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Abstract: The control of thermal environment in underground structures has always been a subject of 15

great concern. In this paper, the influence of initial surrounding rock temperature (ISRT), ventilation 16

temperature (VT) and ventilation volume (VV), as well as internal heat source intensity (HSI) on the 17

temperature control of ventilation risk in underground closed space is explored by building a 50-person 18

Mine refuge chamber (MRC) model with internal heat source. The model is verified according to the 19

experimental data, and the relative deviation is less than 4.3%. The simulation results show that the 20

indoor temperature (IT) is proportional to the ISRT, HSI and VT, but inversely proportional to the VV. 21

When there are 30 people in the MRC, the ISRT and the initial IT are 32°C, the VT is 20°C, and the 22

VV should exceed 450 m3/h to meet the temperature control requirements of 96h. Taking into account 23

the comfort of personnel, it is recommended that the air volume of 900 m3/h is more appropriate for 24

30 people. 25

Key words: Mine refuge chamber; Confined space; Ventilation; Thermal control; Surrounding rock. 26
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MRC mine refuge chamber IT indoor temperature 

HSI heat source intensity SR surrounding rock 

VV ventilation volume VT ventilation temperature 

ISRT initial surrounding rock temperature   
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1 Introduction 1

As urbanization progresses, building spaces on the land become increasingly saturated, leading 2

to numerous environmental, transport and resource related problems [1]. The utilization of 3

underground space offers a viable solution to address the limitations imposed by ground space 4

constraints, exemplified by the implementation of underground parking lots [2] and underground 5

shopping malls [3]. Moreover, underground structures such as the underground wine cellar [4] and the 6

semi-underground buildings contribute to sustainable practices. Additionally, these subterranean 7

constructions serve as shelters and provide protection during emergencies like underground air-raid 8

shelters or the mine refuge chambers (MRCs). In these instances, priority is given to ensuring occupant 9

safety through meticulous environmental control measures. Consequently, higher human exposure 10

limits are established for such facilities. 11

The temperature inside underground MRCs rises as a result of the heat generated by the occupants 12

and equipment, including carbon dioxide scrubbing systems [5]. Du et al. [6] proposed that the 13

temperature inside the refuge compartment should be controlled to be below 35°C. Ashley et al. [7] 14

examined the physiological strain of 5 testers in a chamber and observed that continuous exposure to 15

an apparent temperature exceeding 35°C did not result in a significant increase in physiological strain 16

when their average metabolic rate was 155 W. Their study also supports the notion that human bodies 17

can endure temperatures below 46°C. However, Lang et al. [8] through a climate chamber simulation 18

experiment involving 140 testers, pointed out that from a physiological point of view, extreme 19

temperature of 39°C can impair the cognitive function of testers. Elevated temperatures can have a 20

[9]. 21

The upper limit for controlling indoor temperature (IT) in underground air-raid shelters is 22

comparatively lower than that of MRCs. In the study by Li et al. [10], the upper temperature limits for 23

MRC and underground air-raid shelters were set at 33°C and 28°C, respectively. In China, MRC is 24

required to provide a minimum ventilation volume (VV) of 0.3 m3/min per person to maintain IT below 25

35°C within 96 h [11]. Liu et al. [12] investigated the human response to a three-hour exposure in 26

climatic chambers with air temperatures of 26°C and 35°C. The findings revealed that testers exposed 27

to 35°C experienced discomfort, poorer air quality, increased sleepiness, heightened stress levels, and 28

more intense acute health symptoms compared to those exposed to 26°C. Considering both thermal 29
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and physiological responses as well as acute health symptoms among individuals, it is deemed 1

appropriate to establish an upper temperature limit of 32°C [13]. 2

In fact, there are many factors that affect the IT control of the underground MRC, including the 3

thermal characteristics of the surrounding rock (SR), the initial surrounding rock temperature (ISRT), 4

the ventilation temperature (VT) and VV, the geometry of the MRC and the heat source intensity (HSI) 5

[11]. As the main HSI of MRC, the per capita calorific value can be determined as 120 W [14]. Various 6

cooling technologies have been developed for thermal environment control of MRCs, including ice 7

storage cooling [15], phase change cooling [16], liquid CO2 cooling [17], and pressurized air 8

temperature [18]. As an effective method for controlling the environment of underground space, 9

mechanical ventilation has been widely studied and applied in mines, tunnels, subway stations, 10

hydropower stations, energy storage facilities, etc. [19]. For MRCs, ventilation not only improves the 11

thermal environment, but also provides fresh air while diluting harmful gases [20].  12

