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ABSTRACT

This report presents theoretical studies and field and 
laboratory work dealing with the detection of dangerous roof 
and pillar conditions in underground mines through measure
ment of surface temperature differences.

Development of a relatively simple method for deter
mining the thermal properties of rock is presented as well as 
analytic and numerical models of potentially dangerous roof 
and pillar conditions. The design of instrumentation for 
measuring temperature profiles in boreholes is discussed in 
the experimental section. The field experimental program 
performed at the No. 4 mine of Mid-Continent Coal and Coke 
Co. is described. The determination of the thermal conduc
tivity and thermal diffusivity of the rock and coal is shown 
in the experimental section. The surface convection coeffi
cient is determined for the temperature measuring stations 
in the No. 4 mine.

Several computer programs used during this project are 
also included in the Appendices.

Ill
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INTRODUCTION

Roof falls and slabbing pillars account for many serious 
and fatal accidents in underground mines. The separation and 
subsequent fall of this rock may be caused 1) by changes in 
the stress field due to other openings, 2) by a reduction in 
strength caused by deterioration of the material due to 
exposure to mine air, and 3) by other time dependent effects.

After each round is shot, or in the case of coal mines, 
after the continuous miner has advanced until the operator 
is under the last support, all visibly loose pieces of roof 
and pillar material are pulled down with scaling bars. 
Attempts are made to locate other loose pieces by striking 
the roof or pillar with the scaling bar and listening to 
the resulting sound. At this point the necessary supports 
are installed and the advance continues.

Unfortunately, the technique of listening to the sounds 
made when the scaling bar strikes the roof or pillar can only 
detect relatively thin slabs. As mining advances, changing 
stress conditions and deterioration of the roof and pillar 
material can cause separation and ultimately roof falls in 
the area already scaled and supported. Therefore, it is 
important in terms of safety and efficiency to develop some 
detection system that will locate dangerous separations 
before a fall is imminent.

Several techniques for detecting the separation before



T 1403 ^

failure have been proposed. These include mechanical exten 
someters, optical borescopes, electronic sonic devices, and 
surface temperature measuring devices. The first three 
methods all require time consuming set-ups, time consuming 
data collection, comparison of data with initial measurements, 
and relatively delicate instrumentation. Information obtained 
with these methods is valid only for a small area of the mine 
roof or pillar where the instrument is located. Only the 
surface temperature measuring method enables a large area to 
be inspected with virtually no set up time and no necessity 
for comparison with previous data.

The surface temperature measuring technique for detect
ing loose roof and pillar slabs was chosen by the U.S. Bureau 
of Mines for further study. Investigation of this method 
was motivated by the availability of infrared surface tem
perature-measuring devices sensitive enough to measure 
temperature differentials as low as O.l^F. These instruments 
enable rapid determinations of surface temperature differen
tials on the mine roof and pillars (41).

The success of the surface temperature method for detect
ing loose slabs depends on the ability of a separation to 
influence the surface temperature. The U.S. Bureau of Mines 
theorized that the presence of cracks or separations in the 
rock should alter the rate of heat transfer from that 
expected in the intact rock. This different rate of heat 
transfer would cause a difference in the surface temperature 
between cracked and intact rock. A miner equipped with an
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infrared temperature measuring instrument could rapidly find 
places where this temperature difference occurs and thus 
outline areas requiring further scaling or support (41).

Virtually no work has been done in the field of mine heat 
transfer to find the dependence of surface temperatures on 
cracks in the roof and pillars. Soon it became apparent that 
the surface temperature was a function of many factors includ
ing the type of heat transfer, i.e. steady or non-steady 
state; the geometry; the thermal constants of the material; 
the temperature of the material; the temperature of the air; 
the thermal properties of the air; the velocity of the air; 
the size of the crack or separation; and the location of the 
crack or separation. Both theoretical and experimental work 
was planned to try to make some sense out of the apparent 
chaos.

The theoretical work centered around developing models 
to support the experimental work and developing models to 
prove or disprove the theory that cracks and separations can 
be inferred from surface temperature differences. Both 
analytic and numerical methods were utilized to develop the 
different models. The finite-difference solution to the 
heat conduction equation was selected over the finite element 
solution due to limitations of the available computer.

The experimental program dealt principally with the 
measurement of temperature profiles around mine openings 
under U.S. Bureau of Mines Research Contract No. HO 101703.
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Experimental work also included the design and construction 
of the necessary instrumentation to measure the temperatures 
around a mine opening, the measurement of the thermal con
stants of the air, rock, and coal encountered in the field, 
and the determination of the virgin rock temperature from 
temperature measurements in longholes. All field work, with 
the exception of some of the instrumentation development, 
was performed at the No. 4 mine of Mid-Continent Coal & Coke 
Co., Redstone, Colorado.

The experimental work provided input data for the 
theoretical models and the theoretical work provided a check 
on the experimental data. Computer programs for two of the 
theoretical models and for field data reduction are presented 
in the Appendices.
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THEORETICAL PROGRAM

The intent of the theoretical program is 1) to develop 
the heat flow models needed to support the experimental pro
gram, and 2) to develop models which will either substantiate 
or repudiate the concept of detecting cracks or separations in 
mine strata by means of measurable surface temperature varia
tions. The following topics are presented in this section:
1) Heat conduction equations, 2) One-dimensional analytic 
heat flow model with a convection boundary, 3) Theory of 
the determination of thermal constants, 4) Comparison of 
surface temperatures of an intact roof and a roof with a crack 
in the steady state by an analytic method, 5) General con
cepts of a numerical finite-difference solution to one-, two-, 
and three-dimensional heat transfer problems, and 6) Analysis 
of a rectangular slab separated from the roof by an air space 
using a two-dimensional finite-difference technique.

Heat Conduction Equations 
The various forms of the heat conduction equation used 

later in this paper are presented in this section. These 
equations are used for the development of both the analytic 
and numerical models. The general heat conduction equation 
in Cartesian coordinates for a solid body which is isotropic, 
has no heat sources, and whose thermal properties are not a
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function of temperature is expressed as (38) ;

9^T , 9^T , 9^T 1 9T \
I ?  “ 50

where T is the temperature,
X, y, and z are the coordinates 
6 is time

and a is the thermal diffusivity of the material.
Equation 1 is generally known as the Fourier heat conduction 
equation.

In this paper 3 different heat conduction situations 
will be examined. These are 1) two-dimensional non-steady 
state, 2) one-dimensional non-steady state, and 3) one
dimensional steady state.

For two-dimensional non-steady state heat conduction, 
Eq. 1 becomes:

For one-dimensional non-steady state heat conduction, 
Eq. 1 becomes

For one-dimensional steady state heat conduction, E q . 1 
becomes

^  = 0. (4)



T 1403 7

Analytic One-Dimensional Non-Steady State Heat 
Flow Model With a Convection Boundary 

Non-steady state heat flow occurs near the advancing 
faces and near the intake portals of a mine. The advance of 
the face exposes rock which is near the virgin strata tem
perature to the ventilating air. Daily and seasonal varia
tions in the air temperature cause non-steady state heat 
flow to occur near the intake portals.

At the beginning of the project it was desired to 
develop an analytic model for non-steady state heat flow 
around a mine opening. Unfortunately, no analytic model 
is available to completely describe the heat flow in corners 
and at contacts between rocks with different thermal proper
ties. The next best approach appeared to be to look at 
what was occurring in the central areas of roofs and pillars 
away from these complicating influences. A one-dimensional 
heat transfer model can be used to describe the conduction 
process in this region by making the following assumptions:
1) heat transfer occurs only in the direction perpendicular 
to the surface; an assumption confirmed later by the two- 
dimensional finite-difference model; 2) a constant initial tem
perature exists in the rock; 3) the model can be described as 
a semi-infinite slab; and 4) the principal heat transfer 
mechanism at the air-rock interface is forced convection.

The semi-infinite slab (Fig. 1) is defined as a solid 
bounded only by the plane x = 0 and extending to infinity 
in the positive x direction and extending to both positive
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Y

X

Figure 1. Nomenclature for semi-infinite slab
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and negative infinity in the y and z directions.
Equation 3 is the defining equation for one-dimensional 

non-steady state heat conduction.

a^T 1 9T

A solution of Eq. 3 for a semi-infinite solid at constant 
initial temperature with heat transfer at the surface into 
another medium is presented by Carslaw and Jaeger (11). This 
is expressed using the nomenclature of this paper as:

T(x,t) = + (?Rock - ^Air>

erf ■ erfc{ — -■ + ^ /at}
2/at 2/at

(5)

where x is the space coordinate of the point of interest,
t is the time coordinate of the point of interest,
T(x,t) is the temperature of the point of interest 

as a function of both time and position,
is the air temperature,

TRock is the initial constant rock temperature,
k is the thermal conductivity of the rock,
a is the thermal diffusivity of the rock,
h is the surface heat transfer coefficient.
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erf is defined as

9 X _ 2
erf (x) = —  f e d^/ (6)

Æ  o

and erfc(x) = 1 - erf (x) .

Equation 5 describes the heat transfer processes, both 
conduction in the rock and convection at the air-rock inter
face for intact rock. The possibility of comparing surface 
temperature differences between a sagging roof and an intact 
roof using unsteady-state analytic models was explored.
After discovering the complexity of the composite slab problem 
in Carslaw and Jaeger (11), it was concluded that this com
parison could be more simply made through the use of a two- 
dimensional finite-difference model.

The model defined by Equation 5 is used in the experi
mental section of this paper to predict ages of openings at 
the locations of longholes, to show which pillars had centers 
which were at the virgin rock temperature, and to show that 
linear interpolation is sufficiently accurate to locate iso
therms around a mine opening if the age of the opening is over 
a day or two. In the theoretical section, this model is used 
as a check on the two-dimensional finite-difference model. A 
Fortran IV program for solving this equation is included as 
Appendix F .
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Theory of the Determination

of Thermal Constants

In order to describe heat flow in solids and at the

boundary between a solid surface and a fluid, three thermal

constants must be found. These constants are: 1) the thermal

conductivity, 2) the thermal diffusivity, and 3) the surface

convection coefficient.

The thermal conductivity is a material property that

indicates the quantity of heat that will flow across a unit

area with a temperature gradient of unity. It appears in

both steady state and unsteady state problems. In some

cases, the conductivity is temperature dependent; but, for

the temperature range experienced in coal mines it can be

considered to be a constant. The units of the thermal con-
Btuductivity, which is denoted as k in this paper, are ^hr—f t — FCalin the English system or — ~ --- "o>~ in the metric system.s 0 c o in o

The thermal diffusivity is defined as (38) : 

ka =

where a is the thermal diffusivity,

k is the thermal conductivity,

C is the specific heat at constant pressure

p is the density.

The thermal diffusivity appears in unsteady state problems.

As with the conductivity, the diffusivity is temperature

dependent; but, for the temperature range experienced in coal

mines it can be considered to be a constant. The units of
ft 2the thermal diffusivity are in the English system or
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2cm /sec in the metric system.
The surface heat transfer coefficient is a thermal con

stant that determines the rate of heat flow at a boundary 
between a solid and a fluid. This coefficient includes both 
convection and radiation heat transfer phenomena. Radiation 
heat transfer between the rock and the air under field con
ditions is negligible compared to the convective heat trans
fer; therefore, only the surface convection coefficient must 
be calculated. This coefficient is a function of fluid 
flow, the thermal properties of the fluid, and the geometry 
of the system. Once the convection coefficient is known, 
the heat flow rate at the surface can be calculated by:

q = h^ ^(Tsurf"Tfluid), 

where q is the rate of heat transfer,
h^ is the average surface convection coefficient,
A is the heat transfer area,
Tsurf Is the surface temperature, and 
Tfiuid is the fluid temperature.

The surface convection coefficient appears in both steady 
state and unsteady state problems. The units of this coef
ficient are ---------  in the English system and ---- ------

hr-ft -^F sec-cm -^C
in the metric system.

The techniques for determining the thermal conductivity 
and thermal diffusivity will be looked at together because
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both constants are found with the same experiment. The 
surface convection coefficient technique will be discussed 
separately in the last part of this section.

The "hot-wire" or "transient line source" method of 
determining thermal conductivity and thermal diffusivity 
was used on rock and coal samples obtained in the field. 
This technique is a combination of the techniques developed 
by Gist (18); Marovelli and Veith (40); and Badzioch, 
Gregory, and Field (3). Gist (18) and Marovelli and Veith 
(40) were interested in only the thermal conductivity while 
Badzioch, Gregory and Field (3) were interested in both the 
thermal conductivity and the thermal diffusivity. The con
vection coefficient calculations are described by Kreith 
(38) .

When measuring thermal conductivity and diffusivity 
using the hot wire method, heat is applied to the sample 
from a long thin heater wire, or probe, located near the 
center of the sample. According to Marovelli and Veith 
(40), the length to diameter ratio of this probe is import
ant and should lie within the range of 30:1 to 100:1. The 
30:1 ratio is considered minimal and the 100:1 ratio is 
considered ideal. Marovelli and Veith (40) also point out 
that the specimen size, shape, and surface finish are rela
tively unimportant when the length to diameter lies within 
this range. As the cylindrical heat front expands in the
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radial direction from the source, a thermocouple located 
near the midpoint of the heater wire measures the tempera
ture rise of the specimen as a function of time. By 
determining the power input to the heater wire during this 
time period, the thermal conductivity can be calculated.
A second thermocouple is located a known radial distance 
from the source. By measuring the temperature rise as a 
function of time at this thermocouple, the thermal diffu
sivity can be determined. Both conductivity and diffusiv
ity are assumed to be constant over the temperature range 
the specimens are subjected to in the experiment.

Determination of Thermal Conductivity

Marovelli and Veith (40) state that the time-temperature 
relationship at any point near an infinite line source in an 
infinite, homogeneous, isotropic media as:

T = - j-% [y + In ^ ----- i ^    (gf4iTk l)at 1-1! 4at 2-2! !)at

-  3
3*3 ! 4at ̂ .... ] ( 9 )
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p2
for 0 <  ---  < 00 and t > 04at

where T = temperature rise in °F,

Q = heat supplied per unit of heating element length 
per unit time in Btu/ft-hr, 

k = thermal conductivity in Btu/ft-hr-°F,

Y = Euler’s constant = 0.5772,
R = distance from the line source to the thermocouple 

in ft,
a = thermal diffusivity in ft^/hr, 

and t = time in hours.

A complete derivation of this equation as performed by 
Marovelli and Veith (40) is given in Appendix H. They 
state that this series can be approximated, with less than 
one percent error by:

2
if - 0-00580. (11)

Rearranging Eq. 11 we have:

t > — ----  (12)
-  0 . 0 2 3 2 a

Assuming, for the coal that a = 0.004 and for the experiment 

contemplated R = 0.001 ft. Then t must be greater than 0.624

minutes for Equation 12 to hold. For the roof rock which

will have a larger value for a, the minimum time period will 

be even smaller. Therefore, experimental times of greater 
than one minute should give results having less than 1 percent 

error using Eq. 10.
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Looking at temperatures at two different times yields:
2 2

Tg-Ti = [In ^  - In ] (13)

or
4ïïk 4ati 4atp

Thus,

If the heat input and time-temperature values are known, 
the conductivity can be determined. Gist (18) shows the 
heat input from the line source to be:

Q = 3-4144 IV (1 6 )
L

where I = current in amps,
V = voltage in volts,
3.4144 = conversion factor, watts to btu/hr,
L = length of heating probe in feet.

Substituting Eq. I6 into Eq. 15 the thermal conductivity is
 ̂ 3.4144 IV in p- (17)
4nL(Tg-Ti)

Determination of Thermal Diffusivity
Ingersoll, Zobel, and Ingersoll (26) show that

Eq. H5, which was used in Appendix H to yield Eq. H7, can
by substitution of

6 = (18)
2 / a t

be shown to be
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= < » >

where
R "K - A n )  = / ^ —  de, (2 0)

2/at _R  ®
2/ôrt

= temperature after an elapsed time of t at the 
location of the second thermocouple,

Tq = the original temperature of the specimen at time 
t = 0 ,

R = radius to the second thermocouple.
and the other symbols are as defined on the previous page.

_R .
2/at

Solving Eq. (19) for I(— — ) and substituting Eq, (l6) for

Q gives
p 2TTkL(T^-T.)

" 3-4i 44 IV (21)
Badzoich, Gregory, and Field (3) show that a value

of I ( can be found by substituting experimental data in
2/at

Eq. (21).
It can also be shown that

" A i ’ U  '2 A  “  ’ - I » >  l22>
4at

where -Ei is the negative exponential integral.

Values of this integral are found in most books of standard 
math tables.

From Eq. (22) it is apparent that

Combining Eq. 21 and Eq. 23,

■
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From experimental data the value of the negative exponential 
integral can be found. From a table of values of this integral 
the corresponding value of the argument can be obtained. The 
value of the argument shall be called A, or

^ = ! ^  • <25)
By rearranging Eq. 2 5 and substituting the correct values 
for R and t , the thermal diffusivity can be found:

“  = 4 A t  • ( 26)

Determination of the Surface Convection Coefficient
As stated earlier, the surface convection coefficient is 

a function of fluid flow, thermal properties of the fluid, 
and the geometry of the system. The complexity of this coef
ficient is not apparent in the convection heat flow equation, 
Eq. 8 , but it will become apparent in this section.

The determination of the surface convection coefficient
is based on calculations for forced convection in a tube or
duct. The drifts and crosscuts in a mine with forced ventila
tion are considered to fit this description. Kreith (38) 
states that the average surface convection coefficient is

—  ^f= Nu —  (27)

where h^ is the convective heat transfer coefficient 
or surface convection coefficient,
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Nu is the Nusselt number,
is the thermal conductivity of the fluid,

and L is the significant length dimension describing 
the physical geometry of the system.

The quantity k^ can be found in tables describing the 
thermal qualities of fluids. In the case of this paper, the 
fluid is air. The quantities Nu and L are not so simple 
and require some additional explanation.

It can be shown (38) that the Nusselt number, a dimen- 
sionless quantity, can be described as a function of two 
other dimensionless quantities, the Reynolds number and 
the Prandtl number, or symbolically:

Nu = f(Re,Pr).
The Reynolds number is defined as

Re = ^  (28)

where Re is the Reynolds number,
V is the fluid velocity,
D is the significant length, or hydraulic diameter, 

and V is the kinematic viscosity of the fluid.

The Prandtl number is defined as:

Pr = ^  (29)

where Pr is the Prandtl number,
C is the specific heat of the fluid at constant
^ pressure.



T 1403 20

y is the dynamic viscosity of the fluid, 
and is the thermal conductivity of the fluid.

In order to relate the Nusselt number, the Prandtl number, 
and the Reynolds number, a fourth dimensionless parameter is 
required. This parameter is the Stanton number and is 
defined as:

= Rife • (30)

Assuming the air flow in a mine can be represented by flow 
in a long tube or duct, the following equation, known as the 
Reynolds analogy (38) will describe the heat transfer in 
gases with a Prandtl number near unity. The equation is:

= Rife = I ' (31)
where f is the friction coefficient.

Kreith (38) states that for fluids flowing in smooth tubes 
with Reynolds numbers in the range of 10,000 to 120,000, the 
friction coefficient can be found from the empirical relation

f = 0.184 Re"0'2 (32)
Inserting Eq. 32 in Eq. 31 gives

St = = 0.023 Re"°-2 . (33)

Based on experimental data, Colburn (38) recommends that the
2/3Stanton number be multiplied by Pr for fluids having

Prandtl numbers between 0.5 and 100. Because air at a tem-
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perature of 32^F, the temperature experienced in the field, 
has a Prandtl number of 0.72, it was decided to make the cor
rection suggested by Colburn (38). Making this correction 
to Eq. 3 3 gives:

StPr^/3 = NuPr / _ 0.023 Re“^'^ . (34)RePr
Solving for the Nusselt number gives

Nu = 0.023 Re°'GprO"333^ (35)

The significant length, L or D , in the convection coef
ficient, Eq. 27, and the Reynolds number, Eq. 28, respec
tively, can be represented as a hydraulic diameter for ducts 
that are not circular in shape. The hydraulic diameter is 
defined by Kreith (38) as:

Wp ' (36)

where is the hydraulic diameter,
A is the cross sectional area,
Wp is the wetted perimeter.

By substituting Eq. 35 and Eq. 36 into Eq. 27 , the
average surface convection coefficient can be expressed as; 

0.023
= ----- - 5 ;;---------- • (37)
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Comparison of a Sagging and Intact Roof in 
the Steady State by an Analytic Method

In many areas of mines, a nearly steady state heat 
transfer process develops between the rock and the ventilating 
air. This is particularly true in larger mines that have been 
in existence for several years. The principal areas where 
steady state heat transfer processes do not operate are 
1) near the advancing faces, and 2) near the portals which 
are subject to both seasonal and daily air temperature fluc
tuations. Certain heavy traffic areas such as the main haul
age drifts are often areas of steady state heat transfer.
The value of an infrared remote surface temperature measuring 
device for detection of bad roof areas would be considerably 
enhanced if it would work in areas of steady-state heat 
transfer.

In mines located in sedimentary deposits, it is not 
unusual for a roof crack or separation to occur parallel to 
the bedding plane. If this occurs all the way across the 
opening, the roof can begin to sag, although it may not be 
immediately apparent. Knowledge of this before failure 
would permit either abandonment of the opening or utiliza
tion of available roof support techniques to prevent a pos
sible accident. The model developed in this section compares 
the surface temperature of intact rock with the surface 
temperature of rock with a horizontal (parallel to the 
bedding plane) separation.
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A one-dimensional steady state heat transfer model is 
used to represent the conduction process in the central area 
of the roof span away from the complicating influences of 
the corners of the openings. The important assumptions for 
this model are 1) that heat transfer occurs only in the 
direction perpendicular to the surface, 2) the temperature 
of the rock is the same for both cases at the same depth 
into the rock mass, 3) the separation is small enough so 
that the principal heat transfer mechanism across this crack 
is conduction, and 4) that the principal heat transfer 
mechanism at the air-rock interface is forced convection.

Figure 2 depicts the two models with Case I, the roof 
with the separation, and Case II, the intact roof. Both 
models have a convection boundary with the ventilating air. 
Eq. 4 can be rewritten as a total derivative because there 
is only one independent variable left. Thus:

^  = 0 (38) 
dx

Integrating, we have 
dT2^  = constant. (39)

Fourier expressed this as (Kreith):

q = -kA ^  (40)

where q = the heat flow
k = the thermal conductivity of the specific material, 

either air, rock, or coal in this paper.
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A = the area through which the heat is flowing 
dT = the thermal gradient.

Separating the variables and integrating Eq. 40 from O to L 
and to

9 = ^  (?hot - Void) (41)

The rate of heat transfer by convection between a surface 
and a fluid is given by Kreith (38) as

q = h^ A A T  (42)

or

S = he A (?hot - Void)

where he is the surface convection coefficient.
For steady state heat transfer there is no change with 

time in the amount of heat flow, q. Therefore, q is the 
same at all points in each model. Mathematically, using 
the notation shown in Fig. 2 for Case I, this is expressed 
as :

Ak , Ak .
q = V ( T ^ - T ^ . p  = (?2-Tl) (T3-T2)

^^Rock
= m ^ ( V o c k - V ) -  (43)

Defining A = Unity



Hc + ^12

^^2^1 + ^23^3
ki2 + ^23

^23*^2 + k34?4
^23 + ^34
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Eq. 4 3 can be rewritten as 

q = h c ' V - V i r ’ = = V 3 < W )

= V 4 <Vock-V> (44)
Solving for T^, , and gives

T ,  = (45)

V""" (46)

and

T3 = "1; " n , (47)

Solving for in terms of and gives the surface
temperature for Case I:

T = (^^2+^23) ^^23~^^34^ ~^23^'^^12^23^34'^Rock
(^c^^l2) ̂  (^€^^23) ^̂ 2 3“̂^34^ ”^2 3^“^12 (^23^^34^

For Case II, Eq. 43 becomes

q = h^A(T,-T^,^) = ^^Rock - T P  (49)
^11

Again defining A = unity

b i  =

Eq. 49 can be rewritten as

q = hc(T^-T^ir) = k(T^ock-V> (50>
Solving for gives the surface temperature for Case II:
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+ T,._ Rock Air k̂ .̂
-  h--------— (51)

The difference in values of T̂  ̂ for each case is the 
predicted surface temperature difference. Composite roof 
layers can be modeled by adding another term in Eq. 43 
representing the temperature drop across the additional 
layer and the correct conductivity for the other material. 
This, of course, changes the resulting equations somewhat. 

The model has been used to compare the surface tem
perature difference between a roof with a 0.1 in. separation 
and an intact roof using Eq. 4 8 and 51. The temperature 
difference was calculated for conductivities ranging from 
0.1 to 2.5 Btu/hr-ft-°F. This range includes the conduc
tivities of many materials likely to be encountered in 
mining operations. Table 1 shows the calculated surface 
temperatures for each case and Table 2 gives values for the 
conductivity and diffusivity of several common materials. 
Figure 3 shows the surface temperature difference as a func
tion of the thermal conductivity. The values used for the 
constants in the two models were selected to represent gen
erally the conditions found in the No. 4 mine of Mid- 
Continent Coal and Coke.
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Table 1. Surface Temperatures and Temperature Differences 
for Different Conductivities.

Values of Constants:
L^2 - 2.0 ft
'23 0.1 in.

= 9.0 ft, 11.9 in.
= 10.0 ft

V i r  =32.00
V o c k  = 44.2 in.
k . = 0.014 Btu/hr-ft-°F*Air

= 0.651 Btu/hr-ft^-°F

irmal
ictivity
r-ft-°F)

Surface Temp.
Case I, 

Sagging Roof (OF)

Surface Temp. 
Case II, 

Intact Roof 
(OF)

AT
(OF)

0.1 32.184 32.184 .000
0.2 32.360 32.364 .004
0.3 32.529 32.537 .008
0.4 32.691 32.706 .015
0.5 32.847 32.870 .023
0.6 32.998 33.030 .032
0.7 33.142 33.184 .042
0.8 33.282 33.335 .053
0.9 33.416 33.482 .066
1.0 33.546 33.625 .079
1.1 33.671 33.763 .092
1.2 33.792 33.899 .107
1.3 33.909 34.031 .122
1.4 34.022 34.159 .137
1.5 34.131 34.285 .154
1.6 34.237 34.407 .170
1.7 34.340 34.526 .186
1.8 34.439 34.643 .204
1.9 34.536 34.756 . 220
2.0 34.629 34.867 .238
2.1 34.720 34.976 .256
2.2 34.808 35.082 .274
2.3 34.894 35.185 .291
2.4 34.977 35.286 .309
2.5 35.058 35.385 .327

^Determined by Kreith (38)
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Table 2. Thermal Conductivity and Thermal Diffusivity for 
Several Common Materials.

Material
Coal
Shale
Limestone
Marble
Concrete
Sandstone
Granite

Thermal 
Conductivity 

(Btu/hr-ft-Qp)
0.13
1.1 
1.2
1.3
1.4
1.5
1.6

Thermal
Diffusivity
(ft2/hr)
0.0057
0.024
0.032
0.037
0.041
0.044
0.050

Author
Martin 
Martin 

Ingersoll, et al 
Ingersoll, et al 
Ingersoll, et al 
Ingersoll, et al 
Ingersoll, et al

It is immediately apparent from Fig. 3 and Table 2 that 
it would be impossible with today's infrared measuring 
instruments to detect a cracked or sagging coal roof which 
was transferring heat to the air in the steady state. On 
the other hand, it appears that the shale roof in the Mid- 
Continent No. 4 mine should show a measurable surface tem
perature difference, providing the infrared instrumentation 
has sufficient sensitivity. As the thermal conductivity 
increases, the temperature difference between sagging and 
intact roof increases. By knowing the thermal properties 
of the roof rock, the success of any technique to predict 
unstable roof by means of surface temperature measurements 
in steady state areas of a mine can be predicted.

A shortcoming of this technique is that it is not pos
sible to predict the distance to the crack or separation.
The distance to the crack (L^g) has no effect on the model.



T 1403 31

If the crack were a long distance from the surface, the 
problem should be looked at in 2 dimensions because transverse 
heat transfer would no doubt occur. Another shortcoming is 
that there is no way of telling whether there is one crack 
of 0.1 in. thickness or perhaps 10 cracks of 0.01 in. 
thickness. These problems can be overcome by occasionally 
supplementing the thermal techniques with other mechanical 
techniques such as a borescope or extensometer. As a 
person became familiar with a particular mine he would be 
able to predict the type of separation and the distance 
to the separation in various areas based on both thermal 
and mechanical techniques.

General Concepts of Numerical Finite- 
Difference Solutions to Heat Transfer Problems

Analytic solutions to heat transfer problems are limited 
to very simple geometries and materials with constant thermal 
properties. Non-steady state problems are limited to one 
dimension and steady state to two dimensions using the 
analytic methods available. These shortcomings can be 
avoided by using a numerical solution.
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The numerical techniques available can be used to rep
resent systems of complex geometry with variable thermal 
properties in one, two, or three dimensions in both steady 
and unsteady state heat transfer processes. Any desired 
initial temperature distribution can easily be handled by 
these methods. The numerical solution is best performed 
on a digital computer due to the number of calculations 
required for all but the simplest networks.

The numerical solution yields the temperature distribution 
in a body at predetermined discrete points. The regions 
or elements containing these reference points are considered 
to be at the same temperature as the point.

Two ways are available to develop the finite-difference 
equations. The first is based on conversion of Eq. 1 to a 
finite-difference equation and the second is developed by 
looking at an energy balance based on the physical situation. 
It should be pointed out, however, that Eq. 1 is developed 
from energy balance concepts. Both ways of developing the 
finite-difference equations will be presented here.

Conversion of Equation 1 to a Finite-Difference Equation
The general heat conduction equation for a homogeneous
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solid in a Cartesian coordinate system as given earlier is: 
3^T . 9^T , 9^T _ 1 9T . ,

Looking first at the right hand member of Eq. 1 we can write 
the finite difference representation for any element as:

m I _ m
a Ü  = i  ■” A 6 ^ ' (5 2 )

where
Tq = temperature of element 0 at the present time,
A8 = time interval over which temperature difference 

t'-T^ occursJ u
Tq = temperature of element j at one time interval of 

A8 in the future.
Referring to Figure 4 and taking the first term on the left 
member of Eq. 1, we can write the finite difference
representation of the first derivative as:

T -T 9T ^ i L  0 9x'^ Ax
(53)'S' - ̂2 Ax

and the finite difference representation of the second 
derivative as :

or
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© T

Az
Az

/Ax

Ax

Figure 4. Network for an element located in the interior 
of a three-dimensional finite-difference model.
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A  . - 2  - !1, .
3x Ax

Similarly,

4 .  " o
3y Ay^

and

.-O- (57)
3z^ Az

where
T^-Tg are present temperatures of adjacent elements, and 
Ax, Ay, and Az are increments over which the temperature 

gradient is measured.
Replacing these finite difference terms in Eq. 1 gives

T^+T2-2Tq T3+T4-2TQ T3+Tg-2Tg  ̂ T'-T^------   +    +    = ---, (5b)
Ax Ay Az a A0

When making an actual model it is convenient to make the 
increment in each direction equal so that 

Ax = Ay = Az.
Eq. 58 becomes

2
Ti + T2 + T3 + T4 + T3 + Tg - 6Tg = ^  (t;-Tq) (59)

or solving for the unknown :

^0 = [T1+T2+T3+T4+T5+T6 J ,Ax L J  ̂ Ax
Equation 60 gives the temperature of an internal element at 
the next time increment in the future as a function of the 
present temperatures of the element of interest and the sur
rounding elements. This equation is valid only if the thermal
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diffusivity is the same for all elements. A more general 
solution would be where the thermal diffusivity is different 
for each element. This can be stated as :

"̂ 0 ^ |̂ °̂ lo'̂ l ^20^2 ^30^3 ^ °^0^4 °̂ 5o'̂ 5

(̂ "10 ^20 °̂ 30 °̂ 40 °̂ 50 °̂60 ]̂'̂ 0‘+

Development of Finite-Difference Solution from an Energy 
Balance

Dusinberre (17) states, using the terminology of this 
paper and referring to Fig. 4, that the rate at which one 
element may receive heat from another is:

^10 " ^10 (^l"^o) ' (62)
where

and
^10 ~ rate of heat flow from element 1 to element 0 ,

^10 ~  Ax—  ^ rectilinear geometry (63)
where

K^Q = conductance between elements
= thermal conductivity of the element

AyAz = area perpendicular to the path of the heat flow
Ax = the length of the heat flow path between point 1

and point 0 .
The net rate of heat flow to element 0 at a given instant 
in time is:

^T ^ ^10 ^20 ^30 ^40 ^50 ’’’ ^60 (64)
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Assuming an element to have constant specific heat, 
Dusinberre (17) shows the average rate of heat flow to an 
element over a finite-time interval is:

where
Cq = AxAyAz ©qPq for rectilinear geometry (66)

where
Cq = heat capacity of the element,
Cq = specific heat of element 0 ,
pQ = density of element 0 ,
AxAyAz = volume of the element 0.
Substituting Eq. 62 into Eq. 64 and setting Eq. 64 

equal to Eq. 65 gives:
K i o ( V T o )  + + K3q(T3-Tq) + K ^ q C V T ^ )

CotTA-T»)
+ K 3 o ( V T q )  + K6o(?6-To) = ~ Ae - ' ' (6?)

