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The similar simulation experiment platform for the temperature field of surrounding rock in
roadway was established based on similarity theory. It was made possible to verify simulation
results of the Finite Volume Method. In order to reveal the heat dissipation rules in roadway,
the mathematical model of transient temperature field for the surrounding rock in roadway was
established, and dimensionless parameters were introduced into the model to make the model
non-dimensional. The Finite Volume Method based on triangular mesh was used to discretize
the dimensionless equation and the dimensionless temperature distribution for the transient
temperature field of surrounding rock in roadway was obtained. At the wall face in roadway,
the dimensionless temperature decreases gradually with the increase of Biot coefficient and
Fourier coefficient, and finally tends to a certain value. The curves of the unstable heat transfer
criterion and the corresponding laws of variation were obtained by further calculation. The
numerical results have shown that the unstable heat transfer criterion decreases with the
increase of the Fourier number at a constant Biot coefficient, while it increases with the
increase of Biot coefficient at a constant Fourier coefficient. The research results in this paper
provide a simple and reliable algorithm to determine the unstable heat transfer criterion derived
from the corresponding parameter values of an arbitrary transient temperature field of
surrounding rock in roadway. For mine cooling technicians, it provides important reference
basis to calculate the chilling requirements and study the heat dissipation rules of surrounding

rock in roadway.

1. INTRODUCTION

The heat dissipation quantity for the surrounding rock
occupies a large proportion in mine thermal hazard problem,
which is more than the sum of heat release of other heat
sources. With the depletion of shallow mineral resources in
most of the mining areas all over the world, the deep mining
is inevitable, and the mine thermal hazards is becoming more
and more serious [1-3]. Therefore, mastering the heat
dissipation rules of surrounding rock and calculating the heat
dissipation quantity of surrounding rock accurately is of great
significance for preventing and controlling coal mine thermal
disaster accidents, improving mine labor productivity and
ensuring the occupational health of workers [4-6].

The deep mine roadway has a great influence on the
meteorological environment of the mine due to the long
ventilation line, large exposure area and complex ventilation
system [7-8]. The research on the temperature field of the
surrounding rock in roadway plays a vital role in controlling
the thermal pollution of the cold air in the high temperature
mine [9-10]. Numerous scholars have studied the distribution
characteristics for the temperature field of surrounding rock
and the heat exchange rules between the airflow and
surrounding rock. Wu et al. made a deep discussion on the
temperature variation patterns of surrounding rock, the heat
exchange law of the airway, the heat transfer coefficient and
mass transfer coefficient under two conditions of drying and
moisture [11-12]. Kajzar et al. obtained a new spatial
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distribution model of primary temperature values for the
carboniferous massif from measurements carried out in short
boreholes drilled directly into mine workings [13]. Kondjoyan
et al. presented a method based on psychrometry for
measuring heat and mass transfer coefficients in the case of
forced convective exchanges between air and a body surface
[14]. Currently, more and more simulation software and
calculation methods are applied to the thermal calculation in
mines as the development of computer technology. Lowndes
et al. presented results of a series of detailed parametric studies
analysis conducted on a computer based tunnel climatic
prediction model developed at the University of Nottingham
[15]. Taraba et al. used software FLUENT to simulate the
process of coal self-heating in long wall gob, and paid the main
attention to influence factors of oxidation heat [16].
Noureddine et al. studied the mechanism of heat and mass
transfer during water evaporation in a two-dimensional steady
laminar flow of dry air or air-vapor mixture in a horizontal
channel based on finite difference method [17]. Coelho et al.
elaborated advances in the discrete ordinates and Finite
Volume Method for the solution of radiative heat transfer
problems in participating media [18].

The heat dissipating quantity from the surrounding rock in
roadway varies with time, and heat exchange between the
surrounding rock and the wind flow is a very complicated
dynamic process. Usually, this process was defined as unstable
heat exchange process which can be expressed by the
dimensionless physical parameter [19]. Currently the research
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on the temperature field of the surrounding rock in roadway
mainly focuses on the theoretical analysis of calculation for
unstable heat transfer coefficient. Unfortunately, neither the
wall temperature of surrounding rock nor the unstable heat
exchange coefficient between air flow and surrounding rock
were easy to be assigned in applications. In addition, few
calculation methods with definite physical meaning were used
to solve the unstable heat transfer criterion and these issues are
still deserved to the further study. The algorithm presented in
this paper can quickly and accurately determines the
temperature field of surrounding rock and the heat transfer
between surrounding rock and air flow. Therefore, this paper
carried out the simulation experiment of transient temperature
field for the roadway, and then established the mathematical
model for transient temperature field, using dimensionless
analysis and Finite Volume Method to describe the
temperature distribution of surrounding rock and fluctuation
law of wall temperature in roadway. Finally, the unstable heat
transfer criterion between surrounding rock and air flow in
roadway was calculated.

