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13 Abstract: Acceptable temperature is very important for mine refuge chamber (MRC) to ensure the
14 safety of occupants. A novel temperature control scheme combining cold source storage with mine
15  compressed air (MCA) was proposed for MRCs. An experiment was conducted to explore the
16  characteristics of temperature controlling in a MRC via the MCA. Effects of several main factors
17 such as initial surrounding rock temperature (ISRT), ventilation temperature (VT), ventilation rate
18  (VR) and heat rate (HR) on the performance of temperature controlling in the MRC were numerically
19  studied. Results show that: (1) In the MRC, the heat transfer process between the air and walls will
20  reach a dynamic equilibrium within 0.5 h; (2) The ambient temperature in the MRC increases linearly
21 with the square root of time from1 h to 96 h, the gradient increases with VT and HR but decreases
22  with ISRT and VR; (3) Ventilation with rate of 0.3 m*/min per capita and temperature of 20 °C can
23 meet the temperature control requirements of a MRC located in the sandstone layer with the ISRT of
24 32.2 °C. An empirical formula for predicting ambient temperature and a ventilation parameter
25  calculation method for meeting the temperature control goal of the MRC are obtained.

26
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1 Introduction

Although renewable energy is vigorously explored for most countries, it is difficult to get rid of
the dependence on traditional energy sources such as coal, oil and natural gas in short term [1]. In
developing countries like China [2] and India [3], coal still dominates the structure of energy.
Approximately 45% of the world’s coal was produced in China, where over 90% was produced from
underground mines [4]. It is known that underground mining is a very dangerous activity
accompanied by potential accidents, such as gas explosions, roofs, fires, etc. [5]. Referring to statistics
in China, about 90% of coal mine accidents with 10 or more casualties were caused by explosions,
water inrush, coal and gas outbursts, and fires [6]. Many cases have proven that most victims, who
were poisoned and killed by smoke in coal mine explosions and fires, could have escaped successfully
| 7]. Mine refuge chambers (MRCs) provide 96 h or more of safe living space for trapped workers
awaiting rescue [8, 9], and they need to be reasonably arranged on escape routes of underground mines
[10-12]. Fig. 1 shows the interior scenes of different personnel MRCs in different mines, the number
of people refers to the rated capacity of the MRC, which is determined in combination with the
number of workers in the service area covered by the MRC. Due to the human metabolism and the
initial high temperature surrounding rock, occupants in a MRC may face a life-threatening

environment with high temperature and high humidity [16, 17].
7z - _

(c) 100-person MRC (d) 200-person MRC|[ 14] (e) 300-person MRC [15]
Fig. 1. Interior scenes of different personnel MRCs in diftferent mines.
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Heat produced by occupants in the MRC ranges from 117 W to 128 W per capita | 18|. Moreover,
reaction heat of 30 ~ 50 W per capita cannot be ignored, when the CO> is absorbed by chemical
absorbents [19]. The surrounding rock temperature has an important influence on the temperature
control in the underground refuge alternatives. Yantek et.al [20, 21] found that mine air and mine rock
temperatures surrounding movable refuge alternatives increased over the 96-h test period. Zhang et
al. [22] proved that for a MRC built in sandstone steam, when the initial surrounding rock temperature
(ISRT) is not more than 20 °C, the indoor air temperature could be controlled below 35 °C by naturally
cooling via the low-temperature surrounding rock. But for MRCs with high ISRT, a comfortable
thermal environment means increased the cost of temperature control, because the ventilation rate
(VR) via mine compressed air (MCA) may not meet the temperature control requirement [23]. In
order to balance the conflicts between the cost of temperature control and the safety of trapped miners,
an acceptable temperature should be taken into account against human tolerance within 96 h. In the
United States, the apparent temperature of the MRC should not exceed 35 °C [24]. In Indonesia, the
allowable values are 32°C WB and 65% RH, respectively |15]. In China, the allowable values are
35°C WB and 85% RH, respectively [25]. Among them, the allowable value in Indonesia is more
suitable, according to the studies on the thermal comfort of the underground building environment
[26], [27], [28].

Ventilation is a common economic measure for temperature, dehumidification and air quality
control for underground buildings [29], [30]. As far as a MRC is concerned, the MCA from a borehole
or special pipeline is considered to be the most desirable approach, because it not only has a certain
function of temperature control, but also supplies oxygen and dilutes harmful gases [31]. In China,
the acceptable minimum VR of the MCA system is 0.1 m*/min per capita for all underground miners,
and the VR of the MCA entering a MRC should not be lower than 0.3 m?/min per capita [32]. It has
been proved that, when the VR is above 0.05 m*/min per capita, the average CO, concentration in the
MRC can be controlled within 1% [33]. When the VR is 0.1 m*/min per capita, the average CO>
concentration can be controlled at less than 0.5% [32]. When the VR is 0.15 m*/min per capita, the
relative humidity could maintain close to 60% |[18]. In fact, on the premise of ensuring the safety of
respiratory environment, reducing the use of MCA as much as possible is an important measure to
save the operation cost of MRCs [34]. However, for a MRC with an initial high temperature, the
amount of air required to maintain a tolerable thermal environment is significantly greater than that

