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11 Abstract:

12 When the underground refuge chamber (URC) operates in the deep sections of mine, it
13 frequently fails to effectively address the issue of indoor environment regulation. The ventilation
14  system can effectively regulate the indoor air quality, serving as a cooling measure as well. An
15  appropriately designed ventilation layout can enhance the uniformity of indoor temperature
16  distribution, thereby improving temperature control performance. In this study, the accuracy of
17  numerical simulation model was validated through experimental method. Numerical simulation was
18  employed to analyze the impact of four factors on the temperature control performance of ventilation
19  system: the distance between inlet and wall (DIW), the type of distance in adjacent inlets (TDIs), the
20  angle of inlet in x-direction and y-direction. The results indicate that: (1) The ventilation layout in
21  case 3 is the most effective. With an initial ambient temperature of 27°C, the effective temperature
22 control duration is extended by 28 h compared to the typical ventilation scheme, reaching 79 h.
23 Additionally, the temperature at 96 h was reduced by 0.4°C, and the waste heat emission efficiency
24 improved by 9.67 %. (2) Given that the alteration of the ventilation layout has a minimal impact on
25  the waste heat absorption efficiency, the variation in the heating rate is predominantly influenced by
26  the waste heat emission efficiency. Consequently, waste heat emission efficiency is utilized to analyze
27  the ranking of the four influencing factors of air inlets layout, which are ordered as follows: x-

28  direction > DIW > TDIs > y-direction.
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a Aw the wall area of URC, m?
number
L the convective heat transfer, v the mass flow of the supply or
m
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cronyms
W/(m-K) Y
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waste heat absorption ) )
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1. Introduction

Rapid economic growth drives an increased demand for energy [ 1-2], which, in turn, prompts
greater exploitation of deep-seated resources [3]. The coal industry serves as a prime example of a
high-risk sector prone to accidents [4]. In the event of an incident, efforts must be made to ensure that
those awaiting rescue maintain adequate living conditions until assistance is provided |[5-6].
Consequently, refuge stations, havens, or bays were constructed in advance in designated areas of the
mine to ensure the safety of miners during emergency situations |7].

URC is an independent enclosed space constructed within the rock mass [8], provides a
temporary survival environment for survivors for up to 96 h [9]. As the exploitation of mineral
resources deepens [10], and as survivors undergo metabolic changes [11-12], the air quality and
thermal environment within the refuge chamber will deteriorate significantly. The air quality during
the operation of the refuge chamber directly impacts the safety of the survivors [ 13]. Furthermore,
addressing heat accumulation is a critical issue in managing the URC environment [ 14].

To regulate the indoor temperature, Du et al. [15] designed a multi-functional ice storage air
conditioning system capable of accommodating the living conditions of eight survivors for up to 96
h. Additionally, it is recommended that the implementation of ventilation technology may enhance
the temperature control efficiency of the ice storage plate. Zhang et al. [ 16| developed an ice storage
device for high-temperature refuge chamber, utilizing this device to cool the air and deliver it to the
chamber, thereby fulfilling the temperature control requirements for 15 refuge personnel when the
initial surrounding rock temperature was 32°C. Gao et al. | 1 7] proposed a space-saving phase-change
temperature control scheme and determined that the effective control time was 40 h when solely
utilizing this phase-change temperature control scheme. The combined application of this scheme
with the pre-cooling of the envelope structure can significantly enhance the temperature control
capability of latent heat storage | 18]. Zhang et al. [19] discovered that the pre-cooling efficiency of
surrounding rock was influenced by ventilation volume and ventilation temperature, but was not
related to the initial temperature of the surrounding rock. It is evident that within the temperature
control scheme of URC, the ventilation system plays a crucial role.

Introducing fresh air into the URC can effectively control indoor air quality [20-22], without

incurring additional thermal production [23-24]. Moreover, it contributes to temperature control
3
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performance [25]. Additionally, some researchers have established the relationship between
ventilation parameters and temperature control performance in their studies with typical ventilation
schemes. Jin et al. [26] discovered that room temperature is directly proportional to the initial
surrounding rock temperature, heat source intensity, and ventilation temperature, while being
inversely proportional to per capita air supply. Zhang et al. [27] found that the heating rate of refuge
chamber is inversely proportional to the thermal conductivity coefficient of the rock, its density,
specific heat capacity, as well as per capita air supply and wall area, but directly proportional to heat
source intensity. Yu et al. |28 emphasized that the supply of fresh air should be determined based on
a comprehensive analysis of the number of occupants, building area, and ventilation efficiency. Yao
etal. [29] observed that increasing the air supply inlets to reduce airflow speed can enhance comfort
levels. It is evident that relying on the typical ventilation system to control temperature in high-
temperature URC necessitates a large per capita air supply. This not only increases the difficulty of
air supply, but also diminishes the thermal comfort of survivors.

The use of different air flow organizations airflow configurations would generate distinct airflow
patterns, thereby influencing thermal comfort and air quality [30-31]. Accordingly, an appropriate
ventilation design can create a more uniform indoor thermal environment [32-33], thus providing a
conducive atmosphere for survival [34-35]. When the outlet is positioned at the top of the room, the
inlet should be located at the bottom rather than at the top. This arrangement enhances air quality in
the occupied area and promotes a more uniform temperature distribution at the same horizontal plane
[36]. Consequently, employing this ventilation arrangement will enhance comfort. Furthermore, the
ventilation configuration utilizing downward air supply and upward air exhaust demonstrates superior
ventilation efficacy compared to alternative layouts [37]. After comparing the temperature control
efficiency of the single-side air supply scheme with that of the both-sides air supply scheme, Tian et
al. [38] found that the both-sides air supply scheme exhibited superior temperature control efficiency.
Whereas, when employing the both-side air supply scheme in URC, the indoor temperature
distribution will exhibit areas of high temperature accumulation and temperature stratification |19,
26]. Therefore, when implementing the both-sides downward air supply and upward air exhaust
scheme in URC, it is essential to modify the layout of the air supply system to reduce the high

temperature accumulation area and improve comfort.
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In summary, the implementation of typical ventilation systems in URC creates areas of
temperature concentration, which adversely affects the efficacy of the temperature control scheme;
however, the system effectively maintains indoor air quality. By modifying the airflow organization
within URC, the indoor temperature distribution can be made more uniform, thereby enhancing the
temperature control performance. Nonetheless, the impact of airflow organization on temperature
control in refuge chambers has received little attention. To maintain a low temperature in the indoor
living area, this study employs a ventilation scheme that utilizes downward air supply and upward air
exhaust. Ultimately, by adjusting the layout parameters of the air inlet to influence indoor air
distribution, the indoor temperature distribution is improved.

In this study, the temperature control performance of the both-sided uniform air supply system
was evaluated in a 50-person URC, and the accuracy of the simulation model was validated. The
objective was to modify the terminal layout and optimize the airflow organization within the URC,
thereby enhancing the temperature control performance of the ventilation system. Utilizing a
meticulously designed orthogonal simulation scheme, the effects of DIW, TDIs, the angle of the inlets
in the x direction, and the angle in the y direction on the temperature control performance of the
ventilation system were comprehensively analyzed. This research has extended the effective duration
of temperature control and improved the efficiency of waste heat treatment efficiency. Consequently,
this study holds significant reference value for the installation of ventilation systems or the

enhancement of ventilation layouts in URCs.

