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Abstract

In high-temperature environments, using airflow systems has been demonstrated to be an
effective method of regulating thermal sensation and enhancing thermal comfort. Given
the importance of optimizing airflow selection strategies, the impact of different airflow
forms on thermal comfort is a topic worthy of consideration. This study aimed to compare
and analyze thermal comfort under three distinct airflow conditions: constant mechanical
wind, sinusoidal wind and simulated natural wind. The experimental condition was set
to a high temperature of 30 °C. The experimental results show that thermal sensation
votes (TSV) are lower and thermal comfort votes (TCV) are higher in the simulated natural
wind environment than in the other two environments. Statistical analysis of subjects’
environmental preferences showed that simulated natural wind was the most preferred
option. When exposed to simulated natural wind, subjects reported a stronger sense of
softness and relaxation than when exposed to constant mechanical wind or sinusoidal wind.
Additionally, the level of calmness experienced under the simulated natural wind condition
was found to be lower than that observed under the constant mechanical wind condition.
Comparing TSV and TCV results over time reveals that thermal comfort is influenced not
only by thermal sensation but also by the stimulation that different types of airflow variation
exert on the human body. Concurrently, in airflow environments, thermal sensation exhibits
a non-linear relationship with changes in skin temperature, and this relationship may be
influenced by airflow stimulation. This study clarifies the mechanism by which different
airflows affect thermal comfort differently in high-temperature environments. It thereby
provides both experimental evidence and theoretical support for the airflow design of
air-conditioning systems, with the goal of aligning such designs with human physiological
perceptual characteristics.

Keywords: airflow; thermal comfort; thermal sensation; natural wind

1. Introduction

With the development of social economy and the improvement of residents’ living
standards, air-conditioning systems have become an indispensable part of modern building
environments. As important devices for regulating the indoor thermal environment, air
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conditionings play a key role in enhancing thermal comfort [1]. However, in actual use, user
satisfaction with the comfort of air conditioning air supply still needs to be improved [2].
Studies have shown that when air conditioning airflow acts directly on the human body,
it may lead to discomfort for users and even cause health problems [3]. From a health
perspective, in 2012, Chen et al. [3] found that current air conditioning and mechanical
ventilation systems are designed to maintain an appropriate indoor relative humidity to
prevent the growth of biological pollutants such as fungi and bacteria. A large amount
of cold air needs to be introduced, creating a 5-8 °C temperature difference between the
inside and outside of the building, causing the occupants inside to feel overly cold. In 2018,
D’Amato et al. [4] found that if indoor exposure occurs quickly and without any gradual
adaptation to a temperature 2-3 °C lower than the external temperature and especially
with a 5 °C difference and humidity of between 40% and 60%, there is a risk of negative
consequences on the respiratory tract. From a comfort perspective, Tamura et al. [5] found
that the comfort level under direct airflow in a cooling environment was lower than that
under indirect airflow. This was also supported by the results of an electroencephalogram.
This phenomenon was further verified in the questionnaire survey conducted prior to
this study, which focused on people’s air conditioner usage habits. The questions covered
the placement of air conditioners in the home, usage frequency, temperature setting, and
wind direction selection. These questionnaires were distributed online, and the results
obtained indicated that in summer air conditioning use scenarios, 75% of the users tended
to choose the wind direction swing mode, while only 25% of the users chose the fixed
wind direction mode. All of these studies reflect the problems associated with the direct
blowing of cooling air towards the human body. In addition, the respondents generally
reflected that the existing air conditioning airflow had the problem of insufficient softness,
which indicates that there is still a large optimization space for the current air conditioning
airflow mode.