required for respiration.
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In accidents, temperature control for the high-temperature MRC is very challenging since the
reliable power supply used in coal mines is insufficient and electrical equipment needs to be
explosion-proof [35]. Nowadays, several cooling technologies based on cold source storage have
been developed for MRCs. Wang et al. [36] and Du et al. [37] developed an ice storage air conditioner
with an ice storage volume of 5.5 m?, in which the hot air is pumped via air condensers to the MRC
by an explosion-proof fan to obtain cold air. However, the reliability of the ice storage cooling device
is low since the capacity of battery used to drive the explosion-proof fan is difficult to guarantee.
Encapsulated ice storage plates [38] and ice storage capsule 39| for MRCs were also discussed. Yang
etal. [40] developed a liquid CO; refrigeration system which transforms liquid CO; into gaseous state
through decompressing twice to achieve phase change cooling. Yuan et al. [26] proposed a coupled
cooling method of latent heat thermal energy storage combined with pre-cooling of envelope for
MRCs with high ISRT. In this method, the surrounding rock will be pre-cooled by using cold sources
available in the underground in normal times to store a certain amount of cooling and a small amount
of PCM in a low-temperature environment. When refuge occurs, the ambient temperature in the MRC
can be controlled by the low-temperature rock and PCM. Gao et al. [41-44] systematically studied
the temperature control characteristics of the PCM plate and PCM seat used in a 50-person MRC,
considering the coupled heat transfer process between surrounding rock, air, and PCM. Yan et al. [45]
developed a cryogenic supply system which stores liquid air at -195 °C, as the liquid air is delivered
to a heat exchanger, evaporation occurs to provide cooling for MRCs. Compared with other cooling
methods, ice storage cooling has a wider range of applications because it is suitable for MRCs with
different ISRT. Also, it is the most used cooling technology for practical MRCs, but the current ice
storage cooling systems still have a lot of room for improvement in terms of reliability and economy.

Recently, the research on the use of ventialtion as the main temperature control method for
MRCs has attracted more attention. Zhang et al. [23] found that when the MRC located in sandstone
layer with the ISRT above 27 °C and the ventilation temperature (VT) was equal to the ISRT, the
MCA with a VR of 0.3 m*/min per capita cannot meet the temperature control requirement. Yan et al.
[46] tested the temperature control capability of an air-conditioned borehole air supply applied in a
60-person MRC, their test data show that the apparent temperature of the MRC with borehole air
supply with cooling was about 9 °F lower than that of the MRC with borehole air supply without
cooling. Gao et al. [47] proposed a long vertical earth-air heat exchanger (EAHE) system for MRC
temperature control, the system is more suitable for application with a buried depth less than 200 m.
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Furthermore, an improved EAHE system by employing backfilling was developed, with the help of
the PCM heat storage, the heat transfer rate of airflow in the backfilling system is nearly 1.5 times
that of the original system and the suitable for application with a buried depth less than 400 m [48].
In fact, the temperature control performance of a ventilated underground structures is affected by
many factors, including the thermal properties of the surrounding rock, the ISRT, the VR and VT, the
geometry as well as the inter heat rate (HR), etc. This makes accurate prediction of the heat transfer
process of the MRC become extremely difficult. At present, several mathematical models, including
a semi-analytical method [26], a Z-transfer coefficient method [49], and a simple heat transfer model
[50], etc., have been developed for the heat transfer process of deeply buried ventilated buildings.
The establishment of these models is based on a common assumption that the channel cross-section
is equivalent to a circle. However, the heat transfer process between the wall and the air around the
channel is not uniform in different directions in the short term [22], [23], [51]. Which means that
these models are not accurate enough for the 96-hour ventilated MRC.

In conclusion, for a MRC with high ISRT, it is difficult to control the indoor ambient temperature
by MCA alone. In this work, a novel temperature control scheme combining MCA and ice storage
cooling technology without explosion-proof fan and battery power is proposed for high-temperature
MRCs. Considering that heat load forecasting is the prerequisite for this method, the current work
mainly focuses on the characteristics of cooled MCA controlling the ambient temperature in MRCs.
A ventilation experiment was carried out in laboratory to explore the temperature control
characteristics of MRC. Effects of several main factors such as ISRT, VT, VR and HR on temperature
control of the MRC were symmetrically investigated by numerical calculations. Based on the
numerical results, empirical mathematical methods for predicting the ambient temperature and
cooling load in the MRC under the action of cold MCA are respectively obtained, which has good
theoretical significance for the further development, configuration and operation of the temperature

control scheme for high-temperature MRCs.

2 Model development

2.1 The temperature control system

The novel temperature control system combining the MCA pipeline and cold storage is proposed
for high-temperature MRCs to improve the reliability and economy of the temperature control scheme,
as illustrated in Fig. 2. The MCA pipeline entering the living room is directly connected to a MCA

cooling device, which will cool the MCA before it flows into the breathing environment. It is worth
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mentioning here that, to reduce the heat loss during long-distance pipeline transportation, the MCA
cooling device is placed in the MRC instead of on the ground. Compared with the existing ice storage
cooling technologies for MRC, the obvious significance of the proposed cooling scheme is that it will
remove the dependence of the cooling device on the explosion-proof electric fan and the explosion-
proof high-power battery, with the assistance of MCA, thereby greatly reducing the system cost and

improving the reliability of the cooling system in emergent situations.

Host rock

1 - Air compressor, 2 - Air storage tank, 3 - pipeline, 4 - Explosion-protection wall, 5- Protective airtight door, 6 - Air curtain, 7 - Seal
wall, 8 - Airtight door, 9 - MCA cooling device, 10 - Silence air inlet, 11 - One-way exhaust valve, 12 - Air outlet, 13 - Exhaust outlet.

