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RELATIVE SELF-HEATING TENDENCIES OF COAL, 
CARBONACEOUS SHALES, AND COAL REFUSE 

By Ann G. Kim 1 

ABSTRACT 

Studies on the initiation and propagation of mine fires have dealt almost exclusively with coal. It has 
been assumed that the self-heating potential of carbonaceous shales and coal wastes is relatively low. 
However, in abandoned coal mines and waste banks, initiation and propagation of fires may be strongly 
dependent on the self-heating tendency of these materials. The purpose of this study was to compare 
the self-heating probability of carbonaceous shales and coal wastes to that of coals. 

This study utilized a modified differential thermal analysis method, in which the combustion furnace 
temperature was the reference to which the sample temperature was compared. Based on the distribu
tion of the maximum temperature differential and the sample heating rate, a self-heating probability 
value (SHPV) was calculated that corresponded to observed self-heating behavior. In this study, several 
of the carbonaceous shales and one coal waste had relatively high SHPV. The SHPV did not corre· 
spond directly to heating values or to differences in sulfur concentration. 

lSupetvisory physical scientist, U.S. Bureau of Mines, Pittsburgh Research Center, Pittsburgh, PA. 
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INTRODUCTION 

The Environmental Technology Group at the u.s. Bu
reau of Mines' (USBM) Pittsburgh Research Center has 
studied the detection and control of fires in abandoned 
mines and waste banks. Such fires present serious safety 
and environmental hazards (1-2).2 When observable evi
dence of another ignition source is lacking, spontaneous 
combustion is frequently considered the probable cause of 
a fire in an abandoned mine, even though the particular 
coal may have exhibited a low susceptibility to spontaneous 
combustion during active mining. The discontinuous prop
agation of fires in abandoned mines also indicates that 
self-heating may be a factor. In many fire control projects 
at abandoned mines, evidence of the fire is found in the 
roof coal, indicating that the roof coal and shale may serve 
as a means for spreading the fire. Fires also occur in 
abandoned coal waste piles (3) that can contain both mine 
reject and prep plant waste. The subsurface location of 
combustion zones and the lack of an overt ignition source 
is evidence that self-heating is a factor in the initiation and 
propagation of these fires. 

If the self-heating tendency of roof coals and associated 
carbonaceous shales is a parameter in how fires are spread 

in abandoned coal mines, it has a direct bearing on the 
application of fire control techniques. If fires start or are 
spread along roof coals and shales, then any method which 
is directed toward controlling a fire in the mine void will 
not be effective (4). For instance, methods using the heat 
transfer capabilities of water or other agent depend on de
livering the agent to a heated zone. If the heated zone 
exists in the roof of the mine, any procedure which de
livers the agent to the mine floor is biased toward failure. 

The objective of this study was to determine if the 
self-heating tendencies of carbonaceous shales and coal 
wastes were comparable to that of coal. To determine 
some characteristic thermal behavior that could be related 
to the probability of self-heating, the heating rate, and 
extent of heating were measured for each sample. To dif
ferentiate heat contributions from oxidation and from 
surface adsorption of moisture, heating behavior was de
termined in both dry and moist air. A self-heating prob
ability value (SHPV), based on all temperature data, was 
then calculated for each sample within a random sample 
population and compared to observed self-heating. 

OXIDATION OF CARBONACEOUS MATERIALS 

Coal is defined as "a readily combustible rock contain
ing more than 50% by weight and 70% by volume of car
bonaceous material...(5)." The noncarbonaceous matter in 
coal, mineral matter, is the inorganic noncombustible com
pounds that forms ash. According to American Society for 
Testing and Materials (ASTM) standards (6), the lowest 
rank coals have more than 48% fixed carbon and a heating 
value of less than 4,610 kcaljkg (8,300 Btu/lb). Car
bonaceous shales are sedimentary rocks that probably 
developed from peats containing less than 50% organic 
material (7). Coal refuse consists of waste coal, slate, 
carbonaceous shales, pyritic shales, and clay associated 
with the coal seam and separated from the coal during the 
coal-cleaning process. The combustible content of this 
material averages between 1,110 and 3,330 kcal/kg (2,000 
and 6,000 Btu/lb). 

A fire, including those in abandoned mines and waste
banks, requires three elements: fuel, oxygen, and an igni
tion source. In coal combustion, the fuel is the carbon in 

2ltalic numbers in parentheses refer to items in the list of references 
preceding the appendix at the end of this report. 

the coal. If combustion is considered the exothermic oxi
dation of carbon to form carbon dioxide, written as 

C + 02 -jo CO2, - 93.7 kcaljmol, (A) 

the amount of heat liberated is approximately 8 kcalj g 
of carbon. However, coal is not composed of elemental 
carbon. On a dry, mineral matter free basis, coal con
tains between 60% and 90% carbon. The rest of the coal 
"molecule" is composed of hydrogen, oxygen, nitrogen, and 
sulfur. A general stoichiometric combustion reaction (8) 
can be written as: 

+ 0.005S02 + O.155NO. (B) 

This reaction is exothermic, producing from 5 to 10 kcalj g 
of coal, depending on the rank of the coal. 

As coal oxidation occurs, the rate of reaction is a func
tion of the temperature. Changes in the temperature of 
the coal are related to the difference between the rate of 
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heat gain and the rate of heat loss. When these processes 
occur at the same rate, the temperature of the coal re
mains constant. When the rate of heat gain is greater than 
the rate of heat loss, the temperature of the reacting 
system increases. The rate of heat gain, which is related 
to reaction rate, heat capacity and heat transfer coefficient, 
is an exponential function of temperature and the rate of 
heat loss is a linear function of temperature. As the tem
perature increases, the rate of heat gain increases faster 
than the heat loss rate (figure 1). Ignition or self
sustaining combustion, will occur when the rate of heat 
generation exceeds the rate of heat loss (9). Ignition is, 
therefore, a function of the amount of energy released by 
a reaction and the rate at which it is released, as well as 
the rate at which energy is transferred from the reacting 
mass to the surroundings. The reaction rate is a function 
of the concentration of reactants, carbon and oxygen, the 
surface area, particle size, temperature, and activation 
energy. 