2. SIMILAR SIMULATION EXPERIMENT
2.1 Experimental principle

The similitude coefficient between original physical model
and the similarity model for the temperature field of
surrounding rock mainly included as follows: Thermal
Diffusion Similar Coefficient Ca, Time Similar Coefficient C,,
Heat Convection Similar Coefficient C,, Size Similar
Coefficient C;, Thermal Conductivity Similar Coefficient C;,
Velocity Similar Coefficient C, and so on.

In order to determine the similitude coefficient of physical
phenomena, the following dimensionless parameters were
introduced:
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where, Fo is the Fourier coefficient; a is the thermal diffusivity
of surrounding rock, m?/s; 7 is the time, s; 7y is the
characteristic radius of tunnel, m; Bi is the Biot coefficient; a
is the thermal convectivity of surrounding rock, W/(m?-°C); A
is the heat conductivity coefficient of surrounding rock,
W/(m-°C); R is the dimensionless radius; r is the roadway
radius, m; Re is Reynolds coefficient; p is the airflow density,
kg/ m?; u is the velocity of flow, m/s; d is the roadway diameter,
m; u is the dynamic viscosity coefficient, Pa‘s; Pr is the
Prandtl coefficient; C, is the specific heat of constant pressure,
J/(kg-K); Ar is the heat conductivity coefficient of air flow,
W/(m-°C); Nu is the Nusselt coefficient

2.1.1 Similitude coefficient of surrounding rock in roadway
The same physical phenomena are of the same properties,
and their physical processes are subject to the same natural law.
The equation describing this phenomenon is the same in its
form and content. According to the similarity principle [20],
as long as the corresponding characteristic parameters in
prototype and model are equal, the simulation experiment and
the physical phenomena of prototype are necessarily similar.
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Therefore, the condition that the model is similar to the
prototype is derived from Fo=Fo"; Bi=Bi’; R=R’".
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The similitude coefficient should satisfy the following
relations.
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2.1.2 Similitude coefficient of air flow in roadway

The factors influencing the coefficient a are p, u, 4, d, C,
and /s Therefore, the coefficients affecting similitude
coefficient C, are Re coefficient, Pr coefficient, Nu coefficient.
In the same way, the condition that the model is similar to the
prototype as follows according to the similarity principle.
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The medium that through the model and the prototype was
the air, so the value of p, u, C,, A in the prototype were
respectively equal to that in the model and as well as Pr
coefficient. Nu coefficient was the function of Re coefficient
and Pr coefficient according to the similarity theory of
convective heat transfer. If Re coefficient and Pr coefficient
was respectively equal in the prototype and model, Nu
coefficient was necessarily equal. Therefore, make the Re
coefficient in the model equal to that in the prototype was
enough for ensuring the similarity. In addition, Bi = Bi" was
deduced from the condition that boundary conditions of
thermal conductivity of surrounding rock were similar.
Therefore, the relation of characteristic coefficient describing
similar physical phenomena is obtained as follows:
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The similitude coefficient should satisfy the following
relations.

C,C =1CC =LC, =1 (6)

2.2 Similar simulation experiment platform

According to the similarity relation equation obtained by
above analysis, the similar simulation experiment platform for
the temperature field of surrounding rock in roadway was
designed, as shown in Figure 1. The platform consists of 3
parts includes airflow parameter control system, main body of
roadway model and data monitoring and acquisition system.

Temperature sensors are arranged in the main body of the
model, the distance between sensors is 60 mm, and the
diagrammatic sketch is shown as Figure 2.