Fig. 2. Temperature control system for a high-temperature MRC based on MCA and cooling device.
2.2 Experimental setup

The current work mainly focuses on the temperature control characteristics of the cooled MCA
while applied to the high-temperature MRC, instead of the process of the MCA being cooled by the
air cooling device. To grasp the characteristics of the ambient temperature changes in the MRC under
the action of MCA, as well as to provide reliable data for the validation of the numerical model, an
experiment of temperature controlling via MCA for the MRC was carried out. Since the cooling
device has not yet been developed, the MCA entering the MRC has not been cooled, but the VT will
be affected by the heat exchange behavior during the process of pipeline transmission.

2.2.1 Experimental environment

The experiment was conducted in a MRC laboratory that can accommodate 40 to 60 people, the
living room has a size of 20 m in length, 4 m in width and 3 m in height. The wall is made of concrete,
the thermal conductivity is 0.81 W/(m-K), the density is 1600 kg/m?, and the specific heat capacity is
840 J/(kg-K). The fresh air generated by an air compressor (DFB-100A) with a volume flow rate of
11.3 m*/min first enters an air tank, then will be sent into the living room through vertical and
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horizontal alternating pipelines, releasing into the breath environment through 6 silent air inlets
distributed on both sides, as presented in Fig. 3. The air inlets were arranged 1.8 m above the ground,
with a distance of 3.5 m between two adjacent air inlets. The VR was controlled by a total valve. One-
way exhaust valves with a diameter of 110 mm were installed at each end wall of the MRC as air
outlets, above the ground 2.4 m. The exhaust valve opened automatically to vent the contaminated
air when the relative pressure in the MRC reached 180 Pa. The experiment was conducted on a clear
day in September 2021, starting at 8 a.m. Atmospheric temperatures range from 22 to 26 °C during
the day and 18 to 22 °C at night.

(a) Test environment (b) Test scenarios
Fig. 3. Test environment and test scenarios.

2.2.2 Experimental principle

Taking into account the air supply capacity of the air compressor, during the experiment, 28 heat
lamps with 150 W representing the heat release rate of 35 persons are divided into 4 rows x 7 columns.
The row spacing is 1 m and the column spacing is 2 m. All heat lamps are 1 m above the ground. Five
temperature measurement points are arranged on three different levels of 0.5 m, 1 m and 1.5 m from
the ground. The ambient temperature is monitored by PT100 thermocouple, which is calibrated with
0 [ ice-water mixture. The distance from these measuring points to the near side wall is 1 m. Layout

of the heating lamps, air inlets and measuring points is shown in Fig. 4.

PT100

Pressure valve  Vortex Flowmeter Flow valve Air supply pipeline Air inlet Heat lamp
4

Blast wall

”
Entrance

0.8m 4m 4m 25m 35m . 3.5m T 25m B 4m 0.8m

Fig. 4. Layout of the heating lamps, air inlets and measuring points.
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The VT at the air inlets is measured by two PT100 thermocouples In addition, during the
experiment, the working temperature of the air compressor can be displayed by a built-in temperature
monitoring system, and the temperature on the surface of the air tank and the MRC walls can be
measured by an infrared thermometer. The ventilation pressure is regulated and determined by a
pressure valve, the VR is regulated by a flow valve and determined by a vortex flowmeter.

2.2.3 Experimental procedure

The key steps of the experiment are as follows:

(1) Check the reliability of the system the day before the experiment, make sure that all heating
lamps and all temperature sensors can work properly and the data can be automatically recorded.

(2) Prior to heating, two testers enter the MRC laboratory to measure the temperature on the wall
surface by using the infrared thermometer. Five measurement points on each wall were taken, and
the average initial temperature on the wall surface was determined to be 21.8 °C.

(3) 0.5 h before heating, close all doors and open the temperature monitoring platform to test the
initial ambient temperature, which was determined to be 24.5 °C.

(4) Turn on the heating lamps to rise the indoor ambient temperature.

(5) Turn on the air compressor while the ambient temperature rises to about 30 °C, then adjust the
ventilation pressure to 0.3 MPa and the VR to 300 m>/h for 1.67 h.

(6) Adjust the VR to 450 m*/h for 1 h.

(7) End the experiment and save the experimental data.
2.3 Computational details

2.3.1 Computational domain and mesh

CFD simulations have become a useful tool to calculate heat transfer between the human body
and ambient environment [52-54]. The geometric structure of the numerical model refers to the
internal structure of the above MRC laboratory. The internal size is 20 m long, 4 m wide and 3 m
high. The space of the transition room can be neglected since the heat transfer process mainly occurs
in the living room during evacuation. It has been proved that the range of the surrounding rock
affected by the heat transfer process within 96 h was 2~2.2 m [23], therefore the wall thickness in the
current model was 2.5 m. The occupied area of each person in the MRC should not be less than 1 m?.
The capacity of this model was 50 people considering the typical situation of underground mines.

Fifty mannequins with a surface area of 2 m? were divided into 4 rows in the living room, the space
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occupied by these mannequins can be ignored. Each of the two long sides has five air inlets with a
diameter of 0.075 m, and the distance between the two adjacent air inlets is 3.5 m. An air outlet with
a diameter of 0.3 m was arranged on each end, as demonstrated in Fig. 5. Boundary types of air inlets,
air outlets and mannequin surfaces are defined as velocity-inlet, outflow, and heat-flux wall,

respectively.