2. Methodology

2.1 Evaluation indicators

In order to assess the impact of the air inlets layout on temperature control performance, this
study utilizes the following evaluation indicators:

(1) Value of the indoor air temperature (IAT) at 96 h.

(2) Effective temperature control duration.

(3) Temperature distribution.

(4) Heating rate (HR).

(5) Waste heat absorption efficiency.
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(6) Waste heat emission efficiency.

The URC is required to provide a temporary living environment for survivors for a duration of
96 h [9]. In the absence of temperature control measures, the IAT of URCs will gradually rise over
time. Currently, it is widely accepted that the upper limit of acceptable temperature for survivors
within the URC is 35°C [39]. Consequently, the lower IAT at the 96 h, the longer the effective duration
of temperature control, and the more efficient the temperature control performance.

The typical ventilation layout scheme tends to create a high-temperature accumulation zone
within the horizontal section of the occupied area, thereby compromising human thermal comfort and
the effectiveness of temperature control [27, 34]. In contrast, a lower temperature in the occupied
area, coupled with a more uniform distribution, enhances thermal comfort. Additionally, the
stratification of hot air at the upper levels facilitates heat dissipation, thereby improving the
temperature control performance of the ventilation system. Consequently, the analysis of temperature
distribution can provide insights into thermal comfort and thermal emission capacity across various
ventilation layouts.

The HR of indoor air varies with time, reflecting the temperature control efficiency of the
temperature control scheme at different times. In addition, in order to describe the HR, equation (1)
is used to calculate it [40]:

w, = (T, —Ty)/t (1)

Where: w, is the heating rate, °C/h; t is the ventilation time, h; T, is the temperature of
indoor air temperature, °C; T, is the initial indoor air temperature, °C.

When utilizing a ventilation system solely as a temperature control measure, the heat transfer
analysis of the living room within the refuge chamber can generally be categorized into five
components: human heat dissipation, air heat absorption, wall heat absorption, inlets cooling, and
outlets heat emission. Given that human heat dissipation can be considered constant and that the
ventilation temperature will remain stable in a deep mine, enhancing the heat absorption capacity of
the wall and the heat emission capacity of the outlets will contribute to a reduction in the HR of the
IAT, thereby improving the temperature control performance of the URC. Consequently, this paper
introduces two indicators: waste heat absorption efficiency and waste heat emission efficiency, to

assess the temperature control performance of various ventilation layouts. Equations (2) and (3) are
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employed for respective calculations [41-42]:
®a = (Teon = Tin) / (Tair — Tin) 2)
Pe = (Tour = Tin) / (Tair — Tin) 3)
Where: ¢, indicates the waste heat absorption efficiency; ¢, represents waste heat emission
efficiency; T,,, is the temperature of the concrete wall, °C; T,; indicates indoor air
temperature, °C; T,,; indicates outlet temperature, °C; T;, indicates the inlet temperature, °C.
2.2 Experimental details
2.2.1 Experimental environment
The experimental site is situated within a teaching building designed to simulate an underground
mine in Guizhou Province, China. The horizontal roadway of the building is connected to the inclined
roadway, which serves as a ventilation passage. As illustrated in Fig. 1, the chamber features an arched
section with an inner circumference of 12.35 m, a vertical wall height of 1.5 m, and an inner vault
positioned 3 m above the ground. The total length of the chamber measures 15.85 m, with a width of
5.1 m. The chamber is partitioned into a transition room measuring 1.6 m in length and 4 m in width,
and a living room that is 12.6 m long and 4 m wide. The walls of the chamber are constructed from
concrete, which has a density of 2300 kg/m?, a specific heat capacity of 920 J/(kg-K), and a thermal

conductivity of 1.74 W/(m-K), respectively.

(a)The interior contours (b)The layout of heating tubes
Fig. 1 Diagram illustrating the experimental setup.
As illustrated in Fig. 1, the thickness of the walls on the left and right sides measures 0.55 m,
while the thickness of the outer walls at the front and back ends is 0.7 m. The wall at the front of Fig.
| (a) has a thickness of 0.25 m, serving to separate the transition room from the living room. Each of
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the three walls at the front and back ends is equipped with a door to facilitate personnel entry and exit.
The door is constructed from a 2 mm stainless steel plate, filled with 40 mm thick polyurethane
insulation material, and the gaps are sealed with polyurethane foam caulk, effectively reducing the
influence of the external environment on the temperature field within the chamber. The living area of
the chamber encompasses 50.4 m?. Given that the per capita building area in the refuge is not less
than 1 m?, the experiment is designed to accommodate 50 refuge personnel by arranging 60 finned
copper heating tubes, each with a heat output of 100 W, as depicted in Fig. 1 (b), to replicate the heat

production required for 50 survivors during the refuge period [32].

1.Fan 2.Transition room 3.Anemometer 4.Air supply tube S.Inlet
6.Heating tubes 7.Living room 8.Stainless steel door 9.Exhaust tube

Fig. 2 Schematic diagram of the experiment.

Fig. 2 illustrates the experimental principle, in which the fresh air generated in the ventilation
tunnel by the fan is conveyed through a ventilation pipe with a diameter of 0.1 m, positioned at a
height of 1.8 m above ground level, to the living room within the refuge chamber. On either side of
the ventilation pipes, there are twenty circular vent pipes, each measuring 0.03 m in diameter, that
function as air inlets. Ultimately, the fresh air enters the living room through these inlets. Additionally,
two emission outlets, each with a diameter of 0.25 m, are located at the front and back of the living
room, with their outlets positioned 2.65 m above the ground. The indoor air in the living room will
flow through these two emission outlets towards the exterior of the refuge chamber.

2.2.2 Data collection

To monitor variations in air supply temperature, one temperature measurement point was

positioned at the anemometer, while 18 temperature measurement points were strategically arranged

within the refuge chamber to observe temperature fluctuations, as illustrated in Fig. 3.
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Fig. 3 Coordinate chart of measurement points.

The temperature measurement points within the room are positioned along two vertical sections,
each 3.3 m from the ends of the chamber, as well as one central vertical section. The personnel in the
URC will remain seated for extended periods within the chamber, with their heads positioned near a
horizontal plane at a height of 1.1 m. Additionally, when standing, the heads are considered to be at
a height of approximately 1.8 m. Consequently, the measurement points in each section are
symmetrically arranged according to three levels: the near-ground level at a height of 0.1 m, the level

at 1.1 m, and the level at 1.8 m.

(a) PT100 temperature sensor  (b) Temperature acquisition instrument (c) Anemometer
Fig. 4 Data acquisition instrument.

As illustrated in Fig. 4 (a), the temperature measurement device utilizes the PT100 temperature
sensor. This sensor is connected to the JK temperature acquisition instrument depicted in Fig. 4 (b),
facilitating data storage and retrieval. An anemometer has been selected to measure the wind speed
within the ventilation pipe and to calculate the per capita air supply, as demonstrated in Fig. 4 (c).

9
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Through Table 1, the relevant parameters of each data acquisition instrument can be obtained.

Table 1 Parameters of each data acquisition instrument.

