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Abstract: Hot working environment not only affects work efficiency, but also poses a potential
threat to the physical and mental health of staff. The current common method for dealing with
high temperatures is spray-only or ventilation-only. To investigate the impact of different spray
and ventilation modes on indoor high-temperature environments, this study examined their effects
on indoor environmental parameters, average skin temperature, and psychological indicators. By
establishing an experimental platform for high-temperature thermal environments, a spray ventilation
cooling system was implemented, and its cooling efficacy in the indoor thermal environment was
analyzed. The environmental classification of the high-temperature working environment under
experimental conditions is provided based on the experimental data. A comparison and analysis of
environmental parameters and physiological and psychological indicators between moderate and
high-temperature environments were conducted. The combination of spray and ventilation modes
resulted in a 5.3 °C reduction in air temperature, a 24.1% increase in average relative humidity, and a
3.3 °C reduction in average Wet-bulb Globe Temperature (WBGT). The cooling effect was increased
by 2.3 °C and the average relative humidity was increased by 10.8% compared to spray-only and
ventilation-only modes. In spray and ventilation mode, when the spray volume is increased by
15 mL/min, the air temperature is reduced by 8.2 °C, the average relative humidity is increased by
31.9%, and the average WBGT is reduced by 5.1 °C. This study has guiding significance for finding a
reasonable cooling scheme to cope with indoor high-temperature environments.

Keywords: high-temperature thermal environment; spray ventilation cooling; physiological indicators;
relative humidity; WBGT

1. Introduction

The increasing emphasis on the safety and well-being of individuals working under
high temperatures is driven by heightened safety awareness and improvements in living
standards. Studies indicate that engagement in activities within high-temperature thermal
settings can adversely affect human work efficiency. According to occupational hygiene
standards, an individual working in an environment with an average Wet-bulb Globe
Temperature (WBGT) index of >25 °C is classified as involved in hot operation [1]. Natural
high-temperature environments exhibit diverse effects and influences, and such high
temperatures are commonly encountered in various industrial settings, including metal
smelting workshops, forging, and casting workshops. These workshops share common
meteorological characteristics, such as air temperature (AT) and heat radiation, leading to a
significantly dry and hot environment due to low relative humidity (RH) [2].

Scholars both domestically and internationally have extensively investigated human
physiological reactions in high-temperature work environments. In 1998, Moran et al. [3]
introduced a physiological strain index based on rectal temperature and heart rate (HR).
The consequences of working in high-temperature environments extend beyond affecting
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work efficiency, but also present a potential risk to the physical health and safety of
personnel [4]. In such conditions, the human body is more susceptible to fatigue sensation
(FS), leading to a significant increase in the occurrence of individual errors during work.
The accumulation of fatigue sensation further renders the human body prone to conditions
such as motion sickness, dehydration, heat, and other symptoms. The heightened fatigue
sensation can result in a decline in the operator’s attention induce, anxiety, and contribute to
unauthorized operations or even accidents [5]. In 2020, Zheng et al. [6] chose four indicators,
namely, systolic blood pressure (SBP), skin temperature, heart rate, and rectal temperature.
They established a comprehensive evaluation system to measure the physiological state
of individuals in high-temperature environments. Utilizing the weight-variation theory,
they derived a comprehensive evaluation score to quantify the physiological condition of
human beings. Wang Shugang et al. [7] provide the calculation and analysis of the subjective
thermal stress indexes, such as the average skin temperature (AST), perspiration rate, skin
humidity, and upper limit of working time under the condition of thermal balance, show
that the upper limit of dry bulb temperature can be relaxed to 28 under certain ambient
humidity conditions. In addition, the thermal comfort zone map is divided into non-
working zones, comfort zones, and forbidden working zones, according to the average
skin temperature curve of miners engaged in certain labor intensities, by using the human
heat balance model and the measured data. Akhlish D. A. et al.’s [8] study is based on the
physiology and psychology of the provided environment by observing the productivity
of workers, derived from the physiology of recording the subject’s skin temperature and
heart rate, to break down the relationship between the environment and the body. The
results showed that air temperature was the most significant factor affecting human skin
temperature and heart rate, followed by air concentration. Jinggang Zhang et al. [9], in
order to study the influence of high-temperature and high-humidity environments on the
physiology and psychology of underground workers selected 60 miners and 5 students as
subjects. The psychological and physiological changes of miners under high temperatures
and high humidity were comprehensively and systematically tested and analyzed. The
test results showed that with the increase in temperature and humidity, human attention,
reaction ability, and cognitive ability declined. The high-temperature and high-humidity
environment makes people more tired and the error rate of operation increases remarkably.
The temperature of 37 and the humidity of 80% are the critical values of miners’ tolerance.

