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SPONTANEOUS COMBUSTION STUDIES OF U.S. COALS

By Alex C. Smith! and Charles P. Lazzara2

ABSTRACT

This report describes laboratory studies conducted by the Bureau of
Mines on the spontaneous combustion of U.S. coals. Approximately 1l pct
of U.S. underground coal mine fires are attributed to spontaneous com-
bustion. The relative self-heating tendencles of 24 coal samples were
evaluated 1in an adlabatic heating oven. Minimum self-heating tempera-—
tures (SHT's) in the oven ranged from 35° C for a lignite and high-vola-
tile C bituminous (hvCb) coal, to 135° C for two low-volatile bituminous
(1vb) coals. An empirical expression was determined predicting a bitu-
minous coal's minimum SHT in the adiabatic oven based on the coal's dry
ash—-free oxygen content. Several factors that can affect the self-heat-
ing process were also evaluated. The self-heating tendency of a coal
increased when the coal was dried and exposed to humidified air, and was
dependent on the particle size and oxygen concentration of the air.

A new moderate—scale apparatus is described, 1n which the self-heating
tendencles of larger coal samples, 3 kg, can be evaluated. The minimum
SHT's of two coals were determined and the results were 1n good agree-
ment with those found in the adlabatic oven. Finally, results of a test
in the moderate—scale apparatus dindicated a strong dependence of the
self-heating rate of a low rank coal on the molsture content of the air.

TResearch chemist.
2Supervisory research chemist.
Pittsburgh Research Center, Bureau of Mines, Pittsburgh, PA.



INTRODUCTION
In the United States, approximately minimum ignition temperatures; (3) oxygen
11 pet of wunderground coal mine fires sorption methods, 1in which ratios of
are attributed to spontaneous combustion various reactant and product gases are

(}).3 The incidence of such fires 1is
expected to 1increase with deeper mines,
the introduction of longwall mining meth-
ods, and the increased consumption of
lower ranked coals. In addition, sponta-
neous combustion continues to be a prob-
lem in the storage and transport of
coal (g). Clearly the spontaneous com—
bustion of coal represents a signifi-
cant hazard to life and property.
Spontaneous combustion occurs when the
heat that is produced by the low tempera-
ture reaction of coal with oxygen 1is not
adequately dissipated by conduction or
convection, resulting in a net tempera-
ture increase in the coal mass. Under
conditions that favor a high heating
rate, the coal attains thermal runaway
and a fire ensues. It is generally ac-
cepted that the spontaneous combustion of
coal is a rank-related phenomena. Other
factors include the heat-of-wetting, tem—
perature, ventilation, oxygen concentra-
tion, particle size, impurities, geolog-
ical factors, and mining practices (3-6).
With the exception of the last two, these
factors can be studied in the laboratory.
Generally, four methods for evaluating
the spontaneous combustion potential of
coals and examining the factors that can
affect the spontaneous combustion process
are used. These are reviewed, along with
various ranking indices, by Kim (5) and
Guney (7). Briefly, the methods are:
(1) adiabatic and (2) isothermal calorim-
etry, which measure heating rates or

3Underlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

related to self-heating; and (4) tempera-
ture differential methods, which measure
temperature differences between the coal
and a heated bath.

In this investigation, an adiabatic
heating oven was wused to determine the
minimum self-heating temperature (SHT),
the minimum initial temperature that pro-—
duced a sustained exothermic reaction, or
thermal runaway, of several U.S. coals.
These temperatures were then used to rank
the coal's relative self-heating tenden-
cies compared to other coals evaluated in
this study. The lower the minimum SHT
the higher the self-heating potential of
the coal. An empirical relationship was
then derived to predict the minimum SHT
based on the coal's dry ash-free oxygen
content. The adiabatic oven was also
used to study the effect of moisture on
the self-heating process, both as inher-
ent moisture in the coal and as a con-
stituent in the test gas, as well as its
synergistic effect on the oxidation pro-
cess. Finally, the effects of wvarying
the particle size and oxygen concentra-
tion, and the effect of prior oxidation
of the coal's surfaces on the coal's
minimum SHT were examined.

A moderate-scale apparatus is described
that enabled the study of larger coal
masses under more realistic conditions.
The minimum SHT's of two coals were de-

termined, and the movement of moisture
through the coal mass and its effect on
the heating rates of the coal are
discussed.
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EXPERIMENTAL APPARATUS AND PROCEDURES

SAMPLE PREPARATION

To run a series of tests in the adia-
batic heating oven, either to determine
the minimum SHT or to study the effect of
some experimental parameter, several ki-
lograms of fresh coal was passed through
a jaw crusher and reduced to a minus
0.95-cm size. This coal was then pulver-
ized in a rotary mill and sieved to the
appropriate sizes on a sieve shaker. The
sized fractions were sealed 1in plastic
bags and stored in an N, atmosphere until
testing. The time required to complete
the pulverizing and sieving of the coal
was approximately 0.5 h. Tests described
in a later section of this report indi-
cated that this short-term exposure of
the coal surfaces to air had no effect on
the results of the self-heating tests.

To run a test 1In the moderate—scale ap-
paratus, several kilograms of the coal
was passed through a jaw crusher for re-
duction. The reduced material was sieved
and the minus 0.64-cm fraction collected.
The sample was then loaded directly into
the test apparatus for drying.

ADIABATIC HEATING OVEN EXPERIMENTS

Test Apparatus

The relative self-heating tendencies of
coals, and factors that affect the self-
heating process, were evaluated in the
adiabatic heating oven shown in figure 1.
The apparatus is designed to minimize
heat losses from the coal sample during
the self-heating stage of the test. The
present apparatus 1s a modification of

described by
stainless

the adiabatic calorimeter
Kuchta (6). Previously, a
steel wire mesh sample basket was sus-—
pended by a wire strand in the middle of
the sample oven and the test gas was cir-
culated around the sample by a magneti-
cally controlled fan.

In the present configuration, the
sample is contained in a brass wire mesh
basket, 7.6—cm diam by 5-cm high, which
is enclosed 1in a stainless steel assem—
bly. The assembly has ports in the bot-
tom and top to allow the test gas to pass
through the coal sample instead of around
it. The assembly is held in place in the
sample oven by two brass rods attached to
a stalnless steel plate secured to the
top of the sample oven. These are not
shown in the figure. A stainless steel
cylinder, 12.1-cm diam by 10.8-cm high,
surrounded by a nickel-chromium wire re-
sistance heater that is held in place by
ceramlc supports, serves as the sample

" Gas outlet _-~Insulation

e o s .-f-;Top heater

> o |Hl 5 T4 Z_>1-Sample oven with
Thermocouples ——25c X o cutawoy view
Coal sample <l i
Stainless steel | M .
assembly r B +-Wire sample basket
. if u (7.6 by 5cm)
o
->¢—Side heater
Dewar flask o
S (15-cm ID) .
Gas inlet———re= . .
Insulation o

FIGURE 1.—Schematic of adiabatic heating oven.



oven. The cylinder acts as a heat shield
to evenly distribute the heat produced by
the hot wire. The oven is attached to a
top plate, which 1s held in place by
three brass rods extending from the top
of the apparatus.

The whole oven assembly is contained in
a 15-cm-ID Dewar flask that is surrounded
by a 5-cm layer of perlite insulation in
which another resistance-type heater is
imbedded. This heater is kept near the
set-point temperature throughout the
test. In addition, another nickel-chro-—-
mium wire resistance heater wired 1in
parallel to the sample oven is located in
the top cover of the apparatus.

Initially, the sample is heated to a
selected temperature while exposed to a
flow of preheated dry Nj. This 1is
achleved using a proportional temperature
controller in the set-point mode con-—
nected to a thermocouple located between
the heat shield and oven walls. A pair
of differential thermocouples, one 1lo-
cated near the wall in the coal sample,
and one located in the space between the
sample assembly wall and sample oven cyl-
inder, determine when an equilibrium has

been reached 1in the apparatus and the
sample has achleved the desired set-point
temperature.

The temperature of the sample remains
slightly 1less than that 1in the oven
(ranging from 0.3° C at 40° C, to 2.0° C
at 140° C), because of conductive heat
losses up the stainless steel sample
assembly. Stott estimates that approxi-

mately 60 pct of the heat output of the
sample oven 1s lost from the apparatus
(8). Most of the losses occur by conduc-—
tion through the brass rods supporting
the sample oven and through the stainless
steel sample assembly, or by radiation.
Figure 2 shows an example of the temper-
ature-time traces of the differential
thermocouples during the heatup period

to a set—point temperature of 90° C
at which the equilibrium condition was
attained.