For convenience, let:
Ax = Ay = Az. (68)

Substituting Eq. 63, 64, and 65 into Eq. 67 gives:
kioAx(T3-To) + Ax (T2-Tq ) + k3oAx(T3-TQ> + k^gAxfT^-T^)

c pAx^(T:-T )
+ k 5 o A x ( T 3 - T g )  + k s o A x ( T g - T o )  = . ( 69)

Solving for gives

"̂ 0 ~ r^io'̂ 1 ^20^2 ^30^3 ^40*^4 ^50*^5Cq PAx L

^60*^6^ ^  ̂ ^ p^^2(^10^^20^^30^^40^^50^^60^^0' ^^O)
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0Substituting a.. = — ^  in Eq. 70 puts it in the same form as -L U C Q p
Eq. 6 1. Eq. 70 will be used in the next section for develop
ment of the rectangular slab because of the many different 
conductivities. It is simpler to work with the conductivi
ties than the diffusivities when there are both parallel and 
series conductivities. Eqs. 61 and 70 give the future 
temperature of the element of interest for a three-dimensional 
model. For a two-dimensional model, Eq. 70 becomes:

T' = --AG 0 Cq PAx 2 ^^10^1 ^20^2 ^30*^3 ^ 40^4]

fi - (k^Q + k^Q + k^Q + k^Q^ÏQ. (71)
L c.pAx -J

+ Il -
^0

Similarly for a one-dimensional model, Eq. 70 becomes: 

A6
=

° CqPAx^ I 10 1 20 2

Stability Criterion
Both Dusinberre (1 7 ) and Kreith (38) state the stability 

criterion as simply: "avoid negative coefficients." The
coefficients in the first term of Eq. 70 are inherently 
positive; but the second term has the potential of a nega
tive value. A negative coefficient here would suggest that 
the higher the temperature is at time 0 , the lower it 
would be at time 6 + A0 which would be in violation of 
thermodynamic principles and lead to instabilities in the 
numerical solution. In order to avoid a negative coefficient 
in the second term, the following inequality must apply for 
the three-dimensional case:
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(k, ̂  + k^^ + k_„ + k/i n ^ 1 (73)2 ^10 20 30 40 50 60Cq PAx

In a finite difference model it is easiest to change the value
of AG so we need to find what AG must be to insure stability.
Solving Eq. 7 3 for AG gives, for three-dimensions:

2Cq PAx
~  ^10’̂ ^20‘̂ ^30'^^40‘̂ ^50‘̂ ^60 

For 2 dimensions this becomes:
C.pAx^

- kl0+k20+k30+k40
For 1 dimension this becomes:

A 2c pAx

Finite-Difference Model at Air-Rock Interface
All of the discussion so far in this section has dealt 

with interior elements. In this paper we are interested in 
what happens at the boundary of the air and rock as well.

Figure 5 shows the nodal points and elements at the 
surface. With this arrangement no heat capacity is asso
ciated with point S and the temperature at this point can 
be closely approximated by calculating the temperature with 
the steady state equation because the time interval is quite 
short.

First, the future temperature of element 0 must be cal
culated using Eq. 70. The only change that must be made in 
Eq. 70 is to allow for the shorter distance, Ax/2, between
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© r

Az

Ax, Az

Ax

Figure 5. Network for an element located on the air-rock 
boundary of a three-dimensional finite- 
difference model.



41T 1403

point S and point 0. This substitution is made in Eq. 63 
and changes Eq. 70 to:

t I = — — —  ^2k_/T_ + k_.T_ + k_^T^ + kj^TA6
0 . 2 l""SO"s ' "20"2 ' "30"3 ' "40"4c.pAx/ L

50"5 ' "^O'ej _ .,..2 '"'"SO ■ '"20+ k^^Tr + 1 + I 1 ----- ô (2kr_ + k
CQpAx'

^30 ^40 ^50 ^60 J  "̂0"
For stability

CgpAx^
-  2 k g Q + k 2 Q + k ^ Q + k ^ Q + k ^ Q + k g Q

Now, the surface temperature at point S can be calculated 
using the steady state approach.

In the steady state model we saw

"^^Rockq = h^A(T-T^.^) = — ^  (TRock-h>- (79)

Substituting the notation of this section,

q = h^Ax (Tg-Tair) = -à/Y- (V^S>- (80)
Solving for gives:

-s = ■SO c



T 1403 42

Analysis of a Rectangular Slab Separated 
From the Mine Roof by an Air Space Using 
a Two-Dimensional Finite-Difference Model 

As stated earlier in the section on the one-dimensional 
non-steady state heat flow model, unsteady state heat trans
fer occurs near the advancing faces and near the portals of 
a mine. As with the steady state model, this model compares 
surface temperatures of intact rock with the surface tempera
tures of rock with a crack parallel with the boundary of the 
mine opening. This situation can occur in any mine, but it 
is more prevalent in mines located in sedimentary deposits 
where separations can occur along the bedding planes. As 
discussed in the section on the steady state model, the separ
ation of the slab from the rock mass can go unnoticed and 
cause a serious safety hazard.

It was decided to use a two-dimensional model for this 
problem because (1 ) there was no particular advantage to 
using a three-dimensional model, and (2) a one-dimensional 
model would not show the temperature transition between 
intact and separated roof material. A computer program for 
this model is included in Appendix G.

Figure 6 shows the rectangular slab surrounded by intact 
mine roof. The vertical cracks separate the slab from the 
mine roof as if the slab was about ready to fall. Because of 
symmetry, no heat is transferred horizontally across the 
centerline which means we only need to find the temperature 
distribution in one half to know the distribution for the
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whole model. The horizontal extent of the model must be of 
sufficient width that no horizontal heat transfer occurs 
between the outside two columns of elements. For the coal 
and roof shale a distance of two feet on the outside of the 
crack is sufficient for the time periods used. The vertical 
extent of the model is dictated by the time period of inter
est. For time periods of several days a model with more rows 
is needed than that necessary with shorter time periods. If 
temperatures in the top row of elements begin changing in the 
time period selected, more rows should be added.

Fig. 7 shows the model and element numbering scheme used 
for the rectangular slab problem. At first, small elements 
were used in the crack,but for stability this required a A8 
much too small for efficient computer analysis. It was 
decided to add the air gap onto the rock elements to increase 
the value for AG and thus decrease the computer run time. 
Although this approach does not permit evaluation of tempera
tures in the crack, it does provide accurate temperatures 
for elements surrounding the crack. As a result, accurate 
surface temperatures are obtained. Because we are trying to 
infer a crack from surface temperature differences, knowledge 
of the temperatures in the air gap is not necessary. In 
order to keep the elements lined up on both sides of the 
crack, an extra strip of rock was added to several elements.

The following assumptions were made during development 
of the model: 1) The only mode of heat transfer across the
air gap or crack is conduction, and 2) the steady state 
equations accurately give the surface temperature providing
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4780 4781 48004741

12401201 j260

1141 I81r 12001180 r

SLABCRACK

Ax
60Ax

t

Figure 7. Finite-difference model representing one-half 
of the rectangular slab and surrounding rock.
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the time increment A8 is small, 3) the area of interest is 
located in the central part of the roof span away from the 
corners, and 4) the temperature of each standard element is
concentrated at the centers.

Finite-Difference Calculations for the Rectangular Slab Model
In this section the specific calculations for each element 

in the two-dimensional model are presented. The future 
temperature and the stability criteria are developed using 
Eq. 71 and Eq. 75, respectively. The only deviation from 
these equations will be the use of general terms for the con
ductance and heat capacity which will be defined for each 
type of element. The temperatures and the stability criteria 
for the surface elements (1-60) are calculated using Eq. 77
and Eq. 7 8 with the appropriate modifications for a two-
dimensional model. The surface temperatures are calculated 
from the future temperature of each surface element using 
Eq. 8l.

General terms are used for both the conductance and the 
heat capacity because many mixed and non-standard size ele
ments occur in this model. Parallel conductances and series 
conductances appear both individually and in combination.

The conductance was defined in an earlier section for 
a standard rock element as: 

k AyAz

where
K = conductance between elements n

= thermal conductivity of the rock
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AyAz = the area perpendicular to the path of the heat 
flow

Ax = the length of the heat flow path between the 
centers of the elements.

For this 2-dimensional model, Az is defined as unity and Ay
is defined equal to Ax. Then Eq. 63 can be rewritten as:

k Ax
"  "33T " (82)

The total conductance of parallel conductances is (38):
+ Kg + ... (83\

The total conductance of series conductances is (38):

^T ^ r7+rIT77Tr“ (84)1 2  n
where

, ... ^  . (85)
1 2  n

The heat capacity for a standard rock element was
defined in an earlier section as:

C = c p AxAyAz (66)n n n
where

= heat capacity of the element
c^ = specific heat of the rock

= density of the element 
AxAyAz = volume of the element.

For this model with Az equal to unity and Ay equal to Ax, 
Eq. 66 can be rewritten as

Cn = (86)
The heat capacity of any mixed element is given by:
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^ROCK ^AIR (^7)
where is the heat capacity for the actual volume of rock
in the element, and is the heat capacity for the actual
volume of air in the element.

Following is the nomenclature used in this section:
T j' = future temperature of the element,
Tj = present temperature of the element,
Tgj = future surface temperature,
Tgj = present surface temperature,

= conductance of an element,
= heat capacity of an element,

A6 = time increment between present and future times
when temperatures calculated,

k^ = thermal conductivity of the rock,
k^ = thermal conductivity of the air,
c^ = specific heat of the rock,
c^ = specific heat of the air,

= density of the rock,
p^ = density of the air.
Ax = width and height of each standard element as well as

the distance between the centers of two standard 
elements,

w = the width of the air space between the slab and the
intact rock,

Tpock ~ virgin rock temperature,
= air temperature.
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Elements 1 and 60

J+60

J J+1

J+60

J-1 J
SJ SJ+1 SJ-1 SJ

Fig. Element 1. Fig. 9. Element 60

These elements are standard rock size elements located 
at the air rock interface and at boundaries defined to have 
no horizontal heat flow. Thus, heat transfer can only occur 
through three sides of each element. The conduction path

A Vbetween the center of the element and the surface is ^— •
The path between these elements and other surrounding ele
ments is Ax.

The future temperature for element 1 is :
K A0 K A0

^  "̂ SJ (^J+l^^J+6o) + "

and for element 60 is

^(2K2+K p ] T j

A0K A0 K A0 p
"̂ J "̂ SJ C^"(^J-l^^J+60) L ~ ^  (2K2+K^)

For stability: 
C,

A0 <
- 2K2+K1
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where

K, =

K_ =

kRAx
Ax/2

kRAx
Ax

2kR

= kR

Elements 2 Through 39 and 42 Through 59

J+60

J-1 J J+1
SJ-1 SJ SJ+1

Fig. 10. Elements 2 Through 39 and 42 Through 59.

These elements are standard size rock elements located
at the air rock interface of the model. Heat transfer occurs
through all four sides of the element. The conduction path

Axbetween the center of the element and the surface is 2 •
The path between these elements and other surrounding elements 
is Ax.

The future temperature for these elements is:

A0K A0 K A0
= -C[- ?SJ + -cY-(Tj-l+Tj+l+?J+6o) + p -  +
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For stability: 
C.AG <- 3K2+K1

where

Elements 61, 121, —  1081; 1261, 1321____ 4681
120, 180 —  1140; 1320, 1380 —  4740 
4742 - 4779, 4782 - 4799

J+60

J J+1

J-60

J+60

J-1 J

J— 6 0

Fig. 11. Elements 61, 121--1081 
and elements 1261, 1321—  
4681.

Fig. 12. Elements 120, 180 -• 
1140 and elements 1320, 
1380 —  4740
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J-1 J J+1

J-60

Fig. 13. Elements 4742 - 4779 and 
elements 4782 - 4799.

These elements are standard size rock elements located
on the boundaries of the model. No heat transfer occurs
across these boundaries and hence heat transfer only occurs
through three sides of these elements. The conduction path
between these elements and surrounding elements is Ax.

The future temperature for elements 61, 121 —  1081 and
1261, 1321 -- 4681 is:

K_A8 3K.A8
C ^ " ( ^ J - 6 0 6O^^Jt 1 ̂

For elements 120, 180 —  1140 and 1320, 1380 —  4740 is:
K A8 3K-A8

and for elements 4742 - 4779 and 4782 - 4799 is:
K A8 3K A8

= — -(T-r.^n+T.T ,+T-,^,) + ( 1 -----^ ) T . .C, ' J-60 J-1 J+1 Cl J
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For stability, 
Cn

AG <- 3K.

where

and = kĵ .

Elements 4741 and 4800

J J+1

J-60

J-1 J

J-60

Fig. 14. Element 4741. Fig. 15. Element 4800.

These elements are standard sized rock elements located 
at the intersection of two boundaries of the model. No heat 
transfer occurs across either boundary and hence heat transfer 
only occurs through two sides of these elements. The conduc
tion path length between these elements and surrounding ele
ments is Ax.

The future temperature for element 4741 is:
K,A8 2K-A8



T 1403 54

and for element 4800 is
K A8

= -C7- (Tj-l+Tj-60) +
2K2&8

)T.

For stability, 
C,

A8 <- 2K.

where

and

Elements of Standard Size with Heat Transfer Through all Four 
Sides with a Conduction Path Length of Ax.

J+60

J-1 J J+1

J-60

Fig. 16. Standard Interior Elements.

These elements are standard size rock elements located 
in the interior of the model. Heat transfer occurs through 
all four sides and the conduction path between these and sur
rounding elements is Ax.

The future temperature for these elements is;
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K^AO
Tj = -C:-(Tj-l+Tj+l+Tj-60+Tj+60) +

For stability, 
C.

A8 < 4K.

4K.A8
-c7--)Tj

where
Cl = CaP^Ax

and

Elements 40 and 41

J+60 1

J-1 J .
\ J+1

SJ-1 SJ SJ+1
J-1 J

J+60

J+1
S J— 1 SJ SJ+1

Fig. 17. Element 40. Fig. 18. Element 41.

These elements are mixed air-rock elements located both
on the crack and on the surface of the model. Heat transfer
occurs through all four sides of the element. The conduction

Axpath between the center of the element and the surface is 2 *

The conduction path between element 40 and 41 is Ax + w. The 
path between other surrounding elements is Ax.

The future temperature for element 40 is:
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, K A6 K A6 K.A6 K A0
T = — ___ T + — __ T + — -- T + —--- TJ SJ C,. J-1 J+60 J+1

+ I 1 - ^  (k ^+k ^+k ^+k ^)JtCg 2 3 4 5'| J

and for element 41 is
K A0 K A6 K.A8 K A0

T = —   T + ——  T + —   T + —--- TJ SJ J-1 J+60 J+1

+ |i - ^  (K,+K,+K^+K^)JTj .Cg v*'2 3 4 5

For stability, 
C,

A0 <
- k2+k3+k4+ks

where

^2 ^Rock ^Air
= c^PRAx^ + c^P^Ax %

^2

^3 ^Rock ^Air 
kg,Ax ^ kaW/2
Ax/2 Ax/2
2k^Ax + k^w 

Ax

^4 ^Rock *Air 
k%Ax k^w/2 

" Ax ^ Ax
k%Ax + k^w/2 

Âx
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and Kr- =

kpAx k^Ax

Ka ICr Ax
KrW + k^Ax

Elements 100, 160 —  1120; 101, 161 —  1121;
1182 - 1199; 1242 - 1259

J+60

J+1J-1

J-60

J+60

J+1J-1

J—60

Fig. 19. Elements 100, 160 
1120. Fig. 20. Elements 101, 161 

1121

J+60

J-1 J J+1

J-60

J+60

J-1 J J+1
'J>yy2t

J-60

Fig. 21. Elements 1182 - 1199. Fig. 22. Elements 1242 - 1259
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These elements are mixed air-rock elements located in
the interior of the model on the crack. Heat transfer occurs
through all four sides of the element. The conduction path
between elements across the crack is Ax + w. The path between
these elements and other surrounding elements is Ax.

The future temperature of elements 100, 160 —  1120 is;
K A0 K A9 K A0

" "Cj” (^J-60^^J+6o) “C ^  ^J-1 “Cj" ̂ J+1

+ [l - ^  (2K4+K2+K5)]Tj ,

for elements 101, 161 —  1121 is:
K A0 K A0 K A0
“cT" (^J-60^^j+6o) “CT” ^J+1 ~C7~ ̂ J-1

+ 1 - M  (2K4+K2+K5>]Tj ,

for elements 1182 - 1199 is
K A0 K A0 K A0

b  “ C- “cT~ ^J-60 ’’’ C, ^J+60

+ 11 - ^  (ZK^+Kg+KgilTj,

and for elements 1242 - 1259 is;
K A0 K A0 K A0

" ~C^ (^J-l+^J+l) ~C^ ^J+60 ~CJ" ^J-60

+ -  A0

For stability, 
C,

A0 <- 2K4+K2+K5
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where

= k

K. =

and Kr- =

R
kRÜx + ^A ;

Ax

KrW + Ka Ax •

Elements 1200 and 1260

J+60yyyy

J-1 J

J-60

J+60

J-1

J-60

Fig. 23. Element 1200. Fig. 24. Element 1260.

These elements are mixed air-rock elements located on a 
boundary of the model. No heat transfer occurs through the 
boundary and hence heat transfer only occurs through three 
sides of these elements. The conduction path across the 
crack is Ax + w. The conduction path between the other sur
rounding elements is Ax.

The future temperature for element 1200 is:
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K A6 K A0 K A0
T =  — —  T + T + TJ ^J-1 J-60 ^J+60

+ [l - (K4+K2+K5>Jr

and for element 1260 is
K A0 K A0 K A0

T = ——  T + —-__ T + — __ TJ J-1 J+60 J-60

[l - {K4+K2+K5)] Tj

For stability, 
CoA0 <

-  K4+K2+K5
where

C2 = CrPrAx" + c^P^Ax I

^2 = kR

kRÜx + k^ %
Ax

and Kr- =
kAkRAx

5 k^w + k^Ax '

Elements 1141, 1201, 4780, and 4781

J+60

J J+1

J-60

J+60

J J+l_

J-60

Fig. 25. Element 1141 Fig. 26. Element 1201
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J-1

11
J 1

I

1 J+1
1

J-60',

1
» 1J-1 1 1

1
1
1 j 1 J+1
1
j J-60

Fig. 27. Element 4780. Fig. 28. Element 4781

These elements are extended rock elements located on 
the boundaries of the model. The extension is necessary so 
the elements on both sides of the crack are aligned. No 
heat transfer occurs across the boundary and hence heat 
transfer only occurs through three sides of the elements. 
The conduction path through the added rock between elements 
is Ax + w. The conduction path between these and other sur
rounding elements is Ax.

The future temperature for element 1141 is:
K A0 K A0 K A0

T = —-- T + — -- T + —  -- TJ C. J-60 C. J+60 C. J+2

+ (Kj+Kg+K^)

for element 1201 is:
K A0 K A0 K A0

T =  -__ T +__-__ T + TJ C, J+60 C. J-60 C. J+1

+ - 5^ (K^+Kg+K^)']b'
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for element 4780 is:
K AG K AG K AG

T = — -- T + — --  T + —  -- TJ J-1 J+1 J-60

â f  (K2+K6+K7 )] b '
and for element 4781 is:

K AG K^AG K AG
T = — -- T + — -- T + —  -- TJ J+1 C 3 J-1 C 3 J-60

+ t  ■ E  (k2+K6+K,)]Tj.

For stability, 
C

AG <
- K2+K6+K7

where
C3 = CrPrAx (Ax + j ) ,

^2 = kR,

K, =
kRAx

6 Ax+w'

and = kR(Ax + ;
Ax

Elements 1142 - 1179; 1202 - 1239;
1300, 1360 -- 4720; 1301, 1361 -- 4721

J+60

J-1 J J+1

J-60

J+60

J-1 J J+1

J-60
Fig. 29. Elements 1142-1179. Fig. 30. Elements 1202-1239.
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...T"1
J+6o|

J-1
11

^ 1

1
1 J+1 \11

J-60|

1..

1 J+60

J-1

-\ - - 1
1 J J+1
11
1j -60

Fig, 31. Elements 1300, 
1360 -- 4720.

Fig. 32. Elements 1301, 
1361 —  4721.

These elements are extended rock elements located in 
the interior of the model. The extension is necessary so 
the elements on both sides of the crack are aligned. Heat 
transfer occurs through all four sides of the elements.
The conduction path through the added rock between elements 
is Ax + w. The conduction path between these and other sur
rounding elements is Ax.

The future temperature for elements 1142 - 1179 is:
K A0 K A0 K A0

T = — __ T +  — __ T +J C, J-60 J+60 C. (^J-1 + ^J+l)

+

for elements 1202 - 1239 is

^  (Kz+Kg+ZK,)

, K A0 K A0
T = —=  T +  — __ T -fJ J+60 J-60 C

K^A0
(Tj-l + Tj+l)

+
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for elements 1300, 1360 -- 4720 is:
K A6 K AG K AG

^ ~c7~ ^J-1 “c~~ ^J+1 ~~c7~ (^J-60^^J+6o)

+ -  §7 (K2+K6 + 2K,)]Tj,

and for elements 1301, 1361 —  4721 is
K AG K AG K AG

" “CT~ ^J+1 *** ~C7~ ^J-1 “cT~ (^J-60^^J+6o)

+ A_G_
3

For stability, 
C

AG <- K2+Kg+2K^

where
C3 = CjjPĵ âx (Ax + ,

Kr Ax
6 Ax+w '

and = kR(Ax + I)
Ax

Elements 1180 and 1241

.
-J_+M

r~

J-1 J 1

\\\\\\\\v
\

j h

J-60

J+60

J— 6 0
Fig. 33. Element 1180 Fig. 34. Element 1241
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These elements are mixed air-rock elements located at 
the corner of the crack. Heat transfer occurs through all 
four sides of these elements. The conduction path between 
elements across the crack or through the extended rock is 
A x + w .  The conduction path between these and other sur
rounding elements is Ax.

The future temperature for element 1180 is:
K A6 K AG K AG K AG

T =  -  T + — -_ T +__-  T + TJ C, J-60 C, J-1 C, J+1 C, J+60

+ (K4+K,+K3+Kg)lTj,

and for element 1241 is:
K.AG K AG K AG K AG

T = — -- T +  -__ T +__ T + TJ C, J+1 C, J+60 C, J-60 C. J-1

[:
For stability.

+ |1 - ^  (K^+K^+Kg+Kg)! Tj,

C.
A0 < 4

where

^4 ^Rock ^Air

= CRP%Ax(6x + |) + I (Ax + |),

kR^^ + ^A %
4 Ax

kp (Ax + y)
S  = AX '
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=

Ax/2  ^ + Ax/2
ka/Ax + 3^ kR'Ax + %)

and =

Ax/2  ^ w+Ax/2

Element 1181

J+1J-1

J-60

Fig. 35. Element 1181.

This element is a mixed air-rock element located at 
the corner of the crack. Heat transfer occurs through all 
four sides of this element. The conduction path between 
elements across the crack is Ax + w. The conduction path 
between these and other surrounding elements is Ax.

The future temperature for element 1181 is:
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K.A8

+ 1 1 - ^  (2K.+2Ko)|T^.[ Cg '— '4 8'l J]
For stability, 

C,
A8 <- 2K^+2K^

where

^5 ^Rock """ ^Air

= Cĵ Pĵ Ax̂  + c^Pa (Ax + %  + Ax %  ,

?
Ax

and Kg = Ax/2 w + Ax/2
ka/Ax + 5^ kR<Ax + ?)

Element 1240

J+601

J-1 J+1

J-60

Fig. 36. Element 1240
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This element is a mixed air-rock element located at the 
corner of the crack. Heat transfer occurs through all four 
sides of this element. The conduction path between elements 
across the crack is Ax + w. The conduction path between 
these and surrounding elements is Ax.

The future temperature for element 1240 is:
K A0 K A6

^  C. (^J-l+^J+6o) C_ (^J-60^^J+l)6 6

+ 1 (2K7+2Kg) Tj.

For stability.

A0 <- 2K +2Kg

where

^6 ^Rock ^ ^Air

= C ĵ Pĵ (Ax 2 + 2A x  |) + c ^ P a  (|)

2
= Cgp^ (Ax + Ax w) + c^p^ (j) ,

kp ( Ax + y)
^‘7 Ax

and =9 Ax/2____  ^ w + Ax̂ /2
kR(Ax + Ï) Kr Ax + I
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Surface Temperatures of Elements 1-60 
The temperature of points on the surface of elements

1-60 is given by Eq. 81, which was derived earlier. Using
the nomenclature of this section the surface temperature for 
standard size rock elements 1-39 and 42-60 is:

• _ + hçAxTair
SJ K, + h Ax1 c

k R A x

"here = ^^72 = 2k% .

For the mixed air rock elements 40 and 41 the surface tempera
ture is:

T
, K^T, + h AxT,,
SJ K. + h Ax3 c

where + K^ir

k%Ax k^W/2
Ax/2 Ax/2

2k^Ax + k^W 
_  _ _

The specific heat and density were not found individually in 
the experimental section, but the thermal conductivity and 
thermal diffusivity were determined. In the finite difference 
calculations for each element the specific heat and density 
always appear as a product of the two. By rearranging Eq. 7 
we have :

cp = I . (88)



T 1403

Thus the product can be found if the thermal conductivity and 
thermal diffusivity are known.

It was possible to check the finite difference model by 
comparison with the analytic non-steady state one-dimensional 
heat flow model. An area of one-dimensional heat flow, the 
left-most column of elements, was chosen for comparison with 
the analytic model. The analytic model was set up to calcu
late temperatures at distances into the rock corresponding 
to the locations of the center of each element in the left 
column of the finite-difference model. Temperatures were 
compared at several different times and the two models agreed 
to four significant figures.

Results From the Finite~Difference Model Using Field Data 
for Input

The model was run twice on the computer. The first run 
represents a loose slab in a shale roof and the second run 
represents a loose slab in a coal pillar. The input data for 
both runs was determined during the experimental program from 
work done in the No. 4 mine and from laboratory work on 
samples gathered in the No. 4 mine. This data is shown in 
Table 3. A constant initial~temperature distribution was used 
to represent a freshly created opening. This was accomplished 
by setting the initial temperature of all the elements equal 
to the rock temperature. Using a Ax value of 0.05 ft gives a 
model 6 ft wide and 4 ft high with a slab located in the center 
of the model measuring 2 ft wide by 1 ft high.
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Table 3. Input data for finite-difference models of shale 
slab and coal slab.

Variable
a.

aR

‘R

W
A

e

Air
Rock

Value of Variable 
for Shale Roof

0.72 Ft^/Hr*
0.0239 Ft^/Hr
0.014 Btu/Hr-Ft-°F*
1.0957 Btu/Hr-Ft-°F
0.651 Btu/Hr-Ft^-°F
0.1 in.
0.05 Ft
0.02 Hr

32 °F 
44.2 °F

Value of Variable 
for Coal Pillar

0.72 Ft^/Hr*
0.00567 Ft^/Hr
0.014 Btu/Hr-Ft-°F*
0.1267 Btu/Hr-Ft-°F
0.651 Btu/Hr-Ft^-°F
0.1 in.
0.05 Ft
0.05 Hr
32 °F 
44.2 °F

Figures 37 and 38 show the surface temperature differ
ence as a function of position on the surface of the model 
for the roof shale and coal pillar, respectively. The tem
perature scale was changed from absolute to differential 
since the infrared technique measures differentials most 
accurately. The scale is shifted so the temperature of 
element 1 becomes zero. All other surface temperatures are 
compared with this element to obtain the temperature differ
ences. The sign of these temperature differences depends on 
conditions in a particular mine. If the air is cooler than 
the rock, the slab will cool faster than the intact rock 
causing a negative temperature difference. If the air is 
warmer than the rock the slab will heat faster than the

*Determined by Kreith (38)
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intact rock causing a positive temperature difference.
Figure 37 shows the results representing a loose slab

in a shale roof at times of 1 and 2 days. At one day the
surface temperature difference between points located 2 ft 
from the center of the model and the center of the model is 
nearly O.ll^F. This difference is sufficiently large to be 
measured with available equipment. At 2 days the difference 
is even more pronounced, nearly 0.27°F is predicted between 
the center and points 2 ft from the center. At the location 
of the vertical crack a jump of O.ll^F occurs showing that 
the size of the slab could accurately be found after 2 days 
time elapsed. At one day the difference is too small to be 
detected with presently available instrumentation.

Figure 38 shows the results representing a loose slab
in a coal pillar after 7 days. The results from this model
are rather disappointing. Only a 0.03 difference exists 
anywhere on the surface, which is too small to be detected 
in the field. Results from shorter time periods show even 
smaller differences. The small difference obtained for coal 
is probably a result of the low conductivity of coal which 
is less than an order of magnitude greater than that of the 
air. Consequently, the difference in heat transfer rates 
between cracked and intact coal is not nearly as great as 
the difference in rates for the rock. This, in turn, causes 
much lower surface temperature differences. Curves for 
shorter time periods were not plotted for coal because the 
temperature difference is so small.
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The results of the two model runs show that the infrared 
technique will work under certain non-steady state conditions. 
Temperature differences caused by a loose slab in the roof 
shale at the No. 4 mine are detectable with the infrared 
method while differences caused by loose coal pillar slabs 
are not. This was born out by a brief survey with an infrared 
pyrometer at the No. 4 Mine. No temperature differences 
could be detected in the coal pillars even though separated 
slabs were found. The roof indicated differences as high as
0.2°F which is in the range predicted by the model. By know
ing the temperature and ventilation conditions, and material 
constants for the rock in a mine, this model can be useful in 
predicting the success or failure of infrared sensing tech
niques for locating loose roof or pillar slabs.

There are certain things that cannot be determined by 
this method. These include determination of crack size, 
distance from the air-rock boundary to the crack, and orien
tation of the crack. In large mines the air temperature tends 
to come to equilibrium with the rock surface temperature which 
lowers the driving potential and hence the surface tempera
ture difference caused by cracks. With experience and data 
from other techniques such as borescopes and extensometers, 
the effect of these shortcomings can be minimized. Even 
with backup work done by these mechanical methods, the infrared 
technique will prove much faster than the other available 
methods. Because of the speed and ease of the infrared tech
nique it will be much easier to get miners and production
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bosses to spend the time required to scan the roof and to use 
the results to increase support where necessary.

Since the primary use of the finite difference model in 
this paper was only to find if cracks can be detected by 
surface temperature differences, more work with the model 
will probably reveal additional useful information. Follow
ing are several possible situations to be examined with this 
model.

1. Add additional rows of elements so the outer 
elements approach a steady state condition which should give 
the maximum surface temperature difference to be expected.

2. Eliminate the vertical cracks to observe the effect 
on the surface temperature distribution.

3. Study the effect of rock bolts on the heat trans
fer process.

4. Compare the model with results obtained from a 
field work program using borescopes to determine crack size, 
location, and orientation.

5. Study the effect of roof formed from 2 materials 
such as the case where top coal is left after mining.

6. Study the effect of the distance between the crack 
and the surface of the model.
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EXPERIMENTAL PROGRAM

The experimental program consisted of (1) the design 
and construction of field instrumentation, (2) performing a 
field experimental program at the No. 4 mine of Mid- 

Continent Coal and Coke Co., (3) determining the conductiv
ity and diffusivity of the coal and the roof shale, and 
(4) determining the Nusselt number and surface convection 
coefficient.

Field Instrumentation 
This section covers the selection of temperature measur

ing instrumentation and the design of measuring probes.

Selection of Temperature-Measuring Instrumentation
Three practical types of instrumentation were considered 

for use on this project: (1) resistance thermometers,
(2) thermistors, and (3) thermocouples. Mercury thermometers 
were not considered because they cannot be read remotely.
The instrumentation selected must also be able to pass the 
U.S.B.M. permissibility requirements.

