Sun, Z., et al.: Thermal Environment Improvement of Underground Mine ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 6B, pp. 5015-5024 5015

THERMAL ENVIRONMENT IMPROVEMENT
OF UNDERGROUND MINE TUNNELING FACE USING
ENHANCED GEOTHERMAL SYSTEM TECHNOLOGY

by

Zeyu SUNY, Xingxin NIE®, Jinjiang LIU®, Xin ZHANG **’,
Shudu ZHANG < Min YANG®, Zhao WANG <, Yibo LOU®,
Ting GUO¢, Xiaoxin LUO¢, and Tong GUO“

aSchool of Resources Engineering,
Xi'an University of Architecture and Technology, Xi’an, Shaanxi, China
® School of Environmental and Municipal Engineering,
Xi’an University of Architecture and Technology, Xi’an, Shaanxi, China
¢ Shaanxi Metallurgical Design and Research Institute Co., Ltd., Xi’an, Shaanxi, China
dZhashui Qintong Construction Co., Ltd., Shangluo, Shaanxi, China

Original scientific paper
https://doi.org/10.2298/TSCI230305132S

1o solve the problem of high temperature thermal damages to the mine underground
driving working face of a dry-hot-rock-enriched area, an active cooling method for
fracturing water injection of the surrounding rock of the deep mine is proposed
based on analysis of the heat dissipation mechanism of the surrounding rock. An
artificial thermal reservoir is formed in the high temperature rock mass around
the tunneling roadway by stimulation, such as a high pressure crack, and the heat
energy of the surrounding rock is extracted by heat exchange of the heat-carrying
fluid and the high temperature rocks mass to reduce the ambient temperature of
the roadway. The design of a downhole water injection cooling system based on
enhanced geothermal system technology is presented and a simplified enhanced
geothermal system heats collection model is used for fluid-enclosure. Numerical
simulation of the temperature field of the rock coupling shows that the temperature
of the surrounding rock can be effectively reduced by increasing the water injection
speed and fracture porosity, and improvement of the underground thermal envi-
ronment can improve the working efficiency. For a water injection rate of 14 m/s
and porosity of 0.18, the average cross-section temperature was 41.95 °C, which is
nearly 5 °C lower than the original rock temperature of 46.85 °C.
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Introduction

Metal mine resources play a significant role in global economic development [1]. The
western region of China are rich in mineral resources and has great mining potential. However,
there are many hot rocks in the deep part of the mine due to the particularity of the location,
the intensive heat transfer of the hot rock surface and air-flow, with the heat and exhaust gas
produced by diesel equipment during excavation, as a result that can create an intolerable hot
and humid environment that negatively impacts the performance [2]. It has greatly reduced the
production efficiency as well as the personal safety of the underground workforce [3-5]. The
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technical specifications for ventilation systems used in underground mines stipulate the air
temperature in underground working places shall not exceed 28 °C [6, 7]. Therefore, effective
technical measures are required to control the high temperature problem of the driving face
caused by heat dissipation from hot rocks in the deep part of the mine.

Mine cooling strategies includes both artificial and non-artificial refrigeration tech-
nology [8, 9]. Non-artificial cooling is mainly achieved by increasing ventilation in strong
shafts and alleys, careful planning of the ventilation networks, avoiding heat sources, and iso-
lating high temperature surrounding rock [8]. Artificial strategies used in some mines mainly
include cooling systems with refrigerated water or ice-making [9-11]. Although these measures
can also control downhole cooling, these systems have high operation and maintenance costs as
well as a high failure rate, limiting the application of these systems. In addition, these studies
also commonly neglect life-of-mine water planning, and mining development and production
plans [12]. These cooling measures are based on passive cooling, and the active control of the
main heat source could potentially reduce costs [13].

To solve the problems of high energy consumption and high humidity in deep well
cooling, some scholars also carried out relevant research [14-19]. Such as a deep well adsorp-
tion cooling system based on a heat storage filling body [14], converts mine heat damage into
heat energy [15], improves energy recycling efficiency [16], and optimizes the ventilation sys-
tem by using CFD [17]. Also the thermodynamic performance of compression refrigerator for
deep mine [ 18], and new method to control high temperature in mines [19]. In addition heat dis-
sipation from surrounding rock, heat is also released from mechanical and electrical equipment
as well as from ore in transport, which makes the thermal environment inside the mine more
complex, and there are also more thermal hazards. The passive cooling technology is typically
used to reduce this heat [20-22]. However, active cooling technology is required to control the
heat dissipation of the surrounding rock in order to more efficiently providing mine cooling.
Effective control of this heat can greatly reduce the downhole temperature. Most geothermal
energy in China is found in dry and hot rocks at depths of 3000-10000 meters (hot rocks without
water or steam, with temperatures ranging from 15-6 °C) [23, 24]. Therefore, how to reduce the
temperature of deep wells is currently one of the primary problems to be solved.

