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ABSTRACT 

This investigation sought to determine the times at which significant 

differences in temperature would occur at varying depths in overlying sedi

mentary rock, in response to combustion of a coal seam. Both numerical and 

analytica1 0 methods were employed to predict the temperature distribution 

within the overburden at various times. Special attention was given to 

calculation of the time for a 2°C rise to be observed at the surface of 

the earth on the basis of heat conduction alone, which may be important for 

interpretation of airborne thermal infrared surveys. The results of the 

computations for conduction models of progressive heating and instantaneous 

uniform heating indicate that it would be 5 to 8 years before the tempera

ture would rise significantly (i.e., ~2°C) at the surface above a ~60m~deep 

burning coal seam. 

iii 



LIST OF FIGURES 

1. Layer design using numerical code "eee". (XBL 784-2469A) 

2. Temperature distribution in overlying rock at various elevations 
above a progressively heated seam, obtained by numerical model 
"eee". (XBL 789-2056) 

3. Temperature distribution in overlying rock at various elevations 
above a uniformly heated seam, obtained from analytical calculations. 
(XBL 788-2052) 

4. Time required for a 2°C temperature rise, after sudden uniform 
heating of the seam to 1200 o e. (XBL 784-2468) 

v 



Introduction 

The purpose of this investigation was to determine the times at which 

significant differences in temperature would occur at varying depths in 

overlying sedimentary rock, in response to combustion of a coal seam. The 

results may be important for interpretation of airborne thermal infrared 

surveys, such as those flown by EG&G Inc. over the U.S. Department of 

Energy's Hanna, Wyoming in-situ coal gasification experimental facility. 

The duration of the experimental "burns" (in excess of one-half year) 

associated with in-situ coal, oil-shale, or tar-sand combustion experiments, 

is such that the questions arise: when might the surface temperature be 

affected due to the high temperatures at depth? and, would surface tempera

ture effects be detectable by high-resolution aerial-survey equipment? The 

models in this preliminary investigation considered solely thermal conduction 

as the heat transfer mechanism. Heat transfer to the surface by convection 

or, preferentially, along fissures or cracks was not addressed. It is 

expected that heat transfer by these latter means would be considerably 

quicker than by conduction alone. The effects of convection in saturated 

and/or partially saturated ground. above the combustion zone are the 

subject of the next phase of the study. 

The Basic Model for Numerical Simulation 

The in-situ coal gasification was modeled by a thermal front, behind 

which the temperature was 1200°C, progressing at the rate of 0.3 m/day 

along a horizontal coal seam 5m thick at an average depth of 62.5m. 

Figure 1 is a diagram of the layering employed. There are six horizontal 

layers: the 5m thick seam, and successive strata of thicknesses 1, 3, 6, 

25 and 25m, a total of 60m of overlying rock altogether. In the direct-ion 

of the movement of the front there are 75 columns of elements im wide 

transecting all 6 layers of coal and rock. 
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Figure 1. Layer design using numerical code "CCC". 

The initial temperatures of the seam, rock, and surface were assumed 

to be 20°C, and the surface was maintained at 20°C as a boundary condition 

for the calculations. The movement of the thermal front was simulated by 

assuming a flow through the seam of a fluid whose temperature is ~intained 

at 1200°C and whose density is the same as the seam itself. Heat transfer 

to the overlying rock was assumed to be by conduction only. , 
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Numerical Code "ccc" 

The numerical model (Lippmann, et aI., 1977) used is "CCC", which stands 

for "Conduction, Convection and Consolidation." It is based on the integra

ted finite difference method (Edwards, J968; Sorey, 1975; Narasimhan and 

Witherspoon, 1976), using an explicit-implicit iterative procedure to 

advance in time. Details of the algorithm are given in these references. 

Program "ccc" is designed to simulate one, two- or three-dimensional 

heterogeneous, non-isothermal, saturated porous systems. Thermal and 

hydraulic properties may be temperature and/or pressure dependent; de

formation parameters may be non-linear and non-elastic. The following 

physical effects can be modeled using this code: 

o Heat conduction and convection within and between 
an aquifer, caprock and bedrock 

o Fluid flows of different temperatures 

o Regional fluid flow 

o Spatial variation of rock properties (heterogeneity) 

c Temperature and pressure dependence of rock and 
fluid properties 

o Vertical compaction of saturated formations 

o Effects of fluid injection and withdrawal 

The program has been validated by comparison with different analytical and 

semi-analytical solutions (Tsang, et a1., 1976). By introducing appropriate 

parameters, we adjusted the numerical model to our present problem employing 

conduction only. The "material properties" of both the coal seam and 

overlying sedimentary rock are given in Table 1. Because heat transfer 

was considered to be solely by conduction for the purpose of this model, 

the porosity of the sedimentary rock was held negligible. 
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Table 1 