Research on spray or ventilation systems in thermal environments includes Farn-
ham et al.’s [10] study investigating outdoor spray cooling systems, wherein they measured
the changes in pedestrians’ skin temperature and thermal sensation (TS) before and after
exposure to the spray system. This study contributes significantly to establishing a solid
theoretical foundation for modeling human thermal sensation in spray ventilation systems.
Initially introduced in the agricultural sector, spray cooling technology subsequently tran-
sitioned to urban cooling, evolving into high-pressure spray ventilation systems [11]. In
recent years, cooling methods employing spray cooling technology have gained widespread
usage across various fields, attributed to their high efficiency, low cost, and environmental
sustainability [12]. Tomonori S. et al.’s [13] study sought to expand the empirical WBGT
index to a reasonable heat index based on the body’s thermal balance. The results show that
the natural wet bulb and black globe temperature coefficients in the WBGT coincide with
the heat balance equation for a human body with a fixed skin wittedness of approximately
0.45 at a fixed skin temperature, and (2) the WBGT can be interpreted as the environmental
potential to increase skin temperature rather than the heat storage rate of a human body.Liu
Chun and Wu Chenyang [14] et al. analyzed the influence of humidity on temperature
equalization time and cooling rate. A temperature-time relationship model is established,
which can analyze the relationship between time and spray effect and predict the cooling
capacity of spray cooling device, and the calculation method of the cooling range of spray
cooling device is proposed.

In summary, the existing studies only use a single cooling mode of spray only or
ventilation only, and the cooling effect can still be improved. In this paper, the effects of a
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spray cooling system on environmental temperature changes were studied by building a
high-temperature thermal environment experimental platform, and the changes in indoor
thermal environment parameters, average skin temperature, and subjective thermal per-
ception under four different spray-ventilated modes were compared and analyzed, and
their effects on human physiological and psychological indicators were further studied.

2. Methods
2.1. Ventilated Spray Platform

This study was conducted in the safety engineering laboratory at Xi’an University of
Architecture and Technology. The laboratory had been equipped with an experimental
platform designed for simulating indoor high-temperature environments and a spray
ventilation system. The laboratory dimensions measure 7 m X 6 m X 2.6 m.

To create a high-temperature indoor simulation environment for warming purposes,
an infrared radiation high-temperature electric heating plate was utilized. The effective
heating dimensions of the plate measure 1.7 m x 0.38 m. The infrared radiation high-
temperature electric heating plate was equipped with a silicon-controlled variable power
converter and a temperature controller. Researchers can employ these features to adjust the
surface temperature, thereby raising the indoor ambient temperature and generating a high-
temperature indoor thermal environment. For this experiment, the surface temperature of
the infrared radiation high-temperature heating plate was set at 175 °C.

The spray ventilation system consists of various components, mainly including spray
equipment tanks, pumps, hoses, nozzles, valves, and a ventilation fan. A micro high-
pressure pump served as the water pump, and three sections of fast plug-type atomizing
nozzles were employed. These nozzles were positioned within a filter to ensure uniform
distribution of droplets. The spray configuration took the form of atomization with a solid
cone, and the resulting spray droplets had a particle size ranging from 20 um to 30 pm.
The experimental nozzles were set at a height of 2 m above the ground and generated a
spray area of approximately 1 m? per individual nozzle. The ventilation equipment utilizes
a circular rotary fan positioned at a height that directs airflow to the chest of the subject.
The fan is directed toward the subject’s fixed position, placed at a 45 ° angle, and set at a
distance of 1 m from the subject. Operating at its maximum wind speed, the fan generates a
wind speed at the specific location of a single subject, as is shown in Figure 1. The average
wind speed measured at the subject’s chest location is approximately 1.9 m/s. Figure 1
depicts the wind speed at the location of an individual subject, with the fan operating at its
highest speed.
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Figure 1. Air velocity of ventilation.

To maintain the relative stability of indoor environmental parameters throughout
the experiment, during the experiment, the doors and windows were kept closed. It is
noteworthy that wind speed can influence both the heat transfer coefficient of the human
skin surface and the convective heat transfer coefficient [15]. The Table 1 lists the models
and functions of the experimental equipment
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Table 1. Experimental equipment and functions.

Instrument Name Quantity Model Instrument Parameters Test Parameters
. . Power 4000 W
High-temperature radiant 1 XLQ-4000 Rated frequency 50 HZ Heat
electric heaters
Range and accuracy
—20~12/°C; £0.5/°C Air temperature
Multi-function tester 1 JT2020 10~90%/RH; +3/% relative humidity
0~50/°C; £0.2/°C WBGT
. _ o1
Gimbal light wind Range: 0.05~5/(m-s™")
. 1 Swema03 Accuracy: Fan speed
velocity probe £0.04/(m-5—1)
Non-contact Distance 1-15 cm
infrared forehead 2 DT-8806H o Skin temperature
Accuracy +£0.2 °C
thermometer
Omron electronic 2 U12 Range: 0-39.9 kPa Blood pressure
sphygmomanometer accuracy =+ 0.4 kPa heart rate
SIYU FAN 2 SY01-180 Rated power: 20 W Wind source

Rated frequency: 50 HZ

2.2. Location of Measurement Points and Experimental Arrangement

A horizontal measurement point was established for environmental parameters, ad-
hering to the high-temperature measurement method [16]. In the sitting position, the
measurement height was set at 1.1 m. Positioned 1.5 m away from the thermal radiation
heating plate, the measurement point aligned with the center of the parallel line of the
heating plate, situated midway between the two test subjects. At this measurement point,
a multi-function tester JT2020 was deployed to capture data on air temperature, relative
humidity, and WBGT.

Each subject’s seat was placed 1.5 m away from the thermal radiation heating plate,
with the two positions spaced 0.8 m apart, resulting in a spatial separation of 0.8 m between
subjects during the experiment.

The nozzles of the spray ventilation system were situated 1.2 m from the thermal
radiation heating plate, and the two nozzles were separated by a distance of 0.8 m. The
fans were placed at an angular distance of 45° from each subject, positioned 1 m away. This
angular distance from each subject was also 1 m.