A substantial body of research has demonstrated that reasonable airflow configu-
rations can markedly reduce thermal sensation and effectively alleviate discomfort in
high-temperature environments [6-8]. In 1974, Fanger [9] discovered that an average wind
speed of 0.8 m/s could make the subjects feel comfortable in an environment of 28 °C.
Subsequently, in 1998, the research results of Arens et al. [10] indicated that when the
metabolic rate was set at 1.0 met, an airflow of 1.4 m/s could raise the tolerable temper-
ature of the environment to 31 °C. In 2022, Yu et al. [11] found that under the condition
of temperature of 32 °C and humidity of 50%, the comfortable wind speed range was
1.09-1.87 m/s. Most of these studies were focused on summer conditions, and the cloth-
ing was generally conventional summer clothing with a clothing insulation of around
0.5-0.6 clo. The results of field surveys conducted on the subject of thermal comfort in
China have demonstrated that current indoor temperatures set during the summer months
are, in some cases, unnecessarily low [12]. By optimizing the airflow design, the summer
indoor temperature setpoint can be appropriately increased, ensuring thermal comfort
and reducing cooling energy consumption of air conditioning systems [13,14]. However, it
should be noted that there are certain limitations to the extent to which airflow can enhance
comfort. It has been demonstrated that when the ambient temperature exceeds a certain
threshold, the regulation of airflow alone is unable to fully compensate for the discomfort
caused by high temperatures [15]. In this regard, the ASHRAE 55-2023 standard specifies
a range of temperature and air velocity matching [16]. It is important to acknowledge
that this standard is predominantly concerned with constant mechanical wind conditions.
However, recent studies have demonstrated that dynamic wind possesses clear advantages
over constant mechanical wind with respect to reducing thermal sensation and enhancing
comfort [17].
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There are significant differences in the effects of different types of airflow parame-
ters (including wind speed, direction, and temperature) on thermal comfort and thermal
sensation [5,18-20]. Kabanshi et al. [21] established that the intermittent air jet strat-
egy can provide a satisfactory indoor climate and demonstrates energy-saving potential.
Ugursal et al. [22] found that 30 s pulsed airflow is more effective in providing a cool-
ing sensation than either constant airflow or 60 s pulsed airflow. To date, researchers
have explored a variety of parameters with the aim of quantifying different airflow
characteristics [23]. Zhu et al. [24] provided a comprehensive overview of the distinc-
tions and interrelationships between the airflow turbulence characteristics of natural and
mechanical winds, articulated in terms of two pivotal parameters: turbulence and pulsation
frequency. Ouyang et al. [25] found that within the range of frequency bands to which
humans are sensitive, the power spectral exponent ((3-value) of natural winds ranges from
1.1 to 2.0, while the 3-value of mechanical wind near the air supply outlet ranges from
0 to 0.5. Xie et al. [26] investigated the turbulence characteristics of natural wind in the
incoming direction on this basis.

Concurrently, the primary considerations in relation to the benefits of dynamic airflow
are frequently thermal factors [27]. It has been demonstrated that the characteristics of
dynamic airflow have an impact on the convective heat transfer coefficient [27,28], which
in turn affects human thermal sensation and thermal comfort. Indeed, the mechanism
through which dynamic wind influences comfort is intricate, and it is never possible for
a single thermal factor to account for this. Furthermore, stimuli generated by dynamic
winds, characterized by varying parameters such as frequency and magnitude of wind
speed fluctuations [29], have been demonstrated to play a pivotal role in the perception
of comfort [30]. However, extant studies demonstrate a paucity of specific methodologies
for quantifying dynamic stimuli of airflow in comparison to thermal factors [27]. Drawing
upon the accumulated knowledge from empirical research in the field and preliminary user
studies, this study proposes the incorporation of three dimensions of subjective perception:
“softness”, “relaxation”, and “disturbance”.

A comprehensive examination of the optimal utilization of airflow strategy, scientific
selection of air supply mode, and temperature parameters is of significant theoretical and
practical value for enhancing human thermal comfort. Existing literature has predominantly
employed fans [31,32], with comparatively few studies utilizing air conditioners. The
utilization of air conditioners in this study has the potential to offer novel insights and
contributions to the field of airflow comfort research.

