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Abstract: Power outages and the risk of explosion in disaster areas make the temperature control in 13 

hot mine refuge chambers become extremely challenging. In this article, an ice storage cooling mine 14 

compressed air device with a volume of 1 m3 was newly developed for high-temperature mine refuge 15 

chambers. Both the ice storage performance and the compressed air cooling performance of the device 16 

were tested in a systematic manner. A full-size numerical model was established and validated against 17 

experimental data. The effects of the heat exchange tubes number, inlet air velocity and inlet air 18 

temperature on its thermal performance were analyzed in detail. Results indicate that: (i) the ice 19 

storage function is completed within 60 h with the ice being cooled to below -15 . (ii) When the 20 

number of heat exchange tubes is 18, the device achieves the best thermal performance with an ice 21 

melting rate of 85.02% within 96 h, and the average outlet temperature could be cooled to 22 

approximately 20 . (iii) increasing the inlet air temperature from 30 to 34  could increase the ice 23 

melting rate by 4.59%, and increasing the inlet air velocity from 5 to 15 m/s could increase the ice 24 

melting rate by 16.36%. the rational allocation of cold storage capacity by mixing air supply is the 25 

key to improving the utilization rate of the cold capacity and prolonging the effective temperature 26 

control time of the refuge chamber. 27 

Keywords: Mine refuge chamber; Ice storage cooling device; Mine compressed air; Phase change 28 

energy storage technology; Energy distribution.  29 
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Nomenclature    

A Heat transfer area, m2 Subscripts

ca Specific heat capacity of air, kJ/(kg · K) href Reference surface enthalpy, kJ/kg 

ci Specific heat capacity of ice, kJ/(kg· ) hsens Material sensible enthalpy, kJ/kg 

cw Specific heat capacity of water, kJ/(kg · K) h1 Cold air enthalpy, kJ/kg 

Cm Mushy zone constant, kg/(m3·s) h2 Hot air enthalpy, kJ/kg 

C1,C2,C3 Model parameters Tv Ventilation temperature,  

d Tube diameter, mm Tref Reference surface temperature,  

E Enthalpy of the phase transition, kJ/kg i Vector direction 

g gravity acceleration, m/s2 j Vector direction 

k Heat transfer coefficient, W/(m2·K) q1 Cold air mass flow rate, kg/h 

L Tube length, m q2 Hot air mass flow rate, kg/h 

M Air mass flow rate, kg/s qr Per capita heat dissipation power, J/s 

N Number of tubes ri Latent heat of ice melting, J/kg 

p Pressure, Pa tw Temperature of the pipe wall,  

Qi Cold storage capacity, kJ Tv Ventilation temperature,  

Qr The total heat load of MRC, kJ Tsolid Water solidification temperature,  

V Amount of ice storage, m3 Tliquid Water melting temperature,  

Dimensionless  u1 Directly uncertain reading 

Nu Nusselt number  U2 Indirect uncertain reading 

Pr Prandtl number Acronyms  

Re Reynolds number ADV Air delivery volume 

Greek symbols  AOT Average outlet temperature 

 Coefficient of thermal expansion, 1/K CTD Cooling temperature difference 

 Liquid volume fraction HETN H  number 

Turbulent energy dissipation, J/(kg · s) IAT Inlet air temperature 

 Turbulent kinetic energy, (J/kg) IAV Inlet air velocity 

 Thermal conductivity, W/(m · K) IMR Ice melting rate 

 Dynamic viscosity coefficient, N·s/m2 ISCMCAD Ice storage cooling mine compressed air device 

 Motion viscosity coefficient, m2/s ISRT Initial surrounding rock temperature 

 Constant,9.3×10-6 MCA Mine compressed air 

 Density, kg/m3 MRC  Mine refuge chamber 

Time, h OAT Outlet air temperature 

 Constant, 0.0001   

1. Introduction 1 

Energy is an important material foundation for social development, which directly affects socio-2 

economic security and sustainable development [1-3]. However, during the use of mineral resources, 3 

a large amount of greenhouse gases will be produced, resulting in global warming. Thus, energy 4 

storage technology has attracted wide attention in the face of ecological degradation caused by the 5 

energy crisis [4-6]. It is recognized that the use of phase change energy storage can alleviate transient 6 

heat loads, balance the generation, and help to achieve carbon neutrality [7-10]. Nowadays, phase 7 

change energy storage technology has been widely used in the field of artificial environmental control, 8 
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such as solar energy storage [11-14], power peak shaving and valley filling [15-17], building energy 1 

saving [18-21] and environmental control of underground evacuation facilities [22-24]. 2 

Over the past years, excellent progresses have been made with phase change energy storage 3 

technology in many energy-saving and sustainable energy applications for improving the energy 4 

efficiency [25-27]. The concept is not new but has attracted great attention in the application of air 5 

conditioning systems, ice storage air conditioning, as well as refrigeration system in the building and 6 

environment [28-31]. Dogan et al. [32] conducted a thermodynamic and economic study on the 7 

performance of the ice storage system integrated in the air conditioning system of large supermarkets. 8 

It was stated that the use of ice storage system could reduce the load of air conditioning by 47%. Fang 9 

et al. [33] developed an optimal seasonal ice storage device that can save 50% of the cooling 10 

electricity cost of residential buildings per year. Song et al. [34] studied the composite heat storage 11 

system combining chilled water heat storage and ice cold storage and investigated the influence of 12 

the ice storage volume on the economic feasibility of the composite system. Seyedeh et al. [35] 13 

proposed a wind-powered compression refrigeration cycle integrated with the system and conducted 14 

a dynamical study. Their results indicated that the daily coefficient of performance of the proposed 15 

system has grown 17% compared to the conventional cycle. Mohammad et al. [36] compared both 16 

the ice storage and phase-change material air conditioning system in office buildings with traditional 17 

one. Their results showed that the energy consumption of the ice storage and phase-change material 18 

air conditioning system was 4.59% and 7.58% lower than that of the traditional system, respectively. 19 

Xu et al. [37] proposed an experimental study to convert solar energy into electricity to provide the 20 

cooling power for ice storage air conditioning. Their results demonstrated that the utilization rate of 21 

the solar energy was 33.77%, while the cooling energy efficiency of the ice storage air conditioning 22 

system was 87.15%. 23 

In recent years, phase change energy storage technology has been gradually applied to 24 

temperature control of the mine refuge chambers (MRCs). The MRC is a shelter space built in the 25 

surrounding rock underground and relatively isolated from the roadway environment. This space can 26 

provide a relatively safe environment for the survivors who cannot escape the disaster area after the 27 

mine accident to stay for at least 96 h [38,39]. It is noted that MRCs can play an important role in 28 

reducing the number of deaths from underground accidents [40,41]. Water vapor and heat generated 29 

by human metabolism during evacuation can make the thermal environment of the MRC to 30 

deteriorate [42]. Mine compressed air (MCA) would be a necessary ventilation measure, which can 31 
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not only provide the necessary oxygen but also cool the ventilation of the low-temperature MRC [43]. 1 

However, when the initial surrounding rock temperature (ISRT) is above 27 , it needs to be pointed 2 

out that the per capita MCA volume of 0.3 m3/min could not meet the needs of the MRC to control 3 

the indoor air temperature below 35  within 96 h [44,45]. Over the past years, many technologies 4 

such as phase change cooling, liquid CO2 cooling, and liquid air cooling have been developed for 5 