Fig. 5. Geometry of the 50-person MRC numerical model.

Unstructured mesh was adopted for the numerical model by ANSYS ICEM. To minimize the
error caused by the mesh quality of the numerical model, the grid independence study is carried out
by using five different grids, i.e., 0.97, 1.56, 2.13, 3.15 and 4.14 million cells, respectively.
Considering that the following validation of the numerical model involves natural convection and
ventilation, the ambient temperature in the MRC at 1 h under natural convection and at 10 h under
ventilation are compared for these different numerical grids. As shown in Fig. 6, it can be found that
when the number of grids in the numerical model reaches 2.13 million, the ambient temperature in

the two different states almost does not change
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Fig. 6. Comparisons of numerical results with five different grids under two different conditions

For the sake of computing resource economics, the numerical grid with 2.13 x 10° cells is
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selected, see in Fig. 7. Grid cells on surfaces of mannequins, coupling wall, air inlets and air outlets
were encrypted separately to improve the mesh quality. The minimum orthogonal quality of the mesh

was 0.37, with a minimum angle of 18.6°.

Fig. 7. Meshing of the selected MRC numerical model.

2.3.2 Initial and boundary conditions

For a MRC under the condition of MCA ventilation, the temperature control characteristics
mainly depend on static parameters including the size of the MRC and the thermal conductivity,
density and specific heat capacity of the surrounding rock, etc., as well as dynamic parameters
including ISRT, HT, VR and VT, etc., but almost independent of the initial ambient temperature.
MRCs are usually constructed in sandstone, it has been confirmed that the influence of the thermal
conductivity, density, and specific heat capacity of the surrounding rock is independent to other
parameters. Therefore, considering the temperature control method proposed for high temperature
MRC, the current work mainly investigates the influence of dynamic parameters. The values of
dynamic parameters are shown in Table 1.

Table 1. Dynamic parameters in the CFD simulations.

Dynamic parameters Units Reference value
ISRT (Tis) °C 25, 26, 28, 30, 32, 34
VR (G) m’/h 600, 750, 900, 1050, 1200, 1350, 1500
VT (%) °C 16, 18, 20, 22, 24
HR from occupants (Q) kW 5,5.5,6,6.5,7,7.5,8

To analyze the dynamic heat transfer characteristics between the surrounding rock and the air in
a MRC under the condition of the cooled MCA, a typical numerical case was selected to show the
dynamic temperature of the surrounding rock and the indoor environment within 96 h. Referred to
the common surrounding rock of MRCs, the thermal conductivity, specific heat capacity and density

of the surrounding rock were 2 W/(m-K), 920 J/(kg-K) and 2400 kg/m>, respectively. For dynamic
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parameters, the [ISRT was 30 °C, the HR generated by occupants was 6 kW, namely the heat flux on
mannequin surfaces is 60 W/m?. The VT was 20 °C, and the VR was 900 m?*/h (0.3 m*/min per capita),
namely, the velocity magnitude at each air inlet was 6 m/s. In the process of sensitivity analysis, the
value of thermal conductivity, specific heat capacity and density of the surrounding rock were not
changed and the initial ambient temperature was always consistent with the ISRT, only one dynamic
parameter was changed for each case, compared with the typical numerical case.

To validate the reliability and accuracy of the proposed numerical model, a simulation case is
performed refers to the experiment. In this case, to ensure that the HR is comparable to that in the
above experiment, the HR of the 50 mannequins is 4.2 kW, namely the heat flux on the surfaces of
mannequins is 42 W/m?. The thermal conductivity, specific heat capacity and density of the
surrounding rock were 0.81 W/(m-K), 840 J/(kg-K) and 1600 kg/m?, respectively. The ISRT was
21.8 °C and the initial ambient temperature was 24.5 °C. The ventilation parameters, ventilation time,
etc., are consistent with the above experiment process.

2.3.3 Numerical methodology

In the numerical cases, kinematic viscosity of the air ranged from 1.55x107 to 1.65x107> m?/s;
the Re value of air inlets ranged from 27272 to 29032. Therefore, the air flow was turbulent. In the
present work, the realizable k-¢ turbulent model was used, because it exhibits strong performance
with indoor airflows, temperature and pressure in closed structures [55]. Enhanced wall treatment
with pressure gradient effects and thermal effects was selected. Also, gravity, full buoyancy effect
and viscous heating were taken into account. The Boussinesq approximation was applied for the
density of air to simulate the effects of temperature differences on air flow field [56]. The governing
equations, including continuity equation, momentum equation, and energy equation with Boussinesq,

were given as follows [57].

Op , 9(puy) _
ac+ ax; =0 (D)
du  duup _ _1op 10 [ (ow  dw)_ gl e
at + Ox;j - paxi+paxj [’“(axj-l'axi puiuj ng(T TO) (2)
ar Lo 10 (0T o 3
Jat ox;j _pax,-<cpax,- uiT) (J)

Where p is the air density, kg/m?; 7 is the time, s; x; and x; are the Cartesian coordinates in the i and j
directions (i, j = 1, 2 and 3 corresponding to the X, Y and Z directions respectively); u; and u; are the
mean fluid velocities in X, Y and Z directions, m/s; u'; and u; are the corresponding fluctuant velocity
components in the i and j directions, m/s; P is the mean air pressure, Pa; u is the dynamic viscosity,
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Pa-s; g;is the acceleration component of gravity in the i directions, m/s?; § is the coefficient of thermal
expansion, 1/K; 7' is the temperature, K; 79 is the reference temperature, K; 7" is the fluctuating
temperature, K; 4 is the air thermal conductivity, W/(m-K); C, is the specific heat capacity, J/(kg-K).

