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Dear Sir/Madam,-

We are submitting our manuscript entitled ‘Performance analysis of an improved temperature control
scheme with cold stored in surrounding rock for underground refuge chamber’ for your kind consideration
of its suitability for publication on Applied Thermal Engineering.

Mine refuge chamber (MRC) provides 96 h or more of safe living space for trapped workers awaiting
rescue. For MRCs located in sandstone layer with an ISRT above 27°C, the mine compressed air from
ground entering the MRC with a rate of 0.3 m/min per capita cannot meet the temperature control
requirement. In this work, regarding the MRC with high initial rock temperature, an improved temperature
control scheme, combining mine compressed air, ice storage and cold stored in surrounding rock was
proposed for MRCs. The possibility of mine compressed air being cooled to a lower temperature was
determined by experiment. Furthermore, a full-size numerical model of a fifty-person MRC was built and
validated. On this basis, the pre-cooling performance of surrounding rock and the temperature control
performance of the improved scheme in the MRC were investigated by numerical simulation. In addition,
main influencing factors of surrounding rock pre-cooling were analyzed, and the economy of the improved
scheme was discussed. The research results can provide theoretical basis for the selection and design of
temperature control schemes for high-temperature MRCs.

We hereby confirm that this work has not been submitted to any other journal simultaneously elsewhere.
We further confirm that all authors have checked the manuscript and have agreed to the submission.

If you have any other requirement with this submission, please do not hesitate to contact me.

Yours sincerely,

Dr. Zujing Zhang

Guizhou University
Guiyang, Guizhou, China
Tel: +86 185 2391 9513
Email: zjzhang3@gzu.edu.cn
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Response to Reviewers’ Comments

We do appreciate for the invitation to resubmit our manuscript and the comments for revisions. The
manuscript has now been carefully revised according to the reviewers’ comments. The comments are
very helpful for us to improve the quality of the paper and make it more logical and comprehensive.
Please see our point-by-point response to the reviewer’s comments as below:

Manuscript number: ATE-D-23-03478
Performance analysis of an improved temperature control scheme with cold stored in surrounding rock
for underground refuge chamber

Editor's comments (compulsory)

1. Manuscripts submitted to ATE are expected to be written in good English and proof read carefully
to ensure that research is communicated clearly. If necessary, it is suggested that professional
editing services may be used; see the following site:

http://webshop.elsevier.com/languageservices/languageediting/?gclid=CNvjjJPwvIMCFQe2wAod0

1AM7A

Authors’ response: Thanks for the comment. We have now carefully checked and improved the English

writing thoroughly to avoid any grammatical mistakes and typo errors as well.

2. Check that you have provided 3 to 5 'Highlights' in the form of bullet points, with a maximum of
85 characters, including spaces, per bullet point. Highlights should state clearly the novel
outcomes of the study.

Authors’ response: Done as requested. We have now revised the highlights to reflect the novelty of the
current study:.
3. Avoid using abbreviations in the Title, Highlights, Abstract and Conclusions, if possible.

Authors’ response: Done as requested.

Reviewer #1: The authors of the entitled manuscript "Performance analysis of an improved
temperature control scheme with cold stored in surrounding rock for underground refuge chamber.” 1
found the topic interesting and worth investigating; whilst recognising that the non-renewables mining
industries are being phased out in developed countries. | would like the authors to consider and address
the following points:

1. Expand the acronym ISR in the abstract and please ensure to define all acronyms in a nomenclature
section.

Authors’ response: Done.
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2. There are many acronyms in the abstract, which makes it difficult to read.

Authors’ response: We have now removed the acronyms in the abstract.

3. The current introduction section omitted details on the current computational methods/software used
to analyse temperature control.

Authors’ response: Thanks for the comment. In the revised manuscript, we have now added detailed
information on the current computational methods/software for analyzing the temperature control in
the introduction section. Please see page 3, lines 33-40, and page 4, lines 1-13

4. Under section 2.2.5, point (2), why was the water level set to 0.85 m high?

Authors’ response: Sorry for the misunderstanding. In the current work, it means to fill the tank with
85% water, not to set the water level to 0.85m. Since the volume of the water frozen into ice will
expand, the tank is only 85% full, so that 15% of the expansion space is reserved during the water
freezing process.

5. Why do the ventilation and natural convection have different time steps? Also, what was the initial
condition?

Authors’ response: Thanks for the comment. It is noted that the time step is related to the air velocity
and minimum grid size, thus, the air velocity of ventilation and natural convection is different, the time
step is different.

The initial conditions for ventilation are: the surrounding rock is pre-cooled at an inlet air velocity of
6 m/s and a temperature of 20°C. The initial conditions of natural convection: the inlet air velocity is 0
m/s, which is an insulated wall, and the air in the chamber flows by gravity and heat pressure.

6. State which software was used for the numerical/computational analysis.

Authors’ response: In the current study, Fluent software was used for numerical calculations. Please
see page7, line 33-35 and page 8, line 8-15.

7. How long did the simulation take to achieve results for 4.5 hours?

Authors’ response: The computer used for numerical calculation is equipped with a 24-core processor
and a Tesla GPU with 8 G of memory, and the numerical calculation takes about 4 hours, of which
natural convection takes about 2 hours and ventilation takes about 2 hours.

8. On page 14, line 16: The sentence is unclear and requires rewriting.

Authors’ response: Done.



9. How were the data, specifically that for natural convection, that were presented in Figure 16
obtained?

Authors’ response: The data of natural convection are obtained through numerical simulation.

10. Page 16, line 5: How did the system achieve a recovery ratio of 54%?

Authors’ response: Thanks for this comment. First, it should be corrected that the recovery ratio should
be 53% instead of 54%. After precooling the surrounding rock for 30 days, the average temperature of
the surrounding rock within 1.5m could be reduced by 3.31°C, and after the precooling of the
surrounding rock was completed, the average temperature of the surrounding rock within 1.5m
increased by 1.74°C after 30 days of heat exchange in the chamber through natural convection. The
ratio of the temperature at which the surrounding rock recovers to the temperature at which the
surrounding rock pre-cooling down is called the recovery rate.

11. Page 17, line 4: Please provide a reference that supports using the value of 2.07 x10"6 KJ (total
heat dissipation).

Authors’ response: A new reference has been added to reflect this comment in the revised manuscript.
12. Page 18, Figure 17, What about the cost of installation?

Authors’ response: Compared with the existing ISAC, MCA-ISAC saves the installation cost of
explosion-proof fans and explosion-proof batteries, but increases the installation cost of MCA pipeline.
Therefore, the actual installation cost is basically the same. In the revised manuscript, we have now
supplemented the installation costs in Table 3, Please see page 20, tables 3 and lines 10-12 for details.
13. This paper requires a professional proofreader.

Authors’ response: Thanks for the comment. This article has been professionally proofread.

Reviewer #2: The paper has presented an innovative and comprehensive study on temperature control
in high-temperature mine refuge chambers (MRCs). The proposed improved temperature control
scheme, which combines mine compressed air (MCA), ice storage (IS), and surrounding rock (SR),
demonstrates a practical approach to address this crucial problem. The experimental demonstration of
cooling MCA using an IS unit provides strong evidence for the feasibility of the proposed scheme.
Additionally, the numerical simulations conducted to investigate the SR pre-cooling performance and
temperature control performance contribute valuable insights to the field. The findings regarding the

temperature reduction in the MCA and the maintenance of ambient temperature within a desirable



range for an extended duration are particularly noteworthy. The paper has effectively conveyed the key
results, emphasizing the impact of ventilation rate (VR), ventilation temperature (VT), and initial SR
temperature (ISRT) on the temperature control scheme. Overall, this paper makes a significant
contribution to the field, providing valuable insights for the design and operation of MRC:s.

Authors’ response: Thank you very much for the reviewer to summarize our work in a very positive

way.

Reviewer #3: The paper compares numerical and experimental results on the case interesting for the
audience of ATE. However there are some shortcomings the authors need to address first, before the
paper could be suggested for publication. The following comments could be the base for a minor
revision of the manuscript.

1. Figures should be better designed specifically for this paper, rather than using available figures.
Some figures such as experimental figure or the one regarding numerical grid design, are hard to
understand and be read.

Authors’ response: Thanks for the comment. We have now improved and supplemented the
experimental plots in the revised manuscript and make the figure for the numerical grid design to be

easily understood. Please see Fig 2 (b), Fig 3 (b), Fig 5 and Fig 6 and Figl6.

2. Please explain what is the physical reason for the offset seen between the numerical and
experimental results in Fig. 5.

Authors’ response: In the current work, since the ventilation temperature and velocity remain constant
when conducting numerical simulation, whereas during the experiment, the Ventilation temperature
and ventilation speed fluctuate and are difficult to keep constant. Therefore, there is an offset between

the numerical results and experimental data.

3. Quality of Fig. 6 is extremely low, and it is barely understandable.

Authors’ response: Corrected. We have now modified Figure 6 to achieve good quality. Please see lines
6-9 on page 12.

4. Please incorporate more detailed findings of the study in the conclusion section.

Authors’ response: Done.



5. Reference list is extremely biased in terms of the country where the authors are based. This is a pity
and should be certainly addressed.
Authors’ response: Thanks for this comment and we agree. In the revised manuscript, many references

are cited from different countries.

6. The governing equations of the numerical simulations are not described.
Authors’ response: In the revised manuscript, the governing equations have been added. Please see

lines8-15 on page 8, lines 5-25 on page 10 and lines 6-8 on page 11.

7. More detailed description of the numerical simulation should be added to the text.
Authors’ response: Thanks for the comment. More details regarding the numerical simulation have

been added. Please see lines 11-18 on page 8, lines 5-25 on page 10 and lines 6-8 on page 11.
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Nomenclature

Cp Specific heat capacity of air, kJ/(kg-k) Greek symbols

Ci,  Model parameters p Air density, kg/m?

Cz

Cie,  Model parameters T Ventilating time, h

Cse

e Natural base, 2.7182818284 € Turbulent energy
dissipation, J/(kg-s)

G Ventilation rate for MRC, m®/h B Coefficient of thermal
expansion, 1/K

gi Acceleration component of gravity in the i directions, A Air thermal conductivity,

m/s? W/(m-K)

n Number of IS units u Dynamic viscosity, Pa-s

q Cold capacity of an ice storage unit, kJ Ve Turbulent viscosity, Pa-s

Q Total heat rate ina MRC, W Ok Prandtl number

Qm  Cold capacity for a MRC, kJ O Prandtl number

Ta Air temperature in MRC, °C Acronyms

Teisr  Equivalent ISRT, °C AT Ambient temperature

Tisr  Initial surrounding rock temperature, °C HR Heat rate

Tmeca  Mine compressed air temperature, °C ISRT Initial surrounding rock
temperature

Tv Ventilation temperature in MRC, °C IS Ice storage

Subscripts MCA Mine compressed air

Gob Generation of turbulence kinetic energy due to MCA- IS air conditioner for

buoyancy, J/(s m®) ISAC cooling MCA

Gk Generation of turbulence kinetic energy due to the MRC Mine refuge chamber
mean velocity gradients, J/(s m°)

h Coefficient in K expression PCM Phase change material

i Coefficient in K expression SRT Surrounding rock
temperature

J Coefficient in K expression SR Surrounding rock

k turbulent kinetic energy (J/kg) VR Ventilation rate

t Time s VT Ventilation temperature

1 Introduction

Energy storage technology has attracted much attention with rapid development and application
of renewable energy [1]. Thermal energy storage systems, including latent heat storage such as phase
change material (PCM) device and sensible heat storage such as rock-bed thermal storage system,
play an important role in the process of energy storage and application [2,3]. In the field of artificial



environmental control, thermal storage systems can not only promote the application of intermittent
or unstable renewable energy such as solar energy, geothermal energy, wind energy;, etc., in living and
office buildings [4-6], but also make it possible to regulate the artificial environment of some living
spaces with air conditioning demand but limited by electrical power such as buildings in remote areas
[7,8], data centers [9,10], and underground facilities [11,12].

The mine refuge chamber (MRC) as one of the main safety facilities applied in many countries
such as the United States [13], Chile [14], China [15], and Indonesia [16], etc., for underground mines
to protect workers against mine disasters. MRC needs to take temperature control measure to keep
the ambient temperature (AT) at an acceptable level within 96 h [17-22], and balancing the heat
generated from human metabolism and equipment operation as well as high-temperature surrounding
rock (SR) [23-25]. During the period of taking shelter, connected to the ground only through a
protected air supply pipeline linked to the underground mine compressed air (MCA) system or a
vertical borehole from the surface air compressor [26,27]. The rated ventilation rate (VR) for the
MCA system is 0.1 m3/min per capita which needs cover all people in the underground mine, and the
rated VR for a MRC is 0.3 m®/min per capita [28]. However, in order to balance the heat generated
by occupants sitting in the MRC, the ventilation temperature (VT) needs to below 15°C when the VR
is 0.3 m3/min per capita, in the case of without considering the heat dissipation influence of the SR
[29]. As is normally the case, the SR plays a very important role in determining the temperature
control of MRCs [30-32]. When the initial surrounding rock temperature (ISRT) is over 27°C, the
MCA with a VR of 0.3 m®/min per capita cannot maintain the AT less than 35°C within 96 h [25].
Consider increased ventilation costs for MCA systems or the cost of the surface borehole, the
economics of the original MCA in cooling the MRC will be significantly reduced for MRCs with
high ISRTs [33].