Upon reaching equilibrium condition,

the preheated test gas flow is introduced
to the sample. The power output to the
sample oven and top heater is maintained,
and control 1s switched to a differential
proportional temperature controller,

|00 T T T l T
O 80F
(]
w
o -
=
& 60|
L
a
g5 KEY
= m Differential sample
40 thermocouple -
o Differential oven
thermocouple -
20 | | | | |
0 | 2 3 4 5 6
TIME, h

FIGURE 2.—Temperature histories of differential thermo-
couples during heatup period to 90° C in adiabatic heating oven.

which maintains the same temperature dif-
ference as that in the equilibrium condi-
tion throughout the test. If the sample
temperature Increases, the change 1in
temperature is measured by the differen-
tial pair of thermocouples located in the
coal sample near the wall and the sample
oven. The power output to the sample
oven and top heater increases accordingly
to maintain the same temperature differ-
ence. This minimizes heat losses from
the coal across the sample assembly wall
and through the top of the apparatus.
Some heat 1s lost to radiation through
the top and bottom of the sample assembly
and to conduction up the sample assembly.
Heat losses from the sample have been
measured at 30° and 90° C by exposing a
coal sample to a flow of dry N, and mon-
itoring the sample temperature with time.
The losses at 30° and 90° C were found to
be -0.3° C/h and -0.5° C/h, respectively.
This ensures that any temperature rise
exhibited by the sample is due to a heat
producing reaction and not artificial
heating by the sample oven, and that at
higher temperatures, the heat losses due
to conduction and convection are not



excesslive. A thermocouple in the cente:
of the sample 1is wused to monitor the
sample temperature during the test.

The test gas condition can be either
humidified or dry by directing the flow
with a serlies of valves. If humidified,
the gas 1s sent through a pair of gas
washers, kept at 35° C by heating tapes.
The relative humidity of the gas entering

the apparatus, measured by a thin film
solid state sensor, is about 80 pct (4
x107% g Ho0/mL air) at 35° C. The outlet

gas line is equipped with 0, and CO mon-
itors to measure the concentrations of

these gases.

Experimental Procedures

The evaluation of the self-heating ten-
dency of a coal by the determination of
the coal's minimum SHT was made using a
set of standard experimental conditions.
These conditions were determined to be
the most stringent conditions for self-
heating to occur in this apparatus. The
minus 100- plus 200-mesh (74 by 150 um)
fraction of the pulverized coal was
dried in an oven at 67° C with a 200-
cm?/min flow of dry Np. A 100-g sample
was placed 1n the apparatus and brought
to a preselected initial temperature
under a 200-cm’/min flow of dry Nj. When
an equilibrium was reached between the
sample and sample oven at the selected
initial temperature, a 200-cm®/min flow
of humidified alr was passed through the
sample until elther a sustained exother-—
mic reaction occurred or the sample began
to cool.

A series of tests were made, each with
a fresh sample, in 5° C increments, until
the minimum initial temperature that pro-—
duced a sustained exothermic reaction, or
thermal runaway, was dctermined. Many
factors that can affect the self-heating
process, such as the effect of particle
slze or moisture, were also evaluated in
the apparatus. The standard conditions
described were used, with the exception
of the parameter that was to be eval-
uated. The resulting temperature—time
traces were then compared with traces ob-—

tained under standard test conditions.
Included 1n this report are tests
in which the particle size and O

concentrations were varied, and humidi-
fied and dry air and N, were used as test
gases.

MODERATE-SCALE EXPERIMENTS

Test Apparatus

The moderate-scale spontaneous combus-—
tion apparatus permits the study of the
self-heating process in a 3-kg coalbed.
With a sample of this size, heat and mass
transport processes occurring in the
coalbed can be monitored. The apparatus,
shown 1n figure 3, 1s designed to mini-
mize heat losses from the coal and main-
tain accurate temperature control and
measurement. The sample is contained in
an aluminum cylinder, 1l4.6-cm diam by
40.6—cm high, with a wall thickness of
0.08 cm. The cylinder sets on a 5.l-cm
transite base into which a l.3-cm—diam
hole is cut and a gas inlet tube 1is in-
serted. The aluminum cylinder is wound
with a 2.5-cm~wide, 208-W fiberglass in-
sulated electrical heating tape connected
to a DC power supply. Encasing the alu-
minum c¢ylinder and heating tape 1is a
15.2-¢m diam by 40.6-cm high, 2.5-cm—
thick transite c¢ylinder and 5.1 cm of

ceramic fiber insulation, inside a 32.5-
cm aluminum cylinder. The top of the
sample cylinder is covered with a 2.5-cm

Teflon? fluorocarbon polymer cover that
sets on top of the transite cylinder. A
0.3-cm rubber gasket forms a seal between
the transite cylinder and the cover. A
bifunctlional temperature controller and
two thermocouples located at the mid-
height of the sample container, one
located 0.3 cm inside the sample and one
attached to the inside wall of the inner
aluminum cylinder, regulate the output of
the heating tape.

To bring the sample to an 1initial set-
point temperature, and during the initial

phase of the test, the temperature con-
troller functions as an disothermal con-
troller, monitoring the thermocouple

attached to the cylinder wall and adjust-
ing the output of the heating tape ac-
cordingly. After the 1initial phase of

4Reference to trade names does not im-
ply endorsement by the Bureau of Mines.
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FIGURE 3.—Schematic of moderate-scale spontaneous combustion apparatus.
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the test, th troll t dif by pai f th . d t g

ferential controller to maintain the cyl-
inder wall temperature just below that of
the sample temperature 1in the region
where the two differential thermocouples
are located.

The gas 1nlet 1line is wrapped with a
heating tape to warm the inlet gas to the
test temperature. A thermocouple 1is at-

tached to the line to monitor the inlet
alr temperature. A 2.5-cm—dlam deflector
shleld 1s positioned on the 1nlet line

where the gas enters the sample contailner
to prevent preferential flow through the
middle of the sample. The inlet 1line
configuration allows for the introduction
of dry or humidified gas into the sample

washing bottles. The gas percolates
through the sample and exits the sample
contalner through a 1l.3-cm-0D gas outlet
tube 1nserted through the cover. The

outlet gas can be directed through 0, and
CO gas analyzers.

The sample temperature is monitored by

an array of 15 thermocouples, five each
at depths of 5.1, 15.2, and 25.4 cm in
the 30.5-cm—deep sample bed. The thermo-

couples enter the sample contalner at the
top of the transite cylinder. The five
thermocouples at each depth are arranged
one In the center of the sample and four
radially 0.6 cm from the aluminum cyl-
inder wall. The 15 thermocouples are



read sequentially at 5-min intervals and
the temperatures are Iinterpolated between
readings.

Experimental Procedures

To run a test 1n the moderate-scale
apparatus, a 5—cm layer of vermiculite,
an inert material, was placed in the bot-
tom of the sample container. The freshly
prepared coal sample, 61 pct minus 1/4 in
plus 10 mesh, 33 pct minus 10 plus 50
mesh, and 6 pct minus 50 mesh, was then
loaded into the sample container until a
sample depth of 30.5 cm was reached. The
thermocouples were positioned as the coal
reached the previously described monitor-—
ing depths. The sample was then covered
with another 3.8-cm layer of vermiculite
and the cover placed on top of the
container.

Because of the size of the sample, ap-—
proximately 3 kg, the sample was predried
in the sample container before the start
of a test. To accomplish this, the sam-
ple was heated to 67° C, using the set-
point mode of the temperature controller,
and dry N, was passed through the sample
at a flow of 900 cm®/min until the rela-
tive humidity in the outlet gas was less
than 5 pct. The sample was then brought
to the selected initial temperature under
the same dry Ny flow, at which time moist
alr was introduced to the system at a
flow rate of 900 cm’/min.

During the 1initial phase of the test,
the temperature controller was used in
the isothermal mode because of the time

lag before self-heating occurred in the
region of the coalbed where the differen-
tial thermocouples were located. To min-
imize heat losses, when a temperature
rise of 0.4° C was detected at the dif-
ferential thermocouple 1located 1in the
coalbed, the controller was switched to
the differential mode and the power out-—
put to the oven wall was increased as the
sample temperature increased. The test
continued until a predetermined tempera-—
ture 1in the center of the sample was
reached, at which time the air supply and
power to the heating tape were shut off
by an alarm circuit.

In one test, the moisture content of
the air was measured near the center of
the coalbed. This was done using a 0.3-

cm—0D stainless steel probe 1inserted
through the top cover. The probe was
equipped with a metering wvalve to allow
an exit gas flow of 100 cm®/min to pass
over a humidity and temperature sensor
located outside the sample container,

which measured the relative humidity and
temperature of the gas. The probe was
located radially 5 c¢m from the sample
container wall and could be moved verti-—

cally to any depth in the coal bed.

RESULTS AND DISCUSSION

ADIABATIC HEATING OVEN

Coal Analyses

The self-heating tendencies of 24 coal
samples were evaluated in this investi-
gation. Table 1 shows the rank, as-—

received proximate and ultimate analyses,
heating values in British thermal units
(Btu's) per pound and dry ash—-free oxy-
gen values of representative samples of
the minus 100- plus 200-mesh fractions
tested. All coals were received direct
from the coal seam in lumps (10 cm) with
the exception of the Lower Kittanning,

No. 6, and Beulah—Zap samples (5 cm),
which were from storage piles. These
three coals had excessive surface mois-
ture and the as-received values represent
values corrected for air dry loss. Two
samples taken from different locations in
the mine were received from the No. 80,
B, D, E, Lower Sunnyside, Coal Basin, and
Pocahontas 3 seams, and were evaluated as
separate samples, 1 and 2.