Name Type Measurement range Measurement accuracy
Thermocouple PT100 (-50~200) °C +0.01°C
Temperature collector JK4000 (-200~1800) °C 0.01°C
Anemometer LSFS-4 (0~9000) m*/ h 0.02 %

2.2.3 Experimental parameters and processes

Table 2 shows the experimental parameters. Among them, the air supply volume is 900 m3/h;
the heat source intensity is 6000 W; the highest and lowest air supply temperatures are 20.90°C and
14.95°C, respectively; and the height of the air supply inlets is 1.8 m, which is uniformly fixed on the
walls on both sides.

Table 2 Experimental parameters.

Name Parameters
Air supply volume 900 m*/h
Heat source intensity 6000 W
Air supply temperature 14.95°C~20.90°C

Height of inlets is 1.8 m,
Inlets layout
uniformly fixed on the both-sides walls

The primary experimental procedures are conducted as follows:

(1) Activate the data acquisition instrument, monitor the temperature variations, and ensure the
proper functioning of the temperature measurement point.

(2) Open the fan and inspect the anemometer to verify that the airflow meets the specified
ventilation rate and remains stable.

(3) Upon activating the thermal source controller, the heating pipes will commence operation.

(4) Close the door to prevent external environmental factors from affecting the indoor conditions.

(5) Shut off the heating tubes and open the chamber door to facilitate a reduction in temperature
within the chamber.

(6) Compile and analyze the data.

10
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2.3 Numerical details

2.3.1 Geometry simplification

sQmum e
205 5_0()111111,, — 777

ST
/

Fig. 5 Geometry of a 50-person refuge chamber.

Given that survivors predominantly remain seated in the living room during the refuge period,
this article builds the models of 50-person refuge chamber consisting solely of a living room. The
dimensions of the living room in the model are aligned with those observed during the experiment,
as illustrated in Fig. 5. Additionally, the wall thickness at both ends is 0.7 m, while the thickness of
the remaining walls is 0.55 m. Since the presence of survivors influences the indoor flow field, which
cannot be adequately effected by the heating tubes, 50 equivalent mannequins (EM) with dimensions
0.25x0.40x1.20m* were utilized as the heat source for simulation calculations [43]. The EMs are
arranged in the living room in four rows. The two outer rows of EMs are positioned 0.3 m away from
the wall, with a spacing of 0.4 m between the two middle rows of EMs and a spacing of 0.4 m between
adjacent EMs within each row. The effect of air in the supply tube is disregarded; thus, 40 air inlets
of the same diameter were established in the living room, with a diameter of 0.03 m and a ground
distance of 1.8 m from living room.

2.3.2 Influencing factors and orthogonal simulation scheme

Cheng et al. [44] observed that a "cooler feet than head" configuration resulted in improved
human comfort. The use of an even both-sides air supply scheme can lower the temperature of low
horizontal plane [45]. Consequently, the air inlets are positioned at a height of 1.8 m horizontally,
facilitating a more comfortable temperature distribution within the occupied area. Whereas, when

employing the both-side air supply scheme in URC, the indoor temperature distribution will exhibit
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areas of high temperature accumulation in the middle and temperature stratification [19, 26].
Consequently, it is essential to introduce more cold air to the central region to diminish the extent of
high temperature accumulation in this area. As is shown in Fig. 6, to achieve this goal, we have
identified four strategies: modify the DIW to position the air inlets closer to the central area; adjust
the TDIs on both sides to increase the number of air inlets in the central area; alter the angle of the air
intake in the x-direction to facilitate greater cold air entry into the central area; and adjust the angle

in the y-direction to enhance the airflow for more effective hot air emission.

1 TDIs
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(a) Schematic diagram of the DIW (b) Schematic diagram of TDIs
z
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(¢) Schematic diagram of x direction and y direction
Fig. 6 Schematic diagram of influencing factors.

At the same time, four levels are taken for each influencing factor to obtain a smaller range of
optimal levels. As illustrated in Fig. 6, the angle of the inlet when oriented perpendicular to the ground
is 90°. When the inlet is adjusted in the x and y directions, it varies around the respective x and y
axes.

The selection of four factors and four levels necessitates 256 simulations to encompass all
working conditions, which is undoubtedly time-consuming and resource-consuming. However, the
orthogonal design can significantly reduce the number of working conditions when each factor's
levels are evenly considered [46]|. The main tool of orthogonal experiment design is orthogonal table.
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Additionally, the orthogonal table can be appropriately selected based on the number of factors, the
levels of these factors, and the presence of interactions . When four factors, each with four levels,
are selected, and the interactions among these factors are taken into account, a minimum of 67
orthogonal simulation cases is required, which remains excessive. Ultimately, as illustrated in Table
3, a 4-factor, 4-level orthogonal table is employed to establish the simulation of cases, thereby

minimizing the number of simulations conducted, while disregarding the interactions among the four

factors.
Table 3 Initial simulation cases design.
Case DIW (m) TDIs X direction (°) Y direction (°)
1 0.2 1 90 90
2 0.2 2 60 70
3 0.2 3 30 50
4 0.2 4 0 30
5 0.7 1 60 50
6 0.7 2 90 30
7 0.7 3 0 90
8 0.7 4 30 70
9 1.2 1 30 30
10 1.2 2 0 50
11 1.2 3 90 70
12 1.2 4 60 90
13 1.7 1 0 70
14 1.7 2 30 90
15 1.7 3 60 30
16 1.7 4 90 50

After comparing the results of the above simulation cases, the optimal level and the sub-optimal
level of the top three factors were re-orthogonal simulation design. At the same time, their interaction

was considered and simulated according to the simulation scheme shown in Table 4.
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Table 4 Simulation cases design within interaction.

Case A B A+B C A+C B+C
17 1 1 1 1 1 1
18 1 1 1 2 2 2
19 1 2 2 1 1 2
20 1 2 2 2 2 1
21 2 1 2 1 2 1
22 2 1 2 2 1 2
23 2 2 1 1 2 2
24 2 2 1 2 1 1
2.3.3 Turbulence model

In this study, the air temperature is calculated to range from 20°C to 40°C, with a dynamic
viscosity range of 1.50x107° m?/s to 1.69x10~° m?/s, indicating that the Reynolds number (Re) in the
air emission pipes falls between 38609 and 42833. Consequently, the airflow is characterized as
turbulent. For the treatment near the wall, Enhanced Wall Treatment was employed, taking into take
into consideration the effects of the pressure gradient and thermal influences, while also considering
the full buoyancy effect due to gravity. The governing equations include the continuity equation,

momentum equation, and energy equation, as follows

a

= (pu) = 0 @
O () = — 284 O [y (2u g )] 2, 0w s
ax,-(pulu’)_ axi+axj[u(3xj+3xz)] 3M3xk5” ©)
2\ pu,c,T— k2| =y, 52 oui | Ouj) _ 2 Ok s
axi[pu]CpT kax,- _u]axj+[u(axj+6xi) 3,uaxk5l}] (6)

Where: p is the density, kg/m?; u is the average velocity component, m/s; x;, x; and x4 are the
Cartesian coordinates in the i, j and k directions, which correspond to the X, Y and Z directions,
respectively; p is the average air pressure, Pa; u is the dynamic viscosity coefficient, N-s/m?; ¢ is the
Kronecker delta (where 0 = 1, when i = and else J = 0); C,, is the specific heat, kJ/(kg-K); T is the
temperature, °C.

