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Abstract: Thermal performance of densely populated underground buildings is normally influenced 13 

by various factors, including the surrounding rock (SR), ventilation, and indoor heat sources. It is 14 

recognized that little experimental studies on thermal control for the above building was reported. In 15 

this article, a full-size 50-person mine refuge chamber (MRC) was newly constructed to test the 16 

thermal performance under natural convection and ventilation. The heat ducts were used to simulate 17 

the heat released from human body. Experimental results indicated that: (1) the intensity of the heat 18 

transfer between rock and air increases with the rise in heat source rate and ventilation temperature 19 

(VT), while it decreases as the initial surrounding rock temperature (ISRT) increases; (2) when 20 

considering the joint temperature control of pre-cooled SR, it is recommended to reduce the VT linearly 21 

during the evacuation period in order to ensure the thermal safety of personnel. During the non-refuge 22 

period, the cold amount should be stored as far as possible into the shallow SR body to make full use 23 

of it; (3) to ensure the thermal safety of an MRC with a capacity of 30 people, cooling measures lasting 24 

96 hours are required when the ISRT exceeds 21.3 °C. In addition, when the ISRT reaches 27.6 ℃, the 25 

per capita ventilation is 0.19 m3/min, and the temperature is 26 ℃, which can also meet the 26 

requirements. This study provides experimental verification as a basis for future research on 27 

underground space temperature control considering the influence of SR, thereby contributing to further 28 

understanding in this field. 29 
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Abbreviations 

AIL air inlet layout IW inner wall 

EW exterior wall MRC mine refuge chamber 

HSI heat source intensity SR surrounding rock 

ISRT initial surrounding rock temperature SRT surrounding rock temperature 

IT indoor temperature VT ventilation temperature 

1. Introduction 1 

Underground space plays a crucial role in saving land, relieving traffic pressure and improving 2 

resource utilization rate [1], broadening the scope of human activities [2], which is becoming a key 3 

issue for future urban development [3]. In recent years, the underground space has been actively 4 

developed [4-5], such as underground railway station [6-7], underground shopping mall [8-10], 5 

underground air-raid shelter [11-13], MRC [14-16] and other protective engineering [17]. As enclosed 6 

environments with functions of living and working, the underground building maintains a suitable 7 

indoor environment by natural or artificial with reasonable energy and cost-effective [18]. Unlike long-8 

running underground confined spaces such as underground shopping mall, the underground air-raid 9 

shelter and MRC only operate during wartime or in the event of a mine accident, providing a safe 10 

environment for high-density people. 11 

When the confined underground spaces are in operation, the gases and heat generated by people 12 

will make both the indoor temperature (IT) and relative humidity increase, exacerbating air 13 

deterioration in the MRC [19-20]. The indoor thermal environment directly affects the human thermal 14 

comfort and efficiency [21]. In China, in order to control the IT below 35 °C within 96 h, the 15 

underground refuge room is required to provide no less than 0.3 m3/min of air flow per capita [22-23]. 16 

As the primary heat source in MRCs, people primarily exist in two states, sitting and lying down, with 17 

relatively stable heat production values that can be determined to be 117 W [19, 24], 113~114 W [25], 18 

125.87 W [26] and 117~128 W [27]. It is now generally accepted that the per capita heat production in 19 

a sitting position is 120 W [28]. In addition to the heat dissipation generated by people, the heat 20 

dissipation of the surrounding rock (SR) also has a significant effect on the rise in IT [19][29]. Gao et 21 

al. [30] built a basement model integrated with a long vertical earth-air heat exchanger system. Their 22 

research showed that for a MRC located in sandstone and buried at a depth of 400 m as well as supplied 23 

with air using surface boreholes, when the ISRT was 28.5 °C, the IT was controlled at approximately 24 
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30 °C after 96 h at a per capita airflow of 0.3 m3/min. Zhang et al. [28] established a validated numerical 1 

model of a MRC and found that for a MRC built in a sandstone seam with ISRT of less than 27 °C, the 2 

average air temperature will not exceed 35 °C in 96 h when the ventilation volume rate is 0.3 m3/min 3 

per capita. Several methods can enhance the heat transfer include, but are not limited to, an increase in 4 

the heat transfer area and the promotion of turbulence [31-33]. Zhang et al. [28] also found that the 5 

temperature rise rate of a MRC was proportional to the heating rate, but inversely proportional to the 6 

thermal conductivity, density and specific heat capacity of the rock, as well as the ventilation volume 7 

rate and wall area. 8 

The shallow coal resources are becoming depleted and gradually entering the deep mining stage 9 

[34]. At the same time, the amount of the heat dissipation from the SR gradually increases [35]. 10 

Therefore, the influence of the SR cannot be ignored when controlling the temperature of the MRC. 11 

Moreover, energy storage in the SR can also be utilized due to its safety and economic characteristics 12 

[36]. In this way, energy storage in the SR can reduce winter heating and summer cooling energy 13 

consumption while assisting in the thermal management of the underground mines [37]. Zhu et al. [38] 14 

adopted a numerical method to simulate the natural cooling and heat regulation of the air flow, and 15 

proposed to use the seasonal temperature difference of the SR to cool ventilation to reduce thermal 16 

hazards. Yuan et al. [39] proposed a composite temperature control method of the SR cooling storage-17 

phase change heat storage in order to simultaneously meet the requirements of safe, passive and 18 

reliable indoor cooling at high temperature MRC by establishing a numerical simulation model. Gao 19 

et al. [40] continued their research and established a simplified numerical MRC model for intermittent 20 

heat storage. Compared with continuous cooling storage, intermittent cooling storage has significant 21 

energy-saving effect, which could improve the heat transfer performance and reduce the energy 22 

consumption. 23 

Existing studies have revealed that the temperature control characteristics of the underground 24 

confined space under natural and forced convection conditions, as well as revealed the influence 25 

mechanism of the enclosure structure on IT control. Even the SR is used as a new green carrier for 26 

cold storage to control the IT, most of these studies conducted by numerical simulation lack of 27 

experimental verification of the temperature control and SR storage characteristics under ventilation 28 

conditions. Zhang et al. [29] explored the influence of the enclosure on the IT control by conducting a 29 