In spontaneous ignition, there is no external heat 
source; natural reactions supply sufficient energy to sustain 
combustion. Spontaneous combustion in coal, carbona
ceous shales, or coal refuse is related to the oxidation of 
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the coal to form CO2 and co. The oxidation of pyrite and 
the adsorption of water on the coal surface are also 
exothermic or heat generating processes. Although the 
normal ignition temperature for coal is between 420°C 
and 480°C, under adiabatic conditions (all heat generated 
is retained in the sample), the minimum temperature at 
which a coal will self-heat is 35°C to 140 °c (10). In most 
abandoned mines and waste piles, conditions favor the 
retention of heat. Heat is typically lost by convection or 
conduct:on. In the essentially stagnant atmosphere of 
abandoned mines and waste piles, convection accounts for 
very little heat loss. Most heat transfer is probably by 
conduction to surrounding strata. Since rocks tend to be 
good insulators, the rate of heat loss in a mine or waste 
bank is relatively low. 

Although spontaneous combustion of coal has been 
extensively studied (11), studies of self-heating of coal 
,refuse have been limited, and there is almost no informa
tion dealing with the self-heating tendency of roof coals or 
carbonaceous shales associated with coals. The purpose of 
this study was to determine the tendency of such materials 
to self-heat relative to coals of moderate and high self
heating potential. 

Ignition 

Temperature, 0 K 

Roles of heat loss and heat gain as function of temperature. 
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EXPERIMENTAL METHOD 

To determine the relative self-heating tendencies of 
coals, coal wastes and carbonaceous shales, a combination 
of differential thermal analysis and crossing point method 
was used. In standard differential thermal analysis, a 
temperature difference is measured between a sample and 
a standard (12). There are two compartments within a 
thermal block, one fIlled with the sample, the other filled 
with a reference material, usually sand. The block is 
heated at a constant rate and the temperature difference 
(dT) between the two materials is measured versus the 
temperature (T) of the reference (figure 2). Generally, 
sample size is of the order of a few grams, the atmosphere 
is stagnant, and heat loss is minimal. In the crossing point 
method, the rates at which the temperatures of a sample 
and a reference increase are compared (13). The point at 
which the temperatures of the sample equals the tempera
ture of the standard (crossing point) is considered an 
indicator of the sample's tendency to self-heat (figure 3). 

Figure 2 

In the USBM study, the rate at which the sample tem
perature approached the reference temperature and the 
maximum difference between the sample and the reference 
were measured as indicators of self-heating behavior. A 
large sample (1,300-3,000 g) was heated in normal air in 
a 20-cm diameter tube furnace (figure 4). The furnace 
temperature was the reference temperature. The furnace 
was heated to 100°C (Tfl) and held at that temperature 
for approximately 24 h. The temperature of the sample 
increased until it equaled or exceeded the furnace 
temperature. The rate (RATE,) at which the sample 
temperature (Ts!) approached the furnace temperature (Tfl) 
and the difference between the furnace and maximum 
sample temperatures (TEMP,) were measured. The 
furnace temperature was then raised to 150 ·C (Tt2)' and 
the procedure was repeated. On the third day the 
temperature of the furnace was raised to 200°C (Tt3)' and 
held at that level for 24 h. 

60~---------------------------------------------------' 

50 

o 40 
o~ 

-p 30 
-a 
'-" 
III 20 
I-.a 1 0 o 
I-

ExotMrmiC" 

~ O+-~----------------------~=-----~------------------~----4 
E 
~ -10 
a 
:;: -20 
c 
II) 

~ -30 .... .... 
i5 -40 

-50 

Endothermic 

-60+----.----.-----.----r----.----.----.----,r----r--~ 

o 20 40 60 80 100 120 140 160 180 200 
Reference temperature, °c 

Standard differentiol thermol analysis. 



Figure 3 

o 

u 

OJ 
~ 
::l -o 
L 
W 

E 
OJ 
I-

Reference 

\ 
Sample 

Crossing 
Point 

5 

Time, s 

Normal crossing point tempet'tllUre method. 

Figure 4 

Tube fumace-differential themuzlll1'llllyzer. 

In this study, the sample was crushed and screened to 
- 0.6 cm by + 20 mesh, then dried overnight under nitro
gen at 100°C to remove surface moisture and reduce the 
effect of evaporative cooling. The sample container (fig
ure 5) was a stainless steel cylinder with a volume of 

Figure 5 

Sample holder (46 em length, 10 em JD) with thermocouple 
(type K) for detenninIltion of sample temperature-

3,700 cm3• Movable grids were used to hold the sample in 
a packed bed. Both ends were closed with threaded caps. 
The air line and a thermocouple were inserted through the 
cap into the sample chamber. The sample container was 
designed to promote the even distribution of air through 
the sample and to minimize the effect of discontinuities 
between the furnace wall and the central thermocouple 
measuring the sample temperature. The airflow rate was 
15 cm3/s. Duplicate tests were performed with wet and 
dry air. Dry air was obtained by passing compressed air 
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through a tube of Drierite. In the moist air tests, the air 
was bubbled through water immediately before it entered 
the furnace. The designation d or m indicates whether the 
test was made with dry or moist air. 