The apparent rank of the coal samples
were based on the ASTM D 388 classifica-
tion system (9). The heating values de-
noted in parentheses were computed by the
following formula (10):



TABLE L. - Analyses of coals as received

Proximate analysis, wt pct

Ultimate analysis, wt pct

Heating Vola- Fixed Dry
Rank! and seam State value Mois- tile car- Ash Hydrogen | Carbon | Nitrogen | Sulfur | Oxygen ash-
Btu/1b ture matter | bon (H) (c) (N) (s) (0) free
oxygen
Lignite (lig):
Beulah—Zapeseseeasas ND 7,458 27.3 29.9 31.8 11.0 6.0 43,4 0.5 3.9 35.2 1717
Lehigh bedecseeess ND 6,287 42.6 32.8 19.5 5:2 7.1 37.9 «6 ) 48.6 20.7
hvCb coal:
Fonnensnsissssssms co 11,561 11.4 40.9 45.3 2.4 6.0 66.4 1.4 +3 23.4 15.5
Now Bessssssssanss IL 11,914 2.2 41.8 42,7 13.2 5.3 65.5 1.2 4,2 10.6 10.&
Noe 80=lesesssnsss WY 11,236 7.6 38.3 44,1 10.0 5.4 64.3 1.5 A 18.4 14.2
Now 80~2cessnsssss wY 11,353 11.0 39.5 43.9 5.6 5.9 65.2 1.6 o7 21.0 13.5
hvAb coal:
Tl A N A O e Cco (13,029) 2.8 38.3 49.6 9.3 55 72.0 1.4 ) 11.2 9.9
B=25 55 5o nieiosnesian co (13,920) 3.9 40.1 53.8 2.2 Sl 77.4 1.6 «5 12.5 9.6
Clarionecscececese OH (12,888) 4,8 43.0 44,4 7.7 5.6 70.0 1.2 345 12.0 8.8
DElsssssnsssvinmes UT (13,734) 241 43.9 47.8 6.2 5.8 7545 1.5 D 10.6 9.5
D=2iennssunvaaiase UT (13,480) 2.7 44,2 47.3 5.8 5.8 74.3 1.4 A 12.4 10.9
E=lsssnsnaswacavie co (13,784) 3.9 39.7 54.6 1.8 5.8 76.5 1:3 ™) 13.9 11.0
E=2y s anamnussesss e co (13,823) 3.2 40.5 S54.4 1.9 Sie il 76.9 15 o7 13;2 10.9
Lower Kittanning.. PA 11,055 1.0 31.7 44,9 22,4 4.6 62.4 1.0 39 5.9 6.5
Lower Sunnyside-l. UT (13,318) 3:.2 36.2 54,2 6.4 5 & 74,3 15 =5 11.8 9.9
Lcwer Sunnyside-2. UT (14,097) 2.3 38.6 56.2 2.9 5.6 78.6 1.5 A 11.0 9.4
Pittsburgheeeesssses PA 13,947 1.7 38.8 53.9 5.6 5.4 78.0 1.6 1.3 8.2 T2
mvb coal:
Coal Basin—leeeees co (14,616) T 22.0 70.4 6.9 4.8 82.6 1.8 .7 3.3 2.5
Coal Basin—2¢c¢ee.e co (14,350) .9 21.6 69.5 8.0 4,8 81.0 1:5 D 4.2 3.7
1vb coal:
Blue CreeKeeesooes AL 14,276 i [ § 19.2 72.7 7«1 4.5 82.0 1.7 .5 4.3 3.6
Mary Le€eescecscans AL 14,381 1.3 20.2 71.3 7.3 4.7 82.2 1.7 .6 3.5 2.6
Pocahontas 3-l.... VA 14,419 .9 18.7 73.2 7.3 4.2 82.6 1.3 1.7 2.9 23
Pocahontas 3-2.... VA 13,279 .6 17.6 67.5 14,3 3.9 77.0 1.1 1.1 2.6 2:5
Anthracite (an):
Anthracite..cccecss PA 12,860 1.7 4.7 84.7 8.9 2.1 83.9 1.1 6 3.5 2.3
'Rank based on ASTM D 388 classification system (9)—-hvCb, high-volatile C bituminous; hvAb, high-volatile A bitu-

minous; mvb, medium—volatile bituminous; and lvb, low-volatile bituminous.
“Numbers in parentheses computed from elemental composition of coal; see text (p. 9) for formula.



Q* = 0.3578[pct C*]
+ 1.1357[pet H*]

0.0845[pet 0]

|

0.0594[pet N*]

B

0.1119[pct $*]

+

0.974,

where the asterisks denote values on a
dry basis, Q denotes the heating value in
kJ/g, and C, H, O, N, and S denote the
elemental compositions of the coal. The
values 1n the table are expressed as
Btu/1b by the conversion factor, 430.66
Btu x g/kJ x 1b, and corrected for mois-

ture. The remaining heating values
were determined experimentally by bomb
calorimetry.

The coals are listed in ascending order
according to thelr apparent rank. In
general, the heating value and fixed car-—
bon contents of the coals increased with
increasing rank, while the moisture, hy-
drogen, and dry ash—free oxygen contents
decreased with increasing rank. Most of
the coals had low sulfur contents, with
the exception of the Beulah-Zap, Clarion,
No. 6, and Lower Kittanning samples,
which exceeded 3.0 wt pct. The Lower
Kittanning sample had an unusually high
ash content and correspondingly low heat-
ing value (as received).

Evaluation of Self-Heating Tendencies

Minimum Self-Heating Temperatures

The minimum self-heating temperatures

(SHT's) of the coal samples were deter-—
mined in the adiabatic heating oven.
Figure 4 shows typical temperature-time

traces of tests to determine the minimum
SHT of the Clarion seam coal. At a
starting temperature of 70° C, there was

a rise in the coal sample temperature to

80° C in about 6 h after exposure to the
humidified airflow. The temperature then
leveled off and eventually the sample

another test, with a fresh
initial temperature of
temperature increased

cooled. In
sample at an
75° C, the sample

Z 0m
o O
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S
o
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o
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TIME, h

FIGURE 4.—Temperature histories in self-heating tests with
Clarion coal at initial temperatures of 70°,75°, 80°, and 90° C.

reaching thermal runaway in
just over 30 h. The effect of increasing
the initial temperature is seen 1in the
remalning two curves. From initial tem-—
peratures of 80° and 90° C, the samples
self~heated 1in shorter time periods,
about 11 and 4 h, respectively. Thus,
the minimum SHT of this coal was 75° C.

The minimum SHT's were determined for
24  coal samples and are listed 1in table
2. The temperatures ranged from 35° C
for the No. 80-1 (hvCb) sample and the
Lehigh sample (a lignite coal) to 135° C
for the Mary Lee and Blue Creek (lvb)
coal samples. The minimum SHT of the
anthracite coal was greater than 140° C,
beyond the 1imits of the adiabatic
heating oven.

There were small variations in the min-
imum SHT's of five out of the seven seams
represented by more than one sample. The
largest difference was 10° C between the
D seam samples, while the Lower Sunny-
side, B, Pocahontas No. 3, and No. 80
seam samples differed by 5° C. The E and
Coal Basin seam samples showed no differ-
ence in their minimum SHT's.

The temperatures reported for the No.
80~-2 and Pittsburgh samples 1in table 2
may differ from the temperatures reported
as the minimum SHT's in later sections on
the studies of factors that can affect
the self~heating process. This 18 be~
cause In the studies on wvarious factors,

steadily,

fresh batches of samples were prepared
and the minimum SHT of the c¢oal was
determined for each batch. That wvalue
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TABLE 2. - Minimum self -heating temperatures and relative self-heating teundencies
of coals evaluated in adiabatic heating oven

Seam Apparent | Minimum Seam Apparent | Minimum
rank! SHT, °C rank! SHT, °C
High: Medium——Con.
Lehigh bedesscecsses lig 35 Lower Sunnyside-2... hvAb 80
Nos BO=lsvsocnnmomsas hvCb 35 Lower Sunnyside—1l... hvAb 85
Nos 80-2¢ceecsscnsss hvCb 40 DRl 6 o oo o 50006 o hvAb 90
Fooeenesoossonessoais hvCb 45 Pittsburgheeececceseos hvAb 90
Beulah—Zapeesesosesos lig 60 Lower Kittanning.... hvAD 100
Erillsssuwovvaenne smen hvAb 65 Low:
Em2poisnnondsanssoans hvAb 65 Pocahontas 3-2...... lvb 110
Medium: Pocahontas 3-l...... 1lvb 115
B=locsoncossanaseosss hvAb 70 Coal Basin—leeccecscse mvb 120
Noibussamsnumnnsnnine hvChb 70 Coal Basin—2.ecevese mvb 120
B=2:sesisesavasiceass hvAb 75 Blue Creekeeeecessses 1lvb 135
Clarioneescosecsesssns hvAb 75 Mary Le€oecocossccses 1lvb 135
D+2sssswnsosssnnsses hvAb 80 Anthraciteecscecesesss an > 140

'See table 1.

ranged from 40° to 45° C for the No. 80-2
sample and from 90° to 95° C for the
Pittsburgh sample, a maximum difference
of 5° C in each case.