Resistance thermometers are quite accurate and have 
been used to determine rock temperatures in boreholes (36).
A primary disadvantage to the resistance thermometer is 
in its slow response time, of the order of one hour in air.
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Other disadvantages of the resistance thermometer are (1) 
the minimum spacing of measuring points that can be used 
simultaneously is about 6 in. due to the amount of space 
the wound resistor requires, and (2) the construction of a 
resistance thermometer is a reasonably difficult procedure.

Thermistors have the advantage of producing large out
puts for a given temperature change, and respond more quickly 
to temperature changes than the resistance thermometers. 
Disadvantages of thermistors are (1) self-heating may change 
the temperature slightly in the confinement of the borehole, 
(2) they are massive enough to require several minutes to 
come to equilibrium with the rock temperature, and (3) it 
is difficult to find several thermistors which exhibit the 
same response to temperature changes.

Thermocouple sensitivity is high, limited only by the 
homogeneity of the thermocouple wire and the sensitivity of 
the readout equipment. Thermocouples can easily be placed 
as close as 0.25 in. to each other making it possible to 
have many closely spaced data points in an area of interest. 
Since the mass of the thermocouple junction is so small, 
response to temperature changes is very fast, measured in 
terms of seconds rather than minutes or hours. The small 
size of the thermocouple permits point temperature measure
ments rather than temperature measurements averaged over 
the length of the measuring sensor as in the cases of both
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the thermistor and the resistance thermometer. A disadvan
tage of the thermocouple measuring system is that the 
commercially available readout instruments are sensitive 
to changes in the ambient air temperature. This makes 
calibration of the instrument necessary at the air tempera
ture that exists in the mine.

All three temperature-measuring techniques require 
rather delicate readout instruments, at least by standards 
normally applied to equipment used in mines. This is com
mon to all three measuring techniques, and can be discounted 
as a disadvantage in choosing any one system.

The advantages and disadvantages of the three types of 
instrumentation discussed above were considered with the 
following results: (1) the resistance thermometer method
was discarded as a practical way of measuring temperature 
profiles, primarily due to the slow response time; (2) the 
thermistor method would be tried first because thermistors, 
and their compact and simple to use readout equipment, are 
commercially available at a reasonable cost; and (3) the 
thermocouple measuring system would be tried if problems 
developed with the thermistor method. With this in mind, a 
Simpson Model 389 Thermistor temperature-measuring unit and 
three thermistors were obtained for field tests at the 
Colorado School of Mines Experimental Mine in Idaho Springs.

The purpose of the field tests at the Experimental Mine
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was twofold. First, an evaluation of the thermistor tem
perature-measuring method could be made under actual field 
conditions. This would help pinpoint problems in the appli
cation of this method before large-scale field tests were 
begun. Second, the magnitude of temperature differences 
existing in a borehole could be determined.

Two problems with the thermistor temperature-measuring 
instrument appeared in the lab and field. These problems 
were calibration and sensitivity.

A calibration test of the three thermistors with lead 
wires of different lengths was run in the lab. Checking 
the thermistors in a constant temperature bath at 55°F 
(approximately the temperature of the Experimental Mine) 
revealed that the measurements varied as much as 2°F between 
the three thermistors. The stated accuracy of the scale 
readings on the readout instrument is to within 2^F of the 
measured temperature. Apparently error is introduced both 
by the variability in the thermistors and by error in the 
readout instrument itself. These errors can be minimized 
and possibly eliminated entirely by calibrating each ther
mistor separately against an accurate thermometer over the 
range of temperatures to be measured. In this way a cali
bration curve for each thermistor can be obtained.

The sensitivity of the readout instrument was not high 
enough for the low temperature differences encountered in the
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boreholes at the Experimental Mine. Borehole temperature 
measurements showed a temperature difference of less than 1°F 
from the collar to a depth of 8 ft. The smallest scale 
graduation unit on the instrument is 2°F, which is too large 
to accurately measure the temperature differences encountered.

The experience at the Experimental Mine suggested that a 
readout sensitivity of 0.l^F was necessary to be able to plot 
the temperature profiles. For this reason the decision was 
made to switch to a thermocouple temperature measuring system.

Two different thermocouple readout devices were considered 
Both had slide wire potentiometers, temperature compensated 
cold junctions, and were calibrated in °F. The principal 
difference between them was the type of null detector. One 
had a differential amplifier null detector and the other had 
a spotlight galvanometer null detector. Both instruments 
were tried in the field and as a result, the potentiometer 
with the spotlight galvanometer null detector, a Honeywell 
Rubicon Model 2736 (Fig. 39) was selected because it was 
more stable and lower in cost. With this instrument, the 
desired readout sensitivity of 0.1°F could be obtained.
The instrument can be read directly to l^F and with prac
tice the operator can easily estimate the temperature to 
0.1 ± 0.1°F.

Two other benefits appeared in addition to the increased 
sensitivity in changing from a thermistor system to a
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thermocouple system. These were: (1) calibration of each
individual thermocouple is not necessary, and (2) the con
struction of a temperature measuring probe is simplified by 
using thermocouples instead of thermistors.

When thermocouple wire from the same batch is used, it 
is not necessary to calibrate the thermocouples individually 
(5 3). This was checked in the lab. Seventeen thermocouples 
with lead wires ranging from 8 to 16 ft in length were 
placed in a can filled with water and finely crushed ice. 
While stirring the water and ice, the temperatures measured 
by each thermocouple were noted. All 17 thermocouples 
registered the same temperature on the potentiometer.

The construction of a temperature-measuring probe with 
sensors located every 6 in. for use in a 1.5 in. dia, 6 ft 
long borehole is simplified using thermocouples because the 
26 a.w.g. lead wires are considerably smaller than the 0.125 
in. dia thermistor lead wires. This makes protection of the 
lead wires simpler and consequently cuts down on lead wire 
maintenance. With the 6 ft probe used in the field tempera
ture measurements, it was possible to enclose all the lead 
wires in a small plastic sheath.

Permission to take the Honeywell Rubicon Potentiometer 
to the face area of a gassy mine was requested from the 
Intrinsic Safety Determinations Division of the U.S. Bureau 
of Mines in Pittsburgh, Pennsylvania. Permission was granted 
and a permit for this instrument was issued. This permit



T 1403 84

differs from the approval a manufacturer would receive for a 
product line in that it is restricted to one specific instru
ment for a specific task.
Design of Temperature-Measuring Probes

Temperatures along the length of a borehole tend to be 
equalized by natural convection. Conduction through water 
in the hole can also give an erroneous temperature profile. 
Therefore, it is necessary to eliminate or at least minimize 
these effects for accurate temperature measurement. It was 
later found in work with the longhole probe that the effect 
of natural convection along the axis of the borehole is not 
measurable with the potentiometer.

Three techniques for making temperature measurements were 
considered. These were (1) permanent location of thermo
couples in each borehole, (2) measurement of temperatures at 
several locations in the borehole with several recoverable 
sensors, and (3) measurement of temperatures at several 
locations in the borehole with one recoverable sensor.

Permanent location of thermocouples in the borehole and 
subsequent filling of the hole with a material with similar 
thermal properties to that of the extracted coal or rock is 
the most accurate method available for measuring temperatures 
Convection and conduction effects are both eliminated by 
this method. Application of this method poses two
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problems of some consequence. First, it is difficult to 
obtain a material of similar thermal properties to that of 
the extracted material. Even putting the drill cuttings 
back into the hole will not duplicate the original proper
ties of the unbroken material. Second, if a large field 
measurement program is planned, instrumentation of each 
hole is time consuming and the thermocouples and their lead 
wires are not recoverable, resulting in both higher labor 
and thermocouple costs. In near-vertical top holes it would 
be difficult to accurately locate the thermocouples and 
refill the holes. For the above reasons this method was
considered impractical for the field program.

Probe Design for 6 ft Boreholes
In order to easily measure temperatures at several loca

tions in the borehole with recoverable sensors, some type of
multi-sensor probe must be designed. The probe must minimize
convection in the axial direction of the borehole, minimize 
conduction through water in the hole, hold each thermocouple 
against the rock, and be quick and easy to set up in each 
hole. Based on these criteria an inflatable probe for use in
1.5 in. dia boreholes was constructed using air trapped in 
several 6 in. cells to achieve the above objectives (Fia. 40 
and 41). The probe is rather simple to construct and is 
made from readily available materials. The core of the probe 
is a piece of 3/4 in. PVC water pipe which has a 7/8-in. O.D.
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Figure 40. Overall view of probe.

Profile when Inflated

Thermocouples

Bicycle • 
inner tube Filament tape at 

6-in. intervals

Section inflation hole

PVC core

Figure 41. Cutaway sketch of probe



T 1403 87

This PVC core is quite flexible which makes the probe easy to 
use in tight places. The core has holes drilled every 6 in. 
along the measuring length for inflation of the individual 
air cells. The measuring length of the probe used in the 
experimental program is 5.5 ft and the overall length is
6.5 ft. End pieces are made from solid plexiglas round stock 
(Fig. 42 ) and glued with plastic cement to the ends of the 
core. A 1.25 in. dia heavy duty (thorn resistant) bicycle 
inner tube is cut and stretched over the core to a length of
5.5 ft. The ends of the tube are glued to the core with rubber 
cement and wrapped tightly with 5 wraps of 1/2 in. filament 
tape. Five wraps of filament tape are placed every 6 in. to 
segment the inner tube into inflatable cells. The thermo
couple is mounted halfway between the segmenting tapes on
each cell with a 1 1/8 in. dia tire patch cut in half as shown 
in Fig. 4 3. One thermocouple is loose at the mouth of the 
borehole to measure the air temperature. Lead wires are 
pulled through a flat plastic sheath for protection which per
mits only a short part of each lead wire to be exposed to 
abrasion from sliding the probe in and out of the borehole.
A 10 ft hose with a standard tire valve in one end and a hose 
fitting with 1/4 in. NPT on the other end. This is 
used in conjunction with a bicycle pump to inflate the probe 
in the field.
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Cap Borehole End

M

Valve End

Figure 42. Details of the end pieces of the probe.

Figure 43. Closeup of probe showing method of mounting 
thermocouples.
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Thermocouples and lead wires are made from 26 gage, 2 
conductor (one copper and the other constantan), thermocouple 
quality wire with polyvinyl insulation and "rip cord" con
struction. The thermocouple is formed by welding the copper 
and constantan wires together at one end. The temperature 
indicated will be that of the point where the copper and con
stantan touch. The other end of the thermocouple lead wires 
end in a 37 pin male plug.

A selector box to accommodate up to 18 thermocouples was 
made to facilitate the readout process (Fig. 39). All wiring 
between the 37 pin plug on the selector box and the 2-deck 
rotary switch is of copper and constantan. Wiring between 
the switch and the output terminals as well as between the 
output terminals and the potentiometer is also of copper and 
constantan. Although thermoelectric junctions are formed 
with dissimilar metals of the plugs, rotary switch, and out
put terminals, this does not affect the temperatures indicated 
by the potentiometer. The two junctions that are formed in 
each leg of circuit by each component are close enough 
together to be at the same temperature, thereby producing 
no net effect.

Longhole Probe Design
Measurement of temperatures at several locations in the 

borehole with one recoverable sensor requires a probe that 
will perform similar functions to the multi-sensor probe just 
described. This type of probe is more practical to use than
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a multi-sensor probe in longholes to determine the virgin 
rock temperature and distance to this temperature. It is 
slower to use than a multi-sensor probe, but can be used in 
any length of longhole, limited only by the length of thermo
couple lead wire and inflation hose.

An inflatable longhole probe (Fig. 44) for use in 1.5 in. 
dia to 2.0 in. dia boreholes was built along the same lines
as the multi-sensor probe. The main changes in the design
were: (1) the overall length is 18 in., (2) the bicycle
inner tube is stretched to a length of 1 ft, (3) only one
thermocouple is mounted on the probe, and (4) the inflation 
hose and thermocouple lead wires are much longer, 21 ft on 
the field probe.

Operation of Probes
Both probes operate in much the same way. When air is 

pumped into the core of the probe it goes through the holes 
drilled in the core and inflates the inner tube which pushes 
the thermocouples tightly against the rock. When inflated, 
the multi-sensor probe resembles a string of sausages. In 
addition to holding the thermocouples, each cell fills the 
borehole to the extent that conduction through water is pre
vented and any convection is confined to the core and each 
inflated cell. Since each section is essentially isolated, 
natural convection can occur, but it will only act to equalize 
the temperature in each individual section instead of
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equalizing the temperature over the full length. The low 
temperature gradients found in the boreholes in the field 
aren't sufficient to cause much axial heat flow by natural 
convection. The one closed end of the borehole also inhibits 
natural convection; therefore, the primary heat flow mech
anism in the air in a borehole is conduction. The rock is 
a better conductor of heat than the air so the existence of 
an air filled borehole will not alter the original tempera
ture profile. Due to these considerations and the cellular 
design of the probe, axial heat flow in the borehole during 
measurements is negligible.

Field Experimental Program 
The field experimental program was carried out at the 

No. 4 Mine of Mid-Continent Coal and Coke Co. near Redstone, 
Colorado. The No. 4 Mine is on a 7 ft coal seam dipping 
about 13 degrees with a portal elevation of 10,200 ft above 
sea level. The roof is shale and the immediate floor is a 
sandstone layer about 2 ft thick with another coal seam 
directly beneath (Fig. 45). No top coal is left during the 
mining operation which exposes the shale roof across the 7 ft 
high by 20 ft wide mine opening. At the time the tempera
ture measurements were made, the mine was in the development 
stage with the working faces of the main entries about 800 
ft in from the portals. Five 1 3/4-in. dia, 22-ft deep



T 1403
93

•H

W

Q)
5

S’•H
g
(0

:c0
0c-Hg
0ü•HP4

0
tr»0Ou
5

g
-r4> 0 

-P 0 U 
-p m
S•H0 tj

inTf
0U0tn•HCm



T 1403 94

longholes were drilled in the mine and 365 1 1/2-in. dia 
by 6-ft boreholes were drilled at 20 temperature-measuring 
stations throughout the mine. Figure 46 shows the locations 
of the longholes and the temperature-measuring stations. 
Figures 4 7 and 4 8 show a typical temperature-measuring sta
tion and a view along an entry. The rough rib left by the 
continuous miner can be plainly seen in both photographs.
The field program was divided into 4 parts: (1) location
and drilling of temperature-measuring holes, (2) making 
temperature, location, and orientation measurements for each 
6-ft borehole, (3) making temperature measurements in each 
longhole, and (4) making air flow measurements in the return.

Location and Drilling of Temperature-Measuring Holes

The 20 temperature measuring stations were drilled approxi
mately 100 ft apart in the intake and return airways of the 
mine. Each station has from 6 to 23 temperature measuring 
holes drilled in a pattern around the roof and ribs of the 
mine opening as shown in Figure 49 . In addition, five 
20 ft longholes were drilled in the coal to determine the 
virgin strata temperature.

Percussion drills were used to drill the 1 1/2 in. dia 
6 ft long roof and rib holes. This drilling method was 
selected because (1) compressed air was available in most 
parts of the mine and the lines could be easily extended with
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"Victaulic" pipe and fittings, (2) the shale roof requires a 
percussion drill for efficient drilling, and (3) the percus
sion equipment is easier to move and use than other drills 
which were available. All drilling was done with air flush
ing, and no trouble was encountered in either the coal or the 
shale due to this flushing method. The kerfs left by the 
continuous miner provided a good place to collar the drill on 
the ribs.

The 1 3/4-in. dia, 22-ft longholes were drilled in the 
coal with a 3-in. percussion machine and extension steel. In 
this case air flushing was also used successfully. No long
holes were drilled in the roof because 2-ft extension steel 
sections were not available.

Temperature, Location, and Orientation Measurements for 
6-ft Boreholes

When the equipment was set up on the job site, some pre
liminary air temperature measurements were made. It was 
learned that the air temperature was lower than the lowest 
ambient temperature for which the compensating cold junction 
in the potentiometer was calibrated. To eliminate the problem 
a Coleman cooler and three hot water bottles were obtained 
to keep the temperature of the potentiometer above 40°F.
The result of this was very erratic temperature readings.
Often readings could not be repeated after a time of only 
2 minutes. It was apparent that another solution to the
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problem had to be obtained. Discarding the hot water bottles 
and retaining the Coleman cooler to shelter the potentiometer 
from the air currents, it was found that measurements from 
each thermocouple on the probe repeated quite well after 
waiting ten minutes from the time of inflation of the probe. 
Operating the potentiometer below the minimum allowable tem
perature for factory calibration dictated recalibration of 
the instrument at the lower air temperature. The calibra
tion technique and results are discussed in Appendix A.

Measurement Procedures
The procedure for taking measurements in each borehole 

is simple, although in practice it proved rather time con
suming. The probe is placed in the borehole and inflated to 
a pressure of 25-30 psi with a bicycle pump. After a wait 
of 10 minutes, measurements are taken starting with the 
selector switch on thermocouple number 2. After the tem
perature at thermocouple 12 is recorded, a random check of 5 
thermocouples is made to make certain the readings will 
repeat. In the event they do not, another wait of 10 minutes 
is allowed and the readings taken again. In this way it is 
possible to be certain the thermocouples and cells holding 
them against the rock are in thermal equilibrium with the 
rock and therefore, the readings are accurate. The tempera
ture at thermocouple 1 is recorded after the other thermo
couple readings are repeatable. This procedure is performed



T 1403 101

for each hole at the station.
The 10-minute waiting time before making measurements 

was usually sufficient to insure repeatability of readings.
This was checked several times by taking measurements after 
waiting 10 minutes, leaving the probe in the hole overnight, 
and then checking the readings the next morning. Most read
ings agreed exactly and in no case was the difference greater 
than O.l^F.

For the first 12 stations, thermocouple 1 was placed on 
the surface of the rock. This practice was discontinued for 
the last 8 stations because the true surface temperature 
could not be measured. The temperature indicated was rather 
the average temperature between the air and the rock, which 
depends on the contact area between the thermocouple and 
rock and the surface area of the thermocouple exposed to the 
air. Air temperature only was measured with this thermo
couple at the last 8 stations.

From 4 to 8 hours was usually required to make temperature 
measurements at each station having about 20 holes. On very 
cold days it was necessary for measuring personnel to leave 
the mine periodically to warm up, which added to the measuring 
time.

The field temperature data for each borehole, corrected for 
potentiometer error, is given in Appendix G. A string of zeros 
in the data for any hole indicates the hole was filled with 
ice or otherwise plugged up when the temperature measurements 
were made. Although no temperature data was obtained from these
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holes, the holes were included so the locations of the collars 
could be used to draw the outline of the mine opening.

Other field measurements necessary to analyze data from the 
6 ft boreholes are location of each hole collar in space, 
location of the bottom corners of the mine opening in space, 
orientation of each hole in space, the apparent dip of the 
seam at each station, and the distance between each station 
and a known mine survey point.

To find the locations of each borehole collar and the 
bottom corners of the mine opening a system using string and 2 
plumb bobs was devised. A nail is driven into the coal at the 
top corners of the drift. A string is stretched tightly across 
the mine opening between the two nails and a string with a 
plumb bob is hung from each nail (Fig. 50). It is a simple 
matter to locate each point of interest by measuring the 
angle and length of the string across the top; the distance 
along the appropriate string between a known point (one of the 
two nails) and the point of interest; and the vertical distance

(in the case of the top holes) or the horizontal distance 
(in the cases of the side holes and the bottom corners) 
between the string and the point of interest. During the 
field work the left nail was used as the origin for measure
ments along the top and left strings, and the right nail was 
used as the origin for measurements along the right string.
The boreholes were not always located directly along the 
string, but sometimes a few inches to either side of it.
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String
NailNail

StringString

Plumb bobPlumb bob

Figure 50. Layout of string for finding borehole coordinates

X

Borehole 
(Line OL)

Figure 51. System for describing the borehole orientation.
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Even so, it is not difficult to estimate the correct loca
tion of a hole collar placed away from the string or to 
estimate the distance between the string and the place where 
the hole should be. The string angle is considered positive 
when the right nail is higher than the left nail. A 
detailed description of this measuring system is given in 
Appendix C.

Hole orientation was measured with a spirit level inclinometer 
taped on a tamping pole. Figure 51 shows the relationship 
between the hole and the orthagonal coordinate system as well 
as angle identification. The X-Y plane in this coordinate 
system is defined as horizontal. Use of the inclinometer for 
hole orientation measurements requires two conditions to be 
met. These are: (1) when measuring angle ^ the holes and the
inclinometer are assumed to be located in a vertical plane
(Y-Z) aligned perpendicular to the long axis of the drift, and
(2) when measuring angle ifj the holes and inclinometer are 
assumed to be located in a vertical plane (X-Z) parallel with 
the long axis of the drift. In other words, 0 is measured in 
the Y-Z plane and ip is measured in the X-Z plane. These con
ditions are only met exactly when at least one angle, either 

or ip , is equal to 90°. When neither ^ nor ip is equal to 90°
the inclinometer is located in a non-vertical plane either
perpendicular or parallel to the long axis of the drift, 
respectively. This introduces an error, although when one 
angle is within 15° of 90° the error in the other angle is less 
than 2° if this second angle is greater than 45°. As one angle
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approaches 90° the error in the other angle approaches zero. 
When the rib holes were drilled, it was relatively easy to 
prevent hole misalignment in the horizontal plane (X-Y), 
thereby meeting closely the requirements for condition (1).
Had the misalignment been sufficient to warrant measurement, 
a third angle in the horizontal X-Y plane would need to be 
known to determine the amount of misalignment and to later 
calculate the true orientation of the side holes. When the 
roof holes were drilled, it was more difficult to locate them 
in either the X-Z or Y-Z plane, particularly when the roof 
was low. This introduced some errors, but in no case were 
both the measured values of 0 and ip fo r a particular top hole 
greater than 14°. Therefore, it was felt that orientation 
measurements for the top holes reasonably satisfied both of 
the above conditions.

Another, possibly more accurate, method was considered for 
measuring hole orientation. Briefly, this method requires 
finding the maximum inclination of the borehole and the direc
tion of the projection of the borehole on the horizontal X-Y 
plane. Two problems in field application are: (1) accurately
locating the projection of the borehole in the horizontal plane 
and (2) accurately determining the axis of the drift as a 
reference direction for measurements in the horizontal plane. 
The method described previously was chosen for field work 
because the measurements can be made quickly, there are vir
tually no field application problems, and the errors introduced
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by this method are considered to be within an acceptable 
range.

The apparent dip of the seam was measured with the in
clinometer mounted on the tamping pole. Measurements were 
made on the roof rather than the floor because the floor was 
covered with large quantities of rock dust. The distance 
between each station and a known mine survey point was 
measured to permit accurate location of each temperature 
measuring station on the mine map.

Analysis of Data from the 6 ft Boreholes
The analysis of the temperature data, hole location, and 

orientation data, and coal seam orientation data at each 
temperature measuring station is described in detail in 
Appendix C, and only a brief description will be given in 
this section. In general, it can be said that the heat 
flow around a mine opening can be represented in a plane

perpendicular to the apparent dip of the mine opening. There
fore, it is necessary to project the field temperature data 
for each station from its true location in space to a 
"plotting plane" perpendicular to the apparent dip of the 
mine opening at each station. This projection was performed 
in three parts: (1) interpolation of temperature data to find
the location of the integer temperature values for each bore
hole; (2) calculation of the distance factor and corrected 
angle required to project the locations of the integer tempera
ture values to the plotting plane; and (3) calculation of coor
dinates in the plotting plane for (a) points locating the drill
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hole collars and corners on the perimeter of the mine opening, 
and (b) locations of integer temperature values for each bore
hole. Integer temperature values were felt to give a good 
picture of the temperature profiles for the data obtained in 
the field. For other field data, it may be necessary to change 
the temperature spacing of the isotherms.

Discussion of Results from 6-ft Boreholes

The results of the above calculations are shown in Figs.
52 through 71 in the form of Calcomp Plotter drawings. The 
computer program that generates the plots is described in 
Appendix D .

Referring to the plots and the mine map. Fig. 46 , several 
observations can be made. These observations are: (1) some
isotherms either are not continuous or appear only as points,
(2) no isotherm is located within 6 in. of the mine opening,

(3) there are some unexpected irregularities in the isotherms at
some stations, (4) some isotherms are more evenly spaced than 
others, (5) the stations deeper into the mine, such as stations
10, 11, and 12, have a higher rock temperature than the
stations near the portals, such as stations 1 and 20, and
(6) rock temperature at stations located in the intake is 
lower than the rock temperature at stations located a similar 
distance into the mine in the return.
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The isotherms that are not continuous or appear only as 
points occur because it was felt that integer temperature 
values should not be implied where these values cannot be 
interpolated from the field data. No real improvement in the 
data presentation would accrue from this implication. The 
dotted lines in the plots are not the true isotherms; but 
rather, a guide made up of straight lines connecting adjacent 
points of equal temperature. These straight lines do repre
sent the true isotherms as closely as possible with the data 
available.

No isotherms are located within 6 in. of the mine opening 
and no isotherms intersect the boundary of the opening. Inter
polation of temperature data was not performed between the 
thermocouple located 6 in. from the collar of the hole and the 
surface because surface temperatures could not be accurately 
measured. If the surface temperature is a constant, no iso
therms will intersect the boundary. If the surface tempera
ture varies with position, some of the isotherms will inter
sect the boundary.

Certain isotherms show some unexpected irregularities or 
jumps in direction. Examples of this occur in isotherms at 
stations 3, 4, 5, 12, 13, and 20. Some jumps appear to be a 
result of the coal-rock interface. Others, in areas where 
the temperature is above freezing, may be caused by water 
flowing in cracks. Another cause may be zones of local 
cracking where the effective conductivity of the coal and
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roof rock may be altered by cracks both in series and in 
parallel.

Isotherm spacing gives an indication of whether the 
steady state condition has been reached or not. For steady 
state the temperature is not a function of time so Eq. 4 
can be used.

^ = 0  (4)

A solution to this equation is;
T = Ax + B (88)

where
T = temperature as a function of x
X = independent variable, distance from the boundary
A and B = integration constants.

Substituting the boundary conditions
T = T . when x = 0 a ir

and
T = T , when x = L rock

where
L = distance from the boundary to the steady state or 

virgin strata temperature
into Eq. 88 gives the values for constants A and B. Thus,

B = ?air
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and
T , - T .^ _ rock air

Then Eq. 88 becomes
T , - T .

T = X + T . .L a ir
For the steady state condition, T is a linear function of x. 
Therefore, areas located away from the corners of the mine 
opening where the isotherms are spaced evenly can be considered 
to be in the steady state. Cracking can alter the isotherm 
spacing in areas of steady state heat transfer by 
changing the effective conductivity of a portion of the 
material; thus, making the material non-homogeneous. When this 
happens the equation given above is not valid. However, the 
equation is intended only as a qualitative guide for locating 
steady state areas by showing that regular spacing of isotherms 
indicates a steady state condition. In areas where the con
ductivity has been changed by cracking, the isotherms should 
also be regularly spaced; although the isotherm spacing will 
be greater than in the uncracked rock.

There are two causes for the temperatures at stations 
located deeper into the mine to be higher than the tempera
tures at stations nearer the portal. The first is that a 
temperature gradient existed in the ground before the mine 
was opened. This temperature gradient exists because the 
mine is located on a hillside which has been exposed to the 
weather for many years. The average air temperature for
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19 70 at Leadville, Colorado, located about 50 miles east of 
the mine, is 34.3°F. Leadville temperature information is 
used for an estimate of the temperature at the mine portal 
because it is the closest U.S. Weather Bureau station located 
at the same elevation. The virgin rock temperature at the 
location of longhole no. 1 was 44.2°F. Therefore, assuming 
temperature conditions at the mine to be similar to those at 
Leadville, an average temperature difference of about 10°F 
exists between the air entering the mine and the rock. Due 
to this temperature difference, a temperature gradient in the 
ground before the mine was opened should be expected. The 
second cause for the deeper measuring stations to be at a 
higher temperature is the length of time that the mine open
ing at a particular station has been exposed to ventilation. 
Stations that are located in places that have been open for 
a long time, those near the portals, will have lower maximum- 
temperature readings than stations in places that have been 
open a shorter time, those near the face area.

Stations located in the intake have lower maximum rock 
temperatures than stations located a similar distance into the 
mine in the return. The cause for this difference is the lower 
temperature of the intake air. After the air is circulated 
through the mine workings the temperature of the air increases. 
When the air reaches the return (station 11 ) the temperature 
has been elevated about 10°F. Because the amount of heat lost 
to the air by convection is a function of the temperature dif
ference between the rock and the air, less heat is transferred
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by this mechanism in the return due to the elevated air 
temperature. Consequently, the maximum-rock temperatures 
are higher for stations located in the return than the 
maximum-rock temperature for stations located in the intake 
a similar distance into the mine.

Temperature Measurements in Longholes
The longhole temperature probe is used in a manner sim

ilar to the 6-ft borehole probe. The differences are:
(1) the longhole probe must be positioned and inflated at 
each location where a measurement is desired; (2) the long
hole probe must be allowed to reach thermal equilibrium with 
the rock before each measurement is made; (3) no selector 
box is necessary, the thermocouple leads may be connected 
directly to the potentiometer ; and (4) data can only be 
checked by measuring temperatures a second time at several 
hole locations.

Measurement Procedures
The probe is positioned by pushing it all the way into 

the longhole with a steel rod made up of four 5-ft sections 
that can be screwed together. The depth to the thermocouple 
is measured by the tape marks located every foot on the in
flation hose. The probe is then inflated to 25 psi with a 
bicycle pump. The probe can be moved to the next measure
ment location by deflating it and pulling the inflation hose 
until the desired tape mark is reached.
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About 4 hours are required to make twenty measurements 
in each longhole. Before the first measurement is made, a 
20 minute wait after inflation is allowed for the probe to 
reach thermal equilibrium with the rock. For all subsequent 
measurements in the same longhole, a 10 minute wait is suf
ficient. The long initial waiting period is necessary to allow 
the probe to come from air temperature to the rock temperature 
at the back of the longhole. For the subsequent measurements 
the temperature difference is much smaller between each 
successive measuring point; consequently, less time is required

to attain equilibrium. Both waiting times are obtained by 
measuring the temperature at one location in a longhole 
until no change is measurable. The length of each waiting 
time is checked by making a measurement at a location after 
the specified waiting period, leaving the probe at that loca
tion overnight, and checking the temperature reading the 
following day. No discrepancies greater than 0.1°F were 
discovered.

Temperature measurements in each longhole are checked 
by remeasuring at 4 locations. If the values repeat within 
+0.1°F the data for the hole is considered acceptable.

Discussion of Results from Longhole Measurements 
Table 4 shows the longhole temperature data corrected 

for potentiometer error (see Appendix A for a discussion of
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)le 4 .

itance
ft)

Corrected Longhole Temperature 

Temperature (°

Measurements

F)

1 •

LH 1 LH 2 LH 3 LH 4 LH 5
1 32.0 33.4 32.9 30.6 29.4
2 35.6 35.6 36.2 33.6 29.8
3 37.4 37.5 37.2 35.5 31.5
4 38.8 38.9 38.1 36.4 33.5
5 40.4 40.6 39.3 37.4 34.4
6 41.0 41.3 39.6 38.2 35.4
7 41.8 41.6 40.1 38.6 36.4
8 42.4 42.1 40.5 39.4 36.9
9 42.6 42.3 40.7 39.6 37.4

10 42.9 42.4 41.1 40.0 37.8
11 43.2 42.5 41.1 40.3 38.1
12 43.4 42.6 41.3 40.6 38.4
13 43.6 42.7 41.4 40.6 38.8
14 43.7 42.7 41.4 40.7 39.1
15 43.7 42.7 41.5 40.7 39.2
16 43.8 42.7 41.5 40.9 39.6
17 44.1 42.7 41.5 40.9 39.7
18 44.2* 42.6 41.5 40.9 39.7
19 44.2 42.5 41.5 40.9 39.7
20 44.2 42.5 41.4 40.9 39.7
21 44.2 41.3 40.9 39.7

^Underlined values are the virgin rock tempera ture for
each longhole.
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this error). The underlined values in the table are the 
maximum values and are considered to be the virgin rock 
temperature for each longhole.