MRCs. The advantages of the phase change cooling are passive and maintenance-free, but for MRCs 6 

with ISRT higher than 24°C, pure phase change temperature control performance and economy are 7 

poor [46]. Liquid CO2 refrigeration may leak and lose its refrigeration effect when the temperature is 8 

higher than 31.9 , which limits its application [47]. Liquid air cooling technology has a wide range 9 

of application and high reliability but with high cost (500,000 ~ 700,000 Chinese yuan / set) [48]. 10 

Ice storage air conditioner has been widely used in temperature control of underground 11 

evacuation facilities due to its advantages of relative stability, no safety hazards, and low power 12 

consumption. Du et al. [49] designed a multi-functional ice storage air conditioning system that is 13 

suitable for 8-person rescue cabins. Their experimental results showed that the ice storage air 14 

conditioning can ultimately control the temperature and humidity of the rescue cabin at 31  and 77%. 15 

Wang et al. [50] developed an ice storage air conditioner with an ice storage volume of about 5.5 m3. 16 

The hot air in the MRC can be driven by a circulating fan to flow through the heat exchange air duct 17 

to cool the living environment. It was found that the effective working time of the system is 64.57 h 18 

for a MRC occupied by 50 people. Xu et al. [51] proposed a non-electric cooling scheme that the 19 

encapsulated ice plate was placed directly in the chamber to control the indoor temperature. Their 20 

experimental result demonstrated that the ice storage plate with 633.5 kg could continuously maintain 21 

the temperature of the MRC below 35  within 72 h. Jia et al. [52] investigated the cooling application 22 

of the square ice storage boxes in the MRCs and they observed that the chamber with an initial 23 

temperature of 26  fluctuated at 29  after 24 h manned test. Zhang et al. [53] developed a novel 24 

temperature control scheme that combined the cold source storage with MCA, as shown in Fig. 1. 25 

The MCA pipe that entered the MRC was connected to a cold source storage device followed by 26 

cooling the MCA before it flowed into the living room. They stated that when the ISRT is 32 , the 27 

ventilation with an air supply rate of 0.3 m3/min per capita and a temperature of 20  could control 28 

the ambient temperature of the MRC below 35  within 96 h. Based on the novel temperature control 29 

scheme combining the cold source storage and MCA, the current work will design an ice storage 30 

cooling MCA device (ISCMCAD) for MRCs with high ISRT. It needs to be stressed here that the 31 
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internal structure of the device will be the key factor affecting the heat transfer performance of ice 1 

storage air conditioning [54-58]. 2 
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1 - Air compressor, 2 - Air storage tank, 3 - pipeline, 4 - Explosion-protection wall, 5- Protective airtight door, 6 - Air curtain, 7 - Seal 4 

wall, 8 - Airtight door, 9 - air cooling device, 10 - Silence air inlet, 11 - One-way exhaust valve, 12 - Air outlet, 13 - Exhaust outlet. 5 

Fig. 1. Temperature control system of high-temperature MRC based on MCA and cooling device [53]. 6 

In summary, for MRCs with ISRT higher than 27 , the temperature control goal cannot be 7 

achieved by MCA alone. Although the existing ice cold storage technology has good safety and a 8 

wide range of applications, it needs to be improved in terms of cost and reliability due to the reliance 9 

on explosion-proof fans and explosion-10 

temperature control scheme combining MCA with ice storage is an economical and reliable option 11 

for MRCs with high ISRTs, yet no device has been developed for cooling the MCA. In the current 12 

work, a set of ISCMCAD combining the ice storage device with the MCA was designed for MRCs. 13 

An experimental platform is newly built to test the thermal performance of the ISCMCAD. 14 

Furthermore, a full-size numerical model of the ISCMCAD is developed and validated, and a 15 

sensitivity analysis is performed to investigate the effect of the  number (HETN), 16 

inlet air velocity (IAV) and inlet air temperature (IAT) on the heat exchange performance. In addition, 17 

a mixed air supply way is proposed to improve the utilization rate of cold storage capacity. The results 18 

can provide a theoretical guidance for the design and application of the ISCMCAD used in MRCs. 19 

2. Material and method 20 

2.1 Structural design calculation principle of ISCMCAD 21 

2.1.1 Structure and principle  22 

The ISCMCAD is composed of refrigeration compressor, ice storage tank, heat exchange tubes, 23 
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copper tube, air buffer, air inlet and air outlet, and its structural principle is shown in Fig. 2 (a). The1

copper tube, coming from the refrigeration compressor is submerged in the ice storage tank by means 2

of serpentine coils, then returns to the refrigeration compressor. The heat exchange tubes run through 3

the air buffer in both sides. The air inlet will be connected to the MCA pipe, and the air outlet will be 4

connected to the air supply end in the MRC. Fig. 2 (b) displays the actual ISCMCAD.5

  6

    (a) Schematic diagram                         (b) Physical diagram of ice storage7
Fig. 2. Schematic diagram and physical diagram of ISCMCAD.8

9

10

Fig. 3. Diagram of the operating principle of the ISCMCAD.11

Fig. 3 shows the working principle of the ISCMCAD. During the ice storage period, the storage 12

tank is filled with enough water, the refrigeration compressor is in the working state, the low-13

temperature refrigerant from the refrigeration compressor flows through the copper tube, and its 14

cooling capacity cools water into ice through heat exchange. During the heat exchange period, the 15

high-temperature MCA from the frequency conversion fan flows through a pipe into heat exchange 16

tubes of the ISCMCAD, and becomes cold air via the heat exchange with walls of these heat exchange 17

tubes, and the ice in the storage tank gradually melts into water due to the heat obtained from the 18

MCA.19
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2.1.2 Cold storage capacity 1 

In order to make it easy to carry the ISCMCAD to a MRC, the ice storage capacity of the 2 

ISCMCAD is designed to be 1 m3 and the ice storage mass of 920 kg can be achieved. In the current 3 

work, the ice density of 920 kg/m3 is used. The amount of the cold storage of the ISCMCAD can be 4 

calculated as follows [49]. 5 

i w w w i i i i iQ c t m c t m r m                        (1) 6 

Where, Qi is the cold storage capacity (kJ), mi is the mass of ice storage (kg), mw is the mass of water 7 

storage in the ISCMCAD (kg), cw is the specific heat capacity of water (J/kg· ), tw is the temperature 8 

difference of water ( ), ci is the specific heat capacity of ice (J/kg· ), ti is the temperature difference 9 

of ice ( ), ri is the latent heat of ice melting (J/kg).  10 

The specific heat capacities of water and ice are 4200 J/(kg· ) and 2100 J/(kg· ) respectively, 11 

and the latent heat of ice melting is 3.35×105 J/kg. During the test, the temperature difference of water 12 

is 20 , while the temperature difference of ice is 15 . After substitute all the above values into Eq. 13 

(1), one can get Qi = 414460 kJ. 14 

Assume the heat dissipation of other equipment can be ignored, taking the heat dissipation 15 

capacity of 10 people in the MRC as an example, then the total heat load of the 96-hour MRC can be 16 

calculated as follows [59]. 17 

nqQ rr                                       (2) 18 

Where, Qr is the total heat load of the MRC (kJ), qr is 120 J/s per capita heat dissipation power [59], 19 

 is the time of refuge (h), n is the number of evacuees. According to Eq. (2), Qr = 414720 kJ. 20 

In terms of the calculation as above, it can be known that the cold amount of 1 m3 ice can offset 21 

the heat emitted by 10 evacuees in 96 h. For a large MRC, multiple ISCMCAD can be equipped to 22 

meet cooling requirements. According to the size requirements of the door frame of the MRC, the 23 