As demonstrated in the preceding analysis, the present study concentrates on quo-
tidian life scenarios and systematically explores the effects of differing airflow modes on
human thermal comfort in high-temperature environments. This may provide a theo-
retical basis and practical guidance for the optimal design and comfort enhancement of
air conditioners.

2. Methods

The present experiment was conducted within a climate chamber at Tsinghua Univer-
sity, which contains two independent experimental chambers. One of the experimental
chambers was utilized as a laboratory (5 m x 2.5 m x 2.7 m), while the other was desig-
nated as a waiting room (5 m x 3 m X 2.7 m) for the preparation and recovery phases. The
two experimental chambers were equipped with independent air-conditioning systems,
which enabled precise control of the temperature and humidity. It was ensured that the
environmental conditions within each chamber remained independent of the other. Varia-
tions in the indoor air temperature (T,) and relative humidity (RH) were controlled to be
within the range of £0.3 °C and 4:5%, respectively. The air is introduced into the chamber
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from the supply plenum chamber located on the ceiling, and it is subsequently returned
through the floor, utilizing small dense air inlets and outlets to ensure uniform temperature
and humidity distribution within the chamber (Figure 1). Furthermore, the air velocity was
maintained at a low and uniform level, thus ensuring minimal disturbance to the wind
environment established during the experimental procedure. The temperature and humid-
ity of the environment were set one hour prior to the initiation of the experiment, with
the intention of ensuring that the prevailing conditions remained consistent and uniform

during the experiment.
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Figure 1. Climate chamber.

Twenty healthy university students (ten males and ten females) participated in the
experiment. The distribution of characteristics such as age and BMI is demonstrated in
Table 1. The subjects were instructed to wear typical summer clothing, comprising a short-
sleeved top, thin long pants, and sneakers, with a clothing insulation of approximately
0.57 clo (1 clo = 0.155 m?-K/W). Prior to the commencement of the experiment, the subjects
were requested to abstain from the consumption of alcoholic and stimulant beverages,
as well as strenuous exercise, for a period of no less than 24 h. During the experiment,
the subjects remained in a seated position and were permitted to engage in reading and
writing activities. According to ASHRAE Standard 55-2023 [16], the metabolic rate was
approximately 55-65 W/m?, equivalent to 1-1.1 met.

Table 1. Anthropometric information of participants.

Gender Number Age (year) Height(cm) Weight (kg)  BMI (kg/m?)

Male 10 23+3 1773 £ 6.6  68.9 +10.2 219 +28
Female 10 23+3 165.7 £ 3.8 59.2 £ 8.6 215+£27

The experiment was conducted using a column air conditioner with subjects sitting
1 m from the air vents (Figure 2). The air temperature was maintained at 30 £ 0.3 °C
in the laboratory and 26 + 0.3 °C in the waiting room, with the humidity maintained at
30 £ 5% in both rooms. The experiment was configured to operate under three distinct
conditions: constant mechanical wind, sinusoidal wind, and simulated natural wind. In
the experiment, constant mechanical wind was obtained by inputting a stable rotational
speed. Sinusoidal wind was obtained by inputting a rotational speed that varies in a
sinusoidal waveform. The input sample for simulated natural wind was derived from
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the continuously measured wind speed in a comfortable outdoor wind environment. The
waveforms of the original input samples are demonstrated in Figure 3. Figure 4 illustrates
the measured airflow at a distance of 1 m from the air outlet, which corresponds to the
subjects’ position. The mean air velocity of the three types of air supply is equivalent at
the time of the original input sample, and the measured mean air velocity at 1 m from the
air outlet is 1.27 m/s for constant mechanical wind, 1.24 m/s for sinusoidal wind, and
1.25 m/s for simulated natural wind. The average wind speed of the sinusoidal wind
used in this experiment was 1.24 m/s, the maximum wind speed was 1.39 m/s, and the
minimum wind speed was 1.09 m/s, with a fluctuation amplitude of 0.15 m/s. The period
was 25 s, which means the frequency was 0.04 Hz. The measured turbulence intensities
for constant mechanical wind, sinusoidal wind, and simulated natural wind were 11.9%,

18.1%, and 18.9%, respectively. The instruments utilized in the experiment are enumerated
in Table 2.