The thermal environment inside a MRC is determined by a combination of heat transfer from the 13

SR and dynamic heat transfer from the indoor air. To study heat transfer from the SR in deep-buried 14

ventilated buildings, previous studies have employed simulation experiments [21-22] and numerical 15

methods [23-24], predominantly utilizing CFD simulations. Liu et al. [25] proposed an improved RNG 16

k- -square equation model to verify the accuracy and reliability of CFD in predicting and 17

evaluating deep underground ventilation systems in large spaces. Additionally, Liu et al. [26] 18

developed an integrated model to simulate the heat transfer between rock and air flow in caves by 19

comparing it with field measurements. Guo et al. [27] proposed a simplified heat transfer model that 20

takes into account variations in wall temperature, establishing a non-constant wall temperature heat 21

transfer model based on field test data. 22

The escalating demand for ore and energy has resulted in the depletion of mineral resources 23

located in shallow areas [28]. As coal mine depth increases, the initial temperature of the mine layer 24

also rises, thereby augmenting both the risk factors and coefficient associated with safe mining 25

operations [29-30], consequently impacting the temperature control within MRCs [31-32]. The 26

temperature of the raw underground rock before mining can reach 30-80°C [33]. Common methods of 27

underground temperature control, such as ice storage, have high energy consumption [34]. The 28

utilization and development of renewable energy has been concerned [35-39]. As a new clean carrier 29
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for cold storage and heat storage, SR energy storage has the characteristics of safety and economy [40]. 1

Therefore, the temperature of the original rock can be reduced in advance during the non-refuge period 2

to use the SR for auxiliary thermal management [41]. Zhang et al. [42] proved that for an underground 3

MRC built in a sandstone coal seam with an ISRT of no more than 20°C, the indoor air temperature 4

can be controlled below 35°C by natural cooling of the low-temperature SR. 5

Recently, Zhang et al. [11] conducted experiments to establish a 50-person MRC model with a 6

rectangular cross-section and numerically investigated the impact of various factors on MRC 7

temperature control performance, including ISRT, VT, ventilation rate, and HSI. Despite differences 8

in the MRC model and numerical scheme employed by Zhang et al., the temperature control results 9

are similar due to the same influence factors considered in this study. However, the laboratory utilized 10

for model verification in their study was situated at ground level, thereby subjecting its experimental 11

outcomes to above-ground environmental influences. Additionally, their laboratory's geometric cross-12

section is rectangular. In our investigation, the verified model was buried at a depth of 2 m within the 13

laboratory, resulting in experimental results predominantly influenced by subterranean roadway 14

conditions. Furthermore, it should be noted that the geometric cross-section of the laboratory is arched. 15

The commonly used MRC geometries encompass rectangular and arched shapes [43-45]. While the 16

majority of research on arch sections primarily focuses on their mechanical properties, such as Bi [46], 17

and limited studies have explored the influence of arch sections on IT distribution. By comparing the 18

research results of Zhang et al., this study discussed the influence of arch section on IT distribution. 19

Although several studies have been conducted to investigate the IT control of underground 20

confined spaces and propose methods for IT prediction, the majority of these studies have primarily 21

focused on temperature control in confined spaces' working environments. Unfortunately, very few 22

studies have addressed the impact of building cross-section shape on IT distribution. In this study, the 23

influence of pre-cooling SR, HSI and ventilation parameters on temperature control is discussed using 24

an arch-shaped MRC as a case study for a small underground building. Comparing with the existing 25

research results, it can be concluded that the temperature distribution in the arched MRC exhibits 26

greater uniformity compared to that of the rectangular MRC. 27

 28
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2 Methodology 1

2.1 CFD model setup 2

2.1.1 CFD model 3

The numerical model was constructed based on the internal structure of the laboratory, taking into 4

consideration that the heat transfer process primarily occurs within the survival chamber. To accurately 5

represent this, an arched MRC with specific dimensions was employed: an arch height of 3 m, a width 6

of 4 m, a vertical wall height of 1.5 m, and a circumferential length of 12.35 m in the cross-section.  7

