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ABSTRACT

This work presents: 1) the results obtained from
measurements of temperature profiles in pillars and at
working faces of three coal mines located in Colorado and
New Mexico, 2) a comparison of the experimental results
with theoretical predictions based on 1linear heat flow
models, and 3) temperature profile predictions based on
a two dimensional coal mine model with an inclined crack
located in the roof or wall of the opening. The thermal
properties of the coal and shale samples taken from the
mines were used as input data for the computer model.

Good agreement was found between the measured profiles
and the theoretical values obtained with the one dimen-
sional model. The two dimensional model results show that
a visible crack (0.01-0.07-ft thick) in a coal roof causes
a surface temperature difference from 0.2 to 1°F at the edge
of the crack for rock exposed to air from 1 hr to 288 hrs
and with the air to rock temperature differences from
2°-6°F.

A temperature difference of 0.3°F was found between
solid and broken rock in a shale roof with a 0.03-ft thick
crack inclined 45° to the horizontal after a ventilating
time of 48 hrs and the air to rock temperature difference

of 2.1°F.
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1. INTRODUCTION

Roof falls are known to be one of the main factors that
cause loss of time and injuries to the personnel in under-
ground mines. In coal mines, roof falls are found to be
responsible for one-third of the total lost operating time.
A miner frequently must work in places where there is no
evidence of loose rock and where no crack has been detected
by sounding the roof with a bar, but the situation could
still be hazardous. An increase in operation time and safer
working places for the miners would be possible if these dan--
gerous conditions were detected and the roof stabilized by
timbering or other means.

The infrared technique, being studied by the U.S.
Bureau of Mines (65),could be an answer to this problem.

The method could be used to scan the working areas to deter-
mine the location of loose rock in the roof.

The work described in the following pages is the second
phase of the research program No. HO 101703, "Measurement

of Temperature Profiles Around Coal Mine Openings," spon-
sored by the U.S. Bureau of Mines, Denver, Colorado. It
involves a study of the conditions of applicability of the

infrared sensor for detecting loose pieces of rock in coal

mines.
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This research presents: (1) measurements of temperature
profiles in coal mines, (2) the comparison between these
results and theoretical values obtained with a one-dimensional
linear heat flow model, and (3) the two-dimensional models

used to simulate different field situations.
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2. TEMPERATURE PROFILES AROUND COAL MINE OPENINGS

Temperature profiles were obtained at three coal mines.
In two of these, the Eagle mine and the York Canyon mine,
profiles were measured in 20- and 15-ft longholes, respec-
tively. At the third, the Mine No. 4, temperature profiles
were measured in 20-ft longholes and station holes 6 ft in

length.

2.1 Temperature Measurements in the Eagle Mine

2.1.1 Introduction

The Eagle mine, situated 25 miles north of Denver in
Weld County, Colorado, is in the South Platte field of the
Cretaceous and of Laramie age. This coal is classified as
sub-bituminous and exhibits a characteristic cubical fracture.

The coal bed being mined averages about 9 to 10 ft in
thickness and lies 370 ft below the surface. In the develop-
ment stage, about 40% of the coal is left in situ as pillars
and approximately one-half of it is recovered later. A 2-
to 3-ft layer of top coal is left in order to support the
roof.

The purpose of the work in Eagle mine was: (1) to
develop a technique to measure temperature profiles up to a

distance of 20 ft inside the coal pillars; (2) to study the
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influence of fluctuations in the outside temperature on the
rock temperature; and (3) to compare the temperature profiles
with theoretical one-dimensional heat flow models studied

earlier by Martin (42).

2.1.2 Field Work

Temperature profiles were measured in nine 20-ft
longholes in August 1971 in section No. 4 of the mine (Fig.
1). The 20-ft long, 3-in. diam holes were drilled with an
electrically driven rotary drilling machine using 7-ft exten-
sion bars. A short probe, consisting of a solid wood
cylinder of 2 7/8-in. diam and 12-in. in length, with a
thermocouple attached to the center, was used (Fig. 2).

Good readings were obtained after leaving the probe
in the hole for at least 3 hrs at each location. Tempera-
ture measurements were taken at 2-ft intervals.

The data obtained with this probe were satisfactory,
but the following problems that were encountered should be
avoided or corrected in the future: (1) a long time was
needed to measure the longhole temperatures (on the order of
3 to 4 days for each hole); and (2) kbecause this temperature
measuring technique is discontinuous, personal errors can be
made in reading the temperatures given by the potentiometer.
The maximum personal error was found to be +0.1°F.

To study the influence of changes in the air tem-

perature on the rock temperature, a second set of data
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Junction

Constantan-copper
thermocouple wire

Fig. 2. Short probe used to obtain rock temperatures.

was obtained in December 1971. The air temperature at this
time was 5°F lower than that obtained in August 1971.

A new probe 20-ft long was used in the measurements.
Since better results were obtained with this device, it was
used in the future. A description of this probe is presented
later.

In the second run, only six of the nine longholes could
be tested because of adverse conditions in the mine. Two
holes (No. 1L and 1lR), located in section A, fell in goaf as
the workings were retreated. Some obstructions caused by a
possible breakage of the coal inside the pillar prevented
the probe from being inserted into the third hole, No. 1R in

section B. On both runs, the thermocouples were calibrated
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for the range of expected temperature readouts with a ther-
mometer having an accuracy of iO.loC (iO.lSOF), and the read-

ings were then corrected.

2.1.3 Experimental Results

The temperature measurements are shown in Figs. 3
through 11. The distances shown were measured from the
boundary into the pillar and are given in feet. The tem-
peratures are given in ©F and are also tabulated in Appendix
C.

In the figures, the dotted lines represent the tem-
perature profiles obtained in the first run, and the solid
lines represent the second run using the new probe.

Except for longhole No. 2L, section B, it is clearly
seen that the strata temperatufe is outlined better in the
second run temperature-profiles than the first. The small
difference in the strata temperatures from one hole to
another is believed to be because of the different depths
of these longholes from the surface. The actual elevations
of the collars of the holes was not available. Another cause
for this difference may be the proximity to old workings and
consequently a different temperature history at different
longhole locations.

The strata temperature at this level (approximately
370 feet under the surface) in the Eagle mine is about
63.4°F (see Table 1).

It is evident from the figures that the temperature
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Table 1.

Strata Temperature in the Coal Pillars.

Section

The strata temperatures were obtained by inspection of

A

A

Pillar No.

Strata Temperature,

°F

2L

2R

3R

1L

2L

2R

Average

63.9
63.2
63.3
63.8
63.3
63.1

—

63.4°F

the second run measurements shown in Figs. 12 through 17.

Small differences exist between these values because this

section of the mine 1is almost horizontal.

17

Table 2. Temperature Difference Between the Temperatures of
the Strata and the Point Closest to the Boundary
of the Pillar.

Distance Strata
Pillar Inside Temp. Temp. Diff.
Section No. Run Pillar, ft °F °F °F

A 1L 1 2 65.9 63.4 2.5
A 2L 1 1 66.5 63.9 2.6
A 2L 2 1 65.5 63.9 1.6
A 1R 1 1 66.0 62.9 3.1
A 2R 1 1 65.8 63.2 2.6
A 2R 2 1 64.6 63.2 1.4
A 3R 1 1 65.7 63.3 2.4
A 3R 2 1 64.5 63.3 1.2
B 1L 1 1 64.9 63.8 1.1
B 1L 2 1 62.3 63.8 -1.5
B 2L 2 1 60.6 63.3 -2.7
B 2R 1 2 64.6 63.1 1.5
B 2R 2 1 60.4 63.1 -2.7
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changes occur only to a depth of 10 ft into the pillar dur-
ing the 3 1/2 month time period betweén measurements. The
temperatures remain almost constant beyond a depth of 10 ft.
The air temperature varied from an August value of about
66.1°F to a December value of about 61.3°F.