1-hour heating experiment at 6000 W under natural convection conditions. Based on this experiment, 30 
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a numerical model was established to analyze the effects of ventilation, heating rate, and wall area on 1 

the IT control [28]. However, there was some issues on the experimental work, such as the laboratory 2 

was a shallow chamber buried 3 m underground with 1 m exposed surface and 0.4 m thick top wall, 3 

and the experimental results were affected by the surface environment. Their experimental study did 4 

not conduct on the forced convection. Regarding the experimental study on the simulation of the 5 

temperature of the SR, Zhang et al. [41] investigated the temperature variation rules of the constant 6 

temperature SR with an inner diameter of 0.8 m and an outer diameter of 1 m of the ventilation roadway 7 

under different ventilation speeds through the self-designed transient heat transfer simulation 8 

experimental device for the SR of the high geothermal roadway. In the real conditions, the heat 9 

exchange often occurs between the roadway and SR, therefore, the temperature distribution of the SR 10 

is usually uneven. However, the equipment did not pay attention to the temperature change of the non-11 

isothermal SR. Regarding the study of the coupled heat transfer characteristics of air and SR in 12 

underground construction. The numerical models proposed by Li and Ding [35][42] were verified 13 

against the actual measurements, but their research focuses on the thermal environment of open tunnels. 14 

The experiment of this study can make up for the defects of the above research experiments. 15 

Compared with the numerical calculation method, the data of the simulation experiment is closer 16 

to the real one. Therefore, in order to better explore the factors affecting the temperature of 17 

underground confined space, this study is based on the experiment in underground simulated mine 18 

with buried depth of more than 2 m. By using the heating tube to simulate the human heat dissipation, 19 

it explores the temperature control performance of MRC and the cold storage characteristics of SR 20 

under the condition of natural convection and mechanical ventilation. This study provides a basis for 21 

further experimental verification through abundant experiments.   22 

2. Methodology 23 

2.1 Experimental environment 24 

The MRC laboratory is situated within a simulated mine environment, specifically designed as a 25 

prototype of a main tunnel-auxiliary inclined shaft configuration, as depicted in Figure 1 (a). The main 26 

tunnel boasts dimension is 5 m in width and 40.6 m in length, featuring an arch-shaped cross-sectional 27 

design. Connected to the main tunnel is an auxiliary inclined shaft with an inclination angle of 20° and 28 

a length of 18.4 m. Positioned at distances of 31.5 m from the entrance of the main tunnel and 23.5 m 29 
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from the entrance of the inclined shaft, the MRC structure itself primarily comprises concrete material 1 

characterized by C30 strength properties, possessing a thermal conductivity value of 0.90 W/(m∙°C), 2 

density measuring at 2636 kg/m3, and specific heat capacity amounting to 970 J/(kg K). The floor 3 

exhibits a thickness measurement of approximately 0.6 m while both walls maintain minimum 4 

thicknesses reaching up to at least 0.55 m. Meanwhile, the roof showcases an increased thickness 5 

ranging between approximately 2~3 m due to its coverage with backfill soil.6 

 7 

(a) The geometrical structure of part of mine             (b) MRC geometry structure  8 

  9 

(c) Main tunnel                          (d) Auxiliary inclined shaft  10 

Fig. 1 Scene diagram of the mine in the current study. 11 

In general, the MRC laboratory is 15.85 m in length and 5.1 m in width. The refuge has a cross-12 

section of 3 m (in height) by 4 m (in width), with vertical walls of 1.5 m in height and a perimeter of 13 

12.35 m of an arch. The MRC is divided by 3 walls into 2 spaces, a 12.6 m long living room and a 1.6 14 

m long transition room. The two walls connected to the external environment are 0.7 m in thickness, 15 

while the middle partition wall is 0.25 m in thickness. The size of the door frame in the middle of the 16 

three walls is 1.8 m in height and 0.9 m in width, and the bottom of the door frame is 0.3 m from the 17 

ground, as shown in Fig. 1 (b). The door is made of 2 mm stainless steel plate and filled with 18 



 

6 

 

polyurethane insulation material with a thickness of 0.04 m. The gaps are filled with polyurethane 1 

foaming sealant. 2 

  3 

(a) External roadway of MRC                 (b) Interior of MRC  4 

Fig. 2 Scene diagram of the MRC. 5 

2.2 Experimental principle 6 

The living room of the MRC laboratory covers an area of about 50 m2, which can accommodate 7 

50 people at maximum, this is based on the requirements that the per capita floor area is not less than 8 

1 m2 and 1.2 times of the coefficient is reserved. In practical underground works, a refuge of this size 9 

is typically occupied by 30 to 50 people. In order to simulate the effect of the human heat dissipation 10 

on the temperature control of the MRC for no less than 50 people, 60 copper heating tubes with fins 11 

of 100 W, as shown in Fig. 3 (a), were used to simulate the human heat dissipation when the per capita 12 

heat production rate was calculated at 120 W. The tubes, 0.35 m in length and 0.02 m in diameter, are 13 

distributed in 4 rows of 15 columns in the living room. Among them, the two outermost columns of 14 

the heating tubes are 0.7 m away from the wall at both ends, and the rest of the heating tubes are 0.8 15 

m apart. The heating tubes near both sides of the wall are 0.4 m away from the wall, and the two rows 16 

in the middle are 0.4 m apart. The working state of the heating tubes can be controlled through a power 17 

control box, four different heat rates were considered, i.e., 3600 W, 4400 W, 5200 W and 6000 W, 18 

respectively, to simulate the heat rate from 30, 37, 43 and 50 people, and the corresponding working 19 

heating tubes are in columns 4 ~ 12, 3 ~ 13, 2 ~ 14 and 1 ~ 15. 20 

To investigate the effect of the ventilation factors on the temperature control performance, a 21 

pressurized air system of the MRC was constructed based on the actual engineering. The CZ-1500 W 22 

series fan was adopted, see in Fig. 3(b), considering the requirement that the minimum ventilation rate 23 
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per capita acceptable for the mine air pressure system is 0.1 m3/min and the requirement that the per 1 

capita air volume in the refuge room is not less than 0.3 m3 /min [43]. The fan with rated flow rate of 2 