A gas-sampling line was installed in the center of the 
sample tube. A small pump was used to purge the line 
through a T-connector, the side arm of which held a 
needle assembly. Gas samples were collected in vacu
tainers by puncturing the septum with the needle. Evolved 
gas analysis, including CO, CO2, and O2, was performed by 
gas chromatography against a standard. Oxygen depletion 
was calculated as the difference between the oxygen 
concentration in the effluent from the furnace and that in 
the influent air. 

Proximate analyses, total sulfur and heating values are 
given in table 1. The F Seam and D Seam samples were 
lower rank Western coals that were known to self-heat. 

The coal sample, Blue Creek, and the shales labeled A, B, 
C, and D were from a mine that was experiencing self
heating, apparently initiated in the layers of shale in the 
floor. The shales were channel samples taken from under
casts, with A being closest to the mine floor. The samples 
C1, C2, D1, and D2 were samples of the C and D layers 
from different areas of the mine. Based on the analyses, 
they are considered different samples. Albright was a 
refuse sample from a burning waste bank; no apparent 
cause of the ftre had been determined. The Bailey sample 
was a near-surface sample from a wastebank that was not 
associated with ftre. The sample of the Pittsburgh coal 
and Pittsburgh roof shale were obtained from the Bruce
ton Experimental Mine. The mixture samples were com
binations of the D Seam and either Albright refuse or 
Pittsburgh roof shale. 

Table 1.-Proximate analYSiS, total sulfur and heating value, as received 

8ample Proximate analyses, % 8ulfur, % Heating 

Name 10 Typel Moisture Ash Volatile matter Fixed carbon value, Btu/lb 

Albright .......... A R 4.79 57.50 12.17 25.53 7.34 4,606 
Bailey ........... B R 2.18 79.76 12.03 6.03 1.56 1,573 
Blue Creek ........ BC C 0.77 36.16 19.16 43.91 0.70 9,422 
o 8eam .......... 0 C 7.90 5.60 36.20 50.30 NA 12,368 
O/Albright ........ OA M 3.75 40.54 23.31 32.40 2.76 7,101 
O/Pgh roof .•...... OPR M 4.91 48.75 22.92 23.42 0.19 5,835 
F 8eam .......... F C 9.14 4.04 40.86 45.96 0.51 11,918 
Pittsburgh ........ P C 1.40 4.76 37.36 56.48 1.01 14,205 
Pgh. Roof ........ PR 8 2.14 87.42 8.26 2.18 0.43 532 
Zone A ........... Ai 8 0.31 79.96 17.66 5.07 0.29 1,573 
Zone B ........•.. B1 8 0.64 59.98 15.20 27.18 0.46 5,925 
Zone C1 .......... C1 8 0.94 75.28 10.51 13.27 2.82 2,725 
Zone C2 ....•..... C2 8 1.28 61.7 14.16 22.83 4.36 ,4,68.4 
Zone 01 .....•.... 01 8 1.04 61.58 14.26 23.12 4.74 4,841 
Zone 02 .......... 02 8 1.30 21.92 22.85 53.93 4.69 1,160 

NA Not available. 
lR, refuse; C, coal; M, mixture; 8, shale. 

RESULTS 

In this version of the crossing point method, the rate at 
which the sample temperature approaches the furnace 
temperature is considered a function of the rate at which 
the sample absorbs heat versus the rate at which heat is 
lost to the air flowing through the furnace. The extent to 
which the sample temperature exceeds the furnace tem
perature is assumed to be a function of the amount of heat 
generated by combustion reactions. Both values should be 
indicative of the tendency of the sample to self-heat. 
Heating rates and maximum temperatures were measured 
at the three furnace temperatures. The samples used in 

this study were a heterogeneous collection of carbonaceous 
materials. If it is assumed that the tendency to self-heat 
is a function of some property of the samples and the se
lection of samples was representative, then the thermal 
behavior can be related to the tendency toward sponta
neous combustion. 

For each sample, the furnace temperature (Tfl) and the 
sample temperature (TOl) were plotted against elapsed 
time (ftgure 6). At Ttl (100 0c), the temperature of the 
sample (Ts!) increased until it equaled or exceeded the 
furnace temperature. The temperature of the sample then 
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Figure 6 
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would return to the furnace temperature. This indicated 
sufficient heat generation to raise the sample temperature, 
followed by heat loss and cooling of the sample. The 
same pattern was observed at Tn (150°C). At 200 °C, 
some samples exhibited the previously observed heating
cooling cycle. However, for some samples, the tempera
ture exceeded the furnace temperature and continued to 
increase, approaching the point of thermal runaway. If the 
sample temperature exceeded 300 °C, volatile coal tars 
would be distilled from the sample, and their deposition in 
the furnace and gas sampling lines would require extensive 
cleanup. If it seemed that uncontrolled heating of the 
sample would occur, the test was terminated 'after 8 h at 
T!3' 

The rate, RATEl , at which the sample temperature 
increased was calculated for each temperature level (ta
ble 2).3 At Ttl! the mean heating rate for all samples was 

3In the following tables the samples are identified by a code in which 
the initial letters are the sample ID and type, listed in table 1. The 
numbers indicate a laboratory trial number and the last character indi
cates whether the sample was heated in dry or moist air. 

7.4 °C/h, and the range was from 3.3 to 12.3 °C/h (fig
ure 7). At Tf2I the mean heating rate WaS 10.3 °C/h, and 
the range was from 7.4 to 16.4 °C/h. At Tt3, the mean 
heating rate for all samples was 14.1 °C/h, and the range 
was from 10.0 to 18.3 °C/h. 

Analysis of the rate data indicated that for all tem
perature levels (L), the measured rates (RATEd for each 
sample were generally related by a power of 1:5. 