The maximum temperature difference between the point
closest to the face of the pillar that could be measured
(1-ft inside) and the strata temperature is 3.1°F (see Table
2).

A theoretical one dimensional heat flow model by Martin
(42) was used to describe the temperature profiles obtained
during December 1971. The results are shown in Figs. 12 to
17, and in Appendix D.

In the model only the thermal properties of coal were

used, due to the fact that the longholes were drilled only

in coal pillars. These values are:
K = 0.181 Btu/ft—hr—oF (thermal conductivity)
@ = 0.0057 £t2/hr (thermal diffusivity)

2—hr—OF was used as the surface con-

A value of 5.0 Btu/ft
vection coefficient. The results of the one-dimensional
heat flow model are not affected by this coefficient if the
time assumed in the calculations is greater than about 2
weeks.

As it was not possible to measure the surface tempera-

ture of the pillars, the values used were the 1-ft tempera-

24
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tures for Figures 13, 15, and 16; the 2-ft temperatures
for the pillars shown on Figures 14 and 17; and the 3-ft
temperature for the pillar of Figure 12.

As can be seen from Figures 12, 14, and 17, the tem-
perature values of the first points (close to the boundary
of the pillars) that were not considered for the computer
program, are lower than the expected values using the linear
flow model. This factor can be explained by the fact that
the pillars were in a cooling process at the time of the
readings (December 1971).

The one-dimensional heat flow model (Appendix E) was
applied by using the trial and error method, since the tem-
perature history of the mine was not known.

Table 3 shows maximum differences between measured and
calculated temperatures. This information was obtained from
Figures 12 through 17. Except for pillar No. 2L, section A,

the data follow the one-dimensional heat flow relationship.

Table 3. Maximum differences between measured and theoretical
temperatures obtained by the one-dimensional heat
flow model.

Distance

Pillar Inside o

Section No. Pillar, ft Difference, F
A 2L 13.0 0.4
A 2R 2.0 0.2
A 3R 4.0 0.2
B 1L 3.0 0.3
B 2L 2.0 0.2
B 2R 3.0 0.1
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2.2 Temperature Measurements in

the No. 4 Mine

2.2.1 Introduction

Mine No. 4, owned by Mid Continental Coal and Coke
Co., is located 5 miles from Redstone in Pitkin County,
Colorado.

The bituminous coal seam being mined averages 7 ft
in thickness, and pitches at 14°. No top coal is left

during the mining operation (Fig. 18).

Shale

Coal Coal

Sandstone

Fig. 18. Mine cross-section.

2.2.2 Field Work

To study the effect of time and changes in air tem-
perature on the profiles measured earlier by Martin (43),
measurements were taken at the longholes 2, 3, and 4 and
stations 14, 17, and 19 (Fig. 19) in November 1971. Tabu-
lated data are presented in Appendix F.

In measuring the temperatures in the 6-ft holes of
the three stations, the 6-ft inflatable probe built by

Martin was used. The probe was inflated to a pressure of

26
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25 psi, and approximately 10 minutes were allowed to assure
that the thermocouples were in good contact with the rock
and had reached rock temperature. The thermocouples used
to record the temperatures were calibrated and the readings

were corrected accordingly.

2.2.3 Experimental Results

The longhole temperature profiles are shown in
Figs. 19 to 22 and the station profiles in Figs. 23 to 25.
The results for two 5-ft holes from each station were
selected for comparison with the earlier measurements.
These holes are shown in the station-profile figures.
Temperature profiles are given in Figs. 26 to 28.

The virgin rock temperature is well defined in long-
holes 2 and 3. The average value for these three stations
is 1.7°F lower than the value obtained in the first run
(see Table 4). The reason for this diffefence is believed
to be the influence of the seasonal temperatures on the rock
temperatures at shallow depths.

The air temperature changed from 32.3°F in the first
measurement to a value of about 34.4°F in November 1971.

From Figs. 26 to 28 it can be seen that the tempera-
ture profiles varied with time. This was expected because

the air temperature was different for the two runs.
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Table 4. Strata temperature in Mine No. 4.

Strata Temp.

OF
Longhole No. 1st Run 2nd Run Difference, Op
2 42.7 40.6 3.3
3 41.5 40.0 1.5
4 40.9 39.5 1.4
Avg. 41.7 40.0

Note: The lst Run measurements were obtained by Martin.

The 2nd Run measurements (Nov. 1971) were obtained
by inspection of Figs. 20, 21, and 22.

2.3 Temperature Measurements in the

York Canyon Mine

2.3.1 Introduction

The York Canyon Mine, owned and operated by the
Kaiser Steel Corp., is situated 36 miles southwest of Raton
in Colfax County, New Mexico. The mine is in the Northern
Great Plains Province, Raton mountain region. The bitumin-
ous coal in this province ranges from the lower Cretaceous
to the Eocene, and the rocks are of Laramie age.

The temperature profiles in this mine were obtained
for the following purposes: (1) to collect field data (air
temperature, strata temperature, air velocity, etc.) and
rock samples for the determination of the thermal constants
to be used in the two-dimensional computer model, and (2) to

detect loose slabs from the temperature profiles.
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2.3.2 Field Work

Temperature measurements were bbtained in section
'4 Left' of the mine in rock exposed to the air for only
one week.¥*

Two 15-ft long holes were drilled normal to the face
into the coal, and one hole was inclined at 40° to the hori-

zontal in the shale roof (see Figs. 29 and 30).

Hole 1 Hole 2

Hole 3

I
|
|
1

- -

> > Alr flux =+ Curtain

JRNUINY SN R——

A

_---.'%‘—— - —

——tz> Curtain

|
: Scale: 1 inch = 10 feet

Fig. 29. Location of drill holes.

*Fresh rock 1s preferred in order to obtain the constant
strata temperature using short drillholes.
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Sandstone

Shale

PRSI

Coal

Opening

Fig. 30. Strata in the roof of the opening and drill hole No. 3.

The hole in the roof was only 2.5 ft into the shale
(see Fig. 30). It was not possible to drill deeper with the
machine available, siﬁce the next layer was a hard com-
pacted sandstone.

A temperature recorder type "Tempscribe Recorder
thermometer, (Temp. range: -30 to 1200F)" was placed in the
above area. The air temperature recorded during the two
days was 61.0°F and it remained constant, probably because
this area was far away from the air intake.

The air velocity was obtained using a Keuffel & Esser

Co. anemometer. The following data were obtained.
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Velocity Area Volume of air
ft/min ft? ft3/min
Section A 59.7 80.0 4776.0
Section B 247.4 18.99 4698.1

In order to determine the thermal constants, samples of
shale and coal were taken. The analysis was done in the
Mining Research Laboratory of the Colorado School of Mines.

Special attention was given to drill hole No. 2,
where inspection indicated a possible crack located 27-in.
inside the surface of the coal. The factors that indicated
the crack are:

1. an unusual amount of gas {(methane) was detected
flowing from this hole, and

2. a portion of the bottom of the hole was wet,
indicating that a small amount of water flowed through the
crack. This distance was recorded by inserting a previously
dusted wire and measuring the distance where the wire
became wet.

