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In deep mines, thermal disasters pose a serious threat to the health and production
efficiency of underground workers. It is of certain safety and economic significance to
numerically simulate the thermal environment of hot mines. The existing studies are
limited in that they only consider a single air flow velocity field or thermal field, or a single
heat source. To overcome the limitation, this paper collects the big data on the temperature
and humidity of smart coalmines, and numerically simulates the thermal environment in
hot mines. Firstly, the authors analyzed the heat sources, including relative heat sources
like the hot surrounding rock and hot water, and absolute heat sources like
electromechanical equipment, chemical reactions, and the self-compression of the airflow.
Next, the thermal environment of the hot mine was simulated by the Lattice Boltzmann
method, and the flow state of the hot fluid in the roadways was analyzed in details. The
proposed numerical simulation approach was proved effective through experiments,

providing a reference for the safety prewarning of hot mines.

1. INTRODUCTION

As coalmines go deeper into the ground, deep mine thermal
disasters, a major constraint of mining safety, pose a serious
threat to the health and production efficiency of underground
workers [1, 2]. The high temperature of deep mines mainly
comes from the great depth of the mines, the high fluidity of
hot groundwater, and the small airflow on the mining face [3,
4]. What is worse, the water desorption of rocks, and the
evaporation of mine water lead to a high humidity of deep
mines, which magnifies the human and production damages of
deep mine thermal disasters [5-8]. The big data on mine

temperature and humidity can be collected by smart coalmines.

If these data are fully utilized, it is possible to numerically
simulate the thermal environment of hot mines, and contribute
to the safety and economy of coalmining.

Based on internal heat sources, environment, and mine
structure, Boubanga-Tombet et al. [9] created a hierarchical
evaluation index system for the thermal environment of mines,
and conducted a quantitative analysis of the thermal
environment in the mines, using a neural network. To
effectively monitoring the thermal environment of mines,
Galkin [10] numerically simulated the thermal environment in
the roadways of mines, with the aid of two models: uniform
humidity model, and local humidity model. On this basis, the
temperature and distribution of the surrounding rock were
effectively predicted for mining operations. Lee [11]
calculated thermal equilibrium parameters like skin
temperature, skin humidity, sweating ratio, and working time
limit of workers in underground mines, and concluded that the
upper limit of the stope face temperature underground must
fall between 27°C and 28°C. Drawing on the concept of the
thermal comfort zone, Hossain et al. [12] constructed a human
thermal balance model, and divided the curve of the mean
human skin temperature, which meets the thermal balance
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conditions of underground operators, into a working zone, a
thermal comfort zone, and a non-working zone. Sasmito et al.
[13] combined theoretical analysis with numerical simulation
to estimate the thermal environment parameters of the mines,
constructed a physical model and a mathematical model for
examining the temperature distribution on the mining face and
the change law of airflow enthalpy, and evaluated the air age
and the predicted mean vote - predicted percentage of
dissatisfied (PMV-PDD) index of the thermal environment in
a mine. Gosiewski and Pawlaczyk [14] optimized support
vector machine (SVM) with particle swarm optimization
(PSO), and applied the optimized model to predict the thermal
environmental parameters of the mine. Based on the calculated
chilling requirement, they recommended the suitable power of
air coolers for the mining face.

In summary, some studies on the thermal environment of
hot mines merely consider a single air flow velocity field or
thermal field. Hence, the simulated thermal environment
disagrees with the actual situation [15-17]. Some only take
account of a single heat source, failing to simulate the complex
underground situation under the effect of multiple heat sources
[18-22]. This paper collects the big data on the temperature
and humidity of smart coalmines, and numerically simulates
the thermal environment in hot mines. Section 2 analyzes the
heat sources, including relative heat sources like the hot
surrounding rock and hot water, and absolute heat sources like
electromechanical equipment, chemical reactions, and the
self-compression of the airflow. Section 3 numerically
simulates the thermal environment of the hot mine by the
Lattice Boltzmann method, analyzes the flow state of the hot
fluid in the roadways, and expounds the relationship between
air molecular movement and the complexity of underground
airflow. The proposed numerical simulation approach was
proved effective through experiments, providing a reference
for the safety prewarning of hot mines.