The geometric model established is based on the actual experimental site, resulting in a large

model size. Additionally, during the calculation process, the airflow exhibits complex variations in
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the vicinity of the EM, whereas in regions further away from the wall and EM, the airflow velocity
tends to be lower. Therefore, the RNG k-¢ turbulence model has been selected [49]. This turbulence
model has good convergence, stability and accuracy in simulating air flow in a ventilated room [ 50-

511]. The transport equations of this model are shown as follows [52]:

(k) + = (k) = 5o @uttory 3) + G+ Gy = pe = Yy +5i )

2 (08) + = (pew) = o (auttors 32) + Cie £ (G + CseGp) = Coop = Re +5, ®)
Where: G is the generation of turbulence kinetic energy due to the mean velocity gradients,
G, is the generation of turbulence kinetic energy due to buoyancy. Yj, is the contribution of the
fluctuating dilatation in compressible turbulence to the overall dissipation rate. The quantities a;
and a, are the inverse effective Prandtl numbers for k and ¢, respectively. S, and S, are user-
defined source terms; C;, Co, Cs are constants.
2.3.4 Initialization and boundary conditions
The initialization parameters and boundary conditions applied in the numerical simulation are
shown in Table 5. The power output of a single EM is 120 W. During the long-distance air supply
process, the air will fully exchange heat with the surrounding rock; therefore, it is assumed that the
supply air temperature aligns with the initial ambient temperature. Xiao et al. [ 53| indicated that when
the burial depth ranges from 400 to 600 m, the influence of surface temperature on the temperature
of surrounding rock can be disregarded. Consequently, in the deep mine, the initial ambient
temperature remains uniform, and the air supply temperature is maintained constantly. Zhang et al.
| 277] discovered that when the initial ambient temperature exceeds 27°C, merely employing per capita
air supply of 0.3 m*/min for the mine compressed air (MCA) scheme is insufficient to satisfy the
temperature control requirements within 96 h period. Given that the per capita building area of this
model is smaller than that of Zhang et al.'s calculation model, the initial ambient temperature is set to
27°C during calculations to facilitate the identification of the impact of various factors on temperature
control performance. Concurrently, the outer wall surface temperature and air supply per capita are

established at 27°C and 0.3 m3/min, respectively.

15



3

10
11
12
13

Table 5 Initialization and boundary conditions setting parameters table

Name Type Parameter Remark
Initial air temperature / 27°C
Initial wall Initial conditions
/ 27°C
temperature
Inlet Velocity inlet 15 m*/min; 27°C
Outlet Outflow /
Outer wall Fixed temperature 27°C Boundary conditions
Inner wall Coupled /
EM Fixed heat flow 120W/person

2.3.5 Numerical calculation Settings
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Fig. 7 Calculate the selection of mesh size.

In ANSYS-ICEM, grid calculation models were generated. To accommodate the complexity of
the geometric model, an unstructured mesh was employed. To mitigate the influence of mesh size on
the accuracy of the calculation results, five types of meshes were created with mesh counts of
1.62x10%, 1.98x10°, 2.60x10°, 3.12x10%, and 3.77x10%. When the initialization and boundary
conditions were consistent, numerical calculations were conducted for 12 h across the five mesh
models, and the IAT in the chamber over time is illustrated in Fig. 7 (a). It can be observed that when
the number of meshes exceeds 2.60%x10°, there are no significant changes in the IAT value at the same
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moment. Therefore, in the subsequent numerical simulation calculations, it is essential to ensure that
the mesh count exceeds 2.60x10%. Fig. 7 (b) presents the mesh model with a mesh count of 2.60x106,

which demonstrates a good fit with the geometric model.
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Fig. 8 Time-step validation.

To avoid errors resulting from the improper selection of time steps during calculations, four steps
of 1s,2s,5sand 10 s were chosen for verification. The variation curve of the IAT in the chamber
over time is illustrated in Fig. 8. In the first 2 h, the maximum temperature difference at the same time
is 0.18°C, and after 2 h, the calculated results across the four steps of time become consistent.
Consequently, different time steps have minimal impact on the calculation results over the 96-hour
period. To reduce computation time, the time step of 10 s is selected for subsequent research.

In this study, a pressure-velocity coupling-based simple separation algorithm is utilized. A first-
order implicit algorithm is employed, with the pressure term utilizing second-order accuracy, the
momentum term employing first-order upwind, and the remaining terms using second-order upwind.
The convergence criterion for energy terms is set at 107, while the convergence criterion for other
terms is established at 103[54]. The time step was initially set to 0.1 s and was subsequently adjusted
to 10 s after achieving convergence stability.

2.4 Numerical model validation

This study obtained variation data of supply air temperature over time through experiments,
which was subsequently compiled into a User Defined Function (UDF) file designated as the inlet
temperature for numerical verification simulations. As illustrated in Fig. 9(a), the simulation results

were compared with the experimental data. Additionally, to mitigate the potential impact of low air
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supply temperatures during the experiments on the numerical simulation results, this study conducted
a simulation with a higher air supply temperature and compared it with the experimental findings of

Zhang et al. [55], as depicted in Fig. 9(b).
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Fig. 9 Model validation.

As illustrated in Fig. 9 (a), as the air supply temperature changes in the range of 15-21°C, the
temperature variation trends at the measuring points obtained through the two methods are
comparable. However, owing to the thermal inertia of the air, changes in the supply air temperature
exert a more significant influence on the numerical simulation results. Notably, the maximum
temperature difference between the two methods is 0.84°C, with a maximum relative deviation of
3.37 %. As illustrated in Fig. 9 (b), the entire simulation process encompasses two air supply modes
and three variations in ventilation volume. During the ventilation volumes of 300 m3/h and 450 m?3/h,
the corresponding air supply temperatures are 34.7°C and 36.2°C, respectively. As the ventilation
volume increases, the maximum temperature differences observed in the three stages of the simulation
are 0.81°C, 0.60°C and 0.72°C, respectively. The corresponding relative errors are 2.67 %, 1.94 %
and 2.25%, respectively.

It is evident that the numerical simulation results maintain high accuracy despite variations in
both air supply temperature and volume. Consequently, the findings from subsequent studies can be

regarded as reliable.
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3. Results

3.1 Typical case analysis
3.1.1 Experimental temperature control performance

Fig. 10 illustrates the variation curves of [AT, HR and air supply temperature over a 12 h period
for a typical layout featuring uniform air supply on both sides. It is observed that the change in IAT
occurs in three distinct stages: the first stage is characterized by rapid heating, occurring within the
initial 0.5 h; the second stage represents a slow heating phase, spanning from 0.5 h to 9.5 h; and the
third stage is identified as a slow cooling phase, which takes place from 9.5 h to 12 h. Concurrently,

the HR after 1 hour will gradually decrease as time progresses.
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Fig. 10 Variations of temperature and heating rate.

Based on the temperature change curve presented in Fig. 10, it can be observed that the IAT
increases from 21.99°C to 24.62°C within the first 0.5 h, ultimately reaching 25.19°C after 12 h.
During the rapid heating phase, the temperature difference between the IAT and the wall is minimal,
indicating that the IAT is primarily influenced by the heat exchange between the air and the heat
source. As the IAT rises, the temperature difference between the air and the wall becomes more
pronounced, leading to a gradual increase in heat exchange between the wall and the air. Concurrently,
the continuously decreasing air supply temperature progressively enhances the cooling capacity for
the URC. The interplay of these two factors results in a gradual decline in the HR during the slow
warming phase, culminating in the onset of cooling at 9.5 h.

