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ARTICLE INFO ABSTRACT

Keywords: Acceptable temperature is crucial for underground refuge chamber (URC) to ensure the safety and

Undergr.ound ref.uge' chamber comfort of occupants. A novel temperature control scheme combining mechanical ventilation

gleghamcal ventilation with deflectors was proposed for URCs. In this study, the effects of ventilation rate (VR), deflector
eflectors

height and deflector angle on ambient temperature control performance and airflow organization
of URC were investigated through orthogonal experiments. Results show that: (I) The ambient
temperature gradient of URC decreases with the increase of VR and deflector height. (II) With VR
of 350 m3/h, deflector height of 1.40 m, and deflector angle of 0°, compared to the situation
without deflectors, the temperature unevenness coefficient can be effectively reduced, the head-
to-foot temperature difference can meet the design standard requirements, the waste heat
emissions efficiency is increased by 46.1 %, and an average decrease in ambient temperature of
2 °C (1) The influence of various factors on the ambient temperature control performance in the
URC is as follows: deflector height > VR > deflector angle.

Ambient temperature
Airflow organization

Nomenclature
c Standard deviation Er Efficiency of waste heat emissions
N The number of sample data K; Temperature unevenness coefficient
1 Average value of the sample data. t; Temperature of the measurement points
H Height of measurement point, m Hy Height of deflector, m
Q Dependent variable Acronyms
X Independent variable URC Underground refuge chamber
n Number of measurement points VR Ventilation rate, m®/h
t Average temperature of the measurement points, °C RH Relative humidity, %
PCC Phase change chairs
At Temperature differences, °C PCP Phase change panels
Subscripts TIC Thermal insulation and cooling
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(continued)
c Standard deviation Er Efficiency of waste heat emissions
Xi Value of the sample data PVC Polyvinyl chloride
0q Uncertainty of the dependent variable vT Ventilation temperature, °C
Oy Uncertainty of the independent variable FS Front section
Tin Inlet temperature, °C MS Middle section
Tout Outlet temperature, °C BS Back section
T, Ambient temperature, °C

1. Introduction

Urbanization is an important process in human society in the 21st century [1-3]. Currently, the buildings on the ground are
becoming increasingly saturated, and the contradiction between urban development and land scarcity is prominent. Developing
underground space has become a necessary path for the sustainable development of urbanization [4-7]. However, due to the chal-
lenges of constructing underground buildings that provide suitable living and working environments, there are still many issues that
need to be addressed. The environmental parameters of the underground space are directly related to the living experience and comfort
level of the occupants [8,9]. In particular, the closed environment of underground buildings often faces the hazards of high humidity
and high heat. Personnel who are exposed to such conditions for a long time may experience adverse effects in terms of subjective
perception, psychology, and physiological behavior [10-13]. Therefore, it is especially crucial to propose effective improvement
measures to address the adverse effects brought about by underground thermal hazards.

As a typical underground artificial structure, the URC serves as an emergency place for miners to find safety during disasters in coal
mines [14-16]. After entering the URC, miners may need to stay for a long time waiting for rescue. The continuous metabolic heat
dissipation of personnel and the humid and hot environment of the underground confinement can deteriorate the thermal environment
inside the refuge chamber, which has increasingly attracted the attention of scholars in environmental control technology.

Domestic and foreign scholars have proposed different cooling and dehumidification strategies for the thermal hazards caused by
high humidity and high temperature. As a cooling measure of traditional refuge chamber, mine air pressure is usually composed of air
compressors, gas storage tanks and conveying pipes to send cooling air into the refuge chamber, and use high-speed airflow to drive the
surrounding air flow to form ventilation effect [17-19]. The primary objective is to provide fresh air, expel harmful gases and dust,
regulate room temperature and humidity, and ensure the safety and well-being of miners. Phase change cooling is a temperature
control measure based on the absorption of heat by a substance during its phase change process, which in turn affects the surrounding
environmental temperature [20,21]. In recent years, it has also been increasingly applied in temperature control strategies for URC. Li
et al. [22] explored the influence of different layout of phase change plates on indoor temperature control in an URC, finding that
arranging three rows of phase change plates (PCP) is more beneficial for indoor temperature control. Gao et al. [23-26] proposed a
new method of coupled cooling of phase change chair (PCC) and PCP, finding that under natural convection conditions, the tem-
perature control requirements of 96 h can be met in the URC with an initial rock temperature of 23 °C. In addition, as a cooling measure
without safety risks, ice storage is often favored by researchers in the temperature control and dehumidification strategy of URC by
taking advantage of the high melting latent heat of ice [27,28]. Xu et al. [29] studied the influence of different sizes of ice storage plates
on the cooling effect in the URC, and found that when the size of ice storage plates is 0.6 m x 0.32 m x 0.05 m (long x wide x height)
and the storage temperature is —10 °C, it is more conducive to temperature regulation. Considering that power failure usually occurs in
coal mine disasters, Zhang and Guo et al. [30,31] developed a set of pressure air-ice storage device, and studied the heat exchange
performance and dehumidification performance of the ice storage device. They found that the heat exchange performance was optimal
at a wind speed of 10 m/s, a temperature of 32 °C, and with 18 heat exchange tubes. The dehumidification efficiency was most affected
by the inlet wind speed, with a 12.81 % increase in dehumidification efficiency when the inlet wind speed decreased from 15 m/sto 5
m/s.