1530 m3/h, power of 1.5 kW, voltage of 380 V, total pressure of 2400 Pa and speed of 2800 r/min 3 

delivers outdoor fresh air into the MRC. The fresh air enters the transition room through a 2.5 m long 4 

DN100 stainless steel ventilation duct, passes through a vortex flow meter, and then enters the living 5 

room through a 1.8 m long DN100 stainless steel duct, finally discharges through a tee transfer to the 6 

air supply ducts on both sides. The air supply duct of DN50 with 9.6 m in length on both sides is 1.8 7 

m in height from the ground and 0.2 m from the wall. For the purpose of analyzing the effect of air 8 

inlets on the ventilation and temperature control performance of the MRC, five DN25 air inlets with 9 

distance of 2 m and twenty DN12.5 air inlets with distance of 0.5 m were reserved on each-side air 10 

supply duct. Three different air inlet layouts (AILs) were considered in the current study, as shown in 11 

Fig. 4. When DN12.5 is used, the fresh air is directly sent into the MRC. When DN25 is used, two 12 

ways of direct air supply and diffused air supply through silencer are considered. The polluted air is 13 

discharged to the outside through the outlet duct of DN200 located 2.65 m above the ground on the 14 

walls at both ends.  15 

      16 

(a) Heating tube                              (b) Fan                      (c) Silencer 17 

Fig. 3 Photo of experimental equipment. 18 
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 1 

Fig. 4 Schematic diagram of AILs. 2 

In the current study, the following assumptions and limitations are made: (1) it was assumed that 3 

the heat absorption or release of the thinnest wall selected represents the heat absorption or release of 4 

the envelope. Since the concrete thickness of the square wall of the mine is not the same, and the wall 5 

area before and after the MRC is small, thus, in order to get the wall affected by the IT, the thinnest 6 

wall (55 cm in thickness) on the left side of the MRC was selected for testing; (2) assuming that the 7 

heat dissipation of the heating tube is equivalent to that of the human body, we only considered the 8 

impact of the human heat dissipation on the temperature control while disregarding the influence of 9 

the actual human surface area; (3) we assumed that the average value derived from the instantaneous 10 

air volume data every 5 minutes over a 24-hour period represents the total air supply volume within 11 

this duration. However, due to employing a constant volume fan whose airflow is dependent on factors 12 

such as air temperature, pressure, and motor speed, it became challenging to maintain a fixed air supply 13 

volume. So the data was processed in this way. 14 

2.3 Cases design 15 

The two-month experiment was conducted from August 31 to October 31, 2022. The 16 

measurement duration of each case was 24 h. The setting of each case is shown in Table 1. Cases 1 to 17 

4 tested the temperature control performance of the MRC under natural convection with different heat 18 

source intensity (HSI), with the fan off during these cases. Cases 5 to 12 tested the temperature control 19 

performance of the MRC for different HSI and different AILs. Case 13 tested the ventilation and cold 20 
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storage performance of the SR in the MRC without heat source. The IRST is the average temperature 1 

of the SR measurement point. The air supply temperature varies with the ambient temperature in the 2 

roadway. Therefore, the wind temperature range was 18~32 ℃. For the 50 people room in this study, 3 

the air volume of about 350 m3/h meets the standard of not less than 0.1 m3/min per capita. 4 

Table 1. The settings of each case: 5 

NO. AIL  HSI / W ISRT / ℃ 

1 / 3600 21.3 

2 / 4400 21.7 

3 / 5200 21.8 

4 / 6000 23.1 

5 AIL II 3600 23.3 

6 AIL III 3600 23.2 

7 AIL I 3600 27.2 

8 AIL III 3600 27.6 

9 AIL I 3600 25.8 

10 AIL I 4400 22.5 

11 AIL I 5200 23.9 

12 AIL I 6000 23.3 

 6 

2.4 Data acquisition 7 

To obtain the variation characteristics of the IT in the MRC, 20 measuring points were set at the 8 

five levels 0.5, 1, 1.5, 2 and 2.5 m above the floor, respectively, and three measuring points were set at 9 

3.0 m above the ground, as shown in Fig. 5 (a). In order to obtain the variation characteristics of the 10 

surrounding rock temperature (SRT) in the MRC, six temperature measuring points were arranged on 11 

both the inside and outside surfaces of one wall, three heat flux measuring points were arranged on the 12 

inner wall (IW) surface, and seven temperature measuring point was arranged at 5, 10, 20, 30, 40, 50 13 

and 55 cm inside the wall, as shown in Fig. 5 (b). 14 
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   1 

 (a) Three-dimensional map of measuring points          (b) Measuring points of wall 2 

Fig. 5 Maps of measuring points in the MRC. 3 

Instantaneous air volume and VT were measured by integrated display vortex flowmeter. The data 4 

collection of the instantaneous air volume and VT can be transmitted transparently through module. 5 

The temperature IW and exterior wall (EW), the temperature at the height of 3.0 m inside the room 6 

and the heat flow of the IW were measured by the thermal performance testing equipment of the 7 

building envelope of the Chinese Academy of Architectural Sciences. The temperature at five heights 8 

of 0.5, 1, 1.5, 2 and 2.5 m and the temperature inside the SR were measured by JK4032 temperature 9 

acquisition instrument of Jinke. The performance parameters of each measuring instrument are shown 10 

in Table 2. It should be noted that the “R” in Table 2 stands for real-time readings. 11 

Table 2. The performance parameters of each measuring instrument. 12 

Instrument 

name 
Merchant 

Measureme

nt 

parameters 

Measureme

nt range 

Thermocoupl

e type 

Measureme

nt accuracy 
Picture 

Vortex 

flowmeter 
Shun lai da 

Air 

temperature 

Air volume 

-40~260 ℃ 

133~1700 

m3/h 

 
+1.5%R 

+1%R 

 

Temperatur

e 

acquisition 

device for 

SRT 

China 

Academy of 

Architectur

al Sciences 

Temperature 

Heat flow 

100~100 ℃ 

0.3~200.00 

mV 

PT1000 
+0.1 ℃ 

+0.1 mV 

 



