
20-gal/ton oil shale, heated in a 12.7-mm-thick layer. The tem-
peratures of the surface of the hotplate differ by 10° C. In the test
at 290° C, the layer ignited; its temperature rose more than 50° C
above the hotplate surface temperature. When the hotplate
surface temperature was 10° C lower (280° C), the dust layer did
not ignite. Thus, the minimum hot-surface ignition temperature
of the 12.7-mm-thick layer of the 20-gal/ton oil shale dust is
290° C. The temperature-time profiles obtained for the three fine
oil shales and for the fine coal dust, tested in 12.7-mm-thick
layers at their minimum ignition temperatures, are shown in
figure 2-5. Some points of interest in this figure are the following:

e The higher the grade of the oil shale, the lower the
minimum hot-surface ignition temperature.

® Following an initial rise, the temperatures inside the
heated layers reached a plateau and then rose rapidly when the
layers ignited.

e The maximum temperatures attained by the various oil
shales do not show a correlation with their grade.

e The coal dust, whose minimum ignition temperature,
240° C, was similar to that of the 50-gal/ton oil shale, 230° C,
also attained a similar maximum temperature inside the layer.
The initial heating rates of both ‘these samples were also
comparable, but the coal required more time before rapid
heating began.

As previously shown, the minimum hot-surface ignition
temperature of the 20-gal/ton oil shale was 290° C when its
layer thickness was 12.7 mm. The same oil shale was also
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Figure 2-4. —Temperature-time profiles for 12.7-mm-thick lay-
ers of 20-gal/ton oil shale at hotplate surface temperatures of
280° and 290° C.
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Figure 2-5.—Temperature-time profiles for 12.7-mm-thick lay-
ers of fine oil shale and coal dusts at minimum hotplate surface
ignition temperatures.

heated at 300° and 310° C during the process of finding the
minimum ignition temperature. Temperature-time profiles re-
corded at 290°, 300°, and 310° C are presented in figure 2-6.
The samples heated at these three hot-surface temperatures all
ignited, but less time was required for the initiation of the
accelerated heating phase when the surface temperature was
higher, as expected. The maximum temperatures attained
inside the layers do not correlate directly with the surface
temperatures of the hotplate. More likely, the maximum
temperature is a function of the packing density of each layer
and the resultant available oxygen inside the layer,

The temperature-iime profiles for the thin, 6.4-mm oil
shale layers differ somewhat from those for the 12.7-mm-thick
layers; instead of a plateau, the slow rise in temperature was
followed by a drop in temperature, manifested as a shallow
trough. The final, faster increase in the temperature of the
layer came after this trough. The plots for the 33- and
20-gal/ton oil shales in figure 2-7 are typical. The thin layers
of the 50-gal/ton oil shale behaved in a similar manner. Unlike
the oil shales, the thin coal layer showed neither a plateau nor
a trough, but only an uninterrupted rise to the peak tempera-
ture, as depicted in the figure.

The temperature-time histories for the 25.4-mm-thick
layers that underwent ignition are largely similar to those
observed with the 12.7-mm-thick layers, but in place of a
plateau, the slow rise in temperature was directly succeeded by
a period in which the temperature rise inside the layer occurred
at an increased rate. This change in rate is evident as an upward
bend in the plots, at times more pronounced than at others, as
seen in figure 2-8 for coal and for the 50-gal/ton oil shale, and
in figure 2-9 for the 38.1-mm-thick layer of the 33-gal/ton oil
shale. The temperature-time profile that was measured just
under the surface is also included in figure 2-9 (and shown as
“Surface”). This profile is fairly representative of many of the
hotplate tests. The coincidence of smoke evolution with the
very fast rise in temperature at the surface is also typical. The
much longer time periods required for thick layers to ignite and
reach maximum temperatures are also seen in figures 2-8 and
2-9. Finally, a temperature-time history for a 25.4-mm layer of
50-gal/ton oil shale, heated at a surface temperature of 380° C
(much higher than the minimum ignition temperature of 200° C)
is presented in figure 2-10.

The temperature-time histories for layers that did not
ignite, regardless of thickness, are similar. The temperature
rose slowly to a level that was in most cases below that of the
hotplate temperature, and then the temperature fell and even-
tually reached a plateau, as shown in figure 2-4 for the
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Figure 2-6.—Temperature-time profiles for 12.7-mm-thick lay-
ers of 20-gal/ton oil shale at several hotpiate surface tempera-
tures.
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Figure 2-7.—Temperature-time profiles for 6.4-mm-thick lay-
ers of 20- and 33-gal/ton oil shales and Pittsburgh coal at
minimum hotplate surface ignition temperatures.
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ers of 50-gal/ton oil shale and Pittsburgh coal at minimum
hotplate surface ignition temperatures.
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Figure 2-9.—Temperature-time profiles within layer and just
under surface of 38.1-mm-thick layer of 33-gal/ton oil shale at
minimum hotplate surface ignition temperature of 210° C.
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Figure 2-10.—Temperature-time profile for 25.4-mm-thick
layer of 50-gal/ton oil shale at hotplate surface temperature of
380° C.
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20-gal/ton oil shale. The time to reach this final plateau
increased with increasing layer thickness.

The minimum hot-surface ignition temperatures for all
the samples at the various layer thicknesses are summarized in
table 2-2, which also includes the maximum temperatures that
were reached inside the geometric centers of the layers for the
respective hot-surface temperatures and the times to reach
these maximum temperatures. The densities of the various
layers are also shown in the table. Minimum ignition temper-
atures were not determined for the coarse dusts. The maximum
hot-surface temperatures at which these dusts were tested are
shown in the table, as well as the respective maximum temper-
atures attained within the layers at these hot-surface tempera-
tures. The relationship between the minimum ignition temper-
ature and layer thickness is shown in figure 2-]1.

Table 2-2.—Minimum hotplate surface ignition temperatures of
oil shale and coal dust layers (10 cm in diam)

Minimum

Layer Laver Ko/l o Maximum Time to
thickness y. 2 p. e. .Su e temperature  maximum
density, ignition pani f
and dust /om?  temperalure within layer.! temperature,
sample 9 poc ! °C min
FINE-SIZE DUST
6.4 mm
Qil shale:
20-gal/ton 325 425 21
33-gal/ton 290 420 23
50-gal/ton 250 419 20
Pittsburgh coal 300 385 15
12.7 mm
Oil shale:
20-galfton................ .78 290 411 59
33-gal/ton 63 260 436 60
50-gal/ton .62 230 397 49
Pittsburgh coal ........... .52 240 386 77
25.4 mm
QOil shale:
20-gal/ton 83 260 383 147
33-gallton.. . .63 230 482 163
50-galiton..... ’ .64 200 392 158
Pittsburgh coal ... 55 210 560 363
38.1 mm ?
Oil shale: 33-gal/ton ... .74 210 >389 )
COARSE-SIZE DUST
12.7 mm
QOil shale: 33-gal/ton ... 0.97 >390 405 124
Pittsburgh coal ........... 77 > 380 373 547
25.4 mm
Qil shale: 33-gal/ton ... 1.02 > 390 383 ‘69

' At geometric center.

212.7 cm in diam.

3 Terminated at 263 min.

“ Smoke was evolved and shale underwent a smoldering reaction.
5 No visible change was noted.

The main objective of the tests was to determine the
minimum hot-surface ignition temperatures of the dust layers.
In general, this value for a given dust and layer thickness can
be determined in a reasonable number of tests. As seen in table
2-3, which summarizes results for all the tests of 12.7-
mm-thick layers of the 20-gal/ton oil shale, tests at 250°,
280°, and 290° C were sufficient to determine the minimum
hot-surface ignition temperature. However, hotplate tests for
many of the samples were also conducted over a much wider
range of temperatures, including temperatures well above the
minimum ignition temperatures. This was done in order to
assess the fire hazards under such conditions. For example, the
12.7-mm layers of the lean oil shale were tested at surface
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temperatures that ranged from 250° to 378° C. Information
garnered in the tests is presented in table 2-3, including layer
temperature at the time smoke was observed.

In addition to the ignition criterion of a rise in the
temperature of a layer of at least 50° C above the hotplate
surface temperature, another criterion is that of visible evi-
dence of combustion, such as red glow or flame. However,
flaming combustion was not observed in any of the tests with
the six samples, even at hot-surface temperatures well above
the minimum ignition temperatures. Glowing particles were

observed only in the tests with the 50-gal/ton oil shale, most
often with the thin, 6.4-mm layers. Glowing was due to the
oxidation of char on the layer surface, at edges or near cracks.
A residue of ash was left after the glow.

The ignition process in a 12.7-mm-thick layer during one
of the tests with the 50-gal/ton oil shale dust is seen in figure
2-12. The black spots on the surface are the locations of
reacting areas (2-12B to D). At the end of the test (2-12D), the
whole layer is black, owing to conversion of the kerogen to
char. The volatiles coming off the layer are also discernible.

Table 2-3.—Hotplate test results for 12.7-mm-thick layers of 20-gal/ton oil shale dust

Hotplate Vapor or smoke' Maximum T[lme
surface Appearance Termination temperature 0 ATmax,?
temperature, P - 2 ; within layer, maximum °C
oC Temperature, Time, Temperature, Tlme‘ o temperature,

°C min °C min min
ND ND ND ND 203 22 —4a7
214 10 260 32 263 26 -17
ND ND ND ND 276 26 -4
180 6 4200 86 a1t 59 121
189 5 420 43 429 48 129
198 4 401 43 401 42 a1
565 1 429 26 458 39 108
568 1 462 29 478 40 100

ND Not detected.

' Vapor is white, whereas smoke has gray or yellow hues; at higher temperatures, smoke is darker.

2 At geometric center.

3 Difference between maximum temperature attained at geometric center of layer and hot-surface temperature.
* Hotplate was shut off at 67 min, 8 min after maximum temperature was attained, but before sample reacted completely. Sample was left on hotplate to cool

and was still smoking at end of test (86 min).
5 Smoke appeared soon after sample was placed in ring.

Figure 2-12.—Typical hotplate test showing ignition process in 12.7-mm-thick layer of 50-gal/ton oil shale dust.



MAXIMUM TEMPERATURES ATTAINED
INSIDE LAYERS

As was indicatecl in the previous section, tests were also
conducted at surface temperatures much higher than the
minimum ignition temperatures of the layers. The intent was to
determine the highest temperatures that would be attained
within the various layers, and at the same time, to look for
signs of visible combustion, such as flame or glowing parti-
cles. Such information is helpful in the assessment of possible
fire hazards of ignited layers. Detailed results showing maxi-
mum temperatures for the various samples at selected layer
thicknesses as a function of the hot surface temperature are
given in the appendix to part 2. Pertinent values were chosen
from these tables and combined in table 2-4.

Table 2-4.—Maximum layer temperatures attained in various
tests (fine-size dust)

LavieT Hotplate Maximum
Dust -y surface temperature  ATmax,?
thickness, e 1
sample temperature,  within layer, oL,
mm o oC
Qil shale:
20-galiton........... 6.4 320 356 36
325 425 100
350 442 92
00 v, 25.4 250 264 14
260 383 123
33-galiton........... 12.7 250 231 -19
260 436 176
270 456 186
OO avszvemy sy 25.4 230 482 252
50-galfton .......... 25.4 200 392 192
220 397 177
240 439 199
260 403 143
378 520 142
Pittsburgh coal ..... 6.4 280 310 30
300 385 85
310 392 82
330 424 94
(i (o TR 25.4 210 560 350
380 566 186

’ Al geometric center.
2 Difference between maximum temperature attained at geometric center
of layer and hot-surface temperature.

1t is apparent from the data in table 2-4 and in the
appendix that in almost all the tests the maximum tempera-
tures registered at the geometric center of the layers were less
than 500° C. In most of the tests the maximum temperatures
were less than 450° C, for both the oil shales and the coal, even
when the hotplate surface temperatures were high. The few
exceptions in which temperatures greater than 500° C were
seen were tests with 25.4-mm-thick layers of the 50-gal/ton oil
shale and of coal. The oil shale required a high hotplate
surface temperature (~ 380° C) to achieve a temperature above
500° C, while the coal sample reached 560° C when heated at
a hotplate temperature of 210° C. The coal layer sagged,
especially at the center, and lost almost 27 pct of its original
weight; some ash formed as well. When the same layer
thickness of coal (25.4 mm) was heated on a 380° C hot
surface, essentially the same maximum temperature, 566° C,
was recorded. However, less time was required to reach this
point.
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The dust layers did not undergo flaming combustion in
any of the tests. Glowing combustion was observed only in
some of the tests with the 50-gal/ton oil shale layers and
occurred most often with the 6.4-mm-thick layers.

EFFECT OF LAYER CONFINEMENT

The hotplate test procedure specifies the use of a metal
ring of a known size and thickness for the confinement of the
sample during the tests. But dust layers accumulating on
equipment surfaces can be unconfined as well. A few tests were
conducted to observe the behavior of unconfined layers. The
unconfined layers were prepared in the usual manner, with a
standard ring, and then the ring was carefully removed. The
fine oil shale dusts tended to stick together and retain their
layer shape, even without the support of a ring. The coal dust
lacked this sticking tendency, and upon removal of the ring,
fine cracks developed in the layer. The cracks and open sides
permitted easier diffusion of air into the heated layer, and as a
result, the layer attained somewhat higher maximum temper-
atures. However, the minimum hot-surface ignition tempera-
ture for the coal layer remained the same as for the confined
layer. The minimum hot-surface ignition temperature of the
12.7-mm layer of 50-gal/ton oil shale likewise was not changed
by the absence of the ring.

PARTICLE SIZE EFFECTS

Previous work by the Bureau (/2) documented the effect
of particle size on the minimum hot-surface ignition temper-
ature of coal dust layers, namely, that coarser particles had a
higher minimum ignition temperature In order to see if oil
shale behaved in a similar manner, fine and coarse oil shale
dusts of the same richness, 33 gal/ton, were tested. The tests
with the coarse material were done at a layer thickness of 12.7
mm. None of the coarse dust layers ignited according to the
ignition criteria of the test, even when heated on surfaces
whose temperatures were as high as 390¢ C. The minimum
hot-surface ignition temperature for 12.7-mm-thick layers of
the fine 33-gal/ton dust was 260° C.

The maximum temperatures achieved inside the coarse shale
layers at their geometric centers are presented in table 2-5. From
these results, it is somewhat difficult to predict the minimum
hot-surface ignition temperature (i.e., ATmax > 50° C) of this oil
shale for this layer thickness. One test of the coarse sample at a
layer thickness of 25.4 mm and at a hot-surface temperature of
about 390° C also did not result in ignition; the maximum
temperature measured inside the layer was 383° C.

Table 2-5.—Hotplate test results for 12.7-mm-thick layers of
coarse 33-gal/ton oil shale dust

Hotplate Maximum Time to
surface temperature maximum ATmax,?
temperature, within layer,’ temperature, °G
°Cc oG min

204 49 -26
229 26 - 26
247 27 -20
253 27 -22
283 32 -7
309 32 -1
374 32 24
405 24 15

! At geometric center.
2 Difference between maximum temperature attained at geometric center
of layer and hot-surface temperature.
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Coarse Pittsburgh coal behaved in the same manner as did
the coarse oil shale; it did not ignite, even at high surface
temperatures. [n two tests with 12.7-mm layers at hotplate
temperatures of 300° and 380° C, the maximum temperatures
attained inside the centers of the layers were 270° and 373° C,
respectively. At the same layer thickness, the minimum hot-
surface ignition temperature of the fine coal dust was 240° C.

During the tests with the coarse 33-gal/ton oil shale, it
was noted that the packing density of this dust (0.97 g/cm?)
was higher than the density of the fine 33-gal/ton oil shale
(0.63 g/cm®). To eliminate the possibility that the packing
density influenced the results, layers of the fine dust were
pressed by hand to increase their density to 0.79 g/cm®. These
layers were prepared before the tests. The ring was placed on a
piece of fine aluminum foil and filled with the dust, and the
dust was compressed. The compressed dust layer in the ring,
along with the foil, was slid onto the preheated hotplate. The
layer thermocouple was not used in these tests. Instead, a fine
thermocouple was inserted into the layer with its junction at
about the geometric center of the layer. For the compressed layer,
the minimum hot-surface ignition temperature was 270° C,
as compared with 260° C for the uncompressed layer. Thus,
layer density has a relatively minor effect on the minimum
ignition temperature as compared with the effect of particle
size.