However, relying solely on ventilation for cooling requires an excessively large air supply to meet the temperature control re-
quirements of the URC. Although lowering the supply air temperature can reduce the amount of ventilation needed, obtaining low-
temperature fresh air also requires energy consumption from the air conditioning system. Phase change cooling and ice storage
cooling can meet the temperature control conditions of the URC, but they mostly rely on external energy. The consumption of electrical
energy and phase change materials is an important factor that cannot be ignored. In addition, these temperature control and dehu-
midification measures need to be considered at the beginning of the construction of the URC. For already constructed underground
buildings, it is difficult to rebuild a cooling system. To address this issue, it is necessary to propose a cooling strategy that is easy to
implement, saves energy consumption and has obvious temperature control effect.

In fact, reasonable air flow organization and uniform air distribution can achieve heat exchange with minimal operating energy
consumption, thereby reducing the energy consumption of the cooling system and improving the comfort of indoor personnel [32,33].
Strategies to improve indoor thermal environments by optimizing airflow organization have been involved in many places. Wu and
Mao et al. [34,35] optimized airflow organization by arranging barriers in the data center to improve local hotspots generated by
servers. Xu et al. [36] proposed a method for optimizing airflow organization by integrating thermal insulation and cooling (TIC)
baffles in tunnel excavation, by implementing TIC baffles, the average airflow temperature in the tunnel excavation decreased by
1.5 °C-1.8 °C, saving approximately 5.11 kW of cooling energy. Zhang et al. [37] improved the thermal comfort inside the kitchen by
optimizing the air flow distribution in summer, and found that when the air supply angle of the air conditioner was reduced to 45°, the
thermal comfort was significantly improved. Previous research has verified the feasibility and importance of airflow management,
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therefore optimizing airflow organization within underground structures to improve the indoor thermal environment is worth
studying.

In summary, energy consumption is a significant challenge that cannot be ignored in the existing temperature control measures for
URGCs. On the other hand, these measures often overlook the impact of airflow organization on environmental temperature distribution
and the comfort of indoor personnel. Therefore, optimizing airflow distribution through low-energy methods to improve underground
thermal environment and comfort is a problem that needs to be addressed. The arrangement of deflectors as an effective method to
improve airflow distribution has advantages such as low cost and easy installation, and its working principle mainly relies on inducing
airflow direction changes through the pressure difference generated by the physical structure [38,39]. However, there are relatively
few studies on the feasibility of applying deflectors to underground buildings and the improvement of underground thermal envi-
ronment by different layout methods. In this study, the cooling measures of mechanical ventilation and deflectors are proposed to
optimize indoor air distribution through different layout methods of deflectors, so as to effectively control the temperature of URC.

In this paper, the deflector is placed at the lower end of the air inlet perpendicular to the horizontal ground direction, and the effects
of three key factors, namely the ventilation rate (VR), deflector height and deflector angle, on the thermal environment of the URC are
analyzed through orthogonal experiments, and the feasibility of the deflector is verified to be used in the URC for optimizing the
organization of the thermal environment, in order to obtain the optimal arrangement of the deflector. The results of this study will
provide theoretical guidance for controlling the thermal environment in underground confined spaces.

2. Materials and methods
2.1. Experimental environment and principle

The experiment is carried out in an URC laboratory with a capacity of 30-50 people, as shown in Fig. 1, the main structure of the
URC is constructed from C30 concrete with a thermal conductivity of 0.90 W/(m-°C), a density of 1950-2500 kg/m?, and a specific
heat capacity of 970 J/(kg-K), with thicknesses of 0.6 m in the floor, 0.8 m in the roof, and a minimum of 0.55 m in the walls on both
sides. The URC laboratory is 12.6 m x 4 m(long x wide). The section of the chamber is an arch with a height of 3 m, a width of 4 m, a
vertical wall height of 1.5 m, and a perimeter of 12.35 m.