 

11 

 

Temperatur

e 

acquisition 

device for 

IT 

Jin ke Temperature 200~850 ℃ PT100 
+（0.5% R 

+1）℃ 

 

 1 

The heat transfer coefficient of the envelope structure in each working condition was measured 2 

by the heat flux meter and calculated by the following formula [44]: 3 

K=1/(R+Re+Ri ) ,  R=(Ti+Te)/q ……………………………… (1) 4 

where R is the absolute value (positive value); K is the heat transfer coefficient; R is the thermal 5 

resistance, m2·k /W; Ti is the mean temperature inside the wall, ℃; Te is the mean temperature outside 6 

the wall, ℃; Ri is the heat transfer resistance inside the wall, m2·℃/W, normally 0.11; Re is the heat 7 

transfer resistance outside the wall, m2·℃/W, normally 0.04; q is the average heat flow, W. 8 

In order to minimize the measurement error, when processing the experimental data, the average 9 

value of the four measuring points at five heights were taken as the temperature of these five heights. 10 

The average temperature of the three measuring points with the height of 0 m and 3 m was taken as 11 

the temperature of these two heights. The average temperature of the three measuring points on the IW 12 

and the EW was taken as the temperature inside and outside the wall. The average value of the three 13 

heat flow gauges on the IW was taken as the wall heat flow value. The temperature recording interval 14 

of each measuring point is five minutes. The average value of 24 h instantaneous air volume was taken 15 

as the air supply volume. 16 

2.5 Governing equations 17 

Under the condition of air pressure in the cooling mine, the average IT of the refuge after 18 

ventilation for 1 h can be calculated as follows [23]: 19 

Ta(τ)=[(1.353Tv1.301Tisrt+4.628Q) × 102+0.7e0.002G 20 

 0.155]√τ+0.271Tv+0.711Tisrt3.339×103G +0.786Q+4.069 21 

where, Ta is the IT in the MRC, °C; τ is the ventilating time, h; Tv is the VT, °C; Tisrt is the 22 

ISRT, °C; G is the ventilation rate, m3/h; Q is the HSI generated by people, kW.  23 

2.6 Experimental uncertainty 24 

This experiment mainly focused on the IT of the MRC with internal heat source under the 25 
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ventilation condition, thus, the measurement data of Case 5 was selected to calculate the experimental 1 

uncertainty. The experimental uncertainty of the test data is calculated by Eq. (4) [45]. If the 2 

relationship between dependent variables R and the independent variables x1 、 x2……xn can be 3 

expressed as: 4 

R = f(x1、x2 … x𝑛)                              (3) 5 

Then the uncertainty of the dependent variable R can be defined as follows: 6 

σR = √∑ (
𝜕R

𝜕xi
𝜎xi

)
2

𝑛
1                               (4) 7 

where, 𝜎x1
，𝜎x2

……𝜎xn
 is the direct uncertainty of x1、x2……xn, respectively. 8 

Table 3. The uncertainty of the measurement parameters and calculation parameters: 9 

Item Units Range Uncertainty 

Measured parameters 

VT ℃ 19.5~22.5 +1.5% 

IRST ℃ 19.2~28.3 +0.1 ℃ 

Ventilation rate m3/h 340~360 +1% 

Temperature of EW ℃ 18.3~19.9 +0.1 ℃ 

Temperature of IW ℃ 28.6~30.2 +0.1 ℃ 

Heat flux mV 4.2~9.6 +0.1 mV 

Calculated parameters 

IT ℃ 30~35.6 0.6 ℃ 

Heat transfer coefficient   0.119 

 10 

2.7 Experimental procedure 11 

The research objective of the present study was to reduce the IT within 96 h to below 35 ℃, and 12 

the IT at 1.5 m height was close to the average temperature of different indoor heights. Therefore, for 13 

the ventilation cooling experiment under the condition of forced convection and internal heat source, 14 

the experiment started when the IT was 35 ℃ at a height of 1.5 m. The main operation steps in the 15 

experiment were as follows: 16 

(1) Cases 1~4: heating experiment under the condition of natural convection and internal heat 17 

source. 18 



 

13 

 

(a) Prior to the experiment, ensure the normal operation of all equipment and the normal data 1 

recording, turn on the fan to reduce the wall temperature to similar to the air supply temperature, close 2 

the outlet to prevent the indoor air circulation, and close the laboratory door; 3 

(b) The heating tube begins to heat up; 4 

(c) After 24 h of experiment, turn off the heating tube, and save the data. 5 

 6 

(2) Cases 5 ~ 12: ventilated cooling experiment with internal heat source. 7 

(a) Prior to the experiment, ensure the normal operation of all equipment and the normal data 8 

recording, turn on the fan, reduce the wall temperature to similar to the air supply temperature, and 9 

close the laboratory door; 10 

(b) Open the heating tube and heat the IT to the level of 1.5 m, and the average temperature of 11 

each measuring point is not less than 35 ℃; 12 

(c) Adjust the HSI to the set value of the corresponding case, and start the fan for cooling; 13 

(d) After 24 h of experiment, shut down the fan, turn off the heating tube, and save the data. 14 

 15 

(3) Case 13: ventilated cooling experiment without internal heat source. 16 

(a) Prior to the experiment, ensure the normal operation of all equipment and the normal data 17 

recording. After closing the laboratory door, open the heating tube to heat the IT to the level of 1.5 m, 18 

and the average temperature of each measuring point is not less than 35 ℃; 19 

(b) Turn off the heating tube and turn on the fan for cooling; 20 

(c) After 24 h of experiment, shut down the fan, turn off the heating tube, and save the data. 21 
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3. Results 1 

3.1 Temperature control characteristics of MRC under natural convection 2 

3.1.1 Characteristics of SRT variation under natural convection  3 

  4 

  (a) Case1: HSI 3600 W, ISRT 21.3 ℃              (b) Case2: HSI 4400 W, ISRT 21.7 ℃ 5 

  6 

(c) Case3: HSI 5200 W, ISRT 21.8 ℃          (d) Case4: HSI 6000 W, ISRT 23.1 ℃ 7 

FIG. 6 SRT changes with different HSI under natural convection 8 

Fig. 6 (a) ~ (d) plot the temperature curves of the SR within 24 h for different HSI of 3600 W, 9 