The results of the tests In the adia-
batic heating oven agree favorably with
the concept that the self-heating tenden-

cles of coals 1increase with decreasing
rank. The lower ranked lignite and hvCh
coals had minimum SHT's 1n the range of
35° to 70° C, the hvAb coals fell in the
range of 65° to 100° C, while the higher
ranked mvb and 1lvb coals and the anthra-

cite coal had minimum SHT's greater than

100° cC. It 1s proposed that coals with
minimum adlabatic heating oven  SHT's
<70° C be considered as having a high
spontaneous combustion potential, those
that fell in the range 70° to 100° C as
having a medium risk, and coals that had
minimum SHT's >100° C as having a low
spontaneous combustion  potential when

compared with other coals. It must be
noted however, that these were laboratory
tests and the resulting minimum SHT's are
a relative measure of the self-heating
tendency of the coal alone and do not
consider other important contributing
factors associated with the spontaneous
combustion process Iin actual mining or
storage conditions.

The temperature-time traces for several
coals starting at their minimum SHT's are
shown in figure 5. The heatlng curves

SHT Self-heating temperature.

exhibited similar characteristics; a
large initial heating rate, a decrease in
the rate before passing through an in-
flection point, and an exponential rise
in temperature from the inflection point

until the end of the test. The time to
reach <thermal runaway varied but this
parameter depends on how  close the
20T T T T 71 T 71
)
180 [ J
160

KEY
m No. 80-2

0 No. 6

® Pittsburgh

© Pocahontas 3-2

TEMPERATURE, °C
X
o

80

60 s Blue Creek
40 | L1 |
0 4 8 2 16 20
TIME, h

FIGURE 5.—Temperature histories for various coals at their
minimum SHT’s.



initial temperature, which is changed 1in
5° C increments, is to the actual minimum
SHT of the coal sample. For example, the
minimum SHT of a coal sample whose real
minimum SHT is 61° C is determined to be
65° C, just as a sample whose real min-
imum SHT is 64° C. However, the first
sample will reach thermal runaway in a
shorter time based on its greater reac-—
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self-heating process, in which the effect
may not be 1large enough to change the
minimum SHT by the necessary 5° C.

0, and CO concentration profiles of the
outlet gas were recorded for several of
the tests. Figure 64 shows a plot of
concentrations of these gases as a func-
tion of time for Pittsburgh coal at an
initial temperature of 90° C. The sample
temperature trace is included in the plot

tivity. The time to reach thermal run-—
away 1s used in determining the relative as a reference. Since N; was being
reactivity of two samples whose minimum passed through the sample prior to the
SHT's are the same in the adiabatic heat-— start of the tests, there was an initial
ing oven. It is also important 1in the rise 1in the 0, concentration as it re-
studies on factors that can affect the placed the N, in the gas lines.
Pittsburgh No. 80-2
200 T T T T 25 200 T T Y T T
190 A M~ __ B 4120
O 180 jr———————— \\ 120 | \
& 160 KEY 115 140} 15 a
2 50} — Temperature ] S
< a0l —— Oxygen | 120 | "
G —— Carbon monoxide 10 | 10 Z
o 130 1001 ‘ O
= ol £
oo / 807 ' {5 ©
110 [ 15
60
100
90 1 1 | 1 o 40 S 1 _ L 1 | O
|,600 T T T T T T =T T T T
1,400 - I - B i y
1,200 |- | 1 . /-
E 1,000 ,‘ L A I
S /
800 I - - / -
S ’ /
600 |- . - : .
/
400 | / : . - _
7 i
200 [ < 1 rd -
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FIGURE 6.—0, and CO concentration profiles in self-heating tests of A, Pittsburgh coal, initial temperature, 90° C, and B, No.

80-2 coal, initial temperature, 40° C.
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Within 10 min from the start of the test,
this concentration was above 20 pct. Be-
tween 20 and 30 min into the test, there
was a relatively steep increase in CO and
a corresponding dip in the 02 concentra-
tions. This phenomenon was short-lived
and corresponded to the sharp rise 1in
temperature at the start of the test.
After about 15 h, the 07 concentration
began to decrease exponentially while the
CO concentration increased exponentially,
roughly corresponding to the rate of
temperature rise in the sample.

Figure 6B 1s a plot of 0 and CO for a
lower rank coal, No. 80-2, from an ini-
tial temperature of 40° C. Similar
curves to those in figure 64 were found
for the 02 and CO concentrations, with
the exception of the CO peak and 03 dip
in the 1nitial phase of the test. In
both cases, the outlet 03 concentration
remained above 15 pct until late into the
test, assuring an adequate supply of oxi-
dizer for the reaction with coal until
high temperatures are reached.

Prediction of Minimum Self-Heating
Temperatures

The prediction of the minimum SHT of a
coal sample allows the assignment of the
relative self-heating risk or potential
of a coal without the need for detailed
laboratory experiments. In addition, the
basis of the prediction may provide some
insights into the self-heating process.
In general, the minimum SHT's of the
coals 1increase with increasing rank,
which is related to the chemical compo-
sition of the coal. A multiple 1linear
regression analysis was conducted using
the experimental minimum SHT of the coal
as the dependent variable and the chem-
ical constituents, both in the dry and
dry ash—-free states, as determined by the
proximate and ultimate analyses, and the
molisture content of the coal, as the in-
dependent variables. The analysis did
not 1include the lignite samples because
of their high moisture values relative to
the other samples. Also excluded were
the E-2 and Coal Basin-2 samples because
of their similar composition to the E-1
and Coal Basin-1 samples, respectively.
The anthracite sample was not included

since the minimum SHT was not determined.
In total, the analysis included 19 bitu-
minous coal samples.

The computational method wused in the
regression analysis was a forward step-
wise regression procedure based on the
method given by Draper (11). The com—
puter software wused in the analysis is
described by BBN Resecarch Systems (12).
The procedure involved 1inserting varia-
bles 1into the model in an order deter-
mined by using the partial correlation
coefficient as a measure of importance.
After the introduction of a variable into
the model, an examination of the contri-
bution made by each variable in the model
was made using the F-test, and any vari-
able making a nonsignificant contribution
was removed. The process continued until
no varlables were added ¢to or removed
from the model.

The resulting model showed a correla-
tion of the minimum SHT with the oxygen
content of the coal. The best fit was
with the dry ash-free (DAF) oxygen:

SHTpins °C = 139.74 = 6.57

x [0, pct (DAF)].

The resulting line had a correlation co-
efficient of 0.934, with a standard devi-
ation of regression of 10.53 and an aver-
age relative error of 10.6 pct. The
minimum SHT's predicted by this model are
shown 1in table 3. A plot of the pre-
dicted versus the experimental minimum
SHT's is shown in figure 7. The largest
relative errors were 1n the No. 80
samples, 34 and 28 pct, respectively,
both hvCb coals, but this was primarily
due to the 1low experimental minimum
SHT's, which produce large relative er-
rors for small differences 1in the pre-
dicted versus experimental values. The
low-volatile coals had large temperature
differences, 10° to 19° C, but low rela-
tive errors, 9 to 14 pct, due to their
high minimum SHT's. However, at tempera-
tures above 100° C, the allowable margin
of error in predicting the minimum SHT is
much greater. The best prediction was
for the Coal Basin sample, a medium vola-
tility coal. The model worked well for
most of the high-volatile A coals, the
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TABLE 3. - Experimental and predicted
minimum self-heating temperatures
of bituminous coals

SHT, °C
Seam Experi- Pre-
mental dicted'
hvCb:
Foaaw o scviviaa s o ai o waa o 45 38
NOs Geescosscsccccnse 70 72
NOoe 80=ls ercesnessnes 35 47
Nows 80=24u sussnwssnss 40 51
hvAb:
B—lososssssvasensners 70 75
B2 aimnsm 00 i0 ot s 0 ie siol s 75 77
ClarioNeccecocccscses 75 82
D=lisssinsis asagas:s an 90 77
D~2e sionannnne pnmnnnise 80 68
E=lss snonnsen smunnwas 65 68
Lower Kittanning.s..«. 100 97
Lower Sunnyside-l.... 85 75
Lower Sunnyside-2.... 80 78
Pittsburghecececeeeses 90 93
mvb: Coal Basin—-le.eoc.. 120 121
lvb:
Blue CreeKkesecsecoosss 135 116
Mary Le€eecececcesacss 135 123
Pocahontas 3—lseeesses 145 125
Pocahontas 3-2.ceeess 110 123

DAF Dry ash-free.
'Based on minimum self-heating tempera-
ture 139.74 - 6.57 x [0, pct (DAF)].

largest relative error being for the D-2
sample, 15 pct.

Moisture, which has a significant ef-
fect on the self-heating process, as will
be shown later, played a surprisingly
nonsignificant role in the prediction of
the minimum SHT. Forcing the moisture
content value of the coal into the model
as an 1independent variable did not
adversely affect the correlation coef-
ficient or standard deviation of regres-
sion, but the addition of the variable
was statistically insignificant based on
the F-test. Finally, the addition of
squares of the oxygen and moisture con-
tents and thelr <crossproducts in the
regression analysis failed to alter
the results, producing the same model.
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FIGURE 7.—Predicted versus experimental minimum SHT’s of
bituminous coals evaluated in the adiabatic heating oven.