Temperatures were recorded every 6 in. for the first
6 ft of the hole, in order to try and detect the crack from
the temperature profile. Beyond 6 ft, temperatures were
recorded every foot. The recordings were taken after leav-
ing the probe* in the hole for one day, in order to avoid
(or try to avoid) the possible change in the rock tempera-

ture due to the presence of water.

*Temperature measuring device used to measure the rock tempera-
ture.
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2.3.3 Experimental Results

The rock temperatures recorded are shown in Figs. 31,
32, and 33, and the tabulated data are presented in Appendix
G.

Figures 31 and 32 show well-defined constant strata
temperatures. A difference of 0.5°F was found between the
values of the strata temperatures for holes 1 and 2.

An average value of 66.75°F will be used in the com-
puter model (average of 67°F and 66.5°F) .

The strata temperature was reached at a distance of
5 to 7 ft from the face of the opening.

The inspected crack is shown in Fig. 32. At that
point a break in the temperature-distance curve is notice-
able. Two explanations are possible:

1. the crack can be detected from the measured
temperature profile, and

2. a non-representative measurement was obtained at
the point 2 ft inside the coal. This, however, seems
improbable since it would indicate that the temperature at
this point should be 0.8°F lower than the recorded value.

The air temperature in this mine before the work was
begun must have been lower than 61.00F, since the surface

temperature in hole 2 was 56.9°F.
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2.4 Conclusions

The following conclusions can be made on the basis
of the experimental results.

1. The satisfactory results obtained in the read-
outs suggest that a 20-ft long probe similar to the one used
to measure the temperature profiles could be used in measur-
ing large temperature profiles. This probe is described in
Appendix B.

2. The constant rock temperature (strata tempera-
ture) can be obtained by measuring the rock temperature at
a distance of 15 to 20 ft from the surface of the pillar.
However, in a fresh rock face, this distance can be reduced
to about 5 to 10 ft.

3. Good agreement was obtained between the measured
temperature profiles and the_theoretical values from the
one-dimensional heat flow model (Table 3). The maximum
difference between the calculated and measured temperatures
in the Eagle Mine was only 0.4°F.

4. No final conclusion can be made regarding the
detection of a crack in the coal from the temperature pro-
files. It can, however, be concluded that if a temperature
profile similar to that shown in Fig. 32 is obtained and
the crack is confirmed (by using a borehole T.V. camera or
a stratascope), other cracks can be detected by inspection

of the temperature profiles.
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3. MATHEMATICAL SIMULATION OF THE UNSTEADY STATE

HEAT CONDUCTION PROBLEM FOR A MINE ROOF CON-

TAINING A CRACK ORIENTED AT AN ANGLE TO THE

HORIZONTAL

3.1 Introduction

In this section a two-dimensional computer model

that could be used in predicting the conditions of applica-

bility of the infrared technique to detect cracks in the

roof or wall of coal mines is described.

A finite difference computer model was prepared and

the data obtained in the coal mines were used as input for

the computer program. This model was then used as follows:

1.

To study the effect of the following variables

on the thermal detection of a crack.

Ae.

b.

2.

Thermal properties of the rock

Thickness of the crack

Time since the opening was made

Temperature difference between the ventilating
air and the constant strata temperature (air

to rock temperature difference).

To simulate a crack in a roof composed of a shale

47

layer overlying a 2-ft thick coal layer (case of Eagle mine).

3‘

To simulate the case of a crack appearing after

the rock has been ventilated for a period of time. This

could be the situation when additional load would come onto
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a drift due to adjacent areas being mined or to rock
deterioration due to air exposure.

4., To simulate an actual roof fall incident.

3.2 Finite Difference Model Formulation

The purpose of this model was to determine the two-
dimensional temperature distribution in the rock adjacent
to a mine opening having a crack oriented Bo to the roof or
wall of the opening (Figs. 34 and 35). This model was
studied for two reasons: (1) to become more acquainted
with the influence of a crack in temperature profiles, and
(2) to examine the possibilities and limitations of detect-

ing cracks by measuring temperatures through the rock.

Crack

Figure 34. Crack in the roof of a mine opening.

48
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Special Considerations in the Flow Model

1. The unsteady-state model was made using a mesh
array having 73 rows and 93 columns; the dimensions of the
mesh can be modified according to the size of the slabs to
be studied.

In the model, D1 is the length of the element (normal
to the crack), and D2 is the height of the element (parallel
to the crack).

The crack appears at the element (22, 1) and propa-
gates through the rock having an inclination B with the X
axis. The dimension of the mesh and the size of the elements
in consideration depend on the capacity of the computer in
use.

2. To make a simple model, a rectangular array was
created with the crack contained in some of the elements.
These elements (21,2), (23,2), (22,3), etc. are composed of

rock and air (see Fig; 36).

Crack

B = arctg Dl/DZ

Fig. 36. Elements showing the orientation of the crack.
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3. The orientation of the crack could be changed
with changes in the dimensions of the elements (Fig. 36).

4. A two-dimensional linear heat flow was considered.

5. Convection was considered only at the surface of
the rock.

6. Only conduction through the air-rock interface
in the crack was considered. Convection is negligible here,
since the temperature difference (surface-~air) is small and
consequently the heat transfer by convection will be very

small.

3.2.1 Theoretical Considerations

Inspection of Fig. 35 shows that heat transfer can
occur by two modes, convection and conduction. Elements at
the surface transfer heat by both modes, and all others by
conduction alone.

Separate formulae govern each kind of heat transfer
and a superposition of these can be used to determine the
energy balance for elements where both modes of heat trans-
fer are present.

The basic law of heat conduction, called the Fourier
equation, is:

q(cond) = -K.A.dT/dx (1)

where g (cond) = the heat energy flowing through cross-
sectional area A by conduction, Btu/hr

A = cross-sectional area, ft2
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dT/dx = temperature gradient in the x direction,
OF/ft
K = thermal conductivity, Btu/ft—hr—OF.

The heat conduction across the interface of the

elements shown in Fig. 37 is given by:

dx dx -1
qlcond) = -[—2£2 + —2/27 "ar.a (2)
K
1 2
where Kl = thermal conductivity of element 1
K2 = thermal conductivity of element 2.

1l 2
Kl K2

b
dxl dx2

Fig. 37. Conduction across the interface of two elements.
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When dx., = dx., and K. = K, = K, equation (2) becomes the

1 2 1 2
same as equation (1).
At the interface between a fluid and a solid, the

heat convection is given by the Newton equation:

g(conv) = HC.A.dT (3)

the heat energy flowing through cross-

I

where g (conv)
sectional area by convection, Btu/hr

Hc = the surface convection coefficient,
Btu/hr-ft2-°F

A = the cross~sectional area, ft

dT = the temperature difference between the

solid surface temperature and fluid

temperature, .

The basic equation of heat storage is:

il

q(stor) pCdeT/de (4)

heat energy stored in unit time, Btu/hr

where q(stor)

density of the element, lb/ft3

0 =

Cp = specific heat of the element, Btu/1b-OF

\Y = volume of the element, ft3

dT = temperature increase of the element in a
time interval de, Op

de = time interval, hr.

For the determination of the temperature distributions
of the model, it was necessary to combine equations (1), (3),
and (4) to obtain a two-dimensional differential energy

balance, considering the width of the elements as unity
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(width of the elements is the dimension normal to the plane
X-Y).

Energy balance for elements where conduction and con-
vection occur is encountered in the elements at the surface
of the rock, where convection occurs at the rock-air inter-
face. 1In general, a considerable difference in temperature
is expected between the rock and air used in the ventila-
tion of the mine, and conduction occurs with the surrounding
rock-elements.