The air was discharged by a DN200 air outlet pipe which was arranged at each end of the survival 8

chamber respectively. The heat dissipation was simulated using 60 heating tubes, each with a surface 9

area of 66725 mm2, distributed throughout the survival chamber. An air intake model was implemented, 10

where VV is provided by 10 air inlets with a height of 1.5 m and a total area of 4909 mm2 for all the 11

intakes combined. The air inlets were positioned vertically to the wall facing indoors. Previous studies 12

have demonstrated that within a span of 96 h, the SR range affected by heat transfer processes is 13

approximately between 2-2.2 m [47]. Therefore, considering this information, the wall thickness in our 14

current model was set at 2.5 m. The numerical geometric model can be observed in FIG.3. As we found 15

that the impact of air inlet pipes on IT control was negligible, they were not taken into account in our 16

model. 17

 18

FIG. 1 Geometric model of 50-person MRC 19

Since the MRC possesses an arched cross-sectional shape, a numerical model was constructed 20

using an unstructured mesh generated by ANSYSICEM. In order to ensure the grid independence of 21
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the obtained numerical results, grid-independent tests were performed employing 1.47, 2.07, 2.46, 3.06, 1

and 3.43 million grids respectively. Given that natural convection and ventilation are involved in the 2

experimental process, a comparison of IT changes among these distinct numerical grids was conducted 3

after 1 hour under natural convection and 10 h under ventilation conditions. 4

5

FIG. 2 Comparisons of numerical results with five different grids under two different conditions.6

FIG. 2 illustrates that when the numerical model consists of 2.46 million grids, there is minimal7

disparity in IT between the two states. To optimize computational resources, we selected a numerical 8

grid with 2.46 million grids and a minimum orthogonal mass of 0.38. The grid sections of inlet, outlet 9

and heating pipe are shown in FIG. 3.10

11

(a) Inlet surface     (b) Outlet surface               (c) Radiating pipe12

FIG. 3 Diagram of grids13

14
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2.1.2 Turbulence method 1

In the numerical cases, kinematic viscosity of the air ranged from 1.55 × 10  to 1.65 × 10  Pa·s; 2

the Re value of air inlets ranged from 63106 to 111830. Therefore, the air flow was turbulent. In the 3

present work, the realizable k-  turbulent model was used, because it exhibits strong performance with 4

indoor airflows, temperature and pressure in closed structures [48]. In the current work, the Realizable 5

-6

thermal effects. Furthermore, the influence of gravity, full buoyancy effects, and viscous heating were 7

taken into account. Specifically, to simulate the impact of temperature variations on the IT field during 8

natural convection modeling, the Boussinesq approximation was applied to air density. All simulations 9

were conducted using a coupled pressure-velocity solver employing a coupled algorithm. In addition 10

to the standard pressure discretization, all other components were discretized using second-order 11

upwind method. A convergence criterion of 10-3 was adopted for all variables except energy where it 12

was set at 10-6 to ensure accurate results are obtained. 13

The governing equations, including the continuity equation, momentum equation and energy 14

equation with Boussinesq, are given as follows [49]: 15

                               (1) 16

        (2) 17

                    (3) 18

Where  is the air density, kg/m3; t is the time, s; ui and uj are the mean fluid velocities in X, Y 19

and Z directions, m/s;  xi and xj are the Cartesian coordinates in the i and j directions (i, j = 1, 2 and 3 20

corresponding to the X, Y and Z directions respectively);  i and j are the corresponding fluctuant 21

velocity components in the i and j directions, m/s; P is the mean air pressure, Pa;  is the dynamic 22

viscosity, Pa·s; gi is the acceleration component of gravity in the i directions, m/s2;  is the coefficient 23

of thermal expansion, 1/K; T is the temperature, K; T0 is the reference temperature, K;  is the 24

fluctuating temperature, K;  is the air thermal conductivity, W/(m K); Cp is the specific heat capacity, 25

J/(kg K). 26

The Realizable- [50]: 27
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             (4) 1

     (5) 2

 and are 3

the Prandt1 number;  is the generation of turbulence kinetic energy due to buoyancy, J/(s·m3); Gk 4

is the generation of turbulence kinetic energy due to the mean velocity gradients, J/(s·m35

turbulent energy dissipation, J/(kg s); S is the modulus of the mean rate-of-strain tensor; v is the 6

 7

We selected two data points: one at a height of 1.5 m within the room and another at a height of 8