WEIGHT LOSS

Weight loss values for 12.7-mm-thick layers of 20- and
50-gal/ton oil shale dusts heated at various temperatures are
shown in table 2-6. The minimum ignition temperature of the

Tabie 2-6.—Weight losses for 12.7-mm-thick layers of 20- and
50-gal/ton oil shale dusts

Hotplate surface

temperature, °C Weight loss, pct

20-gal/ton oil shale:

1.2
1.7
2.3
B2
5.6
6.3
9.0
50-gal/ton oil shale:
205.. 2
230.. 12.7
240, 14.2
250 15:2
255 16.5
260.. 16.2
300.. 17.6
404.. 25.8

20-gal/1on oil shale at this layer thickness is 290° C. But even
at the lower temperatures there is a small weight loss, most
probably due to loss of moisture. The minimum ignition
temperature for the 50-gal/ton sample is 230° C; a small
weight loss was found at 205° C. The data clearly show the
dependence of the extent of kerogen decomposition on the
temperature of the hotplate.

Weight losses were also determined in tests with the
6.4-mm layers of the 50-gal/ton oil shale at the minimum
ignition temperature of 250° C and at temperatures just below
this value. The results for these tests, shown in table 2-7,
indicate that in addition to the hot-surface temperature, the
heating time at any specific temperature or temperature range
influences weight loss. Comparison of the results with those
shown in table 2-6 suggests that layer thickness can also affect
the extent of decomposition. Temperature-time profiles for
tests 2 and 4 from table 2-7 are depicted in figure 2-13. The
profiles show that both layers attained a temperature of
~250° C before they ignited. However, a much higher hotplate
surface temperature of 326° C was required to ignite the layer
in test 4, in which a lower heating rate was used.

Two residues from 12.7-mm layer tests of the 20-gal/ton
oil shale were analyzed for their heating values with an
adiabatic bomb calorimeter. The results of these tests together
with additional pertinent information are as follows:

Residue 1 Residue 2
Hotplate surface temperature ..........ooeevenne. °C. 280 350
Maximum temperature within layer, measured at
BEQHIEULIS COITIET" et s S0 BB AT Ci 263 458
Residue heating value ...........ccocoovinenns Bru/lb.. 1,390 210
Loss in heating value, based on 1,810 Btu/Ib for
unreacted 20-gal/ton oil shale ... pct.. 23.4 88.3

QLI BT T [ m—————————— pet.. 1.7 9.0
Kerogen weight loss (portion of kerogen that

decomposed 10 volatiles), based on kerogen

content of 11 Wi pel oooviviiiiiiiiiiiiieians pet.. [5.5 81.8

The losses in kerogen content should be similar to the respec-
tive losses in heating values, but they are somewhat lower. The
kerogen content of this raw oil shale is not known accurately
and could be less than 11 pet; this would partly explain the
disparity. Another uncertainty in the kerogen weight loss
values arises from their mode of calculation; they are deter-
mined from relatively small differences between two large
numbers. Loss of moisture should increase the total weight
loss, and hence kerogen weight loss, without affecting the loss
in heating value. However, oil shales in general contain very
small amounts of moisture, and moisture loss could be
neglected. On the whole, though, agreement is quite good.
The results show that a hotplate temperature of 350° C,
which generated a maximum temperature close to 460° C

Table 2-7.—Results of hotplate tests with 6.4-mm-thick layers of 50-gal/ton oil shale dust

Time when Layer temperature

Hotplate surface Maximum temperature Time to maximum Weight
Test " b \ 2 hotplate was when hotplate

temperature, °C within layer,' °C temperature,® min shut: off, 2 min Was Shil oﬁl, o loss, pct

250 390 21 41 190 13.6

250 419 20 26 230 19.2

3240 225 8 NAp NAp NAp

2390 401 61 63 380 23.2

L R 9245 224 8 NAp NAp NAp

265 233 54 NAp NAp NAp

290 253 F NAp NAp NAp

326 440 111 111 440 24.0

NAp Not applicable.

' At geometric center.

2 From start of test.

3 For 38 min, then slowly raised to 290° C.

* For 37 min, then slowly raised in stages to 265°, 290°, and 326° C.



500 T —[ T " T Y T T T I I.p
250° C ¢
© 400 = $
o ¢
/
£ 300 g7
0 4
S oo PO
L 200 0m 0 O 7
= -OLA Increase hotplate
temperature
100 L ' .
(0] 20 40 60 80 100 120
TIME, min

Figure 2-13.—Temperature-time profiles for 6.4-mm-thick lay-
ers of 50-gal/ton oil shale at two hotplate surface temperatures.

inside the layer, sufficed to decompose most of the kerogen.
Even during retorting, when much higher temperatures are
attained, the kerogen does not decompose completely into gas
and oil. Part of it converts to char that remains within the
spent shale.

The coarse 33-gal/ton oil shale was evaluated at a [2.7-
mm layer thickness, for a range of surface temperatures from
230° to 390° C. None of the samples ignited, according to the
ignition criteria of this test. Nonetheless, at the higher hotplate
surface temperatures the samples reacted and emitted vapors

Table 2-8.—Gas analyses results for samples collected

and smoke. Reactions were also evideni in the ¢olor changes of
the oil shale from beige to black (char formation) and to
gray-black (a char-ash mixture). Yet, weight losses in all the
tests were small, of the order of | to 3 pct.

For coal dust layers that did not ignite, very small weight
losses were also observed. In a few of the coal layers, very small
weight gains were recorded because of surface oxidation. The
coal sample that did lose appreciable weight was the 25.4-
mm-thick layer that ignited and reached a maximum temper-
ature of 560° C. Weight loss was 26.8 pct. A change in volume
also occurred and the coal layer collapsed, especially in the
central portion. Such changes did not appear in any of the oil
shale samples, although a small degree of shrinkage in the
thickness and in the diameter of some of the layers did take
place.

GAS SAMPLES

Gas samples were collected above the layers in some of the
tests, usually during the emission of gases and/or smoke.
These reaction products are diluted by the ambient atmosphere
as soon as they emerge from the layer. Additional dilution
occurred during sampling with a fine hypodermic needle. As a
result, the combustion products constitute a very small part of
any gas sample, and the results serve only to identify the gases
that form and their relative concentrations. The height above
the dust layer at which the sample was taken and the sampling
time were kept as uniform as possible. Some results of the
analyses of these gas samples are presented in tables 2-8 and
2-9 for oil shale and in table 2-10 for coal.

above 12.7-mm layers of 20-gal/ton oil shale dust

Concentration

Hotplate surface Layer temperature CO.-CO
temperature, at time of vol pct ppm ‘
°C sampling,’ °C ratio
piing. 0, Ar N, CO, CO CHy, GCyHg¢ CoH, CuH, CgHg CaHg
308 20.7 0.93 78.18 0.15 0.04 ND ND ND ND 7 4 3.8
332 20.3 .93 78.25 40 11 ND 20 20 ND 18 18 3.6
359 19.7 .93 78.40 .68 22 200 40 40 ND 25 36 3.1
ND Not detected.
'At geometric center.
Table 2-9.—Gas analyses results for samples collected above 25.4-mm layers of 50-gal/ton oil shale dust
Hotplate surface Layer temperature Concentration, vo! pct CO.-CO
temperature, at time of ra2uo
°C sampling,' °C o7 Ar Nz CO, co CH, CaHe CaHs
250.. 390 20.0 0.93 78.27 0.69 0.11 0.02 0.006 0.003 6.3
280 17.7 .94 78.56 2.20 .46 .08 .023 012 4.8
380 19.5 .93 78.31 1.06 15 .03 ,008 005 71
FC ] - 10| F———————— 300 19.6 93 78.38 .84 .21 .01 .009 .006 4.0
380 20.6 .93 78.21 .22 .03 ND .003 .001 7.3
ND Not detected.
'At geometric center.
Table 2-10.—Gas analyses results for samples collected above 25.4-mm layers of Pittsburgh coal dust
Hotpiate surface Layer temperature Concentration, vol pct CO.-CO
temperature, at time of raztio
°C sampling,” °C 0, Ar N, co, co CH, C.Hg
210 290 20.0 0.93 78.40 0.43 0.23 0.02 0.002 1.9
406 18.3 .93 78.23 1.40 .90 17 .044 1.6
413 19.8 93 78.24 .60 .37 .04 .014 1.6
429 19.7 93 78.41 .56 35 .04 .01 1.6

'At geometric center.
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The results in table 2-8 show increased amounts of <0,
and CO combustion products with increasing layer tempera-
ture. CO, is more abundant than CO in the three samples. The
hydrocarbons are present in trace quantities in all the samples,
but results suggest a trend for increasing amounts at higher
temperatures. Higher hydrocarbons, up to Cg, were also
detected in trace quantities, but are not reported. No attempt
was made to detect hydrocarbons above C. or to analyze
condensed products.

The compositions of gas samples collected above 25.4-
mm layers of 50-gal/ton oil shale are presented in table 2-9.
For these thicker layers, peak amounts of gases were found, in
general, when the layer temperature was about 300° C. By
about 300° C, a black crust formed on top of all the layers in
these tests. This crust may have reduced the flow of air into the
layers and flow of products out of the layers. The CO,-to-CO
ratios are higher for the rich oil shale than for the lean oil
shale. The effect of layer thickness on this ratio was not
evaluated in this test program, but could also be a factor.

[t is of interest to compare the above results with values
found for gas samples collected above 25.4-mm-thick layers of
coal (table 2-10). Slightly larger amounts of CH, and C,H,
and of the other hydrocarbons (which are not shown here)
were found, but the differences were small. The main differ-
ence is seen in the ratio of CO, to CO, which is much smaller
owing to the larger amounts of CO emanating from the coal
layer.

In general, the only combustion gases found in significant
amounts are CO, and CO. The hydrocarbons are present in
trace amounts. In all cases, CO, is present in larger amounts
than CO, and the ratio of CO, to CO is larger for the oil shale
than for the coal.

Finally, gas samples were collected during the layer tests
conducted in the flammable atmosphere. Results of analyses
of some of these samples are shown in table 2-11. In these
tests, confinement affected the gas composition results, The
accumulated combustion products reduced the oxygen concen-
tration inside the enclosure. Therefore, it was necessary to
determine whether there was sufficient oxygen for the com-
bustible gases in the enclosure to propagate a flame. Calcula-
tions showed that sufficient oxygen was available to sustain a
flame or explosion, if a suitable ignition source had been
present. This was verified by igniting the mixture in the
enclosure with a lighted match.

SPRINKLE TESTS

Dust slowly settling on hot surfaces will initially form
small, uneven islands of very thin layers. Sprinkle tests were
conducted in order to simulate this initial stage of layer
formation. In these tests, the fine dusts were sprinkled from a
spatula onto the heated surface. The deposits that formed were

on the order of | to 2 mm in thickness. From the trends found
in the layer tests, it was clear that surface temperatures in
excess of 300° C would be required for ignition of very thin
accumulations. The ignition criterion used in the sprinkle tests
was the formation of glowing particles, partly because meas-
urement of temperatures was not practical. Nonglowing par-
ticles, or piles, also pyrolyzed, but the heat generated was not
sufficient to overcome heat loss, and as a result oxidation of
the formed char with its concurrent glow did not occur.

Glowing occurred when the char oxidized, and in most
cases it happened after the formation of small, rounded
globules by the oil shale particles. This agglomeration of the
small particles is believed to be due to the wetting of the
particles by the oil that is generated by reacting kerogen. The
lowest surface temperature at which glowing was observed
when the 50-gal/ton oil shale dust was sprinkled on the heated
surface was 330° C. Higher temperatures were required for the
leaner oil shales. The 33-gal/ton oil shale did glow at about
340° C and the 20-gal/ton shale at 380° C, but the glow was
not as bright and not as many particles reacted all the way to
the glowing stage. At these high surface temperatures, reaction
of the dust was almost instantaneous. Glowing particles were
not observed when fine coal dust was sprinkled on surfaces
close to 400° C in temperature.

The surface temperatures at which the particles glowed
and the estimated layer thicknesses were used to extend the
curves of figure 2-11, representing minimum hot-surface
ignition temperatures as a function of layer thickness. The
resultant curves, shown in figure 2-14, can be used cautiously
for interpolation, keeping in mind that the ignition criterion
for the very thin layers differs from that for the thicker layers.

TESTS IN FLAMMABLE ATMOSPHERES

The tests were conducted with 25.4-mm-thick layers of
fine 50-gal/ton oil shale and coal dusts at surface temperatures
of about 380° C. With the onset of ignition in the layer, a flow
of air of about 11 L/min was first directed downward over the
layer to enhance the development of substantial areas of
glowing particles. When the air in the enclosure was then
replaced with a flammable methane mixture, glowing was
dimmed and then suppressed. Replacement of the flammable
atmosphere with a fresh flow of air renewed the glow. In no
case was the flammable atmosphere ignited by the layers.

It is important to note that the reacting layers themselves
emitted gases and vapors, and thereby changed the composi-
tion of the atmosphere in the enclosure. To ascertain the
presence of a flammable atmosphere, gas samples were taken
inside the enclosure and analyzed by gas chromatography.
Results of the analyses, displayed in table 2-11, showed the
presence of small amounts of CO, H,, and CO,. Methods exist
for calculating the flammability of any mixture of combustible

lable 2-11.—Gas analyses resuits for samples collected above heated layers of 50-gal/ton oil shale and Pittsburgh coal inside
flammable gas enclosure

Ly Hotplate y ) Concentration
Dust thickness; surface Conditions during vol pel ppm CO,-CO
sample Fif temperature, sampling " ratio
°C O, Ar N, CO, CO CH, H, C,Hs CyH,
Oil shale: 50-gal/ton. .. 12.7 360 Smoke and flammable atmosphere.... 16.2 0.86 726 23 033 75 0.18 575 320 7.0
DO 25.4 365 SMOKE ...t 18.7 94 789 141 29 1 ND 100 130 3.8
Smoke and flammable atmosphere.... 16.7 .86 722 16 .32 83 ND 375 90 5.0
Pittsburgh coal ........... 25.4 360 SMOKE ....oiviieeniieieiii e 177 93 780 1.7 110 4 10 515 120 1.5
Smoke and flammable atmosphere.... 156 .86 723 2.0 195 69 .35 665 130 1.0

143 B85 711 24 220 85 60 885 180 1.1

ND Not detected.
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Figure 2-14.—Minimum hotplate surface ignition tempera-
tures for fine oil shale and Pittsburgh coal dusts as a function of
layer thickness, including values from sprinkle tests.

and inert gases (/3). These methods were applied to the
atmospheres inside the enclosure, and they were determined to
be flammable.

In addition to the layer tests, sprinkle tests with fine coal
and 50-gal/ton oil shale dusts were also conducted in a
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flammable atmosphere. Ignition of the gas mixture did not
occur at any time. The {lammable atmospheres were readily
ignited by a lighted match thrown into the enclosure.

HIGH-TEMPERATURE HOTPLATE (> 400° C)

The high-temperature hotplate consisted of a thick stain-
less steel plate atop a circular heating coil. Local variations in
the temperature across the plate surface were large and fol-
lowed the pattern of the coil.

Both the 50-gal/ton oil shale and coal dusts reacted
immediately upon being placed on the hottest portions of the
plate, which were easily discerned by a dull red color. The
surface temperatures were at least 470° C, and probably
higher T.arge amounts of volatiles and yellow-brown fumes
were emitted. Temperatures measured inside thin layers of oil
shale were on the order of 570° C, and red glowing particles
were evident. Red glow inside thicker layers was also observed.

When coal was placed on the hot surface, glowing
particles formed. A mixture of fine and coarse coal particles
was tested, and crackling sounds were heard. The coarser
particles disintegrated and at times even flew apart; these
events were accompanied by tiny sparks.

The only time lMaming combustion occurred was when a
piece or particle of either oil shale or coal came in direct
contact with the bright red heating coil (>750° C). The flame
flashed back to the pile, which was located on the central
portion of the stainless steel plate, about 6 cm away.

DISCUSSION OF RESULTS

MINIMUM HOT-SURFACE IGNITION
TEMPERATURES

The hotplate minimum ignition temperatures were very
reproducible in the tests with the oil shale and the coal samples.
Small variations in the packing densities and in ambient condi-
tions, such as humidity and temperature, did not noticeably
affect the results. Perhaps the difference of 10° C between
ignition and nonignition is a sufficient margin to compensate for
such effects.