Airflow

l@

Figure 2. Experimental setup.
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] Simulated Natural Wind
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|

Time(s)

Figure 3. Waveform diagram of the original input sample.

Table 2. Experimental instrument.

No. Measurement Instrument Accuracy Resolution Measurement Range
1 Air temperature (T,) WSZY-1 Thermometer +0.3°C 0.1°C —40-100 °C
2 Relat“’(eRg‘;mld“Y WSZY-1 Thermometer +3% 0.1% 0-100%
At room temperature:
0.05-1.00 m/s:
3 Air Velocity (Va) SWAQ03 Anemometer +0.03m/s; 0.05-3m/s

1.00-3.00 m/s: +3% of
the measured value
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Table 2. Cont.

No. Measurement Instrument Accuracy Resolution Measurement Range
Globe Temperature HQZY-1 Globe Thermometer o o _ o
4 (Tg) (Standard 150 mm globe) +03°C 0.1°¢ 20-80°C
Skin Temperature o 8 bits: 0.5 °C o
5 (Tain) PyroButtons (Opulus, PA, USA) +0.1°C 11 bits: 0.0625 °C 0-125°C

Constant Mechanical Wind

1.0

Air Speed(m/s)

i
N
o

imula jed Natural Wind

I I I
200 300 400

Time(s)

Figure 4. The measured waveform diagram of the subject position.

The experiment was subdivided into a 10 min preparatory phase and a 20 min exper-
iment phase, as illustrated in Figure 5. Each participant was exposed to a total of three
experiments, thereby ensuring that they encountered all three wind conditions. In order to
avoid the influence of a fixed order of experimental conditions on the experimental results,
subjects randomly experienced the three conditions in a different order. Meanwhile, these
three environments were each given a code name, and the participants were not aware of
which kind of wind it was. During the experimental conditions, subjects were required
to complete the questionnaire at seven-minute intervals. The questionnaire encompassed
both the overall and local thermal sensation vote (TSV) and thermal comfort vote (TCV),
utilizing a seven-point scale. The specific voting grading is delineated in Table 3.

Waiting room———— Laboratory

e A
A

—10 Questionnaire: () 6 13 20

Figure 5. Experimental procedure.

Table 3. Scales of subjective votes.

-1 -2 -3 0 1 2 3
TSV cold cool slightly cool neutral slightly warm warm hot
very slightly not slightly very
v uncomfortable uncomfortable uncomfortable uncomfortable comfortable comfortable comfortable

We explored different aspects of the subjects” perception of wind as a reference for
more dimensions. Three predominant perceptions were included: (1) stiffness and softness;
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(2) fatigue and relaxation; and (3) disturbance and calmness. The specific voting grading is
delineated in Figure 6.

Stiffness Softness
-10 0 10
e v by
Fatigue Relaxation
-10 0 10
I | | | | 1 | | | 1 I | | | | | 1 | | | I
Disturbance Calmness
-10 0 10

Figure 6. Scales of supplementary subjective votes.

The experimental procedure involved the measurement of skin temperature (T,y) in
the subjects. Skin temperature was measured using the ten-point method. The PyroButton
was utilized to undertake continuous measurements of skin temperature at 0.5 min intervals
at 10 specific sites: the forehead (0.06), the left chest (0.12), the left abdomen (0.12), the left
back (0.12), the right upper arm (0.08), the left forearm (0.06), the right hand (0.05), the right
anterior thigh (0.19), the right anterior calf (0.13) and the right foot (0.07) [33]. The mean
skin temperature (mTg) was calculated based on the respective weights.