Kinetics and Mechanisms

The self-heating rate (4) of a coal
mass may be expressed as the sum of the
heat release reactions ({;), the heat—-of-
oxidation and the heat-of-wetting, and
the heat 1losses (3,), conduction and
convection. Under adiabatic conditions,
the heat 1loss term 1s negligible, and
q =41. It is generally agreed that the
oxidation of coal is a temperature—depen-
dent reaction that obeys an Arrhenius
type rate law of the form:

rate = Alexp] (-E/RT),

where the rate coefficient A includes the
heat of reaction, the specific heat of
the coal, and a specific rate constant; E
is activation energy; R is the molar gas
constant; and T is temperature.

The equation can be written

1n(dT/dt) = -E/RT + 1n(A),
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and from a plot of the log of the rate
versus 1/T, the overall activation en-
ergy, E, can be determined from the slope
and the preexponential factor, A, from
the intercept (6, 13).

The heat-of-wetting is the heat gener-
ated by the adsorption of water vapor by
the coal surface. The process can be re-
versed depending on the moisture content
of the coal, the relative humidity of the
air, and the temperature. The quantity
of heat generated by the heat-of-wetting
has been measured for various coals, and
found, in general, to decrease with in-
creasing rank (14-15), and can be as high
as 25 cal/g of dry coal for lignites.

No generally accepted rate equation for
the heat-of-wetting is in use. The rate
of temperature rise would be expected to
decrease with time, under constant humid-
ity conditions, because of the limited
amount of surface area avallable. Even-
tually the moisture has an inhibiting ef-
fect on the self-heating process. As the
temperature increases, the decreasing
humidity in the air causes a shift in the
equilibrium and the subsequent evapora-
tion of the water from the coal, an endo-
thermic process (16-18).

Another factor that plays a role in the
rate of self-heating of coals 1s the
synergistic effect of moisture on the
oxidation process (lgfgl)‘ Evidence sup-
porting this concept 1s presented later
in this report.

In summary, assuming adiabatic condi-
tions, the self-heating rate (q) can be
expressed as the sum of the heat release
reactions, as follows:

El = A exp["E/RT] + AHy, o+ (T>t)r))
+ B(T,r),

Hyet (T,t,r) represents the heat-
of-wetting as a function of temperature,
time, and rank, and B (T,r) represents
the effects of the interaction of the
heat—-of~-oxidation and the heat-of-wet-—

where

ting, also a function of temperature and
rank.
Evidence of these mechanisms are seen

in the heating curves of the coals 1in
figure 5, obtained from tests In the adi-
abatic heating oven using molst alr.

the rates of temperature rise
The rates decreased as the
curves passed through the inflection
points before increasing exponentially
for the duration of the tests. The fol-
lowing overall mechanism is proposed.
Initially, the heat-of-wetting is the
dominant mechanism. In the regions near
the inflection points in the curves, many
competing processes are occurring. The
available sites for moisture adsorption
are being used up and with the increasing
temperature shifting the water vapor
equilibrium, water is starting to be de-
sorbed from the coal. At the same time,
the rate of heat being produced by the
oxidation reaction is 1increasing, but
neither mechanism is dominating. Past
the inflection point, the temperature has
been raised enough for the oxidation pro-

Initially,
were large.

cess to take over as the dominant
mechanism.
This 1s more clearly seen in figure 8,

a plot of the log of the rate of tempera-
ture rise versus reciprocal temperature
for a test of Pittsburgh coal at 90° C.
Initially, the heating rate was high, de-
creasing at an exponential rate approach-
ing the minimum of the curve. This sup-

ports the idea that the decrease in the
heat produced by the heat—-of-wetting is
due to the using up of available
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FIGURE 8.—Log of heating rate versus reciprocal temperature
for a test of Pittsburgh coal at an initial temperature of 90° C.



surfaces- Fast the minimum of the
curve, the reaction followed the Arrhe-
nius rate law, agreeing with the 1idea

that the oxidation process has taken over
as the dominant mechanism. The flat area
near the minimum of the curve is where
the mechanisms were competing.

The changes in temperature (A temp)
from the 1initial temperature to the tem—
perature at the inflection point in the
minimum SHT curves of tests wusing moist
air are shown in table 4 for the 24
coals. The values for the No. 80-1, No.

15

decreased with rank and increasing mini-
mum SHT. There was no correlation be-
tween the time to reach the inflection
point and either rank or SHT.

Calculation of the apparent global ac-
tivation energies and preexponential fac-—
tors are also shown 1in table 4 for the
coals over the temperature range from the
minimum in the semilog plot, or inflec-
tion point in the temperature-time curve,
to 150° C. These values should be a rel-
ative ranking of a coal's reactivity.
The Pittsburgh seam values, 21.1 kcal/mol

80-2, and Pittsburgh samples are averages and 4.4 x 108 K/s, represent the geomet-—
of 2, 5, and 17 runs, respectively. In rical averages of 17 runs and had stan-
general, the changes 1in temperature dard deviations of 3.8 kcal/mol and
TABLE 4. - Summary of kinetic data from tests in
the adiabatic heating oven
Minimum E, A, A temp to
Seam SHT, °C | kcal/mol K/s inflection
point, °C
lig:
Beulah Zapss sussssess 60 16.8 5.1x 106 52
Lehigh bedss sscssssns 35 15.2 4.6x108 43
hvCb:
oo o 0 A 0 0 1 45 12.6 3.1x10° 58
How Bessnsanmsnnmsnnn 70 14.5 9.2x10° 27
Now B0=lisssssusnssas 35 15.9 1.9x 106 46
NOoe 80-24ueeeeennnnns 40 16.8 6.9x 108 50
hvAb:
Belowsnsnnsnasnssnass 70 19.6 1.1x108 23
Br2isisentannnanennna 75 18.8 5.4x107 19
Clarioneeeeeeseeesses 75 20.4 3.4x 108 17
Delumsnunsunnenneonns 90 20.4 2.4x108 27
D=2i wussssssnssasooss 80 17s1 4.8x10° 12
Emls ssnnss eunnansenns 65 17.6 1.1x107 18
BeZis mommam wennuennmss 65 18.2 l.1x107 21
Lower Kittanning..... 100 20..2 7.3x107 28
Lower Sunnyside—l.... 85 211 5.9x 108 19
Lower Sunnyside—2.... 80 24,5 3.0x10'0 25
P b BT o o wmm o 90 2Ll 4.4x 108 11
mvb:
Coal Basin-l.eeceeses 120 NA NA 15
Coal Basin—2eeeececses 120 NA NA 16
lvb:
Blue CreekKeeocssecoses 135 22.6 4.6x108 6
Mary Le€eesssesecncss 135 20.2 1.4x 107 4
Pocahontas 3~Lls«sswss 115 19.1 1.3x 107 18
Pocahontas 3=2veeeess 110 20.8 1.1x107 19
an: Anthracitececscess >140 NA NA NA
A Preexponential factor. NA Not available.
E Activation energy. SHT Self-heating temperature.
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9.5 x 10! K/s, respectively. The values
for the No. 80-1 and No. 80-2 samples are
geometrical averages of two and filve
runs, respectively. No wvalues were
available for the Coal Basin seam samples
because of lack of data points beyond the
inflection point in the temperature-—time

curve.

A linear regression analysis of the
activation energles availlable for °1
coals and their minimum SHT's showed a
small correlation (0.69). The average
activation energy for the 21 coals was

18.7 kcal/mol, with a standard deviation
of 2.9 kcal/mol. A similar analysis of
the preexponential factors and the mini-
mum SHT's showed little correlation
(0.28). The average preexponential fac-—
tor was 3.7 x 107 K/s with a standard de-
viation of 1.5 x 10! K/s.

The relative error of the average ac-
tivation energy and preexponential factor
of all the coals was only slightly better
than those for Pittsburgh coal, and in-
dicates that a quantitative measurement
of the relative reactivities of the coal
samples based on their measured activa-
tion energies and preexponential factors
in the adiabatic heating apparatus 1s not

valid under these test conditions. The
activation energles and preexponential
factors of the 1lignite and hvCb coals

were, in general, lower than those of the
higher ranked coals, but this 1s only a
qualitative evaluation.

In addition to being relative indica-
tions of a coal's reactivity, the activa-
tion energlies and preexponential factors

have been used 1in the development of a
mathematical model of the spontaneous
combustion process (22).

Factors Affecting Self-Heating

Moisture
In the previous section, it was pro-
posed that the initial portion of the
heating curves in the determination of
the minimum SHT's were dependent on the
heat-of~wetting mechanism and that this
dependency decreased with increasing rank
and SHT. In this sectlon, the effect of
molsture in the airflow on the minimum
SHT 1s examlned, along with the heat-
of-wetting effect and the synergistic ef-
fect of molsture on the oxidation
process.

Table 5 shows the effect of moisture on
the minimum SHT's of several coal sam-
ples. The minimum SHT's of No. 80-2, No.
6, D-1, Pittsburgh, and Pocahontas 3-2
seam samples were determined with flows
of molst and dry air under otherwise
standard conditions. The largest effect
was seen with the No. 80-2 sample, 15° C.
The No. 6 coal showed a smaller change,
5° C, while the other three coals showed
no change in their minimum SHT's. For
these three coals, the time to reach
150° ¢ 1is shown, and in all cases, this
time Iincreased 1in the tests using dry
air.