Over the past decade, based on the cold energy storage, several cooling technologies including
ice storage (IS) cooling [34-37], PCM cooling [38,39], liquid CO- cooling [40] and liquid-air cooling
systems [41] have been developed for MRCs. Among them, liquid CO- cooling technology can only
be used normally in environments where the temperature is below 32°C [42], and the economics of
the PCM cooling technology can only be obtained in a MRC with a lower ISRT [38,39]. Although
the liquid-air cooling technology is suitable for different temperature environments, its cost is far
higher than that of the other technologies [41]. Zhang et al. [43] proposed a novel control temperature
scheme that directly connecting the MCA to an IS unit, but it is only applicable to MRCs with an
ISRT below 32 °C. Due to SR has good thermal conductivity, high density latent heat storage capacity
and is inexpensive, thermal energy storage systems taking SR as heat carrier have attracted more
attention in recent years, such as earth-to-air heat exchanger [44,45] and thermal energy storage
battery [46] for ground buildings, rock-bed thermal storage systems[47-50]. Bai et al. [51] developed
a seasonal heat storage scheme for rock formations, which saves energy for remote mine ventilation
through numerical simulation analysis. Zhu et al. [52] used Abaqus software for numerical analysis
to proposed a mathematical model of heat regulation and energy storage of SR in a mine tunnel and
demonstrated the cooling storage capacity of the SR heat regulation circle. Zhang et al. [53] used
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Ansys-Fluent software to proposed a radiation cooling measure by cold the rock wall via heat transfer
tubes for high-temperature the underground mine working face.

Nowadays, in terms of temperature control in MRC, attention is being paid to the cold energy
stored in SR. Yuan et al. [42] proposed a novel cooling scheme combining cold storage in SR and
PCM for MRCs and carried out a semi-analysis to analyze the refrigeration performance of SR. The
temperature of the SR and air within the MRC will be pre-cooled at normal times by an available cold
source to store a certain amount of cooling and a small amount of PCM. Guo et al. [54,55] developed
an ice storage device combining MCA with mixed air supply cooling high temperature MRC, and
through experiments and numerical simulations to analyzed the cooling performance of the ice
storage device. The results show that during the 96h evacuation period, the ice storage device can
control the ambient temperature of MRC with an SRT of 32°C within 35°C. Gao et al. [12,27]
combined experimental and numerical studies on the performance of a ground-air heat exchanger for
controlling the ambient temperature of MRC. Their result showed that for a MRC buried at a depth
of 400 m and with an ISRT of 28.5 °C, the earth-to-air system could maintain the AT below 30 °C
within 96 h at a VR of 0.3 m®min per capita, but it is not suitable for MRCs buried at depths of more
than 400 m. Gao et al. [56] proposed an interchanging continuous and intermittent cold storage
strategy for pre-cooling the SR in a MRC, this strategy reduces an annual cold storage energy
consumption by 68-78%, compared with the continuous mode.

It is aforementioned from previous studies that for MRCs with high ISRTs, it is difficult to
control the indoor AT by the MCA alone, thus cold storage is an effective supplement. This study
develops an improved composite temperature control scheme combining the safe and economical
MCA-ISAC and SR cold storage with the existing MCA for MRCs with high ISRTs. A set of MCA-
ISAC used was fabricated and tested to prove the feasibility of cooling the MCA. Moreover, the
thermal performance of cold storage in the SR and the temperature control performance of the
improved scheme in MRC were studied in a systematic manner. This study solves the temperature
control problem of MRCs with high ISRT, and provides theoretical guidance for the multi-coupled
temperature control technology of MRC.

2 Methodology
2.1 Principle of the MCA-IS-SR system

In the current work, an improved temperature control scheme combining MCA with cold energy
stored by IS and SR (Abbreviated as MCA-IS-SR) is proposed for MRCs with ISRTs higher than
32°C, as shown in Fig. 1. The MCA pipeline entering the MRC is directly linked to an IS unit, the
temperature of the MCA will be cooled through the heat exchange with heat exchanger tubes of the
MCA-ISAC. During non-refuge period, the IS unit can operate normally, enough ice will be stored
in the MCA-ISAC by running the refrigeration compressor periodically, and the SR temperature (SRT)
will be pre-cooled by the cooled MCA to store a certain amount of cold energy. During the refuge
period, in case of underground power outage, the temperature control requirement is achieved through
the cooled MCA and the pre-cooled SR. The advantage of the improved scheme is that it not only
retains the advantages of IS technology and makes full use of the MCA in the absence of underground
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electrical power, but also uses the free SR with high potential in energy storage as a cold storage
carrier.

Egihu 13— )
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I room E room
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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 wall, 8 - Airtight door, 9 - MCA-ISAC, 10 - Silence air inlet, 11 - One-way exhaust valve, 12

- Air outlet, 13 - Exhaust outlet.
Fig. 1 Principle of the MCA-IS-SR system for high-temperature MRC:s.

2.2 Experimental setup

2.2.1 Experimental environment and principle

To test the ability of the MCA-ISAC unit on cooling the MCA, a cuboid MCA-ISAC unit with
length, width and height are 1.3 m x 0.7 m x 1.2 m was designed. It is made of 2 mm-thick stainless
steel plates and has stress-bearing parts welded inside. The outer wall of the tank is covered with a
30 mm-thick polyurethane insulation material to reduce the heat loss. Circular air inlet and outlet with
a diameter of 0.1 m and the air buffer of 0.8 m x 0.5 m x 0.1 m are set at both ends. Between the two
air buffers, 18 stainless steel heat exchanger tubes with a length of 1.1 m, an inner diameter of 30 mm
and a wall thickness of 2.5 mm are evenly arranged at a horizontal distance of 0.15 m and a height
distance of 0.2 m. The copper coiled condenser is submerged inside the tank of the MCA-ISAC unit,
then connected to a compression freezer (AOSZGA-040) with a cooling capacity of 5 kW. This can
freeze the ice to -30°C and maintain a certain cooling capacity until the temperature of the water in
the tank exceeds 20°C. A frequency conversion fan is placed in an artificial environment room with
length, width and height are 3.6 m x 3.1 m x 3.0 m, in which the air temperature can be controlled at
a relatively stable value in the range of 20 ~ 60 °C with the assistance of a ventilation heat exchange
system. The fan can control the pipeline air speed in the range of 0 ~ 30 m/s, the fan is connected to
the air inlet of the IS unit outside the artificial environment room by a steel pipe with a diameter of
0.1 m. The hot air in the artificial environment room is sent to the heat exchange tube of the MCA-
ISAC unit through the fan airflow guidance, and after cooling, it flows into the external environment
form the air outlet. The experimental principle and experimental environment are shown in Fig. 2 (a)
and (b), respectively.
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Fig. 2 Experimental principle and environment for the MCA-ISAC unit.

2.2.3 Data collection

To test the air speed and temperature at the air inlet, a plug-in pipe measuring instrument that
can measure the air speed and temperature is fixed on the inlet air supply pipe. In the current work,
the air speed is in the range of 0~20 m/s with an accuracy of 0.1 m/s, while the temperature ranges
from 0°C to 60°C with an accuracy of 0.1°C. In order to make the inlet air temperature more accurate,
a temperature monitoring point was allocated to the inlet air supply pipe. There are 3 temperature
monitoring point located at the air outlet to measure the outlet air temperature, and a portable
anemometer is used to measure the air speed at the air outlet. In the IS tank, 6 temperature monitoring
points are arranged at the level of 0.3 m and 0.9 m above the bottom, and 8 temperature monitoring
points are arranged at the 0.6 m level. The K-type thermocouples with a measurement range of
0~200°C and an accuracy of 0.01°C are used to measure the temperature. The measurement data will
be automatically recorded per minute and saved every 5 minutes by a data acquisition.
2.2.4 Design of experimental cases

During the refuge period, the heat dissipation rate is about 120 W per capita [24]. The tank has

6
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a volume of about 1 m?, its cold storage capacity is around 4.14 x 10° kJ including sensible heat of
1.06 x 10° kJ and latent heat of 3.08 x 10° kJ. Assuming that the air supply rate is the rated value of
0.3 m®min per capita and the indoor AT is maintained at 35 °C, the cold capacity stored by the MCA-
ISAC unit can balance the heat capacity of about 10 people within 96 h without considering heat
exchange between SR and air. Practically, the heat exchange between the air and SR can have an
important effect on the indoor air temperature control. In a MRC with an ISRT of 30°C, according to
the AT prediction method in the ref. [43], the MCA cooled by an MCA-ISAC unit will meet the
temperature control requirement of about 17 people. The air supply rates for 10 and 17 people are 3
m3/min and 4.5 m®min, respectively, and their corresponding speeds at the air inlet of the IS unit are
6.37 m/s and 10.82 m/s. Table 1 lists the parameters of the current experimental cases.

Table. 1 Parameters of experimental cases

Case Inlet air speed Inlet air temperature Initial temperature of tank Time
(m/s) (°C) (°C) (h)
7 35 -25 96
11 30 -28 96

2.2.5 Experimental procedure

The main experimental steps are as follows:

(1) Fix the temperature sensor at the corresponding points in the MCA-ISAC tank, then turn on
the temperature data collector to ensure the reliability of data acquisition.

(2) Add water to the tank until it reaches the water level at 0.85 m high.

(3) Run the refrigeration unit until all measuring point temperatures are below -25°C.

(4) Turn on the heating equipment for the artificial environment control room, and maintain the
fresh air entering the room at approximately 35°C.

(5) Turn on the frequency fan to make the hot air enter heat exchange tubes of the MCA-ISAC.

(6) Adjust the air speed in the air duct through the fan inverter to 7 m/s.

(7) Stop the test after continuous ventilation for more than 96 h.

(8) Repeat the above steps to complete experimental case 2.

(9) Record and analyse the experimental data.

2.3 Numerical methodologies

2.3.1 Grid model

A grid model of a 50-person MRC will be established, referring to the internal structure of the
MRC laboratory in the ref. [43]. The internal size of the MRC is 20 m in length, 4 m in width and 3
m in height, the thickness of the SR is 8 m. Fifty human bodies with a surface area of 2 m? are divided
into 4 rows in the living room. At above the ground 1.8 m, there are 5 air inlets with a diameter of
0.075 m and a distance between two adjacent inlets of 3.5 m located on each side. As shown in Fig.
3 (a), at above the floor 2.7 m, there is an air outlet with a diameter of 0.225 m located on each end.
The mesh of the computational model of the MRC was generated by ANSYS ICEM and the
unstructured mesh was adopted. Taking the grid independence study into account, an unstructured
grid model with a mesh number of 3.49 million and a minimum orthogonal quality is selected for the
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following numerical analysis, see in Fig. 3 (b).

(a) Geometry model

Surrounding rock

Outlet

Inlet

Inlet

‘ Outlet

amber ‘.

e refuge c
Mine Mannequin

(b) Grid model
Fig. 3 Model of the 50-person MRC.

In the present study, ANSYS Fluent software was used for the numerical simulation. And a mesh
independence study was conducted to identify an appropriate mesh density for the aimed calculations.
Five meshes were investigated ranging from 2.25 million to 4.32 million cells. The mesh designation
and number of cells are shown in Fig 4. compares the average AT value from the numerical calculation
at 1 h and 3 h under five different grid models. It can be found that when the grid number is less than
3.49 million, the temperature value at the both moment changes significantly with the increase of the
grid number, and when the grid number reaches 3.49 million, the temperature changes little with the
increase of the grid number.
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Fig. 4 Comparisons of numerical results under five different grid models.
2.3.2 Initial and boundary conditions

In the current work, a 50-person MRC with an ISRT of 35°C will be selected to analyze the
thermal performance of the composite temperature control system. The boundary conditions of the
body surfaces, air inlets and air outlets are defined as constant heat flow wall, velocity inlet and
outflow, respectively. The surface in contact with the air calculation domain and the surrounding rock
calculation domain is set as a coupling wall. Referred to the common SR of MRCs, the thermal
conductivity, specific heat capacity and density of the SR are 2 W/(m-K), 920 J/(kg-K) and 2400
kg/m?3, respectively. The heat dissipation rate of occupants in the MRC is 120 W per capita when the
refuge period. Separately, the heat flux on body surfaces was 0 W/m? during the time of SR pre-
cooling and 60 W/m? during the refuge period. The VR for the MRC was the rated value of 0.3 m*/min
per capita, And the VT has been cooled to 20°C by the MCA cooling unit. Namely, at a speed of 6
m/s and a temperature of 20°C for all air inlets, the time of pre-cooling SR is 20, 30 and 40 days,
respectively, after that, the time of refuge was 4 days.