ISCMCAD are normally designed to be 1.3 m in length, 0.7 m in width and 1.2 m in height, 24 

respectively. Moreover, referring to the diameter of the MCA duct, the diameter of the air inlet and 25 

air outlet of the ISCMCAD is set to 1m. The ISCMCAD will be installed in the transition room of 26 

the MRC and connected with the MCA duct. After the MCA is cooled by the ISCMCAD, it will be 27 

fed into the living room.  28 

 29 
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2.1.3 Calculation of the HETN 1 

In the current study, the air is required to drop from 35  to 20 , given that the inlet speed of 2 

the ISCMCAD is around 10 m/s, the mass flow rate of the air can be obtained as 0.1013166 kg/s. 3 

Assuming that the number of the heat exchange tubes is 15, the air flow rate in the heat exchange 4 

tube can be found to be 7.41 m/s. 5 

Logarithmic mean temperature difference ( tm) is calculated as follows [60]. 6 
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Where, tw is the temperature of the pipe wall ( ), t1 is the air inlet temperature ( ), and t2 is the air 8 

outlet temperature ( ). In the present work, tw is 0 . Thus, the logarithmic mean temperature 9 

difference can be obtained by Eq. (3), which is tm = 26.8 . 10 

The air heat transfer is calculated as follows [60]. 11 

)( 21 ttMcQ ah                                         
(4)

 
12 

Where, Qh is the air heat transfer (W), M is the air mass flow rate (kg/s), ca is the specific heat capacity 13 

of air (kJ/kg· K). Here, ca is 1.005 (kJ/kg·K). According to Eq. (4), the heat transfer Qh = 1527.35 W 14 

can be obtained. 15 

The surface heat transfer coefficient on the air side is calculated as follows [49,61]. 16 
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Where, k1 is the surface heat transfer coefficient on the air side (W/m2·K), Nu is the Nusselt number 21 

and it indicates the magnitude of the dimensionless excess temperature gradient of the wall normal 22 

vector, which reflects the strength of the convective heat transfer [49], Re is the Reynolds number, u 23 

is the air velocity in the heat exchange tube (m/s), d1 is the inner diameter of the heat exchange tube 24 



 9 

(mm), 1 is the thermal conductivity of air (W/m· K), 1 is the viscosity coefficient of the air motion 1 

(m2/s), and Pr is the Prandtl number. According to the qualitative temperature of air tm is 26.8°C, 2 

then the physical parameters of air can be obtained. The thermal conductivity of air is 2.52×10-2 3 

(W/m · K), the viscosity coefficient of air motion is 15.37×10-6 m2/s, Pr is 0.70236. According to Eqs. 4 

(5) - (7), the surface heat transfer coefficient of the air side k1 = 36.93 W/m2·K can be obtained. 5 

The surface heat transfer coefficient on the ice-water side is calculated as follows [60]. 6 
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Where, k2 is the surface heat transfer coefficient on the ice side (W/m2·K), 2 is the density of water 8 

(kg/m3), 2 is the thermal conductivity of water (W/m· K), g is the acceleration of gravity (m/s2), ri is 9 

the latent heat of phase change of ice (J/kg), d2 is the outer diameter of the heat exchange tube (mm), 10 

is the dynamic viscosity coefficient (N·s/m2), ti is the temperature of ice ( ), and tw is the wall 11 

temperature of the heat exchange tube ( ). In the current work, 2 is 999.9 (kg/m3), 2 is 0.551 12 

(W/m· K), g is 9.81 (m/s2), ri is 3.35×105 (J/kg),  is 1788×10-6 (N·s/m2), ti is -15 ( ). From Eq. (8), 13 

the surface heat transfer coefficient of the ice side can be calculated k2 = 3,592.31 (W/m2·K). 14 

The heat transfer coefficient of the heat exchange tube is calculated as follows [60]. 15 
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Where, k is the heat transfer coefficient of the heat exchange tube (W/m2·K), k1 is the surface heat 17 

transfer coefficient on the air side (W/m2·K), Rf is the thermal resistance of the dirt (m2·K/W), and k2 18 

is the surface heat transfer coefficient on the ice side (W/m2·K). From Eq. (9), the heat transfer 19 

coefficient of the heat exchange tube k = 36.28 W/m2·K can be found. 20 

The total heat transfer area of the heat exchange tube is calculated as follows. 21 
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Where, Qh is the air heat transfer (W), k is the heat transfer coefficient of the heat exchange tube 23 

(W/m2·K), and tm is the logarithmic mean temperature difference (°C). According to Eq. (10), the 24 

total heat transfer area of heat exchange tubes A = 1.78 m2 is obtained. 25 

The number of heat exchange tubes is calculated as follows. 26 
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Ld

A
N

2                                        
(11) 1 

Where, A is the total heat transfer area of the heat exchange tube (m2), d1 is the outer diameter of the 2 

heat exchange tube, and L is the length of a single heat exchange tube. According to Eq. (11), N = 3 

15.15 can be obtained. The error from the hypothetical value is only 1%, indicating that the HETN is 4 

reasonably designed. It can be calculated that for the ISCMCAD, the HETN is at least 15, to cool the 5 

air temperature from 35  to 20 . For the experimental ISCMCAD, the HETN is 18, the heat 6 

exchange tube has a length of 1.1 m, an inner diameter of 30 mm and a wall thickness of 2 mm. 7 

2.1.4 Evaluation indexes for the ISCMCAD 8 

In order to evaluate the heat transfer performance of ISCMCAD, two evaluation indexes: ice 9 

storage utilization rate % and outlet air temperature (OAT) variance R2 are introduced. The ice 10 

storage utilization rate of % indicates the percentage of ice melted by the ISCMCAD after 96 h of 11 

heat exchange, while the OAT variance R2 indicates the stability of the ISCMCAD during heat 12 

exchange. The theoretical ice storage capacity of the ISCMCAD is 1 m3 and the safety factor of 1.2 13 

times should be considered in practical applications. The actual ice storage amount should be 1.2 m3. 14 

Thus, when the volume of the ice is 1 m3, the utilization rate of the melted ice can be calculated as 15 

follows. 16 
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Where, ind is the ice storage utilization index (%), Vthe is the theoretical amount of the ice storage 19 

(m3), Vact is the actual amount of the ice storage (m3), Vmel is the amount of the ice melt during heat 20 

exchange in the ISCMCAD (m3), and Vtot is the total ice storage capacity of the ISCMCAD (m3). 21 

From Eq (12), ind = 83.33% can be obtained, and when  > 83.33% after 96h heat exchange, it 22 

indicates that the utilization rate of the ISCMCAD is satisfied. 23 

The variance of OAT within 96 h is calculated as follows. 24 

n

tt

R

n

j
j

1

2

2

)(
                                   (14) 25 

Where, R2 is the variance of the OAT, tj is the OAT at time j, and t  is the average temperature of the 26 
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OAT within 96 h. The smaller the variance of the OAT, the more stable the heat exchange of the 1 

ISCMCAD within 96 h.  2 

2.2 Experiment detail 3 

2.2.1 Experimental environment and principle 4 

The experimental platform mainly includes the temperature control room and the ISCMCAD, 5 

as shown in Fig. 4. The temperature control room has a size of 3.6 m × 3.1 m × 3.0 m, in which the 6 

air temperature can be controlled within the range of 20 ~ 60  with a relatively stable value through 7 

a temperature control system. The ISCMCAD is placed outside of the temperature control room, and 8 

connected to the temperature control room by an air pipeline an inner diameter of 0.1 m. To make the 9 

hot air in the temperature control room enter the heat exchange tubes of the ISCMCAD, a frequency 10 

conversion fan is placed in the temperature control room, the fan can control the wind speed of the 11 

air pipeline ranging from 0 to 30 m/s. The specific parameters are listed in Table 1.  12 