4400 W, 5200 W and 6000 W under natural convection, respectively. As can be seen from Fig. 6 (a) ~ 10 

(d), at initial stage of the test, the rock temperature gradually decreases from inside to the outside, 11 

which indicates that the temperature inside the SR is non-uniform. The temperature difference between 12 

the inner and exterior surface walls was about 3 ~ 4 ℃, which was caused by the short-term heating 13 

and natural recovery experienced in the MRC prior to the test. In addition, the surface temperature of 14 
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the EW of Case 1 and Case 4 was almost stable during the test, while there was a slight change in Case 1 

3 and a more obvious change in Case 2. This phenomenon was caused by the change of the roadway 2 

temperature during the test. As can be seen from Fig. 6 (a) ~ (d), the temperature of IW increases 3 

approximately linearly within 0.5 h at the initial heating stage and then slowly rises, which is caused 4 

by the dynamic heat transfer process of indoor air and SR surface from unstable state to relatively 5 

stable state. Along with the heating time, the SRT gradually increased from inside to the outside, which 6 

indicated that the low-temperature SR has a better ability to absorb the indoor heat. However, due to 7 

the thermally inert of SR, the tendency of temperature increases in the MRC gradually slowed down. 8 

As can be seen from Fig. 6 (a) and (d), the SRT at 0.55 m changes slightly after 22 h of the test, which 9 

indicated that the heat-regulating circle of the SR was within 0.55 m when the MRC was heated for 22 10 

h. It should be noted that the radius of the heat regulating ring usually refers to the distance between 11 

the center of the MRC and the temperature in the rock, but the radius of the heat regulating ring referred 12 

to here is the distance from the IW to the rock whose temperature has changed. 13 

In order to compare the effect of HSI on the dynamic heat transfer strength of the SR and air, the 14 

change of the surface temperature of the SR from 2 to 22 h after the heat transfer process between the 15 

SR and air reached dynamic equilibrium was used as a reference. The surface SRT increased by 2.9, 4, 16 

3.1 and 3.7 °C for HSI of 3600, 4400, 5200 and 6000 W, respectively. In addition, the heat transfer 17 

coefficients of Case 1-4 measured by the thermal performance testing equipment were 2.771, 2.800, 18 

3.525, and 3.924 W/(m2·℃), respectively. Among them, when the HSI was 4400 W, the temperature 19 

gradient of the IW was larger because the VT was affected by the external environment temperature. 20 

The temperature of the EW was also affected by the temperature of the external environment, therefore 21 

the measured heat transfer coefficient was also small. However, the other three operating conditions 22 

were less affected by the external temperature environment. Therefore, it can be concluded that the 23 

dynamic heat transfer intensity of SR and air increased with the increase of HSI. 24 
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3.1.2 Characteristics of IT variation under natural convection  1 

  2 

(a) Case1: HSI 3600 W, ISRT 21.3 ℃           (b) Case2: HSI 4400 W, ISRT 21.7 ℃ 3 

  4 

(c) Case3: HSI 5200 W, ISRT 21.8 ℃             (d) Case4: HSI 6000 W, ISRT 23.1 ℃ 5 

FIG. 7 IT changes under natural convection with different HSI 6 

Fig. 7 (a) ~ (d) respectively plot the 24 h curves of IT with time for different HSI under natural 7 

convection. It can be found that under different HSI, IT increased rapidly within 0.5 h at the initial 8 

heating stage followed by a slow heating stage. In addition, it can be obviously found that the IT of the 9 

heated MRC under the condition of natural convection presented an obvious stratification phenomenon. 10 

From the temperature measurement points at different heights, the lowest temperature was found at 11 

the top 3 m. This may be due to the fact that the measurement points were closer to the top wall such 12 

that the measurement points were located in the laminar flow region at the wall surface. In addition, 13 

the average temperature of the other measuring points decreased with the increase of the height, which 14 
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was due to the thermal buoyancy that tended to make the hot air move upward. The air temperature at 1 

the nearest 0.5 m height measurement point from the heat source was significantly lower compared 2 

with other heights. For example, the temperature difference between the 0.5 m and the 2.5 m was about 3 

2.5 ~ 3.0 ℃. The temperature difference between the measurement points at the rest of the height was 4 

within 1 ℃. The phenomenon implied that reducing the position of the seat or bed as far as possible 5 

can make the personnel in the MRC get better thermal comfort. 6 

As can be seen from Fig. 7 (a), when the HSI is 3600 W, the maximum IT increases to 34 ℃ after 7 

heating for 24 h. In particular, the IT at the height of 1.5 m and below where people are active during 8 

the evacuation was lower than 33 ℃, which satisfied the requirement that the IT should not exceed 9 

35 ℃. It can be predicted that the average IT may slightly exceed the allowable value range after 96 h, 10 

but the temperature below 1 m level can still be controlled within 35 ℃. Which indicated that for the 11 

MRC with the same size as the laboratory in the current work (that is, the living room is 4 m wide and 12 

12.6 m long), when there are less than 30 people in the refuge and the ISRT was lower than 21.3 ℃, 13 

cooling measures cannot be taken to ensure the thermal safety within 96 h. 14 

Comparing Fig. 7 (b) and (c), it can be found that when the ISRT is the same, the IT increases 15 

with the increase of HSI. With a HSI of 4400 W and an IRST of 21.7 ~ 21.8 °C, the IT reached a 16 

maximum of 35.5 °C at 24 h and a maximum of 34.8 °C at the 1.5 m level. But when the HSI was 17 

increased to 5200 W, the corresponding temperature values were 36 ℃ and 35.4 ℃, respectively. It 18 

can be seen that when the ISRT exceeded 21.7 ℃ and the number of people exceeded 36, natural 19 

convection measures cannot not meet the requirements of temperature control in the MRC. 20 

From the comparison of (a) to (d) in Fig. 7, it can be found that when the HSI increases, the 21 

heating trend of the indoor and SR wall also increases significantly. When the HSI was 3600, 4400, 22 