In order to optimize the airflow organization and improve the comfort of the evacuees in URC, 10 deflectors are placed at the lower
end of the air inlet. As shown in Fig. 2 (a), the deflectors are made of polyvinyl chloride (PVC) plastic plate, each of which is 2m x 0.3m
x 0.01lm(long x wide x height). As shown in Fig. 2 (b), considering that the experimental study is conducted in a simulated un-
derground mine, where the URC is relatively close to the ground and the air quality meets the personnel safety absorption standards,
this study does not filter or purify the air. Instead, it directly utilizes fans to draw air from the tunnel to be delivered into the URC. The
rated air flow of the fan is 1530 m®/h, with a power of 1.5 kW, voltage of 380V, total pressure of 2400Pa, and rotational speed of 2800
r/min.

As shown in Fig. 3, the air inlet is 1.8 m from the ground, and the distance between two adjacent air inlets is 0.5 m. The VR of fan is
determined by an anemometer. Due to the low density of high temperature exhaust gas, it will be deposited in the upper area of the
chamber by the action of thermal buoyancy, so two air outlets are set above the two ends of the chamber, with a diameter circular of 20
cm and a distance of 2.65 m from the ground. As the fresh air continues to enter the indoor part, the indoor air pressure continues to
increase, and the polluted air will be discharged through the outlet in time. The continuous supply of fresh air also ensures that some of
the energy consumed by the exhausted gas is promptly replenished, thus maintaining a safe and comfortable indoor environment. In
order to investigate the airflow organization and human comfort in a 30-person URC, a 100W heating tube with fins is used to simulate
human heat dissipation. Human heat is the main source of heat in URC, heat dissipation during evacuation is 120 W [40]. The heating
tubes with a length of 35 cm and a profile diameter of 2 cm are distributed in 4 columns x 9 rows, and each heating tube is 50 cm high
from the ground. The six temperature measurement points are arranged at three horizontal heights of 0.1, 1.1 and 1.8 m above the
ground. Ambient and inlet ventilation temperatures (VT) are measured by PT100 thermocouples calibrated with a 0 °C ice-water
mixture. The arrangement of heating tubes, air inlets and measurement points are shown in Fig. 3.

Heating tube

(a) External environment (b) Internal environment

Fig. 1. URC experimental environment.
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(a) Deflectors (b) Variable frequency fan

Fig. 2. Experimental equipment.

Deflector Air supply pipeline PT100  Airinlet Heating tube  PT100

Air outlet

Anemometer

Fan :-:‘

[ 13m | 2m [ 2m [ 2m [ 2m | 2m | 1am |

Fig. 3. Layout of the heating tube, air inlet and measuring point.

2.2. Design of experimental cases

This experiment is based on the optimization of air flow organization in URC of human comfort. Due to the fluctuation of
experimental ambient temperature in a certain range, the inlet temperature of each group of experimental conditions is different.
Therefore, before carrying out each group of experiments, the ambient temperature difference on the experiment day should be
ensured as far as possible, and the temperature difference should be less than 2 °C. thereby ensuring that the ventilation temperatures
for each set of experiments remained relatively constant. Considering that the per capita air supply of the URC is not less than 0.1 m®/
min [41], the ventilation level of 30 people is set to 250 m%/h, 300 m3/h, and 350 m®/h. According to the height of the head from the
ground when sitting, the deflector height is set at three levels: 1.40 m, 1.25 m, and 1.10 m. To change the air intake angle of the inlet,
the deflector angle is set at three levels: 0°, 15°, and 30°. The arrangement of the deflector heights and angles is shown in Fig. 4.
According to the orthogonal experiment design, the orthogonal test conditions with 3 factors and 3 levels can be obtained as shown in
Table 1. Meanwhile, case 10 (VR of 350 m3/h, without deflector) is set as the blank control group.

2.3. Data acquisition and processing

Data collection instruments include temperature probe PT100, temperature collector and anemometer, separately see Fig. 5(a) and
(b) and (c), the detailed parameters of these instruments are listed in Table 2. The data collection time of the temperature collector is
set to 2 min. The anemometer is used to monitor the VR. After the VR monitored by the anemometer reaches the value to be set in the
experiment, the inlet air volume can be kept constant by stopping the regulation of the frequency converter to keep the fan speed
constant.