The minimum hot-surface ignition temperatures decrease
in an orderly fashion with increasing oil shale richness for the
fine oil shale dusts with similar particle size distributions. The
greater amount of kerogen in the richer oil shales and the
larger amount of volatiles released by them at a lower temper-
ature during decomposition combine to generate more heat
during air oxidation. Lee and Sohn (/4) investigated the
ignition characteristics of various grades of Green River oil
shale and determined that the energy required for ignition
decreased with increasing shale grade. In the hotplate tests,
ignition energy is represented by the hotplate surface temper-
ature, but it cannot be calculated accurately because of the
unknown amounts of heat loss to the surroundings.

The other systematic change in the minimum hot-surface
ignition temperatures of all the tested dusts related to layer
thickness. The minimum hot-surface ignjtion temperatures
decreased with increasing layer thickness. The ignition process
on the hotplate is very sensitive to heat loss, and any provision
that decreases heat loss aids the process. The thicker layers
reduce heat loss from the layer, and the result is a lower
ignition temperature.

[t is always helpful to compare experimental results with
values found by other researchers. However, published exper-
imental results for hotplate tests of coal and oil shale are
scarce, and the ones available were not obtained by exactly the
same test procedures as were used in this study. [gnition criteria
also vary from one publication to another,

For Pittsburgh Seam coal dust (80 pct through 200 mesh),
the minimum ignition temperature, as determined by the
modified Godbert-Greenwald furnace test, is 170° C (/3).
When the same coal was tested in a hotplate test, in which the
Jayer dimensions were | in. in diameter and % in. in height and
the confining ring was made from a 40-mesh screen, the same
temperature of 170° C was obtained (/2). This is somewhat
surprising since the small layer dimensions and nonisothermal
conditions in the latter test are conducive to heat loss, and a
higher ignition temperature would have been expected. In the
modified Godbert-Greenwald furnace, the minimum ignition
temperature of the Pittsburgh Seam coal from the present test
series was determined to be 175° C.

Hotplate tests with oil shale dusts were conducted by the
Tosco Corp. under Bureau contract. In these tests, a 35-
gal/ton oil shale (minus 200- plus 325-mesh fraction) was
tested on a hotplate whose surface temperature was set at 200°,
230°, and 260° C. Only the vapors that evolved during the test
at 260° C ignited when a pilot flame was passed over the dust
(10). A few samples of 10-, 20-, and 30-gal/ton oil shale dusts
were also tested in the modified Godbert-Greenwald furnace,
and a nominal ignition temperature of 200° C was reported
(10). However, the test data and ignition criteria are not
presented in sufficient detail to determine the minimum igni-
tion temperatures of the various samples. When a 50-gal/ton
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oil shale was tested in the modiftied Godbert-Greenwald fur-
nace, a minimum ignition temperature of 180° C was reported
(15); the equivalent minimum ignition temperature of the
50-gal/ton oil shale from the present test series was determined
to be 175° C.

As mentioned in the introduction to part 2, hotplate tests
of coal and oil shale were also conducted by the Bureau (9).
Pulverized Pittsburgh Seam coal and three oil shales (19-, 25-,
and 48-gal/ton; 95 pct through 200 mesh), were tested. For
unconfined, 25.4-mm-thick layers of Pittsburgh coal dust, the
minimum ignition temperature was ?10° C A 50-mm-thick
layer of the same coal ignited at 200° C after 400 min. of
continuous heating. The minimum hot-surface ignition tem-
peratures for 50-mm-thick layers of the three oil shales were
300°, 240°, and 200° C, respectively. The results for the
25.4-mm-thick coal [ayer are the same as were found in this
study. The results for the oil shales show the same trend as in
this study but cannot be directly compared because thicker
layers were used and the ignition criteria and test procedures
were different.

In hotplate test results mentioned earlier (/0), for a
35-gal/ton oil shale, the minimum hot-surface ignition tem-
perature was not given. Instead, tests were conducted at
various hotplate surface temperatures, and the emitted vapors
were lested for ignitability by a pilot flame. A similar effort
was made in this study to determine the hotplate temperature
at which evolved gases would be ignited by a flame. Attempts
to ignite the vapors and/or smoke emanating from layers of the
50-gal/ton oil shale with a pilot flame were seldom successful.
When the layer temperature was at least 300° C, the flame from
a lighted match held above the layer flashed back to the layer, but
was not sustained. The only time ignition of vapors by a lighted
match was repeatedly successful was when the 50-gal/ton oil
shale, or coal dust, was heated on the high-temperature hotplate
at surface temperatures above 470° C. Also, when particles of the
oil shale or coal fell from the stainless steel plate onto the bare coil
(surface temperature >750° C), they ignited instantaneously and
the flame flashed back to the nearby layers. Thus, flammable gas
mixtures were formed only when volatiles were generated at a
high rate and in large quantities by rich oil shale in contact with
a high-temperature surface.

Plots of the minimum hot-surface ignition temperature
versus layer thickness, as shown in figure 2-14, are not linear
and thus are not easily extrapolated. However, when the
logarithms of layer thicknesses were plotted as a function of
the reciprocal values of the ignition temperatures in kelvins, as
suggested in the hotplate test procedure and as shown in figure
2-15, straight lines resulted for the three oil shale dusts but not
for the coal dust. A comprehensive theoretical analysis of
hotplate test results, by Bowes and Townshend (/6), correlates
the logarithm of the function 6. T?/r® with the reciprocal of the
ignition temperature. The function, in which r is half the layer
thickness, T is the minimum ignition temperature, and 4, is a
complex combination of various parameters, is proportional to
the rate of heat evolution per unit volume of reacting mass.
The slopes of the resultant straight lines yield activation energy
values. Several assumptions and additional data are required
for evaluation of é_, and this was not done for this report.

The plots for the 20- and 50-gal/ton oil shales in figure
2-15 are parallel, while the slope of the line for the 33-gal/ton
oil shale more closely resembles the slope of the upper portion
of the coal curve. As stated earlier, the 33-gal/ton oil shale
originated from a different location than the two other oil
shales and probably contains different proportions of the
compounds constituting the inorganic matrix, or possibly even
other minerals. The reason for the nonlinear behavior of the
coal is not known.
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Figure 2-15.—Semilog plots of layer thickness versus recip-
rocal of minimum ignition temperature {in kelvins) for fine oil
shale and Pittsburgh coal dusts.

Long-duration hotplate tests, in which the hotplate sur-
face temperature was initially lower than the minimum ignition
temperature but then was slowly raised to temperatures that
were much higher than the minimum ignition temperature,
failed to ignite the samples. Whatever the events that take place
when the oil shale dusts undergo prolonged heating at temper-
atures lower than their minimum ignition temperatures, some-
how they become more resistant to additional, and more
energetic, thermal stimuli. These results indicate an increase in
relative safety for dust layers accumulating slowly over long
periods of time on hot surfaces.

MAXIMUM TEMPERATURES ATTAINED
INSIDE LAYERS

With a few exceptions, the maximum temperatures at-
tained inside the layers of oil shale and coal when they were
heated at their respective minimum hot-surface ignition tem-
peratures were about 400 +20° C. Higher temperatures were
found in the 12.7- and 25.4-mm-thick layers of the 33-gal/ton
oil shale (436° and 482° C, respectively). The highest temper-
ature was 560° C, for the 25.4-mm-thick layer of fine coal
dust.

The maximum rise in layer temperature above the mini-
mum hot-surface ignition temperature (ATmax), for the vari-
ous samples, is shown in table 2-12. The maximum rise in
temperature, in general, increased with increasing layer thick-
ness for the samples, although the increase was less pro-
nounced for the 20- and 50-gal/ton shale dusts. This increase
is due to the reduction in heat loss; the thicker layers in essence
act as insulators. The maximum rise in temperature increased



Table 2-12.—wviaximum rise in temperature (ATmax)' inside
layers heated at their respective minimum hot-surface
ignition temperatures, degrees Celsius

Dust sample 6.4 mm 12.7 mm 25.4 mm
Oil shale:
100 i21 123
130 176 252
50-galfton .. 169 167 192
Pittsburgh coal ... 85 146 350

'At geomelric center.

with increasing grade for the thin layers of the oil shales. The
same cannot be said for the 12,7- and 25.4-mm layers of oil
shales, mainly because the values for the 33-gal/ton oil shale
are not in line with the values for the other two oil shales.
Maximum increases in temperature inside layers of some of the
samples that were tested at higher surface temperatures than
the minimum ignition temperatures were essentially the same
as those in table 2-12.

To achieve higher temperatures in reacting solid fuels,
contributions from vapor phase reactions are important. Such
vapor phase reactions, which in general occur as flames, were
not observed. The volatiles generated by the reacting layers
were either not present in sufficient quantities to be in the
flammable range, or else the temperature at the surface of the
layer was lower than that required for ignition of the flamma-
ble mixture. Similar gas mixtures are generated by other
pyrolyzing fuels, such as cellulose. Yoshizawa and Kubota
determined the temperature of self-ignition of such mixtures of
CO, CH,, C,H,, C,H,, and CO, in air to be 540° C (/7);
ignition occurred at or near the rich flammable limit. The
33-gal/ton oil shale and the Pittsburgh Seam coal did generate
high temperatures when heated in thick layers, but the combi-
nation of the required flammable gas concentration and layer
surface temperature for initiating flaming combustion was
evidently not attained.

EFFECT OF LAYER CONFINEMENT

When layers are not confined by a metal ring, diffusion of
air into the sides of the sample increases, but at the same time
heat losses also increase. In the few tests that were done, the same
minimum ignition temperature was found for both the confined
and unconfined layers. These results suggest that a balance, or
equilibrium, was established, in which the effects of diffusion
and heat loss cancelled each other. However, it should be noted
that slightly higher maximum temperatures were attained inside
the unconfined layers. A more detailed examination of this
parameter would be worthwhile, especially since most dust
accumulations on hot surfaces are not confined.

PARTICLE SIZE EFFECTS

The minimum hot-surface ignition temperatures for the
coarse 33-gal/ton shale and coal samples were greater than
400° C. The exact values were not determined because they
were greater than the highest temperature the hotplate could
attain. In comparison, the minimum hot-surface ignition
temperatures for the 12,7-mm-thick layers of the fine 33-
gal/ton shale and coal dust were 260° and 240° C, respectively.
Several factors contributed to this significant difference. The
coarse samples had a wider particle size distribution than the
fine samples. Consequently, a greater layer density resulted,

29

capable of resuricting airflow through the layer and thereby
minimizing exothermic reactions. The contributions from exo-
thermic surface oxidation reactions are reduced for layers of
coarse particles that have smaller overall surface areas. More
time is required to evenly heat the coarse particles throughout,
and a slower heating rate results. Finally, and most impor-
tantly, the decomposition products that form inside the larger
particles have a longer diffusion path and, consequently, more
time to undergo further decomposition. This leads to coking
of the gas and oil products. As a result, the amount of thermal
feedback from vapor oxidation is reduced.

Oil shale pyrolysis and combustion and oil shale retorting
have been extensively studied. The many parameters evaluated
include particle size and heating rate. Although layer tests were
not utilized in these studies, the results regarding particle size
effects are valid for comparison with the results of the layer
tests. Galan and Smith (/8) used thermogravimetric analysis to
evaluate the effects of transport processes on the decomposi-
tion of small samples of Colorado oil shale and found three
modes to be important. These were interparticle, intraparticle,
and particle-to-fluid transport phenomena. Decomposition
rate, measured as weight loss, decreased when particle size was
greater than 0.4 mm. Galan and Smith conducted their tests in
a nitrogen atmosphere; thus, oxidative decomposition was not
a factor.

Campbell also studied the effect of particle size on oil
degradation inside shale particles (/9). He attributed coke
formation within the particles to slow heating rate, rather than
to particle size. A Colorado oil shale dust with particles
smaller than 800 um was used in the tests, in either nitrogen or
self-generated atmospheres. Essentially, the results agree with
the layer test results, because larger particles are heated at
slower rates.

Suuberg (20) studied the pyrolysis of bituminous coal that
was heated in an atmosphere of helium at a fast rate, Particle
sizes tested ranged from 74 to 1,000 pm. Less tar and more
char formed when particle size was increased. He also suggest
mass transport effects and secondary reactions within or on
the particles as an explanation of the results.

Nagy and Verakis (/2) present data obtained in the
Godbert-Greenwald furnace test that show increases in the
minimum ignition temperatures of coal dust layers with in-
creasing particle size. The ignition temperatures reported for
two coal dusts, one a 20-pct and the other a 75-pct minus
200-mesh coal, were 210° and 170° C, respectively. These
dusts are similar in size to the coarse and fine coal dusts
utilized in the present study and for which the corresponding
minimum hot-surface ignition temperatures were determined
to be >380° and 240° C, respectively, for a 12.7-mm layer.
Although the same trend is seen, the results are not directly
comparable to those of this study because of the different test
methods employed.

Palmer and Tonkin measured ignition temperatures of
conical dust layers on hot surfaces (2/). For a cork dust, the
ignition temperature increased with increasing particle size.
Although they do not report the effect of particle size on the
minimum ignition temperature of coal dust, the minimum
ignition temperature found by them for a 25-mm-thick coal
dust layer consisting of particles <0.063 mm in diameter
(minus 230 mesh) was 210° C. This value is identical to that
found in the present study for fine Pittsburgh coal of approx-
imately the same particle size and layer thickness.

The importance of these results lies in the fact that much
higher hot-surface temperatures are needed to initiate reactions
and ignite a layer comprised of larger particles or of a mixture
of small and large particles. Such layers can tolerate higher
surface temperatures without igniting.
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WEIGHT LOSS

Kerogen, the fuel-bearing portion of oil shale, constitutes
a relatively small part of the oil shale by either weight or
volume. The major portion of the oil shale is a matrix of
inorganic compounds. In the range of temperatures encoun-
tered in the layer tests, the inorganic portions of the shales do
not undergo any significant decomposition, and the observed
weight losses reflect solely the decomposition of kerogen and
the evaporation of the small amount of moisture present in the
oil shale. Results of weight losses show that the 50-gal/ton oil
shale underwent appreciable decomposition {on the order of 50
w1 pct of kerogen) at a hotplate temperature of 230° to 250° C,
while a surface temperature of 290° C was required for a
similar degree of decomposition of the 20-gal/ton oil shale.
These data support the previous results of lower ignition
temperatures for higher oil shale grades. Higher temperatures,
around 350° C, were required for a more complete kerogen
decomposition of both oil shales.

Not only hot-surface temperatures but also layer thick-
ness, exposure time on the hot surfacc at any specific temper-
ature or temperature range, and packing density of the layer
affect the extent of weight loss. Although packing densities
were similar for most of the layers of any one sample, they still
varied from test to test. Variations in density were greater for
the thin layers. Availability of oxygen to the reacting layer and
hcat loss from the layer depend strongly on layer density, and
they in turn influence the maximum temperatures attained
inside the layers and the resultant weight losses. The results in
tables 2-6 and 2-7 reflect the combined effects of the various
parameters on weight losses in the hotplate tests.

In addition to the decomposition of kerogen, oxidation
and pyrolysis reactions of kerogen and its decomposition
products that form volatiles also contribute to the weight Joss.
These reactions drive the smolder wave through the reacting
layer. In these hotplate layer tests, the hot surface provides an
energy flow in a direction that opposes the flow of oxygen.
The air diffuses into the layer mostly from the top and, in the
process, actually reverses part of the energy flow. This mode of
reaction, known as reverse smolder, depends on and is limited
by oxygen availability and heat transfer, which are interdepen-
dent. It may also interfere with the upward flow of combustion
products.

In many of the hotplate tests in which the oil shale layers
ignited, only chars formed, and even then, only a part of the
layer converted to char. The additional oxygen and energy
needed for the oxidation of the char and formation of ash was
apparently not available.

When the coarse 33-gal/ton oil shale layer was heated at a
high hot-surface temperature (380° C), it underwent chemical
changes that were obvious to the eye, yet both weight loss and
temperature rise were minimal. The reason is mainly coking of
the generated volatiles within the larger particles. Minimal
weight loss also occurred when layers of coarse coal were
heated in a similar manner.

GAS SAMPLES

All the gas samples collected above the heated layers at
various hot-surface temperatures and at different periods
during the tests did not contain large quantities of flammable
gases. Dilution during sampling was partly responsible for
these results. The only two gases found in any significant
concentrations were CQO, and CO. CO, was present in larger
quantities, as seen in tables 2-8 to 2-10. CO, is a direct
decomposition product of the oil shale and the coal; it may

also be formed by oxidation of the evolved CO as it diffuses
through the layer. The temperature of the evolved gases as they
effuse from the layer is probably too low for oxidation in the
ambient air.