It is an important work to obtain the initial conditions of the
temperature field of the surrounding rock and keep the



boundary condition to be constant in the similar simulation
experiment. Before the experiment, observe the temperature
value of each measuring point for a period of time, and ensure
that the temperature inside the surrounding rock was
consistent with that inside the roadway, so as to get the initial
condition of the temperature field of surrounding rock. The
experiment was not started until the temperature values of the
measured points were constant. In order to ensure the
continuous stability of boundary conditions in similar
simulation experiments, thermal insulation materials were
wrapped around the main body of the roadway to reduce the
influence of ambient temperature on the experimental results.
At the same time, the time and space change laws of
surrounding rock in roadway were analyzed in 5 hours.

1. Airflow parameter control system; 2. Variable frequency blower; 3. Air
inlet pipe; 4. Return air pipe; 5. Main body of roadway model; 6. Temperature
measuring point; 7. Similitude simulation roadway; 8. Data monitoring system;
9. Computer; 10. Data collector

Figure 1. Sketch of experimental

Figure 2. Layout of measuring points

In this paper, the similar materials of surrounding rock were
made by mixing gypsum with water in a certain proportion,
and adding a proper amount of iron powder to enhance the
thermal conductivity of the surrounding rock. Similar
materials were placed in the laboratory for determination, and
related parameters were obtained, as shown in Table 1.

Table 1. Experimental values of parameters of similar
surrounding rock

Physical quantity Value Unit
Density(p) 952 kg/ m3
Heat conductivity coefficient(1) 0.673 W/(m-°C)
Specific heat of constant pressure(Cp) 1060 JI(kg K)
Thermal diffusivity(a) 6.669E-07 m?/s
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2.3 Experimental scheme
The experiment scheme and parameters were set up in order
to obtain the distribution rules for the temperature field of

surrounding rock in roadway, as shown in Table 2.

Table 2. Experimental scheme and parameter settings

Scheme Scheme Scheme

Parameters 1 ) 3 Unit
Convective
heat exchange  0=6.73  0=13.46 0=26.92 W/(m?-°C)
coefficient
Wind speed u=0.2 u=0.48 u=1.14 m/s
Airflow
= = = 3
density p=1.29 p=1.29 p=1.29 Kg/m
Dynamic
viscosity ©=0.144  ;=0.144  ;=0.144 E-06(Pas)
coefficient
Specific heat
of constant _ _ _
pressure for Cp=1005 Cp=1005 Cp=1005 J/(kg K)
wind
Air flow heat At _ _
conductivity ~ =0.026 0026 A=0026 oy
coefficient
Original
dimensionless 6=1 6=1 e=1 None
temperature
Dmensmnless R=1 R=1 R=1 None
radius of wall
Fourier Fo=5 Fo=5  Fo=5 None
coefficient
Biot Bi=0.5  Bi=1 Bi=2 None
coefficient

3. MATHEMATICAL MODEL
3.1 Differential equations of heat conduction and
boundary conditions

The temperature distribution inside the object is uneven
after the roadway wall is exposed. Heat flows from the high
temperature place to the low temperature place, forming the
heat dissipation of surrounding rock affected by the
temperature gradient. There are many factors affecting the heat
dissipation of surrounding rock, such as the flow velocity, air
temperature, original rock temperature, convective heat
transfer coefficient, etc. In order to highlight the relationship
among the main influencing factors and simplify the problem,
assumptions were obtained as follows: O The surrounding
rock of roadway is homogeneous and isotropic; @ The
roadway cross section is round, the heat flow direction is radial
and the whole process conforms to the Fourier law; 3 The
temperature difference of rock mass far away from the wall is
zero, and there is no heat flux; @ The heat transfer condition
is same along the axial direction of the tunnel. Finally, the
differential equation for the transient heat dissipation of
surrounding rock in roadway is deduced according to
Conservation of energy and Fourier law.
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where, T is surrounding rock temperature, °C.

The temperature field of the surrounding rock in roadway
was stable invariable before experiment. In the whole process,
the temperature of rock mass far away from the wall was
constant. The calculation area was shown in Figure 3.
According to the above analysis, the initial conditions and
boundary conditions for the transient temperature field of
surrounding rock in roadway are as follows:
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where, Tg, is the original rock temperature, °C; I'; is the inside
boundary of surrounding rock; I'; is the outside boundary of
surrounding rock; 7T, is the roadway wall temperature, °C; Ty
is the airflow temperature, °C.

