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Numerical Analysis of Thermal Environment in Deep Mining
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To analyze heat effect in deep metal mines, it is crucial to understand the temperature field distribution around themine tunnel. In
this paper, a numerical model of the randommineral composition of the rock body is established based on finite element software
to analyze the influence of the internal composition of the surrounding rock on the temperature field, and a numerical simulation
model based on COMSOL finite element software is established based on the two heat exchange modes of heat conduction and
heat convection in the surrounding rock. (e results show that the numerical simulation results of a typical numerical simulation
model using a single material are lower than the real situation; increasing the tunnel length does not increase the heat exchange
efficiency between the rock wall and the air; increasing the wind velocity has a limited impact on the temperature field; the wind
temperature more directly affects the mining surface; and the effect of wet air on the temperature field of the surrounding rock has
a more substantial variation.

1. Introduction

Shallow mineral resources are becoming increasingly rare,
and deep mining is attracting domestic and international
attention [1, 2]. (e current mining depth is expanding at a
pace of 8–12 meters per year on average. (e temperature of
the subsurface rock layer rises with depth, having a 3°C/
100m average ground temperature differential. (e Xiling
mining section of the Shandong Sanshandao gold mine will
reach a depth of more than 2000 meters, with temperatures
reaching 60 degrees Celsius. Hot and humid conditions can
affect the productivity of underground workers [3], which
can lead to lower production. (erefore, the climatic con-
ditions in underground mines must remain safe.

Scholars in elsewhere have undertaken numerous studies
on the dispersion of temperature fields in the tunnel’s
surrounding rock. Krarti and Kreider [4] proposed a model
for the calculation of temperature magnitude and average
temperature in underground tunnels. Xia [5] et al. used the
separation variable method and the Laplace integral trans-
formation principle to obtain an explicit analytical solution
of the transient temperature field in the tunnel. Xin et al. [6]
conducted numerical simulations on the effects of factors

such as cross-sectional shape of the tunnel, rock surface
roughness, and gas Reynolds number during excavation, and
the study showed that the Reynolds number has the greatest
effect on convective heat transfer coefficient and wall
temperature. Zhou et al. [7] used the transient heat transfer
model coupled with convection and conduction to study the
dynamic changes of the temperature field during the op-
eration of the tunnel. Lu [8] established a three-dimensional
numerical model of convective heat transfer usingmodel test
results and field data to verify the evaluation of factors af-
fecting the temperature of the surrounding rock. Liu [9]
investigated the distribution law of the tunnel temperature
field under different inlet temperatures and wind speeds
through model tests and verified the correctness of the frost
front control equation. By studying the periodic changes of
the temperature field inside the surrounding rock, Heist[10],
a German scholar, proposed the initial theory about the
heat-regulating circle of the surrounding rock. Nottrot [11],
a German scholar, described the temperature field of the
heat-regulating circle of the surrounding rock using the
numerical calculation method. Shuguang Zhang used
MATLAB software to numerically solve the temperature
field of the surrounding rock in the deeply buried tunnel and
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obtain the temperature field distribution. Lai [12] used
ANSYS finite element software to calculate the distribution
of the temperature field of the surrounding rock and
compared it with the factorless analytical formula of the
temperature field of the surrounding rock subjected to
different wind flow cooling times, and the results were very
similar. Zhang [13] used the FISH language in FLAC3D3.0
to write a program to simulate the temperature field with
and without seepage to compare and contrast, and the re-
sults showed that disregarding the effect of seepage would
exaggerate the thickness of the freeze-thaw circle results.