5200 and 6000 W, respectively, the average temperature at 1.5 m level at the time of 24 h increased by 23 

11.9, 13.1, 13.6 and 14.3 ℃, respectively, compared with the ISRT. However, the temperature 24 

difference at 1 m, 1.5 m, 2 m and 2.5 m level points decreased with the increase of the HSI, which may 25 

be due to the increase of the HSI made the speed of hot air uplift increase, and with the accumulation 26 

of the upper airflow, the temperature grading at different heights became more blurred. 27 
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3.2 Temperature control characteristics of MRC under ventilation  1 

3.2.1 Characteristics of SRT variation under ventilation  2 

 3 

(a) Case 5: AIL II, HSI 3600 W, ISRT 23.3 ℃     (b) Case 6: AIL III, HSI 3600 W, ISRT 23.2 ℃ 4 

  5 

(c) Case 7: AIL I, HSI 3600 W, ISRT 27.2 ℃    (d) Case 8: AIL III, HSI 3600 W, ISRT 27.6 ℃ 6 
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  1 

 (e) Case 9: AIL I, HSI 3600 W, ISRT 25.8 ℃    (f) Case 10: AIL I, HSI 4400 W, ISRT 22.5 ℃ 2 

  3 

(g) Case11: AIL I, HSI 5200 W, ISRT 23.9 ℃   (h) Case 12: AIL I, HSI 6000 W, ISRT 23.3 ℃ 4 

Fig. 8 VT and SRT change curves with time in different cases under ventilation. 5 

Fig. 8 (a) ~ (h) respectively plot the 24 h curves of SRT with time for 8 different cases under 6 

ventilation. It should be noted that the VT varies with the external environment temperature during the 7 

test process. From the VT curve in Fig. 8 (a) ~ (h), it can be seen that the VT in Cases 5, 6, 7, 8 and 10 8 

fluctuates little with time and the temperature difference is within 3 ℃, whereas the VT in Cases 9 and 9 

12 fluctuates greatly, and the VT in Case 11 decreases approximately linearly with time over a long 10 

period of time. In addition, the ISRT of different cases was inconsistent at different depths, showing a 11 

gradual decrease in temperature from the IW to the EW face, due to the short-term heating experienced 12 

within the MRC prior to the ventilation test. In order to facilitate the analysis, the average value of 13 

different measuring points of SR at the initial time was taken as the average ISRT. The average ISRT 14 
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corresponding to the 8 cases was 23.3, 23.2, 27.2, 27.6, 25.8, 22.5, 23.9 and 23.3 ℃, respectively. The 1 

corresponding heat transfer coefficients of the 8 cases were 2.678, 2.499, 2.050, 2.612, 2.825, 2.533, 2 

3.343 and 3.696 W/(m2·℃) respectively. 3 

As can be seen from Fig. 8 (a) ~ (h), the SRT increases during the eight different cases, indicating 4 

that the SR gained heat during the heat exchange process with the air, i.e., it has a positive effect on 5 

the cooling of the MRC. It can be seen from Fig. 8 (a), (b), (c) and (d) that, when the VT is relatively 6 

stable, the temperature at the measuring points 50 cm and 55 cm inside the wall hardly changes, 7 

indicating that the heat influence range of SR caused by the heat exchange between indoor air and SR 8 

under the ventilation is about 0.55 m. With the increase of the ISRT, the temperature gradient of IW 9 

surface decreased obviously, which may be due to the decrease of the temperature difference between 10 

the SR surface and the air when the ISRT increased, resulting in the weakening of the convective heat 11 

exchange intensity. It can be seen from Fig. 8 (g) that the increase of the IW temperature tends to slow 12 

down with the linear decrease of the VT, which is due to the reduction of the temperature difference 13 

between the air and the SR after ventilation which weakens the convective heat transfer intensity. From 14 

the temperature change curves in Fig. 8 (e) and (h), it can be seen that there is a large oscillation of the 15 

VT during the test, but the trend of the temperature of the IW surface and the SR only changed slightly. 16 

This was because the change of the VT caused a small change in IT, leading to the dynamic heat 17 

transfer between the SR and air tends to balance. This phenomenon indicated that the SR played a 18 

crucial role in IT control characteristics in the MRC with ventilation measures. The EW surface 19 

temperature also varied slightly with the VT, which was determined by the ambient temperature of the 20 

tunnel outside the refuge. In other words, the tunnel ambient temperature also affected the EW surface 21 

temperature, which affected the wall temperature up to 40 cm away. 22 
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3.2.2 Characteristics of IT variation under ventilation  1 

  2 

(a) Case5: AIL II, HSI 3600 W, ISRT 23.3 ℃    (b) Case6: AIL III, HSI 3600 W, ISRT23.2 ℃ 3 

  4 

(c) Case7: AIL I, HSI 3600 W, ISRT 27.2 ℃    (d) Case8: AIL III, HSI 3600 W, ISRT 27.6 ℃ 5 

  6 

(e) Case9: AIL I, HSI 3600 W, ISRT 25.8 ℃    (f) Case10: AIL I, HSI 4400 W, ISRT 22.5 ℃ 7 
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  1 

(g) Case11: AIL I, HSI 5200 W, ISRT 23.9 ℃    (h) Case12: AIL I, HSI 6000 W, ISRT 23.3 ℃ 2 

Fig. 9 Variation curves of VT and IT with time in different cases under ventilation. 3 

Fig. 9 (a) ~ (h) respectively plot the 24 h curves of VT and IT with time for 8 different cases under 4 

ventilation. It can be found that in the heated MRC with high initial IT, the IT also rapidly dropped to 5 

a relatively stable state after ventilation for about 0.5~0.8 h, indicating that the coupled heat transfer 6 

process between the SR and air also reached a dynamic equilibrium within about 0.5~0.8 h under 7 

ventilation. Secondly, it can be found that the IT was stratified with higher temperature above and 8 

lower temperature below. Compared with the temperature difference of 2.5 ~ 3 ℃ under natural 9 

convection, the temperature difference of 2 ~ 2.5 ℃ under ventilation had a more uniform IT 10 

distribution, which indicated that the ventilation can promote the uniformity of IT distribution. In 11 

addition, it can be found that the IT increases slowly when the VT is relatively stable, as shown in Fig. 12 