Samples of gas emanating from cores of spent oil shale
undergoing char combustion were collected by Manor (22).
When the core was heated at 483° C, the ratio of CO, to CO
in the gas sample was about 4. The ratio is dependent on the
temperature of the char and increases at higher temperatures.
These results are very similar to those found for samples
collected above the oil shale layers and suggest that the char
that formed on the surface of many of the oil shale layers as
well as inside some of the layers generated combustion gases.
Temperatures of about 600° C or more, depending on char
reactivity, produced self-sustaining reactions between the char
and air in Manor’s tests. This may be the temperature of the
glowing particles observed in some of the layer tests.

The gas samples that were collected above the reacting
coal layers contained relatively larger amounts of CO than
samples collected above the oil shale layers. Only traces of
flammable hydrocarbons were detected in any of the gas
samples. In general, CH, was present in larger amounts than
were the higher hydrocarbons in gas samples taken above the
coal. This was not always the case in samples from the oil
shales.

Even considering the fact that the gas samples were
diluted with air during sampling, none of the flammable gases
were found in gquantities anywhere near their lower flamma-
bility limits. The limits in air are the following;:

Lower flammability lunit,
vol pct
2.5
5.0
30
2.7

Gas

The concentrations of these gases in the collected samples were
much smaller. Hydrocarbons such as C,H, and C,H sensitize
mixtures of CO and CH, and can lower their ignition temper-
atures. However, the gaseous mixture has to be within the
flammable limit to ignite.

In view of the above, the absence of flaming during the
tests may be explained. The first requisite for combustion is the
formation of a flammable mixture. This, however, is not
sufficient (o ensure the autoignition of the mixture. A critical
surface temperature—the ignition source—is needed as well.
The highest layer surface temperatures in the layer tests were
about 370° C. They were recorded for 25.4-mm-thick layers of
50-gal/ton oil shale and of coal that were heated on very hot
surfaces (~380° C). The maximum layer surface temperatures
in most of the other tests in which ignition occurred were
lower, even as Jow as 111° C. These lower temperatures are a
good indication that gas flux at the surface was minimal. They
also point to the lack of energy input or feedback from gas
phase reactions near the surface into the solid. Without such
interactions, flaming combustion cannot occur. The small
amounts of flammable gases generated by the oil shale are due
to the relatively slow smolder-type reactions that are at least an
order of magnitude slower than flame reactions.

SPRINKLE TESTS

As was demonstrated in the layer tests, the hot-surface
ignition temperatures increased with dccreasing laye: thick-
ness. Sprinkle tests provide a means for evaluating the behav-
ior of very thin layers or small piles of dust on hot surfaces,



The ignition criterion chosen for the tests was the formation of
glowing particles.

When particles of fine oil shale dust were sprinkled on a
sufficiently high-temperature surface, they reacted instanta-
neously, emitting smoke and volatiles. Glowing particles were
seen when the char on the surfaces of the particles reacted with
air and formed CO, and/or CO, leaving behind a residue of
ash.

The glowing behavior was not seen with single particles. It
was observed when a few particles combined together to form
a larger mass. thereby decreasing heat loss. Hot-surface tem-
peratures in excess of 340° C were required for glowing particle
formation with 50-gal/ton shale dust, and higher surface
temperatures were required for leaner oil shales. The number
of glowing particles and degree of brightness increased with
increasing grade of oil shale. Exudation of shale oil may be a
contributing factor in the agglomeration of the fine oil shale
particles. In sprinkle tests of coal dust, glowing particles were
not observed at hot-surface temperatures close to 400° C.

TESTS IN FLAMMABLE ATMOSPHERES

The main purpose of the tests in the flammable atmos-
pheres was to determine if the temperatures attained by the hot
dust layers were sufficiently high to ignite methane-air flam-
mable mixtures. The tests were conducted so as to create
favorable conditions for ignition of a gas mixture. The 12.7-
and 25.4-mm-thick layers of 50-gal/ton oil shale and coal
dusts were placed on a 350° to 390° C hot surface, and airflow
was then directed over the layers to promote glowing combus-
tion. These ignited layers, with areas of glowing particles
ranging from 25 to 50 mm in diameter, did not ignite the
methane-air atmospheres that were then introduced into the
enclosure. Instead, the flammable atmospheres reduced and
dimmed the glow. Most readily ignited concentrations of
methane-air atmospheres range from S to 9.5 pct methane,
depending on the type of ignition source (23). The methane
mixtures utilized in the present tests ranged from 7 to 10 pct,
and none of these were ignited by the areas of orange-
red-colored glowing particles, whose temperatures were at least
600° C. The latest experimentally determined minimum auto-
ignition temperature of a 7-pct methane-air mixture is 601° C
{(24). A spherical stainless steel vessel (coated with boric acid)
was used in the determination, and ignition lag times were
between 17 and 20 s. Higher temperatures are required to ignite

stationary flammable mixtures by an open hot surface, and
still higher temperatures are needed to ignite flowing mixtures
by a hot surface.

Finally, the part played by a combustible substance placed
on a hot surface in the ignition process of a flammable gas
mixture, and especially its effect on the ignition temperature of
the flammable mixture, is of direct interest. To test this
combined effect, Guest (25) placed a very fine bituminous coal
on a 12,5-mm-wide nickel bar heated to 933° C. At this
temperature, a 6-pct natural gas-air mixture in contact with the
bare bar was ignited. The presence of the smoldering coal
(which did not flame) did not reduce the metal bar temperature
at which the gas mixture ignited to below 933° C. Rather, the
presence of the gas mixture suppressed the combustion of the
coal. Unlike coal, other substances such as pyritic dust and
pine.sawdust aided the ignition of the 6-pct natural gas-air
mixture by emitting voiatiles that reduced the bar temperature
necessary for ignition of the flammable mixture. But like coal,
these substances had their own combustion suppressed by the
gas mixture. When the same test was repeated with a stream of
air blown over the coal to aid combustion, the temperature of
the bar required to ignite the flammable mixture was lowered
by 130° C from that required for ignition by the bare bar
Guest’s results are analogous to the results seen with the oil
shale and coal dust layers in the flammable atmospheres.
These latter atmospheres interfered with the glowing combus-
tion and dimmed it.

Crookston conducted tests similar to the ones in this
program using a 10-pct methane-air mixture (/0). A hotplate
capable of being heated to temperatures in excess of 538° C
was utifized. Various shapes, sizes, and thicknesses of layers
were used in the tests with three oil shale dusts of 15, 25, and
35 gal/ton. The flammable mixtures were not ignited in any of
the tests. Thus, results of both test programs are in agreement
regarding the inability of the hot layers of oil shale to ignite a
flammable mixture of methane and air. Both Crookston’s
results and the results of the tests conducted by the Bureau are
to be expected. The temperatures of the hot surfaces of both
the hotplates and the dust layers are much lower than the ones
guoted by Guest for ignition of such flammable mixtures by
hot surfaces. Even the flammable gases generated by the
heated layers themselves, which can probably be ignited at
lower surface temperatures than those required for the
methane-air mixture, were not ignited by the heated oil shale
layers.

CONCLUSIONS

The minimum hot-surface ignition temperatures of a suite
of three fine oil shale dusts and one coarse oil shale dust and
of one fine and one coarse coal dust were determined and the
fire hazards of the layer ignition process evaluated.

Test results are summarized as follows:

® Hot-surface ignition temperatures increased with de-
creasing oil shale grade and layer thickness.

® Hot-surface ignition temperatures increased with in-
creasing particle size.

e Hot-surface ignition temperatures for the 50-gal/ton oil
shale were similar to those of Pittsburgh coal dust for the 12.7-
and 25.4-mm-thick layers. For the 6.4-mm-thick layers, the
minimum ignition temperature of the oil shale was lower than
that of the coal by 50° C.

s Glowing particles were observed in the standard layer
tests only with the 50 gal/ton oil shale dust, most often with
the 6.4-mm-thick layers. They were also produced when the oil
shales were sprinkled on the hotplate when its surface temper-
ature was >340° C. The surface temperature that produced
glowing particles increased with decreasing oil shale grade.
The number of glowing particles and their intensity increased
with increasing oil shale grade. Sprinkled coal dust particles
did not glow even at a surface temperature of 390° C. Thus, to
attain glowing, relatively high surface temperatures combined
with sufficient air are needed.

e Flames were not observed in any of the layer tests, and
the maximum temperature attained inside the geometric cen-
ters of the shale layers were not higher than 400° C in most
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cases. Higher temperatures resulted only when the layers were
heated on the hotplate at temperatures much higher than the
minimum hot-surface ignition temperatures. Flames were ob-
served only when particles of oil shale or coal were sprinkled
on a cherry-red hot surface of a heating coil at about 750° C.

® During the hotplate tests, large amounts of volatiles
and smoke were generated by the oil shale and coal dusts.
These volatiles contained flammable gases such as hydrocar-
bons, CO, and at times hydrogen, but their concentrations
were below the flammable limits of such gases and they were
not ignited by the reacting hot layers in any of the standard
tests, These volatiles were seldom ignited even by a lighted
match unless the hotplate surface temperature was high
enough {~370° C) 1o induce extensive decomposition of a rich
oil shale, e.g., 50-gal/ton shale.

s Flammable methane-air atmospheres that passed over
reacting rich oil shale or coal dust layers on 350° to 390° C hot
surfaces were not ignited by them even when these layers were
glowing. To ignite such atmospheres, much higher layer tem-
peratures or flaming combustion is required. Such tempera-
tures were not attained in any of the layer tests, even at high
hotplace surface temperatures.

®* The minimum hot-surface ignition temperatures of oil
shale dust layers increase gradually when the layers are heated
on surfaces whose temperatures are initially slightly lower than
the layers’ minimum ignition teruperatures but are then slowly
raised to levels higher than the minimum ignition tempera-
tures, These results suggest that dust layers that stowly accu-
mulate on hot surfaces are safer than freshly deposited dust.

® In tests with coarse oil shale and coal dusts, the
temperatures inside the layers did not rise 50° C above the
hot-surface temperature, even when the hotplate temperature
was close to 400° C and the oil shale and coal dusts underwent
decomposition. Therefore, the minimum ignition temperatures
of the coarse dusts are higher than 400° C.

The fire hazards of oil shale dust layers on hot surfaces
with temperatures up to 400° C are those associated with
smoldering and glowing combustion. In locations where such
hazards are unacceptable, the maximum surface temperature
of heat-producing equipment should be at least 10° to 20° C
lower than the minimum Jayer ignition temperature of the
dust. As demonstrated in this study, the minimum hot-surface
ignition temperatures of oil shale dust layers vary significantly
with kerogen content, particle size, and layer thickness, and
these parameters should be considered when specifying maxi-
mum surface temperatures.

Federal standards for underground mines that operate
within a combustible ore body and liberate methane, and in
which a concentration of 0.25 pct or more of methane has
been detected or ignition of methane has occurred, require that
all electrical and internal-combustion-powered equipment
used in or beyond the last open crosscut be approved by the
U.S. Mine Safety and Health Administration under the appli-
cable requirements of 30 CFR, parts 18 through 36 (26). This
would [imit the maximum surface temperatures of electrical
and mechanical equipment to 150° C and of the external
surfaces of exhaust systems of diesel-powered equipment to
204° C, as in coal mines. These temperatures are 50° C less
than or near the 200° C minimum hot-surface ignition tem-
perature determined in this study for the 25.4-mm-thick layers
of fine, 50-gal/ton oil shale dust. The implementation of these
surface temperature limits in underground gassy oil shale
mines should prevent the ignition and smoldering combustion
of oil shale dust layers in all but the richest shale deposits (> 50
gal/ton). Indeed, the temperature limits are conservative for
the majority of existing oil shale mines. In the event that a dust
layer would ignite because of contact with a hot surface below
400° C in the presence of a flammable methane-air mixture,
the smoldering layer would not attain high enough tempera-
tures to ignite the gas mixture.
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APPENDIX.—MAXIMUM TEMPERATURES ATTAINED INSIDE VARIOUS
LAYERS OF OIL SHALE AND COAL DUSTS

Layer Hotplate Maximum Layer Hotplate Maximum
Dust : surface temperature ATmax,? Dust 3 surface temperature ATmax,?
thickness, o thickness, i o
sample i temperature, within 6% sample e temperature, within C
°e layer,' °C °c layer,' °C
Qil shale: Qil shale—Continued

2i5iT o1V {75 R 6.4 270 227 -43 50-galfton .smss 254 200 392 192
300 284 - 16 210 375 165
310 319 9 220 397 177
320 356 36 230 407 177
825 425 100 240 439 199
325 418 93 250 425 175
350 442 92 260 403 143
378 520 142

DO 25.4 220 176 —44
240 213 27 Pittsburgh coal .......... 6.4 250 234 -16
250 262 12 260 248 -12
250 264 14 280 310 30
260 383 123 295 341 46
300 371 71
33-G8IMON . sv i 12.7 250 212 -38 300 385 85
250 231 -19 31a 392 82
250 220 -30 330 424 94

260 436 176

270 456 186

' At geometric center.
2 Difference between maximum temperature attained at geometric center of layer and hot-surface temperature.
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PART 3: FLAMMABILITY AND SPONTANEOUS COMBUSTION POTENTIAL
OF COARSE OIL SHALE AND EFFECTIVE METHODS OF
EXTINGUISHMENT

By Staff, Pittsburgh Research Center, U.S. Bureau of Mines

ABSTRACT

The U.S. Bureau of Mines conducted large-scale ignition and fire extinguishment tests on
up to 85-ton oil shale rubble piles at the Bureau’s Lake Lynn Laboratory. The objectives were
to identify the ignition potential of rubble piles and to investigate different methods of
extinguishing rubble fires. Large rubble piles of oil shale were easily ignited with burning
liquid fuels. However, ignition or spontaneous combustion did not occur when a low-
temperature heat source was applied for a long duration. Once ignited, oil shale rubble pile
fires became increasingly difficult to extinguish as the fire progressed into the deeper recesses
of the pile. Foam blankets were not particularly effective in suppressing deep-seated fires
because of the short lifetimes of the foams. Water was effective in extinguishing deep-seated
oil shale fires but not particularly efficient. It took up to 1.7 times as much water to
extinguish a fire as anticipated on the basis of a simple cooling model, assuming 100 pct
utilization.
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INTRODUCTION

Unplanned fires are a constant threat to the economic
well-being and personnel safety of organizations that mine,
process, or stockpile combustible materials such as oil shale
and coal. The potential for oil shale fires has been recognized
since the native Indians and early pioneers attempted to use
pieces of oil shale to construct campfires (/).' In some
countries where there are boilers or furnaces designed to
handle high-ash fuels, raw oil shale is used as an energy source.
Accidental fires have occurred in underground oil shale mines
as a result of the ignition of retort gases, methane, and liquid
fuels (2-4). Fires in surface facilities have occurred in crushers,
in the vicinity of retorts, and in stockpiles or wastepiles. The
fire hazard in oil shale mines is likely to be less severe than in
coal mines or coal processing plants, but the quantity of
material to be handled is so large that fires in oil shale mining
operations are almost inevitable.

Spontaneous combustion of oil shale is ill defined and
difficult to simulate in controlled experiments of any reason-
able size. Those instances in which spontaneous combustion or
self-heating of oil shale is thought to have occurred have been
in large outdoor stockpiles where the source of heat is the sun
and where wind and precipitation may play important roles.
Small-scale self-heating tests of oil shales in an adiabatic
calorimeter indicated a low self-heating tendency, comparable
to that of the higher rank bituminous coals (5). However,
smoke has been seen coming from a stockpile at a western oil

shale mine where the size distribution ranges from dust to
about 6 in (15 cm). At this location, the self-heating was
observed and has been easily controlled by digging out and
isolating the hot spots. In a large waste pile of raw oil shale
dumped on the side of a gully near the crusher at the Anvil
Points Mine in Colorado, fires have been burning for a
considerable period of time, producing air pollution and
retorted oil. The Tosco Corp., under Bureau contract, was
commissioned to investigate the nature of this fire and recom-
mend methods for extinguishment. It concluded that hot spent
shale dumped over the raw shale from the crusher was
probably the initial ignition source (6). However, some of the
hot spots did not appear to be related to the dumped spent
shale.

In an effort to provide additional information on the fire
hazards of oil shale, personnel at the Bureau’s Lake Lynn
Laboratory performed suppression experiments on burning oil
shale rubble piles to evaluate procedures found effective for
extinguishing coal and wood fires. A slow-heating test was also
conducted to determine if the rubble could be ignited by a
low-temperature, long-duration heat source, simulating a self-
heating event.