Fig. 11 illustrates the temperature change curves over time for three vertical cross sections

located at the front, middle and back, as well as three horizontal cross sections at heights of 0.1 m,
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1.1 m and 1.8 m. This reflects the variations in indoor temperature distribution over time. Overall, the
initial 0.5 h represents a rapid heating stage, followed by a slow heating stage thereafter. After 1 hour,
the differences in HR across each section at the same time become minimal, resulting in only slight
changes in temperature differences among the sections at that moment. Notably, the maximum
temperature difference range for the vertical section after 1 hour is between 0.10 and 0.25°C, while
the maximum temperature difference range for the horizontal plane after 1 hour is between 0.90 and
1.1°C. It is evident that this ventilation layout scheme will result in significant temperature

stratification.
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Fig. 11 Temperature distribution under typical case.

From Fig. 11 (a), it can be observed that the temperature in the front section is the lowest, while
the temperature in the middle section is comparable to that in the back section. The heat source is
uniformly distributed throughout the space, and the airflow rate at the air inlets is greater at the front
end of the chamber and lower at the back end. This results in a higher supply of cold air at the front
end and a reduced supply at the back end. Furthermore, the emission outlets are positioned above the
two ends of the chamber, leading to a lower efficiency of heat air emission in the middle area
compared to the two ends. Due to the disparity in cold air supply and the configuration of the emission
outlets, the temperature in the front section is lower, while the temperatures in the middle and back
sections are similar.

From Fig. 11 (b), it can be observed that the temperature at the 1.8 m section is the highest,

whereas the temperature at the 0.1 m section is the lowest. This temperature stratification is influenced
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by the airflow. During the flow process, fresh air exchanges heat with the warmer air and heat sources,
entering vertically from the walls on both sides. Subsequently, due to the effects of ground barriers
and thermal buoyancy, a vortex is formed, with downward movement on both sides and upward
movement in the center at the vertical cross-section. Consequently, a temperature stratification
phenomenon occurs, where the temperature at a lower level is lower than that at a higher level.

Furthermore, the activity area designated for refuge personnel is primarily located below the 1.1-
meter level. Consequently, when designing the ventilation layout, it is essential to ensure that a greater
volume of warm air is distributed in the upper region. This approach will help to minimize the
consumption of cold energy by hot gases and enhance the emission of hot air. Additionally,
positioning the exhaust vents at the upper sections of both walls will facilitate the efficient discharge
of hot air from above.
3.1.2 Numerical temperature control performance

When utilizing numerical simulation, the air supply temperature is maintained at a constant level,
and the temperature control performance of the typical case involving uniform air supply on both
sides is assessed over a duration of 96 h.

According to Fig. 12, the variation in IAT can be categorized into two distinct stages: the rapid
heating stage from 0 to 0.5 h, and the slow heating stage from 0.5 to 96 h. The efficiency of waste
heat treatment increases progressively over time. However, the heating rate diminishes gradually as

time progresses.
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Fig. 12 Temperature control performance in 96 h under typical case.
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Fig. 12 (a) illustrates the variation curve of waste heat treatment efficiency over time. It is
observed that the waste heat emission efficiency is 0.71 at 0.5 h, subsequently increasing gradually
until it reaches 0.87 at 96 h. Concurrently, the change rate of waste heat absorption efficiency exceeds
that of the waste heat emission rate, starting at a value of 0.01 at 0.5 h and slowly rising over time to
reach 0.29 at 96 h. The ventilation layout under typical case results in elevated temperatures in the
upper region, leading to a higher HR in that area compared to the whole room. The air at the emission
outlets is the hot air from above, which causes the waste heat emission efficiency to progressively
increase over time. In the initial stage, the small temperature difference between the IAT and the wall,
along with the initial contact between the air and the heat source, results in a greater rate of
temperature rise in the room compared to the wall. As time progresses, the temperature difference
between the IAT and the wall increases, leading to an enhanced temperature rise rate in the wall, while
the corresponding temperature rise rate in the room gradually decreases. This phenomenon results in
the observed trend of increasing waste heat absorption efficiency over time.

Fig. 12 (b) illustrates the change curve of the IAT and its heating rate over time. The IAT
increased from 27°C to 31.19°C within the first 0.5 h, subsequently reaching 35°C at 51 h, and
ultimately attaining 35.51°C at 96 h. The heating rate of the IAT was measured at 0.385 °C/h after 1
h, decreased to 0.022 °C/h at 51 h, and finally reached 0.005 °C/h at 95 h. It is evident that the HR of
the IAT during the slow heating stage gradually diminishes as the efficiency of waste heat treatment
improves. Therefore, investigating methods to enhance the efficiency of waste heat treatment will
contribute to better temperature control performance in the ventilation system.

Fig. 13 illustrates the contour of temperature distribution at 96 h under typical case. Given that
the geometric model is symmetric, the overall temperature distribution is also symmetric. The height
of the horizontal plane is designated as a 1.1 m section. It is evident from the Fig. 13 that the area of
high temperature accumulation is located in the central region of the horizontal plane, with the highest
temperature observed in the middle cross-section. This temperature distribution will result in
significant variations in the thermal comfort of refuge personnel situated in different indoor locations.

Additionally, the temperature control performance of the ventilation system is inadequate.
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Fig. 13 Temperature distribution at 96h under typical case.

Due to the even distribution of inlets on both sides of the wall, the flow rate in the horizontal
plane is minimal in the central region. Consequently, the emission of hot air in this area is sluggish,
leading to the formation of a heat accumulation zone over time. Additionally, the positioning of the
inlets causes the airflow to generate eddy currents at the vertical section, resulting in elevated
temperature accumulation in the central area of each vertical section. Therefore, to achieve improved
temperature control performance in the ventilation system, it is essential to investigate the terminal
layout of the air supply system to enhance the overall temperature control efficiency.

3.2 Temperature control performance

3.2.1 Uniformity of temperature distribution

A R T G - G Y. N

<>
<

Temperature (°C)

Case 13 Case 14 Case 15 Case 16

Fig. 14 The contour of temperature distribution under various cases.
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Fig. 14 illustrates the contour of temperature distribution at a height of 1.1 meters for each case
at 96 h. It is evident that the temperature distribution of the wall is minimally influenced by the
ventilation layout, while significant differences are observed in the IAT contour images across the
various cases. Additionally, most of the high-temperature areas are located in the central region and
around the EM.

In cases 1, 5 and 13, a significant heat accumulation area is observed, whereas the heat
accumulation area is relatively small in cases 2, 3 and 8. The temperature distribution in case 2 is the
most uniform. In the contour images for cases 3 and 8, a high-temperature accumulation area is
present between the middle two rows of the EM, although there are more regions below 35°C in the
central area of the cross-section. The high-temperature areas in cases 9, 10 and 13 are primarily
located around the middle two rows of the EM. The distribution of the temperature contour images
in cases 15 and 16 exhibits overall central symmetry, while the distribution of the remaining
temperature contours is symmetrical as a whole. It is evident that altering the airflow organization
can significantly impact the air temperature distribution within the room. Additionally, this
adjustment can enhance the temperature control capabilities of the ventilation system and reduce the
high-temperature accumulation areas.

3.2.2 Waste heat treatment efficiency and temperature variation within 96h
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Fig. 15 Changes of temperature control performance with ventilation layout.
As illustrated in Fig. 15, to facilitate a more precise comparison of the impact of different
ventilation layouts on temperature control performance, an analysis was conducted on the average
waste heat treatment efficiency over a period of 96 h, the IAT at 96 h, and the effective duration of
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temperature control.