In order to show the transformation from a differen-
tial to a finite difference energy balance, an element from
the surface will be analyzed.

Fig. 38 shows a typical element at the surface and
its surrounding blocks. This'energy balance is valid for
any of the following elements: (2,1), (4,1), ... (92,1).

The dots in Fig. 38 show the locations where the
temperatures were considered.

The two elements (20,1) and (22,1) are mixed elements
(Fig. 37), and differ from those shown in Fig. 38. Assuming
that the thickness of the crack is small, their shape can
be taken as solid half-elements.

The energy balance for block zero then becomes the
sum of the heat transfer from the surrounding blocks, and
the convection with air, air being the environment tempera-

ture. Equating the energies transferred:
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Air

Fig. 38. Elements in the rock-air contact.

g(stor) = g(cond) + g(conv) (5)
Substituting equations (1), (3), and (4) into equation (5),

pCRVdT/de = +(—KRAldT(l)/Dl)+(—KRAsz(2)/D2)

+ H -T(0)) (6)

cAB(TAir
Converting equation (6) to finite difference form and

selecting the width of the elements as unity gives,

pC,D.D, (TP (0)-T(0)) D
R7172 _ _ 2 _
Dy
*(Kp g (T(0)=T(2))) + HD(Ty; =T (0) (7)
h p = (02 + p2)*/?
where = 1 5
for CR1 = pCRDlD2

KR1 = KRDl/DZ
KR2 = KRDZ/Dl’ and solving for TP(0), equation (7)

yields

54
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H D
_ ., KRl KR2 c
TP(0) = 2 TR ABT (1) + 2 ORI ABT (2) + 2 RI AQTAir
2KR1+2KR2+2H D
+ (1 - ( R )AB)T(0) (8)
Let
2KR1+2KR2+2H D
M= (1 - ( oRT )46) (9)
where TP (0) = temperature of element 0 at the end of the

time interval A6, Op

T(1),T(2),T(3) =
and 3 at the beginning of

A6, OF
KR1,KR2 = thermal conductivities,
CR1 = constant, Btu/ft—oF

From equation (9) it is evident that M >

A® < CR1/(2KR1 + 2KR2 + 2HCD). In order

solution for TP(0), the time interval A6
or equal to CR1/(2KR1l + 2KR2 + 2HCD).

In the model, energy balances are

the different types of elements and a A9

temperatures of the elements 1,

2,

the time interval

Btu/ft-hr-°F

0 for
to get a convergent

should be less than

computed for all

value smaller than

the lower value necessary to have convergent equations is

selected as the time interval.

3.2.2. Energy Balances

As seen in Fig.

following cases are found in this finite

35, besides the base elements,

the

difference model:
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(a) 2nd row or elements adjacent to the base elements
(element 3,2)

r——-"
12 1
I
--- -=="
171 o 3
I : *
L___ ,___J
i ﬁ’
Y ! /I X
N
Fig. 39

TP(0) = C2.T(2) + 0.5 C2T(4) + C3T(1) + 0.5 C3T (3)

+ C16T(0)

where C2 (KR1.A6)/CR1

C3 = (KR2.A6)/CR1

Cl6 = (1-1.5 C2-1.5 C3)
CRl = pCRDlD2
KRl = (KRDl)/D2

KR2 = (KRDZ)/Dl
The condition for convergent equations is:

CR1
88 < TTBRRI ¥ 1.5KRD

56
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(b) Mixed elements that contain the crack (element 22,3)

r—= N
o2
[ I
i P
SN I (R
. L] I L] I
| N |
L___' :L__J
BT
1 h
LU
Y X
Fig. 40
TP(0) = C1T(l) + C5T(2) + C5T(4) + C6T(3) + C15T(0)
where Cl = (KR2.A8)/CR2
C5 = (KR3.A6)/CR2
C6 = (KRA.AB)/CR2
Cl5 = (1-Cl-2C5-C6)
CR2 = cR + CA/2 <
Alw
KR4 = (K 1 + 7 L )-l = (KAKRDZ)/(KRW + KADl)
Rock Air
KA = thermal conductivity of air, Btu/hr—ft—OF
CA = specific heat of air, Btu/lb-OF

The condition for convergent equations is:

AB < CR2
— KR2 + 2KR3 + KR4

57
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(c) Boundary elements (include elements in columns 1 and 93
and row 73). (element 2,4)

1
v !
) 1

-T771

0 2 :

Y ____j X
Fig. 41
TP(0) = C2T(1) + C3T(2) + C1l2T(0)

where Cl2 = (1 - C2 - C3)

The condition for convergent equations is:

CR1
A8 < RRI + R
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(d) All other interior elements.

Fig. 42

TP(0) = C2(T(4) + T(2)) + C3(T(3) + T(1l)) + C17T(0)
where Cl17 = (1 - 2C2 - 2C3)

The condition for convergent equations is:

CR1
AS < FRRITIKRZ

59
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3.2.3 Physical Properties as Input Data for the Finite

Difference Computer Model

A summary of the field data obtained in the four
coal mines is shown in Table 5. It can be seen that the
Thermal Conductivity and Thermal Diffusivity are almost
constant for all the mines. For this reason, most of the
test runs were made using an average value for these con-
stants.

The following data were necessary to run the program
(given in Appendix H).

thermal diffusivity of the air, ftz/hr

op =
op = thermal diffusivity of the rock, ft2/hr

KA = thermal conductivity of the air, Btu/hr—ft—oF
KR = thermal conductivity of the rock, Btu/hr—ft—OF
HC = surface convection coefficient, Btu/hr-ftz—oF
W = thickness of the crack, ft

AB = time interval, hr

Dl’DZ = dimensions of the finite difference elements, ft

Time = time that the rock is ventilated, hr
TAir = temperature of the ventilating air, OF
T = constant strata temperature, OF

Rock
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3.3 Computer Model Results

3.3.1 Computer Tests

The following cases were studied:

1. The variables that would affeét the thermal
detection of the crack.

a. Three runs were made to study the effect of
changes in the thermal constants K and o on the detection
of the crack. The physical properties of coal were con-
sidered and the largest, intermediate, and lowest values
from Table 5 used for tests 1, 2, and 3, respectively. The
other parameters used as input were kept constant.

b. To study the effect of the thickness of the
crack, tests 4 and 5 were made for crack thicknesses of
0.01 ft and 0.07 ft, respectively. The results of test 2
were compared to those of tests 4 and 5, since all the
other parameters were the same.

c. In order to evaluate the effect of the exposure
time (time that the rock is ventilated), a series of 4 test
runs (Test 6 through Test 9) were made for coal, using
values of time of 1 hr, 8 hrs, 144 hrs (6 days), and 288 hrs
(12 days), respectively. Again, comparisons were made with
the results of test 2 (time = 72 hrs), since all other
parameters were the same.

d. To study the effect of the air-rock temperature

62
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difference, two runs were made (test 10 and test 11).

The temperature differences considered were 2, 4,

and 6°F* with the following values for T .  and T .
Air Rock
TAir TRock AT
Test 2 34.4 40.4 6
Test 10 36.4 40.4 4
Test 11 38.4 40.4 2

2. For the coal and shale roof with a crack, the
physical properties obtained from the Eagle mine were used.

The computer model was modified such that for the first 2

ft (rows 1 to 40), the elements have the properties of coal,

and rows 41 to 73 have thermal properties of shale.
The test was run for an exposure time of 72 hours.
A plot of the isotherms is presented in Fig. 54 (test 12).
3. A run was made for solid rock ventilated for 480
hrs (20 days). The output temperatures from this run were
used as initial temperatures for test 13, which was run
for 72 hrs with a simulated crack. The final results give
the temperature distribution in the rock when a crack
appears after the rock has been exposed to air for 480 hrs.
4. A roof fall accident reported by the U.S. Bureau

of Mines was simulated in test 14.