These results 1ndicate that the effects
of moisture on the minimum SHT's are most
important at low temperatures and/or for

TABLE 5. - Effect of moisture on minimum
self-heating temperatures
Moist air Dry air
Seam SHT, °C | Time to reach| SHT, °C | Time to reach
150° C, h 150° C, h

hvCb:

No. 80-2¢cesvccens 40 NAp 55 NAp

NOe Bosecsonnsnsos 70 NAP 75 NAp
hvAb:

D-lsssaisiaeisassss 90 16.2 90 25.2

Pittsburgheeceeeees 90 16.7 90 36.3
lvb: Pocahontas 3-2 110 17.7 110 40,5

NAp Not applicable.

SHT Minimum self-heating temperature.



although the distinction
cannot be made from this data. This 1is
in agreement with the results from the
previous section on the change in temper-
ature from the start of a test to the in-

low rank coals,

flection point in the heating curves,
shown in table 4, in which changes in
temperature decreased with rank and in-

creasing minimum SHT.

The heating rates and temperature rises
attributed to the heat-of-wetting were
measured using dried samples of Pitts-
burgh, E-1, and No. 80-1 coal exposed to
flows of humidified N, wunder standard
conditions at several 1initial tempera-—
tures, to study the effect of rank and
temperature on the heat-of-wetting. The
results are shown in table 6. From ini-
tial temperatures of 30° or 35° C, the
three coals had equal temperature rises,
13° C, before the samples begin to cool,
with the No. 80-1 coal having a higher
heating rate, 3.1° C/h, compared to the
others, 2.3° and 2.2° C/h. The heating
rates and temperature rises were also
measured for the Pittsburgh and E-1 seam
coals at higher initial temperatures.
The Pittsburgh coal, starting at 90° C,
and the E-1 coal, at 70° C, both produced

initial heating rates of 1.4° C/h and
temperature rises of 4° C.
These results indicate that the heat-

of-wetting has a strong dependence on
temperature, due to the smaller change in
temperature (A temp), for the E-1 and
Pittsburgh seam coals at the higher tem-
peratures. The rank dependence is still
evident in the comparison of the heating
rates of the three coals at the lower
temperatures, since the lower rank No.
80-1 coal has a higher heating rate than
the E-1 and Pittsburgh coals. A calcula-
tion of the heat-of-wetting in calories
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FIGURE 9.—Synergistic effect of moisture on the self-heating
of No. 80-2 coal.

per gram of dry coal for these coals at
the lower temperatures ylelded a value of
3.3 cal/g, assuming that the heat capaci-
ties of the dry coals are 0.25 cal/(g-K)
at 25° C. This value falls in the range
given for dry bituminous coals in refer-—
ences 14, 15, and 23.
The 1last effect of
was a possible synergistic effect of
moisture on the oxldation process 1n the
self-heating of coal. Figure 9 shows the
individual contributions of the heat-
of-wetting, using moist N; as the test
gas, and the heat of-oxidation, using dry
alr as the test gas, as well as the com-—

molisture examined

bined effect of 02 and moisture wusing
moist alr as the test gas, on the
No. 80-2 seam <coal from an {initial

TABLE 6. — Effect of temperature on the heat-of-wetting

Seam Apparent Initial Initial heating | Temp rise, °C
rank ' temp., °C rate, °C/h
No. 80-l.... hvCb 35 351 13
E-lonesessss hvAb 30 2.3 13
Pittsburgh.. hvAb 35 22 13
Erlensnwinsns hvAb 70 1.4 4
Pittsburgh.. hvAb 90 1.4 4

'See table 1.



18

In the test with

reached a maximum

temperature of 40° C.
dry air, the sample
temperature of 55° C, with an initial
heating rate over the first 3 h of
1.8° €/hs In the test with moist N,, a
maximum  temperature of 48° C  was
reached, with an initial heating rate of
2.9° C/h. The coal self-heated in the
test with moist air, with an Initial tem—
perature rise of 8.3° C/h. The synergis—
tic effect was seen 1n comparing the
heating rate and temperature histories in
the test with moist air with those in the
tests with moist N, and dry air. The
heating rate wusing moist air was almost
twice that of the sum of the rates of the
heat-of-oxidation and the heat-of-wetting
and was more than four times greater than
with dry air alone. So the synergistic
effect moisture has on the oxidation pro-
cess may be the most important role that
moisture can play in the self-heating
process.
It is
ported by

generally agreed, and 1is sup-

this study, that the heat-
of-wetting can cause greater temperature
increases 1in a coal mass than the heat-
of-oxidation at low temperatures (24-25).
But without the oxidation process_EhEIhg
over at some point 1in the self-heating
process as the dominating mechanism, the

the highest self-heating tendencies were
found in the adiabatic heating oven using
moist air as a test gas, evidence of the
importance of the synergistic effect of
moisture on the oxidation of coal.

Particle Size

The effect of increasing the particle
size on the self-heating of coal was ex—
amined in the adiabatic heating oven by
determining the minimum SHT of four sam-
ples of Pittsburgh coal of 1increasing
particle dameter, under otherwise stan-—
dard conditions. The results are shown
in table 7.

The minimum SHT of Pittsburgh coal
under standard test conditions, in which
the particle diameters are between 74 and
150 ym  (minus 100 plus 200 mesh), was
95% C. Doubling the particle diameters
to include particles from 150 to 297 um
(minus 50 plus 100 mesh) increased the
minimum SHT of the coal to 100° C. Dou-—
bling the particle diameter again, to 297
to 597 ym (minus 30 plus 50 mesh) in-
creased the minimum SHT to 105° C. De-
creasing the particle size to 1less than
74 ym (minus 200 mesh) resulted in no
change in the minimum SHT.

Also shown 1n table 7 are the results

heating cannot be sustained because of of tests on samples of No. 80-2 coal,
the 1limited pore surface area available with particle diameters of 74 by 150 uym
for water vapor absorption. Oxidation, (minus 100 plus 200 mesh) and 1less than
on the other hand, can sustain self- 40 pm (minus 400 mesh), tested from an
heating in the absence of moisture, but initial temperature of 45° C. The 74— by
either higher initial temperatures are 150-pum sample self-heated while the less
required for 1low rank coals or longer than 40-um sample did not, reaching a
heating times are required for high rank maximum temperature of 75° C 1in 5 h be-
coals. The lowest SHT's and therefore fore cooling.
TABLE 7. — Effect of particle size on minimum self-heating
temperature
Particle size, mesh Particle diam, uym | Minimum Comments
SHT, °C
Pittsburgh seam:
Mifug 2006 sssssmeanss | Mimus 74 coaveenns 95 None.
Minus 100 plus 200.. | Minus 150 plus 74. 95 Standard test conditilons.
Minus 50 plus 100... | Minus 297 plus 150 100 None.
Minus 30 plus 50.... | Minus 597 plus 297 105 Do.
No. 80-2 seam:
Minus 100 plus 200.. | Minus 150 plus 74. 45 Standard test conditions.
Minus 400cevesscosos | MIinus 40scescseses 45 Reached 75° C in 5 h.




These results indicate a dependence of
the minimum SHT on particle size, down to
a particle diameter of 74 by 150 pym (mi-
nus 100 plus 200 mesh), in the adiabatic
heating oven. The results were in good
agreement with Elder (3) and Carpenter
(26), who determined that the oxidation
rate of coal increases with a decrease 1n
particle size, to a critical diameter,

beyond which the dependence ceases:

Car~—

penter also determined that the total
surface area 1s 1independent of particle
size 1in the range of 36-to 2,000-um aver-—
age diameter and that the maln effect of
decreasing particle size on reactivity is
due to the increased accessibibility of
oxygen to the internal surfaces with de-
creasing particle size (27). The inverse
dependence found for the wultrafine No.
80-2 sample was unexpected and may have

been due to agglomeration, causing

the

particles to behave as larger particles.

Oxygen Concentration

In tests to Investigate the effect of
the 0, availablility on the self-heating
of coal, Pittsburgh coal samples were ex—
posed to flows containing 21, 16, and 14
vol pct 0, and No. 80-2 coal samples were

exposed to flows of 21, 18, and

14

vol pct under standard conditions, and

the minimum SHT's determined.
results are shown in table 8.
In the tests with Pittsburgh

The

coal,

which had a minimum SHT of 95° C under
standard conditions, reducing the 0O, con-
centration to 16 pct increased the mini-
mum SHT to 100° C. At an O, concentra-

tion of 14 pct, the coal self-heated

at

100° C, but the time to reach thermal
runaway, 186° C, was increased by 30 pct
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compared with the test at 16 pct (from
13.5 to 17.3 h).

In the tests with the No. 80-2 coal,
which had a minimum SHT of 40° C wusing
standard conditions, reducing the 0, con-
centration to 18 pct increased the minil-
mun SHT to 45° C, and reducing the 0y
concentration to 14 pct increased the
minimum SHT to 50° C. 1In both cases, the
results showed a decrease 1n reactivity
due to O, deficlency, the decrease belng
slightly larger for the No. 80-2 coal.