Fig. 15 (a) illustrates the average waste heat treatment efficiency across various cases over a
period of 96 h. It is evident that the average waste heat emission efficiency varies significantly with
changes in the ventilation layout, exhibiting a range of 0.169. In contrast, the differences in average
waste heat absorption efficiency among the different cases are minimal, with a range of only 0.009.
The average waste heat emission efficiency reaches its peak value of 0.919 in case 3. When compared
to the average waste heat emission efficiency of case 1, which stands at 0.838, case 3 demonstrates
an increase of 9.67%. Additionally, the waste heat absorption efficiency in case 3 is recorded at 0.229,
which is 0.001 lower than the maximum value of 0.230. Conversely, the lowest average waste heat
emission efficiency is observed in case 5, at a mere 0.75, while the lowest waste heat absorption
efficiency is found in case 9, at 0.221.

Fig. 15 (b) illustrates the effective temperature control duration and the final temperature after
96 h across various cases. It is observed that the maximum effective duration for case 3 is 79 h, while
the minimum effective duration for case 5 is merely 43 h. The effective duration for case 1, which
employs a traditional ventilation layout, is recorded at 51 h. A comparison of the final temperature
control outcomes after 96 h reveals that the room temperature for case 3 is 35.11°C, which is 0.4°C
lower than that of case 1 and 0.65°C lower than that of case 5.

By analyzing the waste heat treatment efficiency and temperature variations across each case, it
is evident that the temperature control performance of case 3 is superior, while that of case 5 is the

least effective. Fig. 16 illustrates the variations in IAT and HR over time for cases 1, 3 and 5.
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Fig. 16 Curve of IAT and HR with time.
Since the IAT increases rapidly before 0.5 h and then heats up slowly after that point, the starting
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time of the HR curve is set at 1 h. It can be observed that the IAT of case 3 is the lowest at all times,
and the IAT difference between case 1 and case 5 is minimal before 12 h. The IAT of case 5 is slightly
lower than that of case 1 before 2 h; however, after 2 h, the IAT of case 5 exceeds that of case 1.
Overall, the HR of each case exhibited a decreasing trend over time, with case 5 having the highest

HR and case 3 the lowest.
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Fig. 17 Temperature distribution of URC at different times.

Fig. 17 illustrates the temperature distribution for cases 1, 3 and 5 over the time intervals of 24
h, 48 h and 96 h. At any given time, the high-temperature area in case 3 is smaller than that of the
other two cases. Furthermore, the temperature distribution in this case is more uniform across the
horizontal cross-section, while the high-temperature area in the upper section of the vertical cross-
section is larger, which facilitates the emission of high-temperature gases. The high-temperature area
in the middle cross-section of cases 1 and 5 is significantly greater than that in both end sections, and
the high-temperature area in the horizontal cross-section is also concentrated in the middle. This
phenomenon indicates that both cases exhibit higher temperatures in the central region and lower
temperatures on the sides, which has an inhibitory effect on the emission of high-temperature gases.

This study aims to examine the impact of various factors related to terminal layout on
temperature control performance. Subsequently, we will discuss the effects of DIW, TDIs, as well as
the angles of the air inlets in both the x and y directions on the temperature control performance of

the ventilation system.
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3.3 Sensitivity analysis

3.3.1 Effect of the DIW
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Fig. 18 Influence of the DIW on the temperature control performance.

Fig. 18 illustrates the variations in IAT and waste heat emission efficiency influenced by the
DIW. The four levels of this factor are ranked from high to low based on IAT at each moment: 0.7 m,
1.7 m, 0.2 m and 1.2 m. At 24 h, 48 h and 96 h, the temperature differences between the 0.7 m level
and the 1.2 m level are 0.06°C, 0.10°C and 0.11°C, respectively. It is evident that as time progresses,
the temperature difference between the two levels increases, indicating that the HR at the 0.7 m level
is greater than that at the 1.2 m level. Simultaneously, the average waste heat emission efficiency for
each level is ranked from high to low as follows: 1.2 m, 0.2 m, 0.7 m and 0.7 m, with their respective
values being 0.890, 0.873, 0.865 and 0.838, resulting in a range of 0.052.

The three levels of 0.2 m, 0.7 m, and 1.7 m are situated in proximity to one row of EMs while
being distanced from the other EMs on one side. Consequently, after the fresh air interacts with one
row of EMs, the cold air within it is significantly depleted. When this air subsequently reaches the
other EMs, it is unable to supply sufficient cold air to the surrounding environment. This leads to a
non-uniform temperature distribution, thereby diminishing temperature control efficiency. Given that
the 0.2 m horizontal supply inlets are located near the walls on both sides, the overall airflow direction
across the vertical cross-section exhibits a downward trend on the sides and an upward trend in the
center. As a result, a high-temperature zone emerges in the central area at the top of the cross-section,
which facilitates the emission of hot air. Furthermore, since the 1.7 m level of the air inlets is closest

to the central region, the flow rate in this area exceeds that of the sides, thereby enhancing the
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emission of heated air. Therefore, the waste heat emission efficiency at the 0.2 m and 1.7 m levels is
superior to that at the 0.7 m level. It is evident that the temperature control performance of the

ventilation system can be enhanced by modifying the DIW.

3.3.2 Effect of the TDIs
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Fig. 19 Influence of TDIs on temperature control performance.

Fig. 19 illustrates the variations in IAT and waste heat emission efficiency influenced by TDIs.
The four levels of the factor are ranked from high to low based on the IAT at each moment: 1 TDIs,
2 TDIs, 4 TDIs and 3 TDIs. At 24 h, 48 h and 96 h, the temperature differences between the 1 TDIs
level and the 3 TDIs level are 0.15°C, 0.20°C and 0.24°C, respectively. It is evident that as time
progresses, the temperature difference between the two levels increases. Concurrently, the average
waste heat emission efficiency for each level is ranked from high to low as follows: 3 TDIs, 4 TDIs,
2 TDIs and 1 TDIs, with corresponding values of 0.891, 0.874, 0.856 and 0.845, resulting in a range
of 0.046.

If the distance between air inlets is evenly distributed, the IAT in the central area becomes
excessively high. Therefore, by increasing the number of supply inlets in the central region, the
volume of cold air introduced into this area is enhanced, thereby reducing the temperature. This
adjustment also leads to a more uniform temperature distribution within the URC, ultimately

improving temperature control performance.
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3.3.3 Effect of the air-inlets angles
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Fig. 20 Influence of air-inlets angles on temperature control performance.

Fig. 20 (a) illustrates the variations in IAT and waste heat emission efficiency influenced by the
air inlets angle factor in the x direction. It is observed that the IAT at each level, at the same time, is
ranked from high to low as follows: 60°, 90°, 0° and 30°. At 24 h, 48 h and 96 h, the temperature
differences between the 60° level and the 30° level are 0.16°C, 0.18°C and 0.22°C, respectively. This
indicates that as time progresses, the temperature difference between the two levels increases.
Concurrently, the average waste heat emission efficiency for each level is ranked from high to low as
30°, 0°, 90° and 60°, with corresponding values of 0.904, 0.886, 0.838 and 0.837, resulting in a range
of 0.066.