To help define a strategy for combating unwanted oil shale
fires both underground and on the surface, the present strategy
for fighting coal mine fires was reviewed and those features
applicable to oil shale fires are summarized in this report.

EXPERIMENTAL PROCEDURES

PILE CONSTRUCTION AND INSTRUMENTATION

Over 250 tons? of Colorado oil shale was shipped to the
Lake Lynn Laboratory for fire tests. From this tonnage, four
piles were constructed against a limestone highwall, and dirt
was filled at the ends to stimulate a section of a large rubble
pile blasted from a face or dumped over the edge of a large
storage pile (fig. 3-1). The oil shale, as received, contained
about 35-gal/ton kerogen, ranged in size from <1 to 10 in
(25.4 cm), varied in color from a light buff to a dark brown or
black, and generally was striated.

During formation of each test pile, a predetermined
number of sheathed thermocouples were inserted. These were
subsequently used to monitor temperatures at various loca-
tions in the pile. Where it was expedient, the thermocouples
were grouped in bundles of two, three, or four, so that they
could be located at predetermined depths along the centerline
of the pile. Most of the thermocouples were placed on the
centerline plane starting at the toe of pile and extending into
the pile at 2-ft (6)-cm) intervals to within | ft (30.5 cm) of the
bottom. Others were placed on 2-ft (61-cm) spacings above the
bottom rows commencing about | ft (30.5 c¢cm) from the
bottom. Additional thermocouples were placed on either side
of the centerline about 1 ft (30.5 ¢cm) beneath the surface. This
configuration of thermocouples made it possible to follow the
progress of the fire. The thermocouples were fed into a
48-channel analog data logger and relayed to a data acquisition
computer. The temperature data in the various segments of the

'talic numbers in parentheses refer to items in the Jist of references at the end
of part 3.
2In this report, the term “ton” means short ton.

pile were superimposed on the videotape from two television
monitors focused at right angles to each other. Thus, the
decrease in temperatures could be detected during the fire
suppression exercises. These readings were updated every 10 s
and stored every S to 15 min to provide a continuous record of
temperatures throughout the tests. Each burn was recorded on
videotape.
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Figure 3-1.—Rubble pile configuration.



IGNITION SOURCES

The oil shale rubble fires were ordinarily ignited with 20
gal (75.7 L) of diesel fuel contained in two 2-ft (61-cm) by 7-f1
(213-cm) by 4-in-deep (10.2-cm) trays embedded in the toe of
the piles. The diesel fuel was ignited by the flame from a small
pouch of black powder, which was initiated from a remote
location using electric matches. In some cases, a small amount
of gasoline was added to the diesel fuel to facilitate ignition.

In one of the fires (rubble fire 2), an electric heater was
used to slowly heat the center of the pile in order to simulate
a spontaneous combustion event (fig. 3-2). The heater con-
sisted of a 55-gal (208-L) metal drum (36 in (91.4 cm) long by
22 in (55.9 cm) diam) equipped with two U-shaped heating
elements attached to the drum lid. The elements were 28 in
(71.1 cm) long with a }%-in (1.27-cm) diam and could produce
2,500 W at 240 V (8,530 Btu/h) (2,151 kcal/h). The voltage
to the heater was independently controlled by a variable
transformer.

EXTINGUISHING AGENTS

A number of different extinguishing agents were used in
the fire suppression activities. They were selected on the basis
of general applicability and availability and are listed here for
reference.

® Ansul Protein Foam—A high-density foam containing
hydrolized protein;

® Ansulite—An aqueous film-forming foam containing a
fluorosurfactant;

s DAP—Diammonium phosphate;

® MSA General-Purpose Foam—A foaming agent based
on alky-aryl sulfates and alcohol, used with both high- and
low-expansion nozzles;

* MSA Ultrafoam—A foaming agent containing a vari-
ety of surfactants and a biodegradable detergent; and

* Water.

Ordinary water, or water with additives that decrease the
surface tension, yields a better penetrating quality than that
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Figure 3-2.—Rubble pile configuration with heater.

normally obtained with a foam. Since in some mine fire
situations a vast supply of water may not be readily available
to fight a fire and since in some instances it is necessary to
control the spread of surface flames, suppression with foams
was included in the test program.

Although it is to be expected that medium- to high-
expansion foams have shorter lifetimes than low-expansion
ones, they were included along with low-expansion foams in
the test program. How the wind might affect the application of
high-expansion foam was of interest. It was decided to include
a wide range of foam densities.

EXPERIMENTAL RESULTS

RUBBLE FIRE 1

The first oil shale rubble pile was about 28 ft along the
highwall, was piled over 10 ft (3.04 m) high against the
highwall, and had a base of 10 ft (3.04 m) from the toe to the
highwall. It contained approximately 85 tons of oil shale.
There were 21 thermocouples implanted in the pile to monitor
the progress of the fire (fig. 3-3). The pile was ignited with 20
gal of diesel fuel placed in two 2-ft (61-cm) by 7-ft (213-cm) by
4-in-deep (10.2-cm) trays embedded in the toe of the pile.

The ignition, which occurred about 12:30 p.m., is shown
in figure 3-4. The pile burned about 25 h before suppression
activities were begun. During the first hours of the burn,
following the depletion of the diesel fuel, flames from the
burning shale reached heights of 6 to 8 ft (1.8 to 2.44 m) (fig.
3-5). The fire was partially supported by a nearly constant
wind blowing across the pile.

Wind gusts were occasionally up to 750 ft/min (228
m/min) during the first day of the burn and up to 600 ft/min
(183 m/min) the second day, subsiding only moderately over-
night. The rate of spread of the heat and flame fronts into and

across the surface of the burning oil shale pile seems to have
been governed, at least in part, by the textural makeup of the
pile. The surface of pile 1 consisted of a relatively large
proportion of coarse shale (fig. 3-6) providing ample passage-
ways for air to reach the fire area. The strong, steady wind
from the southeast at the time of this burn helped accelerate
the burn, which in 23 h spread up across much of the surface
with temperatures as high as 1,100° C. Simultaneously, the fire
was penetrating the pile at a slower rate, reaching a depth of 2
or more feet (61 cm) from the surface and near the back of the
pile in about 27 h. The surface and horizontal velocities of the
leading edge of the combustion are shown in figure 3-7. The
surface velocity was constant at 2 ft/h (61 cm/h), and the
horizontal velocity was constant at about 0.25 ft/h (7.6 cm/h).

Several suppression trials were conducted with rubble fire
1. They included the use of a high-expansion foam, the use of
a low-expansion foam, and finally, the application of water.
The exercises with foam were conducted to determine foam life
under fire exposure and the effect of foam on surface temper-
atures. Water was used in an attempt to attack the deeper
seated portions of the fire.
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Figure 3-5.—Surface flame advance for rubble fire 1.
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Figure 3-6.—Burning of large lumps of shale in rubble fire 1.
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Figure 3-7.—Advance of leading edge of combustion wave in
rubble fire 1.

The experimental results are summarized in table 3-1 in
terms of the amount and type of extinguishing agent, and time
and duration of application, and the qualitative results. To
measure the total heat content of the pile and provide a
convenient way of illustrating the qualitative effect of the
various suppression trials, the weighted-average pile tempera-
ture was used. Figure 3-8 shows the suppression trials in
graphical form, where weighted pile temperature is plotted as a
function of time. The weighted-average pile temperature, T,
for n thermocouples was calculated by (1) assigning an appro-
priate control mass, M,, (control volume, V;) to each thermo-
couple, i, whose temperature, T,, became the mean value for
the i-th control region and (2) averaging over all the control
masses; i.e,,

MT, + M,T, + M;T; + - + M, T,
M, + M, + My + - + M

For constant bulk density, oy,

M; = pou (V0), 09

which yields a density-free relation for the average tempera-
ture, T; L6,

T = o

VT + VT, + ViTy + o + V,,Tn. &
Vi+ Vy + Vi 4+ - + V)

This average temperature, T, gives a measure of the total heat
content of the pile and provides a convenient way of illustrat-
ing the qualitative effect of the various suppression trials.
Since there was no way of estimating runoff, the weighted-
average pile temperature does not provide a quantitative
measure of the true effectiveness of the various extinguishing
agents,

As indicated in table 3-1, approximately 25-% h (1,530
min) after the oil shale was ignited, a general-purpose foam
concentrate was used with a 750-cfm (21.2-m*/min) foam
generator to blanket the burning pile with a high-expansion
foam. During the 7-min application, 3.5 gal (13.2 L) of foam
concentrate and 155 gal (587 L) of water were applied. Initially,
the high-expansion foam tended to run off the pile, but as the
application continued, a short-lived foam blanket, approxi-
mately 10 in (25.4 cm) thick, was built up and maintained
(figs. 3-9 and 3-10). This resulted in a slight drop in the
average pile temperature, as indicated in figure 3-8. Shortly
thereafter, the foam blanket disintegrated and the average pile
temperature rose to a level close to its initial value; the life of
the foam blanket, after replenishment, was estimated to be 3
min.
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Figure 3-8.—Average pile temperature as a function of time
for rubble fire 1.



Table 3-1.—Summary of suppression trials for rubble fire 1
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Extinguishant Application
Trral ity ! ime.2 i Results
Type Quantity, Tlme, Duration,
gal min min

S MSA General-Purpose Foam (2.2 pct in 158 1,530 7 After initial surface cooling, pile began

waler with high-expansion nozzle)........ to reheat.
L ——_—_ MSA General-Purpose Foam (5.8 pct in 372 1,560 4.5 Do.

water with low-expansion nozzle)
3. 750 1,670 17 After cooling, pile began to reheal.
4 1,750 1.715 30 Do.

Figure 3-10.—Final stage of application of high-expansion foam in rubble fire 1.



Approximately 25 min after the first foam application,
21.5 gal (81.4 L) of the general-purpose foam concentrate and
about 350 gal (1,325 L) of water were applied in 4.5 min using
a low-expansion nozzle (fig. 3-11). Again, there was a small
drop in average pile temperature (fig. 3-8) while the foam
covered the surface. Shortly thereafter, the foam disintegrated
and the average pile temperature rose almost to its original
level. The low-expansion foam had a life of about 10 min after
the application terminated. This was significantly longer than
the high-expansion foam used initially. Some of the thermo-
couples indicated a temperature rise while the foam was being

applied. This was probably due to a blanketing effect of the
foam, which inhibited convectional heat loss. In any case,
neither the high- nor low-expansion foams had any significant
long-term effect on the course of the rubble fire. In view of
this, two applications of water were used in an attempt to
extinguish the rubble fire.

The first water application involved about 750 gal (2,839
L) of water and was started about I h 45 min after the
application of the low-expansion foam (fig. 3-12). The appli-
cation lasted about 17 min and resulted in a significant drop in
average pile temperature as shown in figure 3-8. However,

Figure 3-12.—First application of water in rubble fire 1.



after termination, the average pile temperature started to risc
again and an additional 1,750 gal (6,624 L) of water was
applied for about 30 min. The second application of water
failed to bring the deep-seated fire under control, and on the
following day the fire continued to burn, especially at the
edges of the pile. The burning pile was finally extinguished by
digging it out with a front-end loader and spraying each load
with water, During this operation, there were occasional but
intense flareups as the hot oil shale was exposed to air.

The overall effect of the four suppression trials with
rubble fire | can be seen in table 3-2 and figure 3-13, which
give the temperatures for each of the thermocouples just
before and immediately after suppression. There was signifi-
cant cooling of the shallow portions of the pile along the
centerline. For example, thermocouple 4 dropped from an
initial temperature of 907° to 91° C, while thermocouple 2
dropped from 854° to 570° C. However, there was little effect
on the deeper portions of the pile as shown by thermocouple
9, which rose from an initial value of 472° 10 524° C. The
nonuniformity of the application is illustrated by thermocou-
ple 14, which rose from an initial value of 144° C 1o a final
value of 1,121° C during suppression activities, and by
thermocouple 19, which fell from an initial value of 483° to
202° C. In any case, there were sufficient hot spots to account
for the problems encountered in mucking out the pile.

During the course of rubble fire 1, combustion gas
samples were remotely collected by a strategically placed
collecting tube attached to a vacuum pump, While the pile was
burning, CO,, CO, and H, averaged about 4, 0.3, and 0.5 pct,
respectively. These values did not change significantly during
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the suppression activities. However, during the first applica-
tion of water, the H, level rose abruptly to 1.8 pct, giving
indication of a water-gas reaction. There was a momentary
increase in the CO, level at this same time.

Table 3-2.—Temperatures just before and just after suppression
activities for rubble fire 1

Event temperatures, °C

Station' Temperature difference

Initial Final (T, - T,), °C
(T) ™)
27 30 +3
83 48 -35
854 610 —244
622 493 -129
907 91 - 816
NA 223 NA
679 742 +63
420 328 -92
529 307 -222
472 524 +52
258 250 -8
96 113 +17
536 313 -223
12 14 +2
144 1,121 +977
109 61 —-48
360 353 -7
NA NA NA
532 90 —-442
483 202 - 281
NA NA NA

NA Not available.
' See ligure 3-3 for thermocouple locations.
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RUBBLE FIRE 2

Rubble pile 2, which involved about 65 tons of oil shale,
was constructed around the electrically heated drum in order
to simulate a spontaneous combustion event. This is shown in
figure 3-14, along with the location of the 28 thermocouples
used to monitor the temperatures of the pile and the drum.
Since the purpose of the test was to simulate a slow, low-
temperature heating, the initial voltage to the internal heaters
was set below the maximum and voltage was increased three
times during the test period, usually whenever stable temper-
atures were attained. The test ran for 508 h (21 days), during
which time there were three major power outages totaling 50 h
and 3.5 in of rainfall. Ambient temperatures ranged from 15°
to 29° C. Eleven thermocouples (circled in figure 3-14)
monitored the temperatures of the drum surface and immedi-
ate surroundings during the period.
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« Thermocouple location
and number
Note: probes 16 through 23
are 12 in deep
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Scale, ft

The smoothed time-temperature trace for thermocouple
25, located on the top center of the drum, is shown in figure
3-15. This thermocouple measured the temperature of the
hottest region of the drum surface. As is evident in figure 3-15,
the surface temperature responded rapidly to increased power
to the drum and then attained stable temperatures, ranging
from 170° to 255° C, depending on the power level. The drum
temperature fell rapidly when the power was interrupted. The
temperature drop at 370 h was attributed to a 1.1 in rainfall.
The temperature profiles for thermocouples 24 and 26, located
on the sides of the drum, were similar in shape. However, the
maximum temperatures attained at a given power level were
45° 1o 70° C lower than those at the top center of the drum.
The heat from the drum rose up and to the rear of the pile.
Figure 3-16 shows the smoothed temperature profiles for
thermocouples 10 and 15, located | ft above and | ft behind
the drum, respectively (see figure 3-14). Features similar to
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Figure 3-14.—Thermocouple locations for rubble fire 2.



TEMPERATURE, “ C

TEMPERATURE,°C

550

280 T T l | T i | I | I
v
240 — f r ]
0
X
200 — s r———(___’\“ -
160 |- 1 _
120 KEY —
f Increase power
x  Power outage
80 |- o Rain 1
v End test
40 -
0 | I | | | | | ’ | | |
50 100 150 200 250 300 350 400 450 500
TIME, h
Figure 3-15.—Temperature history for thermocouple 25 in rubble fire 2.
120 I T

100

™
o

N
o

H
o

20

—
— — — -

7 KEY T
/ f Increase power
/ x  Power outage

O Rain ]
e 15 v End test ‘
| | | | | 1 | | | ‘

50 100 | 50 200 250 300 350 400 450 500

TIME, h

Figure 3-16.—Temperature history for thermocouples 10 and 15 in rubble fire 2.

45



46

those in figure 3-15 are obvious, but are not as sharp. Once
again, stable temperatures were attained for the various drum
power levels, as was the case for all monitored locations. The
maximum stable temperatures at the various drum power levels
for the thermocouples in the vicinity of the drum are summa-
rized in table 3-3. The temperatures below and in front of the
drum were lower than those above and to the rear. For
example, at the highest power level, thermocouple 12 (below
the drum) was not influenced by the drum and thermocouple
9 (I frin front of the drum) indicated only 27° C, while 10 and
L1 (above the drum) read about 100° C and 15 (behind the
drum) read 54° C. The oil shale rubble in contact with the top
surface of the drum reached a maximum stable temperature of
about 255° C (thermocouple 25), which was maintained for 3
days before the end of the test. Stations 9 and 12 did not show
an increase—apparently they malfunctioned.