The experimental layout and the locations of measurement points are shown in
Figure 2.

Spray area

Heat radiant

heaters
Measuring
instruments

Subject

(a) (b)
Figure 2. Test bed. (a) Schematic diagram of laboratory layout. (b) Laboratory photograph of experiment.

2.3. Experimental Sample

In both the domestic and international literature on experiments, the typical number
of subjects ranges from 8 to 16 [17-19]. Participants were recruited from undergraduate
students at Xi’an University of Architecture and Technology, all of whom volunteered for
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the experiment. Ultimately, 8 subjects were selected, evenly divided between male and
female participants. The subjects” ages ranged from 21 to 22 years, mitigating the potential
influence of age on the experimental results. Each participant exhibited a moderate body
mass index, was in good health on the day of the experiment, refrained from strenuous
exercise prior to the experiment, and displayed normal physiological indicators. Table 2
provides the basic information of the subjects. The participants were consistently dressed
in short-sleeved tops and ventilated pants, with the clothing’s thermal resistance approxi-
mately measuring 0.7 clo [20]. The eight subjects were divided into four groups, with each
group comprising two peers.

Table 2. Basic information about the participant.

Gender Age Height (H) Weight (W) Body Mass Index
Male 21.5 £ 0.58 178.5 £ 4.65 71.5 £ 6.61 22.6 £0.31
Female 212£05 165.0 £ 3.56 55.0 £5.29 20.2 £0.42

Remark: BMI = %. The numerical range of BMI can be used to determine a person’s weight status. BMI < 18.5:
underweight; BMI < 18.5 to <25: normal weight; BMI < 25 to <30: overweight; BMI > 30: obese.

2.4. Experimental Design

This experiment uses a one-way within-subjects experimental design, wherein each
participant undergoes treatment across all levels of the independent variable. This design
offers distinct advantages, including the ability to isolate individual differences, minimize
experimental errors, enhance statistical sensitivity, demand a smaller subject pool, and
render the experimental design more economical and efficient. The independent variable
in this study pertains to the working conditions of the spray ventilation cooling system,
encompassing four distinct conditions, or experimental treatment levels. The detailed
parameters for each working condition are outlined in Table 3.

Table 3. Modes of the spray cooling system’s working conditions.

Condition Spray Volume/(mL-min—1) Ventilated
I (Spray and ventilation) 20 yes
II (Spray only) 20 no
III (Ventilation only) 0 yes
IV (Higher spray volume and ventilation) 35 yes

The experiment’s dependent variables comprised three categories: indoor environmen-
tal parameters, subjects’ physiological indicators, and subjects’ subjective psychological
indicators. Notably, indoor environmental parameters encompass air temperature, relative
humidity, and WBGT. When it comes to subjects” physiological indicators, it comprises
body temperature, heart rate, and blood pressure. Meanwhile, subjective psychological in-
dicators included evaluations of thermal sensation, thermal comfort, and fatigue sensation.

The contents of the questionnaire in this study are shown in Table 4. The main
content of the questionnaire is the basic anthropological data of the subjects. In addition,
the Thermal Sensation Vote (TSV) Thermal Perception Scale and the Fatigue Sensation
Perception Test are also included to allow participants to make individual subjective
evaluations. The questionnaire is guided and practiced without the participants carrying
out the experiment, and they are filled in on time and according to the requirements during
the experiment.
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Table 4. Questionnaire.
Name Gender Age
Height (cm) Weight (kg)
Hot sensation very cold cold slightly cold moderate slightly hot hot very hot
Feelings of somewhat . very
fatigue sensation / / / normal state fatigued fatigued fatigued
Score -3 -2 -1 0 1 2 3

In this paper, a subjective questionnaire was used to assess the thermal and fatigue
sensations experienced by individuals in a hot working environment. The aim was to inves-
tigate the impact of a high-temperature working environment on subjective psychological
indicators. Prolonged exposure to a high-humidity environment can inhibit sweat evapora-
tion, leading to an increased heat sensation in the human body under high-temperature
conditions [21].

In this study, TSVs were obtained from participants to further assess the impact of a
hot environment on human thermal sensation. TSVs serve as a valuable indicator, effec-
tively representing thermal sensory parameters experienced by the majority of individuals
working in the same spatial environment. Previous research has indicated that unfavorable
thermal conditions can result in decreased productivity, compromised health, and dimin-
ished thermal comfort in the human body [22]. Additional studies [23] have analyzed the
relationship between outdoor activity, heat stress, and heat index, considering factors such
as wet-bulb temperature, physiologically equivalent temperature, general thermal climate
temperature, and environmental parameters.

As shown in Table 5, seven rating levels were used for the thermal sensation evaluation
index, namely, very cold (—3), cold (—2), slightly cold (—1), moderate (0), slightly hot (1),
hot (2), and very hot (3).

Table 5. Thermal sensation evaluation indicators [22].

Rating Levels Thermal Sensation
-3 very cold
-2 cold
-1 slightly cold
0 moderate
1 slightly hot
2 hot
3 very hot

The evaluation indexes for fatigue sensation in this study are presented in Table 6,
utilizing four scoring levels: normal state (0), somewhat fatigued (1), fatigued (2), and very
fatigued (3). In the existing literature, Russell et al. [24] suggest that fatigue sensation may
accumulate as a potential effect of activity.

Table 6. Fatigue sensation evaluation indicators [24].