Referring to the mine map (Fig. 46) it can be seen that 
longholes 1 and 4 are drilled to a depth less than the 
distance to the center of the pillar; longhole 5 is drilled 
to the center of the pillar ; and longholes 2 and 3 are 
drilled past the center of the pillar. Table 4 bears out 
the fact that longholes 2 and 3 are drilled deeper than 
necessary. The temperatures reach a maximum as the center 
of the pillar is approached and then begin to decrease a 
few feet past the center. The data from longhole 2 shows 
this nicely. Longhole 3 does not show this as well, possibly 
because the back side of the pillar was only exposed to ven
tilation air for a short time after creation of the pillar. 
Because longhole 5 is drilled to the center of the pillar 
it is reasonable to assume that it reaches the area of 
maximum temperature. Longholes 1 and 4 may not reach the 
area of maximum temperature in their respective pillars; 
although at the time the field work was performed it was 
felt that the maximum temperature had probably been reached 
when the temperatures stopped increasing when going toward 
the back of the longhole. This uncertainty can be elimin
ated by drilling the longholes to the center of the pillar 
in each .case.

By applying the analytic one-dimensional heat flow
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model developed in the theoretical section it can be deter
mined if the depth of longholes 1 and 4 is sufficient. The 
model is described by the following equation;

T(x,t) =
2/oTt

+ (|-) at ^ , __
+ e - erf c(----  + ^ /cTt) ] (5)

2 Æ t  ^

Each of the terms used in this equation is described in the 
theoretical section. This model is valid for a finite pillar 
if no temperature change has reached the center of the pillar, 
If temperature change has occurred at the center of the 
pillar, a finite-difference technique should be used to 
accurately describe the temperature distribution.

In the application of the analytic model for the cases 
of LHl and LH4, the temperature of the rock 1 ft from the 
collar of the drill hole was used as the air temperature.
The reasoning for this simplification was that the air tem
perature history at the longhole locations was not known, 
and the rock temperature 1 ft from the boundary does not 
have any appreciable variation due to small fluctuations in 
the air temperature.

To predict whether the length of the longhole in ques
tion is sufficient to reach the area of virgin rock tempera
ture, it is necessary to apply the analytic model, subject to
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specific limitations due to pillar geometry and the estimated 
length of time since the creation of the opening. If the 
longhole is long enough, the temperature predicted by the 
analytic model at the estimated time will equal the experimental 
temperature at the back of the longhole. If the longhole is 
too short the temperature predicted by the analytic model will 
be lower than the experimental value at the back of the long
hole. In other words, the time elapsed has been enough that 
the temperature change has penetrated the rock to a depth 
greater than the length of the longhole.

Application of the analytic model requires a feeling 
for the rate of heat flow to the other entries bounding the 
pillar in order to tell if the longhole temperature distribu
tion has been affected by the other entries. Coal can be 
considered to be transversely isotropic; hence, the rate of 
heat flow from the pillar to the other entries bounding the 
pillar is the same as the rate of heat flow along the line of

the longhole assuming the transfer of heat to the air occurs 
at approximately the same rate in all the entries. This means 
that half the length of the pillar along the line of the 
longhole or the shortest distance between the line of the 
longhole and a side entry, whichever is shorter, is the 
maximum depth to which the temperature change can penetrate 
if the analytic model is to be valid. During the drilling 
of the longholes an effort was made to locate them in the 
center of the pillars.
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Looking first at the case of LHl, the mine map (Fig.
46) shows the distance from the line of the longhole to the 
closest side entry to be about 50 ft. The pillar is infinite 
in the direction of the longhole; therefore, if the tempera
ture change has not penetrated more than 50 ft, the analytic 
model can be used. It was known that the mine opening at 
LHl had been in existence about 3 months when temperature 
measurements were made. Figure 72 shows plots of the experi
mental data and analytic values at a time of 4 months, a 
time which agrees reasonably well with the estimated age of 
the opening. A rock temperature of 44.2^F, the highest 
measured in LHl, and an air temperature of 32°F were used in 
the analytic model to generate the plots with other constants 
as shown on the graph. With the exception of the discrep
ancy between the experimental value and analytic value at a 
distance of 1 ft from the boundary, the 4 month analytic 
curve agrees fairly well with the experimental data; the 
greatest error being only 0.5^F. The analytic curve indi
cates the temperature change has penetrated only 17 ft, 
well within the 50 ft limit necessary for use of the analytic 
model, and shorter than the 21 ft measuring length of the 
borehole. Therefore, it is reasonable to conclude that 
44.2^F is the virgin strata temperature in this area of the 
mine and LHl was drilled to a sufficient depth.

For the case of LH4, the mine map (Fig. 46) shows the 
distance from the line of the longhole to the closest side
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entry to be about 30 ft. Half the length of the pillar
along the line of the longhole is nearly 40 ft. Therefore, if
the temperature change has not penetrated farther than 30 ft 
the analytic model can be used. It was known the mine opening 
at LH4 had been in existence about 6 months when temperature 
measurements were made. Figure 7 3 shows plots of the
experimental data and analytic values at times of 3 1/2 and
6 months. A rock temperature of 40.9°F, the highest measured 
in LH4, and an air temperature of 30.6^F were used in the 
analytic model to generate the plots with other constants as 
shown on the graph. The plot for 3 1/2 months agrees with the 
experimental results better than the curve for 6 months. This 
may be caused by incorrect values for the thermal constants. 
The samples from which the conductivity and diffusivity were 
obtained came from a location deeper in the mine than LH4, 
near LHl. The difference in the thermal constants could be a 
result of greater weathering nearer the outside of the mine. 
Whatever the cause, the result is to retard the speed the 
temperature change progresses in the pillar along the long
hole. The curve for 3 1/2 months shows the temperature change 
has only penetrated to a depth of 15 ft and the curve for 6 
months shows the change has penetrated to a depth of 19 ft. 
Both distances are well within the 30 ft limit necessary for 
use of the analytic model and shorter than the 21 ft measur
ing length of the borehole. Therefore, the virgin strata



T 1403 141

CM

OCMI—I
ro VD

00■H

C D •H I— II—I

C D ■H•H•H O
I— I

•H

ro ■HI—IiH
CM œ  -HiH
rH }-| rH M-)

O
iH

ro00

•H
vo

m

ro

CM

ck>
CMrHro (N o 00 in ro Oro ro ro ro ro ro ro ro ro ro



T 1403 142

temperature in this area of the mine is 40.9 F and LH4 was 
drilled to a sufficient depth.

Figures 74, 75, and 76 show experimental and analytical 
plots for LH2, LH3, and LH5, respectively. All the analyti
cal plots were developed in the same manner as those for 
LHl and LH4, subject to the same limitations. Two analytic 
curves for plotted for LH5 as was the case for LH4.

Table

Longhole
LHl
LH2
LH3
LH4
LH5

Comparison of Estimated Age of Pillars Where 
Longholes are Located and Age Predicted by 
Best Fitting Analytic Curve.

Estimated Age at 
Time Measurements 
Were Taken

3 mo.
3 mo.
3 mo.
7 m o .

10 mo.

Age Predicted by 
Best Fitting 
Analytic Curve

4 mo.
3 mo.
3 mo.
3 1/2 mo.
7 mo.

Table 5 shows the estimated age of the pillar where 
each longhole is located and the time used for the analytic 
curve that best fits the experimental data. For LHl, LH2, and 
LH3 the estimated age and the time used for the best fitting 
curve agrees within one month. For LH4 and LH5 a discrepancy
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of between 2 1/2 and 3 months exists between the estimated 
age and the time used for the best fitting curve. The 
probable cause for this discrepancy is a change in the values 
of the thermal constants in this area of the mine; thereby 
retarding the speed at which the temperature change progresses 
in the pillar.

Table 4 shows that the maximum temperature or virgin 
rock temperature varies 4.5*^F between LHl and LH5. This 
variation can have two causes: (1) the length of time the
pillar has been exposed to ventilation, and (2) a natural 
temperature gradient existing in the ground before the mine 
opening was created. The temperature distribution in a pillar 
can be a result of either one or both of these causes.

To determine if the variation in virgin rock tempera
tures between each longhole was caused by the length of time 
the respective pillars were exposed to ventilation, the 
analytic model can be applied to find if the temperature 
change has had sufficient time to reach the center of the 
pillar. It has already been shown that the maximum depth 
of penetration of the temperature change in LHl and LH4 was 
only 17 ft and 19 ft, respectively; both distances being 
shorter than the distance to the center of their respective 
pillars. Because the maximum depth of penetration of the 
temperature change is less than the 21 ft measuring length 
of LHl and LH4, it follows that the length of time the 
pillars containing the longholes have been exposed to ventila-
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tion is less than the length of time required for the tempera
ture change to reach the back of each longhole. Therefore, 
the maximum rock temperature in the back of LHl and LH4 had
not yet been affected by the exposure of the pillar to ven
tilation at the time the measurements were made.

For LH2 the center of the pillar is about 15 ft from 
the collar. The temperature change cannot have penetrated
to this depth if the maximum temperature in the center is
really the virgin strata temperature in this area of the 
mine. Because LH2 is drilled 6 ft past the center of the 
pillar, the opportunity exists to verify the assumption used 
earlier that heat transfer occurs at approximately the same 
rate on both sides of the pillar. Using 15 ft as the center 
of the pillar. Fig. 74 shows the temperature distribution to 
be nearly symmetric for 6 ft on either side of the center.
For this reason, it appears that heat transfer occurs at the 
same rate on either side of the pillar and therefore, the 
assumption is valid. The estimated age of the opening at 
LH2 at the time measurements were made was 3 months. 
Application of the analytic model with values as shown on 
Fig. 74 at a time of 3 months gives a plot that matches 
closely the experimental data. It is also apparent that the 
3 month time is not sufficient for the temperature change to 
reach the center of the pillar. Therefore, the maximum rock 
temperature at the center of the pillar had not yet been 
affected by the exposure of the pillar to ventilation at the 
time the measurements were made.
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For LH3 the limiting distance is the result of the prox
imity of the longhole to the left side of the pillar (viewed 
facing the longhole) and is about 15 ft. The estimated 
age of the opening at LH3 at the time measurements were made 
was about 3 months. Application of the analytic model with 
values as shown on Fig. 75 at a time of 3 months gives a 
plot that matches closely the experimental data to a depth 
of 15 ft. The plot also shows the 3 month time is not suf
ficient for the temperature change to reach 15 ft into the 
pillar. Therefore, the maximum rock temperature in the 
pillar had not yet been affected by the exposure of the 
pillar to ventilation at the time the measurements were made.

For LH5 the 21-ft measuring distance reaches the center 
of the pillar. The estimated age of the opening at LH5 at 
the time measurements were made was about 10 months. 
Application of the analytic model with values as shown on 
Fig. 76 at a time of 10 months gives a plot that does not 
match the experimental data very well. Changing the time in 
the model to 7 months gives a plot that agrees better with 
the experimental data. Both analytic plots reveal a tempera
ture that is lower than the experimental data at the center 
of the pillar which indicates the temperature change has 
reached the center. Therefore, the maximum rock temperature 
at the center of the pillar has been affected by exposure to 
ventilation and is not the virgin rock temperature in this 
area of the mine. The effect of this exposure is to reduce
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the maximum temperature measured in LH5 from the virgin rock 
temperature.

Because LHl, LH2, LH3, and LH4 reach the virgin rock 
temperature in their respective areas of the mine, it can 
be seen that a natural temperature gradient existed in the 
ground before the mine was created. Figure 77 shows the 
maximum temperature measured in each of these 4 longholes 
plotted against the slope distance from the contour line 
representing the hillside. LH5 was not included because the 
virgin rock temperature was not measureable there. The plot 
reveals the temperature gradient is not a straight line, but 
rather, it is a more complicated relationship. Complicating 
factors that may cause this are 1) Depth of cover; 2) pres
ence of erosional features such as small stream valleys 
located in the cover; 3) variation of thermal constants with 
depth in both the coal and the covering material; and 4) the 
effect of stripping the hillside back to obtain room for the 
mine buildings. These factors make it quite difficult to 
predict the natural temperature gradient before the area of 
interest is actually mined.
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Fig. 77 . Maximum temperature in each longhole plotted 
against the slope distance from the hillside.

Air Flow Measurements
The air quantity was measured at 5 places in the return 

for use in determining the convection coefficient. Measure
ments were made with a vane anemometer using a continuous 
traverse technique.

No measurements were made in the intakes because the 
velocity was too low to be measured with the particular 
anemometer available. Measurements in the intake would ha\e 
been further complicated because the quantity of air varied 
in different areas depending on which brattice curtains were 
opened or closed. This would have made an average air flow 
difficult to determine.
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Table 6 shows the average velocity, area, and quantity 
of air measured at each of the temperature measuring stations 
where air measurements were made. The area was planimetered 
from the computer drawings of the mine opening (Fig. 52 
through 71 ) . From the area and the average velocity, the 
quantity was determined using the relationship:

where
Q = Quantity

V = Average velocity a vg ^
A = Cross sectional area where V was measureda vg

Table 6 . Average air velocity, area of opening, and 
quantity of air at stations where velocity 
measurements were made.

Station
Number

Average Air 
Velocity 
( ft/min)

Cross Sectional 
Area 
(ft2)

Air 
Quantity 
( f t^/min)

1 243 160 38,900
2 272 143 38,900
3 289 139 40,200

10 223 141 31,400
11 191 144 27,500

Average of all tests = 244 ft/min.
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Experimental Determination of Thermal Constants 
The thermal conductivity and thermal diffusivity were 

determined in a laboratory test set up in the Chemical and 
Petroleum Refining Engineering Department of the Colorado 
School of Mines. This test was designed to use the "hot
wire" or transient line source method described in the 
theoretical section. The surface convection coefficient was 
determined from data obtained in the field experimental 
program.

Laboratory Determination of Thermal Conductivity and Thermal 
Diffusivity

This section describes the sample preparation and experi
mental equipment, the experimental procedure, the calcula
tions required to determine the thermal conductivity and 
thermal diffusivity, and the results of these tests. The 
test for conductivity is essentially the same as the one 
described by Gist (18), and the test for diffusivity is sim
ilar to the one described by Badzioch, Gregory, and Field (3). 

Sample Preparation and Experimental Equipment 
The samples of coal and shale roof rock were obtained 

from locations near station 12 and station 16, respectively. 
Two 4-in. diameter cores, approximately 4 in. long, of coal 
and shale were obtained from each sample. The coal was cored 
using air as a flushing medium and the shale was cored using 
water. Two holes were drilled in each specimen; one of 1/8-in.
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diameter near the center, and the other of 1/16-in. diameter 
about 0.75 in. from the first hole (Fig. 78). The larger 
hole, into which a probe made up of heater wire surrounding 
a thermocouple was inserted, was drilled with a carbide 
tipped masonry bit to which a 3-in. extension had been silver 
soldered. The smaller hole, into which only a thermocouple 
was placed, was drilled with a long-shanked high-speed drill 
bit which required frequent sharpening. The coal samples 
drilled quickly and easily, but the shale samples required 
more time and patience to drill.

The heater and thermocouple probe (Fig. 79) is made up 
of 32 gauge nichrome wire for the heater and 26 gauge copper- 
constantan wire for the thermocouple. To electrically insulate 
the thermocouple from the heater wire, the thermocouple is 
butt welded, placed inside a 1/16 in. ID glass tube, and a 
liquid plastic-epoxy mixture is drawn up inside. After the 
plastic is hard, the glass tube can be broken away and the 
thermocouple is left surrounded with the plastic coating. At 
this point the nichrome heater wire is wrapped around the 
thermocouple. Finally, the probe is inserted into the large 
hole in the sample and the small space between the probe and 
the ID of the hole is filled with liquid plastic epoxy to 
achieve good contact between the probe and the specimen.

A butt welded 26 gauge copper-constantan thermocouple 
is inserted in the small hole in the sample for diffusivity 
measurements. Both filling the hole with plastic epoxy and 
leaving the air space between the thermocouple and the ID of
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Figure 78. Section of coal sample showing location of the 
heater and diffusivity measuring thermocouple.
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the hole were tried with no apparent difference in results. 
Therefore, it is not necessary to fill the air space in this 
hole to achieve satisfactory diffusivity measurements. The 
length to diameter ratio of this probe is 32:1, which is just 
within the minimum ratio of 30:1 discussed in the theoretical 
section.

Each of the 4 samples was prepared in the manner just 
described before any testing was performed.

The equipment used to perform the experiment was (1) an 
oven; (2) two Honeywell Model 333 digital read-out multi
meters, one used as an ammeter, the other as a voltmeter;
(3) a DC power supply with a standard resistance for stabil
ization; and (4) a Honeywell Electronik 19 4 two-channel chart 
recorder. Figure 80 shows the schematic for the experiment. 
Figure 81 shows the actual experimental set-up.

The oven or natural convection electric furnace was 
used only as a chamber to keep specimen temperatures con
stant during each test. It can also be used to determine 
the conductivity of specimens at elevated temperatures, but 
this was not necessary as the actual temperature of the coal 
and roof rock in the field was between 25°F and 45°F. It may 
be desirable to refrigerate the samples to actual field tem
peratures if the conductivity of the material is temperature 
dependent.

The first Honeywell Model 333 digital read-out multi
meter used as an ammeter was set on the 1 amp DC full-scale
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Figure 80. Schematic diagram for thermal conductivity and 
thermal diffusivity measuring experiments.
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setting which has an error of io.OOl amps. The other multi
meter, used as a voltmeter was set on the 10 volt DC full-
scale setting which has an error of t o . O l  volts.

The DC power supply has a capacity of 1.5 amps with 
current fluctuations of iO.OOl amps. A standard resistance 
selected to match the resistance of the nichrome heater wire 
in the probes is connected in series with the ammeter for
stabilization of the power supply before the current is

switched to the heater located in the desired sample.
A 2-channel Honeywell Electronik chart recorder 

equipped with a very sensitive low range of 0.1 mv for full 
scale deflection was used to record the temperature rise, 
or increase in electrical potential, as a function of time.
With this recorder it is easily possible to read the charts 
to 10.0005 m v . The recorder was calibrated against a 
standard potentiometer and found to have an error of 10.0002 mv 
A zero adjustment is included which permits subtracting a 
fixed value from the thermocouple output. This adjustment 
allows the thermocouple output to be displayed on the 0.1 mv 
scale even though the actual output is higher. This capabil
ity prevents the initial heat-up of the heater and thermo
couple probe from driving the recording pen off scale. The 
portion of the curve indicating the rate of temperature 
increase in the specimen itself is all that is necessary to 
record. The recorder also has an adjustable chart speed.
For all experiments this was set to 1 inch per minute.
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Experimental Procedure
Four samples are placed in the oven and allowed to remain 

there at least 12 hours so they are all at the same ambient 
temperature. It is important that all samples are at the 
same initial temperature because the cold reference junctions 
are merely the thermocouples in one of the other samples.
In this way the temperature rise is determined rather than 
the absolute temperature. This reduces the magnitude of the 
signal and permits the 0.1 mv range of the chart recorder 
to be utilized.

After the samples have stabilized at the initial tem
perature, the testing was performed as follows:

1) The power supply is turned on and the current is 
adjusted to about 0.4 amps through the standard resistance. 
About 30 minutes is allowed for the power supply to 
stabilize. The chart recorder is turned on about 30 minutes 
before the test begins to allow the amplifiers to stabilize.

2) Wires to the power supply switch are connected to 
the sample and the voltmeter is hooked across the heater to 
measure the voltage drop.

3) Both thermocouples in the sample to be tested are 
connected to the corresponding thermocouples in another 
sample which acts as the cold reference junction. The 
thermocouples are hooked up constantan to constantan and 
the copper wires from each pair of junctions are hooked to 
the chart recorder.
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4) The chart drive on the chart recorder is turned on and 
when a convenient scale mark comes beneath the pens the power 
supply output is switched from the standard resistance to the 
heater in the test sample. The voltage and amperage are noted 
and an effort is made to keep them near constant values 
throughout the test.

5) After ten minutes of recording, the experiment is 
complete for one sample.

6) The test is repeated for each sample always using, for 
the cold reference junctions, a sample that has not been 
tested. By the time the last sample is to be tested, the 
first sample is cooled enough to use it for a reference 
junction. Generally, a set of tests was performed in the 
morning of each day and another set of tests on the same 
samples was performed later during the afternoon.

Calculation of Thermal Conductivity and Thermal
Diffusivity
The calculations involve replotting the chart informa

tion on a semi-log plot, converting the charted output from 
millivolts to degrees Fahrenheit, and substituting the data 
into the appropriate equations developed in the theoretical 
section.

The chart output is replotted on semi-log paper with 
temperature rise as a function of the natural log of the 
time. This results in a plot with a non-linear first por-
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tion, caused by the probe materials heating curve, and a 
linear second portion, which is caused by the sample itself 
heating. Any two points on the straight line portion of the 
semi-log plot can be used to calculate the temperature rise.
It should be noted that the replotting of the chart data on 
semi-log paper is actually millivolts vs. log time, not 
temperature vs. log time.

Conversion of millivolts to temperature rise is per
formed as follows;

1) Two points on the straight-line portion of the semi
log plot were selected; in practice, generally these points 
were selected at times of 2 minutes and 8 minutes.

2) From the 'Thermocouple-Temperature-Millivolt Tables' 
published by the Thermoelectric Co., Inc., Saddle Brook, New 
Jersey, 196 7, the conversion from millivolts to degrees 
Fahrenheit can be obtained for the temperature range exper
ienced by the samples. During actual laboratory tests this 
temperature range varied between 75°F and 85°F, which gives 
a conversion factor of 0.023 mv/°F. Therefore, the tempera
ture rise can be calculated as follows:

"̂ 2 "̂ 1 0.023 mv/°F ^
where

T^-T^ = temperature rise in °F between the two selected 
points from the straight line portion of the 
semi-log plot.
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A m  = difference in millivolts between the two
selected points from the straight line por
tion of the semi-log plot.

Inserting the experimental values in the equation for 
conductivity developed in the theoretical section will give 
the conductivity directly. Then

where K = thermal conductivity in BTU/ft-hr-°F 
and the experimentally determined quantities are 

I = the measured amperage,
V = the measured voltage,
L = length of the heating probe in feet,
t^ = elapsed time to the first point selected on the 

straight line portion of the semi-log plot of 
millivolts vs. time,

t2 = elapsed time to the second point selected on
the straight line portion of the semi-log plot
of millivolts vs. time, and

Tg-T^ = temperature difference calculated by Eq. 89 
between the two selected points on the semi-log 
plot of millivolts vs. time.

By utilizing a table for the negative exponential integral,
the thermal diffusivity can be found from experimental data.
It was shown in the theoretical section that
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_ , 47rKL(T^,_T(^)
3.4144 IV ^24)

where
-E^ = the negative exponential integral,

= temperature after an elapsed time of t at the diffu
sivity measuring thermocouple in °F,

Tq = original temperature of specimen at time t = 0 in °F,
R = distance from line source to diffusivity measuring 

thermocouple in feet,
t^ = elapsed time until temperature is measured, 

in hours,
a = thermal diffusivity in BTU/hr-ft-°F, 

and the other symbols are as defined earlier.
From a table listing values of the negative exponential 

integral, a value for the argument may be obtained. Denoting 
this argument by the symbol A, the thermal diffusivity is 
found using the following relationship:

“ = 4 X ^ 0 1  ‘26)
In practice, the thermal diffusivity was calculated at 

three different elapsed times for each test. The average 
of the three values was used as the thermal diffusivity for 
that particular test.

The value for T^ was always zero due to the cold junc
tion being at ambient temperature. The elapsed time was always 
calculated from the time the switch was turned on to the heater 
probe.
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Results of Thermal Conductivity and Thermal Diffusivity
Tests
The testing was performed on two roof rock samples and 

two coal samples. It was felt that this number of samples 
would provide sufficient information for the theoretical 
heat flow models as well as provide some experience with the 
test equipment and procedure. Later it would be useful to 
make measurements on a greater number of samples to find 
values of thermal constants in many areas of a mine. It is 
likely that the constants will vary from place to place in a 
mine, perhaps with depth of cover, etc.

The results are presented in Tables 7, 8 , 9, and 10 which 
include the experimentally measured parameters. The values 
^Dl' ^D2 ' the tables are elapsed times in minutes
for each of the three diffusivity calculations. Each of 
these times must be converted to hours for calculation of 
the thermal diffusivity using Eg. 26. The temperature rises 
corresponding to these times are T^^, Tq2 ' "̂ D3 * ^he
thermal constants used in the theoretical models are simply 
an average of all the tests on the shale samples and an 
average of all the tests on the coal samples. These values 
are :

Shale
K = 1.0957avg
a = 0.0239avg
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Coal
K = 0.1267avg
a =0.00567avg

The values for conductivity and diffusivity obtained in 
the experimental work agree favorably with results published 
by other authors as shown in Table 11. When making a com
parison of this type, it is important to keep in mind that 
the properties of rocks and coal are quite variable between 
different locations and that geologic descriptions of the 
rock types are rather general. Thus, the term "shale" 
includes many rocks with somewhat different physical proper
ties. The comparison in Table 11 is only intended to show 
that the values for conductivity and diffusivity obtained in 
tests at the Colorado School of Mines, are reasonable values 
for coal and coal measure rocks.

Calculation of the Surface Convection Coefficient
It was shown in the theoretical section that the aver

age surface convection coefficient can be found with the 
following equation:

^ 0 . 023 Re^'^Pr^'^^^Kf / v,=   '27)

where
h^ is the average surface convection coefficient.
Re is the Reynolds number of the fluid,
Pr is the Prandtl number of the fluid,
Kf is the thermal conductivity of the fluid 

and is the hydraulic diameter of the duct or opening.
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Table 11. Comparison of Thermal Conductivity and Thermal Dif
fusivity Results.

^avg
BTU

Rock Type Hr-Ft-°F

Range of 
K

BTU
Hr-Ft-°F

aavg
Ft^
Hr

Range of 
a
Ft^
Hr Researcher

Shale 1.0957 0.9279-1.3789 0.0239 0.0195-0.290 Colo. School
of Mines

Shale 0.99 0.70 -1.49 0.0512 0.0467-0.0573 Hitchcock &
Jones

Mudstone 1.1 0.035 Sherratt 
(June 1967)

Coal 0.1267 0.1223-0.1317 0.00567 0.0051-0.0064 Colo. School
of Mines

Coal 0.1596 0.1330-0.1935 0.0062 0.0039-0.0078 Badzioch,
Gregory & 
Field



T 1403 170

The Prandtl number of the fluid and the thermal conduc
tivity of the fluid, in this case air, can be found in tables
in Kreith (38), which give 0.72 for the Prandtl number at 32°F
and 0.0140 Btu/Hr-Ft-^F for the thermal conductivity at 32^F. 
The air temperature in the mine was near 32°F during most of 
the field work.

The hydraulic diameter of the mine opening and the 
Reynolds number of the fluid must be calculated from field 
data. The hydraulic diameter was defined in the theoretical 
section as:

= 4 (26)

where is the hydraulic diameter,
A is the cross-sectional area of the opening,

and Wp is the wetted perimeter of the opening.
For the No. 4 Mine of Mid-Continent Coal and Coke Co., the 
approximate dimensions of the openings are 7 ft by 20 ft.
These dimensions give a cross-sectional area of 140 ft and 
a wetted perimeter of 54 ft. Substituting these values into 
Eq. (36) gives a value for the hydraulic diameter of 

= 10.38 ft.
The Reynolds number was defined in the theoretical section as: 

VD
Re = — j- (28)

where Re is the Reynolds number,
V is the fluid velocity,
V is the kinematic viscosity of the fluid, 

and is the hydraulic diameter.
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The kinematic viscosity can be found in a table. Kreith (38) 
gives a value of 0.145 x 10  ̂ ft^/sec for the kinematic 
viscosity of air at 32°F. The average air velocity measured 
in the No. 4 mine was 244 ft/min. Substituting these values 
and the values obtained for the hydraulic diameter in Eq.
(2 8) gives:

Re = 2.90 X 10^.
Substituting the Reynolds number, the Prandtl number, 

the thermal conductivity of the fluid, and the hydraulic 
diameter of the mine opening into Eq. (37) gives

h = 0.651 Btu/hr-ft^-^F c
which is the average surface convection coefficient used in 
the theoretical models.
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CONCLUSIONS

The following remarks can be made based on the theoret
ical and experimental work.

1. The steady state analytic model and the non-steady 
state finite-difference model show that currently available 
surface temperature-measuring instruments, able to measure 
differences as small as 0 .l^F, can detect cracks in the roof 
rock, but cannot detect cracks in coal. The surface tempera
ture measuring technique can be expected to work in the many 
coal mines that have shale or sandstone roofs and in most 
hard rock mines. There is little hope of this method ever 
being able to detect cracks in coal pillars or in the roof
of mines leaving very much top coal.

2. Based on work with the finite-difference model, it 
would be expected that as the heat transfer process approaches 
the steady state, the maximum surface temperature difference 
should occur. As the ventilating air circulates through a 
large mine, it tends to approach an equilibrium temperature 
with the rock, thereby lowering the driving potential and 
hence the surface temperature difference. This problem can 
prevent the success of the infrared technique in some mines 
even though a favorable near steady state situation exists.

The discrepancy between surface temperature differences 
predicted by the steady state model and the finite-difference 
model for materials with the same thermal constants may be



T 1403 173

caused by the somewhat arbitrary selection of the distance 
to the virgin rock temperature in the steady state model.
This distance has a marked effect on the temperature differ
ence predicted.

3. The values obtained for the thermal conductivity and 
thermal diffusivity for the rock and coal from the No. 4 
mine are in good agreement with values published by others 
for similar materials (see Tables 2 and 11). The experimental 
procedure presented for determination of the thermal con
stants is not difficult to set up and perform. The calcula
tions are fairly time consuming to do by hand, but they do 
lend themselves to a computer solution using the IBM library 
program for solution of the negative exponential integral.

4. A thermocouple borehole temperature measuring system 
worked very well for measurements in both 6 ft boreholes and 
longholes. The system is quick and easy to use, is rugged 
enough for field use, and was issued a permit for use in 
gassy mines by the U.S.B.M. Intrinsic Safety Determinations 
Division,

5. The isotherms around the mine opening, or temperature 
profiles (Figs. 52-71) obtained from 6 ft borehole data in 
the No. 4 mine, show an increasing temperature trend with 
distance into the mine in both the intake and return. A 
one-dimensional heat flow model appears to describe the heat 
transfer well with the exception of the corners of the 
opening.
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6 . The most useful field data was obtained from the 
longholes. The virgin rock temperature could be obtained from 
these measurements and a temperature gradient existing before 
mining was confirmed. The longhole temperature data compared 
very favorably with temperatures predicted by the analytic 
one-dimensional non-steady state heat flow model. The esti
mated age of the opening was used for this comparison.

7. The finite-difference model is a versatile tool for 
predicting the success or failure of infrared surface tem
perature measuring instruments for locating cracks or 
separations in mine roofs or pillars. It can be modified
to represent most imaginable cracking situations. All that 
is needed from the field is the virgin rock temperature 
from longholes in different areas of the mine; samples of the 
rock material for determination of thermal constants from 
areas near the longholes; and measurement of air temperature, 
air velocity, and opening size at the location of each long- 
hole. These measurements need only be made in those areas 
of a particular mine where the use of the infrared technique 
is proposed.
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APPENDIX A

Correction Factor for Field Temperature Data

The calibration of the potentiometer should be checked in 
the field. This was particularly necessary at the Mid-Continent 
Coal Co. No. 4 mine because the ambient temperature was below 
the 40°F minimum specified by Honeywell for the potentiometer 
being used. In all field work it is good practice to check the 
calibration of the instrument with the conditions of temperature
and humidity prevailing in the mine.

The temperature compensated cold junction and the standard 
cell in the Honeywell Rubicon potentiometer were designed for 
operation at temperatures above 40°F. At ambient temperatures 
below 40°F an error in the temperature indicated by the poten
tiometer can be caused by a decrease in output of the standard 
cell and by the inability of the cold junction to compensate 
sufficiently for the lower temperature. In the No. 4 mine, the 
air temperature in the insulated container holding the poten
tiometer remained near 32^F during the entire data collection 
time. Therefore, an ambient temperature of 32°F was selected 
as the new calibration temperature for the potentiometer.

The calibration technique is relatively simple to use in a 
mine. A thermocouple is taped to the bulb of a mercury in glass 
thermometer. The thermometer and thermocouple are submerged in 
a can of warm water. While stirring the water vigorously with 
the thermometer, the temperatures measured by both the thermo-
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couple and thermometer are simultaneously noted. A small piece 
of ice is then added and stirring continues until the ice has 
melted. The temperatures are again simultaneously noted. This 
process of adding ice and recording temperatures is repeated 
until the ice point is reached. The can is refilled with warm 
water and then cooled to the ice point enough times that the 
correction factor can be accurately determined.

The mercury in glass thermometer used in the field was 
graduated from -1 to 50°C in 0.1°C increments. It would have 
been simpler from the standpoint of calculations to have a 
thermometer calibrated in the same scale as the potentiometer, 
but none was available. The thermometer used was checked at 
the ice point to make certain its calibration was correct.