*The maximum temperature found in any of the coal mines was
6°F (Mine No. 4, Table 5).

63
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The accident occurred in a coal mine located in
Colorado, in a section exposed to the air for 2 days. The
piece of rock that fell was about 8 ft by 5 ft in size and
varied in thickness from 10 to 15 in.

For a time of 48 hrs and assumed values for the thermal
properties of the shale roof, the test was made.

The input data used in all the runs is shown in Table

3.2 Results

The plots of isotherms for the two-dimensional sec-
tions, for each run, are given in Figs. 43 to 56. The rock-
air contact surface is shown with a solid line in the lower
part of the figures. Distances in the X and Y directions
are all in feet.

Isotherms were plotted every O.SOF, except in Figs.
54 and 57, where the interval is 0.2°F.

Certain general observations can be made from Figs.
43 to 56.

1. The crack is well-defined by the jump in the
isotherms.

2. The distance inside the rock at which the virgin
temperature is reached increases with time. This was also
evident from the experimental measurements in the coal mines.

3. The temperature gradients are larger closer to

the crack.
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4. The surface temperature beneath the crack is
lower than the surface temperature of the solid rock (left
side of the crack). This is true when the air temperature
is lower than the rock temperature and is in agreement with
the fact that in mines the surface temperature is lower in
broken rock, because the ventilating air has greater
exposed areas through which to circulate.

To study the temperature differences in a borehole,
temperature profiles obtained from the plots of the two-
dimensional array are shown in Figs. 57 to 61.

Surface temperatures in the solid and broken rock
(left side of the crack and under the crack), and surface
temperature differences between elements adjacent to the
crack (see Fig. 64) are given in Table 7, and plotted in
Figs. 62 and 63.

The surface temperature values used were those for
the second row of elements (distance between rows is 0.05
ft). This was necessary because in the first row (surface),
many of the values were determined by interpolation in the
X-direction, and this could result in a small error. The
error from this approximation is, however, very small.

This analysis was necessary since the infrared devices
(scanner and infrared thermometer) would only be looking at

surface temperature differences.
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Table 7. Surface temperature differences obtained from the
test runs. :

Test " - e o
1 36.0 0.6 0.15 0.06
2 36.0 0.6 0.1 0.06
3 35.9 0.6 0.1 0.05
4 35.5 0.3 0.1 -

5 35.5 0.9 0.2 0.1

6 39.4 0.6 0 -

7 37.8 1.0 0.05 -

8 35.6 0.5 0.15 -

9 35.3 0.4 0.15 -
10 37.5 0.4 0 -
11 38.9 0.2 0 -
12 62.1 0.25 0 -
13 60.7 0.3 0 -
14 62.5 0.3 0.3 0.3

Note: Tﬁis set of data was obtained from the numerical
output data.

Ty = the temperature of the solid rock (point A, left of
the crack in Fig. 64).
ATB = surface temperature difference between elements

adjacent to the edge of the crack (2nd row, elements
at x =1 and 1.1 ft).

ATC,ATD = surface temperature differences (Tc-Ta and Tp—-Tpa)
at points when the crack is located at 1 and 2 ft,
respectively, from the surface.
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/ _» Crack

Rock 4 Rock

Scale

/ 4 ft

Air

Fig. 64. Mine roof with a crack, showing the surface
temperatures considered. A = point where the
solid rock surface temperature, Tp, was obtained.
B = crack edge point (temperature differences
between elements adjacent to the crack shown in
Table 7). C = point 1 ft beneath the crack.

D = point 2 ft beneath the crack.

To study the influence of the thermal constants in
the detection of the crack, three profiles with the crack
1 ft inside the rock (obtained by plotting temperature-
distance values for column 40 in the two-dimensional plots),
are shown in Fig. 57. Small differences exist for the
three theoretical curves.* A maximum difference of 0.3°F
is found at 1.1 ft inside the roék. It can be seen that a
break in the curves occurs at a distance of 1 ft (location
of the crack). The jump-due to the crack is about 0.4°%F**,

The exposure time considered was 72 hrs.

*This is because small differences exist between the values
of the thermal constants used for each run.

**The jump is estimated as the normal distance between the
traces before and after the profile change, due to the
crack (see Fig. 58).
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Table 7 shows a difference of 0.6°F for elements
édjacent to the crack edge (tests 1, 2, 3), and surface
temperature differences from 0.1 to 0.15°F for points 1 ft
beneath the crack. Then it might mean that the scanner
would only see a fringe (temperature contrast) at the edge
of the crack.

To study the effect of the thickness of the crack,
three profiles were plotted in Fig. 58 (ventilation time =
72 hrs).

The profile for a crack 0.01-ft thick, located 0.5
ft inside the rock, shows a jump of 0.15°F. This is due to
the presence of the crack. For a crack located more than
0.5 ft inside the rock, no noticeable change in the curve
is found.

The other two profiles are fbr cracks at 1 ft inside
the rock. Since one curve overlapped the other, the origin
for test 5 was shifted.

The profile for a crack 0.03-ft thick shows a break
of 0.3°F at 1 ft, and for a crack 0.07-ft thick, a jump of
0.35°F is obtained.

It was expected that a greater thickness of the crack
would be better outlined in the temperature profiles. For
cracks beyond 1 ft, none of the profiles showed a break in
the curves.

Table 7 shows a surface temperature difference of

0.9°F (edge of the crack) for a crack 0.07-ft thick (test 5),
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0.6°F for a crack 0.03-ft thick (test 2), and 0.3°F for a
crack 0.01-ft thick (test 4), after a'time of 72 hrs.

Figure 59 shows the effect of time on the tempera-
ture profiles. The dotted lines represent profiles for a
crack 1 ft inside the rock, and the solid lines represent
a crack 2 ft inside the rock.

It is important to notice that for the properties
of the rock used (Table 6), a crack is not shown in the
profiles after a time of 1 and 8 hrs. A crack at 2 ft
does not affect the temperature profiles.

Surface temperatures were plotted in Fig. 62 and are
shown in Table 7 (tests 6, 7, 2, 8, 9 for times of 1, 8,
72, 144, and 288 hrs, respectively).

Inspecting Fig. 62, it can be seen that a maximum
difference of 1.0°F at the crack edge (point B) is found
after 8 hrs; only a narrow fringe would be detected at
this time with the scanner, since no difference exists
between surface temperature of the solid rock (point A)
and the surface temperature at point C. However, this
fringe migrates toward C with time, béing more noticeable
at a time of 72 hrs. The temperature differences between
'solid and loose rock for the properties used would be small
and difficult to detect. After 72 hrs, these differences
varied from 0.25°F closer to the crack edge to 0.06°F for

a point located 2 ft under the crack (point D).
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To study the effect of air to rock temperature dif-
ference, three profiles for a crack at 1 ft inside the rock
were plotted in Fig. 60. Only when the temperature differ-
ence was 6°F did the crack show in the profiles. Surface
temperature plot is shown in Fig. 62.

No conclusions could be drawn from Fig. 54 (shale
overlying a 2-ft coal layer) and Fig. 56 (crack appeared
after the rock was ventilated for 20 days), although the
isotherm pattern showed the presence of the crack.