A predictive capability developed by the Bureau to model
spontaneous combustion in a fuel with an embedded heat
source was utilized to project the temperature rise in the rubble
pile. As shown in appendix A, an approximate agreement of
predicied temperature with that for thermocouple 15 was
achieved.

As shown by the temperature data, the heated drum did
not ignite the rubble pile, nor were there any indications that
the shale near the drum underwent exothermic oxidation
reactions. Smoke and/or vapors were not observed, and there
was no odor. At the highest power level, a circular area, about
1 ft (30.5 em) in diameter on the surface of the pile above the
drum, was warm to the touch and generated a warm airflow.
The rapid drop in the temperatures of the drum and surround-
ing shale due to power outages and termination of power at the
end of the test indicated substantial heat loss from the pile.

In order to include the second pile of oil shale rubble in
the suppression tests, the pile was finally ignited using 20 gal

(75.7 L) of diesel fuel with a small quantity of gasoline added
to facilitate ignition of the diesel fuel. This ignition can be seen
in figure 3-17. The start of this fire was more intense than that
of the first pile, because of the use of gasoline to accelerate
ignition and burning of the diesel fuel. After starting, the fire
(fig. 3-18) seemed to spread over the surface at a slower rate
than in the first burn and did not seem to burn as violently as
the first one, most likely because of the greater abundance of
fines throughout the pile and on much of the surface. During
this burn, sporadic winds developed. Hence, the burn was not
steady and failed (o sustain high propagation velocities as did
the first fire. The heat zone and flame front advanced fairly
rapidly up the centerline, where the greater number of ther-
mocouples were located, probably because this section of the
pile contained fewer fines. As the fire progressed, 3- to
4-fi-long flames were driven at times by winds from the west at
speeds up to and occasionally over 750 ft/min (228 m/min).
There appeared to be considerably more smoke given off
during this burn than in the previous one.

The surface and horizontal velocities of the leading edge
of the combustion wave are shown in figure 3-19. The surface
velocity went from 4.0 ft/h (122 cm/h), 10 0.53 ft/h (16 cm/h),
and then to 0.34 ft/h (11 cm/h). The initial high velocity is
associated with the burning of the diesel fuel. The horizontal
velocity went from 0.53 ft/h (16 cm/h) to 0.32 fi/h (10.4
cm/h) as the combustion wave stabilized.

Extinguishment started 25 h and 20 min (1,520 min) after
the fire was ignited. As indicated in table 3-4, three different
applications of foam were used, and at times two foam
generators were used (fig. 3-20). However, intermittent water
pump problems necessitated cutting back to one foam gener-
ator on occasion. The first application of foam lasted about 40
min and employed Ansulite, a 6-pct concentration of aqueous
film-forming foam (AFFF) in water. For the first 20 min, the

Table 3-3.—Slow-heating test data

Time.' Power,? Maximum temperalure, °C, at thermocouple station®—
W 6 9 11 12 13 14 15 24 25 26
2,400 29 20 60 15 60 80 34 17 170 125
2,800 31 25 81 17 68 96 46 138 200 200
3,100 32 21 85 15 71 102 50 150 215 215
4,000 36 27 102 16 87 125 54 184 255 255

' From stan of test.
2 Approximate values.
3 See figure 3-14 for thermocouple locations.

Table 3-4.—Summary of suppression trials for rubble fire 2

Extinguishant Application
Trial Quantity.' Time 2 i Results
Y. ime, Duration,
Fsiin fpe gal min min
[ FR——— Ansulite {8 pel)-. s 2,700 1.520 20 Significant drop in average pile temperature,
no strong tendency to reheat.
Ansulite (1 pect) 2,530 1.540 20
2oty Protein (6 pct) 160 1,570 13 Insignificant effect but good foam blanket.
B e 50/50 medium-expansion and 1,020 1,620 35 Significant drop in average pile temperature.

Ansulite (2 pct).

' To convert gallons to liters, multiply by 3.785.
2 From stant of fire.
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Figure 3-17.—Ignition of rubble fire 2 with diesel fuel.

Figure 3-18.—Surface flame advance in rubbie fire 2.
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Figure 3-19.—Advance of leading edge of combustion wave
in rubble fire 2.
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proportioning was 3 parts Ansulite and 97 parts water; for the
remaining 20 min, the proportion was cut to 1 part Ansulite
and 99 parts water. The 40-min application consumed 130 gal
(492 L) of Ansulite and 5,100 gal (19,304 L) of water. A lasting
foam blanket could not be maintained with either the 3- or
1-pct Ansulite mixtures.

Application of the Ansulite foam resulted in a very
significant reduction in average pile temperature, as shown in
figure 3-21. This, of course, is associated with the large
quantity of water used in this trial.

A 3-pct protein concentrate was used for the second foam
application, which lasted for about 13 min. The proportioning
was 6 parts concentrate and 94 parts water, which consumed 10
gal (37.9 1.) of concentrate and 150 gal (568 L) of water. As
indicated in figure 3-21, this application had an insignificant
effect on average pile temperature. The high-protein foam did,
however, produce a well-consolidated foam blanket that main-
tained its integrity for about |5 min, a reasonable period of
time. 1t adhered to the highwall to a greater degree than the
foams used in rubble fire 1.

The third application of foam utilized a 50/50 mixture of
a medium-expansion foam and Ansulite, which was propor-
tioned 2 parts of mixture and 98 parts water. This was applied
for 35 min to maintain the foam cover and consumed 20 gal
(75.7 L) of the 50/50 mix and 1,000 gal (3,785 L) of water. As
indicated in figure 3-21, this application resulted in another
significant drop in average pile temperature. However, after the
foam had dissipated, which took about 2 min, the tempera-
tures around the edges of the pile began to rise slowly. The
following day, the edges of the pile were sprayed with water for
about 20 min. The pile was mucked out with a front-end
loader, preventing flare-ups. Temperatures at the various ther-
mocouple locations just before and immediately after suppres-
sion activities are given in table 3-5 and figure 3-22. All of the
thermocouples, even the deepest ones, registered temperatures
below 100° C, which indicates a successful quench.

-

Figure 3-20.—Use of two foam generators on rubble fire 2.



Combustion gas samples collected from this fire showed a
predominance of normal air constituents, with a drop in
oxygen content and corresponding increase in CO, as the fire
progressed. As in the case of rubble fire 1, there was a
significant but short-lived rise in the level of hydrogen experi-
enced during the first foam-water application, indicative of a
water-gas reaction.
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Figure 3-21.—Average pile temperature as a function of time
for rubble fire 2.
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Table 3-5.—Temperatures just before and just after suppression
activities for rubble fire 2

Event temperatures, °C

Sration’ Temperature difference

Initial Final (T, - T). °C
(T) ()
0.... 39 33 -6
1. 167 23 - 144
B 502 18 -484
3. 182 19 -163
4, 181 34 -1567
5« 282 35 -26
6. 535 24 -511
7 494 29 —465
(. J— 467 45 -422
9 562 41 -521
284 63 -221
149 81 -68
32 62 +30
519 41 -478
140 83 -57
84 85 +1
935 96 —-839
318 66 -252
169 23 - 137
349 84 - 265
231 21 -210

! See figure 3-14 for thermocouple locations.
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RUBBLE FIRE 3

Rubble pile 3 consisted of unburned shale from a previous
burn blended with fresh raw shale. The total amount of shale
was about 20 tons. The unburned shale from the previous test
was screened through a 3- by 4-in (7.6- by 10.2-cm) screen to
remove debris and other inert fines. Thus, the pile contained
predominantly coarse oil shale, providing numerous air pas-
sages throughout. The shale was stacked to a height of 7 ft
(2.13 m), and the distance from the toe to the highwall was
about 10 ft (3 m). Nine thermocouples were placed at 1- and
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2-Mt (30.5- and 61-cm) depths at 2-[t (61-cm) intervals along the
centerline. Two sets of three additional thermocouples were
placed ! ft (30.5 cm) deep and 5 ft (1.52 m) to either side of the
centerline as shown in figure 3-23.

Rubble fire 3 was ignited with 20 gal (75.7 L) of diesel fuel
placed in two trays at the toe of the pile. A small amount of
gasoline was added to the diesel fuel to facilitate ignition,
which was accomplished with electric matches together with a
small amount of black powder in plastic pouches. The fire was
allowed to develop for 5 h before the suppression exercise
commenced. The surface and horizontal velocities of the
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Figure 3-23.—Thermocouple locations for rubble fire 3.



feading edgc of the combustion wave are shown in figure 3-24.
The surface velocity was approximately 0.4 ft/h (12.2 cm/h)
for several hours after ignition and then changed abruptly to
about 6 ft/h (1.83 m/h) prior to extinguishment. The horizon-
tal velocity stabilized at 0.5 ft/h (15.2 cm/h) and remained
constant throughout the test. The abrupt change in the surface
velocity is unexplained.

Five hours after pile 3 was ignited, water was applied to
determine if water alone could extinguish the fire before it
became deep seated. A total of 1,750 gal (6,624 L) of water was
applied in about 25 min, During this exercise, the average pile
temperature dropped from in excess of 260° C to approxi-
mately 75° C and continued to decline, indicating a successful
extinguishment (fig. 3-25).

Thermocouple readings just before and immediately after
the application of water to rubble fire 3 are shown in table 3-6
and figure 3-26. It should be noted that all thermocouples
displayed temperatures below 100° C after the application of
water, which indicated a successful quench. The combustion
gas analysis showed no significant departures from the normal
composition of air except for small quantities of CO and CO,.

Table 3-6.—Temperatures just before and just after suppression
activities for rubble fire 3

Event temperature, °C

Temperature difference

Station' Initial Final (T, - T), °C
(T) (T
NA NA NA
659 89 -570
129 94 ~35
65 83 +18
21 69 +48
672 97 -575
65 77 +12
38 79 -34
23 69 +46
552 86 - 466
422 91 -331
789 74 —#13
67 93 +26
24 37 +13
24 57 +33

NA Nol available.
! See figure 3-23 for thermocouple locations.
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RUBBLE FIRE 4

Rubble pile 4, which contained approximately 85 tons of
shale, was constructed in a manner similar to pile . It
contained a substantial quantity of fines, which, for the most
part, were localized near the center of the pile. The dimensions
of the pile and thermocouple layout are shown in figure 3-27.
A total of 27 thermocouples were used to monitor the fire and
extinguishment exercise. The greatest concentration of thermo-
couples was along the centerline, from 1 ft (30.5 cm) off the
bottom to within | ft (30.5 cm) below the surface. Four
additional thermocouples were placed on either side, 4 ft (122
cm) from the centerline and 1 ft (30.5 ¢cm) below the surface.

The pile was ignited with 20 gal (75.7 L) of diesel fuel in
two trays at the toe of the pile. A small amount of gasoline was
added to the diesel fuel to facilitate ignition, which was
accomplished with electric matches in small pouches of black
powder.

For the first two burns, the wind had been predominantly
from the southeast. However, on the morning of the fourth
ignition the wind had shifted to the east-southeast and re-
mained such for the most of the day. Wind velocity ranged
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from about 50 ft/min (15.2 m/min) to about 450 ft/min (137
m/min). The fire was allowed to burn for about 24-% h before
extinguishment began. The surface and horizontal velocities of
the leading edge of the combustion wave are shown in figure
3-28. The surface velocity was constant at about 2.2 ft/h (67
cm/h) for the first few hours of the burn, while the horizontal
velocity was about 0.5 ft/h (15.2 cm) during the first 12 h and
then dropped to about 0.3 ft/h (9.1 cm/h) for the next 12 h.

The extinguishment procedure for this fire was to apply a
foam that was generated with water containing a soluble
extinguishing agent. For this purpose, 550 Ib (24.9 kg) of
diammonium phosphate (DAP) was dissolved in 750 gal (2,839
L) of water to form a 9-pct DAP solution. Six hundred gallons
(2,271 L) of the DAP solution and 30 gal (113.6 L) of MSA
Ultrafoam concentrate were then applied to the fire over a
1.5-h period. The MSA Ultrafoam, a low-expansion foam
designed for use with salt water, had previously been demon-
strated to work satisfactorily with the DAP solution. It formed
a reasonably well-integrated blanket that showed little ten-
dency to run off and lasted about 7 min after the final
application,
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Figure 3-27.—Thermocouple locations for rubble fire 4.



Following the application of the extinguishant, the fire
appeared to be under control. However, the next morning there
were still some flames issuing from the left side of the pile. The
fire continued to smolder until it was dug out. During the
digging, there was no instance of flareup as in the case of
rubble fire 1.

The average pile temperature given in figure 3-29 showed
a significant drop associated with the application of the
DAP-Ultrafoam combination. However, the average residual
temperature was approximately 200° C, which was high
enough to promote the reignition that was noted above.

The thermocouple readings before and after the applica-
tion of the DAP-foam combination are given in table 3-7 and
figure 3-30. Residual temperatures were in excess of the
average value shown in figure 3-30, especially along the
centerline of the middle of the pile. Analysis of the combus-
tion gases collected from rubble fire 4 showed no significant
increase in hydrogen during the extinguishment activities.

Table 3-7.—Temperatures just before and just after suppression
activities for rubble fire 4

Event temperatures, °C
Station’ Initral Final

Temperature difference

- T) °C
4p) T -
26 125 +99
44 73 +49
879 248 - 631
498 90 -408
248 89 -159
3 37 +6
52 72 +20
691 627 - 64
509 534 +25
347 345 -2
67 95 +28
66 73 +7
495 484 - 11
481 502 +21
435 485 +50
58 62 +4
623 374 - 249
241 191 -50
31 34 +3
-97
-36
+34
+31
+59
+27
+9
+2
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SUMMARY AND CONCLUSIONS

SLOW-HEATING TEST

Oil shale rubble pile 2 was not ignited by the sustained
low-temperature source nor was there any indication that the
oil shale underwent significant exothermic reaction. Rough
estimates indicate that the electrical energy expended during
the slow-heating test totaled about 1.3 x 10° cal, which is
enough energy 1o raise the temperature of the entire 65-ton pile
to over 100° C. However, only the shale in immediate contac
with the heating source or immediately above the source ever
reached temperatures in excess of 100° C, which indicates
enormous heat loss. The theoretical model presented in appen-
dix A suggests that for heat release rates associated with
small-diameter oil shale particles the thermal runaway time is
relatively short. This prediction is further supported by exper-
imental data from two sources: adiabatic heating experiments
and thin-layer studies conducted by the Rureau (5, 7) and
contract studies conducted for the Bureau (8). Comparing
self-heating data for oil shale with that for coal (9) indicates
that the self-heating potential for shales is lower than that for
volatile, bituminous coal. However, the results of this test
indicate that the likelihood of the occurrence of a fire from
spontaneous combustion events in run-of-mine oil shale is
small.

IGNITION

Twenty gallons (75.7 L) of fuel oil was more than ade-
quate to ignite the oil shale rubble fires. Other experiments
conducted by the Bureau indicate that as little as % gal (1.9 L)
of fuel oil is adequate for ignition of sustained coinbustion in
oil shale. Thus, while ignition from low-temperature sources 1s
apparently difficult to accomplish, ignition from high-
temperature sources is easy. It follows that the potential fire
hazard of this material either underground or in surface
facilities cannot be ignored.

EXTINGUISHMENT

As was previously mentioned, it is difficult to compare the
relative effectiveness of the various extinguishing agents used
in this series of tests. To compare relative effectiveness requires
near-identical fire conditions. Efficiency assumes proper
placement of the extinguishant with little or no waste. There
was no way of estimating the fraction of extinguishing agent
that actually reached the seat of the fire compared with the
runoff fraction. In addition, it was impossible to apply the
extinguishing agents in a totally effective manner. There is no
doubt that some of the material was wasted on the relatively
cool portions of the oil shale rubble piles. Notwithstanding, it
is worthwhile to make some attempt at estimating the effec-
tiveness of the various extinguishing agents.

For this purpose, a simple theoretical model using simple
heat balance equations was developed for predicting the
minimum amount of water required to bring an oil shale pile
of arbitrary mass and intial temperature to some lower
temperature. The model assumes that the water is utilized with
100 pct efficiency, i.e., no runoff and uniform cooling.

The model, which is presented in appendix B, can also be
used 1o calculate the temperature reduction associated with the
application of a given quantity of water for an oil shale pile of
given mass and initial temperature.

One case addressed by the mode! is that in which the
average initial hot shale temperature and the target cooling
temperature are both greater than 100° C. In this situation, the
model equates the sensible heat change in the oil shale to the
sum of the sensible heat required to raise the water temperature
(from the pump value to the boiling point), the laient heat of
vaporization of water, and the sensible heat required to raise the
steam temperature (from the condensation point—100° C—up
to the target cooling value).