0.01 m on the wall surface. Subsequently, we conducted temperature calculations for these points over 9

a duration of 21 h, with the time step serving as the independent variable and the temperature as the 10

dependent variable. This enabled us to establish a correlation between the time step and the stability 11

of simulation results. In order to enhance convergence rate during initial computation, we employed a 12

smaller time step of 1s. As convergence was achieved after 1 hour, we gradually increased the time 13

step to reduce computational time. The outcomes are illustrated in FIG.6. The numerical results 14

fluctuated within an acceptable range within 30s. However, convergence was difficult after 30s, so the 15

numerical results were not reliable for time steps less than 25s when convergence was achieved. 16

 17

FIG. 4 Time step verification 18

2.1.3 Initial conditions and boundary conditions 19

The temperature control of the MRC depends on both static and dynamic parameters. Static 20

parameters include the size of the MRC and the thermal conductivity, density, and specific heat 21

capacity of the SR. The dynamic parameters include the ISRT, the VV, the VT, and the HSI. This study 22
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focuses on the effect of dynamic parameters on the common type of SR in MRCs, which is sandstone 1

with a thermal conductivity, specific heat capacity, and density of 2 W/(m·K), 920 J/(kg·K), and 240 2

kg/m3, respectively. Simulations were conducted utilizing a velocity inlet, out-flow outlet, and heating 3

tube radiator featuring a constant heat flow surface. Four sets of simulations were established to 4

examine how different dynamic parameters affect IT control.  5

When setting the cases, we respectively consider the following reasons. When setting the ISRT, 6

we refereed to the literature [51]. In Section 3.4 of the literature, the ISRT is set at 30 . In our paper, 7

the non-refuge period is also considered, and the pre-cooling SR is used as the cold source during 8

the refuge period, so the ISRT is set around 30 . When setting the VT, we refereed to the literature 9

[13]. The optimal outlet temperature of the ice storage device used in the MRC in this paper is 20 . 10

So our paper sets VT around 20 . When setting the HSI, the HSI of the laboratory and the HSI of 11

integer person were considered. The HSI in our laboratory can be set as 3600, 4400, 5200, 6000 W, 12

among which 4400 and 5200 W correspond to the HSI of 36.6 people and 43.3 people. Therefore, 13

3600 (30 people), 4200 (35 people), 4800 (40 people), 5200 (43.3 people), 6000 W (50 people) are 14

set for the corresponding laboratory heat source during the setting of working conditions. When 15

setting the VV, we considered the requirement that the per capita air volume of the MRC should not 16

be less than 0.3 m3/min and the IT should be controlled below 32 . The minimum HSI in this paper 17

is 3600 W (corresponding to the minimum per capita VV of 540 m3/h), and the maximum HSI is 18

6000 W (corresponding to the minimum per capita VV of 900 m3/h). In order to meet this 19

requirement and keep the IT below 32 , the maximum value VV of 1200 m3/h and the minimum 20

value VV of 600 m3/h are set.  21

During each parameter analysis, the remaining three parameters values remained fixed. The 22

setting of cases is showed as Table 1. 23

Table 1. Settings for each group under different parameters 24

Cases ISRT °C  VV m3/h  VT °C  HSI W  

 
Different 

ISRTs 

-1 26 600 16 3600 

-2 28 600 16 3600 

-3 30 600 16 3600 

-4 32 600 16 3600 

-5 34 600 16 3600 
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Different 
VVs 

-1 32 600 20 3600 

-2 32 750 20 3600 

-3 32 900 20 3600 

-4 32 1050 20 3600 

-5 32 1200 20 3600 

 
Different 

VTs 

-1 32 600 16 3600 

-2 32 600 18 3600 

-3 32 600 20 3600 

-4 32 600 22 3600 

-5 32 600 24 3600 

 
Different 

HSIs 

-1 32 1200 20 3600 

-2 32 1200 20 4200 

-3 32 1200 20 4800 

-4 32 1200 20 5400 

-5 32 1200 20 6000 

1

2.2 Model verification 2

To verify the reliability and accuracy of our proposed numerical model, we conducted two 3

experiments: one for Case 10 and another for Case 11. Please refer to our previous article for details 4

of the experiment [52]. To ensure that the HSI was comparable for each initial setting in the experiment, 5

we set the experimental HSI for Case 10 to 4400 W, resulting in a total heat flux of 1100 W/m2 on the 6

surface of the mannequin. For Case 11, we set the experimental HSI to 5200 W, resulting in a total 7