The correction factor was obtained by taking an arithmetic 
average of the difference between the correct temperature and 
the temperature read on the potentiometer.

CF = T?rue ~ ^pot
CF = ^Avg N

where
CF = Correction factor at a specific measured temperature
CF^ = Average value of the correction factor Avg ^
^True ~ True temperature measured by the mercury in glass 

thermometer (converted to °F)
Tp^^ = Temperature indicated by the potentiometer
N = Number of pairs of temperatures noted
Table A1 shows the field measurements and the correction 

factors obtained during the calibration test at the No. 4 mine.
A statistical analysis was performed to determine how well the

182
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! Al. Data and Correction Factors from Cali]

^Pot TTrue TTrue CF
(°F) (OC) (OF) (°F)
37.0 2.00 35.6 -1.4
35.3 1.00 33.8 -1.5
34.4 0.50 32.9 -1.5
34.2 0.40 32.7 -1.5
34.0 0.25 32.5 -1.5
33.9 0.15 32.3 -1.6
34.0 0.30 32.5 -1.5
48.4 8.90 47.1 -1.3
47.7 8.00 46.4 -1.3
45.9 7.00 44.6 -1.3
43.7 5.75 42.3 -1.4
41.6 4.50 40.1 -1.5
40.6 4.00 39.2 — 1.4
39.6 3.50 38.3 -1.3
39.3 3.30 37.9 -1.4
38.8 3.00 37.4 -1.4
38.0 2.50 36.5 -1.5
37.4 2.20 36.0 — 1.4
37.1 2.00 35.6 -1.5
36.2 1.50 34.7 -1.5
36.0 1.40 34.5 -1.5
35.5 1.15 34.1 -1.4
35.1 0.90 33.6 -1.5
34.8 0.75 33.4 -1.4
34.5 0.50 33.0 -1.5
34.3 0.45 32.8 -1.5
34.1 0.40 32.7 -1.4
33.8 0.20 32.4 — 1.4
33.7 0.12 32.2 -1.5
33.5 0.00 32.0 -1.5
70.8 20.70 69.3 -1.5
66.5 20.00 68.0 -1.5
60.7 15.20 59.4 -1.3
60.1 14.80 58.6 -1.5
53.0 11.00 51.8 -1.2
51.4 10.00 50.0 -1.4
49.5 9.00 48.2 -1.3
49.3 8.90 48.0 -1.3
48.9 8.75 47.7 -1.2
45.8 6.90 44.4 -1.4
44.3 6.00 42.8 -1.5
43.1 5.40 41.7 -1.4
42.2 4.90 40.8 -1.4
41.9 4.68 40.4 -1.5
41.6 4.50 40.1 -1.5
41.2 4.25 39.7 -1.5
41.1 4.20 39.6 -1.5
40.3 3.80 38.9 -1.4
39.6 3.45 38.2 -1.4
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Table Al. (Continued)
TPot TTrue TTrue CF
(OF) (OC) (OF) (OF)
39.7 3.50 38.3 -1.4
38.8 3.00 37.4 -1.4
37.1 2.00 35.6 -1.5
36.5 1.65 35.0 -1.5
36.2 1.50 34.7 -1.5
35.3 1.00 33.8 -1.5
34.0 0.30 32.5 -1.5
33.8 0.15 32.3 -1.5
33.5 0.00 32.0 -1.5
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values for CF fit a normal distribution. The results are: 
Arithmetic Average = -1.436 
Standard Deviation = 0.632 
Standard Deviation of the Mean = 0.083 
Accuracy at 95% Confidence Interval = 11.6%
Therefore, CF^^^ = -1.436 t 0.166°F. Rounding CF^^^ to one 

decimal place because the temperatures are only known to one 
decimal place
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APPENDIX B
Thermocouple Concepts

Figure B-1 shows a simple thermocouple circuit. Wires 
of two different metals. Metal A and Metal B, form an 
electric circuit. If the junctions of these two metals, 
points 1 and 2, are at different temperatures an electro
motive force (emf) will exist in the circuit. Baker et al 
( 4 ) . The magnitude of the emf depends on the metals used, 
the temperature difference between points 1 and 2, and the 
absolute temperatures of points 1 and 2. A measuring 
instrument in the circuit, such as a galvanometer, will give 
the magnitude of the force and hence the temperature dif
ference between the two junctions.

Metal A
GALV

1

Metal B

Figure B-1. Simple Thermocouple Circuit.

Temperature-millivolt tables have been compiled for 
several different metal combinations. Among these com
binations are copper-constantan, iron-constantan, chromel- 
alumel, chromel-constantan, platinum-rhodium, and platinum,
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The conductor with the positive polarity is listed first.
The most common combination for temperatures in the range 
from -300^F to 700^F is copper-constantan. Baker et al ( 4 ), 
Constantan is an alloy of 60 percent copper with 40 percent 
nickel.

In order to measure temperatures with a thermocouple 
system it is necessary to know the temperature at one junc
tion. This junction with a known temperature is called the 
"cold" or reference junction; the other is called the "hot" 
junction. For moderate temperatures the ice point is gener
ally used as a reference temperature. The reference junc
tion is immersed in a mixture of pure water and pure cracked 
ice. By measuring the emf and referring to temperature- 
millivolt tables for the appropriate thermocouple metals, 
the temperature of the "hot" junction can be found. It 
should be pointed out that the "hot" junction does not have 
to be warmer than the reference junction. If it is colder 
a negative emf will result. Many commercially available 
thermocouple temperature measuring systems do not use an 
ice point for the reference junction, but rather a tempera
ture compensated cold junction. These are internal elec
trical devices that need no attention during use and elim
inate the obvious problems of setting up an ice point under 
difficult field conditions.

Several potential sources of error are present in every 
thermocouple circuit. Three of the sources are: 1) Use of
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wire whose thermoelectric properties are non-homogeneous,
2) Introduction of additional thermoelectric junctions, and
3) voltaic effects.

Baker et al (4 ) state the law of intermediate tempera
tures as: "If the materials, A and B, in Fig. B1 are uni
form throughout in their thermoelectric properties, the 
thermoelectric emf is dependent solely on the junction 
temperatures." Commercially available thermocouple wire 
is homogeneous enough that this condition can be met. If 
wires are used that are not thermocouple grade, it is pos
sible that an error could result.

Whenever measuring instruments, switches, splices, or 
connectors are located in a thermocouple circuit, additional 
junctions are introduced. Circuits through measuring 
instruments are almost always made up of several metals. 
Soldering wires into switches and connectors also forms 
additional junctions. Additional junctions can be avoided 
at splices by fusing the wires rather than soldering them. 
Baker et al ( 4) state the law of intermediate metals as :
"If in any circuit of solid conductors the temperature is 
uniform from any point P through all the conducting matter 
to a point Q, the thermoelectric emf in the circuit is the 
same as if P and Q were put in contact." This means that 
if each individual component in the circuit, measuring in
strument, switches, etc., is kept at a constant temperature 
throughout, the thermoelectric emf is a result only of the
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temperature difference between the measuring junctions 
(1 and 2 in Fig. Bl). Constant temperature can be attained 
in each component through the use of insulation even under 
difficult field conditions.

Voltaic effects can be caused by the presence of water 
combined with a leak in the insulation. If the insulation 
is defective and exposes both conductors to mineral laden 
water, a voltaic cell can be set into operation. Voltaic 
cells can be caused by the inadvertent use of acid core 
solder or acid flux at junctions or at switches and con
nectors. The emf produced by these cells can be of the 
order of 1.0 volt while thermoelectric emf's are measured in 
the micro or milli-volt range. Therefore, it is important 
to eliminate the possibility of a voltaic cell. The fol
lowing precautions will minimize the possibility of voltaic 
effects; 1) Make every effort to measure temperatures where 
dry conditions exist, 2) Make certain the insulation on the 
thermocouple wires is protected from abrasion and cuts if 
the measurements must be made under wet conditions, 3)
Check for faults in the insulation frequently, 4) Make 
certain only rosin core solder and rosin flux are used for 
all soldered connections, and 5) Fuse connections and 
junctions instead of soldering them when possible.
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APPENDIX C
Projection of Field Temperature Data and Opening Geometry

Data to a Plane Perpendicular to the Apparent Dip
of the Mine Opening

In heat flow problems the flow direction at an isothermal 
boundary is generally assumed perpendicular to the boundary (38) 
The air-rock interface in a mine drift with forced ventilation 
can be considered an isothermal boundary for any cross section 
perpendicular to the apparent dip. If the temperature differ
ences in the direction parallel to the long axis of the mine 
opening are small the heat transfer in this direction can be 
neglected. Generally heat sources in a mine can also be neg
lected. Therefore, heat flow around the mine opening can be 
represented in a plane perpendicular to the apparent dip of 
the opening as shown in Fig. Cl. By projecting the field 
data to this new plotting plane, comparisons can be made 
between experimental temperature profiles with various dip 
angles as well as between experimental profiles and theoret
ically developed profiles.

Three types of calculations must be made to project tem
perature and opening geometry data to the new plane. These 
are: (1) Interpolation of temperature data to locate the
distance of each integer temperature value in each test hole;
(2) Calculation of the distance factor and corrected angle 
required to project the data to the new plane; and (3) Calcu
lation of coordinates in the new plane for (a) points locat
ing the drill holes and corners on the perimeter of the mine
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opening, and (b) locations of integer temperature values for 
each test hole.

Plotting plane

Figure Cl. Schematic of Mine Opening Showing Plotting Plane 
Perpendicular to Apparent Dip.

Interpolation
Integer value isothermal lines give a good picture of 

the temperature profiles for the range of temperature values 
obtained in the field. The desirable temperature spacing of 
isotherms will vary with the different data obtained at 
other mines. Higher temperature differences over the measur
ing distance will require isotherms spaced less frequently 
and lower temperature differences over the measuring distance 
will require isotherms spaced more frequently.

Location of integer temperature value isotherms is
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accomplished by linear interpolation of temperatures between 
the two thermocouples where an isotherm is located. Iso
therms between thermocouples 1 and 2 are not calculated due 
to the inaccuracy of the surface temperature measured by 
thermocouple 1. When heat flow occurs in the non-steady 
state, the linear interpolation is not exact. As time 
increases, linear interpolation becomes more accurate, even
tually becoming the exact solution when the steady state is 
reached.

Figures C2, C3, and C4 are distance-temperature plots 
for the roof shale at times of 1 hr, 24 hr, and 720 hrs (30 
days), respectively, after creation of the opening. Figures 
C5, C6, and C7 are the corresponding distance-temperature 
plots for the coal. The equation used to generate these 
plots is:

^Air (^Rock ^Air) erf ^
2/It

+ . erfc (■■ ——  + h/ot )1 (5)
2/at J

Each of the terms used in this equation are described in the 
theoretical section. Values of constants used for the plots 
were :

For the roof shale:

?Air = 32°F
?Rock = 44°F
“Rock = 0-0239 ftVhr
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kRock = 1.0957 Btu/hr-ft- F 
= 0.651 Btu/hr-ft^-^F

For the coal:

?Air = 32 F 
?Rock =
“Rock = 0.00567 ftVhr 
kRock = 0.126 7 Btu/hr-ft-°F 
h^ = 0.651 Btu/hr-ft^-^F

The dotted lines in Figures C2, C3, C4, C5^ C6, and C7 
represent the theoretical curve. The solid lines are the 
linear interpolation lines connecting data points represent
ing the thermocouple locations on the probe. For field work 
the thermocouple spacing was 0.5 ft.

Table Cl - Interpolation Error Introduced by Linear Inter
polation.

Time Since 
Creation of 
Opening

1 hr 
24 hrs 

720 hrs

Maximum Error in 
Isotherm Placement 
for Roof Shale

0.175 ft 
0.06 ft 
0.00 ft

Maximum Error in 
Isotherm Placement 
 for Coal______

0.30 ft 
0.08 ft 
0.00 ft

Table Cl shows maximum errors in isotherm placement at 
three different times. This information was obtained by 
inspection of Figures C2, C3, C4, C53 C6 , and C7. The linear 
interpolation lines represent the theoretical curves more
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Time = 1 Hr •

Tr = 44°F

= 32°F

= 1.0957 Btu/hr-f t-°F

“r  = 0.0239 ft^/hr
h = c 0.651 Btu/hr-ft^-°F

44

Theoretical curve
G

Linear interpolation 
lines between data 
measuring points

0)u
s(duQ)
IEh

41 1 43 60 2 5

Figure C2
Distance, ft. 

Distance-temperature plot for shale at 1 hour.
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Time = 24 Hrs.

= 44°F

= 32°F

Kr = 1.095 7 Btu/hr-
0.0239 ft^/hr

he = 0.651 Btu/hr- 2 o.

44

42
o

Theoretical curve

Linear interpolation 
lines between data 
measuring points

40

39
0 1 2 3 4 65

Distance, ft
Figure C3. Distance-temperature plot for shale at 24 hours.
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42

30 days (720 hrs)Time
44"F
32 F41

= 1.09 57 Btu/hr-ft- F
0.0239 ft /hr

h = 0.6 51 Btu/hr-ft - F
40

39

O
380u

5fdu<D
IEh

36
Theoretical Curve

Linear interpolation 
lines between data 
measuring points35

34
643 5210

Distance, ft.
Figure C4. Distance-temperature plot for shale at 720 hours 

(30 days).
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Time = 1 Hr.

Tr = 44°F

= 32°F
0.1267 Btu/hr-ft-°F

“r 0.00567 ft^/hr
0.651 Btu/hr-ft^-°F

45

44

43

42
Theoretical curve

41
Linear interpolation 
lines between data 
measuring points

0)u
S 40(d5̂(Ü
e 39Q>54

38

37

36
0 1 2 3 4 65

Distance, ft.
Figure C5. Distance-temperature plot for coal at 1 hour.
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Em

0)U
+Jtdu<D
IE-*

Time = 24 Hr.

= 44°F

= 32°F

= 0.1267 Btu/hr-ft-^F

^R = 0.00567 ft^/hr

^c = 0.651 Btu/hr-ft^-°F
45

44

43

42

41
Theoretical curve

40
Linear interpolation 
lines between data 
measuring points39

38

37

36

35 41 2 3 60 5

Figure C6
Distance, ft 

Distance-temperature plot for coal at 24 hours.
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Time = 30 days (720 hrs)
T^ = 44^F

32"F
44

0.1267 Btu/hr-ft- F

0.00567 ft /hr
0.651 Btu/hr-ft - F42

41

40

39
o

Theoretical curve

Linear interpolation 
lines between data 
measuring points

35

34 -

33

320 1 42 3 65
Distance, ft.

Figure C7. Distance-temperature for coal at 720 hrs (30 days).
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closely as the elapsed time since the creation of the opening 
increases. At an elapsed time of 720 hours (Figs. C4 and C7) 
the linear interpolation lines and the theoretical curve 
coincide almost exactly.

Another interpolation method is available that can locate 
the isotherms more accurately for small elapsed times. This 
method uses interpolation along the curve generated by equa
tion (5) . The major drawback to the use of this method is the 
necessity to accurately know the time since the creation of 
the opening. If it is necessary to know the locations of the 
isotherms accurately for small elapsed times, the accuracy of 
the linear interpolation method can be increased by locating 
the thermocouples closer together so the linear interpolation 
lines better represent the theoretical curve.

Since all measurements in the field were made at least 
30 days after the opening was created, the error in linear 
interpolation is negligible.

Location of the distance to an integer temperature 
value :

a) When T^ is higher than T^ (rock temperature higher 
than air temperature)

T -T INT 1 (C2a)

b) When T^ is higher than T^ (air temperature higher 
than rock temperature)
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T -T
Dl = Dl + °B

where = Distance to the integer temperature value of
interest

D^ = Distance to thermocouple immediately before 
the integer temperature value 

= Thermocouple reading at D̂ ^
T^ = Thermocouple reading at thermocouple immediately 

after the integer temperature value 
Tj^T = Integer temperature value desired 
Dg = Distance between thermocouples.

An example showing the use of the linear interpolation 
method follows.

Find the distance to the
from Fig. C4.

= 1.5 ft

°B = 0.5 ft

^INT = 37

h  = 36.7

^2 = 37.4

Then

=

= 1.72 ft
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Calculation of Length Reduction Factor and Corrected
Angle for Plotting Plane
A rotation of coordinate axes is necessary to locate pro

jections of data points in the new plotting plane. Field 
data is measured with respect to an orthogonal coordinate 
system where the X-Y plane is horizontal. The plane of 
interest is perpendicular to the apparent dip; thus, a 
rotation of the coordinate axes about the Y axis in an amount 
equal to the apparent dip will describe this new Z '-Y' plane 
which is the plotting plane. The X' axis is a line parallel 
to the apparent dip of the opening at the temperature measur
ing station. The rotation is accomplished as follows;

Direction cosines about Y can be determined by inspec
tion of Fig. C8. Positive 9 is in a clockwise direction 
about Y as shown in Fig. C8.
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X

.Y,Y

Figure C8. Relation of Original and Rotated Coordinate 
Systems.

Direction Cosines 
X Y

X' Cos9 0 SinG (C3)
Y' 0 1 0
Z ' -SinG 0 CosG
The transformation of axes can be written as 
X' = XCos(X,X')+YCos(Y,X)+XCos(Z,X')
Y' = XCos(X,Y')+YCos(Y,Y')+ZCos(Z,Y') (C4)
Z = XCos(X,Z')+YCos(Y,Z')+ZCos(Z,Z')
where Cos(X,X^) is equal to the direction cosine between the 
indicated axes.

Substituting C3 into C4 we have
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X' = XCosQ + ZSinQ
Y" = Y (C5)
Z ' = ZCos0 — XSinQ 

Y' and Z ' are the only coordinates that must be calculated 
because only the projections of data points on the Y'-Z' 
plane are desired.

L(XYZ)

Figure C9. Original Coordinate System Showing Positive 
Values for 4̂ and ,

Figure C3 shows how 4̂ and are measured in the original 
coordinate system. 4̂ is measured in the X-Z plane and ^ is 
measured in the Y-Z plane. The line OL represents the drill 
hole.

Hole types are divided into four different cases based 
on the values of ip and These cases are: 1) Top holes
where ^ / 90 deg. and ^ 90 deg., 2) Side holes and top
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holes where ^ = 90 deg. and ç6 ^ 90 deg., 3) Top holes 
where Jp ^ 9 0  deg. and ^ = 90 deg., and 4) Top holes where 
\p = 9 0  deg. and jzJ = 90 deg. The origin for each drill hole 
is placed at the collar of the hole.
Case 1 - Top holes where 4* 7̂  90 deg and 7̂ 90 deg

1) Determine coordinates of point L in the original 
coordinate system.

Referring to Fig. C9 
From the distance formula

OL = (C6)

substituting
X for X_ and 0 for X^

Y for Y^ and 0 for Y^

Z for Z^ and 0 for Z^

we ha ve
OL =y x2 + Y^ + z2 (C7)

From Fig. C9
Tan 4 = ^

Tan ^ = ^

then
X =

Y =

Tan 4 
Z

(C8)
Tan^

Substituting C8 into C7 we have
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OL = Z / p + — ij- + 1 (C9)
vTan 4 Tan é

Solving (c9) for Z

Z = ---"   ■ -—  (CIO)
+ -1   ■ + 1

^Tan^\p Tan^^
Substituting Eq. CIO into C8

X = ----- (cil)
Tani(j /— — p - +  ̂ p + 1

y/Tan 4 Tan ç6

Y = ------ --°— - ■ —  (C12)
Tan«S /- - - p - + -p - + 1

vTan 4 Tan ^
2) Projecting to the Y ’-Z’ plane by substituting Eqs. CIO, 

Cll, and Cl2 into Eq. C5 we have:

Y' = Y = ----- I^L---------  .   (cl3)
TangS I -̂ p + ■— -p - + 1

y Tan 4 Tan f6

Z' = ZCosG - XSinG

(COS0 - |i^)

Tan̂ i|j Tan 0

3) Find the length of OL’

From the distance formula

=OL’ = /Y’2 + Z ’2
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OL' =
OL f

y
 ̂ + (cose -

Tan «s Tan^

P ■ 2y Tan ip Tan ^
4) Find the length reduction factor: 

OL'P = OL

1 + (Cose - #1 4 )
F = Tan^d Tanij;

1 + 1 + 1 
Tan^^ Tan^0

5) Find the new angle In the Y'-Z' plane 
-1 Z '= Tan

(Cl4)

(C15)

OL (Cose - l i f  )

s6 ' = Tan-1 vTan^^ Tan^^
+ 1

OL
Tan#

Tan̂ ip Tan^#
+ 1

#' = Tan  ̂ Tan#(Cos9 - 

Case 2 - Side holes and top holes where ^ = 90° and # # 90°.

(Cl6)

o

Figure CIO. Diagram for Case 2; holes are located In the Y-Z plane
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Had the side holes been sufficiently misaligned in the 
horizontal direction to warrant correction, the following 
calculations would be incorrect and calculations similar to 
Case 1 would be required. Case 1 would be modified in this 
case so the appropriate angle in the X-Y plane would be sub
stituted for ip. However, for field data from the No. 4 mine, 
all side holes are assumed to have been drilled in the Y-Z 
plane.

1) Determine coordinates of point L in the original 
coordinate system.

From Fig. CIO
X = 0
Y = OL CosG (C17)
Z = OL Sirif^

2) Projecting to the Y'-Z' plane by substituting Eq.
C17 into Eq. C5 we have:

Y' = Y = OL Cos^
Z ' = ZCosQ - XSinG = OL Sin#CosG
3) Find the length of OL'.
From the distance formula

(C18)

OL' = / Y'^ + Z ' ̂

= OL /cos^^ + Sin^^Cos^G (C19)

4) Find the length reduction factor

F = OL'
OL

Cos^^ + Sin^j#Cos^G (C20)



T 1403 209

5) Find the new angle in the Y'-Z' plane.

=  Tan'l (§r)

,Sisg!2,

jẑ' = Tan  ̂Tan^CosG

Case 3 - Top holes where ^ 7̂ 90 deg. and ^ = 90 deg.
Z

(C21)

X 0
Figure Cll. Diagram for Case 3, holes are located in the 

X-Z plane.

1) Determine coordinates of point L in the original 
coordinate system.

From Figure Cll 
X = OL Cos
Y = 0 (C22)
Z = OL Sin
2) Projecting to the Y'-Z' plane by substituting Eq. C22 

into Eq. C5,
Y' = 0
Z ' = ZCosQ - XSinG (C23)
Z ' = OL Sin CosG - OL Cos SinG
3) Find the length of OL'
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From the distance formula

OL' = / y '̂  + Z'^
OL' = OL (Sin Cos© - Cos SinG)

4) Find the length reduction factor 
OL'F = OL

(C24)

F = Sin Cos© - Cos Sin©

5) Find the new angle ç6' in the Y'-Z' plane

(C25)

^ = Tan

= Tan

-1 Z' 
Y'

-1 Z'
0

-1Tan oo

= 90 deg.

Case 4 - Top holes where

(C26)

90 deg and ^ 
Z

= 90 deg

0
Figure C12. Diagram for Case 4, holes are located coincident 

with the Z axis.

1) Determine coordinates of point L in the original coordin
ate system.

From Figure C9 
X = 0
Y = 0 (C27)
Z = OL
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2) Projecting to the Y'-Z' plane by substituting Eq. C27 
into Eq. C5

Y' = 0
Z ' = ZCosG - XSinG (C28)
Z' = 01 CosG

3) Find the length of OL'
From the distance formula

OL ' = + Z'2

OL' = OL CosG (C29)

4) Find the length reduction factor

F = CosG (C30)

5) Find the new angle 0' in the Y'-Z' plane

= Tan'l ^

(zf' = Tan"^ 0^ = Tan"^™

= 90 deg. (C31)

Calculation of Coordinates in the Plotting Plane
Coordinates must be calculated for 1) the location of the 

drill holes and corners on the perimeter of the mine opening 
and 2) for the location of integer temperature values. 
Knowledge of these coordinates permits plotting of the mine 
opening and isotherms in the plotting plane.
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; yDrill hole 2

BR

BL

ill hole 3

Figure C13. Typical temperature measuring station showing 
method of measuring hole locations.

Measurements were taken at each station to locate the 
positions of each drill hole and corner on the perimeter 
of the mine opening. Lines TL-BL and TR-BR represent a string 
and plumb bob hung from each corner of the drift. Line TL-TR 
represents a string drawn tightly across the drift. The slope 
of TL-TR is B which is positive when TR is higher than TL. 
Drill holes Ij 2, and 3 are representative holes for the 
left side, top, and right side respectively. Distances A 
and F are the perpendicular distances between the collars of 
the side holes and the plumb bob string. Distances B, D, and 
E are measured parallel to the strings. B and D are measured 
from point TL and E is measured from TR. Distance C is the 
vertical distance between the collar of the top drill hole 
and the string TL-TR. Point BL is chosen as the origin (0,0).
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1) Coordinates Locating Drill Holes and Corners on Perimeter 
of Mine Opening.
Writing equation C4
Y' = Y

(C5)
Z' = ZCosQ - XSinG 

But the plane including BL, TL, TR^ BR is a vertical plane 
coinciding with the Y-Z plane in Figure C8. Therefore,

X = 0 
and from Eq. C4 

Y' = Y
Z ' = ZCosQ (C32)
Field measurements were made from top to bottom because 

it was a simple matter to hang the tape from the nails at 
TL and TR. Therefore, if BL is to be the origin, the new 
coordinates of BL are 0,0. The coordinates of TL are
(O, TL). The coordinates of drill hole 1 are then:

Y' = Y = -A
Z' = ZCosQ = (BL-TL)CosQ (C33)

The coordinates of drill hole Z are:
Y ' = Y = DCosB

(C34)Z' = ZCosQ = (TL + DSinB + C)CosQ 
The coordinates of TR are

Y' = Y = TL-TR Cos B
_____    (C35)Z' = ZCosQ = (Bl-TL + TL-TR SinB) CosQ

The coordinates of drill hole 3 are:
Y' = Y = TL-TR Cos B + F

-----    (C36)Z = ZCosQ = (BL-TL + TL-TR SinB - E)CosQ
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The coordinates of BR are
Y' = Y = TL-TR CosB

_____  _____  (C37)
Z' = ZCosQ = (BL-TL + TL-TR SinB - TR-BR)CosQ

2) Coordinates for Integer Temperature Values
From sections A and B the coordinates in the plotting 

plane of each integer temperature value for each drill hole
can be calculated with respect to an origin located at the
collar of the drill hole. To find the coordinates with 
respect to point BL the Y ' and Z ' coordinates of the 
collar must be added to the respective coordinates of the 
integer temperature values. This transposes the origin from 
the collar of the drill hole to point BL.

Referring to drill hole No. 1, Figure C13, assume the 
distance of an arbitrary integer temperature value measured 
along the axis of the drill hole has been found by Eq. C2 
to be from the collar of the hole. The coordinates of 
this point are found from Eq. CIS, assuming the origin is 
at the collar of the hole.

Y' = OL Cos# (CIS)
Z ' = OL Sin#Cos0

Substituting for OL
Y ' = D^Cos#
Z ' = DjSin#Cos9

(C3S)

To find the coordinates of this point with respect to 
the origin at point BL, the coordinates of the location of 
the collar of the hole (Eq. C33) are added to Eq. C38.
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Y' = D^Cos# + (-A)
  (C39)

Z' = D^Sin#Cos0 + (BL-TL - B) Cos0

In a similar manner the coordinates for drill holes in 
the top and right side can be calculated.
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APPENDIX D

Computer Program for Plotting Field Temperature Data 
and Opening Geometry Data on the Plotting Plane

Language : Fortran IV

Calculations
This program takes borehole temperature data, location data 

and orientation data and performs four operations on this data. 
These operations are: 1) Linear interpolation to find the loca
tions of integer temperature values in each borehole, 2) Calcu
lation of the new angle #' and the distance factor necessary to 
project the integer temperature locations to the plotting plane,
3) Calculation of Y ' and Z' coordinates in the plotting plane for 
each integer temperature location and for the locations of the 
collars of the drill holes and the bottom corners of the mine 
opening, and 4) Rearranging the coordinate data for plotting and 
calling the Calcomp Plotter library subroutines.

All calculations are those developed in Appendix C with the 
following exceptions;

1) The coordinate factors YPRI and ZPRI calculated in SUB-
YPRI 7.PRIROUTINE ANGLE are actually -----  and ■ - ■- .UJu UJj

2) The rearrangement of data for plotter output was not 
shown in Appendix C. Essentially this section of the program 
changes the coordinates of each data point in the plotting plane 
so the plot will fit within a 10" x 7" border, changes the 
coordinate arrays from 2 dimensional hole oriented arrays to
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1 dimensional temperature oriented arrays, and calls the Calcomp 
Plotter library routines. Isotherms are drawn as straight lines 
between points of equal temperature. The mine opening is repre
sented as straight lines between the locations of the collars of 
drill holes and the bottom corners of the opening.

Limitations
A string of zeros in the temperature input data is a flag 

indicating temperatures were not measured for that hole due to 
ice or other obstructions. The program only looks at the values
for thermocouples 1 and 12. In the unlikely event that field
temperature measurements have values for these thermocouples that 
are actually zero, the flag will have to be changed to some other 
value. The zeros in the "IF" statement 2 statements after 
statement 140 will have to be changed to a more appropriate value 
as will the string of zeros in the temperature data. Zero values 
are put in for both PSI and PHI as a flag to set FACTOR and PHIPRI
equal to zero for each hole with a string of zeros in the tempera
ture input data. On output, the hole will be skipped as shown by
the absence of Hole No. 1 in the sample output for station 14.

The program interpolates based on 12 thermocouples spaced 
at 6 in. intervals along the probe. To change the program for 
other numbers of thermocouples or other spacing the following 
must be done;

1) Change the DIMENSION statement so the first subscript
in TEMP and TEMPC is equal to the desired number of thermocouples. 
Also, increase the DIMENSION for DIST to 1 greater than the
desired number of thermocouples.

2) Change the value of 112 one statement before the first
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READ statement from 12 to the new number of thermocouples*
3) Change the value of DISBET, three statements before 

statement 140, from 0.5 to the new separation distance between 
thermocouples.

The program accepts data from a maximum of 23 drill holes 
per station. This number can be increased by changing the 
DIMENSION statement. For example, to calculate data from 30 
drill holes at a station it is necessary to 1) add 7 to the sec
ond subscript of all the two-dimensional arrays and 2) add 7 to 
all one dimensional arrays through and including array TZT.

The correction factor CORFAC located 4 statements before 
statement 20 permits correction of temperature data due to a 
calibration error in the potentiometer. The value for CORFAC 
should be determined for the particular potentiometer being used.
If the potentiometer being used reads correct temperature values, 
CORFAC should be set to zero.

The program will permit a temperature difference in each 
hole of 50 degrees, although it is unlikely that this high a 
difference will ever occur in the field.

The interpolation portion of the program is broken into 2 
sections. The first section is used when the air temperature is 
higher than the rock temperature at the back of the drill hole.
The required arrangement of data for this section is for each 
thermocouple, in going from thermocouple 3 to 12, to be at a lower 
or equal temperature than the preceding thermocouple. The only 
exception to this is when an increasing trend in temperatures 
occurs at the beginning of the drill hole. When this happens 
the integer temperature values in the increasing portions are
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not located. The interpolation will begin with the highest 
integer temperature occurring at the end of this trend. The 
second section is used when the air temperature is lower than 
the rock temperature at the back of the drill hole. The 
required arrangement of data for this section is for each 
thermocouple, in going from thermocouple 3 to 12, to be at a 
higher or equal temperature than the preceding thermocouple.
The only exception to this is when a decreasing trend in tem
peratures occurs at the beginning of the drill hole. When 
this happens the integer temperature values in the decreasing 
portion are not located. The interpolation will begin with the 
lowest integer temperature occurring at the end of this trend.