9 (a), (b), (c) and (f). However, as shown in Fig. 9 (e) and (h), the influence of the VT change on the 13 

IT growth trend is relatively weak. In the case of VT change of about 5 ℃, the IT change was only 14 

about 0.5 ~ 1 ℃, this could be due to the transient convective heat exchange between the SR and air 15 

played a dominant role in the control of IT at the air volume of 350 m3/h. According to Fig. 9 (d) and 16 

(g), it can be found that the IT almost remains unchanged when the VT dropped approximately linearly. 17 

This indicated that under the condition of limited cooling storage capacity, reasonable operation of the 18 

risk control temperature system can make the refuge environment maintain good thermal comfort 19 

within 96 h to avoid the phenomenon of a lower IT followed by a higher one.  20 

Comparing Fig. 9 (a) and (b), we can see that the IT trend and range of the MRC with HSI of 21 

3600 W, ISRT of 23.2 ~ 23.3 ℃, air volume of 350 m3/h and VT of about 20 ℃ are basically the same 22 
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for the two different AILs. This meant that the IT could be kept within the range of 30.5 ~ 34 °C for 1 

24 h, with only a 0.6 °C increase from 1 h to 24 h. Although AIL II obtained a more uniform IT 2 

distribution than that of ventilation layout III, this difference can almost be negligible considering that 3 

the temperature difference does not exceed 1 °C. By comparing Fig. 9 (c) and (d), it can be found that 4 

the IT of the MRC with the HSI of 3600 W, the ISRT of 27.2 ℃ and 27.6 ℃, the air volume of 350 5 

m3/h, and the VT in the range of 25 ~ 27 ℃ increases by 0.5 ℃ from 1 h to 24 h. At the same time, the 6 

maximum temperature was approximately 36 °C, and the air temperature at 1 m above ground level 7 

was in the range of 34 ~ 35 °C. It showed that in the case of only 30 people in the MRC, when the 8 

ISRT did not exceed 27.6 ℃, the per capita air volume was 0.19 m3/min and the VT below 26 ℃ can 9 

basically meet the temperature control requirements of the MRC. From the perspective of AIL, 10 

although AIL III obtained a more uniform IT distribution than AIL I, this influence of the ventilation 11 

layout also can be almost negligible considering that the temperature difference does not exceed 1 °C. 12 

In addition, Fig. 9 (e) shows that a refuge with HSI of 3600 W, an ISRT of 25.8 ℃, and a supply 13 

air volume of 350 m3/h does not meet the 96 h temperature control requirement of 35 ℃ when the VT 14 

exceeds 29 ℃. According to Fig. 9 (f), the IT of a refuge with HSI of 4400 W, an ISRT of 22.5 ℃, and 15 

an air volume of 350 m3/h can be controlled to within 34 ℃ at a VT of approximately 20 ℃. Fig. 9 (g) 16 

shows that the IT can be controlled to within 35 ℃ for a MRC with a VT of 21 ℃ or less, HSI of 5200 17 

W, an ISRT of 23.9 ℃, and an air volume of 350 m3/h. According to Fig. 9 (h), when the air supply 18 

temperature exceeds 26 ℃, the IT exceeds 35 ℃ for a MRC with HSI of 6000 W, an ISRT of 23.3 ℃ 19 

and an air supply volume of 350 m3/h. 20 

3.3 Cooling and heat transfer characteristics of SR under ventilation  21 

From the above analysis, it can be seen that the ISRT played a dominant role in the temperature 22 

control characteristics of the MRC under the two states of natural convection and ventilation. During 23 

the non-refuge period, reducing the SRT could greatly reduce the cooling load within 96 h during the 24 

refuge period. In fact, the method of reducing the cooling load of the MRC by using SR storage before 25 

refuge had been mentioned in Ref. [39], but the experimental research on the ventilation and cooling 26 

characteristics of SR in the MRC had not been carried out due to the limitations of the test conditions. 27 

This section will show the heat transfer performance of the cooling storage by SR via low-temperature 28 

ventilation in the MRC, according to the test results of the Case 13.  29 
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3.3.1 Characteristics of SRT variation during cooling storage period 1 

 2 

Fig. 10 Variation curve of VT and SRT with time during the storage of cooling in the SR. 3 

Fig. 10 plots the variation curves of the SR and VT with time when there is no heat source in the 4 

MRC. From Fig. 10, the VT is relatively stable during the test period, with an average temperature of 5 

20 ℃ and fluctuations in the range of 20 ~ 21.5 ℃. The SRT decreased monotonically with time during 6 

the period of ventilation and storage of the SR. The temperature of the SR inner surface in the initial 7 

0.5 h of ventilation was almost linearly decreasing, and the decrease value was about 1.5 ℃. After the 8 

dynamic heat transfer process between the SR and air was relatively stable, the decreasing trend of the 9 

IW surface temperature gradually became slower, which led to the decrease of the IW surface 10 

temperature by about 4.5 ℃ in 1 ~ 24 h. Secondly, it can be found that the gradient of the SRT falling 11 

from the inner surface decreased gradually. The temperature of the measured point at 0.4 m in the wall 12 

tended to decrease during 21 ~ 24 h despite the increase of the external ambient temperature. However, 13 

the temperature of the measuring point at 0.5 m remained flat during the period and then rose slightly, 14 

indicating that in the process of the ventilation, the extent of the cooled SR reached 0.5 m within 24 h, 15 

but the temperature at 0.4 m decreased to a lesser extent. In Fig. 6 and Fig. 8, when the MRC has an 16 

internal heat source, the SR that affects the IT during natural convection and ventilation cooling is also 17 

mainly located in the 0 ~ 0.4 m range. This meant that if SR storage measures are needed to reduce the 18 

cooling load during the working period of the MRC, the cold source should be stored in the SR that 19 

may be affected by heat transfer within 96 h during the refuge period, and the cooling amount should 20 

be stored in the shallower SR as far as possible, so that the stored cold amount can be fully applied. 21 
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3.3.2 Characteristics of IT variation during the cooling storage period 1 