2. Materials and Methods

2.1. Alleyway Heat Transfer (eory. (e heat from the deep
section of the rock body and the heat dispersed from the rock
itself maintain an equilibrium state before the mine tunnel is
dug, thus the rock temperature remains constant, and the
rock temperature at this moment is the original rock
temperature. (is thermal balance is disturbed, and heat
exchange happens when the subsurface tunnel is dug and
ventilated. (e internal temperature of the rock body
gradually decreases during this process, and the range of the
rock body with reduced temperature continues to extend to
the depth until a new thermal equilibrium state is formed,
and the part of the shaft surrounding rock surrounded by the
boundary that is not affected by wind flow is usually referred
to as the heat transfer circle of the shaft surrounding rock
[14]. (e original rock temperature of the surrounding rock,
the thermal and physical qualities of the surrounding rock,
the temperature of the wind flow, the speed of the wind flow,
and the ventilation duration are the most important influ-
encing factors [15].

Heat dissipation from the tunnel’s surrounding rock is a
complicated nonstationary process that involves heat con-
duction within the rock, convective heat exchange between
the rock and the wind flow, and thermal radiation in three
ways: heat conduction is the transport of heat from the earth
to the tunnel’s surrounding rock as shown in Figure 1; the
heat transfer between the tunnel surrounding rock and the
airflow in the mining area is convective heat exchange, as
shown in Figure 1; and the heat release from the mining
machinery in the mining area and the human body is ra-
diative heat release, while the heat exchange with the airflow
in the tunnel also exists. (is heat exchange makes the
airflow temperature in the tunnel tend to be evenly dis-
tributed; for the process shown in Figure 1, this study will
look at the tunnel envelope’s thermal analysis from these two
perspectives, analyzing the tunnel’s heat transfer circle and
internal temperature field, as well as the affecting elements.

When heat transfer is carried out by a rock heat transfer
circle, heat conduction is the most common mode of heat
transfer [16], and the thermophysical properties of the rock
(thermal conductivity, specific heat capacity, and so on) are
the most important characteristic parameters for the study
of heat transfer as they directly affect the distribution of the
temperature field of the surrounding rock. (e mineral
composition, porosity, saturation, and other intrinsic
influencing factors in the heat transfer calculation of the

surrounding rock are usually the main intrinsic influencing
factors, with the mineral composition being the intrinsic
primary factor affecting its thermophysical properties [17].

(e controlling equation for transient heat conduction
in rocks follows Fourier’s law [18]:
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In equation (1), Q (x, y, z, t) is the internal heat source, J;
ρ is the density of rock, kg/m3; c is the specific heat capacity
of rock, J/(kg·°C); T is the temperature; °C; t is the time, s; and
kx, ky, and kz are the thermal conductivity in 3 directions, W/
(m·°C).

Because the process of heat transfer between the tunnel
envelope and the surrounding air is more complicated, an
analytical solution is more difficult to acquire; hence, nu-
merical computation methods are utilized to solve:

ρcp

zT

zt
+ ρcp∇T + ∇ · (−k∇T) � Q + Qted. (2)

In equation (2), ρ is the rock density, kg/m3; cp is the heat
capacity J/(kg∙K); Q is the heat source,W/m; and Qted is the
thermal damping, W/m. (e first term is the time accu-
mulation term, which controls the accumulation of heat
during the transient process; the second term is the con-
duction term, which represents the heat transfer process
inside the energy rock; and the third term is the fluid
convection term, which represents the process of fluid heat
transfer inside the tunnel.

2.2. Numerical Simulation

2.2.1. Heat Conduction Model of the Surrounding Rock.
(e simulation model in this paper is a deep mine sur-
rounding rock, and the mesh is a DCC3D eight-node
convection/diffusion hexahedral cell with the size of a cyl-
inder of 25m radius, and the initial temperature is 20°C and
one side is set to 60°C, with observing the temperature
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Figure 1: Schematic diagram of heat transfer in the heat-regulating
circle of the surrounding rock.
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change of the surrounding rock. By secondary development
of ABAQUS, the material properties of each mineral are
randomly distributed in the divided grid according to the
percentage of mineral fraction using the weight randomi-
zation algorithm. (e model is shown in Figure 2. Each rock
in the model above represents a distinct mineral component,
and the thermal conductivity of several mineral components
is listed in Table 1.

(e rock sample cores in this research were collected
from the shaft engineering region of the Xiling mine in
Sanshandao, and the mineral composition of the rock
sample specimens was determined using a polarized light
microscope test. (e results are listed in Table 2.