In this paper, an enhanced geothermal system (EGS) was used for deeply research
[25]. The use of geothermal mining technology to exploit heat energy in underground surround-
ing rocks can greatly reduce the cost of cooling. It provides a feasible strategy to improve the
underground working environment of a mine with high rock temperature.

Methods
Working principle of EGS technology

In an EGS, heat is extracted from low permeability and low porosity strata (dry hot
rock) by creating a subsurface fracture system to which water can be added through injection
wells [26]. Unlike traditional hydrothermal geothermal resources, thermal rock resources are
rocks with low permeability [27], and typically require artificial fracture to form connected
thermal reservoirs. The engineering processes includes drilling into the rock mass and using hy-
draulic fracturing technology to create a thermal reservoir with connected cracks. The injection
well and the production well are connected through the thermal reservoir, the full heat exchange
of the fluid with the high temperature rocks mass in the thermal reservoir. The heat energy is ex-
tracted to the surface through the production well. Thus, the use of an EGS may be an effective
method to exploit geothermal resources for heat energy as well as a strategy to increase mining
production efficiency by improving the underground thermal environment [25].
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Design of active cooling scheme

With heat transfer analysis of surrounding rock, a scheme of hydraulic fracturing and
cooling of underground surrounding rock using EGS technology was designed. The active cool-
ing design is used to solve the problem of high temperature in a mine due to surrounding rock heat
dissipation. The design includes an underground circulation heat transfer system and a downhole
water injection system. The downhole water injection system is the core part of the design, and
is mainly composed of the water injection well, the water well, and rock mass fracture. The ther-
mal fluid enters the rock mass through the injection pump and then there is heat exchange with
the high temperature rock mass. The heat flow after heat transfer is collected through the well
circulation heat transfer system, and its heat energy is provided to the user as electric energy or
hot water, and the cold water after heat transfer re-enters the water injection well for circulation
cooling. The work flow is shown in fig. 1. In this study, EGS was used to enhance the coupling
and heat transfer effect of fluid-surrounding rock by hydraulic fracturing of hot rock.
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Figure 1. Work flow chart

Analysis of heat dissipation in the surrounding rock of a deep well

There are many influencing factors of downhole heat damage, but heat dissipation
from the surrounding rock accounts for the vast majority of the heat in the well. The main
factors directly affecting the heat dissipation from the surrounding rock are the density of the
surrounding rock, the thermal conductivity of the surrounding rock, the thermal conductivity
of the rock, the specific heat capacity of the surrounding rock, and the heat storage coefficient
of the surrounding rock. In different mines, the heat dissipation intensity of different scattered
heat sources is different, and can change with time [28]. However, the heat dissipation from the
surrounding rock of the mine occurs through the whole tunnel of the mine.

Heat exchange between the surrounding rock and air in underground rock is a com-
plex unstable process. A temperature difference between the rock wall and the air-flow in the
roadway was given, if the temperature of the original rock is generally high, the heat is trans-
ferred from the wall to the air-flow as convective heat release. The heat transfer process inside
a rock body is heat conduction. This process can be studied using relevant theories of heat
conduction [29]. Fourier’s law is calculated [29, 30]:

dt
= =1 1
1 A dx )
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where @ is the heat flow through the surface, ¢ [Js'] — the heat flow per unit surface,
A [m?] — the surface area through which heat passes, A [°Cm™!] — the thermal conductivity inside
the rock mass, and d#/dx — the temperature gradient along the x-direction.

A small ladder block was used as the research object in this study. Without consider-
ing an internal heat source, the heat corresponding to the temperature change of the small block
should be equal to the algebraic sum of the inflow and outflow heat flow in three directions. It
can be seen that the polar partial differential equations of unstable heat conduction in 3-D space
are calculated [30, 31]:

i 6_2t+lg+La_2t+a_2t —g (2)
pc\orr ror prog* o*) ot

where k [Js'm'°C'] is the thermal conductivity of the trapezoidal block, ¢ [°C] — the tempera-
ture of the trapezoidal block, m [kg] — the mass of the trapezoidal block, ¢ [Jkg'°C!] — the
specific heat capacity of the trapezoidal block, and 7 [second] — the heat conduction time of the
trapezoidal block.