Rating Levels Fatigue Sensation
0 normal state
1 somewhat fatigued
2 fatigued
3 very fatigued

2.5. Experimental Procedure

In this experiment, each participant is required to complete four experimental trials,
each encompassing three stages: the outdoor rest stage, the operational stage in a high-
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temperature and hot environment, and the operational stage under the cooling system. The
environmental parameters during the two stages, as well as the physiological parameters
and subjective psychological assessments of the participants, were recorded independently.
The specific experimental process is outlined as follows:

The electric heater is activated 60 min prior to the start of the experiment to ensure
the stabilization of the laboratory-simulated high-temperature indoor environment. The
working conditions of the spray ventilation system are set accordingly. Participants took a
5 min rest outside the laboratory without officially starting the experiment, providing the
requisite basic information. Physiological and psychological indicators of the participants
are recorded, establishing their baseline levels in the natural environment. Ambient tem-
perature and relative humidity outside the laboratory are also documented. Participants
enter the thermal environment at the official start of the experiment, occupying a seated
position in the laboratory’s simulated high-temperature working conditions, and engaging
in light labor simulation. The spray air cooling system is activated for 15 min at the start
of the experiment, running for an additional 15 min, thus completing a total of 30 min for
each experimental trial.

Environmental parameters were recorded every minute throughout the experiment,
resulting in 30 parameter values for each environmental factor (indoor temperature, relative
humidity, WBGT) in each experimental trial. Physiological parameters were recorded at
5 min intervals during the experiment, yielding 6 values for each participant in a single
experimental trial (skin temperature, pulse, and blood pressure).

The experimenters were divided into 4 groups, with 2 participants in each group. Each
participant filled out 24 questionnaires, resulting in a cumulative total of 192 questionnaires.

3. Effect of Cooling Systems on Indoor Environment
3.1. Original Environmental Parameters

The experiment initiated the simulation of a high-temperature indoor environment
through the application of infrared radiation in high-temperature electric heating panels.
Measurement of air temperature, relative humidity, and the WBGT index was conducted to
assess the high-temperature operating environment.

Table 7 displays the environmental parameters during the initial 10 to 25 min of
the experiment, without the activation of the cooling system. These parameters yielded
respective averages of 33.5 °C for air temperature, 44.8% for relative humidity, and 28.6 °C
for the WBGT index in the high-temperature operating environment.

Table 7. Environmental parameters without cooling system (10-25 min time period).

Condition AT/°C RH/% WBGT/°C

I (Spray and ventilation) 328+14 472 £59 285+1.1

II (Spray only) 335+15 477 +78 284425

III (Ventilation only) 335+ 0.8 433 £69 28.8 £ 1.6

IV (Higher spray volume and ventilation) 342 +1.0 41.0+6.1 28.7 £ 1.5
Overall average 33.5+0.49 448 +2.77 28.6 +0.15

In the classification of high-temperature work, the average WBGT in the operating
environment, as specified during the individuals’ process of operation, is considered
high-temperature work if it equals or exceeds 25 °C [1]. Based on the classification of high-
temperature work, the experimental working environment falls under working condition
L. Additionally, light labor under an air temperature of 33.5 °C should not be allowed to
exceed 60 min.

3.2. Effect of Cooling Systems on Environmental Parameters

The variation of air temperature under different spray ventilation cooling conditions in
the experiment is shown in Figure 3. As observed from the figure, the rate of air temperature
drop is more pronounced within the first 10 min with cooling system is activated. Across



Buildings 2024, 14, 691

8of 17

various working conditions, the impact of different ventilation spray cooling conditions
on air temperature can be seen in Figure 3. The highest cooling efficiency was achieved
under working conditions I and IV (combined spray and ventilation), followed by working
conditions II (spray only), while the air-cooling effect was least effective under working
conditions III (ventilation only). In Figure 3, the solid line represents the average air
temperature before the spray ventilation system is turned on, and the dashed line represents
the minimum air temperature after the spray ventilation system is turned on.

35

] = Spray and ventilation
Turn on the system, —&—Spray only
T g Ventilation only
W N —W¥—Higher spray volume and ventilation
;; ; :' |
P30t : : '
o : i
2 AT=8.5703 \»\
s ' '
5 | AT=8.5138
g ' | Optimal temperature
8 i i
H 25 ERE Y S DR R
< 0 I
| 1
1 |
______________ g —
1
[
1
20 1 1 } 1 1 1
0 5 10 15 20 25 30

Time (min)
Figure 3. Air temperature changes under different working conditions.

To quantitatively analyze the impact of the cooling system on indoor air temperature,
the cooling system’s opening time (15 min) is considered a critical point. The spraying
system is activated without and with this crucial point, and descriptive statistics of indoor
air temperature are compiled, encompassing the average values without and with cooling,
along with their differences, as shown in Table 8. The table reveals that under the working
condition I (20 mL/min spray volume and 1.9 m/s wind speed), the average air temperature
can be reduced by 5.3 °C. Moreover, under working condition IV (35 mL/minute spray
volume and 1.9 m/s wind speed), the average air temperature reduction is more significant
at 8.2 °C. A significant cooling effect is observed in working condition IV compared to
condition I, with no statistically insignificant cooling difference due to air saturation. This
discrepancy may arise from variations in initial temperature and other potential errors.
Additionally, in working conditions II and III, where spray-only and ventilation-only modes
were employed, the average air temperature experienced a decrease of 3.9 °C and 2.5 °C,
respectively. These effects were comparatively less impactful on ambient air temperature
than the combined mode of ventilation and spray.