To analyze the effect of several key impact factors such as ISRT, VR and VT on the performance
of pre-cooling SR, the pre-cooling effect of the SR via continuous ventilation for 100 days under
different parameters will be compared. The relevant parameters of these numerical cases are listed in
Table 2.

Table 2 Parameters setting in numerical cases of SR pre-cooled via continuous ventilation for 100 days

Case 1 ISRT (°C) VT (°C) VR (m?/h)
1 35 20 300
2 35 20 600
3 35 20 900
4 35 20 1200
5 35 20 1500
6 35 16 900
7 35 18 900
8 35 22 900
9 35 24 900
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10 32 20 900

11 34 20 900
12 36 20 900
13 38 20 900
14 40 20 900

2.3.3 Turbulent model

Due to the strong performance in airflow, temperature and pressure for closed space [57], the
Realizable k-¢ turbulent model was adopt for the current numerical study. The enhanced wall
treatment with pressure gradient effects and thermal effects, as well as the Boussinesq approximation
were applied [58]. The governing equations, including continuity equation, momentum equation, and
energy equation with Boussinesq, were given as follows [59].

ap _ a(pu;) )
ot OX:

ou;

ou;u; 10P 1 0 ou, Ou; —
—i o = [u(+—L— puld’ )= g. BT -T, 2
at ax. p axi p aXJ- /u(ax 6Xi p i J) g|lB(T 0) ( )

J J

o(u.T N
ar ouT) 10 AT e -
ot OX; p oX; C, 0X,

]

where p is the air density, kg/m?; t is the time, s; xi and x; are the Cartesian coordinates in the i
and j directions (i, j = 1, 2 and 3 corresponding to the X, Y and Z directions respectively); u; and u; are
the mean fluid velocities in X, Y and Z directions, m/s; u'i and u'j are the corresponding fluctuant
velocity components in the i and j directions, m/s; P is the mean air pressure, Pa; « is the dynamic
viscosity, Pa-s; gi is the acceleration component of gravity in the i directions, m/s?; 4 is the coefficient
of thermal expansion, 1/K; T is the temperature, K; To is the reference temperature, K; 7" is the
fluctuating temperature, K; 4 is the air thermal conductivity, W/(m-K); C, is the specific heat capacity,

JI(kg-K).

The realizable k-¢ model consists of the following two transport equations [60].
0 0 0 ok Y7,
— +—(oku,))=—[—(u+-5)]+G, +G, + 4
at(pk) axj(pk i) axj[axj(” c7k)] b +G + o (4)

0 0 0 0¢ Y7, g’ £

l +—(peu.) = —[— (u+LE2)]+ oC,Sec - —+C,—C,G 5

(P 5 pa) = 5 (e (O pCSe = pCa G CuG )

where K is the turbulent kinetic energy, J/kg; u- is the turbulent viscosity, Pa-s; ok and o, are the
Prandtl number; Gy is the generation of turbulence kinetic energy due to buoyancy, J/(s-m?®); Gk is
the generation of turbulence kinetic energy due to the mean velocity gradients, J/(s-m°); ¢ is the
turbulent energy dissipation, J/(kg-s); S is the modulus of the mean rate-of-strain tensor; v is the
kinematic viscosity, m?/s; C1, Cz, Cy., Cs. are model parameters.

In the present study, the pressure-velocity coupling solver and the pressure-implicit with splitting

10
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of operators (PISO) are adopted. The pressure item is discretized by the body force weighted under
natural convection and the standard under ventilation, respectively. The other items are discretized
by the second-order upwind. Convergence criterion for energy item is 10, while it is 107 for other
items. For numerical cases under ventilation, the time step is initially 1 s, then gradually increased to
60 s after convergence. For numerical cases under natural convection, the time step is initially 0.1 s,
then gradually increased to 1 s after convergence. It should be noted that the time step is related to
the air velocity and minimum grid size, and the time step under ventilation and natural convection
conditions is different because the air velocity of the two is different.
2.3.4 Model validation

The numerical model is validated by experimental results in Ref. [43]. The numerical cases of
SR and air thermal parameters, thermal rate, ventilation parameters and other parameter settings are
consistent with the experimental cases. Fig. 5 plots the comparative curves of the average AT and the
deviation varies with time. It can be observed clearly that under three different ventilation states, the
average AT obtained by numerical simulation agrees with the experiment data with a temperature
difference less than 1°C. The deviation changes from 1.3% to 3.5%, indicating that the error caused
by numerical calculation is small, and the numerical model is suitable for the following numerical
analyses.
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Fig. 5 Comparison of the average AT between experimental and numerical results.
3 Result

3.1 Thermal Performance of cooling MCA

Due to the temperature change of outside air entering the artificial room, the air inlet temperature
has a slight oscillation during the process of experimental case 2 and 3, the average air inlet
temperature is 36.13°C and 30.39°C, respectively.

11
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(b) Experimental case 2
Fig. 6 Temperature of the carrier and the MCA varies with time.

Fig. 6 plots the temperature variation of the MCA and the carrier with time within 96 h. In the
figure, DT is the temperature difference between the inlet and outlet of the ice storage unit, 1A is the
inlet temperature, OA is the outlet temperature, and W11, W1 are the temperature changes in the tank.
It can be observed that under a relatively stable air inlet temperature condition, the change in outlet
air temperature will go through four stages. The first stage lasts about 6 ~ 8 h, in which the ice does
not melt, the outlet air temperature increasing linearly with the time. The second stage lasts about 30
~ 50 h, during this period there is a slight linear increase in the outlet air temperature over time, the
heat of the MCA is absorbed during the melting of ice into water through the latent heat. The third
stage lasts about 10 ~ 15 h, in which the outlet air temperature has a rapid linear upward trend, because
the ice around the heat exchanger tube has all melted into water, the heat from the MCA is absorbed
by water, but it can’t be transferred quickly to the ice due to the small contact area between water and
ice, resulting in quickly rise of the water temperature. The fourth stage lasts relatively long until all
the ice is completely melted, during this period, the outlet air temperature rises slightly, because the
ice melting rate has exceeded half, and the heat absorbed by the water can be quickly transferred to
the ice through latent heat absorption due to sufficient thermal contact area.

12



Separately, from Fig. 6 (a) it can be observed that when the inlet air speed is 7 m/s, the
temperature of the MRC can be cooled by the IS unit to below 20°C from about 36°C during the first
50 h, accompanying with a temperature difference of over 18°C. In the next 46 h, the outlet air
temperature is basically maintained around 25°C. From Fig. 6 (b), it can be observed that when the
inlet air speed is 11 m/s, the temperature of MRC can be cooled to below 20 °C from about 30°C
during the first 48 h, and its value is less than 23°C in the next 48 h. The experimental results indicate
that it is feasible to use the IS unit to cool the MCA, so as to storage cold source by the SR of the
MRC during normal time or control temperature during the refuge period.

3.2 Thermal performance of the MCA-IS-SR system
3.2.1 Distribution of AT and SRT during pre-cooling

Temperature

35
I )
33

10 day 20 day

30 day 40 day 50 day

Fig. 7 Variation of the AT and the SRT at different times during pre-cooling

To observe the distribution characters of the AT and the SRT under the action of the cooled MCA
with a VR of 900 m%h and a VT of 20°C, temperature clouds on the centre section surface of the
MRC at different times, i.e., 1, 10, 20,30, 40 and 50 days, are compared. Fig. 7 displays the variation
of the AT and the SRT under cooled MAC at different times. It can be observed that in the early stages,
the AT is higher than the VT, because the air obtains heat in the dynamic heat transfer process between
air and SR. With the increase of ventilation time, the AT gradually decreases. As far as the SR is
concerned, when the ventilation lasts for a day, the SRT changes small, only a slight increase in
temperature near the wall surface. While the ventilation lasts for 10 days, the temperature of the SR
within 1 m decreases obviously. When the ventilation lasts for 20 days, the temperature of the SR
beyond 1 m from the inner wall decreases in a circle from the inside to the outside, but the intensity
gradually decreases, and the temperature variation of the SR beyond 2 m is hardly observed. As the
ventilation time increases from 20 days to 50 days, although the SRT continues to decrease, the
temperature variation of the SR beyond 3 m is not easy to be observed.
3.2.2 Variation of AT and SRT during pre-cooling

To know the variation of the SRT over time under the action of the cooled MCA with a VR of
900 m®/h and a VT of 20°C. The SRT at 12 monitoring points varies with time within 50 days are
compared. These points are located at 1.5 m above the floor on the centre section of the MRC, apart

13
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from the inner wall surface 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7 and 8 m, respectively.
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Fig. 8 Variation of the AT and the SRT with pre-cooling time within 50 days.

Fig. 8 plots the average AT and the SRT at different points change with time. It can be found that
in the first 2 days, the average AT drops rapidly from 35°C to 28.8°C, then slowly decreases over
time and keeps a relative stable temperature difference of 3 ~ 4°C with the SR surface, indicating that
the heat transfer process between air and SR has entered a dynamic equilibrium state. The SRT
decreases over time, occurring from the inner to outside. When the distance is in the range of 0 ~ 1.5
m, the SRT decreases curve with time, also its gradient decreases over time, because the heat obtained
through the heat transfer between air and wall is absorbed by more volume of SR. When the distance
exceeds 2 m, the SRT drops approximately linearly with time. With the increase of the distance, the
intensity of the SRT drop is weakening. After the ventilation lasts for 5, 10, 20 and 40 days,
respectively, the SRT at 1.5, 2.5, 4 and 5 m begins decrease sequentially. However, after 50 days of
ventilation, it is still difficult to observe the temperature of SR at the 6 m position drop.
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Fig. 9 Variation of the SRT with the distance from the inner surface at different times.
Fig. 9 (a) plots the temperature difference of SR from 0 ~ 8 m at different times. It can be
observed that at a same moment, the temperature difference of SR decreases exponentially with
distance. Among them, from 0 to 1.5 m, the temperature difference decreases the fastest with distance,

14



17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

332
34
333
36
374
385
39
4046
4
47
438
4
4219
480
47
421

4
552
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

which is approximately linear, while the distance is over 3 m, the temperature difference becomes
little, indicating that during the pre-cooling time, the cold capacity is mainly stored in the SR within
3 m. At the same point, the longer the ventilation time, the greater the temperature difference of SR.
Fig. 9 (b) plots the temperature of SR from 0 to 1.5 m points at five different times. It can be found
that during the SR pre-cooling time, the SRT has an obvious linear relationship with the distance
within 1.5 m. With the increase of time, the linear relationship becomes much more significant.
3.2.3 Performance of the MCA-IS-SR system during taking shelter

To know the temperature control characteristics of the MCA-IS-SR scheme, the MRC with an
ISRT of 35°C has been pre-cooled by the cooled MCA with a VT of 20°Cand a VR of 900 m?h for
30 days. After that, a HR of 6 kW is released from the 50 human body surfaces and the ventilation
lasts for 4 days without changing the parameters of ventilation.

Temperature

| min 5h 10 h 20 h

I :
28
[°C] 40 h 60 h 80 h 96 h

Fig. 10 Distribution of AT and SRT under cooled MAC at different times.

Fig. 10 displays the variation of the AT and the SRT under the cooled MAC at different times
during taking shelter. It can be found that at the initial moment, the temperature distribution of the
SR is non-uniform and the AT is lower than 28°C. Specifically, the SRT gradually decreases from the
inside to the outside in the range of 0 ~ 3 m, and the temperature of the SR beyond 3 m remains
constant. For the SR within 1 m apart from the inner wall surface, the bottom has the lowest
temperature, followed by the top, while the both-sides has a relatively high temperature. The AT is
gradually rising with the increase of time, yet not beyond 35°C overall at the first 40 h. At 60 h, the
AT in the upper space reaches 36°C, while in the lower part its value is still below 35°C. At 96 h, the
AT in the lower space of human activity is close to 35°C.
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Fig. 11 Temperature varies with time during 96 h of taking shelter.
Fig. 11 plots the average AT and the SRT at different distance varying with time within 96 h. It
can be found that although the AT increases gradually with time, it does not exceed 35°C at 96 h,
indicating that the temperature control requirement of the MRC with an ISRT of 35°C can be met
through the MCA-1S-SR scheme. The temperature change trend of the SR on the inner surface is
similar to that of the AT. As the distance increases, the temperature change of the SR gradually
weakens. The SRT at 1 m increases by about 0.3°C within 96 h. The SRT at 1.5 m still keeps a slight
downward trend in the first 80 h, decreasing by about 0.2°C, after that, about 0.1°C is increased in
the next 16 h. The SRT at 2 m maintains a slight downward trend within 96 h, dropping by about
0.3°C. It can be concluded that during the 96 h of taking shelter, only the cold energy stored by SR
in the range of 1.5 m plays a positive role in the temperature control of the MRC.
3.2.4 Prediction of AT in the MRC during taking shelter
To predict the AT of MRCs with pre-cooled SR during the time of taking shelter, keeping the
same ventilation and HR, i.e., the VT is 900 m%/h, the VT is 20°C and the HR is 6 kW, the AT curves
of the MRC with pre-cooled SR and the MRC with equivalent ISRT will be compared. For the MRC
with an ISRT of 35°C, after being pre-cooled by the cooled MCA for 20, 30 and 40 days, the
equivalent ISRTs are 32.25, 31.7 and 31.27°C, respectively.