heat flux of 1300 W/m2 on the surface of the manikin.  8

FIG. 5 compares the IT and relative error of the two groups of operating conditions respectively 9

under experimental and simulated conditions. It can be found that the temperature obtained by 10

numerical simulation maintains a similar trend to the IT of the experimental measurement point. The 11

deviation between the simulated value and the real value of the experimental result is -1.2% to 4.3%, 12

and the relative error in the graph increases with the increase of time. Note that this study mainly 13

quantifies the influence of various factors on temperature control, that is, focuses on the development 14

of IT. Therefore, the numerical model established in this study is verified by the change of IT during 15

the experiment, rather than the change of SR. In the experiment, the ISRT distribution inside the SR is 16

non-uniform, but the ISRT in our simulation is uniform. The increase in relative error may be the result 17

of this. However, the IT error caused by numerical calculation is small enough that the numerical 18
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model chosen is suitable for the present study.1

 2

FIG. 5 Comparison of experimental and simulated values 3

3. Result 4

3.1 Analysis of typical examples 5

To investigate the temperature variations of the MRC with HSI and SR under the condition of 6

air supply, the typical numerical examples of the ISRT of 30°C, the initial IT of 32°C, the HSI of 7

3600 W, the VT of 20°C and the VV of 600 m3/h were selected as research objects. FIG. 6 shows the 8

96 h temperature changes between the SR and the MRC at a cross-section located at a distance of 6.3 9

m within the MRC.  10

 11

FIG. 6 Cross-section temperature of MRC varies with time 12

As depicted in FIG. 6, the initiation of ventilation resulted in the formation of temperature 13

distribution within 1 minute, with a rapid rise in temperature at the bottom to reach 35°C. After a 14

duration of 10 minutes, the temperature distribution stabilized, except for the bottom region where it 15

remained at 35°C. Notably, significant changes in temperature distribution were observed only after a 16
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period of 10 h. When considering ventilation for cooling purposes, it was observed that the high part 1

of the air inlet maintained lower temperatures. This observation suggests that setting air inlets 2

approximately at a height of 1 m from adult males' sitting position is favorable when contemplating 3

ventilation and cooling strategies. Considering the ventilation comfort, it is more reasonable to set the 4

height of the air inlet at 1.5 m in this study. As the HSI continued to dissipate heat, the air supply 5

cooling capacity was insufficient to offset the heat load, resulting in a gradual increase in IT, and the 6

high temperature zone of 35°C continued to expand within the room. After a duration of 96 h, the 7

average IT reached 33.4°C while maintaining a satisfactory temperature control requirement with an 8

IT of 32.3°C at a height of 1.5 m. After 10 h, the heat-regulating circle of the SR began to expand 9

significantly, mainly due to the inherent thermal degradation of SR.                                                         10

 11

FIG. 7 96 h cross-sectional temperature of different locations in the survival chamber 12

FIG. 7 demonstrates the cross-sectional temperature distribution at different locations within the 13

survival chamber at 96 h. It can be found that, in the vertical direction, due to the influence of the heat 14

source at the height of 0.5 m in the survival chamber and the influence of the incoming 20°C wind at 15

the height of 1.5 m, the IT rose from the middle to the ends. Despite our heating pipe setup having a 16

smaller dissipation area compared to that of human body's heat dissipation, we can predict similar IT 17

distribution patterns from the center towards both ends owing to air supply and human body's heat 18

dissipation effects. Additionally, due to limited heat exchange between the SR and indoor air, there 19

was an observable buffer temperature band present at the top arch of the survival chamber. In terms of 20

lengthwise direction, it should be noted that having a heating pipe beneath resulted in less pronounced 21

longitudinal variations in temperature distribution trends within the survival chamber. 22
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 1

FIG. 8 96 h cross-section temperature at different positions of the MRC 2

FIG. 8 shows the temperature distribution of the cross-section inside the MRC at 96 h from the 3

SR. It can be seen that the temperature of SR changes obviously at 96 h from 0.7 m from the inner wall 4

surface under the initial constant temperature SR conditions. The presence of hot gas floating leads to 5

heat exchange between indoor gas and SR, resulting in a significant increase in temperature near the 6

outlet of the MRC survival chamber section at a depth of 12.1 m. Along the longitudinal direction of 7

the MRC, it can be observed that the influence radius of SR decreases gradually from its center towards 8

both sides. Furthermore, when considering an arched configuration for MRC, it becomes apparent that 9

heat transfer range by SR is non-uniform but approximates a circular pattern. 10

 11
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3.2 Influence of different ISRTs on temperature control 1