Compared with radial geothermal gradient, the geothermal gradient in the axial and
annular directions can be negligible, it is calculated [30, 31]:

o o %
—=—5=0, —=—=0 (3)
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The 3-D thermal differential is calculated [30, 31]:

k(o* 1ot ot
—*t = 4)

pelor? ror) or
where o = k/pc is the temperature coefficient, and the introduction of the temperature coeffi-
cient into the aforementioned equation. It is calculated [30, 31]:

u O 1o _ o )

o ror or
Using this equation and the convective heat transfer equation, the unstable heat transfer
coefficient reflecting the heat exchange between surrounding rock and air-flow in roadway can be

introduced, which can be used as the basis to improve the thermal environment of the heading face.
The calculation of convective heat transfer is calculated [30, 31]:

1

q'=%=h(rw—tf> (©)

where A [m?] is the surface area of the rock mass, @ [W] — the convective heat transfer,
q' [Jm?s'] — the heat flux density, # [Wm2°C"'] — the surface heat transfer coefficient,
t,,[°C] —the temperature of the surface of the rock mass, and #,[°C] — the wind flow temperature.

Establishment of physical model and mathematical model

The tunnel in the middle section of the underground —1250 m of the gold mine in
Qinghai Province is used as the research object, which is located in an area of hot rock enrich-
ment area in western China. The surrounding rock body is length x width x height = 150 m x
x 30 m x 25m. The middle part is the driving tunnel, the straight wall is 2.5 m, the height of
the arch is 2 m. The bottom of the tunnel is 3 m from the bottom of the surrounding rock, the
cross-section of the tunnel is a semi-circular arch, and the height of the section is 4.5 m. The
initial temperature of the surrounding rock of the area is 46.85 °C (320 K).
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The rock mass part is coupled and analyzed to simplify the calculation, and the in-
jection well and the water taking well are omitted. The simplified physical model is shown in
fig. 2. The cold water is injected from the left side rock wall of the model through 25 water
injection holes. Geometron is used to create the geometric model, then the mesh is divided, and
the model is imported into FLUENT software to set and solve the boundary conditions.

Injection hole

Figure 2. Simplified physical model

The basic assumptions of the model are:
— the fluid is incompressible,
— the water is injected at constant speed and at unchanged direction,
— the influence of the thermal radiation of the surrounding rock on the cooling system is ig-
nored, and
— the thermal resistance at the junction of the fluid and the surrounding rock is ignored.
The basic parameter settings are listed in tab. 1.

Table 1. Model basic parameters

Parameter Physical meaning Numerical value
Ds Hot rock density 2750 kg/m?
C Hot rock specific heat capacity 0.89 kJ/kgK
As Thermal conductivity of rock 2.2 W/mK
G Specific heat capacity of injected water 4200 J/kgK

The rock mass temperature field is calculated [32]:

a7, 5
PiCpy— = AV W (7
where p, [kgm™] is the density of the surrounding rock, 7, [K] — the temperature of the rock
mass, ¢,, [Jkg'K™'] — the specific heat capacity of the rock mass, 4, [Wm'K™'] — the heat trans-
fer coefficient of the rock mass, and W [Wm] — the heat source item.

The temperature of fractured water is calculated [33]:

ap,T,)

ot
where 4, [Wm™K™] is the heat transfer coefficient of water, ¢, [Jkg"'K™'] — the specific heat
capacity of water, p, [kgm~] — the density of water, 1, [Wm'K™'] — the heat transfer coefficient
of rock mass, T, [K] represents the temperature of water, and 7,, [K] — the rock temperature
value of the crack edge.

A
P, = /’LSVZT_CILS (pskfvpiTs )i +?y(Trb _Ts) (8)
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Fractured water seepage is calculated [34]:
op ky des
d.S, Lve|-d,~LVp|=-d,—L+
S5 T( [ Pj 55 T 9)

where K, [m?] is the fracture permeability coefficient, d, [Pa'] — the fracture water storage
coefficient, O;— the flow exchange between the rock mass and the fracture and e, — the overall
strain of the fracture.

Setting of boundary conditions and selection of calculation methods

The boundary conditions and initial conditions of the model were set:

— The surrounding rock mass conditions are set as porous media area, the wall surface has no
slip, and porosity is 0.06, 0.12, or 0.18. The density of the rock mass is 2750 kg/m?, and the
specific heat is 0.89 kJ/kgK.

— The inlet and outlet and wall boundary conditions are when the velocity inlet boundary is
adopted, the water flow rate is 0.8 m/s, 1.1 m/s, and 1.4 m/s, and the water injection tem-
perature is 15 °C. The wall of the roadway surrounding rock is considered mainly sandstone,
and the temperature is 46.85 °C (320 K).