This 1s in qualitative agreement with
Elder (3), who found that the rate of
oxidatlion was proportlonal to the 0O, con-
centratlon in contact with the coal
raised to the 0.66 power. Recently,
Wiemann showed that the tendency of a low
rank coal to self-ignite decreased with
reduced 0, concentration, but that con-—
slderable self-heating occurred at 0
concentrations as low as 5 pct (28).

Prior Oxidation

The effect of low—temperature surface
oxldatlion because of the exposure of the
coal surfaces to air during sample prep-
aration was also examined in the adia-
batic heating oven. Samples of No. 80-2
coal were first pulverized and sieved in
a glovebox under an Ar atmosphere. The
minus 100- plus 200-mesh  fraction was
then dried under a flow of Ar and tested
at initial temperatures of 40° and 45° C.
The results of this test were compared
with the results of tests on this coal
prepared in air in the normal manner.
The temperature—time traces are shown 1n
figure 10.

In the tests at an initial temperature
of 40° C, neither sample attained thermal

TABLE 8. - Effect of O, concentration on
minimum self-heating temperature

0, Minimum
Seam conc, SHT, Comments
vol pct °C

Pittsburgh.... 21 95 Standard test conditions.
16 100 Reached 186° C in 13.5 h.
14 100 Reached 186° C in 17.3 h.

Nos 80-2¢cevee 21 40 Standard test conditions.
18 45 None.
14 50 Do.
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FIGURE 10.—Effect of low-temperature surface exposure of
coal to air during sample preparation.

runaway, with the sample prepared in Ar
reaching 76° C 1in 8.5 h, and the sample
prepared in air reaching 78° C in 7.0 h.
In the tests at an initial temperature of
45° C, both samples underwent thermal
runaway, with the sample prepared 1in Ar
reaching 186° C in 15.5 h and the sample
prepared in air reaching 186° C in
12.7 h.

In both sets of tests, the samples pre-
pared in alr were slightly more reactive
than those prepared in Ar based on thelr
times to reach maximum temperature.
Therefore, there was no apparent effect
of the exposure of the coal surfaces to
air during sample preparation. There was
no clear reason for the decreased reac-
tivity seen 1in the samples prepared in
Ar. Possibly, the Ar filled the internal
pores of the coal during the preparation
and drying of the sample causing the rate
of oxidation iIn the tests with the Ar,
which 1s dependent on the diffusion of O
into the pores, to slow.

MODERATE-SCALE APPARATUS

Minimum Self-Heating Temperatures

section, the results of tests
the minimum SHT's of the
80-2 seam coals in the
combustion

In this
to determine
Pittsburgh and No.
moderate-scale spontaneous
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FIGURE 11.—Temperature profile of coalbed at start of test
with No. 80-2 coal at 40° C.

apparatus are described. In the determi-
nation of the minimum SHT of the No. 80-2
sample, tests were made at 1initial tem—
peratures of 30°, 40°, and 50° C. Figure
11 shows the temperatures of the coal bed
at the 5.1-, 15.2-, and 25.4-cm depths of



the 30.5-cm-deep, l4.6~cm~diam sample bed
at the start of the test at 40° C, the
temperature of the wall at the center of
the sample bed, denoted by the asterisk.
The temperatures were uniform throughout
the bottom and center regions, while be-
ing 3° to 4° C lower in the top region,
probably because of heat losses out the
top of the sample container.

The temperature-time traces of the
thermocouples located along the center
axis of the coal bed at depths of 5.1 cm
(top), 15.2 cm (middle) and 25.4 cm (bot-—
tom) for the tests at 40° C are shown in
figure 124. The radial thermocouples at
the three depths generally followed the
center axils thermocouples but were at
lower temperatures because of heat losses
through the walls. When moist air was
introduced to the sample, signaling the
start of the test, the temperature rose
rapidly in the bottom region, reaching
55° C in 9 h. The temperature 1n this
region then remained fairly constant un-
til 25 h, when it began to rise at a rate
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test, reaching 104° C at 53 h, when the
test was terminated. The temperatures in
the middle and top regions lagged behind
the bottom temperature by several hours,
increasing slowly wuntil about 20 h into
the test, when the temperatures 1in these
regions increased sharply, reaching
140° C in the middle region, and 126° C
in the top region of the coal bed in
53 h. There was a decrease in the heat-
ing rates 1in the middle and top regions
at about 100° C, probably because of the
evaporation of moisture from the coal
surfaces, an endothermic process, which
competes with the heat being generated by
the oxidation processes.

Similar results were found in the test
at an initial temperature of 50° C. The
temperature-time traces of this test are
shown 1in figure 124, Initially, there
was a rapld rise in the temperature in
the lower region of the coalbed, lasting
about 3 h. The temperature in that re-
gion then leveled off before rising at a
steady rate for the duration of the test.
in the middle and top

of about 2° C/h for the duration of the The temperatures
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FIGURE 12.—Temperature histories of thermocouples located along center axis of coalbed in test with No. 80-2 coal. A, initial

temperature, 40° C; B, initial temperature, 50° C.
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reglons lagged behind, showing little ac-
tivity in those reglons for the first 8 h
of the test. The temperature In the mid-
dle region then rose raplidly, overcoming
the bottom reglon temperature at 12 h,
followed by the top region, which over-—
came the bottom region In temperature
at 15 he The rate of temperature rise
slowed 1n the top and middle reglons as
the temperatures neared 100° C 1in those
reglons, before rising rapidly agailn.
The test was terminated at 29.5 h, when
the temperature was 127° C in the bottom

region, 171° C in the middle region, and
142° C in the top region.

In the test at 30° C, the sample
reached a maximum temperature of 35° C in
16 h 1in the bottom region of the coal
bed. The temperature—time traces are not
shown.,

The heating rates in degrees per hour
are plotted as a function of time in fig-
ure 13, for the test from an 1initial tem-
perature of 50° C to better illustrate
the movement of the reaction through the

coalbed. Initially, the highest rates
were found in the bottom region at 2.6 h,
the middle reglon at 12 h, and the top
16 T T | T | T “rr——
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X— ——Middle 1
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FIGURE 13.—Heating rates at thermocouples located along
center axis of coalbed in test with No. 80-2 coal at initial
temperature of 50° C.

region at 14 h. The rates in the middle
and top reglons had minimums at 18 and 21
h, respectively, when the temperatures in
those regions were near 100° C, again,
probably because of molsture evaporation
from the coal surfaces. The rates 1in all
three reglons then increased at an expo-
nential rate until the test was
terminated.

The minimum SHT of the Pittsburgh sam-—
ple in the moderate—scale apparatus was
110° €. The temperature profile of the
the coal bed at the start of the test at
110° C is seen in figure 14. The 110° C
figure used as the iInitial temperature in
this test was the temperature of the wall
at the center of the sample bed, denoted
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FIGURE 14.—Temperature profile of coalbed at start of test
with Pittsburgh coal at 110° C.



The lower temperatures

by the asterisk.
and bot-

at the thermocouples at the top
tom of the bed were indications of the
heat losses at the top and bottom of the
apparatus that were not as evident in the
tests at the lower temperatures with the
No. 80-2 samples.

The temperature—time traces of the cen-
ter thermocouples located at the 5.1-,
15.2-, and 25.4-m depth of the sample
bed are shown Iin figure 15. The test ran
for 21 h and reached a temperature of
195° C in the center of the sample before
being terminated. The heating rates
throughout the test were essentially the
same at all three levels, with the dif-
ference In temperatures being due to the
differences at the start of the test.

There was little evidence of the move-
ment of the higher heating rates, or re-
action, through the coalbed as 1in the
tests on No. 80-2 samples. There was an

increased heating rate initially 1n the
bottom region during the first hours of
the test, and a slight increase 1n rate

in the center reglon at about 4 h. For
the duration of the test 1n these re-—
gions, and for the entire test in the top
region, the rate increased at an
exponential rate.

Table 9 shows a comparison of the ex-—
perimental parameters used in the moder-—
ate-scale tests with those wused 1n the
adiabatic heating oven. Both tests used
predrlied samples and humidified air. The
moderate—scale tests used larger parti-
cles, 6,350 pm by O mesh compared to 74
by 150 uym in the adlabatic heating oven
tests, as well as a larger sample, 3,000
g versus 100 g, and a higher flow rate,
900 c¢m’/min  versus 200 cm’/min. The
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FIGURE 15.—Temperature histories of thermocouples located
along center axis of coalbed in test with Pittsburgh coal at initial
temperature of 110° C.

results, shown 1in the table, were that
the minimum SHT of the No. 80-2 coal was
40° C in both the moderate-scale appara-
tus and adiabatic oven, whereas the
Pittsburgh coal self-heated from a mini-
mum initial SHT of 110° C in the
moderate—scale apparatus compared with an

SHT of 95° C in the adiabatic oven.
Since the moderate—-scale apparatus be—
haves adlabatically only 1in the region

near the differential thermocouples, the
large heat losses in the other reglons of
the coal sample bed at the high initial
temperatures required feor the self-
heating of Pittsburgh coal account for
the discrepancies in the results for that
coal.