(a) 0° (b) 15° (c) 30°

Fig. 4. Arrangement of deflector heights and angles.
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Table 1

Parameters of experimental cases.
Case VR (m®/h) Deflector height (m) Deflector angle (°)
1 350 1.40 0
2 350 1.25 15
3 350 1.10 30
4 300 1.40 15
5 300 1.25 30
6 300 1.10 0
7 250 1.40 30
8 250 1.25 0
9 250 1.10 15
10 350 - -

ol
‘ "
\ »
\ i 1} >
= — ¢
T
(a) PT100 (b) Temperature collector (¢) Anemometer
Fig. 5. Data acquisition instruments.
Table 2
Data acquisition instrument parameter.
Name Model Range Accuracy Remarks
Thermocouple PT100 (-50~200) °C +0.01 °C /
Temperature collector JK4000 (-200-1800) °C 0.01 °C Work environment: (20 % ~ 90 %) RH
Anemometer LSFS-4 (0-9000) m®/h 0.02 % Work environment: (—40-80) °C

In the experimental process, due to the experimental ambient temperature is difficult to constant, VT exists a certain range of
fluctuations, which in turn will affect the accuracy of the indoor ambient temperature and the temperature of the air outlet. In order to
minimize errors caused by fluctuations in VT, the highest and lowest temperatures at each of the three horizontal heights are excluded,
and the average of the remaining data is taken as the ambient temperature at each of the three horizontal heights. The air outlet
temperature is taken as the average of two temperature measurement points to improve the accuracy and reliability of the experi-
mental data. Considering that this method is used for data processing in each group of working conditions, this study takes the data at
the time point t = 24 h from the blank control group case 10 as an example for deviation calculation. the deviation calculation formula
is as follows:

(€Y

Where, ¢ is the standard deviation; N is the number of sample data; x; is the value of the sample data; p is the average value of the
sample data.

The blank control group case 10 measured temperatures at 1.8m height at t = 24 h are 29.6, 30.4, 30.6, 30.7, 30.7, and 32.4 °C. The
data after removing the maximum and minimum values will be substituted into formula (1) for calculation as follows:

e 30.4 +30.6 +30.7 + 30.7

7 =30.6°C

1
1= \/Z x [(30.4 — 30.6)” + (30.6 — 30.6)* + (30.7 — 30.6)" + (30.7 — 30.6)*] =0.122

Similarly, at t = 24 h for case 10, the measured temperatures at a height of 1.1m are 27.1, 29.3, 29.4, 29.6, 29.7, and 31.3 °C. Ata
height of 0.1m, the measured temperatures are 27.8, 28.1, 28.2, 28.8, 28.9, and 29.7 °C. Substituting these values into formula (1), the
deviations are:
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011 =0.158

0p1 = 0.354

2.4. Uncertainty analysis

This paper investigates the effect of changing the air inlet angle by setting the deflector in a reasonable position on the temperature
control and airflow organization distribution of the chamber, and calculates the uncertainty of this experiment using case 1 as an
example. Calculating the uncertainty of the experimental data according to the method proposed by Taner et al. [42]. The relationship
between the variable Q and the independent variables x;, xs, ..., X, can be expressed as follows:

Q=f(x1,%2, ..., Xn) (2
The uncertainty of the variable Q is as follows:
- 0Q 2 0Q 2 0Q 2
0Q= \/(Eﬂ)(l) + (a—xztf)(Q + -+ a—x"zrxn (3)

Here ox1, 0x3, ..., 06X, are the uncertainties of x;, xa, ..., X, respectively.
Table 3 shows the uncertainties of the measured and calculated parameters.

2.5. Experimental procedure
The key steps of the experiment are as follows.

(1) Check the reliability of the system one day before the experiment, adjust the height and angle of the deflector plate required by
each group of working conditions to ensure the temperature measurement point and the heating tubes can operate normally,
and the temperature collector can record data automatically.

(2) Before the work of the heating tubes, the tester enters the laboratory and measures the initial wall temperature with an infrared
thermometer, taking three measurement points on each wall to ensure that the initial average wall temperature of each group of
experimental conditions is 21.5 °C.

(3) Close the laboratory door, switch on the temperature collector and measure the average initial temperature of the chamber
environment to be 21.0-21.5 °C.

(4) Simultaneous switching on of fans and heating tubes, continuous operation for 24h.

(5) Repeat the above experimental procedure to complete all experimental conditions.

(6) End the experiment, turn off the heater and fan, and save the experimental data.

3. Results
3.1. Temperature variations in different locations of the URC under ventilation

To investigate the temperature variation at different positions in the chamber under pure ventilation conditions, the blank control
group case 10 is selected for analysis. The temperature distribution at different heights inside the chamber is shown in Fig. 6 (a). It can
be seen that at the same time node, the temperature distribution increases with increasing height. This is due to the presence of indoor
heat sources, where the air is heated and buoyancy forces cause the high-temperature air to move towards the upper area of the
chamber, while the low-temperature air sinks towards the lower area of the chamber, resulting in a significant temperature stratifi-
cation in the URC. The average temperature of the three sections of the chamber over time is shown in Fig. 6 (b). It can be seen that the
highest ambient temperature is at the MS of the chamber, followed by the BS, and the FS has the lowest ambient temperature. Due to
the heat radiation at both ends of the MS of the chamber, heat dissipation from the human body is concentrated, and the high-

Table 3
Uncertainties of measured and calculated parameters.