The profiles for the simulation of the conditions
that existed at the time of the mine accident are shown in
Fig. 61. A jump of about 0.2°F can be seen in the curves
for a crack located 1 ft in the rock. No significant
change exists in the curve for a crack at 2-ft depth.

Test 14, in Table 7, shows that differences between
solid and broken rock would be 0.3°F and, consequently,
they could be detected with the infrared technique.

For wider applications of the computer model, thermal
property tests should be conducted on rocks other than coal,
since they form most roofs in coal mines. However, it may
be necessary to modify the computer program to reduce the
computer time required when shale or other roof rock proper-
ties are to be used as input. Only one test (test 14,
time = 48 hrs) was run in this study for the shale and tﬁe

computer time was found to be high (about 15 min).
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Consequently, it is expected that simulations using greater
exposure times would result in high computer costs. When
coal properties were used, computer costs were low (execu-

tion time of 50 sec to 5 min).

3.4 Theoretical Conclusions

The following remarks can be made regarding the
application of temperature sensing devices for the detec-
tion of loose roof, by inspecting surface temperature dif-
ferences due to a crack.

(1) Surface temperature differences from 0.2 to 1°F
were found at the edge of the crack (case of coal roof and
air to rock temperature differences of 2 to 6OF). Thus,
the perimeter of the crack could be detected with the infra-
red technique. Even if the rock has been ventilated for
1 hr, this difference would be 0.5°F (Table 7, test 1).

The results are in agreement with actual field tests

carried out by the U.S. Bureau of Mines personnel.
Stateham (65) was able to detect loose pieces of rock
using the infrared technique when the difference between
loose and solid rock was found to be from 0.36 to 0.9°F
in the York Canyon Mine, and 0.36 to 2.16°F in the Bear
Mine.

(2) For the conditions established for this study

and according to the theoretical data in Table 7, the
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application of the infrared technique would be better,
after the rock has been exposed for at least 8 hrs. From
Table 7, for tests 2, 6, 7, 8, and 9, it can be seen that
after 8 hrs a small surface difference is found when the
crack is located 1 ft away from the surface.

Fig. 62 shows that the best condition would exist
after 72 hrs, when a zone about 1-ft thick could be detected
with the infrared technique.

(3) Unfavorable conditions for detecting cracks can
be expected in mines with a shale layer overlying a coal
layer. Test 12, Table 7, showed that after 72 hrs only a
temperature difference of 0.25°F existed at the edge of the
crack.

(4) Test 14 in Table 7 indicateslthat there would be
a good chance of detecting a crack in a shale roof when
using the infrared technique.

It can be seen that after 48 hrs, a zone of loose
rock more than 2-ft thick shows a surface temperature dif-
ference with solid rock of about 0.3°F. This also indi-
cates that the accident might have been prevented if the
infrared technique had been used at the time. However, no
final conclusion can be made, since only one test was run

for a shale roof.
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Note: To obtain the plots of the isotherms shown in Figs.
43 to 56, the author used a program that is presently logged
in the Computer Center of Colorado School of Mines, under

the name GC 1036 . F4..

95



T 1492

lo.

96

5. BIBLIOGRAPHY

American Institute of Physics, 1941, Temperature, its
measurement and control in science and industry, Vol.
I: New York, Reinhold Publishing Corp., 1362 p.

1955, Temperature, its measurement and
control in science and industry, Vol. II: New York,
Reinhold Publishing Corp., 467 p.

Badzoich, S., Gregory, D. R., and Field, M. A., 1964,
Investigation of the temperature variation of the
thermal conductivity and thermal diffusivity of coal:
Fuel, v. 43, n. 4, July 1964, p. 267-280.

Baker, H. D., Ryder, E. A., and Baker, N. H., 1961,
Temperature measurement in engineering: New York,
John Wiley, v. 1, 179 p., v. 2, 510 p.

Biswas, N., 1966, Radiation aspects of air temperature
measurement in deep mines: Colliery Guardian, v.
213, n. 5493, July 29, 1966, p. 145-148.

1967, Thermal and moisture exchange phenomena
on a longwall coal face: Colliery Engineering, v. 44,
no. 516, Feb. 1967, p. 71-77.

Bouwer, R. F., 1952, Measurement of borehole tempera-
tures and the effect of geological structure in the
Klerksdorp and Orange Free State areas: The South
African Mining and Engineering Journal, v. 63, Part
2, n. 3119, Nov. 12, 1952, p. 451-455.

Bryce, C. H., and Hole, V. H. R., 1967, Measurement and
control by thermistors: Industrial Electronics, v. 5,
n. 7, July 1967, p. 294-296.

1967, Measurement and control by thermistors,
Industrial Electronics, v. 5, n. 8, Aug. 1967,
p. 358-363.

Budzak, P. M., and Eadie, G. R., 1962, Controlling mine
gob fires: Mining Congress Journal, v. 48, no. 7,
July 1962, p. 39-42.



T 1492

11. Carslaw, H. S., and Jaeger, J. C., 1959, Conduction of
heat in solids: London, Oxford University Press,

510 p.

12. cCaw, J. M., 1956, Forecasting underground air tempera-
tures: Mine and Quarry Engineering, v. 22, n. 11,
Nov. 1956, p. 471-477.

13. 1956, Forecasting underground air tempera-
tures: Mine and Quarry Engineering, v. 22, n. 12,
Dec. 1956, p. 516-520.

14, 1957, Forecasting underground air tempera-
tures: Mine and Quarry Engineering, v. 23, n. 1,
Jan. 1957, p. 28-31.

15. Colburn, A. P., 1933, A method of correlating forced
convection heat transfer data and a comparison with
fluid friction: Trans. AIChE, v. 29, p. 174.

16. Cudmore, J. F., 1964, Spontaneous combustion of the
Greta seam - New South Wales: Colliery Guardian,
V. 209, n. 5399, OCt. 9, 1964, p- 487-489-

17. Darlow, A. E., and Baldry, T., 1964, Controlling and
preventing outbreaks of spontaneous combustion:
Colliery Guardian, v. 209, n. 5385, July 3, 1964,
p. 22-24.

18. Fishback, T. W., 1971, Two-dimensional finite differ-
ence techniques applied to transient temperature
calculations in hot-mix asphalt concrete windows:
M.S. Thesis, Colorado School Mines.

19. Gist, R. L., 1971, Thermal conductivity of hot-mix

asphalt concrete by the transient line source method:

M.S. Thesis, Colorado School Mines.

20. Harris, A. D., and Jones, C., 1959, Techniques for the
underground measurement of virgin strata temperature
with sample determinations in North Staffordshire:
Colliery Engineering, v. 36, n. 427, Sept. 1959,

p. 384-390.

21. Hitchcock, J. A., and Jones, C., 1958, Heat flow into
a new main roadway, Part 1l: Colliery Engineering,
v. 35, n. 408, Feb. 1958, p. 73-76.

97



T 1492 98

22. Hitchcock, J. A., and Jones, C., 1958, Heat flow into
a new main roadway, Part 2: Colliery Engineering,
v. 35, n. 409, Mar. 1958, p. 117-122.

23. Hitchcock, J. A., Jones, C., and Teale, R., 1958,
Studies in an air conditioned heading at Snowdown:
Colliery Engineering, v. 35, n. 910, Apr. 1958,

p. 165-168.

24, 1958, Studies in an air conditioned heading
at Snowdown - 2: Colliery Engineering, v. 35,
n. 411, May 1958, p. 204-209.