If the temperature values obtained in the field are differ
ent than those in the B2 array DATA statement, some changes must 
be made in the program if plotter output is desired. If plotter 
output is not desired, omit the following changes. The DATA 
statement for the B2 array should be changed so the range and 
temperature values fit the data obtained in the field. If this 
increases the number of elements in the B2 array, the DIMENSION 
for this array should be increased accordingly. Each element 
in the B2 array is associated with a specific temperature. The 
difference between this temperature and the element subscript 
must be subtracted from 14 in the statement located 2 statements 
before statement 6000 in order that the correct temperatures 
will be placed in the legend of the plotter output. For the 
data obtained at the No. 4 mine, the difference is 20, which is 
subtracted from 14 in the program statement whose location was 

described above.
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If a Calcomp Plotter output is not desired, delete the 
statements from the first one following statement 2000 through 
the statement which reads CALL PLOT (X,Y,999). This statement 
is the statement just before the comments preceding the FORMAT 
statements. The plotting subroutines used with the Calcomp 
563 plotter at Colorado School of Mines may be different than 
those available at other installations. If this is the case, 
the affected plot routines must be changed to those available.
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PROGRAM LISTING

C
C COMPUTER PROGRAM FOR PLOTTING FIELD TEMPERATURE DATA
C AND OPENING GEOMETRY DATA ON THE PLOTTING PLANE.
C
C
C DIMENSION AND TRANSMIT ALPHANUMERIC DATA.
C

DIMENSION TEMP(12,23),TEMPC(12,23),TEMDIS(50,23),DIST(13),
1 STARTC23)>STOP(23 FACTOR(23)>PHI(23),PSI(23),PHIPRI(23),
2 POS(23),TY(30),TZ(30),DIST1(25),TL(25),TI(25),
3 TYD(50,30),TYT(30),TZD(50,30),TZT(30),A1(6),A2(7),A3(5),
4 B1(2),B2(25),C(2),YPRI(23),ZPRI(23),TEST2(23),TEST12(23),
5 KTEST2(23),KTEST12(23)

INTEGER START,STOP
DATA Al(1 ),A1(2),A1(3),A1 (4),A1 (5 )/5HIS0TH,5HERMS ,

1 5HAR0UN,5HD MIN,lHE/
DATA A2(1),A2(2),A2(3),A2(4)/5H OPEN,5HING A,5HT STA,

1 5HTI0N /
DATA A3(l ),A3(2 ),A3(3),A3(4)/5HSCALE,5H: 1 I,5HN. = ,5H4 FT./ 
DATA B1(1),B1(2)/5HLEGEN,5HD /
DATA B2(l),B2(2),B2(3),B2(4),B2(5),B2(6),B2(7),

1 B2(8),B2(9),B2(10),B2(11),B2(12),B2(13>,B2(14),B2(15),
2 B2(16),B2(17 ),B2(18>,B2(19),B2(20 >,B2(21 ),B2(22),B2(23),
3 B2(24),B2(25)/4H21 F,4H22 F,4H23 F,4H24 F,4H25 F,
4 4H26 F,4H27 F,4H28 F,4H29 F,4H30 F,4H31 F,4H32 F,4H33 F,
5 4H34 F,4H35 F,4H36 F,4H37 F,4H38 F,4H39 F,4H40 F,4H41 F,
6 4H42 F,4H43 F,4H44 F,4H45 F/

DATA B3/5H = /
C
C READ FIELD INPUT DATA. LOGICAL UNIT i IS A
C DISK DATA FILE. CHANGE AS REQUIRED TO SUIT INDIVIDUAL
C NEEDS.
C

112=12
READ (1,3) N
READ (1,1) ((TEMPd, J), 1 = 1, 112), J=1,N>
NN=N+2
READ (1,11) ISTA 
IF (ISTA.LT.10) GO TO 129 
READ (1,12) A2(5)
NCA2=22 
GO TO 130

129 READ (1,13) A2<5)
NCA2=21

130 READ (1,9) II,U1,K1,TLTR,TLI,BLTL,BLI,TRBR,TRI,SLOPE,THETA 
READ (1,8) (POS(I),PHI(I),PSI(I), 1=1,N)
READ (1,10,END=131 ) (DISTl(L),TL(L),TI(L),L=2,NN-1 )

C
C CALCULATE COORDINATES IN THE PLOTTING PLANE FOR LOCATIONS OF
C DRILL HOLE COLLARS AND BOTTOM CORNERS OF THE MINE OPENING.
C
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131 DO 501 IA=2,NN-1
DISTl(IA)=DIST1(IA)/12.

501 TLCIA)=TL(IA)+TI(IA)/12.
TLTR=TLTR+TLI/12*
BLTL=BLTL+BLI/12.
TRBR=TRBR+TR1/12.
CODIP=COSD<THETA)
COSLOP=COSD<SLOPE)
SISLOP=SIND(SLOPE)
TY(1)=0.
TZ(1)=0.
TLY=0.
TLZ=BLTL*CODIP
TRY=TLTR*COSLOP
TRZ=SISLOP*CODIP*TLTR+TLZ
TY(NN)=TRY
TZ(NN)=TRZ-TRBR*CODIP 
DO 1001 11=2,11+1
TY(II)=-DIST1(II)

1001 TZ(II)=CBLTL-TL(II))*CODIP
DO 2001 IJ=I1+2,Il+Jl+l 
TYCIJ)=TLCIJ)*COSLOP 

2001 TZ(IJ)=TL(IJ)*SISL0P*C0DIP+TLZ+DIST1<IJ)*CODIP
DO 3001 IK=I1+J1+2,I1+J1+K1+1
TY(IK)=TRY+DIST1(IK)

3001 TZCIK)=TRZ-TL(IK)*CODIP
C
C CORRECT TEMPERATURES BY ADDING CORRECTION FACTOR FOR FIELD
C TEMPERATURE DATA. THE NUMBER 0.000001 IS ADDED TO
C PREVENT TRUNCATION ERRORS LATER IN THE PROGRAM DUE TO
C MACHINE ROUNDOFF.
C

C0RFAC=-1.4 
DO 20 J=1,N 
DO 20 1=1,112 

20 TEMPC<I,U)=0.1*TEMP(I,J)+CORFAC+O.OOOOOl
C
C INTERPOLATE TO FIND THE LOCATIONS OF INTEGER TEMPERATURE
C VALUES. STATEMENTS 605 THROUGH 608 ARE USED WHEN THE AIR
C TEMPERATURE IS HIGHER THAN THE ROCK TEMPERATURE. STATEMENTS
C 604 THROUGH 1000 ARE USED WHEN THE AIR TEMPERATURE IS LOWER
C THAN THE ROCK TEMPERATURE. THE 'IF' STATEMENT JUST BEFORE
C STATEMENT 605 DETERMINES WHICH SERIES OF STATEMENTS TO USE.
C

DISBET=O.S 
DISTC1)=0.0 
DO 140 1=2,112 

140 DISTCI)=DIST(I-l)+DISBET
DO 614 J=1,N
IF (TEMPC1,J).EQ.0.0.AND.TEMPC112,J).EQ.0.0) GO TO 615 
TEST2CJ)=TEMPC(2,J)
TEST12CJ)=TEMPC(2,J)
DO 601 1 = 3, 112
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TEST2(J)=AMIN1(TEST2(J),TEMPC(I,J))
601 TEST12(J)=AMAX1(TESTl2(J),TEMPC(I,J))

T2=TEST2(J)
T12=TEST12(J)
TEST2(J)=AINT(TEST2(J))+0.000001 
TEST12(J)=AINTCTESTl2 (J)>+0.000001 
IF(T2-TEST2(J)-0.00001 > 602,602,603

603 TEST2(J)=TEST2(J)+1.0
602 KTEST2(J)=TEST2(J)

KTEST12(J)-TEST1S(J)
GO TO 614

615 KTEST2CJ)=4HN0NE 
KTEST12 < J)=4HN0NE

614 CONTINUE
ISTART=KTEST2(l)
IST0P=KTEST12(1)
DO 616 J=2,N
IFCISTART.EQ.4HN0NE) GO TO 617 
IF(KTEST2<J).EQ.4HN0NE) GO TO 616 
ISTART=MINO(I START,KTE5T2(J>)
ISTOP=MAXO(ISTOP,KTEST12(J))
GO TO 616 

617 ISTART=KTEST2(J)
IST0P=KTEST12CJ)

616 CONTINUE
DO 1000 J=1,N
IF<KTEST2(J).EQ.4HN0NE) GO TO 1000 
IF(TEMP(2,J)-TEMP(I12,J)) 604,605,605

605 START(J)=TEST12(J)
STOPCJ)=TEST2CJ)
M=START(J)-ISTART+1
KTEST=-1
TEST=TEST12(J)
DO 606 ITEST1=2,112
IF(TEMPC(ITESTI,J)-TEST12(J)) 606,607,607

606 CONTINUE
607 DO 608 I=ITEST1,I12
609 IF<ABS(TEMPCCI,J)-TEST)-0.00001) 610,610,611
611 IFCTEMPCCI,J)-TEST) 612,610,608
612 TEMDISCM,J)=(TEMPC<I-1,J)-TEST)/(TEMPC(I-1,J)-TEMPC<I,J))

1 *0.5+DIST(I-l)
GO TO 613

610 TEMDISCM,J)=DIST(I)
613 M=M-1 

TEST=TEST-1.0
IFCTEMPCCI,J)-TEST.LE.0.0) GO TO 609

608 CONTINUE 
GO TO 1000

604 STARTCJ)=TEST2(J)
STOPCJ)=TEST12(J)
M=START(J)-ISTART+1
KTEST=1
TEST=TEST2(J)
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DO 650 ITEST2=2,112
IFCTEMPCCITEST2,J)-TEST2(J) ) 651,651,650

650 CONTINUE
651 DO 1000 I=ITEST2,I12
658 IFCABSCTEMPCCI,J)-TEST)-0.00001) 653,653,654
654 IFCTEMPCCI,J)-TEST) 1000,653,656
656 TEMDISCM,J)=CTEST-TEMPCCI-1,J))/CTEMPCCl,J>-TEMPCCI-1,J)) 

1 *0.5+DISTCI-l)
GO TO 657 

653 TEMDISCM,J)=DISTCI)
657 M=M+l 

TEST=TEST+1.0
IFCTEMPCCI,J)-TEST.GE.0.0) GO TO 658 

1000 CONTINUE
C
C CALL SUBROUTINE ANGLE WHICH CALCULATES THE CORRECTED ANGLE,
C THE DISTANCE FACTOR, AND THE COORDINATE FACTORS FOR
C THE PLOTTING PLANE.
C

CALL ANGLECFACTOR,N,THETA,PHI,PSI,PHIPRI,POS,YPRI,ZPRI)
C
C BEGINNING OF PRINTED OUTPUT.
C

WRITE C2,14) ISTA 
WRITE C2,7)
DO 1500 J=1,N
IFCKTEST2CJ).EQ.4HN0NE) GO TO 1500
WRITE C2,2) J,THETA,PHICU),PSICJ),PHIPRICJ),FACTOR(J)

1500 CONTINUE 
C
C CORRECTION OF DISTANCES FROM INTERPOLATION SECTION AND
C CALCULATION OF COORDINATES IN THE PLOTTING PLANE FOR
C INTEGER TEMPERATURE VALUES.
C

DO 2000 J=1,N
IFCKTEST2CJ).EQ.4HN0NE) GO TO 2000 
M=STARTCJ)-ISTART+1 
MN=ST0PCJ)-ISTART+1 
DO 2500 I=M,MN,KTEST
TYDCI,J)=TEMDISCI,J)*YPRICJ)+TYCJ+1) 
TZDCI,J)=TEMDISCI,J)*ZPRICJ)+TZCJ+1)

2500 TEMDISCI,J)=TEMDISCI, J)*FACTORCJ)
WRITE C2,4) J
WRITE C2,6) CI,I=STARTCU),STOPCJ),KTEST)
WRITE C2,5) CTEMDISCI,J),I=M,MN,KTEST)

2000 CONTINUE
WRITE C2,15)
WRITE C2,16)
WRITE C2,17) TYC1),TZC1)
WRITE C2,18) TYCNN),TZCNN)
DO 100 I=2,NN-1 
INTI=1-1

100 WRITE C2,19) INTI,TYCI),TZCI)
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C
C END OF PRINTED OUTPUT
C
C REARRANGEMENT OF DATA FOR CALCOMP PLOTTER OUTPUT. DELETE
C FROM HERE TO AND INCLUDING THE STATEMENT PRECEDING FORMAT 1
C IF PLOT IS NOT REQUIRED.
C

DO 3500 1=1,NN 
TY(I)=TY(I)/4.

3500 TZCI)=TZ(I)/4.
TYCNN+1)=0.
TZCNN+1)=0.
TYCNN+2)=-2.25 
TZCNN+2)=-3.
TYCNN+3)=1.
TZCNN+3)=1.
YL=0.
ZB = 0.
YR=YL+10
ZT=ZB+7
CALL PLOT CO.0,0.0,-3)
CALL PLOT CO.0,-5.0,-3)
CALL PLOT CO.0,0.5,-3)
CALL LINE CTY,TZ,NN+1,1,0,0)
L = 0
DO 5000 1=1,ISTOP-ISTART+1 
K=1
DO 3999 J=1,N
IF CTYDCI,J).EQ.0.0.AND.TZDCI,J).EQ.O.O) GO TO 3999 
TYTCK)=TYDCI,J)/4.
TZTCK)=TZDCI,J)/4.
IF CTYDCI,J+1).EQ.0.0.AND.TZDCI,J+1).EQ.0.0) GO TO 4001 
GO TO 4000

4001 IF CK.EQ.l) GO TO 4002
TYTCK+1)=-2.25 
TZTCK+1)=-3.
TYTCK+2)=1•
TZTCK+2)=1.
CALL DLIN CTYT,TZT,K,0.05,1,L)
GO TO 4004

4002 TYl=TYTCK)+2.25 
TZl=TZTCK)+3.
CALL SYMBOL CTYl ,TZ1,0.07,L,0.0,-1)

4004 K=1
GO TO 3999 

4000 K=K+1
3999 CONTINUE

L=L+1 
5000 CONTINUE

Y1=0.745 
Zl=l.79
DO 6000 14=I START,I STOP 
CCI )=B3
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6000

7000

C
Cccc
1
2
3
4
5
6
7
8
9
10 
11 
12
13
14
15
16
17
18 
19

C(2)=B2(14-20)
CALL SYMBOL CY1,ZI,0.09,C,0.0,9)
Z1=Z1-0.13
LC=L-1
Y2=0.86
Z2=Zl+0.13+0.045 
DO 7000 15=1,L
CALL SYMBOL <Y2,Z2,0 .09,LC,0.0,-1)
LC=LC-1
Z2=Z2+0.13
CALL PLOT (0.5,2.0,3)

PLOT (1.77,2.0,2)
SYMBOL (0.75,2.05,0.15,81,0.0,10) 
SYMBOL (3. 65,0.75,0.15,A 1,0.0,21) 
SYMBOL (3.521,0.5,0.15,A2,0.0,NCA2) 
SYMBOL (7.0,1.0,0.15,A3,0.0,20)
PLOT (YR,ZB,3)
PLOT (YR,ZT,2)
PLOT (YL,ZT,2)
PLOT (YL,ZB,2)
PLOT CYR,ZB,2)
PLOT <X,Y,999)

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

FORMATS FOR DATA INPUT AND OUTPUT. A FLOATING FORMAT IS USED 
FOR SOME INPUT. IF THE MACHINE BEING USED DOES NOT HAVE 
THIS CAPABILITY A FIXED FORMAT MUST BE USED FOR ALL INPUT.

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
STOP
END

(12F3.0)
(3X,12,1X,4(2X,F6.2),2X,F6.4)
(1 2 )
C/,1X,' HOLE NO.',IX,12)
(' DST',1X,12(2X,F5.2),/)
(' TMP',1X,12(4X,13))
(/,IX,' HOLE THETA PHI 
(A1,2F)
(31,8F)
(3F)
Cl)
(A2)
(A1 )
(/,1X,' STATION NO.',IX,12)
(//,IX,' HOLE N0.',4X,' Y COORD',3X,' 
(IX,' OR CORNER',6X,' FT',8X,' FT',/) 
(4X, ' BL',9X,F6.3,5X,F6.3)
(4X,' BR',9X,F6.3,5X,F6.3)
(5X,I2,9X,F6.3,5X,F6.3)

PSI PHIPRI FACTOR',/)

Z COORD')

THIS SUBROUTINE CALCULATES THE ANGLE, DISTANCE FACTOR, AND 
COORDINATE FACTORS FOR THE PLOTTING PLANE.
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SUBROUTINE ANGLE(FACTOR,N,THETA,PHI,PSI,PHIPRI,POS,YPRI,ZPRI) 
DIMENSION P0S(23),PHIC2 3),PSI(23),PHIPRI<23),

1 YPR1(23),ZPR1(23),OLPR1(23),FACTOR(23)
TAN(X)=SIND(X)/COSD(X)
DATA S,T/1HS,IHT/
PI=3.1416 
DO 2000 1=1,N
IF (PHK I ) .EQ.O.O.AND.PSK I ) .EQ.0.0) GO TO 1001 
IF (POS(I).EO.T) GO TO 100 
GO TO 200

100 IF (PHI(I).EQ.90..AND.PSKI).EQ.90.) GO TO 300
IF (PHI(I).EQ.90.) GO TO 400 
IF (PSI(I).EQ.90.) GO TO 200
DENOM=SQRT((1.0/TAN(PSI(I)))**2+(l.0/TAN(PHI(I)))**2+l.0)
YPRI(I)=1.0/TAN(PHI(I))/DENOM
ZPRI(I)=(COSD(THETA)-SIND(THETA)/TAN(PSI(I)))/DENOM 
PHIPRI(I)=ATAN(ZPRI(I)/YPRI(I))*180./PI 
GO TO 999

200 PHIPRI(I)=ATAN(TAN(PHI(I))*C0SD(THETA))*180./PI
YPRKI )=COSD(PHI( I ))
ZPRI(I)=SIND(PHI(I))*COSD(THETA)
GO TO 999 

300 PHIPRI(I)=90.
YPRI(I)=0.0
ZPRI(I)=COSD(THETA)
OLPRI(I)=ZPRI(I)
GO TO 1000 

400 PHIPRI(I)=90.
YPRI(I)=0.0
ZPRI(I)=SIND(PSI(I))*COSD(THETA)-COSD(PSI(I))*SIND(THETA) 
OLPRI(I)=ZPRI(I)
GO TO 1000

999 IF(PHI(I).GT.90.) PHIPRI(I)=PHIPRI(I)+l80.
OLPRI(I)=SQRT(YPRI(I)**2+ZPRI(I)**2)

1000 FACTOR(I)=OLPRI<I)
GO TO 2000

1001 FACTORCI)=0.0 
PHIPRI(I)=0.0

2000 CONTINUE
RETURN 
END
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Input
N is the number of holes at the station (2 3 maximum 

unless program is changed as shown in the limita
tions) .

TEMP (I,J) - the temperatures measured in 3 significant figures 
X 10. Each row of data should have as many 3- 
figure temperatures as there are thermocouples on 
the probe.

ISTA - the station number (integer).
A 2 (5) - the station number (alphanumeric).
II - the number of holes to be treated as left side

holes.
J1 - the number of holes to be treated as top holes.
Kl - the number of holes to be treated as right

side holes.

Referring to Fig. C13:
TLTR - distance from TL to TR along slope of string in ft,
TLI - remaining portion of TLTR in inches (include zero

when applicable).
BLTL - distance from BL to TL in ft.
BLI - remaining portion of BLTL in inches (include zero

where applicable).
TRBR - distance from TR to BR in ft.
TRI - remaining portion of TRBR in inches (include zero

where applicable).
SLOPE - 3 in Fig. C13 positive when TR is higher than TL.
THETA - apparent dip of bed, positive when facing in the

direction of the dip.
POS (I) - position of the drill hole, T for Top holes and

S for Side holes.
PHI (I) - # in Fig. C9 in deg.
PSI (I) - ̂  in Fig. C9 in deg.
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Referring again to Fig. C13:
DISTl (L) - distance between string and collar of drill hole.
TL(L) - distance along string from point TL for the left

side and top. Distance along right string from 
point TR. Measured in feet.

TI(L) - remaining portion of TL in inches.

In the following listing of input data for station 14, the
left side of the page shows the actual input data. The right 
side of the page indicates the variable name used in the com
puter program for each portion of the data.
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LISTING OF INPUT DATA FOR STATION 14

DATA LISTING VARIABLE NAMES

19
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
27 033034835837 0380385390396 402409415 
27132 83413543663743823883 92398403410 
27 7 329343355365373380384389392397401 
271340353360368372377381385388390392 
27135035836336837 0375378380383385388 
27 835035436036436837037 3376380382384 
276329337 340346350351353356360364369 
280320326331334338340344347350354357 
27 832 0328331337339340344349351356359 
290327 330339340343346349353357360365 
282330338343350352356360364369371373 
29835235436036536 8370372374379380382 
303356361368370374377381384388390391 
293348358366370374380382385387390392 
284334348358368372380385390 393397402 
274327 34135336237037 9385391395402406 
28033034435836937 9387393401404412418 
27 8338351363373383390397408411418422 
14 
14
6,7,6,21,8,5,9,7,2,3,16
S0,0
5190.90
5180.90
5179.90
5179.90
5162.90
5118.90 
T90,84 
T89,79 
T91,89
788.88
790.89
566.90
522.90
510.90
54.90
51.90 
5-7,90 
5-18,90 
3,4,7
4.3.6
4.5.2.6 
5.5,1,4
3.5,0,4

TEMP

ISTA
A2(5)

I1,J1,K1,TLTR,TLI,BLTL,BLI,TRBR,TRI,SLOPE,THETA

POS,PHI,PSI

DISTl,TL,TI



T 1403

DATA LISTING
1,0 , 0
3.5.0.0
4.4.2
3,7,7
4.11.0 
4.5,14,8 
4.5,18,5
1.2 1 . 1
3.0.0
6.0.6 
7,1,10
8.3.3
9,4,6
7,6,0

231

VARIABLE NAMES

DISTl,TL,TI
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Output
The output, as shown in the sample output for station 14 

which follows,gives the values for the temperatures and distances 
from the collar of each hole to these temperatures. The new 
angle in the plotting plane (PHIPRI) and distance factor (FACTOR) 
are also included. Coordinates for the hole collars and bottom 
corners of the mine opening are included so hand plotting can be 
done in the absence of a Calcomp plotter. To hand plot, the 
opening is drawn from the coordira te information. Then the holes 
are located at the proper angle as given by PHIPRI. By scaling 
off the distances the integer temperature values can be located. 
Isotherms are then drawn as straight lines between points of equal 
temperature.
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LISTING OF OUTPUT DATA FOR STATION 14

233

STATION NO. 14
HOLE THETA PHI PSI PHIPRI FACTOR

2 16.00 190.00 90.00 189.62 0.9989
3 16.00 180 .00 90.00 180.00 1.0000
4 1 6.00 179.00 90.00 179.04 1.0000
5 16.00 179.00 90.00 179.04 1.0000
6 16.00 162.00 90 .00 162.65 0.9964
7 16.00 118.00 90.00 118.95 0.9699
8 16.00 90.00 84.00 90.00 0.9272
9 16.00 89.00 79.00 88.90 0.8910

10 16.00 91 .00 89.00 91.05 0.9563
1 1 16.00 88.00 88.00 87.90 0.9511
12 16.00 90.00 89.00 90.00 0.9563
13 16.00 66.00 90.00 65.15 0.9678
14 1 6.00 22.00 90.00 21.22 0.9947
15 16.00 10.00 90.00 9.62 0.9989
16 16.00 4.00 90.00 3.85 0.9998
17 16.00 1 .00 90.00 0.96 1.0000
18 16.00 -7.00 90.00 -6.73 0.9994
19 16.00 -18.00 90.00 -17.35 0.9964

HOLE NO. 2
TMP 32 33 34 35 36 3
DST 0.61 0.89 1.30 1.75 2.20 2.9
HOLE NO. 3

TMP 32 33 34 35 36 3
DST 0.73 1 .12 1.50 1.92 2.50 3.1
HOLE NO. 4
TMP 32 33 34 35 36 3
DST 0.68 1 .04 1.46 1.95 2.57 3.5
HOLE NO. 5

TMP 33 34 35 36 37
DST 0.65 1 .07 1.75 2 .70 3.87
HOLE NO. 6

TMP 34 35 36 37
DST 0.75 1 .59 2 .89 4 .73
HOLE NO. 7

TMP 34 35 36 37
DST 0.97 1 .94 3 .56 5 .33
HOLE NO. 8

TMP 32 33 34 35
DST 0.75 1 .70 3 .40 4 • 64

38 39 40
3.83 4.64 5.41

38 39
4.17 5.07

38
4.70
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HOLE NO. 9 
TMP 31 32 33 34
DST 0.74 1.78 3.12 4.46
HOLE NO. 10 
TMP 31 32 33 34
DST 0.72 1.67 3.35 4.59
HOLE NO. 11 

TMP 32 33 34 35
DST 1 .16 2.54 3.92 5.14
HOLE NO. 12 
TMP 32 33 34 35
DST 0.72 1.50 2.63 3.83
HOLE NO. 13 
TMP 34 35 36
DST 0.97 1.84 3.87
HOLE NO. 14 
TMP 35 36 37
DST 1.21 2.49 3.98
HOLE NO. 15 

TMP 34 35 36 37
DST 0.80 1 .37 2.50 3.83
HOLE NO. 16
TMP 32 33 34 35 36 37 38
DST 0.50 0.86 1 .30 1 .80 2.62 3.40 4.62
HOLE NO. 17

TMP 32 33 34 35 36 37 38 39
DST 0.75 1 .12 1 .56 2.12 2.72 3.42 4.37 5.25
HOLE NO. 18

TMP 32 33 34 35 36 37 38 39 40
DST 0.64 1 .00 1 .36 1 .77 2.25 2.81 3.56 4.50 5.16
HOLE NO. 19
TMP 33 34 35 36 37 38 39 40
DST 0.73 1 .12 1 .54 2.04 2.56 3.27 3.80 4.70

HOLE NO. Y COORD Z COORD
OR CORNER FT FT

BL 0.000 0.000
BR 21.637 -0.272
1 -0.250 1 .121
2 -0.333 2.163
3 -0.375 3.124
4 -0.458 4.246
5 -0.292 5.207
6 -0.083 5.527



T 1403 235

7 0.000 5.808
8 4.161 6.057
9 7.573 6.149

10 10.985 6.401
11 14.647 6.626
12 18.391 6.814
13 21.054 6 .668
14 21.887 6.617
15 22.137 6.137
16 22.220 4.855
17 22.304 3.493
18 22.387 2.292
19 22.220 0.850
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APPENDIX E

Field Temperature Data

This appendix lists the field temperature data from all 
of the 6 ft. boreholes. This data is corrected for poten
tiometer error as described in Appendix A.
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STATION NO. 1

HOLE
THERMOCOUPLE NUMBER

NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 31 .5 32.3 33.3 33.9 34.5 34 .7 35 .2 35.5 35.8 36 .2 36 .6 36.7
2 31 .5 33.0 34.0 34.4 34.8 35.2 35 .5 35.9 36 .4 36 *6 36.7 37.0
3 31 .6 33.1 34.1 34.6 35.2 35.4 35.7 36.0 36 .2 36 .4 36 .6 36.8
4 31 .5 33.9 34.4 34.8 35.2 35.4 35.6 35.8 36.0 36 .2 36.3 36.4
5 31 .5 33.7 34.1 34.5 34.8 35.0 35.2 35.2 35.4 35.5 35 .6 35.7
6 31 .5 32.8 33.1 33.5 33.7 34.0 34.1 34.3 34.5 34.7 34.9 35.1
7 31 .6 32.6 33.0 33.4 33.5 33.6 33.7 33.8 34.0 34.4 34.6 34.7
8 31 .6 32.4 32.7 33.1 33.3 33 .4 33.5 33.6 33.8 34.0 34.3 34.5
9 31 .7 32 .5 32.7 33.1 33.3 33.4 33.5 33.6 33.9 34.2 34.4 34.5

10 31 .8 32.7 33.0 33.2 33.4 33.6 33.7 33.9 34.1 34.4 34.6 34.7
1 1 31 .9 32.8 33.3 33.6 33.8 34.0 34.2 34.3 34.5 34 .7 34.8 35.0
12 32.6 34.2 34.5 34.8 35.1 35.4 35.5 35 .6 35.7 36 .0 36.2 36.4
13 32.8 34.8 35.3 35.6 35 .7 35.8 36.0 36 .2 36 .4 36 .5 36 .6 36.7
1 4 32.7 34.9 35.4 35.7 36 .0 36.1 36 .3 36.5 36 .6 36 .8 36.9 37.1
15 32.6 34.1 34.9 35.4 35.7 36.1 36.5 36 .6 36.7 36 .9 37 .0 37.1
16 32.6 33.7 34.5 35.1 35.6 36.1 36.4 36 .6 36.7 37 .0 37 .2 37 .4

STATION NO
THERMOCOUPLE NUMBER

HOLE
NO. 1 2 3 4 5 6 7 8 9 1 0 1 1 12
1 31 .6 33.4 34.2 34.8 35.4 35.7 36.1 36.4 36.6 36.9 37.3 37 .5
2 31 .6 33.6 34.6 35 .2 35.6 35.9 36.1 36 .4 36 .6 36 .7 37 .0 37.1
3 31 .6 33.9 34.9 35 .4 35.7 35.8 36.1 36.4 36 .6 36 .7 36.7 36.8
4 32.0 34.6 35.1 35.4 35.6 35 .8 36.0 36 .2 36.3 36 .4 36.5 36 .6
5 31 .9 34.0 34.4 34.6 34.8 35.1 35.3 35.4 35.5 35 .6 35.7 35.8
6 31 .6 33.2 33.6 33.7 34.1 34.3 34.4 34.4 34 .7 34.9 35.1 35.3
7 31 .7 33.1 33.3 33 .6 33.7 33.8 34.0 34.2 34 .4 34.6 34.8 35.0
8 32.0 32.8 33.2 33.4 33.6 33.7 33.8 33.9 34.1 34.4 34.6 34.9
9 32.4 33.2 33.4 33.6 33.8 34.0 34.1 34.4 34.6 34.7 34.9 35.4

10 32.4 33.3 33.6 33.8 34.2 34.5 34.5 34.6 34.9 35.2 35.4 35.7
1 1 32.4 33.7 34.3 34.5 34.7 34.9 35 .1 35 .3 35 .4 35.6 35.7 35.9
12 32.4 33.7 34.5 34.7 34.9 35 .1 35.4 35.6 35.7 35.9 36.0 36.1
13 32 .4 33.6 34.1 34.5 34.9 35 .3 35.4 35.5 35.8 36 .0 36 .2 36 .6
14 32.4 33.2 33.6 33.9 34.4 34.8 35.1 35.6 35.8 36 .0 36 .4 36 .6
15 32.4 32.8 33.6 33.9 34.4 34.8 35.1 35.5 35.9 36 .4 36 .6 36.9
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STATION NO.