Table 8. Environmental parameters without and with cooling.

Cond Without Cooling With Cooling Difference
"
ondition AT/°C RH/% WBGT/°C AT/°C RH/% WBGT/°C AT/°C RH/% WBGT/°C
Iv(esr?tfﬁi};?;? 328+14 472459 285+£11 274419 714468 252410 -534+12 241462 —33+09
11 (Spray only) 335+15 477478 284+25 297422 619484 259418 -39+23 143475 25417
Il (Ventilation only)  335+0.8 433+69 288416 31.1+06 430+42 273+11 —25+03 —03+43 —14+09
IV (Higher spray
volume and 342410 410461 287+£15 260+£06 758+74 236+26 -82+16 319+13 —51+1.1
ventilation)

The trends in relative humidity under different spray-ventilated modes are shown
in Figure 4. The graph illustrates that relative humidity experiences the most substantial
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increase within the initial 5 min with the activation of the cooling system. Following
this initial period, the increase persists but at a decelerating rate. Notably, the rate of
relative humidity increase is most pronounced in working conditions I and IV (spray and
ventilation combined), followed by working condition II (spray only). Conversely, the
change in relative humidity is not significant under working condition III (ventilation
only). In Figure 4, the solid line represents the average relative humidity before the spray
ventilation system is turned on, and the dashed line represents the maximum relative
humidity after the spray ventilation system is turned on.

90 | Turn on the system,
e B e
85 | H T ?— o —1| __________
i ' I
80 - : 1 !
& ' ‘ !
= ' i I
; 75 F ' \ 1
= I ! |
Bt ' : !
g AR=39.4761 |
| ‘ I
65 1 AR=37.3047.
2 ! ! !
Zeo} : b
— ! H |
& ’ :
55 F ; ' !
\ 1
50 | ' I —m— Spray and ventilation
—@—Spray only
Ventilation only
45 ! —w— Higher spray volume and ventilation
1 1 ‘ 1 1 1
0 5 10 15 20 25 30

Time (min)

Figure 4. Variation of relative humidity under different working conditions.

For a quantitative analysis of the relationship between the cooling system and relative
humidity changes, using the cooling system activation time (15 min) as a benchmark,
indoor relative humidity without and with the initiation of the spraying system was
subjected to descriptive statistical analysis. This encompassed determining the average
relative humidity without and with cooling system activation, along with its standard
deviation. As indicated in Table 8, under working condition I (20 mL/minute spray
volume and 1.9 m/s wind speed), there was a noteworthy 24.1% increase in average
relative humidity. In contrast, under working condition IV (35 mL/minute spray volume
and 1.9 m/s wind speed), the average relative humidity exhibited a more substantial
increase of 31.9%. This difference was statistically significant, emphasizing the increased
impact of working condition IV on relative humidity compared to working condition I.
Under working condition II (spray only), the average relative humidity increased by 14.3%,
a significantly smaller increment than working condition I, indicating that ventilation
significantly influences relative humidity. Conversely, the change in relative humidity in
working condition III (ventilation only) was relatively small.

The WBGT trends for different spray ventilation modes are shown in Figure 5. As
observed, the air temperature experiences a rapid decline within the first 10 min with
spraying, and then the decline slows down. In some conditions, a slight recovery occurs
within 15 min. The influence of different spray-ventilated modes on the WBGT is discernible
in Figure 5, with the most substantial decrease observed under working conditions I and
IV (spray and ventilation combined). This is followed by working condition II (spray only),
and the WBGT decreases most gradually under working condition III (ventilation only).
In Figure 5, the solid line represents the average WBGT value before the spray ventilation
system is turned on, and the dashed line represents the minimum WBGT value after the
spray ventilation system is turned on.
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Figure 5. Variation of WBGT under different operating conditions.

In order to quantitatively analyze the effect of the cooling system on WBGT, descriptive
statistical calculations were performed on WBGT without and with activating the spraying
system, using the opening time of the cooling system (15 min) as the threshold. The average
values without and with cooling and their differences were determined, as shown in
Table 8. Table 8 reveals that under working condition I a combination of a spray volume of
20 mL/minute and an ventilation speed of 1.9 m/s resulted in an average WBGT decrease
of 3.3 °C, while under working condition IV, a spray volume of 35 mL/min combined
with an ventilation speed of 1.9 m/s led to an average WBGT decrease of 5.1 °C. Similar
to the air temperature, the WBGT in condition IV exhibited a significant cooling effect
compared to condition I, reducing the WBGT value to an average of 23.6 °C, eliminating
the high-temperature operation scenario. Additionally, in working conditions II and III,
where spray-only or ventilation-only mode was applied, the average WBGT decreased by
2.5 °Cand 1.4 °C, respectively. However, the effect of these two conditions on WBGT was
smaller than that observed in the combined mode of spray and ventilation.

4. Effect of Cooling Systems on Physiological Indicators
4.1. Physiological Indicators

In the experiment, three physiological parameters, namely, skin surface temperature,
heart rate, and blood pressure, were measured and analyzed to investigate the human
body’s response in a high-temperature working environment.

The subjects” physiological parameters were measured during the pre-experiment
phase (0-10 min time period) to establish baseline levels in the relevant environmental
conditions, AST, HR, SBP, and diastolic blood pressures (DBP) data for both genders, as
shown in Table 9.