/"‘“x,\ — The calculation is performed using three

Cross section P main equations: the continuity equation, the
analysis / ges] momentum equation, and the energy equation.
/% g A total tetrahedral mesh is adopted with

5731575 grid elements and 1001791 nodes.
Temperature is studied by analysis of the lon-
gitudinal and cross-section temperature fields
under different conditions. A uniform porosity
cross-section was selected as shown in fig. 3.

Figure 3. Cross-section model at Results and discussion

uniform porosity Effect of water injection speed on cooling
effect

The porosity was set to be stable at 0.12, and the water velocity at the inlet was set as
0.8 m/s, 1.1 m/s, or 1.4 m/s, as shown in fig. 4.

As shown in fig. 4, the temperature field of the cross-section of the surrounding rock
is distributed symmetrically. For the inlet water velocity of 0.8 m/s, the average temperature
of the cross-section is 44.65 °C (317.8 K), with a temperature difference of the section of
6.34 °C. The temperature distribution and cooling effect of the cross-section of the flow field
is not good, and the distribution of the high temperature area is obvious. With increased water
velocity, the cooling effect of the flow field becomes obvious. After the velocity is increased,
the temperature of the upper half of the section is reduced and the temperature is uniform.
When the velocity is 1.1 m/s, the average temperature of the section is 43.15 °C (316.3 K), with
a temperature difference of the section of 8.89 °C. When the velocity is 1.4 m/s, the average
temperature of the section is 42.45 °C (315.6 K), with a temperature difference of the section
of 11.40 °C. The temperature was plotted against the direction of the fracture (z-axis) for the
aforementioned three velocity conditions, as shown in fig. 5.

The corresponding transverse co-ordinates from the water injection mouth to the out-
let are 0 ~ —150. Under different injection velocities, along x = 0, y = 0, 0 ~ =150, the larg-
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Figure 4. Cloud images of cross-section temperatures at different inlet velocities;
(a) cloud image of cross-section temperature distribution at 0.8 m/s,

(b) cloud picture of cross-section temperature distribution at 1.1 m/s, and
(c) cloud image of cross-section temperature distribution at 1.4 m/s
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the continuous increase of water injection temperature, the heat exchange amplitude with sur-
rounding rock decreases, and the temperature drop of the surrounding rock decreases. The
higher the water injection velocity, the better the cooling effect.

Effect of porosity on cooling effect

The injection velocity of 1.4 m/s was maintained, and the porosity was changed to
0.06 and 0.18, as shown in fig. 6.

&~

(b)

Figure 6. Cross-section temperature at different porosity;
(a) cloud image of cross-section temperature distribution at porosity of 0.06 and
(b) cloud image of cross-section temperature distribution at porosity of 0.18
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Figure 7. Temperature distribution For the three cases, the curve is obtained

curve for different porosity

along the line of x =0,y =0, and z = 0 ~ —150.
The curve is higher than the curve at porosity of 0.12 and 0.18 when the porosity is 0.06, and
the cooling effect is weak. At constant porosity, the cooling process along the z-axis roughly
exhibits two-stages, z =0 ~—-20 m and z = —150 ~ —20 m. In the first stage, the porosity plays a
major role due to the increased contact area with the rock mass, which results in a bigger effect



Sun, Z., et al.: Thermal Environment Improvement of Underground Mine ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 6B, pp. 5015-5024 5023

to reduce temperature. In the second stage, with full exchange of heat between the water and the
rock mass, the ability of the injected water to remove the heat of the surrounding rock is gradually
reduced. The slope of the curve tends to be gentle in the second stage. The larger the porosity, the
more obvious the cooling effect.

Conclusions

With geothermal energy utilization and heat transfer of surrounding rock, an active
cooling scheme for high temperature mine water injection based on EGS technology is de-
scribed. The conclusions of this paper can be summarized are as follows.

e A simulation model of a high rock temperature mine using EGS technology was construct-
ed, and the results show that reasonable water injection velocity and suitable fracture poros-
ity can play a good cooling effect.

® At certain porosity, the cooling effect of the surrounding rock increased with increased
water injection rate. When the water injection velocity increased from 0.8-1.4 m/s, the
cross-sectional temperature was reduced by nearly 2 °C. The water injection velocity can be
improved under the maintenance of basic performance and consideration of costs.

® At certain water injection velocity, the cooling effect of the surrounding rock is increased
with the increase of the crack porosity. The porosity increased from 0.06-0.18, the tempera-
ture difference was almost 1 °C.

e For the water injection and cooling of the mine in a high rock temperature area, the water
injection velocity should be increased technically and economically as much as improved
the crack porosity of the rock.
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