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.400108&domain=pdf

2. HEAT SOURCE ANALYSIS

The air temperature of mines is driven up by two kinds of
heat sources: relative heat sources like the hot surrounding
rock and hot water, and absolute heat sources like
electromechanical equipment, chemical reactions, and the
self-compression of the airflow. The ambient air temperature
has a greater impact on the heat release of relative heat sources
than on the heat release of absolute heat sources. Before
numerically simulating the thermal environment of hot mines
based on big data, this paper firstly analyzes and computes the
possible heat sources and their heat release in general hot
mines.

2.1 Relative heat sources

In the mine, the heat exchange between the surrounding
rock and airflow is very complex, and rather uncertain. Figure
1 illustrates the heat transfer of the surrounding rock in a
roadway. Let H, be the heat release of the surrounding rock; C
be the net section perimeter of the roadway; K be the length of
the roadway; v, be the mean original rock temperature at the
two ends of the roadway; i be the mean temperature of the air
flowing across the two ends of the roadway; @, be the thermal
conductivity of the rock, which determines the heat exchange
coefficient between the surrounding rock and airflow. Then,
the heat release of the surrounding rock can be calculated by:

H, =BCK (v, —v) (1)

For a roadway being ventilated for 1-10 years, @, can be
calculated by:

1 7, f

4+

H | 2E )7

1+ ~— 2\t 1+ —
29E \/_( 2an

@, = )

When the tunnel faces strong water evaporation, &, can be
calculated by:

2 =E+2_\/f 3)

Figure 1. Heat transfer of surrounding rock in a roadway
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Let g be the convective heat release coefficient; gz be the
heat release coefficient of the wet tunnel wall facing the
airflow; x4 be the thermal conductivity of the rock. For a
roadway being ventilated for 1-10 years, we have:

o - luo.ss (GD)O'ZO g0.15 (4)
t 8.38E0'45t0'20

When the tunnel faces strong water evaporation, &, can be
calculated by:

[uo.es (GD)O'ZO gg.ls 5
D = g 3gE #5020 )

The g value can be approximated by:

g= 8.380Q%°C"?

6
R (6)
f =839, |“P (7)
Vs
The gr value can be calculated by:
0s =0 +9.75x10° B (8)

The air flow and hot water exchange heat and water in the
mine. The enthalpy difference is the main driver of the total
heat exchange between them. This paper computes the total
heat exchange amount H between hot water and the air, which
is the sum between sensible heat exchange amount H, and
latent heat exchange amount H;. Figure 2 illustrates the heat
exchange between airflow and hot water. Let g be the heat
exchange coefficient between the air and the surface of hot
water; w be the ambient air temperature; w, be the air
temperature in the boundary layer; LH be the latent heat of
vaporization of water; ¢ be the mass transfer coefficient
between hot water and the air; MO be the moisture content of
the air in the boundary layer; S be the contact area between the
air and hot water. Then, we have:
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Figure 2. Heat exchange between airflow and hot water
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In the ventilation system of the mining area, the haulage
roadway is treated as the intake airway. The local temperature
rise in the roadway is mainly owed to the heat release of the
coal and gangue being transported. Let » and p, be the
transport volume and specific heat of the coal and gangue
being transported in the haulage roadway, respectively; Ay be
the temperature decrement of coal or gangue induced by
cooling during the transport. Then, the heat release of the coal
and gangue can be calculated by:

H, =np,Ay (10)

Let Kz be the transport distance; w4y be the mean
temperature of the coal and gangue being transported; wso be
the mean wet-bulb temperature of the airflow in the haulage
roadway. Then, Ay can be estimated by:

Ay = 0.0024K.* (v, ~ w0 ) (11)

2.2 Absolute heat sources

Under the action of gravity, the airflow moves downward
along the mine. During the movement, the potential energy of
the airflow is converted into heat, which increases the specific
enthalpy. Figure 3 shows the enthalpy increase and heat
release of the self-compression of the airflow. The heat of the
airflow is imported to the mine as an external heat source. Let
VD be the vertical depth increment of the mine. Then, the
enthalpy increment Aj of the airflow induced by VD can be
calculated by:

Aj =9.81xVDx10"° (12)

Let p4 be the specific heat of the air at constant pressure; Ay
be the increment of dry-bulb temperature of the airflow. Then,
the enthalpy increment of the ideal gas satisfies Aj=pAw.

The heat release Hsgz of electromechanical equipment
mainly includes frictional heat release and motor heat release.
Let P4 be the actual power consumption of the equipment; &sr
be the proportion of total power consumption used to increase
the potential energy of mineral resources. Then, Hsz can be
calculated by:

HSR = PA(1_§SR) (13)

Airflow temperature at time 7

Sensible heat

Kempeoy]
}ao1 Surpunorng

Latent heat

Airflow temperature at time i+1

a .
« »

Unit length

Figure 3. Enthalpy increase and heat release of the self-
compression of the airflow
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Let Aj be the enthalpy increment of the airflow after
electromechanical equipment releases heat; Oy be the mass
flow of the airflow.

For underground substations, pump rooms, charging
chambers, and electromechanically equipment chambers, the
enthalpy increment of the airflow passing through each
station/room/chamber can be derived from the humidity,
temperature, and airflow measured at the inlet and outlet, as
well as the psychrometric chart:

Hs =AJ-Qy (14)

For the heating of the airflow by local ventilators, the
enthalpy increment of the airflow can be directly computed
based on the input power of the motor. Let Oy be the airflow
mass of a local ventilator; AF be the airflow of the ventilator;
W; and Wc be the static pressure and total pressure of the
ventilator, respectively; & and &c be the total static pressure
efficiency and total pressure efficiency of the ventilator,
respectively; o be the air density; Ps be the input power of the
motor. Then, the enthalpy increment of the airflow can be
calculated by:

. P w,x107 . P w.x10°
AJ:_SZLorAJ:_S:L (15)
Qu o¢, Qu o
where, Ps can be calculated by:
W, -AF-10°° W, - AF-10°°
== or R = —— (16)
&5 S

The temperature rise of the airflow passing through a local
ventilator can be calculated by:

A
5 (17)

ov

Ay =

Let Hyw be the oxidative heat release; v be the mean wind
velocity in the tunnel; Zyw be the heat release per unit area at
v=Im/s. Then, the oxidative heat release of underground
minerals and other organics can be estimated by:

Hy =h, 0*°CK (18)

As a reason of local temperature rise, the heat release by
operators on the mining face play a nonnegligible role. Let my
be the total number of operators on the mining face; 4z be the
per-capita heat release. Then, the heat release of the operators
H, can be calculated by:

H pe = rn\N hR (1 9)
The heat release from other heat sources is so small as to be

negligible, such as trackless diesel engines, rock layer
movement, auxiliary operations, and pressure ventilation pipes.

2.3 Thermal conductivity parameters
Reliable thermal conductivity of rocks and coal layer must

be obtained to support the big data-based numerical simulation
of the thermal environment of hot mines. This requires



accurate analysis and computing of the thermal conductivity
parameters of coal-bearing strata, as well as the heat release
intensity of the surrounding rock induced by the rising ground
temperature.