RATE = _RA_T,="E_L-,-
c (1.5)L-1 

(1) 

Using equation 1, standardized rate values, RATEe, were 
calculated for all temperature levels (table 3), and plotted 
as a distribution (figure 8). Based on this distribution, a 
cumulative probability curve was constructed (figure 9), 
and a cumulative probability value (CPV RATE) was obtained 
for each sample by plotting the mean (RATE) of the 
three RATEe values. As a cumulative probability function, 
all values were between 0 and 1, indicating the probability 
that the heating rate would be less than or equal to the 
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RATE value. For example, the RATE value for sam
ple PC28d was 5.97, for which the CPV RATE was 0.351, in
dicating a 35% probability that the heating rate for this 
sample would reach the maximum rate observed for all 
samples. Sample FC24m had a RATE value of 9.29 
and CPV RATE of 0.919, indicating a greater than 90% prob
ability that the heating rate for this coal would equal or 
exceed the maximum rate observed. On this basis, the F 
Seam coal, the D Seam coal, the Zone C, and Zone D 
shales had high probability values. The Blue Creek coal 
and the Albright waste also had relatively high values. 

The maximum temperature differential, TEMP!> be
tween the furnace set temperature and the sample tem
perature was also determined for Tw Tf2, and Tf3 (ta
ble 4). In those tests at leve13 that were terminated early 
due to sustained self-heating, the maximum temperature 
of the sample was calculated from the rate of heating at 
the time the test was terminated. 

At Tw the mean temperature difference, TEMP!> was 
3.7 °C; the range was 0 to 10°C. At Tf2> TEMP2 was 
17.4 °C; the range was 1 to 53°C. At Tf3, TEMP3 was 
50.9 °C, and the range was 10 to 110°C. 

Table 2.-Measured heating rates (RATEl ) at temperature 
levela 1, 2, and 3, °C/h 

Sample RATEl RATE2 RAT~ 

AR25d ........... 7.8 12.1 16.3 
AR26m ........... 7.9 10.4 15.6 
A1S13d I •• I •••••• 8.8 9.2 13.1 
A1S14m ......... , 7.9 7.4 11.1 
BR11d t •••••• I ••• 4.3 7.7 6.9 
BR12m .......... ND 9.6 11.3 
B1S15d , ......... 7.7 8.5 12.0 
B1S17m •......... 7.2 8.2 13.5 
BCC3Od .......... 10.1 11.3 12.4 
BCC29m ......... 5.6 9.3 14.7 
C1S16d I •••••• I. I 7.5 10.0 14.0 
C1S18m .....••... 9.6 10.0 15.6 
C2S22d .......... 8.0 9.8 16.3 
C2S21m .......... 8.3 8.7 18.3 
DC06m •• I •••••• I 6.3 15.0 ND 
DC33m .......... 5.1 15.6 18.2 
D1S19d .......... 9.3 8.0 13.6 
D1S20m ..... , .... 8.0 10.0 14.6 
D2S32d .......... 7.4 11.8 17.5 
D2S31m .......... 9.5 10.2 18.0 
ADM08m ......... 4.5 10.5 NO 
PROM07m ....... . 3.3 8.5 ND 
FC23d ........... ND 16.4 10.0 
FC24m ........... 12.3 14.7 13.0 
PC28d ........... 6.1 7.8 14.9 
PC27m •••••• I ••• 6.0 8.7 12.7 
PRS34d .......... 6.5 8.7 15.0 

Mean ......... 7.4 10.3 14.1 

ND . Not determined. 

Table 3.-Calculated heating rates, mean heating rate 

(RATE), and calculated probability value (CPVRAm) 

Sample RATE! RATEzI RAT~/ (RATE) CPVRATE 

1.5 (1.5)2 

AR25d ..... 7.8 8.1 7.2 7.70 0.792 
AR26m ..... 7.9 6.9 6.9 7.26 0.661 
A1S13d .... 8.8 6.1 5.8 6.92 0.579 
A1S14m .... 7.9 4.9 4.9 5.92 0.343 
BR11d ..... 4.3 5.1 3.1 4.17 0.078 
BR12m .... NA 6.4 5.0 5.71 0.311 
B1S15d , ... 7.7 5.7 5.3 6.23 0.412 
B1S17m .... 7.2 5.5 6.0 6.22 0.409 
BCC30d .... 10.1 7.5 5.5 7.51 0.724 
BCC29m ... 5.6 6.2 6.5 6.11 0.382 
C1S16d .... 7.5 6.7 6.2 6.80 0.549 
C1S18m .... 9.6 6.7 6.9 7.73 0.7n 
C2S22d .... 8.0 6.5 7.2 7.26 0.662 
C2S21m .... 8.3 5.8 8.1 7.41 0.669 
DC06m .... 6.3 10.0 NA 8.20 0.859 
DC33m .... 5.1 10.4 8.1 7.87 0.826 
D1S19d .... 9.3 5.3 6.0 6.89 0.573 
01S20m ..•. 8.0 6.7 6.5 7.05 0.611 
D2S32d .... 7.4 7.9 7.8 7.68 0.765 
D2S31m .... 9.5 6.8 8.0 8.10 0.848 
ADM08m ... 4.5 7.0 5.7 5.51 0.281 
PRDM07m .. 3.3 5.7 4.9 4.63 0.148 
FC23d ..... NA 10.9 4.4 7.69 0.767 
FC24m ..... 12.3 9.8 5.8 9.29 0.919 
PC28d ..... 6.1 5.2 6.6 5.97 0.351 
PC27m .... 6.0 5.8 5.6 5.81 0.327 
PRS34d .... 6.5 5.8 6.7 6.32 0.434 

NA Not available. 