Items Units Uncertainty

Measurement parameters

Inlet temperature °C 0.5%
Outlet temperature °C 0.5 %
Ambient temperature °C 0.5 %
Ventilation rate m®/h 0.02 %
Calculate parameters

Head-to-foot temperature difference °C 0.71 %
Efficiency of waste heat emissions 0.61 %
Temperature unevenness coefficient 0.12 %
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Fig. 6. Temperature changes over time at different locations.

temperature air could not be quickly discharged outside, leading to heat accumulation and relatively higher temperature compared to
the FS and BS. Although both the FS and BS of the chamber are close to the air outlet, the supply air duct passes through the FS before
reaching the BS, resulting in some loss and delay of fresh air reaching the BS of the chamber, causing the ambient temperature at the BS
to be higher than that at the FS.

3.2. Sensitivity analysis

3.2.1. Effect of VR

Under the condition of constant height and angle of the deflector, the influence of different VRs on ambient temperature in the
chamber is shown in Fig. 7. When the VRs are 350, 300, and 250 m>/h, the temperature in the URC rapidly rises from the initial 21.1 °C
to around 26.5 °C within 1 h. Subsequently, the temperature slowly increases over time, and after 24 h, the ambient temperatures are
controlled at 29.0, 29.3, and 29.3 °C, with average temperature rise rates of 0.329, 0.342, and 0.342 °C/h, respectively. Overall, the
ambient temperature gradient in the URC decreases as the VR increases. This is because with a higher VR, the incoming air speed is also
higher, which accelerates the heat exchange rate between the indoor cold and hot air, resulting in better temperature control per-
formance in the chamber environment.

3.2.2. Effect of deflector height

Under the condition of constant VR and deflector angle, the influence of different deflector height on ambient temperature in the
chamber is shown in Fig. 8. When the deflector heights are 1.40, 1.25, and 1.10 m, the ambient temperature in the URC rapidly in-
creases from the initial 21.2 to 25.8, 26.9, and 27.3 °C within 1 h, and then gradually rises over time. After 24 h, the temperatures are
controlled at 28.9, 29.2, and 29.5 °C, with average temperature rise rates of 0.321, 0.333, and 0.346 °C/h, respectively. The tem-
perature gradient in the URC decreases with the increase of deflector height. At the same time point, the URC with a deflector height of
1.40 m has the lowest ambient temperature, followed by 1.25 m and 1.10 m deflector heights. This is because after installing the
deflectors in the URC, the fresh air perpendicular to the ground will first collide with the deflector, forming an air lake similar to
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Fig. 7. Ambient temperature varies with time under different VR.
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displacement ventilation. The impact of deflector height variation on indoor airflow organization is mainly reflected in the height of
the air lake formation. When the deflector height is higher, it is closer to the air inlet, and the airflow will spread along the direction of
the deflector arrangement after hitting the deflector, resulting in a slight increase in the velocity of the cold airflow and accelerated
heat exchange at the deflector height. As mentioned in section 3.1, the temperature in the upper area of the URC is higher. Therefore,
with the increase of deflector height, the temperature distribution in the URC becomes more uniform in height, effectively reducing the
ambient temperature.

3.2.3. Effect of deflector angle

Under the condition of constant VR and deflector height, the influence of different deflector angles on ambient temperature in the
chamber is shown in Fig. 9. When the deflector angles are 0°, 15° and 30°, the ambient temperature in the URC rapidly increases from
the initial 21.2 to 26.3, 26.9 and 26.8 °C within 1 h, and then gradually rises over time. After 24 h, the temperatures are controlled at
29.2, 29.4 and 29.3 °C, with average temperature rise rates of 0.333, 0.342 and 0.338 °C/h, respectively. At the same time point, the
chamber ambient temperature with a deflector angle of 0° is generally lower than that with deflector angles of 15° and 30°. This is
because when the deflector is arranged horizontally, the airflow disturbance increases after passing through the deflector, enhancing
the turbulence of the newly introduced cold airflow, increasing the heat exchange in the upper space of the chamber for a certain
period of time, leading to a decrease in the average temperature inside the chamber. In addition, after the cold air is obstructed by the
horizontal baffle, most of it moves on the upper wall of the deflector, with a higher density of colder fresh air, which then descends,
further lowering the temperature in the space. When the deflector angle is 15° and 30°, due to the angle of inclination between the
deflector and the horizontal plane, a portion of the airflow will spread along the direction of the inclined deflector upon colliding with
it. Therefore, the heat transfer of cold and hot air in the area above the deflector is slowed down, resulting in higher temperature in the
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Fig. 9. Ambient temperature varies with time under different deflector angles.
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upper part of the chamber, lower temperature in the lower part, disordered temperature distribution in the height, and relatively poor
temperature control effect in the chamber. In conclusion, the arrangement of horizontal deflector can to some extent improve the
uniformity of indoor temperature and is better than the other two arrangement angles.