 13 

Fig. 4. Experimental platform. 14 

Table 1. Table of main experimental equipment parameters 15 

Device name Device parameters Remarks 

ISCMCAD 1.3 m×0.70 m×1.2 m 
Covered by insulation cotton with a 

thickness of 30 mm 

Inverter fan 

Rate of flow: 1530 m3/h 

Power: 1.5 Kw 

Voltage: 380 V 

Equipped with a frequency converter to 

control the wind speed 

Cryogenic chiller 

Cryogen: R22  

Evaporation temperature: -12 ~ 10  

Cooling capacity: 14 kW 

/ 

Air  handling 
units

Temperature controlled 
room

Cr yogenic 
chillers

Fans
Data collector s

Ice stor age units

outlet

Consoles
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1
Fig. 5. Experimental principle.2

Fig. 5 demonstrates the experimental principle. During the ice storage period, the monitoring3

points arranged in the ISCMCAD can monitor the ice storage characteristics of the device. 4

Considering that water will expand when it freezes, 10% of the expansion space will be reserved. 5

Inject 90% of the water into the ice storage device and then turn on the low-temperature refrigerator 6

to make the water in the device into ice. In the heat exchange period, after the ice storage is completed, 7

the air handling unit is first turned on to send hot air to the temperature control room. Adjust the 8

supply air temperature of the air handling unit through the console until the indoor temperature 9

stabilizes at the experimental set temperature, and then turn on the fan to send high-temperature air 10

into the ISCMCAD for heat exchange and cooling.11

2.2.2 Data collection 12

Fig. 6 displays the arrangement of the temperature monitoring points. There are 20 points evenly 13

arranged on the storage tank. Among them, 6 points are arranged at the 0.3 m and 0.9 m levels, and 814

points are arranged at the 0.6 m level. To measure the air temperature, there are 1 monitoring point at 15

the air inlet and 3 monitoring points at the air outlet. These measuring points are measured by K-type 16

thermocouple with a measuring range of -200 ~ 1800°C and an accuracy of 0.01 . The monitoring 17

data is automatically recorded once a minute by a temperature collector. The relative humidity is 18

monitored by a hygrometer, and the IAV is monitored by an anemometer. Before the experiment 19

begins, the thermocouples will be calibrated through a mixture of ice water at 0 . Table 2 lists the 20

parameters of the instruments.21

Air handling 
units Fans

Frequency 
converters

Cryogenic chillers

Data collectors

Computer
Ice storage device

Anemometer

Temperature controlled 
room

High temperature 
air

Consoles
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1
Fig. 6. Temperature measurement point arrangement2

Table 2 Data acquisition instrument parameter3

Name Model Range Accuracy Remarks

Temperature 

collector
JK4000 -200 ~ 1800 0.01

Work environment: 20%

~ 90% RH

Thermocouple K-type -200 ~ 1800 ± 0.01°C /

Anemometer LSFS-4 0 ~ 9000 m3/h 0.02%
Work environment: -40 ~

80

2.2.3 Experimental conditions4

To control the air quality, a MRC needs to keep the air delivery volume (ADV) at least 0.3 m3/min 5

per capita [62]. In the case of 0.3 m3/min per capita, when the ISRT was 30, 31, 32, 33 and 34 , the 6

ventilation temperature was 23.28, 21.83, 20.38, 18.93 and 17.48 , respectively, according to ref. 7

[53]. Therefore, The ISCMCAD needs to meet the air supply requirements per capita while meeting 8

the cooling requirements. Taking the MRCs that can accommodate 10 and 15 people as an example, 9

it can be concluded that the IAV of the ISCMCAD is 7 m/s and 10 m/s, respectively. In order to study 10

whether the cooling of the ice storage cooling device can meet the requirements of the air supply 11

temperature of the refuge chamber. The following two groups of working conditions were selected 12

for experiments: Case 1: IAT is 31°C, IAV is 7 m/s, Case 2: IAT is 32°C, IAV is 10m/s.13

2.2.4 Data processing14

During the experiment, there is a certain fluctuation range of the IAT of the ISCMCAD since it 15

is difficult to keep the ambient temperature as constant. In this case, it would affect the accuracy of 16

the OAT of the ISCMCAD. In order to reduce the error caused by the IAT fluctuation, the data with 17

the IAT fluctuation less than 0.5°C is selected. In addition, the concept of the inlet and OAT difference 18



 14 

and average outlet temperature(AOT) are introduced to analyze the heat exchange performance of the 1 

ISCMCAD in order to further improve the reliability of the experimental data. 2 

The uncertainty analysis for the direct measurement can be calculated as follows [63,64]. 3 
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Where, u1 is the uncertainty of the direct measurement result, n is the number of measurements, Ti is 5 

the measurement data, is the average value of the measurement data, and s is the measurement 6 

error of the instrument. 7 

Whereas the uncertainty analysis of the indirect measurement results can be calculated as follows 8 

[63,64]. 9 
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Where, U2 is the uncertainty of the indirect measurement result, n is the number of parameters related 11 

to the indirect measurement result, xj is the parameter of the direct measurement, f is the calculation 12 

function, and uj is the uncertainty of the direct measurement parameter. 13 

Taking experimental case 1 as an example, after 96 hours of testing, the direct measurement 14 

results of the temperature at the three measuring points in the outlet are 24.2 , 24.7 , and 24.6 , 15 

respectively, and the error of the instrument measurement is 0.01 . According to Eq (15), the 16 

uncertainty of the direct measurement result of the outlet air temperature is 0.15°C. Calculate the 17 

uncertainty of the indirect measurement results with the temperature difference between the inlet and 18 

outlet. The inlet and outlet temperature difference can be expressed as f=Tin-Tout, then the uncertainty 19 

of the outlet temperature is 0.15  while the uncertainty of the inlet temperature is 0.088 . According 20 

to Eq (16), the uncertainty of the indirect measurement of the temperature difference between the 21 

inlet and outlet is 0.17 . Similarly, the uncertainties of other related parameters can be calculated. 22 

2.2.5 Experimental Procedures 23 

In the current work, the main experimental steps are listed as follows: 24 

(1) Arrange the temperature measurement point in the ISCMCAD and set the recording interval 25 

of the data acquisition instrument to 1 min each time; 26 

(2) Ice storage stage: considering the volume expansion characteristics of the water icing, the 27 

ISCMCAD is filled with 90% water, and after checking and confirming that the device is not leaking, 28 
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turn on the Cryogenic chiller to freeze the water into ice, and monitor the ice storage in the device in 1

real time through the temperature measurement point in the device. Turn on the data collector and 2

connect to the computer to record the ice storage experimental data;3

(3) Heat exchange and cooling stage: in the ISCMCAD, after the water is completely frozen into 4

ice and the temperature in the device is below -15 , then turn off the Cryogenic chiller, arrangement 5

of temperature measuring points at the inlet and outlet of the ISCMCAD and arrangement of wind 6

speed measurement points at the inlet;7

(4) Start the full air handling unit to adjust the supply air temperature and send the high-8

temperature air into the temperature control room for heating, and adjust and control the IAT;9

(5) When the temperature in the temperature control room reaches the dynamic balance, set the 10

experimental IAV and turn on the frequency conversion fan to adjust the IAV;11

(6) Turn on the data collector and connect it to the computer to record the cooling experiment 12

data of the ISCMCAD, and turn off the system after running for 96 h;13

(7) Data collection and analysis.14

2.3 Computational details15

2.3.1 Computational model and meshing16

  17

(a) Numerical model                          (b) Grid division18
Fig. 7. Numerical model of ISCMCAD.19