  2

(a) Curve of IT over time                 (b) Curve of IT over ISRT 3

FIG. 9 Changes of IT at different ISRTs 4

FIG. 9 shows the change of IT over time when the initial IT is 32°C, the VT is 16°C, the ventilation 5

capacity is 600 m3/h, and the HSI is 3600 W under different ISRTs. It can be seen from FIG. (a) that 6

within 1 hour, the IT changes drastically at the beginning, and when the ISRT is lower than 30°C, the 7

IT rapidly drops from 32°C to 31°C and 30°C, respectively. Conversely, when the ISRT exceeds 28°C, 8

the IT experiences a rapid increase from 32°C to 32.5°C, followed by further rises to 34°C and 9

eventually reaching 35°C. This phenomenon occurred due to the dissipation of heat by the heat source, 10

causing the low temperature air to rapidly mix with the IT through the air supply inlets. The 11

temperature distribution in the survival chamber basically formed after 1 hour. In IT control, the SR 12

with thermal inertia provided cold capacity, resulting in a slow rise in IT. As the ISRT rises, the IT rises 13

slowly. This phenomenon can be attributed to the diminishing difference between SR and IT, resulting 14

in a weakened impact of SR on indoor cooling. In cases where the initial SR exceeded 32°C, it was 15

observed that after 96 h, the IT surpassed 35°C. The change in IT with respect to ISRT at different time 16

intervals (24 h, 48 h, 72 h, and 96 h) is illustrated in FIG. (b). It is evident from FIG. (b) that there 17

exists a proportional relationship between IT and ISRT. When there were 30 occupants in the MRC, 18

the initial IT was 32°C, the VV was 600 m3/h, and the VT was 16°C, the ISRT should not exceed 33°C 19

to meet the temperature control requirements of 96 h. 20

 21
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3.3 Influence of different VTs on temperature control  1

 2

(a) Curve of IT with time                    (b) Curve of IT with VT 3

FIG. 10 Changes of IT at different VTs 4

FIG. 10 illustrates the temporal evolution of IT under different VTs, with ISRT and initial IT set 5

at 32°C, VV at 600 m3/h, and HSI at 3600 W. As depicted in FIG. (a), when VT is 16°C, the cooling 6

capacity of the air supply matches the heat generated by HSI. Consequently, there is a small 7

temperature difference between SR and IT causing a gradual increase in SR temperature. This leads to 8

a rapid rise in IT to approximately 32.7°C within one hour, remaining nearly unchanged thereafter. 9

With increasing VT values, IT rises more rapidly. When VT exceeds 16°C, IT increases swiftly from 10

32°C to respective temperatures of 32.7°C, 33.3°C, 34.2°C, and finally reaching up to 35.1°C 11

respectively, due to reduced difference between SR and IT which weakens indoor cooling effect caused 12

by SR influence on temperature regulation process. For VT greater than or equal to20°C, IT surpasses 13

the threshold value of 35°C after 96 h as shown in FIG. (b) depicting changes in IT over time for 14

various VTs observed at intervals of 24 h ,48 h ,72 h, and 96 h. 15

It can be seen from FIG. (b) that the IT is proportional to the VT. When there were 30 occupants 16

in the MRC, the ISRT and the initial IT were 32°C, the VV was 600 m3/h, and the VT should not 17

exceed 21.3°C to meet the temperature control requirements of 96 h. When considering the energy 18

consumption required for cooling SR during non-refuge period and the energy consumption of coupled 19

cooling between SR and cooling supply during refuge period, we suggested that when the occupants 20

is 30, the initial IT is 32°C, and the VV is 600 m3/h, the VT should be 20°C, and the ISRT should be 21

lower than 30°C. 22
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3.4 Influence of Different VVs on temperature control 1

  2

(a) Curve of IT change with time            (b) Curve of IT change with VV 3

FIG. 11 Changes of IT under different VVs 4

FIG. 11 shows the change of IT over time when the ISRT and the initial IT are 32°C, the VT is 5

20°C, and the HSI is 3600 W under different VVs. As can be seen from FIG. (a), the IT can always be 6

controlled below 35°C under the condition that the basic ventilation rate is 0.3 m3 /min per person, or 7