3.3. URC dirflow organization evaluation

3.3.1. Temperature unevenness coefficient

The uniformity of the airflow organization within an URC has a significant impact on the comfort experienced by the evacuees, and
for this reason the temperature unevenness coefficient [43,44] is used to evaluate the airflow organization of URC. In order to
investigate the temperature unevenness coefficient in a 30-person URC, 18 temperature measurement points are arranged uniformly in
the chamber at three horizontal heights of 0.1, 1.1 and 1.8 m, and the temperature values are extracted and processed for each group of
experimental conditions, the temperature unevenness coefficient K; is calculated by using Eq. (4).

. :\/%thi—f)z

f (€))

Where n is the number of measurement points, ¢; is the temperature of the measurement points, t is the average temperature of the
measurement points, the smaller the value of K;, the better the uniformity of airflow distribution and the better human comfort
experience.

The temperature unevenness coefficient at the head height in standing (1.8 m), head height in sitting (1.1 m), and ankle height (0.1
m) in 10 experimental conditions are shown in Fig. 10. At the height of 1.1 m, the temperature unevenness coefficient fluctuates
greatly, and its value is significantly higher than that of the temperature unevenness coefficient at the height of 1.8 m and 0.1 m. It can
be shown that the uniformity of airflow distribution at 1.8 m and 0.1 m height is better than that at 1.1 m height. In case 10 (without
deflector), the temperature unevenness coefficients at heights of 0.1, 1.1, and 1.8 m are 0.0254, 0.0446, and 0.0224, respectively. In
casel-9 (with deflector), case 1 and case 5 are significantly lower than in other cases at the height of 1.1 m with high temperature
unevenness coefficient. The temperature unevenness coefficients of case 1 and case 5 at the 1.1m height plane are 0.0342 and 0.0335,
respectively, which are 23.32 % and 24.88 % lower than case 10. This indicates that with the same VR, setting up deflectors in the URC
at appropriate heights and angles can effectively improve the indoor airflow organization distribution characteristics, enhance the
uniformity of flow field distribution, and better meet the requirements of human comfort experience. Considering the temperature
unevenness coefficient values at the three heights, case 1 and case 5 are selected as the better operating conditions.

3.3.2. Head-to-foot temperature difference

The head-to-foot temperature difference in the rest area is a measure of human comfort experience and an important indicator of air
quality evaluation [45]. The head of the evacuee is separately set to be 1.8 m and 1.1 m above the ground for standing and sitting, and
the ankle of the evacuee is set to be 0.1 m above the ground. In order to meet the requirements for comfort in the rest areas and to
ensure the indoor air quality of the URC, the following standards should be fulfilled:

Standing head-to-foot temperature difference [45]:
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Sitting head-to-foot temperature difference [45]:
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Fig. 10. Variation of temperature unevenness coefficient at three heights.
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Aty1-01 <2°C (6)

The trend of head-to-foot temperature difference with time for 10 groups of experimental conditions is shown in Fig. 11. The red
dotted line in Fig. 11 (a) represents the design standard requirement of head-to-foot temperature difference when the human is
standing, and the purple dotted line in Fig. 11 (b) represents the design standard requirement of head-to-foot temperature difference
when the human is sitting. It can be seen that 10 groups of conditions to meet the standard requirements of head-to-foot temperature
difference is only case 1, the remaining 9 groups of conditions in the beginning of the experiment in the 0-2 h, standing and sitting
head-to-foot temperature difference are not to meet the standard requirements. The temperature difference between head and foot in
the standing position increased steeply from about 1 °C initially to about 3.5 °C, and the temperature difference between head and foot
in the sitting position increased steeply from about 0.5 °C to about 2.5 °C, the temperature difference gradually decreases after 2 h, and
the temperature difference between the head and foot of the vast majority of working conditions after 2 h also meets the design
standard requirements. This may be due to the fact that during the first 2 h of the experiment, the human dissipates heat at the fastest
rate and the ambient temperature of the refuge rises the fastest. Due to the presence of a heat source, the cold air is heated by the heat
source and then moves towards the upper part of the refuge by thermal buoyancy, resulting in the ambient temperature above the
refuge rising at a much faster rate than that below it, and the difference between the ambient temperatures is increased. Comparing
case 1 and case 10, the standing and sitting head-to-foot temperature difference of case 10 do not meet the design criteria in the first 2 h
when the VR is 350 m®/h for both cases. The installation of a suitable deflector improves the uniform distribution of airflow in the
chamber, which helps to improve the comfort of the evacuees in the URC.