35.0

345 -

34.0 -

. L
g 335 [

5 L

5 330 |

2

=3 L

)

E' 32.5 [

2 wol SRIT 32.25°C
= ' —&— SRPC 20 days
2 sl ——SRIT 31.70 °C
E sl —&— SRPC 30 days
< a0l ——SRIT 31.27°C

| —&— SRPC 40 days
305 -

30.0 PR RN TR NN M ENPU [T IR RSN NS IS R
0 10 20 30 40 50 60 70 80 90 100

Time(h)

Fig. 12 Comparison of AT varies with time under the three different conditions.
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Fig. 12 compares the variation curves of the AT within 96 h for the MRC with the pre-cooled
SR and the MRC with the equivalent ISRT under the same ventilation conditions. It can be found that
for the three different cases, the AT of the MRC with pre-cooled SR is essentially equal to that of the
MRC with the equivalent ISRT at the moment of 96 h. Previously, the MRC with pre-cooled SR has
lower AT than the MRC with equivalent ISRT, because the former has a lower temperature near the
inner wall surface, which allows more heat from the breathing environment to be absorbed. Overall,
for the MRC with pre-cooled SR, the average temperature of the SR within 1.5 m can be regarded as
an equivalent ISRT, then the AT of the MRC at the moment of 96 h can be predicted.

3.3 Sensitive analyse during pre-cooling

Since the average temperature of the pre-cooled SR within 1.5 m plays an important role in the
temperature control performance of the MRC when taking shelter, the average temperature of SR
within 1.5 m varies over time are compared during the SR pre-cooling time.

3.3.1 Effect of the VR
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Fig. 13 Average temperature of SR within 1.5 m under different VR.

Fig. 13 plots the average temperature of SR within 1.5 m varies with time under different VR. It
can be found that the average temperature drops exponentially over time. With the increase of VR,
the gradient of the SRT increases, but the intensity of the gradient increase becomes weaker at the
same moment, for example, at 30 days of continuous ventilation by the MCA, the average temperature
of the SR decreased by 1.79, 2.69, 3.30, 3.83 and 4.31°C at a VR of 300, 600, 900, 1200 and 1500
mq/h, respectively. In addition, taking the average SR temperature of 32°C as the cold energy storage
target, when the VR is 600, 900, 1200 and 1500 m®/h, the continuous ventilation time is 38.5, 25, 18
and 14 days, respectively.
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3.3.2 Effect of the VT
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Fig. 14 Average temperature of SR within 1.5 m under different VT.

Fig. 14 plots the average temperature of SR within 1.5 m varies with the cooling time under
different VT. It can also be seen that the average temperature of the surrounding rock thickness within
1.5 meters is exponentially related to time and decreases with increasing time. With the increase of
VT, the gradient of the SRT decreases, but the intensity of the gradient increase keeps the same at the
same moment, for example, at 30 days, the average drop temperature of the SR increases by 0.49 °C
for every 2°C increase in VT. Taking the average SR temperature of 32°C as the goal of cold storage,
when the VT is 16, 18, 20, 22 and 24°C, the continuous ventilation time is 14, 18, 25, 35 and 52.5
days, respectively.

3.3.3 Effect of the ISRT
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Fig. 15 Average temperature of SR within 1.5 m under different ISRT.

Fig. 15 plots the average temperature of SR within 1.5 m varies with the pre-cooling time under
different ISRT. Similarly, it can be found that the average temperature of the SR within 1.5 m drops
exponentially with time. However, the ISRT has little effect on the gradient of the SRT drop. At 30
days, the average drop temperature of the SR increases by 1.6°C for every 2°C increase in ISRT.
Taking the average SR temperature of 32°C as the goal of cold storage, when the ISRT is 34, 36 and
38°C, the continuous ventilation time is 13, 40 and 92 days, respectively.
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3.4 Thermal recovery of the pre-cooled SR

To analyze the thermal recovery performance of the pre-cooled SR, the SR with an ISRT of 35°C
has been pre-cooled by continuous ventilation with a VT of 20°C and a VR of 900 m3/h for 30 days,
then exposed to a natural convection environment for 30 days.
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Fig. 16 Temperature variation of the pre-cooled SR with time under natural convection.

Fig. 16 plots the temperature variation curves of SR pre-cooled 30 days varying with time under
natural convection. It can be found that under natural convection, the temperature on the surface of
the SR has an obvious recovery, and the AT has a similar trend with the temperature on the surface,
following with temperature difference less than 0.2°C. As the depth increases, the less the rock
temperature recovers. After 30 days of ventilation by cooled MCA, the temperature of rocks at 0, 0.5,
1 and 1.5 m decreased by 5.22, 3.78, 2.55 and 1.67°C, respectively, and the average temperature of
SR within 1.5 m decreased by 3.31°C. In contrast, after 30 days of natural convection, the temperature
of pre-cooled SR at 0, 0.5 m, 1 and 1.5 m recovered by 3.50, 2.14, 1.01 and 0.31°C, respectively, and
the average temperature of SR within 1.5 m recovered by 1.74°C. The ratio of the temperature at
which the surrounding rock recovers to the temperature at which the surrounding rock pre-cooling
down is called the recovery rate, with a recovery ratio of about 53%, indicating that during the cold
preservation period of the pre-cooled SR, when the ratio of ventilation time to non-ventilation time
is 53:100, the average temperature of the pre-cooled SR within a depth of 1.5 m can be basically
unchanged.

4 Discussion
4.1 Economics of the MCA-IS-SR system

4.1.1 Comparison of a device cost

As available alternative cooling schemes for MRCs, two existing ISACs has been reported,
including a forced-circulation ISAC with an ice storage capacity of 5.34 m® [34] and a multifunctional
ISAC with an ice storage volume of 1.8 m® [37]. However, both devices require explosion-proof fans
to drive the indoor hot air to flow through the heat exchange channel of the device, then the cooled
air return to the indoor environment to achieve the cooling function. In addition, both devices need
to be equipped with explosion-proof batteries with sufficient storage capacity to meet the power
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consumption needs of explosion-proof fans in 96 h. Compared with the existing two devices, when
using the MCA-IS-SR scheme, the cost of MCA-ISAC will be greatly reduced, because it does not
need to be equipped with explosion-proof fans and explosion-proof batteries. Meanwhile, the
operating and maintenance costs of the equipment will be significantly reduced during the five-year
service period, as there is no need to charge the battery and maintain the fan and battery. According
to a survey result of market and user, Table 3 compares the critical component cost, operating cost
and installation cost between the existing ISAC and the MCA-ISAC, in the case of an ice storage
capacity of 1 m3, It can be known that compared with the price of ¥ 80,000 for the existing ISAC, the
price of the MCA-ISAC has decreased by 50%. At the same time, its annual operating costs will be
cut in half, about ¥ 3000. Compared with the existing ISAC, MCA-ISAC saves the installation cost
of explosion-proof fan and explosion-proof battery, but increases the installation cost of MCA duct,

so the actual installation cost is basically the same.
Table 3 Comparison of equipment cost and operating cost between the existing ISAC and the MCA-ISAC

Item Existing ISAC MCA-ISAC
Ice storage tank, ¥ 3000 Ice storage tank, ¥ 3000
Critical Heat exchange component, ¥ 2000 Heat exchange component, ¥ 7000
component Refrigeration compressor, ¥ 30,000 Refrigeration compressor, 30,000
costs Explosion-proof fan, ¥ 10,000 /
Explosion-proof battery, ¥ 35,000 /
. Ice storage process, ¥ 2000 per year Ice storage process, ¥ 2000 per year
Operating Battery charging process, ¥ 2000 per year MCA ventilating process, ¥ 500 per year
costs Maintenance, ¥ 2000 per year Maintenance, ¥ 500 per year
nstallation Ice storage unit install, ¥ 2000 Ice storage unit install, ¥ 2000

Explosion-proof fan install, ¥ 500 )
costs ) ) MCA duct install, ¥ 1000
Explosion-proof battery install, ¥ 500

4.1.2 Comparison of the system cost in MRC

Taking the above 50-person MRC with an ISRT of 35°C as the object, economics of three
temperature control schemes including the existing 1S, the MCA-IS and the MCA-IS-SR, will be
compared. The total heat dissipation from the human bodies is about 2.07 x 108 kJ within 96 h [24].
Assuming that the AT keeps a constant of 35°C during the taking shelter time, meaning that there is
no heat exchange between the air and the SR.

When the MCA-IS scheme is adopted, the average AT in the MRC after 1 h of ventilation can
be calculated as follow [43].

T,(7) = [(1.35T, — 1.3T}5, + 4.63Q) X 1072 + 0.7 700026 — 0.16]v/7 + 0.27T, + 0.7Tj, — 0.003G + 0.8Q+ 4  (6)
Where, Ta is the AT in the MRC, °C; 7 is the ventilating time, h; Ty is the VT, °C; Tisr is the ISRT, °C;, Q
is the HR generated by occupants, kJ; G is the VR, m%/h.

Assuming that the AT of the MRC at 96 h is 35°C, thus, when the VR is 900 m%h and the HR is

6 KW, according to eq. (6), the relation between the VT and the ISRT can be written as
T, = 66.78 — 1.45T,, @)
Since the MCA entering the MRC needs to be transported through a long-distance pipeline, the
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temperature of the MCA is close to the ISRT. According to Newton cooling law, the required cold
capacity for the MRC temperature controlling within 96 h can be calculated as
Qm = pCyG (T pmea— To)r = 96pC,G (Tisr — Ty) = (2.73T;5 — 74.43) X 10° (8)
Where, Qn is the cold capacity for a MRC, kJ; Tmca is the temperature of MCA entering the MRC, °C.
Furtherly, the number of IS units for the MRC is calculated as
n = Qu/q (9)
Where, n is the number of IS units for MRC; q is the cold capacity of an IS unit, kJ.

It can be calculated from eq. (8) and (9) that, for the 50-person MRC with an ISRT of 35°C, also
about 5 IS devices are required when the MCA-IS scheme is adopted. The cost of the MCA-IS system
IS ¥ 265,000, consisting of ¥ 250,000 in equipment cost and ¥ 15,000 in operating cost during 5-year
service period, which is about 38% less in the cost than the existing IS system.

When the MCA-1S-SR scheme is adopted, assuming that the SRT has been pre-cooled to the
equivalent ISRT, in the case of a VR of 900 m?/h, the relationship between the VT and the equivalent
ISRT is expressed as follow

T, = 66.78 — 1.45 Tuisr (10)
Where, Teisr IS the equivalent ISRT, °C.

Assuming that the Tmca is equal to the ISRT, for the MRC with an ISRT of 35°C, according to
Newton cooling law, the required cold capacity for the MRC temperature controlling within 96 h can
be calculated as follow

Qm= pCpG (T ppea— Typ)T = (1.616 Toir— 35.421) % 10° (11)

According to Egs. (9) and (11), when the equivalent SRT was pre-cooled to 32.2°C and 29.6°C
after 22 days and 110 days, respectively, the number of devices was reduced to 4 and 3 for the MRC
with an ISRT of 35°Cto meet the temperature control requirement within 96 h.

6 50

I Number of devices

—m— Cost of system

Number of devices (Set)
Cost of system (RMB x 10%)

Existing ISAC MCA-ISAC MCA-ISAC+SR  MCA-ISAC+SR
cooled to 32.2°C  cooled to 29.6 °C

Fig. 17 Economic comparison of different cooling schemes
Fig. 17 compares the cost of the temperature control system over a five-year period of service
under different temperature control schemes. It can be found that when the SR is not used as a cold
storage medium, although the number of devices required for the existing ISAC scheme and the
MCA-ISAC scheme is the same, the cost of the latter is reduced by ¥ 170,000, a reduction of about
40%. When the MCA-ISAC-SR is adopted, the number of devices will be reduced to 4 after the SR
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is pre-cooled to an equivalent temperature of 32.2°C from the ISRT of 35°C. Whereas, compared to
the MCA-ISAC scheme, its cost only decreases by about 0.4%, because the cost of cold storage via
the SR and maintenance over a five-year service period is close to the cost of one device. Furthermore,
by pre-cooling the SR to an equivalent temperature of 29.6°C, the number of devices will decrease to
3, resulting in a cost reduction of approximately ¥ 46,000 with a decrease of about 17.7%, compared
to the MCA-ISAC scheme. It can be deduced that for MRCs with an ISRT of 32°C or more, the
economy of the MCA-IS-SR scheme will reflect after the SR is cooled to equivalent 32°C or below.