Let u be the thermal conductivity of the coal sample; wc and
wk be the upper layer temperature and lower layer temperature,
respectively; Awc and Awg be the temperature difference in
the upper part and the lower part, respectively; Awy be the
temperature difference between the upper and lower surfaces
of the coal sample; U be the thickness of the coal sample; Uc
and Uk be the thickness of the overlying and underlying layers
of the coal sample, respectively. By steady-state plate method,
the specific heat flow SHF of the coal sample can be calculated
by:

Ay

SHF = (20)

The SHF of the coal sample can also be calculated by
comparing the upper and lower parts:

SHF = 4" [—A“’C LA )/2

d. dy (21)
u=g¥% "+ f
If formula (20) equals formula (21), then:
U (A A
= H e | DD 22)
20\ U, Uy

The thermal conductivity of the rock sample can be
measured by DRM-1 thermal conductivity detector. If the
temperature in parts of the rock sample change cyclically, the
time-variation rate of temperature in another part 7D can be
calculated. Let pcpp be the mass heat capacity of the rock
sample at constant pressure; ors be the density of the test block.
Based on the 7D value, the thermal conductivity of the rock
sample can be further derived:

#=10°TD ® pepy @O (23)

3. BIG DATA-BASED NUMERICAL SIMULATION

This section numerically simulates the flow law of the
underground hot fluid by making full use of the big data on the
temperature and humidity of various heat sources and the
surrounding airflow, which are collected by well temperature
and humidity transducers.

Currently, the flow of underground hot fluid is mainly
investigated through numerical simulation. To clearly depict
the relationship between air molecular movement and the
complexity of underground airflow, this paper numerically
simulates the thermal environment of the mine by the Lattice
Boltzmann method, and solves the complex boundary problem.

The thermal environment of the mine was simulated by
D2Q9 Lattice Boltzmann model. Let v be the migration
velocity of air particles; Aa be the grid step length; Az be the
time step length. The dispersion velocity v; in the nine
directions of the model can be calculated by:
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v, =(0,0)
v, =(cosw, ,sina)i)v,(a)l (i —1)%,i =1, 2,3,4]

24

vi:\/E(coswi,sinwi)v,(wi(i—5)2+%,i:5,6,7,8j 24
Aa
V=—
At

Let ¢, o, and § be model parameters; MA, and CO be the
macro velocity and pressure of the air fluid, respectively.
During the simulation of the thermal environment in the mine,
the steady-state distribution function of internal energy can be
adopted:

—%o-~r~(MA~MA),i -0

%aw{%+%{w~MA)+g(w~MAf—g(MA~MAﬂ,

(55) _ i=1,234

(25)
S—tsa-r[ue(vi : MA)+%(VI -MA)’ —S(MAMA)},

i=5,6,7,8

The steady-state density distribution function can also be
adopted:

deo 2MA?
———-=——,i=0
Vv 3v
ac Vi'MA (Vi.MA)Z |\/|A2 .
AT T e 171234 09
: MA (v -MAY’ C
pCOV-MA (uMA] MA® . o6
Vv 12v 8v 24v

MA can be calculated by:
V2 4 MA®
MA = Zviqi,CO:4—g qu +§ _15ﬁ (27)

Let Yu=X*~1¥: be the macro temperature of the air fluid.
Then, the steady-state distribution function of temperature can
be established as:

p(5°) :z{uz"‘ MA
4

v.2

(28)

},i:l,2,3,4

The complex underground roadway was numerically
simulated through decomposition-coupling and TD2G9 model.
The dispersion velocity of the model can be calculated by:

(0,0) i=0

(cos[(i-1)z/2],sin[(i-1)7/2])v i=12.3,4

V2(cos[(i-5)x/2+x/4],sin[(i-5)z/2+7/4])v
i=56,7,8

(29)



The evolution of the model can be described as:
7 (a+vAy,y+Ay)-¥ (ay)

=_&[¥q (ap)-v=(ay)] i-1-4 OV

The macro velocity, pressure, and temperature of the air
fluid can be respectively calculated by:

MA=Y v (1)
co= V—g[z g, +HG, (MA)} (32)
V= iviqi (33)