3.3.3. Efficiency of waste heat emissions

Efficiency of waste heat emissions [46,47] is an indicator of the ability to remove excess heat from a room by introducing fresh air
into the room, and can also be referred to as temperature efficiency (Et). This is determined by the inlet temperature (Tj,), the outlet
temperature (Toy), and the ambient temperature of the URC (Ty). The calculation formula is as follows:

Tout - Ti
Er= T, —T, @

Since the Tj, is affected by the ambient temperature, in conducting each group of experiments, a time was chosen when weather
conditions are approximately the same to carry out, the atmospheric temperature fluctuates from 18 °C to 27 °C, and the difference of
the air supply temperature is within 2 °C. Although Er is a performance parameter that is directly determined by the temperature
value, it can visually reflect the ability of the indoor ventilation of a refuge to remove excessive heat, and is one of the most important
indicators for air quality evaluation.

The average efficiency of waste heat emissions for the 10 sets of experimental conditions is shown in Table 4. It can be seen that case
1 has the highest efficiency due to the fact that even though the outlet temperature is the lowest, the ambient temperature of the
chamber is also the lowest, and the ambient temperature of the chamber affects the efficiency of waste heat emissions more than the
temperature of the inlet. Compared with the efficiency of waste heat emissions of 1.93 for case 10, the efficiency of waste heat
emissions of case 1 is improved by 46.1 % with the same amount of VR. Eq. (5) shows that, for a given inlet temperature and outlet
temperature, the ambient temperature of the refuge is sufficiently low to improve the efficiency of the refuge’s waste heat emissions,
and the comfort of the evacuees is significantly improved.

3.4. Analysis of orthogonal test result

In order to determine the influence of three factors, namely VR, deflector height, and deflector angle, on the control performance of
the ambient temperature in an URC with 30 people continuously dissipating heat for 24 h, the optimal layout scheme of the URC
facilities can be obtained through orthogonal experimental results. From Table 5, it can be seen that the ranges corresponding to the
three influencing factors of VR, deflector height, and deflector angle are 0.26, 0.63, and 0.10, respectively. The ranking of the in-
fluences of the three factors on the control of the ambient temperature in the URC is: deflector height > VR > deflector angle.
Meanwhile, through the range analysis, the optimal layout scheme of indoor facilities is case 1, that is, when deflector height is 1.40 m,
VR is 350 m>/h, and deflector angle is 0°.

4. Discussion
4.1. Comparison of temperature control performance

The results section shows that the arrangement of the deflectors has a significant impact on the organization of airflow and ambient
temperature. Based on the orthogonal experimental results, it can be concluded that the optimal arrangement for the URC is case 1,
with a VR of 360 m>/h, a deflector height of 1.40 m, and a deflector angle of 0°.

Comparison of average environmental temperature between Casel and blank control group Casel0 in the refuge chamber is shown
in Fig. 12. The VT of the two experimental conditions varies with the ambient temperature. The VT of case 1 fluctuates from 20.8 °C to
25.7 °C, with an average supply air temperature of 23.7 °C. The VT of case 10 fluctuates from 22.3 °C to 25.4 °C, with an average
supply air temperature of 23.9 °C. At 1 h, the ambient temperature of casel rises from the initial 21.1 °C-24.4 °C, while casel0 rapidly
rises from 21.2 °C to 27.3 °C, resulting in a maximum temperature difference of 2.9 °C between the two conditions. From 2 to 24 h, the
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Fig. 11. Trend of head-to-foot temperature difference with time.

Table 4
Efficiency of waste heat emissions for 10 groups of experimental conditions.
Case Tin(°C) Tou(°C) T\ (°C) Er
1 23.7 31.6 26.5 2.82
2 24.1 32.5 28.0 2.14
3 23.2 32.6 28.3 1.84
4 24.3 33.4 27.8 2.59
5 22.4 33.3 28.1 1.92
6 22.3 33.2 28.4 1.79
7 22.9 32.3 27.7 1.96
8 23.9 34.1 28.3 2.31
9 23.1 34.5 28.6 2.07
10 23.9 32.8 28.5 1.93
Table 5
Orthogonal test result.
Number VR Deflector height Deflector angle Ambient temperature
(m®/h) (m) ©) Q)

1 350 1.40 0 28.7

2 350 1.25 15 29.1

3 350 1.10 30 29.4

4 300 1.40 15 29.0

5 300 1.25 30 29.2

6 300 1.10 0 29.5

7 250 1.40 30 29.0

8 250 1.25 0 29.3

9 250 1.10 15 29.7

Ky 87.2 86.7 87.5

Ky 87.7 87.6 87.8

K3 88.0 88.6 87.6

ky 29.07 28.90 29.17

ko 29.23 29.20 29.27

ks 29.33 29.53 29.20

Range 0.26 0.63 0.10

temperature difference between the two conditions increases first and then decreases. At 24 h, the average ambient temperatures in the
URC of casel and casel0 are 28.7 °C and 29.5 °C, respectively, with the average temperature difference is 2 °C. By reasonably ar-
ranging the deflectors, the airflow distribution inside the URC can be effectively improved, thereby enhancing the indoor temperature
control performance.