2.2.2. Heat Convection Model of Surrounding Rock and Air.
(e simulation model in Figure 3 is a single tunnel, with a
width of 4.2m, a height of 3.4m, and a standard tunnel
length of 30m. (e tunnel length is changed according to
different influencing factors below, and the rock calculation
range is taken as 20m× 20m× 40m to meet the heat
transfer calculation accuracy requirements. According to the
actual observed water temperature in Sanshandao gold
mine, the water temperature at 1000m depth is 34°C; hence,
the surrounding rock’s boundary temperature is 34°C.

3. Results and Discussion

3.1.Analysis ofHeatTransferResults. (e comparison results
in Figure 4 show that the mineral composition stochastic
model has higher temperature in the same time compared
with the single compositionmodel in the usual case although
the temperature results of the single mineral composition
model are smooth and the random weight mineral com-
position stochastic model is closer to the real situation, and
when the grid is small enough, the stochastic model is more
responsive to the temperature distribution of the real sur-
rounding rock temperature field, and moreover it can show
that the usual numerical simulation model in the numerical
simulation results using a single material is small compared
with the real situation.

3.2. Analysis of Convective Results

3.2.1. Comparison of Measured Temperatures

(1). (e test components are mainly in the segmented lane,
the mining joint lane, and the quarry, and the field test
covers the rock temperature and air temperature. Six
measurement points were chosen: the first twomeasurement
points in the segmented lane, the third and fourth two
measurement points in the mining joint lane, and the fifth
and sixth two measurement points inside the quarry, even in
the segmented lane with ventilation measures the air flow
temperature can still be felt. After entering the quarry, the
temperature of the wall surface rises to 32.2°C, and the
temperature and humidity of the air rise as well.

According to the heat transfer model analysis in Figure 5,
the simulated wall temperature has a good match with the
simulation results, and it is known that the common nu-
merical simulation model utilizing a single material has a
tiny numerical simulation result compared with the real
scenario. As a result, while the simulated air temperature is
numerically lower than the real situation, the overall trend is
consistent, and the error with the real temperature is within
an acceptable range with some reference value.

(2) Length of Tunnel. Other factors remaining constant,
increasing the length of the tunnel did not improve the heat
exchange efficiency of the rock wall and air; in a wind speed
of 1m/s, the limit heat exchange distance is about 25–30m,
as shown in Figure 6. Especially in longer tunnels, the limit
heat exchange distance is 30m due to the decay of the flow
rate, and there is still a high temperature above 30°C in the
deeper part of the tunnels. So in the later simulation, 30m
will be the standard tunnel length.

(3) Wind Flow Speed. Figures 7–9 show the performance of
wall temperature, air temperature distribution, and its gradient
under different wind flow velocities. (e results show that as
the velocity increases, the degree of heat exchange between the
rock wall and air becomes more intense, which shows that the
velocity increases and the temperature decreases more along
the depth of the tunnel; meanwhile, the greater the velocity, the
smaller the temperature gradient at the entrance of the tunnel,
the greater the temperature gradient deeper in the tunnel, and
the temperature gradient takes an obvious turn at 10m. When
entering the depth of the tunnel, the heat exchange efficiency
decays and a greater wind velocity is needed to enhance the
heat exchange efficiency, but the results show that when the
flow velocity is 3m/s and 4m/s, the effect of the wind velocity
enhancement on the temperature field is already very limited.

(4) Airflow Humidity. Figures 10–12 depict the performance
of the wall temperature and air temperature distributions, as
well as their gradients, under various air flow humidity
conditions. (is paper simulates the analysis using various
steam mass fractions, and the results show that as the wind
flow humidity increases, the degree of heat exchange be-
tween the rock wall and air becomes more intense. (e
greater the decrease in temperature along the deeper part of
the tunnel, the greater the steammass fraction, and when the
air carries a large amount of water vapor, the steam mass
fraction is greater than 0.6, the heat exchange between the
rock wall and the air increases dramatically, and the heat is
used for water evaporation. Wet air has a comparatively big
effect on the temperature field compared with dry air under
other parameters that remain constant.