By altering the air inlets angle in the x direction, the flow velocity of fresh air across the
horizontal plane is significantly affected, thereby influencing the temperature distribution. A smaller
air inlets angle facilitates the introduction of more cold capacity into the central part of the living area.
Conversely, a larger air inlets angle directs more cold capacity towards the sides of the area.
Consequently, the temperature control performance at the 0° and 90° levels is suboptimal. When the
air inlets angle is set at 30°, the air inlets position, being 0.5 m higher than that of the EMs, allows
for a greater influx of cold capacity into the central area. At a 60° air inlets angle, the cold supply is
distributed more evenly throughout the survival area, resulting in optimal temperature control
performance.

Fig. 20 (b) illustrates the variation of the IAT and waste heat emission efficiency as influenced
by the air inlets angle in the y-direction. It is observed that the IAT for each level at 96 h is ranked
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from highest to lowest as follows: 30°, 50°, 90° and 70°. For 48 h, the ranking is 30°, 90°, 50° and
70°. And for 24 h, the order is 90°, 30°, 50° and 70°. Notably, the lowest temperature recorded at the
same time occurs at the 70° level. Furthermore, due to varying heating rates, the highest temperature
level shifts from 90° to 30°. At 24 h, 48 h and 96 h, the temperature differences between 30° and 70°
are 0.08°C, 0.10°C and 0.12°C, respectively. This indicates that, with the passage of time, the
temperature difference between the two levels continues to increase at a gradual rate. Concurrently,
the average waste heat emission efficiency for each level is ranked from highest to lowest as follows:
70°, 90°, 50° and 30°, with corresponding values of 0.886, 0.871, 0.856 and 0.853, resulting in a
range of 0.033.

As the air inlets angle in the y-direction decreases, the cold supply to both ends of the survival
zone gradually increases, while the cold supply to the center of the survival zone diminishes. This
reduction in cooling supply leads to the formation of a high-temperature accumulation area in that
region. Additionally, when the air inlets angle changes, the waste heat emission efficiency at both
ends of the URC improves. Consequently, the 70° level demonstrates the best temperature control
performance, whereas the 30° level exhibits the poorest temperature control performance.

It can be observed that the lowest IAT and the highest waste heat treatment efficiency
predominantly occur at the optimal level of the x-direction angle. Consequently, it can be concluded
that variations in the x-direction angle exert a more significant influence on temperature control

performance, whereas changes in the y-direction angle have a comparatively lesser impact.
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4. Discussion

4.1 Optimization of air inlets layout

4.1.1 Significance analysis of impact factors

Table 6 Orthogonal numerical results.

Case DIW(m) TDIs X direction (°) Y direction (°) Pe

1 0.2 1 90 90 0.838

2 0.2 2 60 70 0.874

3 0.2 3 30 50 0.919

4 0.2 4 0 30 0.858

5 0.7 1 60 50 0.750

6 0.7 2 90 30 0.781

7 0.7 3 0 90 0.907

8 0.7 4 30 70 0.913

9 1.2 1 30 30 0.915

10 1.2 2 0 50 0.899

11 1.2 3 90 70 0.878

12 1.2 4 60 90 0.869

13 1.7 1 0 70 0.878

14 1.7 2 30 90 0.869

15 1.7 3 60 30 0.858

16 1.7 4 90 50 0.855
K; 3.490 3.382 3.352 3.483
K> 3.351 3.422 3.352 3.543
K3 3.562 3.563 3.616 3.424
K4 3.460 3.495 3.542 3.412
kj:(% 0.873 0.845 0.838 0.871
kz:(% 0.838 0.856 0.838 0.886
k3:(% 0.890 0.891 0.904 0.856
k4:(% 0.865 0.874 0.886 0.853
Range 0.053 0.045 0.066 0.033
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To ascertain the influence of DIW, TDIs, and the air inlets angles in both the x and y directions
on IAT, a comprehensive analysis of the key influencing factors was conducted by processing the data
obtained from orthogonal cases.

As illustrated in Table 6, the average waste heat emission efficiency over a period of 96 h was
analyzed. K; (i = 1,2,3,4) denotes the sum of waste heat emission efficiency for each of the i level of
the respective factors, while the Range is defined as the maximum value minus the minimum value
of K; within the same column. A larger range indicates that variations in the level of this factor exert
a more significant influence on temperature control performance. The ranges for DIW, TDIs, the x
direction, and the y direction are 0.053, 0.045, 0.066, and 0.033, respectively. It is evident that the x
direction factor has the most substantial impact on temperature control performance, whereas the y
direction factor has the least. Ultimately, the range analysis is conducted based on the orthogonal
simulation results, revealing the order of influence of each factor on the temperature control
performance of the ventilation system as follows: x direction > DIW > TDIs >y direction.

It can be observed that the optimal horizontal combination does not manifest under the
simulation conditions, primarily due to the neglect of the interactions among various factors in the
design of the orthogonal simulation conditions. To minimize computational costs, only the optimal
levels of the three most significant factors and the second level are taken into account for numerical
simulation calculations that consider these interactions, with the y-angle set at 50°. The final results
are presented in Table 7. The ranges for DIW, TDIs, DIW+TDIs, X, DIW+X and TDIs+X are 0.013,
0.006, 0.008, 0, 0.031 and 0.001, respectively. It is evident that the DIW+X factor has the most
substantial impact on temperature control performance, whereas the x direction factor has the least.
Ultimately, the range analysis is conducted based on the orthogonal simulation results, revealing the
order of influence of each factor on the temperature control performance of the ventilation system as
follows: DIW+X > DIW > DIW+TDIs > TDIs > TDIs+X > x direction. At the same time, the optimal
levels combination obtained is: DIW is 0.2 m, 3 TDIs, 1 level of DIW+TDIs, x direction is 30°, 1
level of DIW+X, 2 level of TDIs+X. The ventilation layout of the optimal combination aligns with

the optimal case identified in the initial orthogonal simulation scheme.
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1 Table 7 Simulation results within interaction.

Case  DIW (m) TDIs DIW+TDIs X direction (°) DIW+X TDIs+X Pe

17 0.2 3 1 30 1 1 0.919
18 0.2 3 1 0 2 2 0.890
19 0.2 4 2 30 1 2 0.907
20 0.2 4 2 0 2 1 0.874
21 1.2 3 2 30 2 1 0.867
22 1.2 3 2 0 1 2 0.900
23 1.2 4 1 30 2 2 0.870
24 1.2 4 1 0 1 1 0.900

Li 1.794625 1.787912  1.789441 1.781622 1.812629  1.780045
L> 1.768262  1.774976  1.773446 1.781266 1.750258  1.782842

L1 0.897 0.894 0.895 0.891 0.906 0.890
[> 0.884 0.887 0.887 0.891 0.875 0.891
Range 0.013 0.006 0.008 0.000 0.031 0.001

2 4.1.2 Temperature control performance in different ambient temperatures
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4 Fig. 21 Temperature control performance changes with ambient temperature.
5 By varying the initial ambient temperature and conducting a 96-hour numerical simulation under

6 the optimal ventilation layout. The acquired data were compared with the temperature control
7  performance and are ultimately presented in Fig. 21. It can be observed that the temperature difference
8  fluctuation of any two groups at different times is very small, in which the average temperature
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difference between the working condition with the initial ambient temperature of 27°C and the
working condition with the initial ambient temperature of 24°C and 30°C within 96h is 3.04°C and
3.03°C, respectively. Furthermore, as depicted in Fig. 21, when the initial ambient temperature is
altered from 24°C to 27°C and 30°C, the average exhaust efficiency of waste heat is recorded at 0.849,
0.919 and 0.943, respectively. These findings indicate that while the HR is minimally affected by
changes in the initial ambient temperature, the exhaust efficiency of waste heat tends to increase with
rising initial ambient temperatures.
4.2 Heat transfer model analysis

Since the ratio of length to width of the URC in this study is greater than 2, it can be reduced to

a cylinder for mathematical analysis. At the same time, the equivalent radius r; of the inner wall of

the cylinder is calculated as ; = /S./m,where S. is the area of the arched section [39].