4.2. Comparison of this study with other URC cooling methods

Although research on traditional cooling measures helps improve the temperature control effectiveness of the system, different
cooling measures still have some limitations. Table 6 compares the energy supply methods, advantages, challenges, and application
scenarios of different cooling measures for URC. Considering the existing URC, whose intake and return air layout was completed at the
beginning of construction, it is difficult to improve the thermal environment of the interior spaces by modifying the ventilation mode
and layout of these underground buildings. Therefore, this study proposes a mechanical ventilation with deflector cooling measure.
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Table 6

Comparison of URC cooling methods.

Case Studies in Thermal Engineering 69 (2025) 106023

= Case 1
(—@— Case 10

30 H-a-vr1

—»—VT-10

| Temperature difference

Temperature (°C)

1.0

J L H T 0.0

T
6 8 10 12

P &

T T T T T T

14 16 18 20 22 24

Time (h)

Fig. 12. Comparison of average environmental temperature changes.

Cooling method Energy Advantages Major challenges Application scenarios
supply
methods
Natural ventilation Natural No electricity required, easy Poor temperature control effect in Suitable for underground spaces
cooling [48] convection maintenance extremely high temperatures or with large temperature differences
enclosed environments and favorable ventilation conditions
Ventilation cooling Passive No safety hazards and effectively Ventilation ducts are prone to Generally suitable for shallow coal
[49] purifies air quality. damage and rely on electricity. mines
Ice storage cooling Passive No safety hazards and without relying ~ Refrigeration compressors are Any conditions
[50] on external power prone to corrosion, with high
maintenance costs and ice-making
costs
Liquid CO, Passive Not relying on external power, using Prone to leakage, low in safety Applicable to coal mines with
refrigeration [51] phase change latent heat to carry ambient temperatures below 31 °C.
away heat.
Phase change Passive Not relying on external power, Expensive, performance may Any conditions
material for excellent temperature control decline after multiple phase
thermal storage performance changes
[24]
Mechanical Passive Improve thermal environment by Deflectors are prone to damage in Any conditions
ventilation with optimizing air flow organization, low  high temperature and high
deflectors cost, easy installation, energy saving humidity environments.

Without changing the original ventilation method and building layout, the indoor airflow organization is optimized by rationally
arranging the deflectors, thereby improving the thermal environment in the chamber.

4.3. Limitation of this study and future work

In this paper, a cooling measure of mechanical ventilation with deflectors is proposed. The distribution of air distribution can be
changed by arranging deflectors to improve the thermal environment of URC. Due to the limitations of the experimental site and
environmental factors, this study has the following limitations.

(1) The VT fluctuates to some extent due to the influence of ambient temperature.
(2) Due to the limitations of the experimental site, other factors such as the shape, length, and width of the deflectors on the thermal
environment are not investigated.

In view of the limitations of this study, future work could focus on numerical simulations to investigate the effects of different
deflector shapes, lengths, and widths under constant ventilation conditions on the thermal environment and thermal comfort in URC.
By arranging different deflectors to optimize the airflow distribution inside the URC, the optimal deflector shape and arrangement can
be obtained.
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5. Conclusion

This paper proposes a cooling measure of mechanical ventilation with deflectors. The deflector is placed under the inlet to optimize
the distribution of air flow and improve the comfort experience of evacuees. Based on the orthogonal experiment, the effects of VR,
deflector height and deflector angle on the thermal environment and distribution of airflow in the URC are analyzed. A reference for
the improvement of the thermal environment in underground confined spaces is provided. The main conclusions are as follows.

(1) The average temperature distribution of the URC at the three heights is: 1.8 m > 1.1 m > 0.1 m; The average temperature
distribution of the front, middle and back sections is: MS > BS > FS.

(2) The ambient temperature gradient of URC decreases with the increase of VR and deflector height.

(3) The ranking of the impact of 3 factors on the ambient temperature control of the URC is as follows: deflector height > VR >
deflector angle.

(4) Combined with the range analysis of orthogonal experiments and the evaluation index of airflow organization, the optimal
arrangement scheme is as follows: the VR is 350 m®/h, the deflector height is 1.40 m, and the deflector angle is 0°.

(5) Compared with the working condition without deflectors, the optimal layout can effectively reduce temperature unevenness
coefficients and head-to-foot temperature difference, with an increase in waste heat emission efficiency by 46.1 % and an
average decrease in ambient temperature of 2 °C.
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