The realizable k-¢ model consists of the following two transport equations [S8].

F a 2 ur\ 9k B

T (pk) + P (pkuj) = o [(,u + Uk) PP + Gy, + G, — pe 4)
a a GG} ug\ oe £? €
5 (e + PP (pew) = a; [(# + U_s) 6_x]] +pC1Se = plai =+ C1e7 C3cGp (%)

Where k is the turbulent kinetic energy, J/kg; i is the turbulent viscosity, Pas; ox and o, are the
Prandt] number; Gj is the generation of turbulence kinetic energy due to buoyancy, J/(s'm?); Gy is
the generation of turbulence kinetic energy due to the mean velocity gradients, J/(s'm?); ¢ is the
turbulent energy dissipation, J/(kg-s); S is the modulus of the mean rate-of-strain tensor; v is the
kinematic viscosity, m?/s; C1, Ca, Cie, C3¢ are model parameters.

All cases are calculated with the pressure-velocity coupling solver, pressure-implicit with
splitting of operators (PISO) was adopted. Energy, momentum, turbulent kinetic energy, turbulent
dissipation and transient formulation were discretized by second-order upwind, and pressure was
discretized by standard. The convergence criterion for energy is 107, for other items is 10~. At the
beginning of the calculation, use a smaller time step of 0.1 s to increase the convergence speed. When
the calculation converges, gradually increase the time step to reduce the calculation time. It was
proved that in the case of calculation convergence, the numerical results were independent of the time

step when it is less than 60 s.

3 Results

3.1 Variation of ambient temperature in the MRC
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Fig. 8. Indoor ambient temperature varies with time during the experiment.
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Fig. 8 plots the ambient temperature curve of measurement points over time during the
experiment. It can be found that, from 0 h to 1.6 h under the condition of natural convection, the
temperature of all measuring points rises rapidly from 24.5 °C to about 28.5 °C within 0.25 h, then
tends to increase slowly with time. Unexpectedly, it can be found that when the MCA is sent into the
MRC, the indoor ambient temperature does not decrease, but increases, and the temperature
difference increases with the increase of the VR. This is attributed to the pressurized action of the
compressor, which makes the air temperature greatly improved from the outdoors to the high pressure
air tank. When the ventilation volume rate is 300 m>/h and 450 m?/h, the surface temperature of the
air tank is 48 °C and 50 °C respectively, and the VT of the MCA entering the MRC is 34.7 °C and
36.2 °C, respectively. After the heat transfer process tends to be stable, the temperature of the
measuring points fluctuated at 30 ~ 31°Cfrom 1.75 h to 3.25 h and 31 ~ 32 °Cfrom 3.5 h to 4.25 h,
respectively. In both cases, the indoor ambient temperature is lower than the VT, which indicates that
the low-temperature surrounding rock has a strong heat absorption capacity. In addition, it can be
found that every time the ventilation conditions change, a new dynamic equilibrium of the heat

transfer process will reach again within less than 0.5 h.

3.2 Validation of the numerical model

33 10
| —m— Experimental results
—@— Numerical results

—&— Measuring point 14
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Deviation curve
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Fig. 9. Comparison of the experimental and numerical results.

Fig. 9 compares the mean ambient temperature obtained from the numerical simulation with the
mean ambient temperature at the measuring point and the maximum and minimum temperatures
obtained from the experiment. It can be found that under three different ventilation states, the average
ambient temperature obtained by numerical simulation maintains a similar trend to the temperature

of the experimental measurement points, and maintains a small temperature difference with the
14
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experimental results. Among them, the temperature difference compared with the average value of
measuring points is less than 0.3 °C, while compared with the maximum and minimum value is less
than 0.6 °C. The deviation value is calculated by comparing the difference between the experimental
value and the numerical value with the ISRT value, it can been found that very good agreement in
both qualitatively and quantitatively is obtained, accompanying with deviation ranging from -5.2%
to 3.5%, which indicates that the error caused by numerical calculation is small enough, and the

selected numerical model is suitable for the current study.
3.3 Typical case analysis

To reveal the dynamic heat transfer characteristics of the indoor air and surrounding rock in a
high-temperature MRC under the action of cold MCA, the numerical case with the ISRT of 30 °C,
HR of 6 kW, VT of 20 °C, and VR of 900 m?/h, was selected as the typical case.

Temperature
36.0
356
35.2
348
344
34.0
336
332
3238
324 1 min 5 min 10 min 30 min
32.0
316
312
308
30.4
30.0
296
292
288
284
28.0

96 h

Fig. 10. Temperature distribution at different times.

Fig. 10 displays the temperature distribution on the middle-cross section of the MRC at different
times. As can be seen that, due to the upward movement of hot air driven by thermal buoyancy, the
ambient temperature of the space above the occupants is higher and the temperature below is lower,
which makes the human activity area have relatively good thermal comfort, indicating that it is
reasonable to set the fresh air inlets on both sides of the MRC above the human activity area. The
indoor ambient temperature changes larger from 1 min to 30 min but smaller from 30 min to 1h.
Before the ventilation lasted for 30 min, there was no significant change in the temperature near the

surface of the surrounding rock. When it lasted for 50 h, the overall indoor temperature is below
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34.4 °C, and the activity area was below 33.6 °C. At 96 h, the overall indoor temperature was below

34.8 °C, and the human activity area was below 34 °C.
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Fig. 11. Temperature distribution at 96 h.