The viscosity coefficient and heat diffusion coefficient of
air turbulence can be respectively calculated by:

1 1)Aa’
FR = _(IMA _—]— (34)
3 2)Ay
1\ Aa’
HE = (tw ——j— (35)
2) Ay

4. SIMULATION AND RESULTS ANALYSIS

Six temperature measuring points were selected on a mining
face in a mine. The elevation from point P1 to P6 gradually
increases. Table 1 lists the temperature measured at these
points. Along the airflow direction, the temperature at P2,
which has a low elevation, was higher than that at the other
points. By contrast, the temperature at P1, which has a high
elevation, was relatively low. This is because P1 is close to the
inlet of the intake airway, so that the airflow exchanges heat

with the surrounding rock only for a short period before
reaching this point.

The target mining face has a 1,350m-long intake airway.
Thermal disasters are severe in the study area, due to heat
release by hot surrounding rock and hot water. The highest
temperature was observed at the junction between the end of
the intake airway and the mining face, and the lowest was
observed at the air intake. Taking the middle of the roadway
as the origin, the direction pointing to the surface was defined
as the negative direction. A temperature measuring point was
set up at an interval of 100m from the origin to both sides. In
total, 21 points were deployed from -1,000m to 1,000m. Table
2 shows the measured temperatures. Judging by temperature
distribution, the temperature of the mining face was already
above 28°C, failing to meet the safety standard of mines. The
main reason is the sustained heat release from the surrounding
rock to the airflow, as well as the heat release from
electromechanical equipment.

The lattice file of the thermal environment of the mine was
solved by Fluent3D solver. Firstly, the minimum volume of
the grids was determined as positive, and the segregated-
implicit algorithm was selected to solve the steady-state flow.
Since heat transfer is involved the thermal environment of the
mine, the energy equation must be activated. Then, the law of
underground air fluid was simulated by the turbulent model,
which solves the turbulent kinetic energy, turbulent dissipation
rate, and turbulent viscosity. Based on the Boussinesq
assumption for natural convection, the Reynolds stress was
solved accurately.

The iterative computing was carried out after setting the
material properties of the fluid, boundary conditions, and
number of iterations. To deeply understand the model
convergence through numerical simulation, the convergence
of each parameter was monitored by a residual curve monitor.
In addition, this paper deploys a monitor for the mean
temperature of outlet cross-section to judge if the temperature
at each monitoring point reaches the ideal steady state, and to
capture the exact variation of roadway outlet temperature.
Figures 4 and 5 present the curves of convergence residuals,
and the variation of the mean temperature of outlet cross-
section, respectively.

Table 1. Temperatures measured at different points

Measuring point Surface temperature P1 P2 P3 P4 P5 P6
Elevation/m -550  -500 -500 -400 -350 -300
1 15°C 17°C  30°C 30°C 24°C 21°C 23°C
2 22°C 20°C  31°C 31°C 26°C 24°C 25°C
3 27°C 18°C  28°C 29°C 25°C 23°C 26°C
4 26°C 19°C  32°C 32°C 27°C 22°C 27°C
5 25°C 17°C  33°C  34°C 26°C 25°C 28°C
6 27°C 16°C  29°C 33°C 29°C 27°C 26°C
7 28°C 15°C  31°C 35°C 30°C 26°C 27°C
8 28°C 18°C 35°C 31°C 28°C 25°C 28°C
9 30°C 19°C  32°C  32°C 27°C 23°C 25°C
10 25°C 21°C  34°C 34°C 25°C 25°C  28°C
Table 2. Distribution of measured temperature in the intake airway
~1000 900 -800 ~700 -600 -500 -400 2300 200 2100 0
17 18 19 20 21 22 23 22 24 26 27
100 200 300 400 500 600 700 800 900 1000
28 29 29 30 31 31 31 30 30 30
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Figure 10. Roadway temperature variation

Figures 6-9 display the simulated temperature distribution
of the outlet cross-section at different positions. Along the
airflow direction, the roadway and wall became hotter and
hotter, owing to the heat exchange between the surrounding
rock and the airflow. The temperature peaked at 29.45°C, as
the airflow reached 800m.