This section mainly studies the heat transfer process between the hot air and the ice when passing 20

through the heat exchange tubes, the copper tube does not participate in the heat transfer process, so 21

it is not arranged in the computational model. The computational model of the ISCMCAD is meshed 22

by ANSYS ICEM and the structural grid is adopted, as shown in Fig. 7. The size of the ISCMCAD, 23

the HETN, the IAV, the IAT, and the material of the heat exchange tubes are consistent with the 24

experimental device. The inner diameter of the heat exchange tube is 30 mm, the HETN is 18, and 25
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the tube spacing along the X and Y direction is 150 mm. The computational model has two fluid 1 

zones. To reduce the computational error of the coupling interface of the two fluid zones and better 2 

capture the characteristics of the temperature field during the calculation process, the number of grids 3 

on surfaces such as coupling walls, heat exchange tube walls, air inlets and outlets are increased. In 4 

the current work, a grid independence study is carried out and 6 different grid numbers, i.e., 543625, 5 

856423, 126845, 1268456, 1865267, 2687625 and 3215648 are selected. The numerical results of the 6 

case with an IAT of 32  and an IAV of 10 m/s are selected for the comparison. Fig. 8 plots the air 7 

temperature change of the air outlet of the ISCMCAD device at different times under different grid 8 

numbers. It can be observed that the OAT value changes greatly when the number of grids is lower 9 

than 1865267, after which increasing the number of grids has little effect on the temperature value. 10 

Therefore, a grid number of 1865267 with a grid quality of 0.73 is selected for the following 11 

numerical simulation. 12 

 13 

Fig. 8. Effect curve of different grid numbers on OAT. 14 

2.3.2 Initial Conditions and Boundary Conditions 15 

In the present work, the control variable method is used to study the effects of different IAT, IAV 16 

and HETN on the heat transfer performance of ISCMCAD. When the ISRT is higher than 27 , the 17 

original MCA is difficult to meet the temperature control requirements of the MRC. For the cases of 18 

the ISRT is 30, 31, 32, 33 and 34 , the ventilation temperature needs to be cooled to 23.28, 21.83, 19 

20.38, 18.93 and 17.48  correspondingly in order to meet the cooling requirements of the MRC 20 

within 96 h [53]. Since the pressurized air is fully exchanged with the surrounding rock during the 21 

flow into the MRC, the temperature of the MCA is close to the ISRT, thus the IAT of the ISCMCAD 22 

needs to be set to 30, 31, 32, 33 and 34 . According to the temperature difference of the ADV and 23 
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the Qi of the ISCMCAD, the supply air velocity of MRC can be found between 5 ~ 15 m/s, therefore, 1 

the IAV is set to 5, 7.5, 10, 12.5 and 15 m/s. The specific numerical case studies are listed in Table 3. 2 

Table 3 Numerical simulation case studies. 3 

Case IAV m/s  IAT  HETN 

1 10 32 6 

2 10 32 9 

3 10 32 12 

4 10 32 15 

5 10 32 18 

6 5 32 18 

7 7.5 32 18 

8 12.5 32 18 

9 15 32 18 

10 10 30 18 

11 10 31 18 

12 10 33 18 

13 10 34 18 

The air inlet is set to be the velocity inlet, while the air outlet is set to the pressure outlet. The 4 

interface between the air watershed and the ice-water watershed is set to be a coupled heat transfer 5 

wall, and the other walls are set as an insulated wall. The wall and other wall materials of the heat 6 

exchange tubes are made of steel, and the thickness of each wall is set to be 2 mm. 7 

2.3.3 Turbulence model 8 

Since the solidification and melting characteristics as well as the heat transfer properties of the 9 

ice cannot be visualized during the experiment, in order to capture the changes of the interface during 10 

ice solidification and melting, the enthalpy-porosity method is developed. The computational domain 11 

is considered to be a porous region where the volume fraction of the liquid is similar to porosity. The 12 

volume fraction will be 0 when the water is completely solidified, while a volume fraction is 1 when 13 

the ice is completely melted. This method has been widely used in other studies to solve the 14 

solidification and melting problems [65]. Yang et al. [66] simulated the heat transfer of the circular 15 

phase-change material air heat exchange by using the renormalization group RNG -16 
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enhanced wall treatment method. Their simulation results were in good agreement with the 1

experimental data. In the present work, the solidification and melting model, RNG -2

model and enhanced wall treatment method is used to simulate the air heat transfer in the tube. Several 3

assumptions are made to simplify the model: (1) the liquid is Newtonian fluid and incompressible,4

(2) the over-cooling and volume expansion of the water during solidification are ignored, (3) the heat 5

loss through the outer wall of the ISCMCAD is not considered, and (4) the flowing air in the heat 6

exchange tube is dry air. In addition to density, the thermophysical properties of water are set to 7

different constant values, and the density of water depends on temperature expressed as follows[67]:8

)1(
89.1

maxmax TT                                     (17)9

Where, is the density of water (kg/m3), max is the maximum density, and Tmax is the temperature at 10

the maximum density ( ). In the current study, max=1000 kg/m3, =9.3×10-6, Tmax=4 .11

The mass conservation equation is expressed as follows [67]:12

0)( V                                        (18)13

Where, V is the velocity vector (m/s) and is the time (s).14

The momentum conservation equation is expressed as follows [68]:15
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Where, p is the pressure (Pa), is the coefficient of dynamic viscosity (N·s/m218

coefficient of thermal expansion (1/K), g is the gravity acceleration (m/s2), S is the source term 19

(m/s) used to account for changes in fluid velocity during solidification, is the liquid volume fraction, 20

is the small value (0.001) to avoid division by zero, Cm is the mushy zone constant usually set in 21

the range 1×104 ~ 1×107 kg/(m3·s). In the current study, Cm is assumed to be a constant value of 1×10622

kg/(m3·s) [69].23

The energy conservation equation is expressed as follows [68]:24

)()( sens
p

sens h
c

k
Vh

H                                  (21)25

hhH sens                                        (22)26

Where, H is the total enthalpy change value during the heat transfer, hsens is the sensible enthalpy of 27
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the material (kJ/kg),  (kJ/kg). The values 1 

of hsens Eqs. (23) and (24) [68]: 2 
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Where, href is the enthalpy of the reference surface (kJ/kg), Tref is the temperature value of the 5 

reference surface ( ), E is the enthalpy of the phase transition of the unit material (kJ/kg), and  is 6 

the liquid volume fraction, it can be calculated as follows [68]: 7 
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The  and  transport equations for the RNG -  [63]: 9 
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Where, Gk represents the turbulent energy term generated by the laminar velocity gradient, Gb is a 12 

term of turbulent kinetic energy generated by buoyancy, YM represents the contribution of the 13 

turbulent pulsation expansion to the dissipation rate in the entire process in compressible flow. In 14 

compressible flow, C1, C2, and C3 are constants, and Sk and S  are user-defined turbulent kinetic energy 15 

terms and turbulent dissipation terms. 16 

2.3.4 Numerical simulation parameters 17 

In the current work, numerical simulations are carried out using commercial ANSYS Fluent 18 

software. The pressure-speed coupling separation algorithm based on SIMPLE pressure is adopted, 19 

and the second-order style formula is adopted to ensure the numerical accuracy. The relaxation factor 20 

remains unchanged and the simulation is convergent when the residual differences of mass, 21 

momentum and energy are less than 1 × 10 3, 1 × 10 3 and 1 × 10 6. As shown in Fig. 9, it can be 22 

found that when the time step is less than 2 s, changing it has almost no effect on the calculation result, 23 

but after that, the calculation result changes significantly as it increases. Therefore, for the following 24 
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numerical simulation, the time step is set as 2 s.  1 