Table 4.-Measured maximum temperature differente (TEMPI) 
at temperature levels 1, 2, and 3, ·C 

Sample TEMP1 TEMP, TEMP~ 

AR25d .......... 4 14 45 
AR26m .......... 3 9 19 
A1S13d . ........ 2 3 16 
A1S14m .......•. 4 12 54 
BR11d .........• 1 7 22 
BR12m ......... 3 7 26 
B1S15d ......... 2 6 25 
B1S17m ......... 4 6 23 
BCC3Od ......... 5 25 110 
BCC29m • ••••• , I 1 15 71 
C1S16d ......... 3 10 43 
C1S18m ......... 4 22 99 
C2S22d ......... 2 7 33 
C2S21m .••.•..•• 3 1 10 
OC06m . ........ 10 53 NA 
OC33m • ••• I •••• 7 48 70 
D1S19d ......... 3 5 24 
D1S2Om ......... 3 11 56 
D2S32d ......... 3 14 56 
D2S31m .. , ...... 3 20 83 
AOM08m ........ 4 25 NA 
PROM07m ....... 3 21 NA 
FC23d .....•.... 9 56 95 
FC24m .......... 8 42 67 
PC28d .......... 1 10 63 
PC27m . ........ 3 13 63 
PRS34d ......... 1 8 48 

Mean ......... 3.7 17.4 50.9 

NA Not available. 
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It was observed that the TEMP2 and TEMP3 values could 
be calculated as a function of Ttl' At Tw 

TEMPe = TEMP1 . (2) 

{i; 
TEMPe = (L _ 1) (3) 

As with the rate data equations 2 and 3 were used to 
calculate TEMP values (table 5). A frequency distribu
tion of the TEMP c values, and TEMP values cumulative 
probability values (CPV TEMP) were determined for each 
sample. The F Seam and Blue Creek coals in dry air, the 
F Seam, D Seam, Zone C1 shale, Zone D2 shale and the 
mixtures of D Seam coal in moist air all had relatively 
high values. 

In general, CPV RATE did not correspond directly with 
CPVTEMP (table 6). However, the mean of these values, 
denoted as self-heating probability value (SHPV), was 
greater than 0.775 only for samples that had approached 
thermal runaway (figure 10). Since it could be correlated 
with observed self-heating, this value was considered an 
estimator of the probability that a given sample would self
heat. 

The presence of moisture in the air stream has two 
possible effects. The exothermic adsorption of water on 
the sample surface is a mechanism for initiating self
heating and could raise the sample temperature in moist 
air. Water has a higher heat capacity than air and the 
moist air could absorb more heat than dry air, lowering 
the sample temperature. The effect of moisture on heat
ing rate was apparently random across all temperature 
levels (figure 11). Only one sample (A1S) consistently 
heated faster in dry air. At Tf2> approximately half of the 
samples heated faster in dry air, and on the average there 
was less than 1 °C/h difference in heating rate. AT Tf2, 

most of the samples heated more rapidly in dry air, 
although the average difference between wet and dry air 
heating rates was still less than 1°C/h. At Tf3> almost all 
of the samples heated faster in moist air, and the average 
difference between dry and moist air was 1 °C/h. Dif
ferences in the rate of heating with temperature and with 
moisture may be related to relative changes in the heat 
capacities of the various materials. Heat capacity generally 
increases with temperature. However, in studies of the 
Pittsburgh coal (14) the heat capacity varied directly for 
dried coal samples, but, for samples containing moisture, 
it increased to a maximum at 125 °C, then decreased. 
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Table 5.-Calculated temperature difference, mean maximum temperature difference 
TEMP, and calculated probability value (CPV'IEMP) 

Sample TEMPI SQRT{TEMP0 

AR25d ...... 4 3.74 
AR26m ...... 3 3.00 
A1S13d ..... 2 1.73 
A1S14M ..... 4 3.46 
BR11d ...... 1 2.65 
BR12M •.•••• 3 2.65 
B1S15D ••••. 2 2.45 
B1S17m •••.. 4 2.45 
BCC30d ..... 5 5.00 
BCC29m .... 1 3.87 
C1S16d ••••. 3 3.16 
C1S18m •••.. 4 4.69 
C2S22d ..... 2 2.65 
C2S21m ...•. 3 1.00 
DC06m ..... 10 7.28 
DC33m ..... 7 6.93 
D1S19d ..... 3 2.24 
D1S20m •...• 3 3.32 
D2S32d •...• 3 3.74 
D2S31m •••.. 4 4.47 
ADM08M .... 4 5.00 
PRDM07m .•. 3 4.58 
FC23d ...... 9 7.48 
FC24m ...... 8 6.48 
PC28d ...... 1 3.16 
PC27m ..... 3 3.61 
PRS34d ••••• 1 2.83 

Table 6.-Calculated probability values for heating rate 
(CPVRATB) and maximum temperature difference (CPV'IEMP)' 

and self.heatlng probability value (SHPV) 

Sample 

AR25d ............. . 
AR26m ••.••.•••••••• 
A1S13d ••••••••••••• 
A1S14m ••••••••••••• 
BR11d ............ .. 
BR12m .••••.•••.••• 
B1S15d ••...•••••.•. 
B1S17m •••.••••••••• 
BCC30d ••.•..•.••••• 
BCC29m .......... .. 
C1S16d ••••••••••••• 
C1S18m •.•.••••••••• 
C2S22d .•..••••••..• 
C2S21m ••.•.•.••.••• 
DC06m ............ . 
DC33m ............ . 
D1S19d •...•..•••••. 
D1S20m '" ...••.••.• 
D2S32d ........... .. 
D2S31m •••.•.••••.•. 
ADM08m •••••••••••. 
PRDM07m ••.•••••..• 
FC23d ............ .. 
FC24m ••.•.••••••••• 
PC28d ............. . 
PC27m ........... .. 
PRS34d ••••••••••••• 