Table 9. Baseline levels of physiologic parameters (0-10 min time period).

Gender AST/°C HR/bpm SBP/mmHg DBP/mmHg
Male 33.5+0.7 102.0 £ 4.6 1242 +£4.1 87.0+25
Female 32.6 £ 05 905+ 35 118.0 £ 3.8 69 + 3.1
Overall average 33.05 + 0.45 96.25 + 5.75 121.1 £ 3.1 78.0£9.0

The physiological parameters of the working human body without the activation of
the cooling system in the experiment (10-25 min time period) are presented in Table 10.
The average skin temperature, heart rate, and blood pressure of the human body in a
hot working environment are displayed. Specifically, the average skin temperature of
individuals working in the hot environment increased from 33.05 °C to 34.8 °C, the heart
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rate decreased from 96.25 bpm to 94.9 bpm, and the systolic and diastolic blood pressures
decreased by 9.9 mmHg and 10.1 mmHg, respectively, compared to the measurements
without the experiment started.

Table 10. Physiological parameters of the human body and individual subjective psychological
indicators during high-temperature operation (10-25 min time period).

Condition AST/°C HR/bpm SBP/mmHg DBP/mmHg TS FS

I (Spray and 347407  993+38 1143+62  688+42 21407 14411
ventilation)

IT (Spray only) 349406  928+67 1090+62 673+77 19407  15+09
III (Ventilation 347406 978445 1100+73 710458 125405  1.0+02

only)
IV (Higher spray
volume and 350406 8984121 1115487 645449 22404 14409
ventilation)
Overallaverage ~ 348+012 9494381 2 6791236 1864036 132+019

The subjective psychological indicators of the individuals during the period without
the cooling system activated in the experiment (10-25 min time period) are depicted in
Table 10. This table displays the average thermal and fatigue sensations experienced by the
human body in the high-temperature operating environment. The subjects’ thermal sensa-
tion increased from 0.125 (nearly moderate) to 1.85 (nearly hot) without the experiment,
while fatigue sensation increased from 0 (normal state) to values between 1 (somewhat
fatigued) and 2 (fatigued). It is evident that both the thermal and fatigue sensations of
individuals operating in a high-temperature thermal environment significantly differ from
those in a comfortable environment. Research has indicated that working in both colder
and hotter environments contributes to the development of fatigue sensation [25].

Each psychological index was measured during the pre-experiment phase (0-10 min
time period) to establish baseline levels in the relevant environment without the subjects
starting the experiment, as shown in Table 11.

Table 11. Baseline levels of subjective psychological indicators (0—10 min time period).

Gender TS FS
Male 0.5+ 0.58 00+0
Female —0.25+05 000
Total mean value 0.125 4+ 0.375 0.0+0

To investigate the physiological response of the human body without and with cooling
in a high-temperature working environment, three physiological parameters were mea-
sured and analyzed, namely, skin surface temperature, heart rate, and blood pressure. This
study aims to examine the effects of the cooling system and its different spray-ventilated
conditions on the physiological parameters of operators.

4.2. Effect of Cooling Systems on Skin Surface Temperature

Average skin temperature provides a comprehensive representation of an individual’s
sensation of warmth or coldness and serves as a key physiological indicator in the analysis
of heat exchange between the body and the environment.

As indicated by the average skin temperature measurements in Figure 6, the skin
temperatures of both men and women exhibited a rapid increase around 5 min with the
start of the experiment, followed by a gradual stabilization. The rate of change in skin
temperature initially increased and then decreased during the course of the experiment. To
maintain a dynamic balance between heat production and dissipation in a high-temperature
environment, individuals must regulate the heat transferred from the body’s core to the
skin’s surface through their circulatory system and enhance body cooling through sweat
evaporation. In this context, men’s average skin temperature was slightly higher than
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that of women. Upon exposure to the high-temperature indoor thermal environment,
the change in women's skin surface temperature was more significant than that in men,
indicating increased thermal sensitivity among female subjects. Additionally, from Figure 6,
it is evident that the magnitude of the change in skin surface temperature was greater for
female subjects than for male subjects.
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Figure 6. Trend of average skin temperature under different working conditions.

The impact of the cooling system on the subjects” skin temperature was quantitatively
analyzed, and the average skin temperature was recorded both without and with the acti-
vation of the cooling system under different working conditions. Based on data presented
in Table 12, the average skin temperature can decrease by 1.8 °C under working condition I
(20 mL/minute spraying volume and 1.9 m/s wind speed), over 2 °C under condition IV
(35 mL/minute spraying volume and 1.9 m/s wind speed), and over 1.1 °C under both
condition II (spray only) and condition III (ventilation only).

Table 12. Physiological and psychological indicators without and with cooling.