3.2 Dimensionless mathematical model

For roadways in different mining area, the thermal
parameters of surrounding rock are different in roadway
section radius, original rock temperature, air flow temperature,
wind speed and so on. But the physical equation is same for
the transient temperature field of surrounding rock, as well as
the dimensionless equation. In the dimensionless equation, the
number of variables is reduced, and the calculation results are
full of universality. In order to establish dimensionless
mathematical model for the temperature field of surrounding
rock in roadway, introduced these dimensionless parameters
as follows:

(€))

where, X is the dimensionless horizontal ordinate; Y is the
dimensionless vertical coordinate; 6 is dimensionless
temperature; k. is the unstable heat exchange criterion; & is
unstable heat transfer coefficient, W/ (m?-°C).

The dimensionless parameters of Eq (1) and Eq (9) are
substituted into Eq (7) and Eq (8) respectively, and the
dimensionless model for the transient temperature field of
surrounding rock in roadway can be deduced as follows:

2 (20,2 (20)
oX\oX ) oY \oY

The corresponding initial and boundary conditions are:
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The heat dissipation quantity for the transient temperature
field of surrounding rock in roadway can be calculated by Eq
(12) or Eq (13).

q=a(T,-T,) (12)

a=k, (To, =T¢) (13)

So, the unstable heat transfer coefficient between roadway
and airflow is obtained as follows:

2 =k, =0, Bi
k, k

ur T

(14)

where, 6, is dimensionless temperature of wall surface in
roadway.

From Eq (10) and Eq (11), it can be considered that the
dimensionless temperature for surrounding rock in roadway is
the function of Fourier coefficient, Biot coefficient and

dimensionless radius. When R=1, the dimensionless
temperature is the wall temperature.

Hzf(FO,Bi,R) (15)
6, = f(FO, Bi) (16)

The Eq (17) can be obtained by using Green formula after
integrating Eq (10).

gF(aa—de —%dX):QS—éda (17)

3.3 The Finite Volume Method based on triangular mesh

The Finite Volume Method is suitable for solving many
problems. The obtained equation can guarantee conservation
characteristics of physical quantities such as mass, energy and
momentum, and the physical meaning is clear and explicit.
Here the paper used the Finite Volume Method to discrete the
mathematical model for the transient temperature field of
surrounding rock in roadway. In this paper, the triangular
element was selected as the basic unit for dividing the
calculation area. The whole computing area for the
temperature field of surrounding rock in roadway was divided
into the collection of triangular elements as shown in Figure 3.
The grid size of the triangular element gradually increased in
a fixed proportion from wall surface to the deep rock due to
the drastic changes of temperature near the wall surface.

Figure 3. Meshing of computational region and boundary
conditions
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Figure 4. Node control volume

In the computational region, each triangular element was
associated with three nodes, each of which was associated with
the six adjacent triangular units as shown in Figure 4. In each
triangular element, a straight line passing through the center of
gravity of any triangle was parallel to the opposite edge of the
node g. The control volume with vertices from I-VI is
composed of six small triangular elements. Therefore, the
discrete equation to the computational region can be obtained
as follows:

6
> %AY—%AX —ﬁds =0 (18)
o\ OX oY oF,
The equation is abbreviated as:
K
2.Q=0 19)
e=1

where, AX and AY are the projected length on X-axis and Y-
axis of the k-th control volume of node g respectively; S is the
area of k-th control volume; QO is the contribution of the k-th
control volume to the energy equation of node g.

The energy balance equation with arbitrary internal nodes
as the target was established through the above analysis. The
contribution for any control volume to the three nodes is
expressed in the form of matrix.

_%_
o ‘ 9 oF,
i i ij im i i ij im ae]
Q |= Ik(ji i K Zi Ny N oF, (20)
Qm mi mj mm m mi mj mm %
| OF, |
In the equation [21]:
1 1
ki :_¥<b|2+clz); Kin =Ky :_g(blbn +C|Cn);
20S 8S .
n,,=—ﬁ; n,n:nn,z—a; (In=i, j,m;l #n)
b =Y, -Y,; b =Y,-Y; b, =YY
G=Xn=X;i =X, =X,; ¢, =X;=X;;
1
S =§(bicj -b;c)
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In the same way, the contribution for the boundary element
to the two related boundary nodes was calculated. The
coefficient matrix is:

|:Qmj| _ |:umm l"Imk :||:9m:|
Qk - l'jkm ukk Hk

In the equation:

ey

4 2
= Uy :§|Bi v U = Uy :§|Bi

where, / is the boundary length.