Another case addressed by the model is that in which the
average initial hot shale temperature exceeds 100° C and the
target cooling temperature is below 100° C. In this situation,
a two-step transfer process is used. In the first step, the model
equates the sensible heat change in the oil shale (from its initial
hot shale temperature to 100° C) to the sum of the sensible
heat required to raise the water temperature (from the pump
value to the boiling point) and the latent heat of vaporization
of water. In the second step, the model equates the sensible
heat change in cooling the oil shale (from 100° C to the target
cooling temperature) to the sensible heat required to raise the
water temperature (from the pump value to the target cooling
value). The total cooling water needed is then obtained by
adding the water requirements for the two steps.

Estimated and calculated values of the reduction in
average pile temperature associated with the four applications
of extinguishment to rubble fire | are given in table 3-8.

Table 3-8, —Temperature reduction during suppression of

rubble fire 1
e Extinguishant Temperature reduction, °C
na
Type Quanlity,’ gal Estimated 2 Calculated
High-expansion foam.. 158 35 19
. Low-expansion foam... 372 30 44
2 HE— Water ..o 750 90 87
RPN | SRRSO 1,750 100 179

' To convert gallons to liters, multiply by 3.785.
2 Estimated from figure 3-8.
3 Calculated from model in appendix B.

The application of 158 gal (598 L) of high-expansion foam
resulted in a reduction of average pile temperature of 35° C,
estimated from figure 3-8. The same quantity of water (158
gal) (598 1 ) would have produced a 19° C reduction in average
pile temperature according to the cooling model in appendix B.
The small quantity of material applied here and the large error
involved in the experimental value of average pile temperature
make it difficult to draw a firm conclusion—the high-
expansion foam might have had about the same effectiveness
as water, The 372 gal (1,408 L) of low-expansion foam resulted
in a 30° C reduction in average pile temperature compared
with an anticipated value of 44° C for the same amount of
water. Thus, the low-expansion foam appeared to be about as
effective as water. In view of the short life of the foams
observed in these experiments, it is unreasonable to expect any
temperature decline associated with possible oxygen depriva-
tion; thus, these results are as expected.

The first application of water resulted in an observed
reduction in temperatures of 90° C, compared with a calcu-
lated value of 87° C, indicating a highly effective application
with little runoff. However, the second application resulted in
an observed decline of only 100° C, compared with an
expected value of 179° C, indicating either water waste on the
cool portions of the pile and/or significant runoff.



Using the cooling model, the total amount of water
required to bring the 85 tons of shale in rubble fire | from its
initial average temperature of 410° C (fig. 3-8) to a level below
its reignition temperature, which is estimated to be 100° C, is
3,072 gal (11,628 L).

This amount is to be compared with a total of 3,030 gal
(11,469 L) of extinguishant used on rubble fire 1, which
resulted in a final average pile temperature of about 200° C.
These observations, coupled with the fact that the pile
reignited, indicate that the fire suppression activities with
rubble fire 1 were not particularly efficient or effective.

Calculated and observed temperature reduction data for
rubble fire 2 are presented in table 3-9.

Table 3-9.—Temperature reduction during suppression of
rubble fire 2

Extinguishant Temperature reduction, °C

Type Quantity,' gal Estimated 2 Calculated
b Pr— Ansulite (3 pet) 2,700 140 262
Ansulite (1 pet) ... 2,530 110 141
2 sursanrn Protein (8 pct)............ 160 10 3
3 50/50 medium- 1,020 50 14

expansion and

Ansulite (2 pct).
' To convert gallons to liters, multiply by 3.785.
2 Estimated from figure 3-21,
3 Calculated from model in appendix B.

The application of 2,700 gal (10,220 L) of 3-pct Ansulite
foam resulted in a reduction in average pile temperature of
approximately 140° C, compared with the calculated reduction
of 262° C obtained with the cooling model. Similarly, the
second application of Ansulite resulted in a temperature
reduction of 110° C; whereas, based on the cooling model,
only 2,530 gal (9,576 L) of water would drop the temperature
from its initial value of about 220° to 70° C. The combined
total of 5,230 gal (19,796 L) of Ansulite (3- and 1-pct) dropped
the average pile temperature from its initial value of 350° to
roughly 70° C based on the cooling model. Since the pile
temperature stabilized at this point, the fire was apparently
extinguished.

Only minor cooling was effected by the application of the
protein foam. Since only a small quantity was applied, no
great effect was anticipated. The magnitude of the effect was
consistent with expectations for water.

The third application of foam resulted in a further decline
in temperature again consistent with expectations for water.
However, at this point, the pile temperature was below 100° C
and the cooling effect was not particularly efficient since the
high energy exchange associated with the vaporization of water
was not a factor.

Overall it took 6,410 gal (24,262 L) of water-foam to bring
rubble fire 2 down from an initial average pile temperature of
350° C to approximately 50° C. The model in appendix B
indicates that 8,707 gal (32,956 L) of water is capable of
accomplishing this same reduction. Thus, it may be concluded
that this exercise was a particularly efficient one.

The water (or water-foam) requirements for successful
extinguishment can be estimated from the fact that a total of
6,410 gal (24,262 L) of water-foam was used to quench a
65-ton oil shale fire at an initial average pile temperature of
about 350° C. This amount equates to about 100 gal/ton
which is considerably in excess of the 35 gal/ton used in rubble
fire 1. It is, therefore, not surprising that rubble fire 1, which
had an average pile temperature in excess of 400° C prior to
extinguishment activities, was not brought under control.
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Calculated and observed temperature reduction data for
rubble fire 3 are presented in table 3~10.

Table 3-10.—Temperature reduction during suppression of

rubble fire 3
Extinguishant:
Type ... 5 Water.
QBN Y2553 A58 ol Bannesemnan nmnsamnsenasnsmnsans 1,750 gal.
Temperature reduction:
EStimMated ' ..o 185° C.
Calculated 2 ...t 199° C.

' To convert gallons to liters, multiply by 3.785.
2 Estimated from figure 3-25.
3 Calculated from model in appendix B.

The application of 1,750 gal (6,624 L) of water to this
rubble fire resulted in a drop in average pile temperature from
260° C to about 75° C (fig. 3-25). This brought the average
pile temperature to below the reignition temperature, and since
there were no hot spots (see fig. 3-26), the fire was effectively
extinguished. However, calculations show that 1,029 gal (3,895
L) is required to drop the temperature from 260° to 75° C.
Thus, this extinguishing exercise was not particularly efficient.

Calculated and observed temperature reduction data for
rubble fire 4 are presented in table 3-11.

Table 3-11.—Temperature reduction during suppression of

rubble fire 4
Extinguishant:
T8 s csian G RO S SR SRRSO DAP-Ultrafoam.
QUANMNY cinsron v mams sistamessfos it TR BT s 600 gal.
Temperature reduction:
ESHMAIEA 2 .ottt e 65° C.
Calculaled 2 ... 65° C.

' To convert gallons to liters, multiply by 3.785.
2 Estimated from figure 3-29.
3 Calculated trom model in appendix B.

This application of 600 gal (2,271 L) of the DAP-
Ultrafoam combination dropped the average pile temperature
from about 270° to 205° C (fig. 3-29), a decline of 65° C. The
model in appendix B indicates that 600 gal (2,271 L) of water
could produce the same reduction in average pile temperature
and that it would take 1,684 gal (6,374 L) of water to reduce
the pile temperature to 100° C, below its reignition point. The
DAP-Ultrafoam system was the most effective extinguishing
agent used in this series of tests because (1) its cooling effect
was equal to that expected for water, assuming 100 pct cooling
efficiency, and (2) there was only a slight tendency for rubble
fire 4 to reheat after the application of the extinguishant.

Since the application of 630 gal (2,385 L) of extinguishing
agent to 85 ton of shale averages only 7.4 gal/ton, the high
residual temperatures are not surprising. However, most of the
final temperatures stabilized at the values shown in figure
3-30. This indicates that the DAP-foam combination may have
had an overall inhibiting effect on the combustion reaction.
Figure 3-29 shows this trend, which was not observed in rubble
fire 1 where water was used in the final extinguishing trials.

KEY FINDINGS

It was found that large piles of coarse oil shale could not
be ignited or caused to self-heat with a long-duration, low-
temperature heat source. Failure to ignite was attributed to the
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low self-heating tendency of oil shale, particularly in large
lumps, and the high energy losses caused by wind and rain.
However, the possibility of spontaneous combustion in oil
shale stockpiles cannot be ruled out, especially in the presence
of fires.

[t was possible to predict with a mathematical model the
temperature rise at a fixed distance from a heat source in a
rubble pile. The prediction of spontaneous combustion re-
quires more detailed information regarding the particle size
effect upon the rate of heat production resultant from the
oxidation of oil shale at elevated temperature,

Large rubble piles of oil shale were easily ignited with
burning liquid fuels. Any source of flaming combustion must
be regarded as a potential ignition source.

Once ignited, oil shale rubble pile fires became increas-
ingly difficult to extinguish as the fire progressed into the
deeper recesses of the pile. Foam blankets were not particularly
effective in suppressing these fires because their short lifetime
did not allow any significant reduction in heat generation by
oxygen deprivation. Low-density foams had better adhesion
characteristics and longer life. They would be appropriate for
controlling surface flames and preventing the spread of fire to
unburned portions of rubble piles and possibly the roof and
ribs of underground mines.

In general, water was effective in extinguishing deep-
seated oil shale fires but not particularly efficient. It took up
to 1.7 times as much water to extinguish a fire as anticipated
on the basis of a simple cooling model, assuming 100 pct
utilization. Consequently, the water requirements for fighting
real oil shale fires may pose supply problems.

One foam-liquid combination, DAP dissolved in water,
appears promising. This fire-fighting agent should be further
explored for possible application in oil shale and coal fire-
fighting operations. The foam selected, however, should have a
significantly long lifetime. Whether such a foam can be
identified is not clear.

Based on these tests, it appears that the best approach to
fighting oil shale fires would be to use a low-expansion foam 1o
control surface burning and f(lame spread, and water or a
solution of DAP in water to attack the deep-seated portions of
the fire. Experience gained here has shown that the pile
temperatures must be lowered to about 100° C to prevent
reignition. Since this is the boiling point of water, the disap-
pearance of steam is a good indicator that the fire is out.
Additional general comments on fire-fighting strategies are
contained in appendix C.
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APPENDIX A.—MODEL FOR HEATING AND SELF-HEATING

Field measurements presented in figure 3-16 in the main
text show that thermocouple 10 (I ft above the drum as shown
in figure 3-14) and thermocouple 15 (| ft away from the drum
and toward the high wall at drum height) both showed a
thermal response that rapidly followed the temperature of the
heated drum. For the major duration of the S50-h test, the
temperature at the surface of the drum exceeded 200° C, as
shown in figure 3-15. Neither thermocouple indicated that
self-heating was occurring—there was no evidence of a thermal
runaway. The temperature at thermocouple 10 was higher than
at 15, indicative of the natural buoyancy of the heated air.

A mathematical model was developed to simulate the
thermal response at the various spatial and temporal coordi-
nates for an embedded heated drum in an oil shale pile. For
simulation purposes, the previously described heat drum was
represented by a spherical heat source with a volume equal to
that of the cylinderical drum. The drum, which had a diameter
of 22in (55.9 cm) and a height of 36 in (91.4 cm), was replaced
in the simulation by a sphere with a radius of 14.8 in (37.7 cm).
The pile, with the physical properties listed in table A-1, was
treated as a homogeneous isotropic porous bed. Convective
airflow and heat production from chemical reactions were not
considered. The former was taken as insignificant because the
porous consistency of the pile would restrict convection within
the pile until temperatures approaching ignition were achieved.
The latter did not occur during the heating test.

Table A-1.—Physical properties of oil shale used in models

Property Oil shale Air
Thermal conductivity (\) .... cal/cm-s °C.. 19x 1073 6.24 x 105
Heat capacity (Cp) cal/lg-°C.. 0.44 0.25
DENSItY (5) «oveoveiecneiieeieieerien, glem®.. 2.2 1.1x10 2

For the rubble pile, an effective thermal conductivity, A,
was defined by a linear combination of thermal conductivities
for air and solid oil shale; i.e.,

Ae = &N, + (1 —=9) \,, (A-1)
where ¢ = porosity,

A, = thermal conductivity for air,
and A, = thermal conductivity for oil shale.

Hl

It

The value of ¢ for the rubble piles was about 0.46.

Transient heat diffusion within the spherical pile of radius
R, is defined by the heat diffusion equation. The solution to
the equation expressed in dimensionless space and time coor-
dinates, respectively denoted as u and S, yields a temperature,
T, which is a function of u and S, T(u,S).

The partial differential equation governing the spherical
diffusion of heat under the condition of no heat production is
given by the equation

OT T 24T s
du 3s’ ' §5as’ (A
aT ) . o .
where — = first-order partial derivative of T with respect
du oy,
*T ) o .
352 = second-order partial derivative of T with respect

to S,

D
—

= first-order partial derivative of T with respect
to S.

and

D
w

Let p, and p, be the densities of the air and solid shale,
respectively. Let C, and Cp) be the heat capacities for air and
shale, respectively. The temperature field T within the pile at a
distance r from the center of the spherical heating source of
radius R at a time t, denoted by T(r,t), can be related to the
temperature field T(u,S) through the transformations

.
S=3 (A-3)

d o £ 4
an =S (A-4)
where R =<r=R, (A-5)
and T=($p,C, + (1 - ¢)p, C,)RYA. (A-6)

In the first phase of the modeling effort, the partial
differential equation A-2 was solved numerically using an
algorithm implicit in time, in an exponentially stretched
coordinate system with spherical symmetry.

The advantage of an exponentially stretched coordinate
system is that more information is retained in spatial regions
where the temperature field is changing significantly at the
expense of regions where the temperature is relatively un-
changed, which improves computational efficiency. The alge-
braically transformed equation A-2 was then written implicitly
in time, as a set of coupled finite difference equations using a
spatially centered representation of the spatial derivatives. The
resultant equations are tridiagonal and are transformed into
the upper bidiagonal form by a Gaussian elimination process.
The resultant equations are solved for the temperature subject
to the appropriate boundary condition, specification of either
the temperature or the heat flux, at the surface of the heat
source as well as at the surface of the rubble pile.

The temperature of the spherical heating source was
determined from a linear regression analysis of the drum
temperature shown in figure 3-17 for the time near 50 h. The
functional form used for the drum surface temperature, T,
versus time, t, model is shown in the equation

T, = 288.0 + 162.1(1 — e~ SB < 197 (A7)

where t = time, s,
and T, = surface temperature, K.

A computer program was developed to routinely solve the
coupled algebraic equations formed from the finite difference
representation of equation A-2 subject to the boundary con-
dition at the heating source surface, equation A-7.

The computational procedure yielded the temperature
response 1 ft (30.5 cm) from the source surface shown in the
top portion of figure A-1 for the no-heat-production situa-
tion. The bottom portion of figure A-1 shows the surface
temperature of the heat source expressed in degrees Celsius.
The value of R was 15 in (38 cm), and R, the outer radius of
the oil shale pile, was 53.9 in (137 cm). The temperature
response in figure A-1 is in approximate agreement with that
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Figure A-1.—Temperature response (top) and drum temper-
ature (bottom).

for thermocouple 15 in figure 3-16. This agreement is expected
since air convection, which was neglected here, would be less
signiticant closer to the highwall and at the same level as the
heating drum. It is expected that natural convection would
develop closer to the surface of the pile where air enters
directly over the heating drum.

Figure 3-16 exhibits a rapid temperature decrease at both
stations when a power interruption occurs. This decrease is
explained by the natural convection generated by the heat
source that continues to draw ambicnt air into the rubble pile
while acting as a heat pump. The current model ignores
convection and predicts a time period of 33 h for the oil shale
at the surface 1o cool from 177° 1o 66° C. The significance of
the cooling by convection is made clear by evaluating the time
constant for a l0-in-diam (25.4 cm) oil shale “particle” in
ambient air. This process would occur if ambient air were
continuously supplied to the environment of the particle.

The diameter of 10 in (25.4 cm) was selected to represent
the largest particle in a rubble pile. The time constant was
determined to be 7.9 h, which represents the time for the
particle to cool 63 pct of the temperature difference between
initial and final (ambient) temperatures.