540 m3/h for 30 occupants. When the VV was less than or equal to 750 m3/h, the indoor cooling 8

capacity gradually matched the heat dissipation of the radiating pipe, and the SR was equivalent to the 9

cold source. With the increase of VV, the indoor cooling capacity is gradually greater than the heat 10

dissipation of the radiating pipe. Compared with 750 m3/h, the IT rose faster at 750 m3/h. When the 11

VV was greater than 750 m3/h, the indoor cooling capacity was gradually equivalent to the heat 12

dissipation of the radiating pipe, and the SR was equivalent to the heat source. Compared with the VV 13

of 1050 m3/h and 1200 m3/h, the IT drops slowly at 1200 m3/h. 14

FIG. (b) illustrates the variation of IT with VV at 24 h, 48 h, 72 h, and 96 h. As depicted in FIG. 15

b, there exists an inverse relationship between IT and VV. In order to satisfy the temperature control 16

requirements for a duration of 96 h when accommodating 30 occupants in the MRC, it is necessary for 17

VV to exceed 450 m3/h while maintaining ISRT and initial IT at 32°C and VT at 20°C. Taking into 18

consideration both occupant comfort and economic factors, we recommended an upper temperature 19

limit of 32°C. Therefore, when there are 30 occupants, the VV of 900 m3/h was more appropriate, that 20

is, the recommended per capita ventilation was 0.6 m3/min. 21

 22
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3.5 Influence of different HSIs on temperature control 1

  2

(a) Curve of IT change with time             (b) Curve of IT change with HSI 3

FIG. 12 Changes of IT with different HSIs 4

FIG. 12 shows the changes of IT with time under different HSIs when the ISRT and indoor initial 5

temperature are 32°C, the VT is 20°C, and the VV is 1200 m3/h. As can be seen from FIG. (a), under 6

the condition that the basic ventilation rate is 0.3 m3 /min per person, that is, the HSI is 6000 W and 7

the VV is 900 m3/h, the IT of the group is controlled below 35°C. FIG. (b) shows the change of IT with 8

HSI at 24 h, 48 h, 72 h and 96 h. It can be seen from FIG. (b) that the IT is proportional to the VV. 9

When the VV was 1200 m3/h, the ISRT and the initial IT were 32°C, and the VT was 20°C, the 10

occupants in the MRC should not exceed 45 to meet the temperature control requirements of 96 h. 11

3.6 Compare the influence of VV and HSI on temperature control 12

 13

FIG. 13 Changes of IT at different per capita VV 14

As shown in FIG. 13, cases II-1, II-2 and -5 are selected for comparison. The ISRT and the 15
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initial IT of the three were 32°C, and the VT was 20°C. The difference was that the per capita VV of 1

IV-5, I-2, I-1 is 24 m3/h, 25 m3/h, 20 m3/h, respectively. Surprisingly, although the temperature control 2

curve of IV-5 is expected to be close to II-2 due to similar conditions, it is close to II-1 in the FIG. 13. 3

The comparison results show that the influence of HSI exceeds that of VV. However, the influence of 4

per capita enclosed space area on temperature control efficiency and energy consumption level still 5

needs further research. 6

4. Discussion 7

In addition to the thermal characteristics of SR, ISRT, VT and VV, and HSI, there are other factors 8

such as MRC geometry that affect the temperature control characteristics of underground MRCs. 9

Among these influencing factors, controlling VV and VT is the most effective and direct temperature 10

control measure. However, the impact of ISRT is relatively small with a longer required response time 11

leading to a gradual rise and fall in the IT curve.  12

Therefore, when regulating temperature in MRCs, the first per capita ventilation of 0.3 m3 /min 13

can meet the temperature control requirements of 96 h under most conditions. Nevertheless, 14

considering the comfort of occupants, it is recommended to ventilate 0.6 m3/min per person to control 15

the IT at 32°C. Secondly, the recommended VT is 20°C. Finally, taking into account the daily 16

maintenance costs of controlling the ISRT and the initial IT, it is recommended that both temperatures 17

be below 32°C. In the way of temperature control, mechanical ventilation is more suitable for the MRC 18

when the buried depth is less than 200 m. When the depth of the MRC is more than 200 m, it is 19

recommended to adopt a composite temperature control method. For example, pre-cooled SRs are 20