Fig. 11 shows the temperature distribution contour on different cross-sections of the MRC at 96
h. It can be found that the ambient temperature in the jet area on the cross-section of the air inlet is
relatively low, while on the cross-section of the non-air inlet, the temperature increases from bottom
to top, and the ambient temperature gradually decreases from the middle to both ends. The overall
indoor temperature is below 35 °C, and in the human activity area is lower than 34 °C. In addition, it
can be found that the temperature of the surrounding rock has a significant change within 1 m from
the wall surface, but the influence range is non-uniform around the surrounding rock. Combined with
the temperature distribution in the middle-cross section at 96 h in Fig. 10. It can be observed that the
heat transfer radius of the surrounding rock ranges from the largest to the smallest, in order of top,

both sides and bottom.
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Fig. 12. Indoor air temperature varies with time.
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Fig. 12 plots the curves of the indoor ambient temperature with time and the square root of time,
as well as the fitted line of temperature versus the square root of time. As shown in Fig. 12, under the
action of cold MCA with 20 °C, the indoor ambient temperature has experienced a short-term rapid
growth, from the initial temperature of 30 °C to 32.6 °C for a period of less than 0.5 h. While the
temperature growth gradient at 0.5 h slowed down significantly, the ambient temperature has only
increased to 33.7 °C at 96 h, which is less than the maximum allowable temperature of 35 °C. This
indicates that the ambient temperature of a high-temperature surrounding rock MRC can be
effectively controlled by cooling the MCA. It can also be found from Fig. 12 that from 1 h to 96 h,
the indoor ambient temperature increases approximately linearly with the square root of time, and the
residual value of the linear fitting is 0.9935, which indicates that the indoor ambient temperature has

a strong linear relationship with the square root of time.
3.4 Sensitivity analysis

3.4.1 Effect of ISRT
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Fig. 13. Indoor air temperature varies with time under different ISRT.
Fig. 13 (a) and (b) respectively show the average temperature varies with time at different ISRT
and the average temperature varies with ISRT at the same time. It can be observed from Fig. 13 (a)
that the average air temperature increased monotonically with time when the ISRT ranged from 25 [J
to 34 [1. At the earlier stage, the average air temperature increases quickly in less than 0.5 h, and then
enters a process of air temperature slow increase with time. As the ISRT increases, the temperature
increasing trend was more moderate. In general, under the condition of MCA cooled to temperature

control, the ambient temperature rising rate in the MRC decreases with the increase of the ISRT. The
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reason for this is that as the ISRT increases, the temperature difference between the air and the wall
tends to be great and the intensity of the convective heat transfer increases. For the case of ventilation
volume rate of 0.3 m*/min per person, the VT was 20 °C, and the average air temperature in the MRC
was less than 32 °C within 96 h when the ISRT was 26 °C or below. When the ISRT reached 28 °C,
the average air temperature was limited to 32.5 °C at the time of 96 h. When the ISRT reached 32 °C,
the average air temperature quickly increased to 34 °C in less than 1 h, but only rises to 34.86 °C in
the next 95 h, which did not exceed the allowable temperature of 35 °C. However, when the ISRT
reached 34 °C, the average ambient temperature quickly exceeded 35 °C. It can be found from Fig.
13 (b) that the average air temperature in the MRC increases linearly with the ISRT, but the gradient
of temperature rising gradually decreases with time. Meanwhile, it can be observed that for a MRC
with an ISRT of less than 32.2 °C, the temperature control requirement of the MRC can be satisfied

within 96 h when the VR is 0.3 m*/min per person and the VT is 20 °C.

3.4.2 Effect of VT
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Fig. 14. Indoor air temperature varies with time under different VT.

Fig. 14 (a) and (b) show the average air temperature varies with time at different VT and the
average air temperature varies with VT at the same time. It can be observed from Fig. 14 (a) that, for
the MRC with an ISRT of 30 °C, the average air temperature monotonically increases with time within
96 h when the VT ranges from 16 °C to 26 °C. As the VT increases, the rising rate of the air
temperature increases. The reason is that the temperature difference between the air and the wall tends
to smaller with the increase of the VT, which leads to the intensity of the convective heat transfer
becoming weaker. When the VT is 16 °C, the air temperature can be controlled below 32 °C within
96 h. While the VT ranges from 18 °C to 22 °C, the average air temperature will reach 32 °C quickly

18



11
12
13
14
15
16
17
18
19
20
21

22

but not exceed 35 °C within 96 h. When the VT is 24 °C, the average air temperature will reach 35 °C
after 56 h. It can be observed from Fig. 14 (b) that the average air temperature in the MRC shows a
linear upward trend with the increase of the VT, but with the increase of time, the temperature growth
gradient gradually increases. Meanwhile, it can be found that, for a MRC with an ISRT of 30 °C, the
temperature control requirement can be met when the ventilation volume rate is 0.3 m®/min per person

and the VT is less than 23.2 °C.

3.4.3 Effect of VR
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Fig. 15. Indoor air temperature varies with time under different VR.