Moisture Effects

The lack of significant changes 1n the
heating rates through the coal sample bed
in the test with Pittsburgh coal, along
with the demonstrated dependence of the
heat-of-wetting effect on temperature and
rank 1in the adiabatic oven, 1ndlicates

TABLE 9. - Experimental parameters1 used in the
adiabatic heating oven and moderate-scale
spontaneous combustion apparatus

Moderate-scale

Adiabatic oven

apparatus
Flow rate.....cm”/min.. 900 200
Particle sizeeeeeespm.. Minus 6,350 |Minus 150, plus 74
Sample sizeceeessseages 3,000 100
SHT, °C:
Pittsburgh seamese... 110 95
No. 80-2 seameccoecss 40 40

TBoth tests used predried samples and humidified air.
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that moisture is playing a large role in
the self-heating of the No. 80-2 coal in
the moderate—scale apparatus, while hav-

ing little effect in the self-heating of
the Pittsburgh coal.

Another test was conducted with No.
80-2 at an initial temperature of 40° C
to investigate the role of moisture. In
this test a humidity-temperature probe
was used to measure the temperature rise
in the sample as a function of moisture
content of the air. The probe was in—
serted slightly off the center axis at a
depth of 15.2-cm into the sample. Figure
16 shows the temperature histories of the
three center axis thermocouples. The
test ran for 23 h, at which time the tem-
peratures reached 78°, 99°, and 97° C in
the bottom, middle, and top regilons, re-
spectively. The sample temperatures were
sti1ll rising, but the test was termlnated

since the relative humidity being mea-
sured by the probe was 100 pct and the
objective of the test was accomplished.

The movement of the maximum heating
rates through the sample occurred much
the same as the earlier test at 40° C on
this coal, with the highest heating rates
being 4.1° C/h at 4 h in the bottom re-
gion, 5.5° C/h at 16 h in the middle re-
gion, and 6.7° C/h in the top region at
19.h.

Table 10 shows the relative humidity
measured at the probe tip and heating
rate measured at the center thermocouple
in the middle region from 10 to 18 h from

the start of the test. Figure 17 1s a
plot of the heating rate and relative
humidity at the center thermocouple

throughout the test. The heating rate in-

creased as the relative humidity in-
creased, reaching a maximum rate of
5.5° C/h at 16 h and 76.4° C and a

relative humidity of 50 pct. The heating

rate decreased to 4.2° C/h as the rela-
tive humidity reached 100 pct at 18 h in
the test.

Based on these results 1t appears that
the reaction wave moving through the coal
sample bed corresponded to the movement

100 T T
KEY
90 o——Top T
x-——Middle
() L A.—.— Bottom
o 80 -
ur
g
— 70 &
& -
-
£ ol ]
LL' .
= /
L/ s -
50 S
/
ﬁ"ﬁ“T"—'\4.——’ | | |

0o 4 8 12 6 20 24
TIME, h

FIGURE 16.—Temperature histories of thermocouples located
along center axis of coalbed in test with No. 80-2 coal at initial
temperature at 40° C.

O————T 77T —T—T1 7 —— 100
KEY
= 8f @ Relative humidity 180 _
? ® Heating rate o
& >
AY =
~ 6 =]
R =
w z
}._
< w
x 4 Ear
}_
e <
= 1
}& 1]
= o
T 2

0 4 8 12 16 20 24
TIME, h
FIGURE 17.—Heating rate and relative humidity measured at

center thermocoupile in the coalbed during test with No. 80-2 coal
at initial temperature of 40° C.



25

TABLE 10. - Heating rate and relative humidity (RH) in the
middle region of the sample in test of No. 80-2 coal from
an initial temperature of 40° C

Time from start | Temperature, Heating rate, °C/h | RH, pct
of test, h
10vscassvecesss 50.2 243 3
llecioosccconse 52.1 2.9 3
l2Zesnsssnnasnas 55.3 3.6 5
13ens vuwaewsnns 59.5 4,4 8
l8sns sanvnsnsnas 64.6 5:2 15
I5ensessnmnnnss 70,2 5.5 27
16svesssconsnse 76.4 5.5 50
ITsssennvenssai 82.9 5.0 85
18iesvssvenenne 87.5 4,2 100
of moisture through the coal sample bed, Pittsburgh coal, a high rank coal, shows
and showed the large effect molsture has that the effect of moisture has a depen-
on the self-heating process for a low dence on temperature and/or rank in the
rank coal. The absence of this so-called moderate—scale apparatus, just as it had

reaction or moisture wave in the tests on

in the adiabatic oven.

CONCLUSTIONS

Laboratory experiments were conducted
to evaluate the relative self-heating
tendencies of coals. In addition, sev-
eral of the factors that can affect the
self-heating process were evaluated. The
main conclusions from the experiments are
summarized as follows:

l. The relative self-heating tenden-
cies of coals, as measured by their min-
imum self-heating temperatures (SHT'S) in
an adiabatic oven, dincreased with de~-
creasing rank. The minimum SHT's ranged
from 35° C for a lignite and high-
volatile C bituminous coal to 135° C for

low—volatile bituminous coals. Anthra-
cite showed virtually no reactivity at
temperatures up to 140° C, the 1limit of

the apparatus.

2. A multiple linear
ysis of the results from the adiabatic
heating oven showed that the minimum SHT
of a bituminous coal was strongly depen-
dent on the dry ash-free (DAF) oxygen
concentration of the coal, and could be
predicted by the following empirical
expression:

regression anal-

SHT °C = 139.74 - 6,57

min?

x [0, pct (DAF)].

The relationship had a correlation co-
efficient of 0.934, with an average
relative error of 10.6 pct.

3. The heating curves from the self-
heating of coal in the adiabatic heating
oven, using moist air as the test gas,
can be divided into three regimes. Ini-
tially, the rate of temperature rise de-
pends on the heat-of-wetting. The curves
pass through an inflection point, in
which no mechanism dominates. In the
final phase of the test, the oxidation
mechanism dominates.

4. Computation of activation energies
in the region in which the oxidation
mechanism dominates showed that the acti-
vation energy, in general, decreased with
coal rank, but a quantitative ran'iing of
reactivity based on these values was not
possible. The average activation energy
for bituminous coals in this study was
18.7 kcal/mol.

5. The heat-of-wetting was dependent
on coal rank and temperature. The tem—
perature range 1in  which the heat-
of -wetting domlinates decreased with in-
creasing rank and the corresponding
increase 1in temperature. Results of
tests measuring the heat-of-wetting of
different rank coals using humidified N
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showed a strong dependence of the heat-
of-wetting on temperature, with a smaller
dependence on rank.

6. The lowest SHT's and corresponding
highest self-heating risks were found us-
ing humidified air instead of dry air, as
the test gas. In tests on the No. 80-2
coal, heating rates in tests using humid-

ified air (8.3° C/h) were almost twice
the sum of the heating rates of tests
with dry air (1.8° C/h) and moist N,

(2.9° C/h), demonstrating the synergistic
effect of molsture on the oxidation
process in the self-~heating of coal.

7. Decreasing the particle size of
the coal sample in the adiabatic heating
oven resulted in a decrease in the mini-
mum SHT, to a critical size of 74 by 150
ume. Below 74 ym, the SHT was not af-

with reduced 0 concentration, and 1is
slightly dependent on rank.

9. The results of self-heating tests
in the moderate-scale apparatus (3 kg) on
Pittsburgh and No. 80 seam coal showed
good agreement with results from the adi-
abatic heating oven. The minimum SHT of
Pittsburgh coal was 95° C in the adiabat-
ic oven and 110° C in the moderate-scale
apparatus, while the No. 80 coal had a

minimum SHT of 40° C in both. The dif-
ference in the minimum SHT of the Pitts—
burgh coal in the moderate-scale appara-—
tus 1s attributed to the large heat
losses from the apparatus at high
temperatures.

10. The rate of temperature rise
through the coal sample bed in the
moderate—scale apparatus showed a strong

fected, probably because of particle dependence of the self-heating process on
agglomeration. the molsture content of the air for the

8. Decreasing the 0 concentration No. 80-2 coal. The absence of this de-
from 21 to 14 pct increased the minimum pendence in tests on Pittsburgh coal in-
SHT's of Pittsburgh coal by 5° C and No. dicated a strong dependence of the heat-
80-2 coal by 10° C, showing that the of-wetting effect on rank and
tendency of a coal to self-heat decreases temperature.
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UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT

Btu
Btu/1b
cal
cal/g
cal/(g=K)
cm

cm®

cm3 /min
°6

°C/h
°C/s

g

g/kJ

h
kcal/mol
kg

kJ/g

K/s

1b

um

min

pet
vol pct
)

wt pct

# .S, GOVERNMENT PRINTING OFFICE: 611-012/00,056

British thermal unit
British thermal unit per pound
calorie

calorie per gram

calorie per gram—-Kelvin
centimeter

cubic centimeter

cubic centimeter per minute
degree Celsius

degree Celsius per hour
degree Celsius per second
gram

gram per kilojoule

hour

kilocalorie per mol
kilogram

kilojoule per gram
degree Kelvin per second
pound

micrometer

minute

milliliter

percent

volume percent

Watt

weight percent
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