The contribution for each element to any node g was
calculated, and the linear equation for the any node g was
synthesized by unit search. Then, the system of linear
equations with unknown quantities was obtained. Finally
Gauss elimination method was used to solve the coefficient
matrix, and the temperature for the whole region at different
time was obtained.

3.4 Calculation result

The result was plotted by the software Tecplot, as shown in
Figure 5. The dimensionless temperature distribution of
surrounding rock in roadway was obtained when the Biot
coefficient was 2 and the Fourier coefficient is 0.2, 0.5, 2 and
5 respectively.
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Figure 5. Dimensionless temperature distribution of
surrounding rock in roadway

As shown in Figure 5, there forms a series of cooling rings
around the wall surface under the influence of ventilation and
cooling. Cooling rings are concentric round and extend to the
deep rock. With the extension for the inner zone of the
surrounding rock towards deep rock, the dimensionless
temperature increases gradually while the dimensionless
temperature gradient decreases gradually. It also can be seen
from (a)-(d) that the dimensionless wall temperature gradually
decreases, while the cooling zone becomes larger with the
increase of the Fourier coefficient.



4. RESULTS AND DISCUSSION

4.1. Comparative analysis of calculation results and
experimental results

1.05 -
TP D 55 25
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(a) 180 mm away from the wall surface
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o Bi=05 < Bi=1 Bi =2 Experimental Result
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0.45 |- —=— Bi=05—— Bi=1 Bi = 2 Numerical Simulation

o Bi=05 ¢ Bi=1 Bi =2 Experimental Result
0.30
0 1 2 3 4 5
F

(c) 60 mm away from the wall surface

Bi =2 Numerical Simulation
Bi =2 Experimental Result
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0.90 o Bi=05 ¢ Bi=1

(d) the wall face

Figure 6. Comparison curves between numerical results and
experimental data
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According to the simulation results and experimental results,
we used origin software to draw the variation curve for the
dimensionless temperature of surrounding rock in roadway
with increasing Fourier coefficient under different values of
Biot coefficient. The Figure 6 (a-d) are contrast curve figures
between the numerical results and the experimental data.

It can be seen from the Figure 6 that the dimensionless
temperature of each position in roadway begins to decrease in
different degrees after the ventilation begins. With the increase
of Fourier coefficient, the amplitude of variation of
dimensionless temperature relative to Fourier coefficient
decreases at a constant Biot coefficient. When the Fourier
coefficient is same, the larger the Biot coefficient is, the
smaller the dimensionless temperature of same location is;
Contrast map (a-d) show that the decreasing range for the
temperature of the measuring point close to the wall is larger
than that far from the wall face. There are some small errors
due to the influence of the measuring precision and the
placement position of temperature sensors. The experimental
data are consistent well with the simulation results, and it
verifies the correctness of the Finite Volume Method.

4.2 Dimensionless temperature distribution of wall face

As shown in Figure 7, the dimensionless temperature for the
wall surface in roadway decreases gradually with the increase
of Biot coefficient and Fourier coefficient, and finally tends to
a certain value. The larger the Biot constant is, the smaller the
dimensionless temperature of wall surface is in roadway when
the Fourier constant is same.

1.0
——Bi=01
—Bi=02
—Bi=05
06 —Bi=1
—Bi=2
i .
0.4 —Bi=5
—Bi=10
02l —Bi=20
! —— Bi=50
0.0 = = . ——Bi=80

200

o

100 300

Figure 7. The change curve for temperature of wall face with
the increasing Fourier coefficient under different Biot
coefficient

4.3 The unstable heat transfer criterion

The curve of unstable heat transfer criterion under different
Fourier coefficient and Biot coefficient was obtained by using
Eq (14) after analyzing the fluctuation law of temperature on
the wall surface, as shown in Figure 8.

As shown in Figure 8, the unstable heat transfer criterion
decreases with the increase of the Fourier coefficient at a
constant Biot coefficient, while the unstable heat transfer
criterion increases with the increase of Biot coefficient at a
constant Fourier coefficient. The amplitude of variation of the
unstable heat transfer criterion relative to the Fourier
coefficient increases, with the increase of Biot coefficient. For



any specific roadway, dimensionless characteristic parameters
of it can be figured out and then the unstable heat transfer
criterion can be determined according to the above method.
The interpolation method is usually used to determine the
value of the unstable heat transfer criterion under the
circumstances that the calculated parameters are between
some two legend values. Finally, we can apply the calculated
parameters to deal with the mine heat harm problem.