HOLE
THERMOCOUPLE NUMBER

NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 30.3 33.0 34.0 34.6 35.1 35.4 35.8 36 .4 36.6 36 .8 37.1 37.4
2 30.3 33.4 34.4 34.9 35.4 35.7 36 .2 36.5 36 .8 37.2 37 .4 37.6
3 31 .1 33.8 34.7 35.4 35.8 36.1 36 .5 36 .7 37 .0 37 .2 37 .4 37.6
4 31 .4 33.6 35.4 35.5 35.7 36.0 36.3 36.4 36 .6 36 .7 36.8 36.9
5 31 .1 34.4 34.8 35.1 35 .3 35.5 35.6 35.7 36.0 36 .3 36.4 36 .5
6 31 .1 32.6 33.4 33.6 33.8 34.1 34.2 34.4 34.7 34.9 35 .0 35.4
7 31 .1 32.4 32.8 33.4 33.5 33 .6 33.7 34.0 34.3 34.5 34.7 35.2
8 31 .2 32.8 33.2 33.4 33.5 33.5 33.6 33.7 34.0 34.1 34.4 34.7
9 31 .6 32.7 33.3 33.6 33.7 33.8 34.0 34.3 34.6 34.7 35.0 35.2
10 31 .6 32.8 33.3 33.6 33.8 34.0 34.3 34.5 34.7 34.9 35.2 35.5
1 I 31 .6 33.0 33.5 33.7 34.1 34.4 34.5 34.8 35.1 35.4 35.5 35.8
12 31 .6 34.2 34.5 34.9 35.3 35 .3 35.5 35.6 35.8 36 .2 36 .4 37 .4
13 31 .6 34.4 34.7 35.1 35 .6 35.7 35 .9 36.1 36 .4 36 .5 36 .6 36.8
1 4 31 .6 33.6 34.4 34.9 35 .4 35 .5 35 .6 35.7 36.0 36 .4 36.5 36.7
1 5 31 .6 33.1 33.6 34.1 34.6 34.8 35.6 35.6 35.7 36.1 36 .3 36.7
16 31 .4 32.9 33.6 34.1 34.6 35.1 35.5 35 .6 35.9 36 .4 36 .6 37.0

STATION NO.
THERMOCOUPLE NUMBER

HOLE
NO. 1 2 3 4 5 6 7 8 9 1 0 11 12
1 31 .3 32.8 33.6 34.1 34.6 35.1 35.6 36.1 36 .6 36.8 37.2 37.5
2 31 .2 33.2 33.6 34.1 34.6 35.4 35.7 36.4 36 .6 37.1 37.5 37 .8
3 31 .2 32.6 33.3 34.1 34.4 34.8 35.4 35.8 36.6 36 .6 36.7 37.1
4 31 .2 32 .6 33.6 34.1 34.5 35.1 35.6 36.1 36.6 36 .7 37.0 37.1
5 31 .2 33.4 33.7 34.5 34.9 35 .4 35.6 36.1 36.5 36 .6 36 .8 37.1
6 31 .2 33.6 34.6 34.8 35.1 35.6 35 .7 35.8 36 .0 36 .2 36 .4 36.6
7 31 .1 34.0 34.5 34.6 35.1 35.4 35.5 35.6 35.8 36 .0 36 .3 36.5
8 31 .1 32.3 32 .6 32.9 33.1 33.5 33 .6 33.9 34.3 34.5 34.6 34.9
9 30.6 31 .7 32.3 32 .6 32.8 33.1 33.4 33 .6 33.7 33.8 34.1 34.5

1 0 31 .1 32.1 32.6 33.1 33.3 33 .4 33.5 33 .7 33.9 34.3 34.5 34.7
1 1 31 .1 31 .8 32.4 32.6 32.8 33.0 33.2 33.5 33.6 33.9 34.1 34.4
12 31 .2 32.3 32.6 32.9 33.3 33.6 33 .6 33.8 34.1 34 .4 34.6 34.8
13 31 .2 32.7 33.4 33.6 34.2 34.4 34.6 34.8 35.1 35 .4 35.6 35.7
14 31 .2 34.0 34.6 34.8 35.1 35 .5 35.6 35.7 35 .9 36 .3 36.5 36 .6
15 31 .2 34.1 34.6 35.1 35.6 35 .9 36.0 36 .4 36.5 36 .6 36.7 36.8
16 30.8 33.8 34.6 35.0 35.4 35.6 35.7 35.9 36 .3 36 .6 36.6 36.7
17 30.8 33.1 34.1 34.6 35.1 35 .6 35.8 36 .4 36.6 36.9 37.1 37.3
18 31 .5 32.7 33.6 34.3 34.6 35.4 35.6 36 .1 36.4 36.7 37.1 37.4
19 30.9 32.4 33.2 33.4 34.1 34.6 35 .2 35 .5 35.7 36 .0 36.4 36.6
20 30.8 32.6 33.6 33.9 34.6 35 .1 35.6 36.1 36.4 36.7 37.2 37.4
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STATION NO.

HOLE
THERMOCOUPLE NUMBER

NO. 1 2 3 4 5 6 7 8 9 10 11 12
1 31 .1 34.1 34.9 35.5 36.5 36.5 36.8 37.2 37.5 37.8 38.1 38.3
2 31 .1 33.2 34.0 34.6 35.3 35.6 35.8 36.4 36.7 37.0 37.2 37.6
3 31 .0 32.5 33.2 33.6 34.3 34.8 35.3 35.7 36.0 36.4 36.7 37.1
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 31 .1 32.4 33.4 33.8 34.4 34.9 35.4 35.7 36.3 36 .6 37.1 37.4
7 31 .1 32.7 33.6 34.4 34.9 35.4 35.9 36.1 36 .6 36.9 37.4 37.7
8 31 .1 33.4 34.1 34.5 35.1 35.6 36.1 36.4 36.6 36.9 37.2 37.6

STATION NO.
THERMOCOUPLE NUMBER

HOLE
NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 29.9 33.6 35.0 35.9 36 . 6 37.2 37.7 38.4 38.7 39.4 39.7 39.9
2 30.4 33.6 35.5 35.9 36.5 37.1 37 .6 38.3 38.6 39.2 39.3 39.5
3 31 .0 34.6 35.9 36.6 36.9 37.3 37 .7 38.3 38.7 39.2 39.3 39.5
4 31 .5 34.6 36.0 36 . 6 36.9 37.3 37.6 37.9 38.1 38.3 38.5 38.7
5 31 .6 35.4 36.3 36 .6 36.9 37.2 37.5 37.7 37.9 38.1 38.4 38.7
6 31 .9 34.8 35.6 36.2 36 .6 36.7 37.0 37.4 37.6 37.7 37.9 38.5
7 31 .0 33.4 33.8 34.5 34.8 35.1 35.4 35.6 35.9 36.2 36 .3 36.7
8 31 .0 33.1 33.7 34.3 34.7 35.1 35 .3 35.6 35.8 36 .0 36 . 3 36 .6
9 31 .1 33.3 33.8 34.4 34.9 35 .2 35.5 35 .7 36.0 36 .3 36.6 36.9

10 30.9 33.2 33.6 34.2 34.6 34 .9 35.3 35.5 35 .8 35.9 36.4 36 .6
1 1 30.6 33.0 33.6 34.4 34.6 35.0 35 .3 35.6 35.8 36 .0 36.4 36.7
12 30.5 33.1 33.9 34.6 35.1 35.5 35.7 35.9 36.1 36 . 5 36 .6 37.0
13 30.8 34.5 35.3 35.6 35.9 36.3 36.6 36 .6 36.7 36.9 37.1 37.4
14 31 .0 34.6 35.6 36.1 36.5 36 .6 36 .8 37.1 37.3 37.4 37.6 37 .7
15 30.1 33.6 35.1 35.9 36.4 36 .6 37.0 37.4 37.5 37 .6 37.8 38.0
16 30.6 33.5 34.9 35.6 36.1 36 .6 37.1 37.6 37.9 38 .3 38.8 39.2
17 30.4 33.1 34.6 35.4 35.9 36 .6 36.9 37 .3 37.7 38.2 38.7 39.1
18 30.6 33.1 34.6 35.4 35.8 36.6 37.0 37.6 38.0 38.7 39.2 39.5
19 30.4 33.3 34.6 35.6 36.1 36 .6 37.3 37.7 38.2 38.9 39.5 39.8
20 30.6 33.6 34.9 35.8 36 .6 37.4 37.9 38.6 39.2 39.7 40.1 40.5



T 1403
STATION NO. 7 240

THERMOCOUPLE NUMBER
HOLE
NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 29.6 33.4 35 .0 35.9 36 .6 36.9 37.4 37.7 38.1 38.6 39.0 39.5
2 29.6 33.0 34.4 35.5 36.3 36.7 37.4 37.9 38.4 38.9 39.2 39.6
3 29.6 33.2 34.6 35.6 36.4 36.9 37.5 38.0 38.5 38.9 39.3 39.6
4 29.7 32.6 34.5 35.5 36.2 36 .6 37.3 37.6 38.0 38.5 38.8 39.2
5 30.4 33.6 34.0 35.9 36.7 37.3 37.6 37.9 38.2 38 .6 38.8 39.1
6 29.9 33.8 35.6 36.2 36 .6 36.8 37.1 37.4 37.6 37 .7 37.9 38.1
7 29.6 32 .6 33.4 34.0 34.5 34.8 35.1 35.5 35.7 36.1 36.4 36 .6
8 29.6 31 .8 32.6 33.6 34.1 34.4 34.6 34.9 35.2 35.6 35.9 35.9
9 29.6 32.0 32 .6 33.4 33.9 34.3 34.5 34.7 35.0 35.5 35.6 35.9
10 29.4 31 .7 32.5 33.3 33.8 34.1 34.4 34.6 34.8 35.4 35.6 35.8
11 29.6 31 .8 32 .6 33.4 33.8 34.3 34.5 34.8 35.2 35 .6 35.9 36.1
12 30.1 32 .6 33.6 34.1 34.7 35.1 35.4 35.6 36.0 36.4 36 .6 36.7
13 30.9 34.3 35.4 35.8 36.4 36 .6 36 .8 37.1 37.3 37.6 38.7 39.1
14 30.6 33.4 34.9 35.8 36.5 36.7 37.1 37.5 37.6 37.8 38.1 38.4
15 30.4 33.1 34.9 35.9 36 .6 36.8 37.4 37.6 38.0 38.6 38.8 39.1
16 30.6 33.1 34.6 35.6 36 .6 37.1 37.6 38.1 38.5 38.9 39.4 39.8
17 30.6 33.1 34.6 35.6 36 .6 37.1 37.6 38.1 38.6 39.1 39.5 40 .0
18 30.6 33.2 34.6 35.6 36.4 36.9 37.4 38.2 38.6 39.4 39.7 40.1
19 30.6 32.9 34.6 35.8 36.1 36.8 37.7 38.6 39.4 39.7 40.4 40.6
20 30.6 33.2 34.9 36.1 36 .6 37.0 37.6 38.5 39.2 39.6 40.1 40.5

STATION NO 8
THERMOCOUPLE NUMBER

HOLE
NO. 1 2 3 4 5 6 7 8 9 10 11 12
1 31 .6 34.1 36.0 37.2 38.0 38.9 39.6 40.4 40 .6 41 .0 41 .4 41 .6
2 32.0 33.6 35.5 36 .6 37 .5 38.1 38.8 39.4 40.0 40 .4 40.6 40.9
3 32.1 33.6 35.4 36.5 37 .2 37.9 38.4 38.9 39.6 39.9 40.2 40.4
4 31 .8 33.4 35.1 36 .4 37.0 37.6 38.2 38.9 39.3 39.6 39.8 40.1
5 32.1 33.5 35.1 36 .2 37.1 37.5 38.0 38.4 38.8 39.3 39.4 39.6
6 32.4 33.6 35.2 36.1 36.6 37.0 37.5 37.6 37.8 38.0 38.2 38.4
7 32.4 34.3 35.3 35.9 36.4 36.7 36.9 37.1 37.3 37.6 37 .8 38.0
8 32.6 34.4 35.1 35.6 36.0 36.4 36.5 36.7 36 .8 36 .9 37.1 37.4
9 32.0 32.8 33.5 33.9 34.4 34.9 35.0 35.4 35.6 35.8 36 .2 36 .6

10 32 .2 32.4 33.0 33.6 34.2 34.6 35.0 35.4 35.6 35 .8 36.4 36.7
11 32.1 32.6 33.1 33.6 34.1 34.6 34.9 35.1 35.5 35.7 36.1 36.6
12 32.1 32.1 32.6 33.2 33.8 34.4 34.7 34.9 35.2 35 .5 35.9 36.3
13 32.3 32 .6 33.0 33.4 34.3 34.6 34.9 35.2 35.5 35 .8 36.4 36 .6
14 33.3 33.6 33.9 34.6 35.2 35.6 36.1 36.4 36 .6 37.1 37.6 37.8
15 34.1 34.5 35.1 35.6 35.9 36.4 36 .6 36.9 37.1 37.4 37.6 37.7
16 32.4 33.6 34.6 35.1 35.6 35.9 36.3 36.5 36.6 36.9 37.0 37.0
17 32.9 33.7 35.2 35.6 36.4 36.6 36.9 37.1 37.4 37.6 37.8 37.6
18 32.4 33.4 35.0 35.8 36.4 36 .6 37.1 37.5 37.9 38.1 38.4 38.8
19 32.2 33.3 34.9 35.6 36.4 36.9 37.2 37.6 38.0 38.3 38.8 39.3
20 31 .6 32.8 34.6 35.6 36.4 36.9 37 .3 37.7 38.2 38.7 39.2 39.6
21 32.4 33.1 34.9 35.8 36 *6 37.1 37.6 38.2 38.7 39.4 39.8 40 .4
22 31 .8 33 .0 34.6 35.6 36 . 6 37 .4 38 .0 38.8 39.6 39.9 40 .4 40.6
23 32.4 34.4 36.1 37 .2 38.0 38.8 39.6 40.5 40.7 41 .5 41 .7 42.1
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STATION NO

241

THERMOCOUPLE NUMBER
HOLE
NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 31 .0 33.5 35.5 37.0 38.0 39.0 39.6 40.2 40 .6 40.9 41 .5 41 .6
2 31 .0 32 .6 34.6 36.0 37.5 38.0 38.9 39.6 40.1 40.5 41 .0 41 .2
3 31 .0 32.1 34.1 35.4 36.5 37.3 38.2 39.2 39.6 39.9 40 .4 40 .6
4 31 .1 32.4 34.0 35.1 36.1 37.1 37.8 38.6 39.2 39.6 40.0 40.5
5 31 .3 32.6 34.1 35.1 35.9 36 .6 37 .4 37.9 38.3 38.9 39.3 39.6
6 31 .6 33.6 34.7 35.6 36.1 36 .6 37 .2 37.6 38.0 38.4 38.8 39.0
7 31 .6 34.0 34.9 35.6 36 .2 36 .6 37 .2 37.6 37.9 38.2 38.6 38.8
8 31 .6 34.0 34.9 35.6 36.2 36.7 37.1 37.4 37.6 37.9 38.3 38.5
9 31 .4 32.4 33.4 34.0 34.6 35.1 35.4 35.7 35.9 36 .3 36 .6 36.9
10 31 .4 32.5 33.2 33.8 34.5 34.7 35.1 35 .4 35.7 35.9 36.4 36.7
1 1 31 .4 32.6 33.1 33.8 34.4 34.9 35.4 35.6 35.7 36.1 36.5 36.7
12 31 .4 33.2 33.6 34.4 34.9 35.4 35.7 36.1 36 .4 36 .6 36.9 37.3
13 31 .4 34.3 35.2 35.6 36.1 36.6 37.0 37.3 37.5 37.6 37.8 38.2
14 32.1 34.4 35.4 36.1 36 .6 37.1 37.5 37 .8 38.1 38.4 38.8 39.2
15 31 .6 33.7 34.6 35.7 36.3 36.7 37.3 37 .6 38.1 38.8 39.3 39.4
16 31 .4 32.4 33.7 34.8 35.8 36 .6 37.1 37.6 38.0 38.3 38.8 39.2
17 31 .4 31 .9 33.5 34.5 35.6 36 .4 37.1 37.5 38.0 38.8 39.2 39.7
18 31 .4 32.0 33.6 34.6 35.7 36.4 37.1 37.7 38.4 39.1 39.8 40 .4
19 31 .3 32.1 33.6 34.6 35.6 36 .3 37.0 37.6 38.0 39.1 40.1 40 .4
20 31 .2 32 .6 34.8 36.1 37.2 37.6 38.7 39.4 40 .0 40 .6 41 .1 41 .4

STATION NO. 10
THERMOCOUPLE NUMBER

HOLE
NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 30.7 34.0 35.8 37.1 38.3 39.4 40.1 40.7 41 .3 41 .5 41 .7 42.0
2 30.5 33.5 35.1 36.5 37.6 38.7 39.6 40.3 40 .6 41 .0 41 .4 41 .6
3 30.4 33.4 34.8 35.7 37.1 38.0 38.9 39.6 40 .4 40.6 40.9 41 .3
4 30.3 32.9 34.2 35.5 36.5 37.2 37.9 38.5 39.1 39.5 39.9 40.1
5 30.5 33.9 35.3 36.0 36 .6 37.1 37.6 38.2 38.5 39.0 39.4 39.6
6 31 .4 35.4 36.1 36.7 37.1 37.5 37.9 38.2 38.5 38.8 39.1 39.4
7 31 .6 34.9 36.1 36 . 6 37.2 37.6 38.0 38.3 38.8 39.2 39.5 39.7
8 31 .4 33.1 33.9 34.6 35.0 35.6 35.8 36.1 36.3 36 .6 36.9 37.3
9 31 .1 32.6 33.5 34.1 34.6 35.4 35.5 35.8 36 .2 36.5 36.7 37.0

10 30.8 32.4 33 .0 33.6 34.2 34.8 35.2 35.5 35.7 36.1 36 .4 36.7
1 1 31 .0 32.5 33.2 33.8 34.5 34.8 35 .1 35.4 35.6 36 .0 36.4 36.7
12 31 .6 32.8 33.5 34.1 34.9 35.4 35.5 35.8 36.2 36 .6 36.9 37.4
13 31 .6 32.9 33.8 34.6 35.4 35.7 36.2 36 .5 36.8 37.0 37.3 37.6
14 31 .7 34.9 35.6 36.1 36.5 36.8 37.3 37.6 37 .7 38.0 38.2 38.3
15 30.6 34.5 35.6 36.4 36.9 37.4 37.7 38.0 38.5 38.7 39.1 39.3
16 30.8 33.9 35.4 36.1 36.9 37.5 38.0 38.5 38.9 39.3 39.5 39.8
17 30.7 33.1 34.6 35.6 36.4 37.1 37.7 38.2 38.7 39.4 39.7 40.0
18 30.9 33.4 34.8 36.0 37.0 37.8 38.7 39.4 39.9 40 .4 40.7 40.9
19 31 .4 33.9 35.7 36.9 38.1 39.6 39.6 40.1 40.6 41 .0 41 .4 41 .6
20 31 .8 34.2 36.2 37.4 38.7 39.8 40.0 40 .4 41 .0 41 .5 41 .8 42.0
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STATION NO. 11 

HOLE

242
THERMOCOUPLE NUMBER

NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 31 .3 35.6 37.7 39.4 40.6 41 .2 41 .7 42 .3 42.6 42.7 42.8 43.0
2 31 .0 34.5 36.2 37.6 38.9 40.1 40.8 41 .6 42.1 42 .4 42.7 42.9
3 30.6 33.6 35.4 36.7 37.7 38.9 40.1 40 .7 41 .3 41 .6 42.1 42.5
4 31 .0 33.3 34.7 36.1 37.1 38.1 39.1 40.1 40.6 41 .2 41 .6 42.0
5 31 .6 33.3 34.5 35.6 36 . 6 37.4 38.0 39.0 39.7 40.3 40.6 41 .2
6 31 .9 34.7 36.1 36.9 37.6 38.2 38.9 39.5 40.0 40.5 40.7 41 .2
7 32.5 35.6 36.8 37 .4 38.0 38.6 39.2 39.6 40.0 40 .4 40.6 40.7
8 32.6 35.7 36.4 37.1 37.6 38.4 38.8 39.2 39.4 39.6 40.0 40.3
9 31 .6 33.7 34.7 35.4 36.5 37.1 37.5 37.7 38.0 38.5 38.8 39.1

10 31.9 33.6 34.3 34.9 35.6 36.4 36.6 37.1 37.5 37.7 38.0 38.3
11 31 .9 33.1 34.0 34.7 35.6 36.2 36.4 36.7 37.4 37.5 37.7 38.4
12 31 .8 32.8 33.6 34.3 35.1 35.8 36.3 36.5 36.9 37.2 37.5 38.2
13 31.8 32.9 33.6 34.3 34.9 35.6 36.2 36.5 36.7 37.0 37.5 37.7
14 31 .7 33.1 33.6 34.4 35.0 35.6 36.4 36.6 36.9 37.2 37.4 37.7
15 32.6 35.6 36.4 37.1 37.6 38.2 38.8 39.2 39.5 39.7 40.1 40.4
16 32.4 35.4 36.4 37.0 37.5 38.1 38.8 39.3 39.6 39.9 40.3 40 .6
17 32.2 34.3 35.5 36.4 37.1 37.6 38.3 38.9 39.5 39.8 40.3 40.6
18 32.1 33.6 34.7 35.5 36.5 37.1 37.7 38.4 39.0 39.5 39.9 40 .4
19 31 .8 33.5 34.7 35 .6 36.6 37.4 38.0 38.8 39.4 39 .9 40.5 40.9
20 32.0 33.5 35.0 36.3 37.1 37.9 39.2 39.9 40.5 41 .0 41 .6 41 .7
21 31 .8 33.8 35.6 37.2 38.3 39.4 40.5 41 .3 41 .8 42 .4 42.6 42.9
22 31 .8 34.6 36.4 37.9 39.2 40.1 40.7 41 .4 42.0 42.4 42.6 43.0

STATION NO. 18
THERMOCOUPLE NUMBER

HOLE
NO. 1 2 3 4 5 6 7 8 9 10 11 12
1 30.3 32.4 34.6 36.0 37.5 39.6 40.2 40 9 4 4 0 a 9 41 .6 42.2 43.0
2 30.8 31 .8 33.4 34.8 36 .6 37.7 38.3 38.9 39.6 40 .4 40.8 41 .5
3 30.6 31 .9 33.6 35.1 36.4 37.5 38.1 39.0 39.7 40 .4 40.7 41 .4
4 30.6 31 .6 33.5 34.6 35.7 36.7 37.6 38.4 39.4 39.9 40 .4 40.7
5 31 .2 32.4 34.1 35.4 36.4 37.1 37.7 38.9 39.6 40 .0 40 .4 40.8
6 31 .2 33.4 34.6 35.6 36.4 37.1 37.7 38.2 38.8 39.2 39.6 39.8
7 32.4 34.1 35.1 35.8 36.4 36.8 37.4 37 .7 38.2 38.7 38.9 39.2
8 32.4 34.0 34.7 35.4 35.8 36.4 36 .6 37.0 37.4 37.7 38.0 38.3
9 31 .2 31 .6 32.4 32.8 33.6 33.8 34.3 34.7 35.1 35.6 36.1 36.5

10 31 .6 30 .6 31 .6 32.1 32.6 32.9 33.3 33.6 34.1 34.6 35.1 35.5
11 30.5 31 .3 31 .7 32.1 32 .6 32.6 33.1 33 .5 34.0 34.4 34.9 35.4
12 31 .1 31 .1 31 .6 32.1 32 .6 32.8 33.2 33 .6 34.0 34.6 35.0 35.6
13 30.4 31 .5 32.1 32.5 32.9 33.3 33 .6 33.7 34.1 34.6 35.1 35.6
14 31 .2 32.0 32.8 33.6 34.2 34.5 34.9 35.1 35.3 35.9 36 .5 37.0
15 32.0 33.6 34.4 35.0 35.4 35.7 36.1 36.5 36 .8 37.3 37 .6 37.9
16 31 .6 33.9 34.9 35.6 36.1 36.5 36.7 37.4 37.6 38.0 38.3 38.7
17 31 .4 33.4 34.6 35.6 36.1 36 .6 36.9 37.4 37 .7 38 .2 38.6 38.9
18 30.4 31 .8 33.4 34.8 35.5 35.7 36 .6 37.2 37.6 38.0 38.6 39.1
19 30.6 31 .6 33.6 34.6 35.4 35.8 36 .6 37 .4 37 .8 38.4 38.9 39.4
20 30.6 31 .8 33.9 36 .2 36.6 37.1 37.6 37.9 38.7 39.1 39.7 40 .2
21 30.5 31 .8 33.4 34.5 35.4 36.4 37.0 37.5 38.6 39.2 39.8 40.5
22 31 .5 31 .8 33.6 34.8 35.7 36 .6 37.2 38.2 39.3 40 .4 41 .1 41 .4
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STATION NO. 13 

HOLE
THERMOCOUPLE NUMBER

NO. 1 2 3 4 5 6 7 8 9 10 11 12
1 28.1 30.2 31 .8 33.6 35.0 35.9 36.8 37.7 38.5 39.3 39.8 40 .4
2 28.1 30.0 31 .4 32.9 34.3 35.3 36 .2 36.9 37.6 38.2 38.9 39.6
3 28.3 30.0 31 .4 32.7 33.9 34.9 35.8 36 .6 37.2 37 .6 38.2 38.8
4 28.2 30.2 31 .6 32.8 33.8 34.7 35 .5 36 .2 36.7 37.1 37.5 37.7
5 28.4 31 .4 32.6 33.5 34.1 34.7 35.1 35.4 35.8 36.1 36.4 36 .6
6 28.6 32.5 33.4 33.7 34.2 34.6 34.9 35.3 35.6 35.9 36.1 36.2
7 28.3 32.1 32.5 33.0 33.4 33.6 33.8 34.0 34.4 34.6 34.9 35.2
8 28.6 31 .1 31 .8 32.2 32.6 32.8 33.1 33.4 33.7 34.0 34.5 34.9
9 29.4 30.8 31 .4 31 .6 32.4 32 .5 32 .6 32 .8 33.3 33.7 34.1 34.5
10 29.9 30.5 30.9 31 .4 31 .8 32.2 32.5 32 .7 33.1 33.6 34.0 34.6
11 30.2 31 .7 32 .2 32.5 33.0 33.4 33.6 33.9 34.3 34.6 35.1 35.6
12 30.1 31 .6 32.2 32 .6 33.3 33.6 33.9 34.2 34.6 34.9 35.4 35.7
13 31 .0 33.8 34.4 34.9 35.4 35.6 35.9 36.2 36.5 36.7 37.0 37.4
14 31 .6 34.4 35.1 35.8 36.4 36.8 37.3 37.6 37.9 38.6 38.8 39.2
15 30.6 32.3 33.6 34.5 35.2 35.9 36.5 37.0 37.4 37 .7 38.1 38.6
16 29.0 30.6 32.0 33.1 34.0 34.9 35.8 36.8 37.6 38.3 38.9 39.4
17 28.8 30.4 31 .6 33.0 34.3 35.3 36.3 37.1 37.9 38.8 39.5 40.1
18 28.6 30.6 32.1 33.5 34.9 36.1 37.1 38.0 38.8 39.6 40.2 40.6
19 28.6 31 .6 32.8 34.4 35.9 36.8 37.7 38.9 39.6 40.4 41 .0 41 .6

STATION NO. 14
THERMOCOUPLE NUMBER

HOLE
NO. 1 2 3 4 5 6 7 8 9 10 11 12
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 25.6 31 .6 33.4 34.4 35.6 36 .6 37.1 37.6 38.2 38.8 39.5 40.1
3 25.7 31 .4 32.7 34.0 35.2 36.0 36.8 37.4 37.8 38.4 38.9 39.6
4 26.3 31 .5 32.9 34.1 35.1 35.9 36 .6 37.0 37.5 37.8 38.3 38.7
5 25.7 32.6 33.9 34.6 35.4 35.8 36.3 36.7 37.1 37.4 37.6 37.8
6 25.7 33.6 34.4 34.9 35.4 35.6 36.1 36.4 36.6 36.9 37.1 37.4
7 26.4 33.6 34.0 34.6 35.0 35.4 35.6 35.9 36.2 36 .6 36.8 37.0
8 26.2 31 .5 32.3 32 .6 33.2 33 .6 33.7 33.9 34.2 34.6 35.0 35.5
9 26.6 30.6 31 .2 31 .7 32.0 32.4 32.6 33.0 33.3 33 .6 34.0 34.3

10 26.4 30.6 31 .4 31 .7 32.3 32.5 32.6 33.0 33.5 33.7 34.2 34.5
11 27.6 31 .3 31 .6 32.5 32.6 32.9 33 .2 33 .5 33.9 34.3 34.6 35.1
12 26.8 31 .6 32.4 32.9 33.6 33 .8 34.2 34.6 35.0 35 .5 35 .7 35.9
13 28.4 33.8 34.0 34.6 35.1 35.4 35.6 35 .8 36 .0 36 .5 36 .6 36.8
14 28.9 34.2 34.7 35.4 35.6 36.0 36 .3 36.7 37.0 37.4 37.6 37.7
15 27 .9 33.4 34.4 35.2 35.6 36 .0 36 • 6 36.8 37.1 37 .3 37.6 37.8
16 27.0 32.0 33.4 34.4 35.4 35.8 36 .6 37.1 37 .6 37 .9 38.3 38.8
17 26.0 31 .3 32.7 33.9 34.8 35.6 36 . 5 37 .1 37 .7 38.1 38.8 39.2
18 26.6 31 .6 33.0 34.4 35.5 36.5 37.3 37.9 38.7 39.0 39.8 40 .4
19 26.4 32.4 33.7 34.9 35 .9 36.9 37.6 38.3 39.4 39.7 40.4 40.8
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STATION NO. 15

HOLE
THERMOCOUPLE NUMBER

NO. 1 2 3 4 5 6 7 8 9 10 1 1 12

1 24.8 30.9 32.6 33.8 34.7 35.6 36.6 37.3 37.7 38.6 39.4 39.7
2 24.8 30.4 32.1 33.4 34.0 35.0 35.6 36.4 36.9 37.5 37 .9 38.6
3 26.4 30.8 32.5 33.6 34.5 35.1 36 .0 36 .6 37.0 37 .5 37.8 38.3
4 28.4 32.4 33.7 34.6 35.5 36.0 36 .6 37.0 37.5 37.9 38.3 38.8
5 30.4 33.4 34.4 35.3 35.6 36.4 36.6 37.0 37.3 37.6 37.7 37.9
6 30.3 34.5 35.1 35.6 35.9 36.4 36.6 36.8 37.1 37.5 37.7 38.0
7 30.6 34.0 34.6 35.1 35.5 35.9 36.2 36.4 36 .6 36.8 37.0 37.4
8 28.6 31 .6 32.6 33.5 33.7 33.8 34.0 34.6 35.0 35.5 35.8 36.2
9 27.5 30.7 31 .6 32.4 32.7 32.9 33.4 33.6 34.0 34.2 34.6 35.0

10 26.7 30.4 31 .2 32.0 32.3 32 .6 32 .7 33.3 33 .6 33.8 34.2 34.6
11 26.8 30.6 31 .6 32.2 32.7 32.9 33.4 33.6 33.9 34.4 34.6 35.1
12 27 .9 31 .2 31 .9 32.5 32.9 33.3 33.4 33 .6 34.0 34.5 34.7 35.1
13 26.0 33.4 34.0 34.6 34.9 35.2 35 .6 35.7 36 .0 36 .4 36 .6 36.8
14 26.1 33.4 34.2 34.6 35.2 35.6 35.8 36.3 36 .6 36 .8 37.1 37.4
15 24.9 31 .3 32.7 33.6 34.5 35 .2 35 .9 36.4 36.8 37 .3 37.6 37.8
16 24.8 30.6 32.1 33.5 34.4 35.2 36 .0 36 .6 37.1 37 .6 38.0 38.4
17 24.8 30.6 32.0 33.4 34.3 35.4 36 .0 36 .6 37.4 37.7 38.3 38.4
18 24.6 31 .0 32.6 33.6 34.6 35.5 36 .4 37.0 37.6 38.2 38.7 39.4

STATION NO. 16
THERMOCOUPLE NUMBERHOLE

NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 20.4 27.0 29.8 31 .6 32.2 33.2 34.2 34.6 35.4 35.9 36 .6 37.22 0.0 0 .0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .0 0.0 0.0 0.0 0.04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .0 0 .0 0 .0 0 .0 0 .06 21 .3 26.7 28.8 30.4 31 .4 32.4 32.5 33.1 33 .6 33.9 34.4 34.67 0.0 0.0 0.0 0.0 0.0 0.0 0 .0 0 .0 0.0 0 .0 0.0 0.08 0.0 0.0 0.0 0.0 0.0 0.0 0 .0 0 .0 0.0 0.0 0 .0 0 .09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .0 0 .010 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .0 0.011 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .0 0.0 0.0 0 .0 0 .012 23.6 27.6 28.6 29.5 30.1 30.8 31 .5 32.0 32.5 32 .6 33.1 33 .613 23.4 26.7 28.2 29.2 30 .0 30.6 31 .3 31 .7 32.2 32.6 33.0 33.414 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .0 0 .0 0.0 0.0 0.01 5 21 .0 25.6 27.9 29.5 30.4 31 .4 32.2 32.2 32.6 33.6 34.0 34.616 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.017 22.4 27.1 29.0 30.6 31 .9 32.4 32.6 33.8 34.6 35.4 35.8 36.6
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STATION NO. 17

HOLE
THERMOCOUPLE NUMBER

NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 20.4 26.9 29.8 31 .8 32.8 33 .6 34.6 35.3 36 .0 36 .6 36.9 37.5
2 20.1 26.1 29.0 30.9 32.3 33.4 34.2 35.0 35.6 36 .4 36.7 37.3
3 20.1 25.9 28.9 30.7 32.3 33.0 34.1 34.7 35.4 36 .0 36 .6 36.9
4 20.7 26.5 29.2 31 .0 32.4 33.4 34.2 35.0 35.6 36 .2 36 .6 37.0
5 21 .0 27.0 29.9 31 .6 32.5 33.6 34.3 34.8 35.4 35 .6 36 .0 36.5
6 21 .6 29.6 31 .1 32.3 32.8 33.4 33.8 34.4 34.7 35.0 35.4 35.7
7 22.8 29.0 30.4 31 .4 31 .9 32.4 32.6 33.0 33.6 33.8 34.3 34.7
8 21 .1 24.6 26.4 27.9 28.6 29.4 29.7 30 .6 30.9 31 .5 32 .0 32.6
9 21 .5 24.0 25.0 26.6 27.6 28.2 28.8 29.6 30.1 30.7 31 .4 31 .9