4.2 Cooling schemes for MRCs with different ISRT

Thanks to the cold radiation of the low-temperature SR, cooling measures are not necessary for
MRCs with an ISRT of 20°C or less [61]. When the VR is 0.1 m3/min per capita for a MRC, the CO;
concentration, O2 supply and the RH can be kept at the safe level [24,28,29], even more, the AT
cannot over 35°C at 96 h if the ISRT is not more than 25°C [25]. When the VR is 0.3 m®/min per
capita, the MCA can keep the AT of the MRC below 35°C under the condition that the ISRT is below
27°C [27]. While the VR reaches 0.5 m3/min per capita, the MCA can meet the temperature control
requirement of the MRC with an ISRT of 30°C, according to eq. (11). Practically, for most MRCs,
the VR will not more than 0.3 m®/min per capita, so the temperature control scheme of MCA-IS was
recommend for MRCs with ISRT above 27°C [43]. However, considering the cost, the improved
temperature control scheme of MCA-IS-SR is more worthy of promotion for MRCs with an ISRT of

above 32°C. The temperature control scheme for MRCs with different ISRT can refer to Table 4.
Table 4 Economical temperature control scheme for a MRC with different ISRTs.

ISRT of the Recommended Air supply volume per capita Number of people
MRC scheme (m3/min) served by each ISD
20°C or less Not required 0.1 /
20 ~ 25°C MCA 0.1 /
25~27°C MCA 01~0.3 /
27 - 30°C MCA 0.3~0.5 /
& MCA-IS 0.3 20~25
30~32°C MCA-IS 0.3 15~20
32°C or more MCA-IS-SR 0.3 10~ 15
5 Conclusion

An improved composite temperature control scheme combining MCA, IS and SR was proposed
for MRCs with high ISRT. The feasibility of using IS unit to cool the MCA was tested. On this basis,
thermal performance of the improved scheme applied to MRC with high ISRT was studied by
numerical simulation. In addition, the economy of the improved scheme was discussed. The following
specific conclusions can be drawn:

(1) Itis feasible to use the ice storage unit to cool the mine compressed air, the mine compressed

air temperature will reduce by 15 ~ 18°C at the first 30 h and by 6 ~ 8°C within 40 ~ 96 h
when the air volume is 300 m3/h.

(2) With the increase of distance, the intensity of surrounding rock temperature drop is
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weakening, the surrounding rock temperature within 1.5 m decreases approximately linearly
with the distance, which can be regarded as an equivalent initial surrounding rock temperature
to predict the ambient temperature of the mine refuge chamber at 96 h.

(3) For a mine refuge chamber with an initial surrounding rock temperature of 35°C, when the
ventilation temperature is 0.3 m3min per capita and the ventilation temperature is 20°C, the
average ambient temperature can maintain below 34.5°C within 96 h, after the surrounding
rock has been pre-cooled by continuous ventilation for 30 days.

(4) During pre-cooling, the surrounding rock temperature drops exponentially over time, the
temperature gradient decreases with the ventilation rate and the ventilation temperature, but
has little to do with the initial surrounding rock temperature. The temperature of the pre-
cooled surrounding rock changes little when the ratio of ventilation time to non-ventilation
time is 53:100.

(5) After 30 days of ventilation by cooled MCA, the average temperature of SR within 1.5 m
decreased by 3.31°C. After 30 days of natural convection, the average temperature of SR
within 1.5 m recovered by 1.74°C, with a recovery ratio of about 53%.

(6) For mine refuge chambers with an initial surrounding rock temperature of 32°C or more, the
economy of the mine compressed air-ice storage-surrounding rock scheme will reflect after
the surrounding rock is cooled to equivalent 32°C or below.
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Highlights

Highlights

An improved temperature control scheme was proposed for mine refuge chambers.

Ventilation with a rate of 300 m®/h can be cooled to 20°C from 35°C by ice storage unit.

The scheme is applicable to mine refuge chambers with an initial surrounding rock temperature
of 35°Cor more.

During pre-cooling, temperature gradient of surrounding rock is related to ventilation but not to

initial surrounding rock temperature.

The scheme is more economical when the surrounding rock temperature is cooled to below 32°C
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16  Abstract: This article proposed an improved temperature control scheme that combines mine
17  compressed air, ice storage and surrounding rock, for mine refuge chambers. The feasibility of cooling
18  mine compressed air via an ice storage unit was experimentally demonstrated, and the performance
19 and temperature control performance of low-temperature mine compressed air on pre-cooling of
20  surrounding rock were studied by numerical simulation. Results showed that: (i) The ice storage unit
21 cools ventilation with a volume flow rate of 300 m®h could be cooled to 20°C from 35°C. For mine
22 refuge chambers with an initial surrounding rock temperature of 35°C, the ambient temperature could
23 be kept below 35°C within 96 h, after pre-cooling the surrounding rock through continuously
24 ventilating for 30 days at normal time. (ii) During pre-cooling, the surrounding rock temperature
25 drops exponentially over time, and the temperature gradient decreases with ventilation rate and
26  ventilation temperature, but has little to do with initial surrounding rock temperature. However the
27  temperature of pre-cooled surrounding rock changes little when the ratio of ventilation time to non-
28  ventilation time is 53:100 for mine refuge chambers with an initial surrounding rock temperature of
29  35°C. (iii) For mine refuge chambers with an initial surrounding rock temperature of 32°Cor higher,
30  the economy of the mine compressed air-ice storage-surrounding rock scheme will be reflected when
31 the equivalent surrounding rock is 32°Cor lower.
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Nomenclature

Cp Specific heat capacity of air, kJ/(kg-k)

Ci,  Model parameters

Cz

Cie,  Model parameters

Cse

e Natural base, 2.7182818284

G Ventilation rate for MRC, m%/h

gi Acceleration component of gravity in the i directions,
m/s?

n Number of IS units

q Cold capacity of an ice storage unit, kJ

Q Total heat rate ina MRC, W

Qm  Cold capacity for a MRC, kJ

Ta Air temperature in MRC, °C

Teisrx  Equivalent ISRT, °C

Tisr  Initial surrounding rock temperature, °C

Tmca  Mine compressed air temperature, °C

Tv Ventilation temperature in MRC, °C

Subscripts

Gob Generation of turbulence kinetic energy due to
buoyancy, J/(s m®)

Gk Generation of turbulence kinetic energy due to the
mean velocity gradients, J/(s m®)

h Coefficient in K expression

i Coefficient in K expression

j Coefficient in K expression

k turbulent kinetic energy (J/kg)

t Time s

Greek symbols

p Air density, kg/m3

T Ventilating time, h

€ Turbulent energy
dissipation, J/(kg-s)

B Coefficient of thermal
expansion, 1/K

A Air thermal conductivity,
W/(m-K)

p Dynamic viscosity, Pa-s

M Turbulent viscosity, Pa-s

Ok Prandtl number

O¢ Prandtl number

Acronyms

AT Ambient temperature

HR Heat rate

ISRT Initial surrounding rock
temperature

IS Ice storage

MCA Mine compressed air
MCA- IS air conditioner for
ISAC cooling MCA

MRC Mine refuge chamber

PCM Phase change material
SRT Surrounding rock

temperature
SR Surrounding rock
VR Ventilation rate
VT \entilation temperature

1 Introduction

Energy storage technology has attracted much attention with rapid development and application
of renewable energy [1]. Thermal energy storage systems, including latent heat storage such as phase
change material (PCM) device and sensible heat storage such as rock-bed thermal storage system,
play an important role in the process of energy storage and application [2,3]. In the field of artificial
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environmental control, thermal storage systems can not only promote the application of intermittent
or unstable renewable energy such as solar energy, geothermal energy, wind energy, etc., in living and
office buildings [4-6], but also make it possible to regulate the artificial environment of some living
spaces with air conditioning demand but limited by electrical power such as buildings in remote areas
[7,8], data centers [9,10], and underground facilities [11,12].

The mine refuge chamber (MRC) as one of the main safety facilities applied in many countries
such as the United States [13], Chile [14], China [15], and Indonesia [16], etc., for underground mines
to protect workers against mine disasters. MRC needs to take temperature control measure to keep
the ambient temperature (AT) at an acceptable level within 96 h [17-22], and balancing the heat
generated from human metabolism and equipment operation as well as high-temperature surrounding
rock (SR) [23-25]. During the period of taking shelter, connected to the ground only through a
protected air supply pipeline linked to the underground mine compressed air (MCA) system or a
vertical borehole from the surface air compressor [26,27]. The rated ventilation rate (VR) for the
MCA system is 0.1 m3/min per capita which needs cover all people in the underground mine, and the
rated VR for a MRC is 0.3 m®min per capita [28]. However, in order to balance the heat generated
by occupants sitting in the MRC, the ventilation temperature (VT) needs to below 15°C when the VR
is 0.3 m3/min per capita, in the case of without considering the heat dissipation influence of the SR
[29]. As is normally the case, the SR plays a very important role in determining the temperature
control of MRCs [30-32]. When the initial surrounding rock temperature (ISRT) is over 27°C, the
MCA with a VR of 0.3 m®min per capita cannot maintain the AT less than 35°C within 96 h [25].
Consider increased ventilation costs for MCA systems or the cost of the surface borehole, the
economics of the original MCA in cooling the MRC will be significantly reduced for MRCs with
high ISRTs [33].

Over the past decade, based on the cold energy storage, several cooling technologies including
ice storage (IS) cooling [34-37], PCM cooling [38,39], liquid CO- cooling [40] and liquid-air cooling
systems [41] have been developed for MRCs. Among them, liquid CO> cooling technology can only
be used normally in environments where the temperature is below 32°C [42], and the economics of
the PCM cooling technology can only be obtained in a MRC with a lower ISRT [38,39]. Although
the liquid-air cooling technology is suitable for different temperature environments, its cost is far
higher than that of the other technologies [41]. Zhang et al. [43] proposed a novel control temperature
scheme that directly connecting the MCA to an IS unit, but it is only applicable to MRCs with an
ISRT below 32 °C. Due to SR has good thermal conductivity, high density latent heat storage capacity
and is inexpensive, thermal energy storage systems taking SR as heat carrier have attracted more
attention in recent years, such as earth-to-air heat exchanger [44,45] and thermal energy storage
battery [46] for ground buildings, rock-bed thermal storage systems[47-50]. Bai et al. [51] developed
a seasonal heat storage scheme for rock formations, which saves energy for remote mine ventilation
through numerical simulation analysis. Zhu et al. [52] used Abaqus software for numerical analysis
to proposed a mathematical model of heat regulation and energy storage of SR in a mine tunnel and
demonstrated the cooling storage capacity of the SR heat regulation circle. Zhang et al. [53] used
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Ansys-Fluent software to proposed a radiation cooling measure by cold the rock wall via heat transfer
tubes for high-temperature the underground mine working face.

Nowadays, in terms of temperature control in MRC, attention is being paid to the cold energy
stored in SR. Yuan et al. [42] proposed a novel cooling scheme combining cold storage in SR and
PCM for MRCs and carried out a semi-analysis to analyze the refrigeration performance of SR. The
temperature of the SR and air within the MRC will be pre-cooled at normal times by an available cold
source to store a certain amount of cooling and a small amount of PCM. Guo et al. [54,55] developed
an ice storage device combining MCA with mixed air supply cooling high temperature MRC, and
through experiments and numerical simulations to analyzed the cooling performance of the ice
storage device. The results show that during the 96h evacuation period, the ice storage device can
control the ambient temperature of MRC with an SRT of 32°C within 35°C. Gao et al. [12,27]
combined experimental and numerical studies on the performance of a ground-air heat exchanger for
controlling the ambient temperature of MRC. Their result showed that for a MRC buried at a depth
of 400 m and with an ISRT of 28.5 °C, the earth-to-air system could maintain the AT below 30 °C
within 96 h at a VR of 0.3 m®min per capita, but it is not suitable for MRCs buried at depths of more
than 400 m. Gao et al. [56] proposed an interchanging continuous and intermittent cold storage
strategy for pre-cooling the SR in a MRC, this strategy reduces an annual cold storage energy
consumption by 68-78%, compared with the continuous mode.