(5) Airflow Temperature. Figure 13–15 depict the perfor-
mance of the wall and air temperature distributions, as well
as their gradients, for various wind flow temperatures. (e
results show that as the temperature of the wind decreases,
the degree of heat exchange between the rock wall and the air
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increases, and as the depth of the tunnel increases, the heat
exchange efficiency decreases. At 5 meters from the en-
trance, the wall temperature takes an obvious turn, and the

air temperature gradient reaches its maximum at 6 meters.
Compared with the effect of velocity and humidity on the
temperature field, the effect of air temperature on the

(a) (b)

Figure 2: (a) Random mineral composition model vs. (b) single mineral composition model.

Table 1: (ermal conductivity of different mineral compositions.

Conductivity W/(m·K) Quartz 7.69 Potassium feldspar 2.37 Plagioclase 1.87 Black mica 2.51
Calcite Dolomite White mica Hornblende
3.59 4.70 2.05 2.54

Alkali feldspar Rock salt
2.30 5.60

Table 2: Composition of rock samples.

Laboratory
designation

Potassium feldspar
(%) Plagioclase (%) Quartz (%) Black

mica Calcite (%) White mica
(%) Unidentified (%)

Medium and coarse
grained black cloudy
diorite granite

23 36 33 7
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Figure 3: Schematic diagram of the model.
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Figure 5: Comparison of simulated and measured temperatures.
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Figure 6: Continued.
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Figure 6: Temperature at different tunnel lengths (10–40m) from the tunnel profile: (a) L (1)� 10m; (b) L (2)� 20m; (c) L (3)� 30m; (d) L
(4)� 40m.
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Figure 7: Temperature distribution on the wall surface at different wind speeds.

6 Shock and Vibration



Te
m

pe
ra

tu
re

 (°
C)

34

32
33

30

28

26

24

22

20

31

29

27

25

23

21

0 5 10 15
Lenth of tunnel (m)

20 25 30

wov=0.2
wov=0.4

wov=0.6
wov=0.8

Figure 10: Temperature distribution of wall surface under different humidity.
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Figure 8: Air temperature distribution inside the tunnel at different wind speeds.
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Figure 9: Gradient of air temperature distribution inside the tunnel at different wind speeds.
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Figure 11: Air temperature distribution inside the tunnel under different humidity.
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Figure 13: Wall surface temperature distribution at different air temperatures.
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Figure 12: Gradient of air temperature distribution inside the tunnel under different humidity.
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temperature field is more direct, and reducing the air
temperature is the most obvious for reducing the temper-
ature of the quarry.

4. Conclusions

(1) In this paper, the influence of mineral composi-
tion, tunnel length, wind speed, wind temperature,
and wet air on the temperature field is analyzed in
detail in the context of the deep mining area of
Sanshandao gold mine, where the air temperature
has the strongest influence on the temperature
field and the tunnel length has the weakest
influence.

(2) (e increase in the length of the tunnel did not
increase the heat exchange efficiency between the
rock wall and the air, with a limit heat exchange

distance of about 25–30m at a wind speed of 1m/s.
(e effect of air temperature on the temperature field
is more direct than the effects of velocity and hu-
midity on the temperature field; lowering the air
temperature is the most evident way to lower the
temperature of the quarry.

(3) (e greater the wind speed velocity, the smaller the
temperature gradient at the entrance of the tunnel
and the greater the temperature gradient deeper in
the tunnel. When entering the depth of the tunnel,
the heat transfer efficiency decays, and when the
flow velocity is 3 m/s and 4m/s, the effect of the
increase in wind speed on the temperature field is
already very limited. When the mass fraction of
steam is greater than 0.6, the heat exchange be-
tween the rock wall and the air increases
substantially.
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Figure 14: Air temperature distribution inside the tunnel at different air temperatures.
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