The airflow temperature is not very different from the
surrounding rock temperature in actual underground roadways.
There is already a stable heat regulation circle. Therefore, the
simulated temperature at the center of the roadway and its
change trend were close to the actual situation at each
measuring point in the intake airway. Figure 10 presents the
curve of roadway temperature variation. Table 3 lists the
simulated temperature at each point in the intake airway.

Figure 11 compares the simulated temperature at each point
with the real-time measured value. It can be seen that the
simulated values at most points were slightly greater than the
measured values. The main reason is the neglection of the real-



time air humidity measured by humidity sensors. In the actual
roadway, the humidity is as high as 0.6-0.9. The temperature
rise of the roadway mainly stems from the latent heat of
vaporization and heat exchange, both of which are caused by

the wall rock temperature. If the air humidity is introduced, the
calculation would be closer to the actual situation, and provide
a reference for real-time safety prewarning of hot mines.

Table 3. Simulated temperature at each point in the intake airway

-1000 900 -800 -700 -600 -500 -400 -300 -200 -100 0
17.24 18.35 19.21 20.37 21.16 21.54 22.32 22.89 23.06 24.25 25.68
100 200 300 400 500 600 700 800 900 1000
27.71 29.52 28.03 29.94 29.35 30.76 30.18 30.87 29.26 30.71
3 Figure 12 shows the roadway temperature variation at
—@—Measured value different wind velocities. The change rate of roadway

=@ Simulated value
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Figure 11. Measured temperature vs. simulated temperature
at each measuring point

40
=0=0.61m/s =@=1.21/s 1.8my/s

—0—24m/s =8=3.0m/s

0 5 10 15 20 25

Temperature
93]
(=]

]
%3

20

Measuring point

Figure 12. Roadway temperature variation at different wind
velocities
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Figure 13. Roadway tunnel curves at different inlet air
velocities and temperatures
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temperature is represented by the slope corresponding to the
tangent line at each point on the curve. It can be seen that,
along the airflow direction, the temperature rise gradually
slowed down. With the growing heat exchange between the
airflow and the surrounding rock, the curve approximated a
straight line. In this case, it is impossible to reduce the roadway
temperature to the safety threshold by increasing ventilation
alone. Figure 13 present the tunnel temperature curves at
different temperatures and velocities of inlet air. The slope of
the tunnel temperature curve gradually increased, and the
temperature increment of the roadway became more
prominent, with the decline of temperature, and growth of
velocity. This is mainly due to the fact that the temperature is
negatively correlated with heat exchange velocity, and
roadway temperature increment. Increasing air velocity or
lowering air velocity alone cannot effectively cool down the
roadway. It is necessary to consider both inlet air velocities
and temperatures at the same time.

5. CONCLUSIONS

Based on the big data on the temperature and humidity of
mines, this paper numerically simulates the thermal
environment of hot mines. After analyzing both relative and
absolute heat sources, the authors simulated the thermal
environment of hot mines by Lattice Boltzmann method, and
analyzed the flow state of the hot fluid in the roadways. Then,
the lattice file of the thermal environment of the mine was
solved by Fluent3D solver. Through simulation, the curves of
convergence residuals, and the wvariation of the mean
temperature of outlet cross-section were plotted. The curves
show that the simulated temperature at the center of the
roadway and its change trend were close to the actual situation
at each measuring point in the intake airway, providing a
reference for real-time safety prewarning of hot mines. Finally,
the roadway tunnel curves were drawn at different inlet air
velocities and temperatures. The results show that a good
cooling effect cannot be achieved unless both inlet air
velocities and temperatures are considered at the same time.
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