100 ¢
- - Bi=0.1
R - - Bi=02
10 ki \\ Bi=0.5
"""""""""" \ — . -Bi=l
T ok =l :,',' ™~ - .. Bi=2
~ 1 ———— TR
0.1 |omsomiieiid i bt b ames it s
0.01
1E-4 1E-3 0.01 0.1 1
F

Figure 8. The unstable heat transfer criterion between
roadway and air flow

5. CONCLUSIONS

(1) According to similarity theory, a similar simulation
experiment platform for the transient temperature field of
surrounding rock in roadway was established. The variation
curves of dimensionless temperature with the increasing
Fourier coefficient were obtained under 3 kinds of Biot
coefficient. It was found that the experimental results of each
point coincide well with the simulation results, and both
curves were consistent with each other, which verifies the
correctness of the algorithm.

(2) There are many similarities among the heat dissipation
of different surrounding rocks. In this paper, dimensionless
method was used to analyze the heat dissipation law of
surrounding rock in roadway. The mathematical model of
temperature field was established according to the Energy
conservation law and Fourier law, and dimensionless
mathematical model was obtained by introducing
dimensionless parameters. The Finite Volume Method was
used to discretize the model and the program was developed
independently for calculating the transient temperature field of
surrounding rock in roadway

(3) By analyzing the curve variation law of transient
temperature field on wall surface, it is found that the
dimensionless temperature of wall surface in roadway
decreases gradually with the increase of Biot coefficient and
Fourier coefficient, and finally tends to a certain value. The
larger the Biot coefficient is, the smaller the dimensionless
temperature of wall surface is in roadway when the Fourier
coefficient is same. By analyzing variation curves of the
unstable heat transfer criterion with the Fourier coefficient
under different Biot coefficient, it is found that the unstable
heat transfer criterion decreases with the increase of the
Fourier coefficient at a constant Biot coefficient, while the
unstable heat transfer criterion increases with the increase of
Biot coefficient at a constant Fourier coefficient. The
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amplitude of variation of the unstable heat transfer criterion
relative to the Fourier coefficient increases, with the increase
of Biot coefficient.

(4) The curve of unstable heat transfer criterion for the
transient temperature field of surrounding rock in roadway
was obtained by numerical calculation. It provides a simple
and reliable method to determine the unstable heat transfer
criterion for the mine cooling technicians, which also provides
areliable basis for calculating the heat dissipation quantity and
studying the heat dissipation law of surrounding rock in
roadway.
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NOMENCLATURE

a thermal diffusivity of surrounding rock

C, specific, J/(kg-K)

Bi Biot coefficient

Ca thermal diffusion similar coefficient

C time similar coefficient

Ca heat convection similar coefficient

@ size similar coefficient

C thermal conductivity similar coefficient

Cy velocity similar coefficient

d roadway diameter, m

Fo Fourier coefficient

K unstable heat exchange criterion

ke unstable heat transfer coefficient, W/
(1’1’12 -oC )

Nu Nusselt coefficient

Pr Prandtl coefficient

O the contribution of the k-th control
volume to the energy equation of node

q heat dissipation strength of surrounding
rock, W/ m?

7o the characteristic radius of tunnel, m

r roadway radius, m

Re Reynolds coefficient

R dimensionless radius

S dimensionless area of k-th control
volume

T surrounding rock temperature, °C

Tou original rock temperature, °C

Tw wall face temperature, °C

Ty airflow temperature, °C

u velocity of flow, m/s

X dimensionless horizontal ordinate

AX the projected length on X-axis of the k-th
control volume of node g respectively

AY the projected length on Y-axis of the k-th
control volume of node g respectively

Y dimensionless vertical coordinate

Greek symbols
o

I
I
0

aw

A

=

868

thermal convectivity of surrounding
rock, W/(m?-°C)

the inside boundary of surrounding rock
the outside boundary of surrounding rock
dimensionless temperature
dimensionless temperature
surface

the heat conductivity coefficient of
surrounding rock, W/(m-°C)

heat conductivity coefficient of air flow,
W/(m-°C)

dynamic viscosity coefficient, Pa-s
airflow density, kg/ m?

of wall
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