combined with phase change material panels and mechanical ventilation is combined with ice storage 21

air conditioning. 22

  23

(a) The arch section MRC                  (b)The rectangular section MRC 24

FIG. 14 Temperature distribution of arched and rectangular sections at 96 h. 25
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In order to investigate the impact of arch section on IT distribution, FIG. 14 compares the 1

temperature transformation of SR at 96 h between the arch section of Zhang et al and the rectangular 2

section in this study. Note that FIG. (b) is derived from the article by Zhang et al [11]. It is evident 3

from FIG. 14 that the geometry of MRC significantly influences both IT distribution and SR influence 4

radius within the MRC. Specifically, when the cross-section shape of MRC was arched, a more uniform 5

IT distribution was observed compared to that of rectangular section MRC. Moreover, as the cross-6

section shape approached circularity, there was a closer alignment between heat transfer range of SR 7

and circle shape, thus confirming our hypothesis that predicting deep-buried ventilation building's heat 8

transfer can be approximated by considering its SR cross-section as equivalent to a circle. 9

In addition, Zhang et al.'s numerical model of the survival chamber had dimensions of 3 m in 10

height and 4 m in width, which aligns with the parameters employed in this study. A comparison 11

between the IT cross-sections of both models reveals that the air supply height also influences the 12

distribution of IT. Specifically, when the air supply height was set at 1.8 m, it resulted in an accelerated 13

gas exchange above the survival chamber while causing a buildup of cold air beneath it near the feet 14

region of the human model. Consequently, this led to an uneven distribution of IT, significant 15

temperature disparities between head and foot regions, and ultimately compromised comfort levels. 16

However, in our study, we observed that positioning the air supply at a height of 1.5 m resulted in 17

lower temperatures near the occupants' heads, leading to a more uniform distribution of IT and 18

enhanced comfort. Based on these findings, we propose the following recommendations for future 19

research on temperature control in MRC. To ensure optimal human comfort indoors, it is advisable to 20

position the air inlet at a height of 1.5 m on both sides of the vertical wall facing indoors. Additionally, 21

constructing MRCs with an arched design can contribute to achieving a more even temperature 22

distribution. Furthermore, when considering HSI, employing a human body model as an internal heat 23

dissipation model would enable better simulation of IT distribution patterns. 24

5. Conclusion 25

With the gradual development and utilization of underground space, the temperature control in 26

underground confined space has received more and more attention. In this paper, the influence of the 27

ISRT, VT and VV, as well as the HSI on the temperature control of the underground closed space was 28

explored by building a 50-person model with HSI and HSI. The results were as follows: 29
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(1) Taking into account the comfort of occupants, the height of the chamber air intake is more 1

reasonable at 1.5 m. 2

(2) Considering the cost and effect of temperature control, it is better to use a small MRC with 30 3

occupants. 4

(3) When the MRC is arched, the heat transfer range of the SR is close to the circle. 5

(4) When the refuge of the MRC is 30 occupants, the ISRT and the initial IT are 32°C, the VT is 6

20°C, and the VV should exceed 450 m3/h to meet the temperature control requirements of 96 h. Taking 7

into account the comfort and economy of occupants, it is recommended that the VV of 900 m3/h is 8

more appropriate for 30 occupants. 9

(5) The IT is proportional to the ISRT, HSI and VT, and inversely proportional to the VV. When 10

controlling the IT of MRC, the per capita VV is 0.3m3 /min, which can meet the temperature control 11

requirements of 96h under most conditions. However, considering the comfort of personnel, it is 12

recommended to 0.6 m3/min per person to control the IT at 32°C. The recommended VT is 20°C, and 13

the ISRT and initial IT are below 32°C. 14

There is a shortcoming in this aspect of this study, that is, this study mainly focuses on the 15

development of IT, so the numerical model established in this study is verified by the change of IT 16

rather than the change of wall temperature. According to the importance of the research, the order of 17

the research is as follows: There is a lack of orthogonal experiments to get the ranking of the influence 18

of each factor; When discussing the influence of MRC on temperature control, the comparison of 19

transverse temperature change and quantitative analysis of temperature and air supply volume is 20

lacking. There is a lack of further research on the correlation between the per capita area of the closed 21

room and the temperature control effect and temperature control energy consumption. There is a lack 22

of quantitative research on the pre-cooling capacity of surrounding rock and the energy consumption 23

of temperature control effect. 24
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