Fig. 15 (a) and (b) represent the variation of the average temperature with time at different VRs,
respectively, while the average temperature varies with the VR. It can be observed from Fig. 15 (a)
that, for the MRC with an ISRT of 30 °C, when the VT is 20 °C, the average ambient temperature in
the MRC generally shows an increasing trend with time, and the VR ranges from 600 to 1500 m>/h.
However, as the VR increases, the temperature growth gradient decreases. When the VR is 600 m>/h,
the average temperature reaches 35 °C at 40 h and rises to 35.62 °C at 96 h. When the VR is 750, 900,
1050, 1200 and 1350 m>/h, the average temperature reaches 34.6, 33.7, 32.85, 32.14 and 31.57 °C at
96 h, respectively. It can be found from Fig. 15 (b), that when the ventilation lasts for 25 h and 50 h,
the average air temperature shows a significant linear decrease relationship with the increase of VR.
However, the linear growth relationship weakens at 96 h, and the natural logarithmic decline
relationship is more significant with a residual value of 0.9991. When the per capita air supply for the

MRC is more than 0.23 m?/h, the average air temperature in the MRC can be controlled below 35 °C.
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3.4.4 Effect of the HR
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Fig. 16. Indoor air temperature varies with time under different HR.

Fig. 16 (a) and (b) show the average temperature versus time and the average temperature
simultaneously versus heating rate for different heating rates, respectively. As can be seen from Fig.
16 (a), for MRC with an ISRT of 30 °C, under the condition that the VR and VT are 900 m/h and
20 °C, respectively, the average ambient temperature in the MRC generally shows a trend of
increasing over time when the HR ranges from 5 to 8 kW, and the temperature growth gradient rises
as the HR increases. The average air temperature rises to approximately 35 °C at 96 h when the HR
is 7 kW. It can be found from Fig. 16 (b) that the average air temperature shows a significant linear
increase relationship with the HR at the same time, the residual value is 0.9997, and the gradient
increases as the ventilating duration increases. The average air temperature in the MRC can be
controlled below 35 °C while the HR in the MRC is below 7.1 kW, approximately equivalent to the
HR of 60 people.

4 Discussion

4.1 Prediction of ambient temperature in MRC

Regarding the solution of the heat transfer process of deep-buried underground buildings, the
common analytical method is to simplify the cross-section of underground buildings to equivalent
radius cylinders for solving [43], [44]. However, according to the above numerical results in Fig.10,
the heat transfer process between the surrounding rock and the air in the MRC shows non-uniformity
within 96 h. It can be known from Fig. 12, that the ambient temperature in the MRC shows a strong

linear correlation with the square root of time from 1 h to 96 h. Therefore, after the ventilation lasts
20
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more than 1 h, the relationship between the average air temperature and time in MRC can be expressed
as follows

T,(7) = K\NT+1L (6)
Where, 7, is the ambient temperature in the MRC, ' ; ris the ventilating time, h; K is the slope, /h'?;
L is the intercept, [ .

For all the above numerical simulation cases, according to Fq. (6), the linear fitting formula
under different working conditions can be obtained when the 7 value ranges from 1 h to 96 h. The
parameter settings and fitting relationship of the relevant numerical cases are shown in Table 2.
Considering that the difference value between the fitting formula and the numerical data is less than
0.1 [J, in particular, the difference is almost negligible when the time t is greater than 20 h, as shown
in Fig. 12, so the error band of fitting formulas are not mentioned in Table 2.

Table 2. Parameter settings and fitting relationship of the numerical cases.

Tt (°C) T, (°0) G (@m’h) QO (kW) Fitting formula R? K L
25 20 900 6 y=0.1829x + 28.963 0.9981 0.1829 28.963
26 20 900 6 y=0.1765x + 29.661 0.998 0.1765 29.661
28 20 900 6 y=0.145x +31.172 0.9994 0.145 31.172
30 20 900 6 y=0.123x + 32.52 0.9935 0.123 32.52
32 20 900 6 y=0.0968x + 33.926 0.9982 0.0968 33.926
34 20 900 6 y=0.0662x + 35.39 0.9928 0.0662 35.39
30 16 900 6 y=0.0665x +31.399 0.9988 0.0665 31.399
30 18 900 6 y=0.0951x +31.956 0.998 0.0951 31.956
30 22 900 6 y=0.147x + 33.08 0.9997 0.147 33.08
30 24 900 6 y=0.1795x + 33.556 0.9984 0.1795 33.556
30 26 900 6 y=0.2001x + 34.135 0.9935 0.2001 34.135
30 20 600 6 y =0.2156x + 33.554 0.9967 0.2156 33.554
30 20 750 6 y=0.1621x + 33.042 0.996 0.1621 33.042
30 20 1050 6 y =0.0882x + 32.022 0.9902 0.0882 32.022
30 20 1200 6 y =0.0678x +31.485 0.9874 0.0678 31.485
30 20 1350 6 y=0.0531x+ 31 0.9932 0.0531 31
30 20 1500 6 y =0.0358x +30.558 0.9501 0.0358 30.558
30 20 900 5 y=0.0772x + 31.69 0.9948 0.0772 31.69
30 20 900 5.5 y=0.1002x + 32.103 0.995 0.1002 32.103
30 20 900 6.5 y =0.1488x + 32.886 0.9943 0.1488 32.886
30 20 900 7 y=0.1677x + 33.304 0.993 0.1677 33.304
30 20 900 7.5 y=0.1936x + 33.68 0.9927 0.1936 33.68
30 20 900 8 y =0.2122x + 34.076 0.9943 0.2122 34.076