0.792 
0.661 
0.579 
0.343 
0.078 
0.311 
0.412 
0.409 
0.724 
0.382 
0.549 
0.777 
0.662 
0.699 
0.859 
0.826 
0.573 
0.611 
0.765 
0.848 
0.281 
0.148 
0.767 
0.919 
0.351 
0.327 
0.434 

0.627 
0.342 
0.129 
0.631 
0.135 
0.344 
0.226 
0.405 
0.878 
0.428 
0.463 
0.805 
0.279 
0.125 
0.980 
0.890 
0.295 
0.524 
0.566 
0.818 
0.798 
0.662 
0.930 
0.896 
0.337 
0.575 
0.258 

SHPV 

0.710 
0.502 
0.354 
0.487 
0.107 
0.328 
0.319 
0.407 
0.801 
0.405 
0.{506 
0.791 
0.471 
0.397 
0.920 
0.858 
0.434 
0.568 
0.666 
0.833 
0.540 
0.405 
0.849 
0.908 
0.344 
0.451 
0.346 

SQRT{TEMP3) TEMP CPVTEMP 

2 

3.35 3.70 0.627 
2.18 2.72 0.342 
2.00 1.91 0.129 
3.67 3.71 0.631 
2.35 2.00 0.135 
2.55 2.73 0.344 
2.50 2.32 0.226 
2.40 2.95 0.405 
5.24 5.08 0.878 
4.21 3.03 0.428 
3.28 3.15 0.463 
4.97 4.56 0.805 
2.87 2.51 0.279 
1.58 1.86 0.125 
NA 8.68 0.980 

4.18 6.04 0.890 
2.45 2.56 0.295 
3.74 3.35 0.524 
3.74 3.49 0.566 
4.56 4.34 0.818 

NA 4.51 0.798 
NA 3.82 0.662 

4.87 7.12 0.930 
4.09 6.19 0.896 
3.97 2.71 0.337 
3.97 3.52 0.575 
3.46 2.43 0.258 

The maximum temperature data were more consistent 
with respect to each sample, Le., three of the samples had 
higher temperatures in dry air at all three temperature 
levels while six reached higher temperatures in moist air 
(figure 12). Self-heating was not correlated with the pres
ence or absence of moisture. One sample (F Seam) self
heated in both moist and dry air; the C1 and D2 shales 
self-heated in moist air, but the Blue Creek coal self
heated in dry air. The adsorption of moisture apparently 
has a more pronounced effect on the self-heating behavior 
of lower rank coals and shales. 

Relating SHPV with the tendency to self-heat and 
comparing it to the composition of the samples indicated 
no simple relationship. Regression analyses with the 
CPV RATE' CPV TEMP' and moisture content of the air as de
pendent variables and the ash, fixed carbon, sulfur, and 
BTU value as independent variables indicated relatively 
low correlations (table 7). When the SHPV for all sam
ples was the dependent variable, the correlations to fixed 
carbon and BTU values were higher, but variations in 
these values still accounted for less than 50% of the varia
tion in SHPV. The concentration of ash, either as re
ceived or dry, was the only compositional variable that had 
a correlation coefficient greater than 0.50. Less than 10% 
of the variation could be related to variations in sulfur 
concentration. 

; 
I 

:j 
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Figure 10 
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Table 7.-Correlatlon coefficients for regression analyses with composition factors as Independent 
variables and calculated probability values as dependent variables 

+--- DRY --+ +--- MOIST --+ SHPV 
CPVRATE CPVTEMP CPVd CPVRATE CPVTEMP CPVm 

Ash, AR .••... 0.14 0.40 0.32 0.15 0.34 0.34 0.51 
FC, AR ....... 0.17 0.39 0.33 0.15 0.21 0.26 0.44 
S,AR ..••..•. 0.19 0.Q1 0.07 0.08 0.13 0.01 0.Q1 
BTU, AR .....• 0.11 0.35 0.27 0.13 0.27 0.28 0.43 
ASH, dry ..... 0.14 0.39 0.31 0.16 0.35 0.35 0.51 
FC, dry ...... 0.18 0.42 0.36 0.17 0.24 0.30 0.49 
S, dry .......• 0.19 0.00 0.07 0.08 0.14 0.01 0.Q1 
BTU, dry ..... 0.12 0.38 0.29 0.15 0.30 0.32 0.47 
FE, mmmf •... 0.24 0.28 0.31 0.12 0.01 0.03 0.20 
S, mmmf ....• 0.03 0.01 0.00 0.04 0.23 0.03 0.02 
BTU, mmmf ..• 0.16 0.29 0.27 0.11 0.06 0.11 0.29 

mmmf moisture and mineral matter free. 
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The depletion of oxygen, (-d [OJ as well as, the amount Table 9.-Carbon dioxide [CO:z1 concentration at temperature 

of CO2 and CO produced (d[COJ, d[CO]) were monitored levels 1, 2, and 3 

as indicators of heat-producing chemical reactions. Both [C02], % 

factors increase with increased temperature (tables 8-10) Sample Tn Tt2 Tt3 

for each sample. The presence of moisture in the air AR25d ........ 0.04 0.44 1.77 
stream has no consistent effect on the change in the AR26m ........ 0.06 0.16 1.42 

concentration of oxygen. BR11d ........ 0.09 0.16 0.90 
BR12m ....... 0.03 0.19 2.22 
BCC30d ....... 0.04 0.35 4.13 

Table 8.-Average oxygen consumption (-d[O:z1): at start BCC29m ...... 0.03 0.26 2.47 
of test (Tto) and at temperature levels 1,2, and 3 FC23d ........ 0.33 1.95 2.77 

FC24m ........ 0.28 1.38 1.81 
PC28d ........ 0.49 2.26 1.44 

- d[02ll, % PC27m ....... 0.08 0.35 4.34 

Sample Tto Tn Tf2 Tf3 A1S13d , ...... 0.10 0.07 0.81 
A1S14m ....... 0.06 0.48 2.25 