"MATERIAL PROPERTIES" 

to simulate the problem 

Thermal 
Density Heat Capacity Conductivity :porosity 
(kg m- 3) (J kg-1 °C-I ) (J m-l sec-l °C-l ) (%) 

"Aquifer" 
(coal seam) 2600 970 3.35 0.999 

Overlying 
10-10 

Sedimentary Rock 2650 1000 1.68 

-2 -1 Permeability for all materials is 10 darcys (10 cm sec· ). 

The Results of the Numerical Model 

Calculations were tabulated for the initial column of elements, whose 

nodal centers are all located 0.5m horizontally from a line directly above 

the starting point of the coal seam "burn". The heights of the nodal 

centers of the rock layers are 0.5, 2.5, 7, 22.S and 47.5m, respectively, 

above the top of the coal seam. The temperatures at the end of 2-year 

intervals are shown in Figure 2. After 8 years the temperature in the layer 

which is in contact with the surface reached only 0.2°C above the initial 

temperature of 20°C; at the close of 10 years, it is at 20.4°C. 
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Figure 2. Temperature distribution in overlying rock at various elevations 
above a progressively heated seam, obtained by numerical model 
"CCC". 

Therefore, in the model of a progressive front, if appreciable thermal 

effects were observed at the surface (60m above the seam) prior to 8 

years after start of combustion, they would be due to leakage of heat 

along vents or cracks, or convection within the overlying sedimentary 

rock. 

Calculations were also made for the model with a closed boundary 

(no flow of heat) at the surface. The results were identical with the 

20°C boundary case in the 10-year period covered by both simulations. 

The Analytical Models and. Results 

To further check on the numerical calculations, an analytical model 

was taken from a standard work on heat conduction (Cars1aw and Jaeger, 1969, 

pp.313-314). The model assumes a sudden, uniform heating of a rectangular 

slab of finite thickness, over an infinite length. Flow of heat is allowed 

at the upper boundary of the layered system. Under these conditions of 

instantaneous uniform heating to 1200°C. and a boundary maintained at 20°C, 
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the time of arrival of the 2°C thermal transient was calculated for various 

levels above the top of the seam. A programmable calculator was used, with 

an approximation formula for the error function from a standard handbook 

(Abramowitz and Stegun, 1970, p. 299) which was checked for computational 

accuracy against tabled values. The results are presented in Figure 3. A 

further refinement incorporating a denser mesh in "ccc" yielded numerical 

results essentially identical with those of the analytical calculations. 

The discrep"ancies were on the order of 0.2% or less. 
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Figure 3.. Temperature distribution in overlying rock at various elevations 
above a uniformly heated seam, obtained from analytical calcula
tions. 

In addition, another calculation was made using a model which assumes 

no flow of heat at the boundary, and a variable overburden thickness (Carslaw 

and Jaeger, 1969, pp. 308-310). The results are displayed in Figure 4, which 

covers a 60-year period. For a 60m thick slab, it takes approximately 5.5 

years to achieve a 2°C temperature rise at 47.5m above the seam, and approxi

mately 8 years for a 2°C rise to reach the upper boundary (in contact with 

the surface). A similar model was used by Greene, et al., (1969) to calculate 
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thermal effects in strata overlying a coal mine fire. They concluded that 

it may be two decades or more before the temperature increase at the 

surface could be observed for a 100°C temperature rise at 60m below the 

surface. 
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Figure 4. Time required for a 2°C temperature rise, after sudden uniform 
heating of the seam to 1200°C. 

As one would intuitively expect, the temperature rise is quicker in 

the sudden uniform heating case than in the model of progressive heating· 

of a seam. For example, in the progressive heating model, the temperature 

rises only O.2°C in 8 years; whereas in the sudden uniform heating model, 

a 2.0°C rise is experienced in 5.8 years. 
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Conclusion 

This numerical and analytical investigation has shown that, even under 

the most favorable circumstances, it would be 5 to 8 years before an appre

ciable rise in temperature (Le., "-'2°C) would occur 60m above a burning coal 

seam from effects due to conduction alone. If such a rise is detected 

earlier, it indicates that heat is being transferred along cracks and joints, 

and/or by convection in the overlying rock. 
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