Without Cooling With Cooling Difference
Condition .~ HR/  SBP/ DBP/ .~ HR/  SBP/ DBP/ .~ HR/ SBP/ DBP/

AST/°C bpm  mmHg mmHg HS FS ASTIC bpm  mmHg mmHg HS FS ASTIC bpm  mmHg mmHg HS FS

[ (Spray and 347 993 1143 688 21 14 331 915 1232 802 —05 08 —18 —78 8.9 114 26 —13
P.ly. + + + + + o+ + + + + + o+ + + + + + +
ventilation) 0.7 3.8 6.2 42 07 11 0.4 6.5 7.7 55 04 02 0.4 33 32 44 0.7 1.0

349 928 1090 673 19 15 337 85 1163 715 03 03 —-11 53 7.3 43 -17 12
1I (Spray only) + + + + + + + + + + + + + + + + + +
0.6 6.7 6.2 77 07 09 07 6.4 95 7.1 03 00 06 1.9 3.9 2.6 0.5 0.9

Il (Ventilation 347 978 1100 710 125 10 336 943 1183 798 03 05 -11 35 825 8.8 -10 —05
nly) + + + + + =+ + + + + + + + + + + + +
only, 0.6 45 7.3 58 05 02 04 33 8.9 89 03 04 07 2.1 53 5.1 0.2 0.2

v (H‘glher 350 898 1115 645 22 14 326 813 1148 723 —05 00 —24 -85 33 7.8 27  —14
spray volume + + + + + o+ + + + + + o+ + + + + + +
and 0.6 12.1 8.7 49 04 09 10 9.6 6.7 53 12 00 09 3.1 45 0.5 1.2 0.9

ventilation)

4.3. Effect of Cooling Systems on Heart Rate

When an individual works in a hot environment, the body accelerates the heart rate to
enhance blood circulation, facilitating heat reduction. Therefore, the heart rate levels serve
as indicators of heat stress on the human body. In this experiment, the changes in human
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heart rate in various thermal environments were measured without and with activating the
cooling system.

The results of the average heart rate measurements in Figure 7 reveal that, within the
initial 5 min of the experiment, the average heart rate of the subjects did not significantly
differ from the average heart rate value without the start of the experiment. However, the
magnitude of the change varied across different trials. In contrast, there was a noticeable
increase in heart rate from 5 to 15 min into the experiment. The baseline heart rate level
was higher in male subjects, and the rate of increase was greater for males upon entering
the hot indoor thermal environment. As depicted in Figure 7, the average heart rate of the
subjects decreased with activating the cooling system compared to the previous period.
The effects of different working conditions on the skin surface temperature of male and
female subjects exhibited variations, possibly due to a significant experimental error.
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Figure 7. Trend of heart rate under different working conditions.

The impact of the cooling system on the subjects” heart rate was quantitatively assessed
by recording the average heart rate of the subjects without and with the activation of the
cooling system under different working conditions. Based on data in Table 12, the average
heart rate decreased by 7.8 bpm under working condition I (20 mL/minute spray volume
and 1.9 m/s wind speed), 5.3 bpm under working condition II (spray only), 3.5 bpm
under working condition III (ventilation only), and 8.5 bpm under working condition IV
(35 mL/minute spray volume and 1.9 m/s wind speed).

The changes in the mean heart rate of the subjects corresponded to their environmental
parameters and aligned with the patterns of changes observed in mean air temperature and
WBGT values. The data demonstrated that the mean heart rate of the subjects increased as
the mean air temperature and WBGT values decreased, and, conversely, they decreased as
these increased.

4.4. Effect of Cooling Systems on Blood Pressure

According to the blood pressure grade classification outlined in the Chinese Guidelines
for the Prevention and Treatment of Hypertension (2018 Revised Edition) [26], changes in
the external thermal environment trigger various vascular reactions in the human body,
leading to changes in blood pressure. Consequently, this study utilizes blood pressure as
one of the indicators to assess heat stress in a high-temperature environment.

The changes in systolic and diastolic blood pressure observed without and with the
activation of the cooling system under various working conditions in the experiment are
presented in Table 12. Systolic and diastolic blood pressure values were significantly lower
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when without cooling compared to the cooling system was turned on. The results of
the experiment indicate that the greatest difference between systolic and diastolic blood
pressure occurs under working condition I

5. Effect of Cooling Systems on Psychological Indicators

As the direct measurement is impractical for assessing the subjective psychological
feelings of the human body in a hot thermal environment, this study utilizes a subjective
questionnaire to obtain the thermal and fatigue sensation perceptions of the subjects without
and with cooling down in the operating environment.

5.1. Effect of Cooling Systems on Individual Thermal Sensation

Without and with the activation of the cooling system under different working condi-
tions, the thermal sensation trends of subjects of different genders are depicted in Figure 8,
revealing gender-based distinctions in thermal perception. Overall, female subjects tended
to experience slightly lower thermal sensations than male subjects in the hot environment.
The thermal sensation exhibited greater variability in working conditions I and IV (a com-
bination of spraying and ventilation). Within 5 min after the cooling system was activated,
the thermal sensation of the subjects decreased at the highest rate, reaching approximately
—1 (slightly cooler) within 15 min. In working condition II (spray only), the rate of thermal
sensation decrease was slower, eventually averaging near 0 (moderate) for male subjects
and about —1 (slightly cold) for female subjects. The results of this study highlight gender
differences in thermal sensation changes, indicating that the impact of spraying on female
subjects’ thermal sensation is more pronounced than that of males. Working condition III
(ventilation only), exhibiting a similar decreasing trend to the combined ventilation and
spray condition, witnessed a higher rate of mean thermal sensation decrease within the
first 5 min of cooling system activation, followed by a gradual slowdown, with the mean
thermal sensation stabilizing around 0 (moderate) with 15 min of cooling system activation.

Thermal sensation (woman)

[ Spray and ventilation [ Spray and ventilation
[ Spray ol 3 A spray only
[X] Ventilation only XN Ventilation only
B Higher spray volume and ventilation fg R Higher spray volume and ventilation
g 2
Z
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Figure 8. Trend of subjective thermal sensation of human body under different working conditions.