Adiabatic calorimeter measurements were undertaken by
the Bureau to determine the first-order Arrhenius reaction rate
parameters for the oil shale oxidation rate. For oil shale with a

kerogen content weight fraction of 37 gal/ton, an activation
cnergy, E, of 2{.4 kcal/mol and a preexponential factor, A, of
0.713 x 10”° C/s were determined. The mathematical model
previously described was modified to predict the time required
for thermal runaway to occur in a pile of oil shale in which an
isothermal lheat source was embedded. The modification of
the model consists of the addition of the heat production term
10 equation A-2,
Let the rate of heat production be denoted as Q,, which is
given as an Arrhenius reaction rate:
Q,, . (‘p.. Ae L-:,/(R.l'), (A-8)
where R, gas constant,
0., = bulk density,
= bulk heat capacity,
absolute temperalure,
pre-exponential factor,
aclivation energy.
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The nondimensionalized form of the heat conduction equation
A-2, modified 10 take into account heat production, yields

-

aT F*T d
du 93§’ 0
In the second phase of the modeling effort, the partial
differential equation A-9 was, likewise, solved numerically
using an algorithm implicit in time in an exponentially
stretched coordinate system with spherical symmetry.

[t was determined for a large pile of oil shale with an
embedded spherical heat source, maintained at 150° C, that
for heat source radii greater than 22.2 in (56.5 c¢cm) thermal
runaway would occur after an elapsed time between 28 and 31
h. Whereas, for radii less than 14.8 in (37.7 cm), considerably
longer periods of time would be required as shown in table
A-2.

+ (1 = ¢)yrAe BT (A_g)

L2
S

wn

Table A-2.—Thermal runaway

Heat source radius, cm Time for thermal runaway, h

18:85.... 75.7
28.27. 40.8
372.7 335

These estimates are overly cautious because the self-
heating of the oil shale is a surface effect. The adiabatic
calorimeter experiments used small-diameter oil shale particles
(150 um or less) with a kerogen fraction of 37 gal/ton.
However the actual rubble pile test contained large oil shale
lumps and a kerogen fraction of 35 gal/ton, with diameters as
great as 10 in (25.4 cm). The effect of the particle size should
be examined more closely using a larger calorimeter to prop-
erly characterize the first-order kinetics associated with oil
shale self-heating.
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APPENDIX B.—MODEL FOR COOLING

To obtain an estimate of the minimal water for quenching
a rubble pile fire, a heat-exchange model is needed. The model
presented here covers three cases: (1) the target temperature
exceeds 100° C, (2) the hot shale temperature is above 100° C
and the target temperature is below 100° C, and (3) the warm
shale temperature is below 100° C.

For the heat balances used in the model, the notation used
in the three cases is as follows:

M, = mass of the burning rubble, g;

M., = mass of the quenching water for CASE 1, g;

M. . = mass of quenching water needed to lower the
hot shale temperature to 100° C for CASE 2,
g;

M., = mass of quenching water needed to lower the
warm shale from 100° C to the target temper-
ature for CASE 2, g;

M0 = mass of the total quenching water for CASE 2,
g5

M,. -:= mass of the quenching water for CASE 3, g;

AH,,, = heat of vaporization of the water, cal/g;

w = temperature of the water being applied, °C;

T, = target temperature to which the rubble is to be
cooled, °C;

T, = estimated average temperature of the mass of
hot or warm oil shale rubble prior to quench-
ing, °C;

C, = average specific heat of the rubble over the
temperature range, cal/g-°C;

G = specific heat of steam, cal/g-°C;

and C,, = specific heat of water, cal/g-°C.

For CASE 1, when the average temperature of the hot oil
shale exceeds the target temperature to which the rubble pile is
cooled and the target temperature exceeds 100° C, equation
B-2 can be used to compute the minimum water, M.

CASEl: T, > T, = 100°C, (B-1)

Ms(cs)(Ths,av = To)
= M[C(100 = T,) + AH,,, + C(T, — 100)]. (B-2)

For CASE 2, when _the average temperature of the hot
shale exceeds 100° C and the targel temperature is below 100°
C, either equations B-4, B-5, and B-6 or equation B-7 can be
used to compute the minimum water, M4 4

CASE2: T, , > 100°C > T,, (B-3)

M, (C,) (Tps0 — 100)
= M,, [C, (100 — T,) + AH,,.], (B-4)

hs.av

M (C) (100 - T,) = M, (CO (T, — T,),  (B-5)

M M., F My, (B-6)

wtotal wa

- _ M (C) (Ty, o — 100)
wiolal T Cw (IOO — Tw) * AHvap
L ML(C) (100 - T o

Cu (T, -T,)

For CASE 3, when the warm shale temperature is below
100° C and the target temperature is below the warm shale
temperature, equation B-9 can be used to compute the mini-
mum water, M.

CASEF 3:

100°C > T 2 Tes (B-8)

hsav
M (C) (Thav = To) = M (C) (T, = T). (B-9)

The pertinent thermodynamic properties of water and oil
shale for use with the heat balance equations are as follows:

AH,,, = 538.7 cal/g at 100° C;
C, 0.47 cal/g-°C;
C, = 1.0 cal/g-°C;

and C, = 0.3 cal/g-°C.

To relate the engineering units encountered in the field to those
in the heat balances, the appropriate conversion factors are as
follows: 1 ton equals 907,200 g, and 1 g of water equals 2.65
x 1077 gal. For the expected range of environmental condi-
tions, the temperature of the water available for quenching,
T,,, would range between [5° and 40° C; i.e.,

w

15¢C = T, = 40° C. (B-10)

Using the heat balance for CASE |, minimum gallons of
quenching water, M, were computed for various average
temperatures of the hot rubble and target temperatures for a
50-ton pile and a water supply temperature of 20° C, using a
value of 0.3 for the specific heat of the shale. These values are
presented in table B-1.

For the specific heats that demonstrate a linear function
of temperature over the appropriate heat-exchange range,
when the specific heat assigned is the value at the midpoint of
the range, the above heat-exchange model agrees exactly with
the rigorous version based on calculus. Fortunately, the spe-
cific heat data for oil shale indicatelinearity with temperature
up to at least 900° C (/0).' The choice of 0.3 for C, is on the
conservative sice.

'lItalic numbers in parentheses refer 10 items in 1he list of references preceding
appendix A in part 3.
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Table B-1.—Minimum gallons' of water for various hot-bed and target temperatures for a 50-ton pile of oil shale

Target Average temperature of pile prior 1o quenching (T, ,.), °C—
temperalure,

°C 200 300 400 500 600 700 800 900 1,000
54 6 600 1,150 1,690 2,240 2,780 3,330 3,870 4,420

110 659 1,210 1,760 2,310 2,860 3,410 3,960 4,510

166 719 1,270 1,830 2,380 2,930 3,490 4,040 4,590

223 780 1,340 1,900 2,450 3,010 3,570 4,130 4,680

281 842 1,400 1,970 2,530 3,090 3,650 4,210 4,770

339 905 1,470 2,040 2,600 3,170 3,730 4,300 4,860

399 969 1,640 2,110 2,680 3,250 3,820 4,390 4,960

459 1,030 1,610 2,180 2,760 3,330 3,900 4,480 5,050

521 1,100 1,680 2,260 2,830 3,410 3,990 4,570 5,150

583 1,170 1,750 2,330 2,910 3,500 4,080 4,660 5,250

' To convert gallons to liters. multiply by 3 785.
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APPENDIX C.—STRATEGY FOR FIGHTING OIL SHALE FIRES

Since the early efforts in oil shale mining, concerns about
fire hazards have been raised. The great loss of life in some
underground coal mine fires and the enormous associated
property and revenue losses have served as reminders of the
need for an effective strategy to prevent and/or combat
underground mine and surface fires. The capability ol extin-
guishing an underground or surface mine fire in its early stages
is clearly cost beneficial.

Early studies by the Bureau and by the Tosco Corp. under
Bureau contract suggested possible scenarios relevant 1o un-
derground and surface oil shale fires. The most common
scenarios included surface fires involving accumulated oil
shale in retorts, stockpiles, and railroad cars, and spent shale,
as well as underground fires in stockpiles, rubble piles, and
crusher bins. Fires involving virgin shale in the roof, rib, and
floor were also envisioned. Common ignition sources included
spontaneous combustion, diesel fuel, methane and retort gas
flames, hot exhaust manifolds, and burning explosives in
blasted rubble.

Despite the low level of production of oil shale to date,
unplanned fires have been reported in the Anvil Points Mine in
Colorado along the drifts and in the Colony Mine in Colorado
during mining and hauling. Fires from secondary ignitions
following blasting have also been reported in the Bureau’s
Horsedraw Mine in Colorado and at the White River Shale Oil
Mine.

Al the Bureau’s oil shale mine at Horsedraw, when a
tunnel had been driven 25 ft (7.6 m) from the shaft station, the
gas emission began to rise. Some of the 2-m-deep blastholes
emitted methane. Occasionally, even with the use of blowing
ventilation at a rate of 12,000 to 15,000 cfm (340 to 425
m*/min), in the 10- by 10-ft (3- by 3-m) drift, mining had to be
stopped when the methane in the return air had reached [ pct.

In November 1978, a methane ignition occurred in the
research shaft of the Bureau’s oil shale mine at Horsedraw. At
4:30 a.m., December 6, 1978, a round was (ired. Half an hour
later, the miners discovered a fire in the muck pile. The miners
had to retreat to the surface. During the rest of the day and on
the next day, six separate explosions occurred, due either to
explosives being left in the area or to methane accumulations.
The fire had spread to the surrounding ribs and roof. The fire
was extinguished by flooding the shaflt with water.

At the White River Oil Shale Mine on December 5, 1983,
and between June 9 and 12, 1984, two fires occurred, which
have been attributed to blasting operations. To extinguish the
first fire, the bottom of the shaft was llooded. To extinguish
the 1984 lire, a [ire-fighting team had to lay 300 ft (91.4 m) of
waterline and directly attack the fire with water. The flames
were extinguished in about 30 min.

With these examples as background, the three essential
elements in the strategy to combat oil shale fires can be
presented. The first element is a preventative-contingency type
of approach, which serves to alleviate matters should a fire
occur. The second is a gcneral type of approach to be
implemented immediately following the detection of a fire
underground. The third is a general type of approach (o be
implemented immediately following the detection of a lire on
the surface aboveground. The timelrame lor action in the first
approach is not as critical as those for the second and third
ones.

1. Prevention Measure and Contingency Planning

From an analysis of the current strategy employed in the
coal mining industry—taking into account the important
differences between oil shale and coal and the differences in
mining practices and techniques- -one can identify key meas-
ures applicable to oil shale. For a specific oil shale mine, the
fire prevention, fire-fighting, rescue, and emergency planning
measures might involve some of the following:

s Mine design—stopping sites, communication systems,
isolation doors, fire detection systems, water distribution
systems, etc.;

e Contingency planning—mine incident and emergency
management, ventilation, etc.;

e Special teams—rescue, [ire-fighting, ventilation con-
trol, and gas and particulate analysis;

e Training—rescue, fire-fighting, smoke control, and gas
and particulate monitoring;

® Regular ongoing safety efforts—monitoring the general
ventilation network to detect a fire situation, running of
waterlines up to the vicinity and checking the water pressure
prior to blasting, monitoring the area following blasting,
making periodic and followthrough inspections, having some
oxygen self-rescuers readily available, and conducting preven-
lative maintenance.

Different mines will require different sets of measures.
Clearly, the design of an oi] shale mine should incorporate
special features to prevent fires, to detect fires, to help control
ventilation, and to facilitate the fire-fighting. More research
should be pursued in order to broaden the choice of possible
options available 10 a given mine,

2. Underground Fire-Fighting Strategy

The general strategy for combating underground oil shale
fires would seem to include the following steps:

Step 1. Alert the nearby miners and the surface coordina-
tor for fire fighting.

Step 2. Make an initial assessment of the heating or open
fire situation.

Step 3. Formulatc an actton plan.

Step 4. Withdraw the miners safely from the imperiled
area and send in the rescue and fire-fighting teams.

Step 5. Update the fire hazard zone boundaries and refine
the action plan.

Step 6. Fight the open fire or heating.

Step 7. Erect the smoke control barriers.

Step 8. Isolate the fire working area.

Step 9. Gather the key data for leakage, lire intensity, heat
balance, and explosibility determinations.

Step 10. Seal off the fire workings, if' possible.

Step 11. Cool the sealed-off tire workings.

Step 12. Monitor the leakage and gas composition for the
sealed-olt area.

Step 13. Ventilate the cooled fire workings.

Step 14. Open and monitor the cooled fire workings.

Step 15. Reseal, cool further, and resume the monitoring
of the lire workings should the fire rekindle.

It should be noted that the large geometries associated
with oil shale mines make it difficult to erect seals (even
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low-strength ones) in a short period of time. Smoke control
barriers might also be difficult to erect in a short period of
time. More research effort on smoke control barriers might
prove worthwhile. The large volume of an oil shale mine room
makes it difficult to change the gas composition by adding
inert gas to the air in a mine having a large total volume of free
space. If small portions of a mine could be isolated and
leakage kept small, limited inerting might be feasible; however,
this would require further study. The economics for inerting
does not appear attractive,

Combating a fire immediately following ils detection can
have a heavy impact on the probability of success in extin-
guishing the fire using direct methods. For underground oil
shale mines, special concern should be given to methane
emissions and blasting in order to develop an effective strategy
for the prevention or suppression of a fire. In general, more
effort is needed to refine the present strategy for combaling
underground oil shale fires.

3. Surface Fire-Fighting Strategy

For a surface situation, the general strategy for combating
oil shale pile fires would seem to include the following steps.

Step 1. Monitor the heating or open fire to obtain key
data.

Step 2. Determine, from a heat balance, the minimal
water needed for quenching.

Step 3. Formulate an action plan.

Step 4. Secure a water supply and pumps.

Step 5. Construct a dam around the pile, if possible, to
permit the recycling of spent quench water.

Step 6. Take precautions against possible steam explosions.

Step 7. Apply guenching water.

Step 8. Alier the pile’s configuration following the quench-
ing operation, if possible, by digging out the remaining hot
pockets.

Step 9. Monitor the pile following the quenching opera-
tion to detect if reheating should occur

To help control spontaneous combustion in some surface
piles, a policy on the height of storage piles should be set and
followed. By limiting the height of open storage piles to below
a critical value, natural cooling will dissipate the heat from the
spontaneous combustion, retard the development of the heat-
ing and, it is hoped, avoid a flaming surface situation.
Additional efforts are needed to determine the critical height.
Its value would seem to depend strongly on the shale’s kerogen
content, total mass of the shale pile, size distribution of the
rubble material, and peak ambient temperature,

[n helping to refine the strategy for combating fires in
surface retort vessels, recourse can be made to the strategy
developed by the chemical processing industry. In general,
more research should be devoted to the refinement of the
existing strategy for combating surface oil shale fires.
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APPENDIX D.—LIST OF SYMBOLS

preexponential kinetic factor, °C/s

heat capacity, cal/g-°C

air heat capacity, cal/g-°C

bulk heat capacity, cal/g-°C

oil shale heat capacity, cal/g-°C

average specific heat of rubble over tempera-
ture range, cal/g-°C

specific heat of steam, cal/g-°C

specific heat of water, cal/g-°C

activation energy, kcal/mol.°C

mass of i-th control cell,

mass of burning rubble, g

mass of quenching water, g

mass of quenching water needed to lower hot
shale temperature to 100° C, g

mass of quenching water needed to lower warm
shale temperature from 100° C to target
temperature, g

mass of quenching water needed to lower hot
shale temperature (> 100° C) to target tem-
perature (< 100° C), g

number of control volumes

heat production rate, cal/cm®s

radial distance, cm

radius of embedded drum, cm

radius of spherical oil shale rubble pile, cm

kinetic constant, 1.99 cal/K-mol

dimensionless radial distance

time
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temperature, K or °C

average final temperature, °C

estimated average temperature of mass of hot
shale rubble just prior to quenching, °C

average initial temperature, °C

target temperature to which rubble is 10 be
cooled, °C

surface temperature, K

temperature of water being applied, °C

average temperature of rubble pile, °C

average temperature of i-th control cell, °C

dimensionless time

volume of i-th control cell

heat of vaporization of water, cal/g

thermal conductivity of air, cal/cm-s.°C

effective thermal conductivity, cal/cm-s-°C

thermal conductivity of shale, cal/cm-s.°C

porosity

density, g/cm?

bulk density, g/cm?

characteristic time for diffusion of heat

first-order partial derivative of T with respect
tou, K

first-order partial derivative of T with respect
to S, K

second-order partial derivative of T with re-
spect to S, K
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