 2 

Fig 9. Effect curve of different time steps on OAT. 3 

2.3.5 Model validation 4 

To verify the accuracy and reliability of the numerical model, two case studies, IAT 31 , IAV 7 5 

m/s, and IAT 32 , IAV 10 m/s, are selected. The numerical condition keeps the same as the 6 

experimental condition.  7 

   8 
(a) IAT=31 , IAV=7 m/s               (b) IAT=32 , IAV=10 m/s 9 

Fig. 10. Comparison of the OAT between experimental and numerical results. 10 

Fig. 10 compares the variation of the OAT with time within 96 hours between the experimental 11 

data and simulation results. It can be observed that for these two cases, the temperature trend of the 12 

numerical data is in good agreement with that of the experimental data. During the 96-hour period, 13 

the temperature difference of the air outlet between the numerical results and the experimental results 14 

is always less than 1.2°C, and the deviation is less than 10%, within the acceptable range, indicating 15 

that the numerical model is reliable for the following numerical simulation. 16 

3. Results  17 



 21 

3.1 Heat transfer performance of the ISCMCAD 1 

3.1.1 Ice storage characteristics 2 

 3 
Fig. 11. Ice storage performance curve of the ISCMCAD 4 

The temperature change profile in the device during ice storage is plotted in Fig. 11. Av1, Av2 5 

and Av3 are the average temperatures of the measurement points on section 1, section 2 and section 3 6 

of the ISCMCAD, respectively. Av is the average temperature of all measurement points in the 7 

ISCMCAD. It can be found that during refrigeration, the temperature of monitoring points in the tank 8 

decreases over time, and the temperature drop process can be roughly divided into three stages. 9 

During the first 10 hours, the measuring temperature drops rapidly and linearly from 16  to about 10 

2 . However, from 10 to 35 hours, the temperature drops rate decreases significantly, dropping by 11 

only about 2 , because phase change endothermic dominates during this period, and most of the cold 12 

energy is absorbed from water to ice. After 40 hours, the water basically solidifies with the 13 

temperature of below -1 , and the measuring point resumes a rapid downward trend due to the 14 

storage of cold energy through sensible heat. At 65 h, the ice temperature drops to -15 . Thus, it can 15 

be deduced that the ice storage function of the device can be completed within 2 ~ 3 days, 16 

accompanied by the water temperature being frozen to -15°C. 17 

  18 
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3.1.2 MCA cooling characteristics 1 

      2 
(a) IAT=32 , IAV=10 m/s                      (b) IAT=31 , IAV=7 m/s 3 

Fig. 12. Cooling performance curve of ISCMCAD  4 

Fig. 12 plots the OAT profile of the ISCMCAD within 96 h and the temperature profile of the 5 

ice-water mixture in the ISCMCAD under two case studies: IAT of 32 , IAV of 10m/s and IAT of 6 

31 , IAV of 7 m/s. Here, Out1, Out2 and Out3 are the temperatures of the three measurement points 7 

at the air outlet, respectively, Outav and DT are the average temperature of the outlet and the 8 

temperature difference between the air inlet and the air outlet. From Fig. 12, it can be found that the 9 

OAT increases with the increase of time, which is basically consistent with the trend of the 10 

temperature change of the ice-water mixture in the ISCMCAD during the whole 96 h heat exchange 11 

process. As shown in Fig. 12 (a), for the case of the IAV is 10 m/s and IAT is 32 , the ISCMCAD is 12 

capable of cooling the temperature of air volume rate required by 15 people to below 24.5  within 13 

96 h. The entire heat exchange period can be divided into four stages: 1) the first stage is mainly 14 

cooled by the exchange of sensible heat between ice and air, the OAT of the ISCMCAD increased 15 

from 7.9  to 15.28 , 5 h before the heat exchange and the temperature rises by a large margin; 2) 16 

the second stage is mainly cooled by the latent heat exchange between the air and ice melting, at the 17 

same time, it is accompanied by sensible heat exchange between air and water. During the 5 ~ 45 h 18 

period, the OAT rises from 15.28  to about 17.33 , and the temperature rises gently; 3) the third 19 

stage, covering 45 to 55 h, is mainly influenced by the sensible and latent heat exchange of the well 20 

mixed water and ice, most of the ice melt due to the rising water temperature, leading to the OAT 21 

rises relatively quickly; and 4) the fourth stage is mainly the sensible heat exchange between the air 22 

and water, after 55 h, the OAT of most ice melts rose quickly, and the OAT was 24.5 . As shown in 23 

Fig. 12 (b), for the case of the IAV is 7 m/s and the IAT is 31 , the ISCMCAD can reduce the air 24 
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temperature below 21.5  within 96 h, the first 10 h during the heat exchange period of the ISCMCAD1

is the first stage, which is mainly cooled by the sensible heat exchange between the air and ice, the 2

OAT was increased from 3.57  to 12.33 . Between 10 and 60 h is the second stage, mainly cooled 3

by the latent heat exchange between air and ice melting, the OAT rises from 12.33  to 14.63 . The 4

third stage, between 60 and 70 h, the air is mainly exchanged by sensible heat with water and latent 5

heat exchange with ice. The fourth stage, after 70 h which is mainly cooled by the sensible heat 6

exchange between the air and water, and the OAT of the ISCMCAD is within 21.5  after 96 h heat 7

exchange and cooling. It can be concluded that when the IAV is 10 m/s and the IAT is 32 , the IAT8

of the ISCMCAD after 96 h the heat exchange is about 7.5  and the average temperature difference 9

at the outlet is 19.61 . When the IAV is 7 m/s and the IAT is 31 , the IAT of the ISCMCAD is about 10

10  and the average temperature difference at the air outlet is 16.78 . According to Eqs. (5) and 11

(10), under different IAV, the heat transfer coefficient of the ISCMCAD ranges from 24.26 to 36.28 12

W/m2·K.13

3.2 Numerical analysis of typical case14

In order to obtain the change of the water-ice temperature and the OAT in the ISCMCAD during 15

the 96 h heat exchange, the numerical simulation results of the IAT of 32 , the IAV of 10 m/s and 16

the HETN of 18 are selected for analysis.17

  18

             (a)Y - Z section                                (b) X - Y section19

Fig. 13. Heat transfer temperature distribution of ISCMCAD.20

Fig. 13 shows the temperature distribution of the ISCMCAD at five different times 1, 10, 30, 50, 21

70 and 96 h. It can be seen that the OAT of the ISCMCAD increases with time, and the OAT rises 22

rapidly during 1 ~ 10 h, mainly influenced by the sensible heat exchange of ice. However, from 10 to23

50 h, the OAT rises slowly, the ice around the heat exchange gradually begins to melt, mainly 24
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influenced by the latent heat exchange from melting ice, the OAT ranges from 16  to 18 . At 50 h, 1 

the temperature around the heat exchange bundle is above 2 , indicating that the ice melting around 2 

the heat exchange is complete. When the time reaches 70 h, the OAT increases significantly but not 3 

higher than 25.96  within 96 h. 4 

 5 

Fig. 14. Heat transfer performance curve of ISCMCAD. 6 

Fig. 14 plots the profiles of OAT of the ISCMCAD and the ice storage melting. It can be observed 7 

that the OAT and the ice melting rate (IMR) increase with time, and the change in OAT can be divided 8 

into four stages. The first stage, ranging from 0 to 5 h, is mainly influenced by the sensible heat 9 

exchange of the rising ice temperature, the OAT of the ISCMCAD increases from 8.23  to 16.15 . 10 