25. Hodges, D. J., 1963, Spontaneous combustion: Colliery
Guardian, v. 207, n. 5354, Nov. 28, 1963, p. 678-682.

26. Hodges, D. J., and Hinsley, F. B., 1964, Influence of
moisture on spontaneous heating of coal: Mining
Engineering, v. 123, n. 40, Jan. 1964, p. 211-224.

27. Ingersoll, L. R., Zobel, O. J., and Ingersoll, A. C.,
1954, Heat conduction with engineering, geological
and other applications: Madison, Univ. of Wisconsin
Press, 325 p.

28. International Mining Congress, 1963, Safety in mining:
Salzburg, Austria, 3rd International Mining Congress.

29. Jamieson, J. A., McFee, R. H., Plass, G. N., Grube,
R. H., and Richards, R. G., 1963, Infrared physics
and engineering: McGraw-Hill.

30. Jones, C., and Shuttleworth, S. E. H., 1961, Air
temperature at the discharge end of a leakless
forcing ventilation duct while driving a heading -
Part 1: Colliery Engineering, v. 38, n. 443, Jan.
1961, p. 10-14.

31. 1961, Air temperature at the discharge end
of a leakless forcing ventilation duct while driving
a heading - Part 2: Colliery Engineering, v. 38,
n. 444, Feb. 1961, p. 81-84.

32. Jones, C., 1962, Estimating the heat and humidity in
coal mine airflow - Part 1l: Colliery Engineering,
v. 39, n. 463, Sept. 1962, p. 372-376.

33. 1962, Estimaﬁing the heat and humidity in
coal mine airflow - Part 2: Colliery Engineering,
v. 39, n. 464, Oct. 1962, p. 420-425.




T 1492

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

45.

Jones, C., 1964, Air temperature along a main intake
roadway: Colliery Guardian, v. 208, n. 5384, June
26, 1964, p. 844-850.

Jordan, D. W., 1965, Numerical solution of underground
heat transfer problems - I: International Journal of
Rock Mechanics and Mining Sciences, v. 2, n. 3, Sept.
1965, p. 247-270.

1965, Numerical solution of underground heat
transfer problems - III: International Journal of
Rock Mechanics and Mining Sciences, v. 2, n. 4,

p. 365-387.

Kathage, B. A., and Vance, W. E., 1967, The accurate

99

determination of rock strata temperature in boreholes:

Mining Magazine, v. 117, n. 5, Nov. 1967, p. 342-348.

Kaufman, A. B., 1968, Temperature bridge nonlinearities:

Instruments and control systems, v. 41, n. 5, May
1968, p. 93-94.

Kreith, Frank, 1965, Principles of heat transfer:
Scranton, Pa., International Textbook Co., 620 p.

Linsel, E., 1965, Stand der forschung auf dem gebiet
der gruben bewetterung: Gluckauf, v. 101, n. 26,
Dec. 27, 1965, p. 1517-1521.

Marovelli, R. L., and Veith, K. F., 1965, Thermal
conductivity of rocks: measurement by the transient
line source method: U.S. Bur. Mines, Rept. of
Investigations, n. 6604.

Martin. F. W., 1971, Measurement of temperature pro-
files around coal mine openings: Progress reports
to the U.S. Bur. Mines 1-4, Colorado School Mines.

1972, Measurement of temperature profiles
around coal mine openings: Final report to the
U.S. Bur. Mines, Colorado School Mines.

Martin, F. W., Reyes, M. S., 1971, Measurement of
temperature profiles around coal mine openings:
5th Progress report to the U.S. Bur. Mines, Colorado
School Mines.

Merrill, R. H., 1970, Denver Federal Center, U.S.B.M.,
Private communication.



T 1492 100

46. Ozisik, M. N., 1968, Boundary value problems of heat
' conduction: International Textbook Co., Scranton,
Pa.

47. Pursall, B. R., and Ghosh, S. K., 1965, Early detection
of spontaneous heatings using chromatographic gas
analysis: Mining Engineer, v. 124, n. 7, June 1965,
p. 511-526.

48. Pursall, B. R., and Na-Rain, C., 1966, Spontaneous heat-
ing of coal: Colliery Guardian, v. 213, n. 5506,
Oct. 28, 1966, p. 553-557.

49, Reifgerste, K., 1968, Coal mining rock temperatures and
their advance calculations: Bergbauwissenschaften,
v. 15, n. 4, Apr. 1968, p. 121-128.

50. Reyes, M. S., 1971, Measurement of temperature profiles
around coal mine openings: 6th Progress Rept. to
U.S. Bur. Mines, and Report on the temperature pro-
files in the York Canyon coal mine, N.M. to the U.S.
Bur. Mines, Colorado School Mines.

51. Scott, D. R., 1956, The problems of hot and deep mines:
Colliery Engineering, v. 33, n. 392, Oct. 1956,

p. 407-409.

52. 1956, The problems of hot and deep mines:
Colliery Engineering, v. 33, n. 393, Nov. 1956,
p. 459-462.

53. 1956, The problems of hot and deep mines:
Colliery Engineering, v. 33, n. 394, Dec. 1956,
p. 407-511.

54. 1957, The ventilation of hot headings:
Colliery Engineering, v. 34, n. 406, Dec. 1957,
p. 503-512.

55. 1959, Cooling of underground galleries:
Colliery Guardian, v. 198, n. 5122, Apr. 30, 1959,
p. 533-540.

56. 1959, Cooling of underground galleries:

Colliery Guardian, v. 198, n. 5123, May 7, 1959,
p. 565-570.



T 1492 101

57. Sharp, D. F., Moore, B., and Jordan, D. F., 1965,
Numerical solution of underground heat transfer

problems - II: International Journal of Rock
Mechanics and Mining Sciences, v. 2, n. 4, p. 341-
363.

58. Sherratt, A. F. C., and Hinsley, F. B., 1961, A heat-
ing experiment to determine the thermal constants of
rocks in-situ: Mining Engineering, v. 120, n. 9,
June 1961, p. 700-714.

59. Sherratt, A. F. C., 1961, Instrumentatio:. for tempera-
ture measurement: Colliery Guardian, v. 203, n.
5246, Nov. 2, 1961, p. 528-532.

60. 1961, Instrumentation for temperature
measurement: Colliery Guardian, v. 203, n. 5245,
Oct. 26, 1961, p. 497-502.

61. 1967, Calculation of thermal constants of
rocks from temperature data: Colliery Guardian,
v. 214, n. 5540, June 23, 1967, p. 696-699.

62. 1967, Calculation of thermal constants of
rocks from temperature data: Colliery Guardian,
v. 214, n. 5539, June 16, 1967, p. 668-672.

63. Starfield, A. M., Dickson, A. J., Johnston, H. A., and
Rallis, C. J., 1964, The use of computers in heat
flow problems in underground workings: Colorado
School Mines Quarterly, v. 59, n. 4, Oct. 1964,

p. 941-968.

64. Starfield, A. M., and Dickson, A. J., 1967, A study of
heat transfer and moisture pick up in mine airways:
Journal of the South African Institute of Mining and
Metallurgy, v. 68, n. 5, p. 211-234.

65. Stateham, R. M., 19 , Investigations in coal mines in
Colorado and New Mexico: Trip report to the Denver
Mining Research Center, Bureau of Mines.

66. Thompkins, R. W., 1962, Surface temperature, rock tem-
perature and the rate of heat exchange: Canadian
Mining and Metallurgy Bulletin, v. 55, n. 603, July
1962, p. 477-479.



T 1492 102

67. Torrance, B. M., 1961, Heat transfer in horizontal
airways: Journal of the Mine Ventilation Society
of South Africa, v. 14, n. 10, Oct. 1961, p. 197-200.