 2 

Fig. 11. Variation curve of VT and IT with time during the storage of cooling in the SR. 3 

Fig. 11 illustrates the variation curve of VT and IT with time when there is no heat source in the 4 

MRC. It can be found that during the period of SR cooling, when the VT fluctuated in the range of 20 5 

~ 21.5 ℃, the IT decreased monotonically with time, while the IT still showed a rapid decrease in the 6 

initial 0.5 h of ventilation. When the equilibrium state of dynamic heat transfer between the SR and air 7 

was reached, the decreasing gradient of IT gradually dropped, and it was basically consistent with the 8 

changing trend of IW temperature. The temperature difference between the indoor and the IW surface 9 

of SR is relatively close, and the temperature difference is within 1 ℃. In addition, it can be found that 10 

during the continuous ventilation and cooling storage period of the SR, the IT was always higher than 11 

the VT, which was due to the fact that during the convective heat exchange process between the SR 12 

and the air, the indoor air absorbed the heat released from the high temperature SR. Compared with 13 

Figs. 7 and 9, it can be seen that the IT distribution was more uniform during the ventilation and cooling 14 

storage. Except for the measuring point located at 3 m within the top laminar flow zone, the IT 15 

difference of the other levels is within 1 ℃, which further confirms that the upward movement of hot 16 

air driven by thermal buoyancy was the main reason for IT stratification. 17 

4. Discussion 18 

The HSI, ventilation (determined by air supply and temperature), and SR all affect the 19 

underground confined indoor thermal environment. The above experiments show that there is coupling 20 

between factors, for example, the dynamic heat transfer intensity between the SR and air increases 21 

with the increase of the HSI. In Case 4, that is, the temperature control experiment of MRC under 22 

0 4 8 12 16 20 24
19

21

23

25

27

29

31

33

35

37

 0.5 m

 1.0 m

 1.5 m

 2.0 m

 2.5 m

 3.0 m

 IW

 VT

T
e
m

p
e
r
a

tu
r
e
(°

C
)

Time(h)



 

26 

 

natural convection condition, the variation trend of IT is as expected before the experiment that the IT 1 

is positively correlated with the internal heat source. Among them, the trend of Case 4 is consistent 2 

with the previous experimental results of Zhang et al. [29]. Since the VT of the current experiment 3 

cannot be fixed, and the VT is greater than 20 ℃. This causes the IT in some Cases 5-12 to exceed the 4 

required value by 35 ℃. In particular, we set up different AILs in the hope of finding an optimisation 5 

of the ventilation mode. However, perhaps because the space is small, the optimisation of the 6 

ventilation mode is not obvious. However, in the condition of stable VT, such as Case 10, the variation 7 

of IT is consistent with the simulation research trend of Zhang et al. [28]. Under Case 4, that is, the 8 

experiment of the ventilation and cold storage of the SR, the temperature variation trend of the IW is 9 

consistent with the experimental results of Zhang et al. [41]. The influence of the rock and soil around 10 

the MRC on the temperature control can be taken into account through the IT change diagram of Case 11 

4. 12 

The current experiment may exist the following limitations: (1) the VT of this experiment could 13 

not be fixed, and the VT was all higher than 20 ℃. Therefore, the IT in some cases exceeds the required 14 

value by 35 ℃; (2) temperature and humidity are the main factors affecting the thermal comfort of 15 

people in confined spaces, but this study did not consider the control of humidity [46]; (3) since the 16 

pressure wind is applicable to shallow layers [30]. Therefore, in the face of the depletion of shallow 17 

resources, in the deep temperature control, it is necessary to add daily ice storage equipment or phase 18 

change refrigeration materials and other joint temperature control [47-48]; (4) due to the economy and 19 

safety of spontaneous and passive temperature control of the pre-stored SR, it needs to be considered 20 

to include the green cold storage carrier SR into the temperature control system. However, compared 21 

with ventilation, the influence of the SR on the indoor thermal environment is slower. As shown in 22 

3.1.1, after heating the MRC for 22 h, the radius of the heat regulating ring of the SR is 0.55 m. It can 23 

be inferred that the cold source can be stored in the 2.4 m SR which may be affected by the heat transfer 24 

within 96 h during the refuge period when the cold capacity is stored in the non-refuge period. However, 25 

it is worth noting that due to the thermal deformation of the SR, the cooling amount and time required 26 

for the cold storage of the SR are much greater than the cooling amount and time provided to the indoor 27 

air during the refuge period. Future work will focus on exploring the heat and humidity control of the 28 

underground confined space after adding the cold storage device.  29 
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5. Conclusions 1 

In this study, a fully operational underground MRC capable of accommodating 30 to 50 people 2 

was constructed within an underground simulated mine at a depth exceeding 2 meters. A 3 

comprehensive series of experiments were conducted to investigate the temperature control 4 

performance of the MRC under conditions involving natural convection and ventilation. The key 5 

research findings are as follows: 6 

(1) The IT gradually rises from bottom to up, and it can be more evenly distributed through 7 

effective ventilation. In the case of a certain amount of ventilation, increasing the number of 8 

air inlets has a weak effect on the overall trend of IT change. The heat transfer intensity 9 

between SR and air increases with the increase of HSI rate and VT, while it decreases as the 10 

ISRT increases.  11 

(2) When considering the common temperature control of the pre-cooled SR, the cold amount 12 

should be stored in the shallower SR body as far as possible to make full use of it during the 13 

non-refuge period. During the evacuation period, it is recommended to reduce the VT linearly 14 

to ensure the thermal safety of personnel. 15 

(3) In the case of a test MRC with a capacity below 30 people and an IRST below 21.3 ℃, it is 16 

not possible to implement the cooling measures to ensure thermal safety for a duration of 96 17 

h. In addition, if the IRST is lower than 27.6 ℃, employing pressure air supply with per capita 18 

air volume exceeding 0.19 m3/min and VT below 26 ℃ can effectively meet the demand.  19 

(4) When the capacity falls below 43 people and the IRST remains under 23.9 ℃, maintaining 20 

per capita air volume above 0.14 m3/min along with VT lower than or equal to 21 ℃ would 21 

be sufficient for ensuring thermal comfort during 96 h. 22 
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