Zhang et al. [56] established the IAT prediction equation under natural convection conditions

through mathematical analysis, as shown in equation (9-a):

1 7 113/F
To(r) =Ty + qo (Z + %—1_'_0_38\/(;,—0) (%9-a)

Where: g, can be calculated according to equation (9-b):

Qo = @ = Meionst (9-b)

T A Ay
Where: Fy can be calculated according to equation (9-c):
Fo = act/r{ 9-¢)
Where: T, is IAT, °C; 7 is time, s; Ty is the initial ambient temperature, °C; q, is the wall heat
flow without air supply, W/m?; A is the convective heat transfer coefficient between air and wall,
W/(m?K); 4 is the thermal conductivity of wall, W/(m-K); Fo is Fourier number; N is the number of
EMs; g. is the heating power of an EM, W; Aw is the wall area of URC, m?%;a,. is the thermal diffusion
coefficient of the wall, m%/s.
When a mechanical ventilation system is implemented, the temporal variation of IAT can be

represented by equation (10).

1, r; 113JF
Ta(®) = To+ gy (3 + L orosie) (10)

Where: ¢y is the wall heat flow when the air supply volume reachs Vm, W/m?; Vm is the mass
flow of the supply or exhaust outlet, kg/s.
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v is calculated as equation (11) :

q, = N'Qe_ca'V;nvETout_Tin) — N'Qe_ca'Vm;;P:[Ta(T)—Tin] (11)
(1 113F _CaVm'®a . .
Make n1—(h + 5 T8 JF_O)’ = Subsequently, equations (10) and (11) are organized,
leading to the final expression.
_ Totqoni+nin,Tin
T,(7) = i (12)

4.3 Comparison of different schemes

To facilitate the calculation of the per capita building area, a per capita heat production rate of
120W is assumed. As illustrated in Table 8, in comparison to the model proposed in this paper, Gao
et al. [17] achieved a reduction in effective temperature control time by 39.2 hours, under conditions
of a larger per capita building area and a lower initial ambient temperature. Although the encapsulated
ice plates (EIPs) temperature control scheme utilized by Xu et al. [33] can maintain effective indoor
temperatures for up to 72 hours, it necessitates the construction of ice storage rooms to accommodate
substantial quantities of ice. Specifically, for a population of 50 individuals, 420 EIPs must be stored.
When the initial ambient temperature is 25°C, the indoor temperature rises by 9.17°C after 96 hours
using the MCA temperature control scheme under a typical layout [27]. Given that variations in the
initial ambient temperature have minimal impact on the temperature differential between the IAT after
96 hours and the initial temperature, the optimized ventilation layout can reduce this temperature
differential by 1°C. Zhang et al. [55] proposed a cooled compressed air temperature control scheme,
wherein air is cooled prior to being introduced into the URC. This scheme demonstrates effective
temperature control performance in high-temperature surrounding rock. However, ice storage is also
required during non-working periods, which diminishes economic viability. By substituting the
typical ventilation layout with the optimized ventilation layout, equivalent temperature control can
be achieved with a reduced air volume, thereby alleviating the challenges associated with air supply
and lowering temperature control costs. When the ventilation system of the cooled compressed air is
configured according to the optimized ventilation layout, the same temperature control effect can be
attained with less ice storage, provided that the air supply volume remains constant, thus enhancing

the economic efficiency of the scheme.
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1 Table 8 Comparison of effects for different temperature control methods.

Heat source

Per capita  IAT Ventilation Temperature control
Method intensity
area (m?)  (°C) parameter performance
(W)
Phase change The IAT reaches 35°C
4656 1.42 25 \
chair at 39.8 h.
When the heating
Encapsulated
1032 1.45 28 \ power increases by 14.3
ice plates
W, an EIP to be stored.
Both sides evenly  IAT rises to 34.17°C at
Compressed
. 6000 1.12 25 layout; 96 h. An increase of
air
0.3 m3*/min; 25°C 9.17°C.
Cooled Both sides evenly  TAT rises to 33.70°C at
compressed 6000 1.60 30 layout; 96 h. An increase of
air 0.3 m*/min; 20°C 3.70°C.
Optimized Optimized IAT rises to 35.11°C at
compressed 6000 1.01 27  ventilation layout; 96 h. An increase of
air 0.3 m*/min; 27°C 8.11°C.
2 4.4 Future work
3 4.4.1 Application of optimized ventilation system
4 The ventilation system plays a crucial role in regulating the indoor temperature within the URC

5  through the precooling of surrounding rock, the cooling of MCA, and the phase-change coupled MCA.
6  Following the optimization of the ventilation system, the temperature control performance of the
7  aforementioned temperature control strategies can be enhanced. Concurrently, this optimization can
8 alleviate the challenges associated with air supply and reduce temperature control expenditures. This
9  research has the potential to enhance the temperature control performance in underground gathering

10 areas, which may include environments such as underground shopping malls, subway platforms and
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train cars.
4.4.2 Future research

This study only conducted an optimization analysis on a single temperature control method, the
ventilation temperature control system. However, composite temperature control schemes can
complement each other to achieve better temperature control performance and save more temperature
control costs. Therefore, it is necessary to research whether this optimized system can improve
temperature control performance within composite temperature control schemes. For example, the
utilization of phase change materials in the compressed air coupled phase change temperature control
scheme depends on the ambient temperature. The research in this paper has obtained the temperature

distribution of the occupied area, which can guide the placement of phase change materials in layout.

5. Conclusions

In this paper, an orthogonal method is employed to design a numerical simulation scheme aimed
at investigating the impact of the air inlets layout on the temperature control performance of the URC
over a period of 96 h. The primary findings are as follows:

(1) Utilizing the optimized ventilation layout of case 3, the IAT can be maintained below 35°C
for a duration of 79 h, thereby extending the effective temperature control period by 28 h. At 96 h,
the IAT measures 35.11°C, reflecting a reduction of 0.40°C.

(2) The HR during the slow heating phase will diminish as the waste heat absorption efficiency
and waste heat emission efficiency increase.

(3) The alteration of the air inlets layout has minimal impact on the efficiency of waste heat
absorption. However, it enhances the efficiency of waste heat emission by 9.67 %. Furthermore, the
distribution of the IAT can be made more uniform, and the area of high-temperature concentration
can be reduced.

(4) The range analysis indicates that the order of influence of each factor on the temperature
control performance of the ventilation system is as follows: x direction > DIW > TDIs >y direction.

(5) When the ventilation layout remains unchanged, merely increasing the initial ambient
temperature has minimal impact on HR within 96 hours; however, it can enhance the efficiency of

waste heat emission.
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