1 0 21 .9 24.6 25.6 26.6 27.5 28.0 28.4 29.1 29.6 30.1 30.7 31 .6
11 22.5 24.8 25.8 27.0 27.7 28.1 28.6 29.2 29.6 30.2 30.6 31 .4
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .0 0.0 0.0 0.0 0.0
13 23.1 28.9 29.6 30.6 31 .1 31 .5 31 .9 32 .5 32.9 33 .3 33.6 34.0
14 22.4 28.6 30.0 30.9 31.7 32 .2 32.7 33.4 33.6 34.0 34.5 34.6
15 22.4 28.0 30.0 31 .1 31 .7 32 .6 33.2 33.6 34.0 34.5 34.8 35.2
16 21 .7 25.7 28.2 29.8 30.8 31 .8 32.6 33.5 34.0 34.5 34.8 35.4
17 21 .8 24.6 27.4 29.0 30.4 31 .6 32.4 33.4 34.0 34.6 35.1 35.6
18 21 .6 24.3 27.1 28.9 30.4 31 .5 32.5 33.4 34.1 34.6 35.4 35.8
19 21 .8 25.6 28.3 30.1 31 .6 32.4 33.4 34.1 34.8 35.4 36.0 36.6

STATION NO. 18
THERMOCOUPLE NUMBER

HOLE
NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 24.4 26.6 28.5 30 .0 31 .0 31 .9 32.6 33.5 33.9 34.7 35.4 35.8
2 24.1 24.1 26.2 28.2 29.6 30.9 32.0 32.9 33.6 34.4 35.0 35.4
3 24.9 25.6 26.7 28.6 29.9 31 .0 31 .9 32.9 33.6 34.4 35.0 35.5
4 24.6 24.4 26.7 28.3 29.6 30.7 31 .8 32.6 33.6 34.2 34.7 35.2
5 25.4 26.4 27.8 29.4 30.5 31 .6 32.3 32.8 33.5 33.7 34.4 34.6
6 26.6 28.4 29.5 30.4 31 .2 31 .8 32.5 32.8 33.4 33 .7 34.0 34.4
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
8 27.1 25.9 27.1 27.8 28.4 28.9 29.5 30.1 30.6 31 .3 31 .6 32.4
9 25.6 24.4 25.2 26.0 26.6 27.0 27.6 28.4 29.0 29.6 30.1 30.7
10 24.7 23.9 24.6 25.6 26.1 26 . 6 27.1 27.7 28.6 29.2 29.7 30.6
1 1 24.8 23.5 24.1 25 .0 25.6 26.3 26.9 27.6 26.5 29.1 29.6 30.5
12 24.8 23.6 24.6 25.7 26.4 27.0 27.7 28.4 29.2 29.8 30.5 31 .2
13 26.3 27.2 28.0 29.0 29.6 30.3 30.7 31 .4 31.8 32.4 33.0 33.4
14 26.0 27.4 28.5 29.5 30.4 31 .0 31 .7 32.1 32.6 33.1 33.6 33.8
15 25.9 26.5 28.3 29.6 30.6 31 .4 32.0 32.6 33.1 33.6 33.8 34.2
16 25.5 24.4 26.7 28.7 30.1 31 .4 32.0 32.8 33.6 33.9 34.4 34.6
17 25.5 24.0 26.6 28.6 30.1 31 .3 32.5 33.5 34.1 34.7 35.0 35.5
18 26.1 24.8 27.0 29.0 30.6 31 .6 32.7 33.5 34.5 35.2 35.6 36.4
19 25.6 26.4 26.4 30.4 31 .9 32.7 33.6 34.4 35.1 35 .8 36.4 36.7
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THERMOCOUPLE NUMBER
HOLE
NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 30.5 27.8 28.6 29.9 31 .2 32.1 32 .8 33.6 34.3 34.8 35.4 35.6
2 30.6 27.3 27.7 29.2 30.6 31 .7 32.7 33.8 34.4 35.0 35.5 35.8
3 31 .1 27.4 27.8 29.0 30.4 31 .7 32.7 33.6 34.4 34.8 35.4 35.7
4 31 .2 27.4 27.9 29.1 30.5 31 .7 32 .6 33.3 33.9 34 .5 34.8 35.2
5 31 .1 29.2 29.6 30 .2 31 .2 31 .6 32 .2 32 .6 33.2 33.6 33.8 34.3
6 30.6 29.4 29.8 30.4 30.8 31 .3 31 .8 32 .3 32 .6 33 .0 33.4 33.6
7 30.8 29.4 29.6 29.8 30.0 30.4 30 .6 31 .2 31 .7 31 .8 32 .3 32.7
8 31 .4 28.0 27.8 27.9 28.0 28.1 28.3 28.6 29.2 29.6 30.1 30.7
9 31 .8 27.4 26.9 26.8 26.8 26 .8 27.0 27.2 27.7 28.2 28.8 29.5
10 32.2 26.9 26.5 26 .2 26 .2 26.3 26.4 26 .7 27.4 27.6 28.2 29.0
11 31 .5 26.8 26.4 26 .3 26 .3 26.3 26.4 26.5 26.9 27 .5 27.9 28.3
12 31 .4 27 .0 26.6 26 .5 26.5 26.5 26 .6 26.8 27 .4 28.1 28.3 28.8
13 31 .4 28.2 28.1 28.4 28.4 28.4 28.6 28.8 29.0 29.4 29.5 29.8
14 30.8 29.4 29.6 29.9 30.0 30 .2 30.4 30.7 31 .0 31 .4 31 .7 32.1
15 30.7 29.6 29.9 30.5 30.7 31 .2 31 .5 32 .0 32.3 32 .6 32.9 33.4
16 30.9 29.0 29.4 30.0 30.4 30.8 31 .5 31 .9 32.5 32 .8 33.4 33.7
17 31 .1 28.1 28.3 28.8 29.2 30.1 30.9 31 .7 32 .4 32.9 33.4 33.8
18 31 .0 27.9 27.7 28.3 28.6 29.6 30 .4 31 .6 32.4 32.8 33.5 34.0
19 30.7 27.6 27.7 28.1 28.8 29.9 30.9 31 .8 32 .4 33 .4 34.1 34.7
20 29.8 27.9 28.4 29.2 30.0 31 .1 31 .8 32.6 33 .4 33.8 34.4 35.0

STATION NO. 20
THERMOCOUPLE NUMBER

HOLE
NO. 1 2 3 4 5 6 7 8 9 10 1 1 12
1 30.6 27.5 28.2 29.1 30.2 31 .4 32.3 33.1 33.6 34.1 34.6 34.9
2 31 .6 27 . 1 27.6 28.4 29.4 30 .2 31 .3 32.4 33.2 33.9 34.5 34.8
3 31 .9 26.8 27.2 27.9 28.8 29.6 30 .8 31 .8 32 .6 33 .6 34.1 34.6
4 31 .6 27.6 27 .6 28.1 28.8 29.7 30 .8 31 .8 32 .6 33 .2 33.7 34.2
5 32.7 28.6 28.8 29.8 29.9 30.6 31 .3 31 .7 32.1 32 .5 32.9 33.4
6 32.4 28.8 29.4 30.2 30.4 30.5 30.7 31 .4 31 .8 32.3 32 .6 32.9
7 31 .6 28.8 28.8 29.2 29.4 29.7 29.9 30.1 30.4 30 .8 31 .2 31 .6
8 31 .4 27.9 27.8 28.0 28.0 28.1 28.3 28.4 28.8 29.0 29.4 29.7
9 31 .4 27.5 27.2 27.1 27.3 27.4 27.6 27.7 28.0 28.3 28.6 29.0
10 31 .5 27.1 26.8 26.8 26.8 26.8 27.1 27.2 27 .5 27 .8 28.3 28.6
1 1 31 .0 27.4 27 .0 26.9 27 . 1 27.3 27 .4 27.5 27.7 28.1 28.4 29.0
12 31 .7 27.9 27.7 27.7 27.8 27.9 28.0 28.2 28.4 28.8 29.4 29.6
13 31 .7 29.0 29.1 29.4 29.6 29.7 29.9 30.2 30.5 30 .8 31 .2 31 .6
14 32.6 29.4 29.6 29.9 30.4 30.7 31 .2 31 .5 31 .8 32 .2 32 .6 32.8
1 5 33.0 28.8 29.1 29.4 29.9 30.4 30.9 31 .5 31 .9 32 .4 32.7 33.1
16 32.9 27 .8 27.8 28.1 28.8 29.6 30.4 31 .4 32.0 32 .6 33.2 33.6
17 32.6 27.5 27 .4 27.7 28.4 29.4 30.3 31 .4 32.1 32.7 33.4 33.8
18 33.8 27.8 27.6 28.3 29.0 30.0 31 .0 32.0 32 .7 33.4 33.8 34.5
19 32 .6 27.9 28.1 28.5 29.4 29.9 30.6 31 .4 31 .9 32.4 33 .0 33.5
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APPENDIX F
Computer Program for the Analytic One-Dimensional 

Heat Flow Model With a Convection Boundary

Language : Fortran IV

Calculations : This program calculates the temperatures at
points of interest in a semi-infinite slab for a specified 
time since cooling began.

Input : The required input data is described in the listing
of the program. A floating format is used for input.

Output : The program outputs the distance from the boundary
to each point of interest and the temperature at each of 
these points.

Comments : If a starting point other than one on the boundary
is desired, this can be achieved by changing the value of 
X(I+1) in statement 2500 to any other desired value.
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c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c****
c

THIS PROGRAM CALCULATES THE TEMPERATURES AT DIFFERENT 
POINTS IN SPACE AND TIME FOR LINEAR HEAT FLOW IN A 
SEMI-INFINITE BODY. THE SOLUTION ASSUMES F(X) AND F(T) 
ARE CONSTANT.

THE FOLLOWING DATA IS NEEDED FOR COMPUTATION:

1) TA IS THE AIR TEMPERATURE. (C OR F)
2) TR IS THE VIRGIN STRATA TEMPERATURE. CC OR F)
3) ALPHA IS THE THERMAL DIFFUSIVITY. (SQ-FT/HR)
4) DX IS THE DESIRED INCREMENT. (FT)
5) M IS THE NUMBER OF INCREMENTS THAT DETERMINE THE 

DISTANCE INTO THE ROCK, X.
6) T IS THE TIME SINCE TIME ZERO WHEN THE 

VENTILATING AIR BEGAN TO COOL THE SURFACE. (HR)
7) HC IS THE AVERAGE SURFACE CONVECTION COEFFICIENT 

(BTU/HR-5Q-FT-DEGF)
8) KR IS THE THERMAL CONDUCTIVITY OF THE ROCK. 

(BTU/HR-FT-DEGF)

DIMENSION X(20I),TXT(200),ERFP(200),ARGU1(200),ARGU2(200)^
1 ARGIJ3(200)

REAL KR 
WRITE (1,1)
READ (1,3) TA,TR,ALPHA,T,HC,KR,DX,N 
WRITE (2,7)
WRITE (2,8)
WRITE (2,10) TA,TR,ALPHA,T,HC,KR 
WRITE (2,5)
WRITE (2,4)
HC=HC/KR
IF (T.LE.0.0) GO TO 2000 
X(I)=0 .0 
DO 2500 1=1,M 

2500 X(I+1)=X(I)+DX
TAR=TR-TA 

20 R03T=SORT(ALPHA+T)
DO 1100 L=1,M+1 
ARGUl(L)=X(L)/2./R00T 
ARGU2(L)=HC*X(L)+HC+HC*ALPHA*T 
ARGU3(L)=ARGUl(L)+HC*ROOT
TXT(L)=TA + TAR+(ERF(ARGUl(L))+EXP(ARGU2(D) + (l .-ERF( ARGU3( D ))) 

1100 CONTINUE
4000 WRITE (2,6) (X(L),TXT(L),L=1,M+1)

GO TO 11 
2000 DO 2020 J=l,12

TXT(J)=TR 
2020 CONTINUE
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G0 T0 4000 
11 CONTINUE

READ (1,2) T 
IF (T.NE.O.) GO TO 20

1 FORMAT (• ENTER DATA IN THE FOLLOWING FORMAT:
1 ' TA/TR/ALPHA/T/HC/KR/DX/M*,/)

2 FORMAT (F)
3 FORMAT (7F,I)
4 FORMAT (3X,* (FT)',8X,* (DEG)',//)
5 FORMAT (SX,' X',10X,' TXT')
6 FORMAT (FIO .5,3X,F10.5)
7 FORMAT (/,5X,' AIR',6X,' R0CK',7X,' THERMAL',12X, ' CONVECTION',

1 SX,' THERMAL')
8 FORMAT (4X,' TEMP',6X," TEMP',SX,' DIFFUSIVITY ' ,2X, ' TIME',2X,

l ’ COEFFICIENT *,2X, ’ CONDUCTIVITY',//)
10 FORMAT (4X,2(F6.2,5X),F10.5,1X,F7.2,4X,F8.4,6X,F8.4,///)

STOP
END
FUNCTION ERF (Z)C************************************************************

C
c THIS FUNCTION FINDS THE VALUE OF ERF(Z) BY THE
C TRAPEZOIDAL INTEGRATION APPROXIMATION.
C
C

N=100
X=ABS(Z)
IF (X.EQ.O.O)GO TO 100
IF (X.GE.S.O)GO TO 200
A = N
H=X/A
ERF0 = 1 .0
ERFI=0 .0
SUMX=H
K = N-1
DO 300 1=1,K
ERFI=EXP(-(SUMX**2))+ERFI
SUMX=SUMX+H 

300 CONTINUE
ERFN=EXP(-(SUMX+*2))
ERF=H/SQRT(3.141593)*(ERF0+2.*ERFI+ERFN)
GO TO 1000 

100 ERF=0.0
GO TO 1000 

200 ERF=1 .0
1000 IF (Z.LT.0.0) ERF=-ERF 

RETURN 
END
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APPENDIX G
Computer Program for the Rectangular Slab Problem 

Language : Fortran IV
Calculations : This program calculates the temperature for
each element in the slab by a finite difference approxima
tion. The calculation is performed for each element for each 
increment in time until the time limit is reached. The 
various calculation steps are shown in the program listing 
as comments.
Input : The program will either accept any desired initial
temperature distribution or will set the temperature of each 
element equal to the rock temperature. Floating formats are 
used for all input except when an initial temperature dis
tribution is specified. All of the input data is described 
in the comments in the program listing.
Output : Two types of output are generated by this program.
The first output is the printout of temperatures for each 
24-hour time period. This output is arranged so that there 
are three 20-column blocks with the temperatures arranged 
in positions corresponding to the location of the element 
each temperature represents. By pasting these three blocks 
together, a pictorial representation of the temperature dis
tribution in the slab at each 24-hour time period is obtained. 
The second output is written on a storage device at the end of 
the total time period specified. This output can then be
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used as input if it is later desired to continue the program 
in time, thereby eliminating the necessity for running the 
program from the beginning each time.
Limitations : The temperature change must not reach the left
column of elements or the top row of elements. When this 
happens it means that the program has gone too far in time 
for the number of elements in the model. This can be cor
rected by adding more columns of elements to the left side 
and more rows of elements to the top.
Comments : This program is set up to be run from a time
sharing terminal. Appropriate modifications will have to be 
made if other types of devices are used for control and 
input-output. The stability requirement is examined for 
each run by the program. If the time increment, DTHETA, is 
not small enough the program will stop and wait for a 
smaller value to be entered. This program identifies the 
surface temperatures as TO instead of TS as used in the 
theoretical section of the paper.
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C************************************************************
C
c C0MPUTER PROGRAM FOR THE SOLUTION 0F THE RECTANGULAR SLAB
C PROBLEM BY THE FINITE DIFFERENCE METHOD*
C
C
C THE FOLLOWING DATA IS NEEDED FOR COMPUTATION:
C
C 1) TIME IS A CONTROL VARIABLE EXPLAINED AFTER THE "REAL"
C STATEMENT.
C 2) ALPHAA IS THE THERMAL DIFFUSIVITY OF THE AIR. (SO-FT/HR
C 3) ALPHAR IS THE THERMAL DIFUSIVITY OF THE ROCK. (SQ-FT/HR
C 4) KA IS THE THERMAL CONDUCTIVITY OF THE AIR.
C (BTU/HR-FT-DEG F)
C 5) KR IS THE THERMAL CONDUCTIVITY OF THE R0CK.
C (BTU/HR-FT-DEG F)
C 6) W IS THE WIDTH OF THE CRACK AROUND THE SLAB. (IN.)
C 7) HC IS THE SURFACE CONVECTION COEFFICIENT.
C (BTU/HR-SÛ-FT-DEG F)
C 8) DX IS THE SIZE OF THE ELEMENT. (FT)
C 9) DTHETA IS THE SIZE OF THE TIME INCREMENT (HR)
C 10) TAIR IS THE AIR TEMPERATURE. (DEG F)
C 11) TR0CK IS THE ROCK TEMPERATURE. (DEG F)
C 12) N IS THE NUMBER OF 2 4 HR TIME PERIODS FOR WHICH
C OUTPUT IS DESIRED. (DAYS)
C

DIMENSION T(4800)>TP(4300),T0(6O)
REAL KA,KR,K1,K2,K3,K4,K5,K6,K7,K8,K9

C
C READ CONTROL VARIABLE, "TIME". IF TIME IS EQUAL T0
C 1 THE PROGRAM WILL START CALCULATING WITH THE INITIAL
C TEMPERATURE FOR EACH ELEMENT SET AT TROCK. IF TIME IS
C NOT EQUAL TO 1 THE PROGRAM WILL READ IN ANY DESIRED
C INITIAL TEMPERATURE DISTRIBUTION.
C

READ (1,2) TIME 
IF (TIME.EQ.l.) GO TO 20
READ (4,8) ALPHAA,ALPHAR,KA,KR,W,HC,DX,DTHETA,TAIR,TR3CK 
G0 TO 21

C
C DTHETA SHOULD BE DIVISIBLE INTO 1 AN INTEGRAL NUMBER OF TIMES.
C
20 READ (1,1) ALPHAA,ALPHAR,KA,KR,W,HC,DX,DTHETA 
C
C CALCULATE VALUES FOR CONSTANTS. CPI - CP6 REPRESENT
C HEAT CAPACITY AND K1 - K9 REPRESENT EFFECTIVE CONDUCTIVITY
C FOR THE VARIOUS ELEMENTS. CONSTANTS T1 - TIO ARE TEST
C CONSTANTS WHICH ARE USED TO DETERMINE IF DTHETA, THE
C TIME INCREMENT, IS SMALL ENOUGH FOR STABILITY OF THE
C FINITE DIFFERENCE TECHNIQUE.
C
21 W=W/12.

DX2=DX*DX
PCA=KA/ALPHAA
PCR=KR/ALPHAR
FI=KA*W/2.+KR+DX 
F2=DX+W/2.
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CP 1=PCR*(DX2 + DX*W/2•)
CP2=PCA*DX+W/2.+PCR*DX2
CP3 = PCA*(DX*W/2.+W*W/4.)+PCR+C 0X2 + DX + W/2•) 
CP4=PCA*W+W/4.+PCR*(DX2+W*DX)
CP5=PCA*(DX*W+W*W/4.)+PCR*DX2 
CP6=PCR*DX2 
Kl=KR+F2/DX 
K2 = KR
K3=KR*DX/(DX+W)
K4=F1/DX
K5=KA*KR*DX/(KR+W+KA*DX)
K6=(2.*KR*DX+KA*W)/DX
K7=KA*KR+F2*Fl/(DX/2.+KA*KR+F2+W*KR+Fl+DX/2.*KA*F1>
K8=KR*F2*F1/(DX/2.+F1+KR*F2*(W+DX/2.))
K9=2.*KR
T1=CP1/(2.*K1+K2+K3)
T2=CP2/(2.*K4+K2+K5)
T5=CP2/(K6+K4+K2+K5)
T6=CP3/(K4+K1+K7+K8)
T7=CP4/(2.+(Kl+K8))
T8=CP5/(2.*(K4+K7))
T10=CP6/(3 .*K2 + K9)
T14=CP6/(4.*K2)
TR=AMIN1(T1,T2,T5,T6>T7,T8,T10,T14)
IF ( TIME .iNE . 1 . ) G0 T0 30 
GO T0 100

200 WRITE (1,5)
READ (1,2) DTHETA 

100 WRITE (1,3) DTHETA,TR
C
C TEST T0 SEE IF DTHETA IS SMALL EN0UGH F0R STABILITY*
G

IF (DTHETA.LT.TR) G0 T0 300 
G0 T0 200

300 WRITE (1,4)
READ (1,6) N,TAIR,TROCK 
GO TO 31

30 READ (1,11) N 
C
C "LOOP" WHICH IS LATER USED AS AN END PARAMETER FOR A DO LOOP
C IS SET TO OUTPUT TEMPERATURE DATA AT THE END OF EACH TIME PERIOD
C REPRESENTING 24 HR. THIS PARAMETER CAN BE CHANGED TO OUTPUT DATA
C AT THE END OF ANY OTHER LENGTH TIME PERIOD AS DESIRED.
C
31 L00P=24./DTHETA 
C
C COMBINE CP'S AND K'S INTO A SINGLE CONSTANT.
C

Cl=K2*DTHETA/CP6 
C2=K1+DTHETA/CP1
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C3=K2*0THETA/CP1 
C4=K3*DTHETA/CP1 
C5=l.-2.*C2-C3-C4 
C6=K4*DTHETA/CP2 
C7=K2*DTHETA/CP2 
C8=K5*DTHETA/CP2 
C9=l.-2.*C6-C7-C8 
C10=l .-C2-C3-C4 
e n  = 1 .-C6-C7-C8 
C12=K6*DTHETA/CP2 
C13=l .-C12-C6-C7-C8 
C 14=K4*DTHETA/CP3 
C15=K!*DTHETA/CP3 
C 16=K7*DTHETA/CP3 
Cl7=K8*DTHETA/CP3 
C18=l.-C14-C15-C16-C17 
C19=K1*DTHETA/CP4 
C20=K8*DTHETA/CP4 
C21 = l .-2.*C19-2.*C20 
C22=K4*DTHETA/CP5 
C23=K7*0THETA/CP5 
C24=l.-2.*C22-2.*C23 
C25=K9*DTHETA/CP6 
C26=1,-2.*Cl-C25 
C27=l.-3.*C1-C25 
C23=1 .-3.*C1 
C29=l.-2.*C1 
C30=l.-4.*C1
C31=HC*DX/(2.*KR+HC*DX)*TAIR
C32=2.*KR/(2.*KR+HC*DX)
IF (TIME.NE.1.) GO T0 40 
D0 1000 1=1,60

1000 T3(I)=TR0CK
D0 1001 1=1,4800

1001 T(I)=TR0CK 
GO T0 41

40 READ (4,7) (TO(J),J=1,60)
READ (4,7) (T(J),J=1,4800)

C
C CALCULATE THE FUTURE TEMPERATURE FROM THE PRESENT TEMPERATURE
C FOR EACH ELEMENT.
C
41 DO 3000 I0UT=l,N 

DO 2500 IIN=1,LO0P
TP(1)=C1*(T(2)+T(61))+C25+T0(1)+C26*T(l)
TP(40)=C12*T0(40)+C6+T(100)+C7*T(39)+C8*T(41)+Cl3*T(40) 
TP(41)=C12+T0(41)+C6*T(101)+C7*T(42)+C8tT(40)+C13*T(41) 
TP(60)=C1+(T(59)+T(120))+C25+TO(60)+C26*T(60) 
TP(1141)=C2tT(1142)+C3*T(1081)+C4*T(l20 1)+C10*T(1141)
TP(1180)=CI4*T(1120)+C!5*T(1179)+C16*T(118 1)+C17*T(12 40)

1 +C18*T(1180)
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TP(118I)=C22*(T(I121)+T(IIS2))+C23+(T(1I%0)+T(1241))+C24* 
1 T(1 18 1 )

TP(1200)=C6*T(1199)+C7*T(1140)+C8*T(12 60)+C11+T(1200) 
TP(120 1)=C2+T(1202)+C3*T(1261)+C4*T(1141)+C10*T(1201)
TP(1240)=C19*(T(1239)+T(1300))+C20*(T(II80)+T(1241))+C21* 

1 TC1240)
TP(1241)=C14*T(1242)+C15^T(130 1)+C16*T(118 1)+Cl7*T(1240)

1 +C18*T(1241)
TP(1260)=C6*T(1259)+C7*T(1320)+C8+T(1200)+C11*T(1260) 
TPC4741)=C1*(T(4742)+T(4681))+C29*TC4741)
TP(4 78 0)=C2*T(4 720)+C3+T(4779)+C4*T(4781)+C10*T(4 780)
TP(4781)=C2*T(4721)+C3*T(4782)+C4*T(4780)+C10*T(478 1)
TP(4800)=C1*(T(4799)+T(4 740))+C29*T(4800)
D0 4000 J=2,39

4000 TP(J)=Cl*(T(J-l)+T(J+60)+T(J+l))+C25*T0(J)+C27*T(J)
D0 4001 J=42,59

4001 TP(J)=Cl*(T(J-l)+T(J+60)+T(J+l))+C25*T0(J)+C27*T(J)
DO 4002 J=61,1081,60

4002 TP(J)=Cl*(T(J-60)+T(J+60)+T(J+l))+C28+T(J)
D0 4003 0=1261,4681,60

4003 TP(J)=Cl*(T(J-60)+T(J+60)+T(J+l))+C28*T(J)
Jl=62
J2 = 99
D0 4004 1=1,18 
D0 4005 J=J1,J2

4005 TP(J)=C1*(T(J- 
J1=J1+60

4004 J2=J2+60 
J3=I02 
J4=l19
DO 4006 1=1,18 
DO 4007 J=J3,J4

4007 TP(J)=C1*CTCJ-1 
J3=J3+60

4006 J4=J4+60 
J5=1262 
06=1299
DO 4003 1=1,58 
D0 4009 0=05,06 

4009 TP(0)=C1*(T(0-1)+T(0+1)+T(0-60)+T(0+60))+C30*T(0)
05=05+60

4008 06=06+60 
07=1302 
08=1319
D0 5000 1=1,58 
DO 5001 0=07,08 

5001 TP(0)=Cl*(T(0-l)+T(0+l)+T(0-60)+T(0+60))+C30+T(0)
07=07+60 

5000 08=08+60
D0 5002 0=100,1120,60 

500 2 TP(0)=C6*(T(0-60)+T(0+60))+C7*T(0-l)+C8+T(0+l)+C9*T(0)

l-60)+T(0+60))+C30*T(0)

1-60 ) + TC 0 + 60 )) +C30*T(0)
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5003

5004

5005
5006
5007
5008
5009

6000
6001
6002

6003
C
C
c
c
7000

7003
2500
C
C
C

8000

D0 5003 J=10 1, 
TP(J)=C6*(T(J- 
D0 5004 J=1182 
TP(J)=C6*(T(J- 
D0 5005 J=1242 
TP(J)=C6*(T(J- 
D0 5006 J=120, 
TP(J)=C1*(T(J- 
D0 5007 J=1320 
TP(J)=C1*(T(J- 
00 5003 J=1142 
TP(J)=C2*(T(J- 
D3 5009 J=1202 
TP(J)=C2*(T(J- 
DÛ 6000 J=1300 
TP(J)=C2*(T(J- 
00 6001 J=1301 
TP(J)=C2*(T(J- 
00 6002 J=4742 
TP(J)=C1*(T(J- 
00 6003 J=4782 
TP(J)=C1*(T(J-

1121,60
60)+T(J+60))+C7*T(J+l)+C8*T(J-l)+C9*T(J) 
,1199
1)+T(J+1))+C7*T(J-60)+C8*T(J+60)+C9*T(J) 
,1259
1)+T(J+1))+C7*T(J+60)+C8*T(J-60)+C9*T(J) 
1140,60
l)+T(J-60)+T(J+60))+C28+T(J)
,4740,60
1)+T(J-60)+T(J+60))+C28*T(J)
,1179
1)+TCJ+î))+C3*T(J-60)+C4*T(J+60)+C5*T(J) 
,1239
l)+T(J+l))+C3*T(J+60)+C4+T(J-60)+C5*T(J)
,4720,60
60)+T(J+60))+C3*T(J-l)+C4*T(J+l)+C5*T(J) 
,4721,60
60)+T(J+60))+C3*T(J+l)+C4*T(J-l)+C5*T(J) 
,4779
1)+T(J+1)+T(J-60))+C28*T(J)
,4799
1)+T(J+1)+T(J-60))+C28+T(J)

SET THE PRESENT TEMPERATURE F0R THE NEXT L00P EQUAL T0 THE 
FUTURE TEMPERATURE IN THE PRESENT L00P.

DO 7000 J=l,4800 
T(J)=TP(J)
00 7003 J=l,60 
T0CJ)=C31+C32*T(J)
CONTINUE

OUTPUT RESULTS AFTER EACH TIME PERIOD REPRESENTING 24 HR.

J11=4741 
J12=4760 
J13=l 
J14=20
WRITE (2,10)
DO 9000 K=l,3 
J9=JlI 
J10=J12
DO 8000 1=1,80
WRITE (2,9) (T(J), J=J9,J10)
J9=J9-60
J10=Jl0-60
WRITE (2,9) (T0(J), J=J13,J14)
WRITE (2,10)
J11=J11+20 
J12=J12+20 
J13=J13+20
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9000
3000

C
C
c
c
c

J14=J14+20
CONTINUE
W = W * I 2 .

WRITE 0UTPUT 0N DISK. THIS 
IF IT IS DESIRED T0 RUN THE 
THIS STOPPING POINT.

OUTPUT CAN BE USED 
PROGRAM FURTHER IN

AS INPUT 
TIME FROM

WRITE (3,8) 
WRITE (3,7) 
WRITE (3,7)

ALPHAA,ALPHAR,KA,KR,W,HC,DX,DTHETA,TA IR,TROCK 
(T0(J),J=1,60)
(T(J),J=1,4800)

FORMATS FOR DATA 
FOR SOME INPUT. 
THIS CAPABILITY,

INPUT AND OUTPUT. A FLOATING FORMAT IS USED 
IF THE MACHINE BEING USED DOES NOT HAVE 
A FIXED FORMAT MUST BE USED FOR ALL INPUT.

1 FORMAT (8F)
2 FORMAT (F)
3 FORMAT (IX,FIO.2,2X ,F10.2)
4 FORMAT (IX,' DTHETA IS SMALL ENOUGH FOR STABILITY.

1 VALUES FOR N, TAIR, AND TROCK. ',/)
5 FORMAT (IX,' ENTER A SMALLER VALUE FOR DTHETA.',/)
6 FORMAT (I,2F)
7 FORMAT (10F6.2)
8 FORMAT (10F8.4)
9 FORMAT (20F6.2)
10 FORMAT ( IHl )
1 1 FORMAT

STOP
END

( I )

ENTER
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APPENDIX H

Derivation of Time-Temperature Relationships 
for Calculation of Thermal Conductivity

Marovelli and Veith (40) presented the follow
ing derivation for the time-temperature relationship at any 
point near an infinite line source in an infinite, homogeneous, 
isotropic media.

"To obtain an expression for the thermal conductivity 
consider the case of an instantaneous point source of heat at 
a point (0,0,0) in an infinite solid. The Green’s function 
yields the solution to this problem as indicated on p. 256 of 
Carslaw and Jaeger (11) :

n I 3/2 _(%2 + y2 + z‘̂)/Hat
® ^  ® • ( H DP

where 6 = temperature in °F,
Q = heat released in Btu, 
p = density of material in Ib/ft^,

Cp = specific heat in Btu/lb °F, 
a = thermal diffusivity in ft^/hr, 
t = time in hours, 

and X, y, z are in feet.
To extend this solution to a line source of heat, inte

grate over the z coordinate:
Q p 3/2 +°° -(x^ + y^ + z^)/4at

® (41^ )  G dz; (H2)
P _œ
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Q , 1 , -(x^ + y^)/4at
 ̂ pCp (4̂ )   ̂ ' (H3)

Q Is now the heat released per unit length.
Two simplifications can now be made:
1. Change to cylindrical coordinates.
2. Note that pCpU = K, the thermal conductivity in 

Btu/ft hr so

-R^/4atÛ _ Q « . (H4)4ïïKt

This gives the temperature at any point a distance R from 
an instantaneous line source of heat at any time t after the 
heat emission.

For a continuous line source of heat, integrate the effects 
of instantaneous sources from the start of heating (t ' = 0) to 
the time of observation (t* = t): 

n  ̂ -R^/4a(t-t’)

For convenience, let 

tu = (t-t’)
and

Then

u2du = ——  dt’.

00 -r2 u/4at
ÏÏttK ^ Ü (h 6)
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This is evaluated in most standard integral tables. It 
yields a solution of

e = - ^  Cy + in + ...]. (H7)

for
%2

where Y = Euler’s constant
Q = heat released per unit length per unit time.

This is the required time-temperature relation for this 
experiment.