The second stage, between 5 and 45 h, is mainly influenced by the latent heat exchange of ice melting, 11 

the OAT rises gradually from 16.15  to 18.32 . The third stage, from 45 to 55 h, is mainly influenced 12 

by the sensible and latent heat exchange of the well mixed water and ice. Most of the ice melting due 13 

to the rising water temperature, which leads to the OAT rising quickly. The reason for this 14 

phenomenon is that after 45 h heat exchange, the ice melts approximately 50%, meaning that the ice 15 

around the heat exchange tubes has melted completely, the latent heat absorbed by the melting ice in 16 

the unit has little effect on the OAT. The fourth stage, from 55 to 96 h, is mainly influenced by the 17 

sensible heat exchange of the rising water temperature. At the time of 96 h, the OAT is 25.96  with 18 

the ice melting about 85%. 19 

  20 
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3.3 Sensitivity analysis 1 

3.3.1 Effect of the HETN 2 

   3 

(a) OAT change curve                                    (b) IMR curve 4 

Fig. 15. Heat transfer performance curve of ISCMCAD with different HETNs at IAT of 32  and IAV of 10m/s. 5 

Fig. 15 demonstrates the effect of different HETN on the OAT and melting rate of the ISCMCAD 6 

at IAT of 32°C and IAV of 10 m/s. As shown in Fig. 15 (a), it is noted that the OAT of the ISCMCAD 7 

decreases with the increase of the heat transfer tube bundle in the first 50 h, this is attributed to the 8 

increase of the heat transfer area with more tubes. As HETN decreases, the time of latent heat transfer 9 

increases, mainly because the reduction of HETN not only makes the heat transfer area smaller, but 10 

also increases the amount of ice between adjacent tubes. The AOT of the ISCMCAD with the number 11 

of tubes of 18, 15, 12, 9 and 6 during the 96 h heat exchange period are 20.53, 21.37, 21.13, 21.96 12 

and 22.21°C, respectively. It can be concluded that the cooling effect of the ISCMCAD with the 13 

HETN of 18 is better. According to Eq. (14), the OAT variance of ISCMCADs with 18, 15, 12, 9 and 14 

6 HETN during the 96 h heat transfer period is 4.66, 4.90, 3.20, 3.11 and 3.01, respectively, and the 15 

heat transfer stability of ISCMCADs with HETN of 18 is poor. As can be seen from Fig. 15 (b), the 16 

higher the HETN, the more the ice melted in the device and the higher the IMR. With the increase of 17 

HETN, the heat exchange area increases and the heat transfer process is enhanced, resulting in the 18 

increase of the IMR. During the 96 h heat exchange period, the IMR of the ISCMCAD with 18, 15, 19 

12, 9 and 6 HETNs are 85.02%, 79.255%, 75.49%, 71.71% and 69.17%, respectively. Only 20 

ISCMCAD with 18 tubes have an IMR greater than 83.33% to meet the ice storage capacity utilization 21 

requirement. The larger the HETN, the higher the effect on the IMR. This can be explained that the 22 

larger the HETN, the larger the heat transfer area and thus the higher the heat flux. However, the 23 

higher the HETN will result in poorer cooling stability of the ISCMCAD during the 96 h cooling 24 
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period. Combining the performance indices of ISCMCAD with different HETN, it can be concluded 1 

that during the 96 h heat transfer period, the ISCMCAD with 18 tubes has poor heat transfer stability 2 

but the highest IMR and the lowest AOT can meet the requirements of ice storage utilization. In 3 

summary, a model of ISCMCAD with 18 tubes is finally selected for the later study. 4 

3.3.2 Effect of the IAT 5 

   6 

(a) OAT change curve                           (b) IMR curve 7 

Fig. 16. Heat transfer performance curve of ISCMCAD with different IATs at an IAV of 10 m/s and a HETN of 18 8 

Fig. 16 plots the profile of different IAT on the OAT and IMR at an IAV of 10 m/s and HETN of 9 

18. As can be seen from Fig. 16 (a) that the OAT increases with the increase of the IAT, and the heat 10 

transfer process can be divided into four stages. In the first stage, only sensible heat transfer occurs 11 

between the air and ice, the heat exchange time is short and the temperature rises greatly. In the second 12 

stage, the latent heat transfer dominates, and the heat exchange time decreases with the increase of 13 

IAT. In the third stage, the latent heat exchange gradually decreases, while the sensible heat exchange 14 

gradually increases. In the fourth stage, only sensible heat transfer occurs between the air and water, 15 

and the OAT rises slowly. It can be deduced that the increase in IAT reduces the latent heat exchange 16 

time. When the IAT is 30, 31, 32, 33 and 34 , the OAT at 96 h is 24.70, 25.70, 25.96, 27.65 and 17 

28.52 , respectively, the cooling temperature difference (CTD) is between 5 and 6 . As shown in 18 

Fig.16 (b), the larger the IAT, the larger the IMR. After 96 h of heat exchange, the IMR of the 19 

ISCMCAD was 82.72%, 84.03%, 85.02%, 86.17% and 87.30%, respectively. It can be known that 20 

when the IAT is higher than 31°C, the IMR is greater than 83.33%. In general, the utilization rate of 21 

the ice stored in the ISCMCAD is high during the whole heat exchange process.  22 

  23 
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3.3.3 Effect of the IAV 1 

   2 
(a) OAT change curve                             (b) IMR curve 3 

Fig. 17. Heat transfer performance curve of ISCMCAD with different IAVs at IAT of 32  and HETN of 18. 4 

Fig. 17 shows the relationship between the OAT and the IMR of the ISCMCAD at different inlet 5 

air velocities with IAT of 32  and HETN of 18. From Fig. 17 (a), it can be observed that the influence 6 

of different IAV on the cooling effect of the ISCMCAD is larger. The OAT of the ISCMCAD increases 7 

with the increase of the IAV, indicating that the larger the IAV, the worse the cooling effect of the 8 

ISCMCAD. Because with the increase of IAV, the heat transfer time per unit mass of air decreases, 9 

while the air flow per unit time increases. The latent heat exchange time between the air and ice is 10 

inversely proportional to the IAV, and the sensible heat exchange time between the air and water is 11 

directly proportional to the IAV. After 96 h of heat exchange the IAV of 5 m/s, 7.5 m/s, 10 m/s, 12.5 12 

m/s, 15 m/s correspond to the OAT of 20.46, 24.77, 26.67, 27.36, 29.02  respectively, and the CTD 13 

after 96 h is between 3 and 12 . From Fig. 17 (b), it can be seen that the larger the IAV, the higher 14 

the utilization rate of the ice storage in the device. After 96 h heat exchange the IAV increases from 15 

5 m/s to 15 m/s and the IMR increases from 71.71% to 88.07% which is increased by 16.36%. The 16 

reason could be the higher the IAV, the higher the flow rate through the device, this could result in a 17 

higher heat flux through the device according to the conservation of energy. 18 

4. Discussion 19 

4.1 Air supply method 20 

As shown in Table 4, the supply air temperature required for MRCs with different ISRTs can be 21 

calculated referring to the air supply temperature prediction method given in Ref. [53]. The ADV is 22 

the total air volume required for 96 hours, which can be calculated when the cold storage capacity is 23 

414600 kJ and the IMR is 83.33%. Then the IAV can be calculated according to the ADV and the 24 
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diameter of the air inlet pipe. Additionally, the number of people that the ISCMCAD satisfied for 1 

MRCs with different ISRTs under different ADV can be obtained, considering that the per capita air 2 

volume is 0.3 m3/min in the MRC. From Table 4, it can be concluded that the ISCMCAD needs to 3 

meet the air supply requirements for different ISRT in order to be suitable for MRCs with different 4 