AR25d •• , ••••••• I •••• 12.76 3.94 8.62 13.78 B1S15d . ...... 0.02 0.11 1.11 
AR26m .•.......•..••• 13.46 2.76 4.21 11.80 B1S17m ....... 0.04 0.19 1.31 
BR11d ............... 4.70 1.21 2.21 5.38 C1S16d ....... 0.02 0.26 1.96 
BR12m ....... , ...... 1.44 1.72 2.75 11.34 C1S18m ....... 0.05 0.36 3.00 

BCC30d .....•........ 3.50 1.53 4.12 11.70 C2S22d ....... 0.02 0.18 1.94 

BCC29m 3.36 1.93 2.64 11.41 C2S21m ....... 0.02 0.06 1.26 ............. 
01S19d 0.02 0.13 0.72 FC23d ............... 18.46 1.09 5.00 8.61 

, ...... 
01S20m ....•.. 0.04 0.25 2.24 

FC24m ....•.......... 19.50 2.30 9.09 9.96 D2S31m ....... 0.04 0.72 2.19 
PC28d ............... 2.30 2.94 3.10 14.75 02S31m ....... 0.03 0.30 2.50 
PC27m .............. 6.31 2.19 7.50 18.61 OC06m . ...... 0.53 2.18 1.84 
AlSI3d .............. . 1.80 4.60 4.53 6.56 DC33m ....... 0.41 2.58 5.97 
AlS14m ............. . 3.36 4.09 4.73 12.80 AOM08m ...... 0.16 0.98 1.67 

B1S15d 1.80 2.13 1.82 7.70 PROM07m ..... 1.29 3.44 1.82 .............. 
PRS34d ....... B1S17m .............. 0.62 1.49 1.78 8.16 0.08 0.07 1.77 

C1S16d .•.•......•..• 0.88 0.94 3.50 12.03 
C1S18m ...•.....•.... 5.04 1.35 4.71 13.50 Table 10.-Carbon monoxide [CO] concentration 

C2S22d ..•..••....... 12.83 0.24 1.48 12.09 at temperature levels 1, 2, and 3 

C2S21m ......••.•.... 4.37 1.49 2.39 4.98 [COl. % 
D1S19d ......•......• 2.14 0.66 1.35 3.48 Sample Ttl Tt2 Tt3 D1S20m ...........•.• 1.70 1.68 3.50 14.50 
D2S32d .........•.•.. 7.67 1.40 6.74 12.49 AR25d ......... NO 0.05 0.76 

02S31m ...•..•....•.. 5.34 0.87 3.25 13.85 AR26m ......... NO 0.04 0.96 

OC06m .............. 6.43 2.65 5.78 5.01 BR11d ........• NO 0.06 0.28 

OC33m 1.11 1.67 6.66 10.65 BR12m ........ NO 0.05 0.40 ............. . 
ADM08m 1.27 2.1 5.53 8.33 BCC30d ........ NO 0.19 1.04 

I ••••••• ,. I •• 

BCC29m 0.D1 NO PROM07m ....•....•.. 1.20 2.78 11.66 6.85 
....... 0.94 

PRS34d ............•. 1.27 0.57 0.85 7.27 
FC23d ......... NO NO 0.89 
FC24m ......... NO 0.51 0.45 

lOifference between effluent and influent concentration. PC28d ......... NO 0.04 0.59 
PC27m ........ NO 0.06 1.86 

Oxygen was apparently adsorbed on the sample when 
A1S13d ........ NO NO 0.21 
A1S14m ........ NO 0.05 1.46 

it was initially placed in the furnace (t=O; table 8). For B1S15d ........ NO 0.01 0.42 
more than half of the samples, the oxygen concentration B1S17m ........ NO NO 0.41 

decreased by less than 5% during the fIrst 4 min in the C1S16d ........ NO 0.03 1.00 

furnace (fIgure 13). For 20 pct of the samples the oxygen C1S18m ........ NO 0.09 1.95 
C2S22d ........ NO 0.04 0.87 

concentration decreased by more than 10%. Initial oxygen C2S21m ........ NO NO 0.14 
depletion was not related to the self-heating probability 01S19d ........ NO NO 0.26 

(fIgure 14). When averaged over the three temperature 01S20m ........ NO 0.04 0.94 

levels, SHPV showed a general increase with greater oxy- D2S32d ........ NO 0.23 0.95 

gen depletion (fIgure 15). The physical adsorption of 
OC06m . ....... 0.07 0.4 0.4 
OC33m ........ 0.02 0.36 1.67 

oxygen or the formation of carbon-oxygen compounds ADM08m ....... 0.02 0.23 0.48 

on the surface of the coal (15) may be related to the PROM07m ..•... 0.32 0.70 0.42 

inequality in the O2• CO2, CO concentrations and to PRS34d •....... NO NO 0.73 

the increase in sample weight for some of the samples 
02S31m ........ NO 0.08 1.00 

(table 11). NO Not Detected 
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Table 11.-Change In sample weight during heating The production of CO2 follows the same pattern as the 
consumption of O2, If the initial adsorption of oxygen is 
low, the initial production of CO2 is also low; and if more 
oxygen is consumed initially, more CO2 is produced ini
tially. Although the production of CO2 varies directly with 
the consumption of oxygen (figure 16), the amount of CO2 
produced is, on average, less than 25% of O2 consumed. 
Carbon monoxide production is less than CO2 production. 
At temperatures above 100 °C, the concentration of CO 
increases as the CO2 concentration increases. At tempera
tures of 100 °C or less, the CO concentration is usually 
below the limits of detection (table 11). On the average, 
CO accounts for 7% of the reduction in O2 concentration. 