Fig. 17 (a) to (d) plot the variation of the values of K and L with four dynamic factors, namely
ISRT, VT, VR, and HR, respectively. It can be found that the K value shows a strong linear
relationship with the VT, HR and ISRT following with R* > 0.99, and has a good logarithmic
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relationship with the VR following with R? close to 0.99. The B value shows a strong linear
relationship with the four factors following with R? close to 1, decreasing with the ISRT and VR, but

increasing with the VT and HR.
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Fig. 17 Value of K and L vary with dynamic influencing factors.
Therefore, the mathematical relationship of K, L with the four factors can be respectively
assumed as follows
K = f(Ty Tisye, G, Q) = hT, + iTigpe + je'° + mQ +n ()
®)
Where, 7 is the VT, [1; Tis is the ISRT, [; G is the VR, m?/h; Q is the HR generated by occupants,

L=F(T,Tis, G,Q) = aT, + bTigy +cG +dQ + f

kW:; h, i,j, [, m and n are coetfficients in K expression; a, b, ¢, d and f are coefficients in L expression.
Bring the different parameter values and the corresponding values of K and L in Table 1 into FEqs.

(7) and (8), respectively, through regression analysis, in the case of 95% confidence intervals, solve

the trusted values of the coefficients /, i, j, etc., respectively. Then the mathematical relationships of
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K and L are as follows

K = f(T,, Tisre, G, Q) = (1.353T, — 1.301T,q,, + 4.628Q) X 1072 + 0.7e=00026 _ 0,155 9)
L = F(T,, Tisr, G, Q) = 0.271T, + 0.711T;s, — 3.339 X 10736 + 0.786Q + 4.069 (10)
According to Eqs. (6), (9) and (10), under the condition of cooled MCA, the average air

temperature in the MRC after 1 h of ventilation can be calculated as follows
T,(t) = [(1.353T, — 1.301T;q,, + 4.628Q) x 1072 + 0.7e~%992¢ — 0.155]y/7 + 0.271T,, + 0.711T;,,, — 3.339 x 103G + 0.786Q + 4.069 (11)
The proposed method of Eq. (11) will help to determine whether the condition of the MCA
cooling temperature control meets the room temperature control of the MRC. Also, it can provide
theoretical guidance for the design of air temperature control system in a MRC. However, it should
be noted that: firstly, the Eq. (11) is limited to a ventilating MRC within 1 ~ 96 h; secondly, the Fq.
(11) does not consider the influence of rock thermal properties and the geometric structure of the

MRC. When facing different types of rocks and different structures, further corrections are required.
4.2 Requirements for MCA cooling devices

According to Eq. (11), the relationship between the VR and VT of MCA cooling device for a
high-temperature MRC is as follows
(0.01353v7 + 0.271)T, + 0.7e~%%026y/7 — 3.339 x 10736 = (0.01301v7 — 0.711) Ty, — (0.786 + 0.04628V7)Q + T, (z) — 4.069 + 0.155v7  (12)
In order to make the ambient temperature in the MRC not exceed the allowable temperature
(Talowed) Within 96 h, according to Eq. (12), the relationship between the VR and VT should meet the
requirements of the following formula
T, + 16.9952¢ 00026 — 8,2739 x 103G < 2.4779T,oneq — 1.446Tise — 3.0713Q — 6.3196 (13)
Assuming that the values of the VR and VT are constant, and the target temperature set at 96 h
is Tgoal, thus, the relationship between the VR and VT is as follows
T, = 2.4779Tgpq + 8.2739 X 1073G — 16.9952e~0-9026 — 1.446T;,., — 3.0713Q — 6.3196 (14)
Thus, the cooling storage capacity of MCA cooling devices that meets the temperature control
needs of the MRC for occupants within 96 h can be calculated as follows
Qcool = PCpG(Tyca — Ty)T = 96pC, G (Tyea — Tyy) (15)

where, Ocool 18 the cool capacity, Tmca is the temperature of the original MCA.

5 Conclusions

In this work, a temperature control system by cooling MCA was proposed for MRCs with high
ISRT. An experiments was conducted to test the temperature control characteristics of the MRC under
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the MCA. Moreover, a MRC numerical model was established and validated, the effects of dynamic
factors such as ISRT, HR, VR and VT on the temperature control characteristics of the MRC under
cooled MCA were analyzed. The following specific conclusions can be drawn:

(1) The heat transfer process between the rock wall and the air will reach a dynamic equilibrium
within 0.5 h under a disturbance action in the MRC, and the low-temperature surrounding rock has a
strong heat absorption ability.

(2) Under the action of cooled MC, the ambient temperature of the MRC increases linearly with
the square root of the time from 1 h to 96 h, the temperature gradient increases linearly with the VT
and HR, but decreases linearly with the ISRT, and decreases exponentially with the VR.

(3) In the case of a VR of 0.3 m*/min per person, when the VT is 20 °C, the ambient temperature
in a MRC with an ISRT of 32 °C or below can be controlled to less than 35 °C, the VT should be
below 23.2 ° C to meet the temperature control requirements of a MRC with an ISRT of 30 °C.

(4) An empirical correlation is proposed to predict the ambient temperature of an MCA under
cooled MCA. On this basis, the calculation method of VT and cool storage capacity that meet the
temperature control of the MCA under a specific VR is derived.

This work provides a basis for the temperature prediction, transient heat load, and the cooling
capacity for the high-temperature MRC using the pressure-air-ice storage coupling method to control
the temperature. Future work, could involve the development of the ice storage device for cooling

MCA and the experiment in engineering applications.
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