ISRT. 5 

Table 4 Calculation of air supply parameters for different ISRT 6 

ISRT  TV  CTD  ADV m3  IAV m/s  Number of people 

30 23.28 6.72 39667.51 14.61 23 

31 21.83 9.17 29069.32 10.71 17 

32 20.38 11.62 22940.25 8.45 13 

33 18.93 14.07 18945.68 6.98 11 

34 17.48 16.52 16135.94 5.94 9 

When the ventilation parameters of the air inlet remain unchanged, the ventilation temperature 7 

entering the MRC from the air outlet of the ISCMCAD is uneven, resulting in a situation where the 8 

ambient temperature is low first and then high. From the above results, when the IAV is 7 m/s, the 9 

ISCMCAD can cool down the MCA from 31  to 21.5  within 96 hours, meaning that the ISCMCAD 10 

can satisfy 11 people at least within 96 h for the MRC with an ISRT of 31 . However, when the IAT 11 

is 32  and the IAV is 10m/s, the ISCMCAD can reduce the MCA to within 20  in the first 50 hours, 12 

which can meet the air supply requirements of MRC, after 50 hours, the OAT of the ISCMCAD is 13 

higher than 20  and cannot meet the air supply requirements of MRC. Thus, a reasonable distribution 14 

of the ice storage capacity during the refuge period is the key to improve the utilization rate and 15 

extending the effective temperature control time of the MRC. The air supply characteristics of the 16 

building's air conditioning system are used to design a set of air supply methods for the ISCMCAD 17 

to meet the cooling requirements of the MRC. 18 

As shown in Fig. 18 (a), the low temperature air produced by the ISCMCAD is mixed with the 19 

high temperature air from the MCA before entering into the MRC. In Fig. 18 (b), the corresponding 20 

mixed air volume can be obtained according to the enthalpy-humidity diagram and the conservation 21 

of energy, taking the MCA temperature of 32  and relative humidity of 55% as an example, it is 22 

represented as point B on the enthalpy-humidity diagram. Because the AOT within the first 50 hours 23 

of the ice storage device is 16 , the OAT of the ISCMCAD is set to 16  and the relative humidity is 24 

25%, which is represented by point A on the enthalpy-humidity chart. The supply air temperature of 25 
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MRC is set to 20 . Connecting points, A and B on the enthalpy-humidity chart, the line AB intersects 1

with the 20 isotherm to obtain the supply air state point C. The enthalpy values of points A, B and 2

C can be derived from the enthalpy-humidity diagram as hA, hB and hC, respectively.3

  4

(a) Mixing Schematic                               (b) Mixing principle5

Fig .18. Mixing air supply method.6

The air volume at state point A and B can be calculated as follows:7

CBA hMhqhq a21                               (28)8

Where, q1 is the air volume at state point A (kg/h), q2 is the air volume at state point B (kg/h), and Ma9

is the air volume at state point C (kg/h). Here, Ma is 370.1 kg/h, hA is 23.12 kJ/kg, hB is 72.25 kJ/kg, 10

hC is 35.33 kJ/kg, q1+q2 = Ma. Among them q1 is 278.12 kg/h and q2 is 91.98kg/h.11

According to the above mixed air supply method, the ISCMCAD can meet the air supply 12

requirements of the MRC with an ISRT of 32 . The numerical results show that the AOT of the 13

ISCMCAD in 96 h with IAV of 10 m/s and IATs of 30, 31, 32, 33 and 34  are 18.38, 19.27, 20.05, 14

20.92 and 21.88 , respectively. According to Table 4, it can be concluded that for the MRC when the 15

t ISRT is lower than 32 , the cold source can be reasonably distributed through the mixed air supply 16

method, so that the ISCMCAD can meet the cooling requirements within 96h. In engineering 17

applications, the ratio of mixed air volume can be adjusted according to the actual MCA temperature, 18

the actual cooling temperature of the ISCMCAD and the required supply air temperature to meet the 19

requirements of temperature control of the MRC.20

4.2 Performance comparison21

Table 5 compares the configuration and performance of the ISCMCAD with the forced-22

circulation ice thermal storage device proposed in Ref. [50]. It can be found that compared with the 23
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forced-circulation ice thermal storage device, the ISCMCAD has new improvements in the structure 1 

of the tank and the heat exchange channels as well as the power mode, which not only improves the 2 

economy of the device, but also increases the number of users per unit volume of ice storage capacity. 3 

More importantly, through the mixed air supply way, the effective working time of the equipment in 4 

the evacuation environment can be extended to 96 hours, improving the thermal comfort of the 5 

evacuation environment. 6 

Table 5 Comparison among the ice storage air conditioning systems 7 

Ice storage air 

conditioner 

type 

Ice storage 

volume 

Power 

mode 

Air conditioning 

structure 

Applicable 

number of 

people 

Temperature 

control effect 

Effective cooling 

time 

Forced-

circulation ice 

thermal storage 

device [50] 

 

5.5 m3 

Electric 

storage 

explosion-

proof fan 

Single rectangular 

tube 

 

50 

The temperature 

in the refuge 

chamber is below 

35  

 

64.57 h 

 

ISACS 

 

1 m3 

 

MCA 

Multi-channel 

circular tube 

bundle 

 

15 

The temperature 

in the refuge 

chamber is below 

30  

 

96 h 

5. Conclusions 8 

In the current work, an ISCMCAD has been developed for high-temperature MRCs, and an 9 

experimental platform is newly built to test the thermal performance of the ISCMCAD. A full-size 10 

numerical model of the ISCMCAD has been established and validated against the experimental data. 11 

The effects of the HETN, IAV and IAT on the thermal performance are numerically investigated in a 12 

systematic manner. In order to rationalize the use of the cooling capacity and to explore the 13 

application of the ISCMCAD for MRCs, a mixing air supply method is proposed. The main 14 

conclusions are summarized below: 15 

(1) When the ISCMCAD is exposed to the environment with an ambient temperature of 20 ~ 16 

30 , the water inside the tank will be completely frozen into ice with temperature below -15  after 17 

60 h. 18 

(2) When the HETN is 18, the best heat transfer performance of the ISCMCAD is achieved, the 19 



 31 

MCA with an IAV of 10 m/s will be cooled to within 24.5  from 32  after 96 h, while the AOT is 1 

20.53  and the IMR is 85.02%.  2 

(3) For the case of IAV of 10 m/s, when the IAT increases from 30  to 34 , it is observed that 3 

the IMR is increased by 4.59% and the AOT is increased by 3.5  after 96 h. 4 

(4) For the case of IAT of 32 , when the IAV increases from 5 m/s to 15 m/s, the IMR is 5 

increased by 16.36% and the AOT is increased by 10.26  after 96 h heat exchange.  6 

(5) It is found that the heat transfer coefficient of the ISCMCAD is between 24.26-36.28 7 

W/m2·K, while the Nusselt number on the air side is 42.1. 8 

(6) A mixed air supply method was proposed to allocate the cooling capacity of ISCMCAD 9 

reasonably. For MRC with ISRT of 32 , the ISCMCAD can only meet the cooling demand of 8 10 

people for 96 hours when air supplied directly, while it can meet the demand of 15 people when air 11 

supplied with mixed air. 12 

Overall, the current study provides a practical basis for solving the problem of temperature 13 

control in high-temperature refuge chambers by using the combined temperature control technology 14 

of compressed air-device ice storage-surrounding rock cold storage. Future work will focus on the 15 

optimization of the heat transfer performance of the ice storage cooling device and the potential 16 

application of the ice storage cooling device for practical MRCs. 17 
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