It is aforementioned from previous studies that for MRCs with high ISRTs, it is difficult to
control the indoor AT by the MCA alone, thus cold storage is an effective supplement. This study
develops an improved composite temperature control scheme combining the safe and economical
MCA-ISAC and SR cold storage with the existing MCA for MRCs with high ISRTs. A set of MCA-
ISAC used was fabricated and tested to prove the feasibility of cooling the MCA. Moreover, the
thermal performance of cold storage in the SR and the temperature control performance of the
improved scheme in MRC were studied in a systematic manner. This study solves the temperature
control problem of MRCs with high ISRT, and provides theoretical guidance for the multi-coupled
temperature control technology of MRC.

2 Methodology
2.1 Principle of the MCA-IS-SR system

In the current work, an improved temperature control scheme combining MCA with cold energy
stored by IS and SR (Abbreviated as MCA-IS-SR) is proposed for MRCs with ISRTs higher than
32°C, as shown in Fig. 1. The MCA pipeline entering the MRC is directly linked to an IS unit, the
temperature of the MCA will be cooled through the heat exchange with heat exchanger tubes of the
MCA-ISAC. During non-refuge period, the IS unit can operate normally, enough ice will be stored
in the MCA-ISAC by running the refrigeration compressor periodically, and the SR temperature (SRT)
will be pre-cooled by the cooled MCA to store a certain amount of cold energy. During the refuge
period, in case of underground power outage, the temperature control requirement is achieved through
the cooled MCA and the pre-cooled SR. The advantage of the improved scheme is that it not only
retains the advantages of IS technology and makes full use of the MCA in the absence of underground
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electrical power, but also uses the free SR with high potential in energy storage as a cold storage
carrier.
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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 wall, 8 - Airtight door, 9 - MCA-ISAC, 10 - Silence air inlet, 11 - One-way exhaust valve, 12

- Air outlet, 13 - Exhaust outlet.
Fig. 1 Principle of the MCA-IS-SR system for high-temperature MRCs.

2.2 Experimental setup

2.2.1 Experimental environment and principle

To test the ability of the MCA-ISAC unit on cooling the MCA, a cuboid MCA-ISAC unit with
length, width and height are 1.3 m x 0.7 m x 1.2 m was designed. It is made of 2 mm-thick stainless
steel plates and has stress-bearing parts welded inside. The outer wall of the tank is covered with a
30 mm-thick polyurethane insulation material to reduce the heat loss. Circular air inlet and outlet with
a diameter of 0.1 m and the air buffer of 0.8 m x 0.5 m x 0.1 m are set at both ends. Between the two
air buffers, 18 stainless steel heat exchanger tubes with a length of 1.1 m, an inner diameter of 30 mm
and a wall thickness of 2.5 mm are evenly arranged at a horizontal distance of 0.15 m and a height
distance of 0.2 m. The copper coiled condenser is submerged inside the tank of the MCA-ISAC unit,
then connected to a compression freezer (AOSZGA-040) with a cooling capacity of 5 kW. This can
freeze the ice to -30°C and maintain a certain cooling capacity until the temperature of the water in
the tank exceeds 20°C. A frequency conversion fan is placed in an artificial environment room with
length, width and height are 3.6 m x 3.1 m x 3.0 m, in which the air temperature can be controlled at
a relatively stable value in the range of 20 ~ 60 °C with the assistance of a ventilation heat exchange
system. The fan can control the pipeline air speed in the range of 0 ~ 30 m/s, the fan is connected to
the air inlet of the IS unit outside the artificial environment room by a steel pipe with a diameter of
0.1 m. The hot air in the artificial environment room is sent to the heat exchange tube of the MCA-
ISAC unit through the fan airflow guidance, and after cooling, it flows into the external environment
form the air outlet. The experimental principle and experimental environment are shown in Fig. 2 (a)
and (b), respectively.
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Fig. 2 Experimental principle and environment for the MCA-ISAC unit.

2.2.3 Data collection

To test the air speed and temperature at the air inlet, a plug-in pipe measuring instrument that
can measure the air speed and temperature is fixed on the inlet air supply pipe. In the current work,
the air speed is in the range of 0~20 m/s with an accuracy of 0.1 m/s, while the temperature ranges
from 0°C to 60°C with an accuracy of 0.1°C. In order to make the inlet air temperature more accurate,
a temperature monitoring point was allocated to the inlet air supply pipe. There are 3 temperature
monitoring point located at the air outlet to measure the outlet air temperature, and a portable
anemometer is used to measure the air speed at the air outlet. In the IS tank, 6 temperature monitoring
points are arranged at the level of 0.3 m and 0.9 m above the bottom, and 8 temperature monitoring
points are arranged at the 0.6 m level. The K-type thermocouples with a measurement range of
0~200°C and an accuracy of 0.01°C are used to measure the temperature. The measurement data will
be automatically recorded per minute and saved every 5 minutes by a data acquisition.
2.2.4 Design of experimental cases

During the refuge period, the heat dissipation rate is about 120 W per capita [24]. The tank has

6
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a volume of about 1 m?, its cold storage capacity is around 4.14 x 10° kJ including sensible heat of
1.06 x 10° kJ and latent heat of 3.08 x 10° kJ. Assuming that the air supply rate is the rated value of
0.3 m®min per capita and the indoor AT is maintained at 35 °C, the cold capacity stored by the MCA-
ISAC unit can balance the heat capacity of about 10 people within 96 h without considering heat
exchange between SR and air. Practically, the heat exchange between the air and SR can have an
important effect on the indoor air temperature control. In a MRC with an ISRT of 30°C, according to
the AT prediction method in the ref. [43], the MCA cooled by an MCA-ISAC unit will meet the
temperature control requirement of about 17 people. The air supply rates for 10 and 17 people are 3
m3/min and 4.5 m®min, respectively, and their corresponding speeds at the air inlet of the IS unit are
6.37 m/s and 10.82 m/s. Table 1 lists the parameters of the current experimental cases.

Table. 1 Parameters of experimental cases

Case Inlet air speed Inlet air temperature Initial temperature of tank Time
(m/s) (°C) (°C) (h)
7 35 -25 96
11 30 -28 96

2.2.5 Experimental procedure

The main experimental steps are as follows:

(1) Fix the temperature sensor at the corresponding points in the MCA-ISAC tank, then turn on
the temperature data collector to ensure the reliability of data acquisition.

(2) Add water to the tank until it reaches the water level at 0.85 m high.

(3) Run the refrigeration unit until all measuring point temperatures are below -25°C.

(4) Turn on the heating equipment for the artificial environment control room, and maintain the
fresh air entering the room at approximately 35°C.

(5) Turn on the frequency fan to make the hot air enter heat exchange tubes of the MCA-ISAC.

(6) Adjust the air speed in the air duct through the fan inverter to 7 m/s.

(7) Stop the test after continuous ventilation for more than 96 h.

(8) Repeat the above steps to complete experimental case 2.

(9) Record and analyse the experimental data.

2.3 Numerical methodologies

2.3.1 Grid model

A grid model of a 50-person MRC will be established, referring to the internal structure of the
MRC laboratory in the ref. [43]. The internal size of the MRC is 20 m in length, 4 m in width and 3
m in height, the thickness of the SR is 8 m. Fifty human bodies with a surface area of 2 m? are divided
into 4 rows in the living room. At above the ground 1.8 m, there are 5 air inlets with a diameter of
0.075 m and a distance between two adjacent inlets of 3.5 m located on each side. As shown in Fig.
3 (a), at above the floor 2.7 m, there is an air outlet with a diameter of 0.225 m located on each end.
The mesh of the computational model of the MRC was generated by ANSYS ICEM and the
unstructured mesh was adopted. Taking the grid independence study into account, an unstructured
grid model with a mesh number of 3.49 million and a minimum orthogonal quality is selected for the
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following numerical analysis, see in Fig. 3 (b).
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Fig. 3 Model of the 50-person MRC.

In the present study, ANSYS Fluent software was used for the numerical simulation. And a mesh
independence study was conducted to identify an appropriate mesh density for the aimed calculations.
Five meshes were investigated ranging from 2.25 million to 4.32 million cells. The mesh designation
and number of cells are shown in Fig 4. compares the average AT value from the numerical calculation
at 1 h and 3 h under five different grid models. It can be found that when the grid number is less than
3.49 million, the temperature value at the both moment changes significantly with the increase of the
grid number, and when the grid number reaches 3.49 million, the temperature changes little with the
increase of the grid number.
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Fig. 4 Comparisons of numerical results under five different grid models.
2.3.2 Initial and boundary conditions

In the current work, a 50-person MRC with an ISRT of 35°C will be selected to analyze the
thermal performance of the composite temperature control system. The boundary conditions of the
body surfaces, air inlets and air outlets are defined as constant heat flow wall, velocity inlet and
outflow, respectively. The surface in contact with the air calculation domain and the surrounding rock
calculation domain is set as a coupling wall. Referred to the common SR of MRCs, the thermal
conductivity, specific heat capacity and density of the SR are 2 W/(m-K), 920 J/(kg-K) and 2400
kg/m?, respectively. The heat dissipation rate of occupants in the MRC is 120 W per capita when the
refuge period. Separately, the heat flux on body surfaces was 0 W/m? during the time of SR pre-
cooling and 60 W/m? during the refuge period. The VR for the MRC was the rated value of 0.3 m*/min
per capita, And the VT has been cooled to 20°C by the MCA cooling unit. Namely, at a speed of 6
m/s and a temperature of 20°C for all air inlets, the time of pre-cooling SR is 20, 30 and 40 days,
respectively, after that, the time of refuge was 4 days.

To analyze the effect of several key impact factors such as ISRT, VR and VT on the performance
of pre-cooling SR, the pre-cooling effect of the SR via continuous ventilation for 100 days under
different parameters will be compared. The relevant parameters of these numerical cases are listed in
Table 2.

Table 2 Parameters setting in numerical cases of SR pre-cooled via continuous ventilation for 100 days

Case 1 ISRT (°C) VT (°C) VR (m?/h)
1 35 20 300
2 35 20 600
3 35 20 900
4 35 20 1200
5 35 20 1500
6 35 16 900
7 35 18 900
8 35 22 900
9 35 24 900
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10 32 20 900

11 34 20 900
12 36 20 900
13 38 20 900
14 40 20 900

2.3.3 Turbulent model

Due to the strong performance in airflow, temperature and pressure for closed space [57], the
Realizable k-¢ turbulent model was adopt for the current numerical study. The enhanced wall
treatment with pressure gradient effects and thermal effects, as well as the Boussinesq approximation
were applied [58]. The governing equations, including continuity equation, momentum equation, and
energy equation with Boussinesq, were given as follows [59].

ap __opu) M
ot OX:

ou; ,
—+ =———+——[u(—+
ot ox pox, pox;  ox; 0

J J

anU- 10P 1 0 ou. Ou, -
——= —XJ—puiu j)_giﬂ(r -To) (2)

oT ouT) 1 06 10T —
=S (- puT) 3)
ot OX; p oX; C, 0X,

]

where p is the air density, kg/m?; t is the time, s; xi and x; are the Cartesian coordinates in the i
and j directions (i, j = 1, 2 and 3 corresponding to the X, Y and Z directions respectively); ui and u; are
the mean fluid velocities in X, Y and Z directions, m/s; u'i and uj are the corresponding fluctuant
velocity components in the i and j directions, m/s; P is the mean air pressure, Pa; x is the dynamic
viscosity, Pa-s; gi is the acceleration component of gravity in the i directions, m/s?; f is the coefficient
of thermal expansion, 1/K; T is the temperature, K; To is the reference temperature, K; 7" is the
fluctuating temperature, K; 1 is the air thermal conductivity, W/(m-K); Cp, is the specific heat capacity,
JI(kg-K).

The realizable k-¢ model consists of the following two transport equations [60].

0 0 0 ok U

— +—(oku,)) =—[—(u+—75)]+G, +G, + 4

5 ) aXj(pk ) axj[axj(“ ok)] b+ G+ pe (4)
0 0 0 0O Y7, g’ £
hl +—(peu.) = —[— (u+)]+ oC,Se — —+C,—-C,.G 5
P o) = D OGS o Cu Gy ©)

&

]

where Kk is the turbulent kinetic energy, J/kg; u- is the turbulent viscosity, Pa-s; ox and o, are the
Prandtl number; Gy, is the generation of turbulence kinetic energy due to buoyancy, J/(s-m?®); Gk is
the generation of turbulence kinetic energy due to the mean velocity gradients, J/(s-m®); ¢ is the
turbulent energy dissipation, J/(kg-s); S is the modulus of the mean rate-of-strain tensor; v is the
kinematic viscosity, m?/s; C1, Ca, Cy., Cs. are model parameters.