To quantitatively analyze the subjective psychological thermal sensation of the subjects,
the average subjective thermal sensation was recorded without and with the activation
of the cooling system under different working conditions. Examining the data presented
in Table 12, it is evident that the average thermal sensation of the subjects decreased by
2.6 under working condition I (20 mL/minute spray volume and 1.9 m/s air velocity),
2.7 under working condition IV (35 mL/minute spray volume and 1.9 m/s air velocity),
1.7 under working condition II (spray only), and 1 under working condition III (ventilation
only). The results of the study suggest that spraying has a greater effect on individual
thermal sensation compared to air circulation.

5.2. Effect of Cooling System on Individual Fatigue Sensation Perception

Fatigue sensation is a normal physiological process in the human body and plays a
crucial role in sustaining operational abilities. Therefore, investigating fatigue sensation
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is crucial for understanding its effects on the human body in hot environments and its
thermal comfort.

Figure 9 shows the trend of thermal sensation in men and women without and with
the activation of the cooling system under various working conditions. The subjects’
fatigue sensation was recorded on a scale from the normal state (0), somewhat fatigued
(1), fatigued (2), and very fatigued (3). Overall, male subjects experienced slightly higher
fatigue sensations than female subjects in the hot thermal environment. The figure indicates
that individuals reached peak fatigue sensation 15 min after entering the high-temperature
thermal environment, with a general decrease observed with the cooling system was
activated. Fatigue sensations were more affected by working conditions I and IV, involving
the combination of spraying and ventilation. Fatigue sensation decreased rapidly within
5 min with the cooling system was activated, eventually reaching approximately 0 (normal
state). In working condition II (spray only) and working condition III (ventilation only),
the fatigue sensation of the subjects decreased slightly more slowly than in the combined
ventilation and spray conditions. Eventually, the fatigue sensation of male subjects reached
0 (normal state), while the fatigue sensation of the female subjects rebounded slightly,
reaching 0, and eventually reaching about 1 (somewhat fatigued). This result suggests that
female subjects were more likely to experience fatigue sensation with increasing operating
time in the spray-only and air-only modes.
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Figure 9. Trend of fatigue sensation of subjects under different working conditions.

To quantitatively analyze the subjective psychological sensation of fatigue sensation
among the subjects, the average level of fatigue sensation without and with the activation
of the cooling system under different working conditions was recorded. Based on the
data in Table 12, the average fatigue sensation of the subjects decreased by 1.3 under
working condition I (20 mL/minute spray volume and 1.9 m/s wind speed), 1.4 under
working condition IV (35 mL/minute spray volume and 1.9 m/s wind speed), 1.2 under
working condition II (spray only), and 0.5 under working condition III (ventilation only).
Specifically, the decrease in fatigue sensation in conditions II and III was the smallest,
indicating that the presence or absence of spraying has a significant impact on the fatigue
sensation of individuals.
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6. Conclusions and Prospects
6.1. Conclusions

In this study, the effects of ventilation and spraying systems under various working
conditions on the indoor thermal environment, as well as on human physiology and
psychology, were investigated through experiments conducted in an indoor setting with a
cooling system. The conclusions drawn from these experiments are as follows:

e  Among the various working conditions of the spray cooling system, the most effective
cooling was achieved in the combined mode of spraying and ventilation (conditions I
and IV), followed by the spray-only mode (condition II), with the least effective cooling
observed in the ventilation-only mode (condition III). Under condition I (20 mL/min
spray volume and 1.9 m/s wind speed), use spray ventilation cooling systems resulted
in a 5.3 °C reduction in air temperature, a 24.1% increase in average relative humidity,
and a 3.3 °C reduction in average Wet-bulb Globe Temperature (WBGT). The cooling
effect was increased by 2.3 °C and the average relative humidity was increased by
10.8% compared to spray-only and ventilation-only modes. In addition, when the
spray volume is increased by 15 mL/min, the air temperature is reduced by 8.2 °C, the
average relative humidity is increased by 31.9%, and the average WBGT is reduced by
5.1°C.

e Inahigh-temperature environment, individuals rely on skin evaporation of sweat to
facilitate body cooling. The spraying and ventilation mode accelerates the removal
of heat generated by sweat evaporation, leading to a more rapid reduction in skin
surface temperature.

e  Gender differences contribute to variations in body resistance, resulting in different
impacts of the spray cooling system on physiological and psychological indicators
based on gender in hot environments. The thermal and fatigue sensations of male
subjects in the hot environment are slightly higher than those of female subjects, with
female subjects showing greater sensitivity to spraying mode than males. Between
25 °C and 30 °C, the test subjects were in a relatively comfortable working state. At
around 29 °C, the fatigue was moderate.

6.2. Limitations and Prospects

Due to the limitations of research conditions and time, there are still many deficiencies
in the experimental design and result analysis that need to be further improved, and the
following aspects should be paid attention to in the follow-up research:

o  The number of subjects selected in the experiment in this paper is small, and the
follow-up study should increase the number of samples and expand the capacity of
each data to improve the accuracy and reliability of the experimental data and better
control the random error in the experimental process.

e  The results of this paper show that there are gender differences in the effects of
cooling systems on human physiological and psychological indicators. However, the
reasons for the differences and the significance of such differences in the real operating
environment still need to be further studied.
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