68. Varga, Elemer, 1967, New factors in the self-ignition
of coals: Colliery Guardian, v. 214, n. 5517, Jan.
13, 1967, p. 55-60.

69. Woodside, W., and Messmer, J. H., 1961, Thermal con-
ductivity of porous media, Part I, Unconsolidated
sands, Part II, Consolidated roof: Journal of
Applied Physics, v. 32, n. 9, Sept. 1961, p. 1688-
1706.



T 1492

103

APPENDIX A

DETERMINATION OF THERMAL CONSTANTS

A.1 The Surface Convection Coefficient, Hg

A.l.1 Definition

The Surface Convection Coefficient (HC) is a factor

that determines the heat transfer at the surface between a

solid and a fluid.

A.l1.2 Theory

To determine Hc, the wind velocity in ft/hr and the

cross—-sectional area of the opening in ft2 should be known.

This factor

shown in eq.

Nu =

where

Nu =

is calculated from the Nusselt-type correlation

(10) .

0.023 Re?"8 py0-33 (10)

H .L
K

the Nusselt number =
air

surface convection coefficient, Btu/ft2~hr—°F
hydraulic diameter for non-circular ducts = 4 Wp
cross—-sectional area, ft2

wetted perimeter, ft

= thermal conductivity of air, Btu/ft—hr—oF

Prandtl number = Cpu/Kair
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C_. = heat capacity of air, Btu/ft—OF
4 = viscosity of air, 1lb/ft-hr
Re = Reynolds number = v.L/u
v = velocity of air, ft/hr
L = hydraulic diameter, ft
Substituting the relations for Nu, Re, and Pr in eq. (10)

and rearranging this equation, the value of HC is given by

0.8 1/3
H = 0.023 Re Pr Kf (11)

Cc L

A.1.3 Calculation of H¢

The values of H, for the different coal mines were
calculated using eq. (11), and are presented in Table Al.

For the No. 4 Mine, the value was obtained by using
the field data determined by Martiﬂ"(43) and the air tem-

perature measured in this work.

*¥Mr. William Martin is a graduate student in the Mining
Department of the Colorado School of Mines. He worked on
the first part of Research Contract HO 101703 for the U.S.

Bureau of Mines.
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A.2 Thermal Conductivity and

Thermal Diffusivity

A.2.1 Definitions

The thermal conductivity, K, is a physical property
of the substance through which heat is conducted. The
dimension of K in the Imperial system is Btu/ft—hr—oF.

The thermal diffusivity, «a, ié a property of the sub-

stance given by the equation:

o = K/pC
/pp

where p 1is the density of the substance, 1lb /ft3
Cp is the specific heat of the substance, Btu/lb-OF.
The dimension of the thermal diffusivity in the

Imperial system is ft2/hr.

A.2.2 Theory

Values for the thermal conductivity and thermal dif-
fusivity are experimentally obtained using the "hot wire
method" (3,41). This method consists of applying heat
energy to the sample at a constant rate of Q per unit length
through a semi-infinite line source. The temperatures
increasing with time are recorded at a point near the source
and at a point a distance R from the source.

Determination of the Thermal Conductivity

The temperature rise at a point close to the heat

source is given by Badzoich (3) as:
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Q 2

(T-To) = TR (In t+ln 40/R7+ 0.578) (12)

It is assumed that the thermal conductivity and the
thermal diffusivity are constants in the range of tempera-
ture being determined. Substituting values for the tem-
perature T2 and time t2 in equation (12), and subtracting
the values obtained for temperature Tl and time tl, the
expression obtained is

T2-T1 = -2 (1n t2 - 1n t1) (13)

4K

where Q = heat released per unit length, Btu/ft-hr

I = current, amp

v = voltage, volts

L = length of the lineal heat source, ft.
Equation (13) can be written as

=9

K = i SL (14)

where
_1n t2/t1
SL = “raoT1 (14)

and SL is the slope of the plot of the temperature rise vs.
the natural log of time. Thus, the value of the thermal
conductivity can be determined from equation (14).

Determination of the Thermal Diffusivity

The temperature rise at the distance R from a hot

wire source 1is given by Badzoich (3) as,
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_ _ 0
TR To = 77g 1(R) (15)
or
(T-T )
1(8) = — 52 21K (16)
where
o 2
7Y
I(B) =S dy (17)
g Y
and
B = R/2(aty) (18)
or
2
4tRB
TR—TO = temperature rise (°F) at a time tR (min)
T, = initial temperature of sample, °r
K = thermal conductivity of sample, Btu/ft—hr-oF
tR = time when temperature TR is recorded, hr

The value of I(B), obtained from eq. (16), is used for
determining the lower limit of the integral in eq. (17).%
Substituting this value into eq. (19), the thermal diffusiv-

ity is calculated.

*The computer program that calculates K and o, shown in
this appendix, generates the values of the integral for
different values of B.
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A.2.3 Experimental Apparatus and Procedure Used to Determine

the Thermal Conductivity and Thermal Diffusivity

The thermal conductivity and thermal diffusivity were
determined using the "hot wire method." Samples from the
Eagle Mine were tested using the equipment of the Chemical
and Petroleum Refining Engineering Department of the Colorado
School of Mines. A similar set-up was built in the Mining
Research Laboratory of the Colorado School of Mines (Fig.
Al) to determine these constants for coal samples from the
Sunnyside Mine, and coal and shale samples from the York
Canyon Mine.

A hole 1/8 in. in diameter was drilled in the center
of the 4 in. cube samples (coal and shale). A 32 gage
nichrome wire wrapped around a 26 gage constantan-copper
thermocouple was placed in this hole. The thermocouple was
insulated from the nichrome wire with a 1/8-in. ID shrink-
able tubing. Another constantan-copper thermocouple was
placed in a hole 1 in. away from the center (both thermo-
couples have their junction in the middle of the sample).
To insulate the wires from the sample, a plastic solution
was poured into the holes after the wires were inserted.
The samples were placed in an insulating box and the test
was begun.

Temperature-time readings at a point close to the
nichrome wire, were registered by an X-Y recorder from the

time that the nichrome wire started heating the sample.
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The temperature in the hole 1l-in. away from the heat source
was measured periodically in order to determine the thermal
diffusivity.

A typicél plot obtained on the X—X recorder is shown
in Fig. A2. As mentioned in the theoretical section, the
thermal conductivity is calculated from the slope of a plot
of the temperature-log time using equation (14). Fig. A3
shows a typical semi-log plot for the temperature rise at

the point located in the center of the sample.

A.2.4 Results

The experimental data obtained with the "hot wire
method" and the calculated values for the thermal conductiv-
ity and the thermal diffusivity are presented in Tables
are the tem-

Al to Ale. In these tables T and T

D1’ D2’ D3
peratures in OF, obtained at times tDl’ tD2’ and tD3’
respectively, at the thermocouple located a distance R
from the heat source.

Tables Al7 to A21 show the values of the weighted

average calculated for the thermal constants.
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X=y Honeywell
Recorder Potentiometer
(+I) (-I) (T) (+)
N !
| Copper wire
Constantan wire_J : [_J L€
T/ T T
| I ' I
| | |
|._____A - -' ’\NV\’Y\L'_VX\__...___..__J
| N ——— Sample to
/ L4 — a7 be heated
Reference sample
voltmeter
. /vahable resistance
swutch\ e 0 — 26
—— Y S
Ammeter

DC. Power Supply

0 — 600V
oO— 0.5 a

Fig. Al.

Experimental set-up used in the determination of

the thermal conductivity and the thermal diffusivity.
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