In the present study, the pressure-velocity coupling solver and the pressure-implicit with splitting
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of operators (PISO) are adopted. The pressure item is discretized by the body force weighted under
natural convection and the standard under ventilation, respectively. The other items are discretized
by the second-order upwind. Convergence criterion for energy item is 10, while it is 107 for other
items. For numerical cases under ventilation, the time step is initially 1 s, then gradually increased to
60 s after convergence. For numerical cases under natural convection, the time step is initially 0.1 s,
then gradually increased to 1 s after convergence. It should be noted that the time step is related to
the air velocity and minimum grid size, and the time step under ventilation and natural convection
conditions is different because the air velocity of the two is different.
2.3.4 Model validation

The numerical model is validated by experimental results in Ref. [43]. The numerical cases of
SR and air thermal parameters, thermal rate, ventilation parameters and other parameter settings are
consistent with the experimental cases. Fig. 5 plots the comparative curves of the average AT and the
deviation varies with time. It can be observed clearly that under three different ventilation states, the
average AT obtained by numerical simulation agrees with the experiment data with a temperature
difference less than 1°C. The deviation changes from 1.3% to 3.5%, indicating that the error caused
by numerical calculation is small, and the numerical model is suitable for the following numerical
analyses.

33 s
| ® Numerical results
¢ Experimental results in ref. [43] e |
nl e goeee®®
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Time(h)
Fig. 5 Comparison of the average AT between experimental and numerical results.
3 Result

3.1 Thermal Performance of cooling MCA

Due to the temperature change of outside air entering the artificial room, the air inlet temperature
has a slight oscillation during the process of experimental case 2 and 3, the average air inlet
temperature is 36.13°C and 30.39°C, respectively.

11
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(b) Experimental case 2
Fig. 6 Temperature of the carrier and the MCA varies with time.

Fig. 6 plots the temperature variation of the MCA and the carrier with time within 96 h. In the
figure, DT is the temperature difference between the inlet and outlet of the ice storage unit, IAis the
inlet temperature, OA is the outlet temperature, and W1y, WI> are the temperature changes in the tank.
It can be observed that under a relatively stable air inlet temperature condition, the change in outlet
air temperature will go through four stages. The first stage lasts about 6 ~ 8 h, in which the ice does
not melt, the outlet air temperature increasing linearly with the time. The second stage lasts about 30
~ 50 h, during this period there is a slight linear increase in the outlet air temperature over time, the
heat of the MCA is absorbed during the melting of ice into water through the latent heat. The third
stage lasts about 10 ~ 15 h, in which the outlet air temperature has a rapid linear upward trend, because
the ice around the heat exchanger tube has all melted into water, the heat from the MCA is absorbed
by water, but it can’t be transferred quickly to the ice due to the small contact area between water and
ice, resulting in quickly rise of the water temperature. The fourth stage lasts relatively long until all
the ice is completely melted, during this period, the outlet air temperature rises slightly, because the
ice melting rate has exceeded half, and the heat absorbed by the water can be quickly transferred to
the ice through latent heat absorption due to sufficient thermal contact area.
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Separately, from Fig. 6 (a) it can be observed that when the inlet air speed is 7 m/s, the
temperature of the MRC can be cooled by the IS unit to below 20°C from about 36°C during the first
50 h, accompanying with a temperature difference of over 18°C. In the next 46 h, the outlet air
temperature is basically maintained around 25°C. From Fig. 6 (b), it can be observed that when the
inlet air speed is 11 m/s, the temperature of MRC can be cooled to below 20 °C from about 30°C
during the first 48 h, and its value is less than 23°C in the next 48 h. The experimental results indicate
that it is feasible to use the IS unit to cool the MCA, so as to storage cold source by the SR of the
MRC during normal time or control temperature during the refuge period.

3.2 Thermal performance of the MCA-IS-SR system
3.2.1 Distribution of AT and SRT during pre-cooling

Temperature

35
I )
33

10 day 20 day

30 day 40 day 50 day

Fig. 7 Variation of the AT and the SRT at different times during pre-cooling

To observe the distribution characters of the AT and the SRT under the action of the cooled MCA
with a VR of 900 m%h and a VT of 20°C, temperature clouds on the centre section surface of the
MRC at different times, i.e., 1, 10, 20,30, 40 and 50 days, are compared. Fig. 7 displays the variation
of the AT and the SRT under cooled MAC at different times. It can be observed that in the early stages,
the AT is higher than the VT, because the air obtains heat in the dynamic heat transfer process between
air and SR. With the increase of ventilation time, the AT gradually decreases. As far as the SR is
concerned, when the ventilation lasts for a day, the SRT changes small, only a slight increase in
temperature near the wall surface. While the ventilation lasts for 10 days, the temperature of the SR
within 1 m decreases obviously. When the ventilation lasts for 20 days, the temperature of the SR
beyond 1 m from the inner wall decreases in a circle from the inside to the outside, but the intensity
gradually decreases, and the temperature variation of the SR beyond 2 m is hardly observed. As the
ventilation time increases from 20 days to 50 days, although the SRT continues to decrease, the
temperature variation of the SR beyond 3 m is not easy to be observed.
3.2.2 Variation of AT and SRT during pre-cooling

To know the variation of the SRT over time under the action of the cooled MCA with a VR of
900 m®/h and a VT of 20°C. The SRT at 12 monitoring points varies with time within 50 days are
compared. These points are located at 1.5 m above the floor on the centre section of the MRC, apart
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from the inner wall surface 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7 and 8 m, respectively.

36

35

34

33

Temperature(°C)

27

26

25

Fig. 8 Variation of the AT and the SRT with pre-cooling time within 50 days.

Fig. 8 plots the average AT and the SRT at different points change with time. It can be found that
in the first 2 days, the average AT drops rapidly from 35°C to 28.8°C, then slowly decreases over
time and keeps a relative stable temperature difference of 3 ~ 4°C with the SR surface, indicating that
the heat transfer process between air and SR has entered a dynamic equilibrium state. The SRT
decreases over time, occurring from the inner to outside. When the distance is in the range of 0 ~ 1.5
m, the SRT decreases curve with time, also its gradient decreases over time, because the heat obtained
through the heat transfer between air and wall is absorbed by more volume of SR. When the distance
exceeds 2 m, the SRT drops approximately linearly with time. With the increase of the distance, the
intensity of the SRT drop is weakening. After the ventilation lasts for 5, 10, 20 and 40 days,
respectively, the SRT at 1.5, 2.5, 4 and 5 m begins decrease sequentially. However, after 50 days of
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Fig. 9 Variation of the SRT with the distance from the inner surface at different times.

Fig. 9 (a) plots the temperature difference of SR from 0 ~ 8 m at different times. It can be
observed that at a same moment, the temperature difference of SR decreases exponentially with
distance. Among them, from 0 to 1.5 m, the temperature difference decreases the fastest with distance,
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which is approximately linear, while the distance is over 3 m, the temperature difference becomes
little, indicating that during the pre-cooling time, the cold capacity is mainly stored in the SR within
3 m. At the same point, the longer the ventilation time, the greater the temperature difference of SR.
Fig. 9 (b) plots the temperature of SR from 0 to 1.5 m points at five different times. It can be found
that during the SR pre-cooling time, the SRT has an obvious linear relationship with the distance
within 1.5 m. With the increase of time, the linear relationship becomes much more significant.
3.2.3 Performance of the MCA-IS-SR system during taking shelter

To know the temperature control characteristics of the MCA-IS-SR scheme, the MRC with an
ISRT of 35°C has been pre-cooled by the cooled MCA with a VT of 20°Cand a VR of 900 m?h for
30 days. After that, a HR of 6 kW is released from the 50 human body surfaces and the ventilation
lasts for 4 days without changing the parameters of ventilation.

Temperature

| min 5h 10 h 20 h

I :
28
[°C] 40 h 60 h 80 h 96 h

Fig. 10 Distribution of AT and SRT under cooled MAC at different times.

Fig. 10 displays the variation of the AT and the SRT under the cooled MAC at different times
during taking shelter. It can be found that at the initial moment, the temperature distribution of the
SR is non-uniform and the AT is lower than 28°C. Specifically, the SRT gradually decreases from the
inside to the outside in the range of 0 ~ 3 m, and the temperature of the SR beyond 3 m remains
constant. For the SR within 1 m apart from the inner wall surface, the bottom has the lowest
temperature, followed by the top, while the both-sides has a relatively high temperature. The AT is
gradually rising with the increase of time, yet not beyond 35°C overall at the first 40 h. At 60 h, the
AT in the upper space reaches 36°C, while in the lower part its value is still below 35°C. At 96 h, the
AT in the lower space of human activity is close to 35°C.
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Fig. 11 Temperature varies with time during 96 h of taking shelter.
Fig. 11 plots the average AT and the SRT at different distance varying with time within 96 h. It
can be found that although the AT increases gradually with time, it does not exceed 35°C at 96 h,
indicating that the temperature control requirement of the MRC with an ISRT of 35°C can be met
through the MCA-1S-SR scheme. The temperature change trend of the SR on the inner surface is
similar to that of the AT. As the distance increases, the temperature change of the SR gradually
weakens. The SRT at 1 m increases by about 0.3°C within 96 h. The SRT at 1.5 m still keeps a slight
downward trend in the first 80 h, decreasing by about 0.2°C, after that, about 0.1°C is increased in
the next 16 h. The SRT at 2 m maintains a slight downward trend within 96 h, dropping by about
0.3°C. It can be concluded that during the 96 h of taking shelter, only the cold energy stored by SR
in the range of 1.5 m plays a positive role in the temperature control of the MRC.
3.2.4 Prediction of AT in the MRC during taking shelter
To predict the AT of MRCs with pre-cooled SR during the time of taking shelter, keeping the
same ventilation and HR, i.e., the VT is 900 m%/h, the VT is 20°C and the HR is 6 kW, the AT curves
of the MRC with pre-cooled SR and the MRC with equivalent ISRT will be compared. For the MRC
with an ISRT of 35°C, after being pre-cooled by the cooled MCA for 20, 30 and 40 days, the
equivalent ISRTs are 32.25, 31.7 and 31.27°C, respectively.
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Fig. 12 Comparison of AT varies with time under the three different conditions.
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Fig. 12 compares the variation curves of the AT within 96 h for the MRC with the pre-cooled
SR and the MRC with the equivalent ISRT under the same ventilation conditions. It can be found that
for the three different cases, the AT of the MRC with pre-cooled SR is essentially equal to that of the
MRC with the equivalent ISRT at the moment of 96 h. Previously, the MRC with pre-cooled SR has
lower AT than the MRC with equivalent ISRT, because the former has a lower temperature near the
inner wall surface, which allows more heat from the breathing environment to be absorbed. Overall,
for the MRC with pre-cooled SR, the average temperature of the SR within 1.5 m can be regarded as
an equivalent ISRT, then the AT of the MRC at the moment of 96 h can be predicted.

3.3 Sensitive analyse during pre-cooling

Since the average temperature of the pre-cooled SR within 1.5 m plays an important role in the
temperature control performance of the MRC when taking shelter, the average temperature of SR
within 1.5 m varies over time are compared during the SR pre-cooling time.

3.3.1 Effect of the VR

—m— VR 300 m*h
—®— VR 600 m’/h
VR 900 m’/h
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VR 1500 m’/h
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Fig. 13 Average temperature of SR within 1.5 m under different VR.

Fig. 13 plots the average temperature of SR within 1.5 m varies with time under different VR. It
can be found that the average temperature drops exponentially over time. With the increase of VR,
the gradient of the SRT increases, but the intensity of the gradient increase becomes weaker at the
same moment, for example, at 30 days of continuous ventilation by the MCA, the average temperature
of the SR decreased by 1.79, 2.69, 3.30, 3.83 and 4.31°C at a VR of 300, 600, 900, 1200 and 1500
mq/h, respectively. In addition, taking the average SR temperature of 32°C as the cold energy storage
target, when the VR is 600, 900, 1200 and 1500 m®/h, the continuous ventilation time is 38.5, 25, 18
and 14 days, respectively.
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3.3.2 Effect of the VT
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Fig. 14 Average temperature of SR within 1.5 m under different VT.

Fig. 14 plots the average temperature of SR within 1.5 m varies with the cooling time under
different VT. It can also be seen that the average temperature of the surrounding rock thickness within
1.5 meters is exponentially related to time and decreases with increasing time. With the increase of
VT, the gradient of the SRT decreases, but the intensity of the gradient increase keeps the same at the
same moment, for example, at 30 days, the average drop temperature of the SR increases by 0.49 °C
for every 2°C increase in VT. Taking the average SR temperature of 32°C as the goal of cold storage,
when the VT is 16, 18, 20, 22 and 24°C, the continuous ventilation time is 14, 18, 25, 35 and 52.5
days, respectively.

3.3.3 Effect of the ISRT
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Fig. 15 Average temperature of SR within 1.5 m under different ISRT.