Sample 

AR25d ..•.•..• 
AR26m ...•.•.. 
A1S14M .....•. 
AIS13d .••....• 
BCC3Od ...... . 
BCC29m .... .. 
BR11d ...... .. 
BR12m 
BIS17m 
B1S15d 
C1S16d 
C1S18m .•...•. 
C2S22d ....... 
C2S21m .•••..• 
D1S19d ...•••. 
D1S20m •....•. 
D2S32d ....... 
D2S31m ...•••. 
DC06m •....•. 
DC33m ....... 
ADMOOm ...•.. 
PRDM07m ...•. 
FC23d ........ 
FC24m ......•. 
PC28d ........ 
PC27m .••••.. 
PRS34d ....••. 

NA Not available 

Weight, g Change, 

% Before 

2407 
2410 
2848 
3525 
2114 
2110 
3662 
3525 
3201 
3525 
3298 
3208 
2523 
1990 
3699 
3100 
2746 

NA 
NA 

1844 
2550 
2959 
1300 
1300 
1983 
2053 
2959 

Figum 13 

20 

18 

16 

~ 
14 

C 
~12 
Gl a.. 
~ 10 

N 8 0 

"6 
+= 6 
:£ 

4 

2 

0 

After 

2466 
2380 
2865 
3525 
2114 
2090 
3569 
3393 
3203 
3525 

NA 
3170 
2527 
2002 
3704 
3166 
2731 

NA 
NA 

1864 
2536 
2911 
1243 
1243 

NA 
1948 
2911 

KEY 
~ 
Dry air 
~ 

+2.45 
-1.24 

+0.60 
o 
o 

-0.95 
-2.54 
-3.74 

+0.06 
o 

-1.18 
+0.16 
+0.60 
-0.14 

+2.13 
-0.55 

+1.08 
-0.55 
-1.62 
-4.38 
-4.38 

-5.11 
-1.62 

I.lolst olr 

Oxygen depletion is the measured change in O2 con
centration between the influent and effluent air samples. 
Based on gas concentrations in millimoles, the reactant 
[02] was calculated as the amount needed to produce the 
observed concentrations of CO2 and CO. The adsorbed 
[OJ was the measured depletion minus the calculated re
actant concentration. Comparing SHPV with the oxygen 
reaction rate indicates a linear trend (figure 17), although 
the correlation appears better when the reaction rate is 
related to the mass of the sample (figure 18). 

The SHPV does not vary directly with the rate of O2 

adsorption (figure 19); however, the correlation improves 
when adsorption is related to the mass of the sample 
(figure 20). The samples with SHPV greater than 0.75 
exhibit no dependence on oxygen adsorption rate. 

A A 1 AD B B 1 BC C 1 C2 0 D D 1 02 F P PR PRD 
Sample 

Initial oxygen depletion (-d[OJ). Gas samples taken within 5 min of start 
of test; average air residence time = 2.4 min_ 
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Figure 14 
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Figure 17 
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Figure 18 
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Figure 19 
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Figure 20 
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SUMMARY 

The results of the study on the self-heating character
istics of coal and other carbonaceous materials demon
strated that measured experimental parameters can be 
related to potential self-heating. It has also shown that 
high ash samples, such as coal wastes and carbonaceous 
shales, are capable of generating sufficient heat to initiate 
fires in abandoned mines and waste banks. 

Data from the study indicate that self-heating is a 
complex process involving both chemical reactions and 
factors that control the rates of heat gain and heat loss. 
In any sample, more than one heat generating reaction 
may occur, with one reaction providing the activation 
energy for subsequent reactions. When CO2, CO, and O2 

are calculated as moles of gas per gram of coal, the 
increase in CO2 and CO are not directly proportional to 
the decrease in O2, 

In this group of samples, the concentration of ash was 
the compositional variable most strongly correlated to self
heating behavior. No correlation between the degree of 
self-heating and chemical characteristics of the samples 
was observed. Although the system used did not direct
ly measure the oxidation of pyrite, the probability of 
self-heating was not correlated to the concentration of 

total sulfur in the samples. On a molar basis, there was 
no correlation between oxygen depletion and sulfur 
concentration. 

In summary, the results of this study indicate that self
heating of coal and carbonaceous materials is a complex 
process that may involve more than one heat-generating 
reaction. In addition to the amount of heat generated, 
factors that control the rates of heat gain and heat loss 
significantly affect the probability that a coal will self-heat. 
The results of this study indicate no consistent effect with 
respect to moisture. At elevated temperatures, the adsorp
tion of moisture may increase the kinetic energy of the 
sample. Moist air may also adsorb more energy than dry 
air, effectively removing energy from the system. 

By measuring the rate at which the samples approached 
a preset temperature and the difference between the sam
ple temperature and furnace temperature, then converting 
these to cumulative probability distributions, a self-heating 
probability value (SHPV) was calculated that corresponded 
with the samples observed self-heating behavior. Self
heating was not limited to the coal samples, but was also 
observed with the shale and refuse samples. 
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APPENDIX.-NOMENCLATURE AND EQUATIONS 

The following terms are used to identify variables and in calculations: 

Tn Furnace temperature at set point I' °C. 

T.I Sample temperature at set point I' °C. 

Furnace temperature set point, 

1 ::: 100 °C, 

2 = 150°C, 

3 = 200 °C. 

TEMP! = (T. - Tf )lt °C. 

Maximum temperature difference between furnace 
and sample at furnace set point I. 

TEMPe = Temperature differential calculated 
from equations 2 and 3. 

CPVTBMp Cumulative probability value based 
on TEMP. 

where RATEI is the change in sample temperature 
with time at a given furnace set point. 

RATEc = Rate calculated from equation 1. 

CPV RATE = Cumulative probability value based 
on RATE. 

SHPV = Mean of CPVRATE and CPVTBMP• 
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