Fig. 15 plots the average temperature of SR within 1.5 m varies with the pre-cooling time under
different ISRT. Similarly, it can be found that the average temperature of the SR within 1.5 m drops
exponentially with time. However, the ISRT has little effect on the gradient of the SRT drop. At 30
days, the average drop temperature of the SR increases by 1.6°C for every 2°C increase in ISRT.
Taking the average SR temperature of 32°C as the goal of cold storage, when the ISRT is 34, 36 and
38°C, the continuous ventilation time is 13, 40 and 92 days, respectively.
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3.4 Thermal recovery of the pre-cooled SR

To analyze the thermal recovery performance of the pre-cooled SR, the SR with an ISRT of 35°C
has been pre-cooled by continuous ventilation with a VT of 20°C and a VR of 900 m3/h for 30 days,
then exposed to a natural convection environment for 30 days.
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Fig. 16 Temperature variation of the pre-cooled SR with time under natural convection.

Fig. 16 plots the temperature variation curves of SR pre-cooled 30 days varying with time under
natural convection. It can be found that under natural convection, the temperature on the surface of
the SR has an obvious recovery, and the AT has a similar trend with the temperature on the surface,
following with temperature difference less than 0.2°C. As the depth increases, the less the rock
temperature recovers. After 30 days of ventilation by cooled MCA, the temperature of rocks at 0, 0.5,
1 and 1.5 m decreased by 5.22, 3.78, 2.55 and 1.67°C, respectively, and the average temperature of
SR within 1.5 m decreased by 3.31°C. In contrast, after 30 days of natural convection, the temperature
of pre-cooled SR at 0, 0.5 m, 1 and 1.5 m recovered by 3.50, 2.14, 1.01 and 0.31°C, respectively, and
the average temperature of SR within 1.5 m recovered by 1.74°C. The ratio of the temperature at
which the surrounding rock recovers to the temperature at which the surrounding rock pre-cooling
down is called the recovery rate, with a recovery ratio of about 53%, indicating that during the cold
preservation period of the pre-cooled SR, when the ratio of ventilation time to non-ventilation time
is 53:100, the average temperature of the pre-cooled SR within a depth of 1.5 m can be basically
unchanged.

4 Discussion
4.1 Economics of the MCA-IS-SR system

4.1.1 Comparison of a device cost

As available alternative cooling schemes for MRCs, two existing ISACs has been reported,
including a forced-circulation ISAC with an ice storage capacity of 5.34 m® [34] and a multifunctional
ISAC with an ice storage volume of 1.8 m3 [37]. However, both devices require explosion-proof fans
to drive the indoor hot air to flow through the heat exchange channel of the device, then the cooled
air return to the indoor environment to achieve the cooling function. In addition, both devices need
to be equipped with explosion-proof batteries with sufficient storage capacity to meet the power
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consumption needs of explosion-proof fans in 96 h. Compared with the existing two devices, when
using the MCA-IS-SR scheme, the cost of MCA-ISAC will be greatly reduced, because it does not
need to be equipped with explosion-proof fans and explosion-proof batteries. Meanwhile, the
operating and maintenance costs of the equipment will be significantly reduced during the five-year
service period, as there is no need to charge the battery and maintain the fan and battery. According
to a survey result of market and user, Table 3 compares the critical component cost, operating cost
and installation cost between the existing ISAC and the MCA-ISAC, in the case of an ice storage
capacity of 1 m3, It can be known that compared with the price of ¥ 80,000 for the existing ISAC, the
price of the MCA-ISAC has decreased by 50%. At the same time, its annual operating costs will be
cut in half, about ¥ 3000. Compared with the existing ISAC, MCA-ISAC saves the installation cost
of explosion-proof fan and explosion-proof battery, but increases the installation cost of MCA duct,

so the actual installation cost is basically the same.
Table 3 Comparison of equipment cost and operating cost between the existing ISAC and the MCA-ISAC

Item Existing ISAC MCA-ISAC
Ice storage tank, ¥ 3000 Ice storage tank, ¥ 3000
Critical Heat exchange component, ¥ 2000 Heat exchange component, ¥ 7000
component Refrigeration compressor, ¥ 30,000 Refrigeration compressor, 30,000
costs Explosion-proof fan, ¥ 10,000 /
Explosion-proof battery, ¥ 35,000 /
. Ice storage process, ¥ 2000 per year Ice storage process, ¥ 2000 per year
Operating Battery charging process, ¥ 2000 per year MCA ventilating process, ¥ 500 per year
costs Maintenance, ¥ 2000 per year Maintenance, ¥ 500 per year
) Ice storage unit install, ¥ 2000 Ice storage unit install, ¥ 2000
Installation

Explosion-proof fan install, ¥ 500 )
costs ) ] MCA duct install, ¥ 1000
Explosion-proof battery install, ¥ 500

4.1.2 Comparison of the system cost in MRC

Taking the above 50-person MRC with an ISRT of 35°C as the object, economics of three
temperature control schemes including the existing 1S, the MCA-IS and the MCA-IS-SR, will be
compared. The total heat dissipation from the human bodies is about 2.07 x 108 kJ within 96 h [24].
Assuming that the AT keeps a constant of 35°C during the taking shelter time, meaning that there is
no heat exchange between the air and the SR.

When the MCA-IS scheme is adopted, the average AT in the MRC after 1 h of ventilation can
be calculated as follow [43].

T,(7) = [(1.35T, — 1.3T}5, + 4.63Q) X 1072 + 0.7 700026 — 0.16]v/7 + 0.27T, + 0.7Tj, — 0.003G + 0.8Q+ 4  (6)
Where, Ta is the AT in the MRC, °C, 7 is the ventilating time, h; Ty is the VT, °C, Tisr is the ISRT, °C, Q
is the HR generated by occupants, kJ; G is the VR, m%/h.

Assuming that the AT of the MRC at 96 h is 35°C, thus, when the VR is 900 m%h and the HR is

6 KW, according to eq. (6), the relation between the VT and the ISRT can be written as
T, = 66.78 — 1.45T,, @)
Since the MCA entering the MRC needs to be transported through a long-distance pipeline, the
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temperature of the MCA is close to the ISRT. According to Newton cooling law, the required cold
capacity for the MRC temperature controlling within 96 h can be calculated as
Qm = pCyG (T pmea— To)r = 96pC,G (Tisr — Ty) = (2.73T;5 — 74.43) X 10° (8)
Where, Qn is the cold capacity for a MRC, kJ; Tmca is the temperature of MCA entering the MRC, °C.
Furtherly, the number of IS units for the MRC is calculated as
n = Qu/q (9)
Where, n is the number of IS units for MRC; q is the cold capacity of an IS unit, kJ.

It can be calculated from eq. (8) and (9) that, for the 50-person MRC with an ISRT of 35°C, also
about 5 IS devices are required when the MCA-IS scheme is adopted. The cost of the MCA-IS system
IS ¥ 265,000, consisting of ¥ 250,000 in equipment cost and ¥ 15,000 in operating cost during 5-year
service period, which is about 38% less in the cost than the existing IS system.

When the MCA-1S-SR scheme is adopted, assuming that the SRT has been pre-cooled to the
equivalent ISRT, in the case of a VR of 900 m?/h, the relationship between the VT and the equivalent
ISRT is expressed as follow

T, = 66.78 — 1.45 Tuisr (10)
Where, Teisr IS the equivalent ISRT, °C.

Assuming that the Tmca is equal to the ISRT, for the MRC with an ISRT of 35°C, according to
Newton cooling law, the required cold capacity for the MRC temperature controlling within 96 h can
be calculated as follow

Qm= pCpG (T ppea— Typ)T = (1.616 Toir— 35.421) % 10° (11)

According to Egs. (9) and (11), when the equivalent SRT was pre-cooled to 32.2°C and 29.6°C
after 22 days and 110 days, respectively, the number of devices was reduced to 4 and 3 for the MRC
with an ISRT of 35°Cto meet the temperature control requirement within 96 h.

6 50

I Number of devices

—m— Cost of system

Number of devices (Set)
Cost of system (RMB x 10%)

Existing ISAC MCA-ISAC MCA-ISAC+SR  MCA-ISAC+SR
cooled to 32.2°C  cooled to 29.6 °C

Fig. 17 Economic comparison of different cooling schemes
Fig. 17 compares the cost of the temperature control system over a five-year period of service
under different temperature control schemes. It can be found that when the SR is not used as a cold
storage medium, although the number of devices required for the existing ISAC scheme and the
MCA-ISAC scheme is the same, the cost of the latter is reduced by ¥ 170,000, a reduction of about
40%. When the MCA-ISAC-SR is adopted, the number of devices will be reduced to 4 after the SR
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is pre-cooled to an equivalent temperature of 32.2°C from the ISRT of 35°C. Whereas, compared to
the MCA-ISAC scheme, its cost only decreases by about 0.4%, because the cost of cold storage via
the SR and maintenance over a five-year service period is close to the cost of one device. Furthermore,
by pre-cooling the SR to an equivalent temperature of 29.6°C, the number of devices will decrease to
3, resulting in a cost reduction of approximately ¥ 46,000 with a decrease of about 17.7%, compared
to the MCA-ISAC scheme. It can be deduced that for MRCs with an ISRT of 32°C or more, the
economy of the MCA-IS-SR scheme will reflect after the SR is cooled to equivalent 32°C or below.

4.2 Cooling schemes for MRCs with different ISRT

Thanks to the cold radiation of the low-temperature SR, cooling measures are not necessary for
MRCs with an ISRT of 20°C or less [61]. When the VR is 0.1 m3/min per capita for a MRC, the CO;
concentration, O2 supply and the RH can be kept at the safe level [24,28,29], even more, the AT
cannot over 35°C at 96 h if the ISRT is not more than 25°C [25]. When the VR is 0.3 m®/min per
capita, the MCA can keep the AT of the MRC below 35°C under the condition that the ISRT is below
27°C [27]. While the VR reaches 0.5 m3/min per capita, the MCA can meet the temperature control
requirement of the MRC with an ISRT of 30°C, according to eq. (11). Practically, for most MRCs,
the VR will not more than 0.3 m®/min per capita, so the temperature control scheme of MCA-IS was
recommend for MRCs with ISRT above 27°C [43]. However, considering the cost, the improved
temperature control scheme of MCA-IS-SR is more worthy of promotion for MRCs with an ISRT of

above 32°C. The temperature control scheme for MRCs with different ISRT can refer to Table 4.
Table 4 Economical temperature control scheme for a MRC with different ISRTs.

ISRT of the Recommended Air supply volume per capita Number of people
MRC scheme (m3/min) served by each ISD
20°C or less Not required 0.1 /
20 ~ 25°C MCA 0.1 /
25~27°C MCA 01~0.3 /
27 - 30°C MCA 0.3~0.5 /
& MCA-IS 0.3 20~25
30~32°C MCA-IS 0.3 15~20
32°C or more MCA-IS-SR 0.3 10~ 15
5 Conclusion

An improved composite temperature control scheme combining MCA, IS and SR was proposed
for MRCs with high ISRT. The feasibility of using IS unit to cool the MCA was tested. On this basis,
thermal performance of the improved scheme applied to MRC with high ISRT was studied by
numerical simulation. In addition, the economy of the improved scheme was discussed. The following
specific conclusions can be drawn:

(1) Itis feasible to use the ice storage unit to cool the mine compressed air, the mine compressed

air temperature will reduce by 15 ~ 18°C at the first 30 h and by 6 ~ 8°C within 40 ~ 96 h
when the air volume is 300 m%/h.
(2) With the increase of distance, the intensity of surrounding rock temperature drop is
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weakening, the surrounding rock temperature within 1.5 m decreases approximately linearly
with the distance, which can be regarded as an equivalent initial surrounding rock temperature
to predict the ambient temperature of the mine refuge chamber at 96 h.

(3) For a mine refuge chamber with an initial surrounding rock temperature of 35°C, when the
ventilation temperature is 0.3 m®min per capita and the ventilation temperature is 20°C, the
average ambient temperature can maintain below 34.5°C within 96 h, after the surrounding
rock has been pre-cooled by continuous ventilation for 30 days.

(4) During pre-cooling, the surrounding rock temperature drops exponentially over time, the
temperature gradient decreases with the ventilation rate and the ventilation temperature, but
has little to do with the initial surrounding rock temperature. The temperature of the pre-
cooled surrounding rock changes little when the ratio of ventilation time to non-ventilation
time is 53:100.

(5) After 30 days of ventilation by cooled MCA, the average temperature of SR within 1.5 m
decreased by 3.31°C. After 30 days of natural convection, the average temperature of SR
within 1.5 m recovered by 1.74°C, with a recovery ratio of about 53%.

(6) For mine refuge chambers with an initial surrounding rock temperature of 32°C or more, the
economy of the mine compressed air-ice storage-surrounding rock scheme will reflect after
the surrounding rock is cooled to equivalent 32°C or below.
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