3. Results
3.1. Thermal Sensation Vote

The mean values of TSV under the three airflows were found to be relatively similar.
The order of the TSV from low to high was as follows: simulated natural wind < sinusoidal
wind < constant mechanical wind. The results of the study indicate that the percentage
of TSV = 0 under simulated natural wind was significantly higher than that of constant
mechanical wind and sinusoidal wind, and conversely, the percentage of TSV > 0 was
significantly lower than that of constant mechanical wind and sinusoidal wind (Figure 7).

2 TSV>0
25%~75% "

l?] The range within 1.51QR 29% TSV=0
¢ | — Medi I —

Mean valuo BE 39% Tsv<o

Abnormal value
1 . —

43%

Thermal Sensation Vote
)
[H
S
vos l I i
3 .
o
o
=)
2
Percentage

. 36% 29%
14 1
: . 29% 32% 29%
-2 T - — T Constant Sinusoidal Simulated
Wind, Wind Natural Wind Mechanical Wind Natural
Wind Wind

Figure 7. Thermal sensation vote.

The mean values of TSV under all three airflows were found to be close to 0. These
results may be attributed to the relatively well-matched mean wind speed and temperature
environments that were chosen. Meanwhile, since the experimental environment was
chosen to be relatively dry, the thermal sensation would be relatively lower under the same
high temperature condition, where the low ambient humidity facilitates the evaporation
of sweat.
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3.2. Thermal Comfort Vote

According to Figure 8, the mean TCV values under the three airflows in descending
order were simulated natural wind > constant mechanical wind > sinusoidal wind. TCV
under simulated natural wind was 0.27 higher than TCV under sinusoidal wind (p < 0.05).
According to the number of votes, the percentage of TCV > 0 in the simulated natural wind
environment was 89%, which was higher than that of constant mechanical wind (82%) and
sinusoidal wind (79%).

TCV20
" I—
3 pu TCV<0,
[
°
= “ —‘V ) 82 79%
‘o
S g ° 89%
£ 1] —1o.08 T—|1.05 8
o o [0.78 H
s '3
£
o 04
£
F 1 l
- 189 21%
-11 8% 11%
P — T — c Si idal Si d
Mechanical Wind Natisil Mechanical Wind Natural
Wind Wind Wind Wind

Figure 8. Thermal comfort vote (* p < 0.05).

3.3. Variation in Thermal Sensation Vote over Time

At the moment of first entering the laboratory, the TSV in the simulated natural wind
environment was lower than the constant mechanical wind and sinusoidal wind. As time
progressed, the fluctuation of TSV in the simulated natural wind environment was found to
be the most significant, followed by the constant mechanical wind, and the sinusoidal wind
fluctuation was the least substantial (Figure 9). This finding suggests that the changing
wind speed characteristics of the simulated natural wind will have a more significant effect
on thermal sensation. Although sinusoidal wind is also a dynamic wind, the fluctuation
period is comparatively brief relative to the time interval of the questionnaire, as it is a
repetitive fluctuation with a short period.

Constant Mechanical Wind Sinusoidal Wind
1 1
> >
po @ 04 0.06 0.05
25%~75%
The range within 1.51QR
-1 =~ Median value -1
Mean value
+ Abnormal value
T T T T T T T T
Omin 7min 14min 21min Omin 7min 14min 21min
0.5
Simulated Natural Wind Constant Mechanical Wind|
Sinusoidal Wind
14 Simulated Natural Wind
g . S oo /\ <
0.11 .0
[~ 0.0 0.01 2 //
-0.21 -
-1
T T T T -0.5 T T T T
Omin 7min 14min 21min Omin 7min 14min 21min

Figure 9. Variation in thermal sensation votes over time. (The black line is the connecting line of the
average values).
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In all three wind environments, the TSV demonstrated an initial increase, followed
by a subsequent decrease or fluctuation over time. This phenomenon can be attributed to
the thermal regulation mechanism in three stages: (1) in the initial stage, the wind speed
significantly enhances the convective and evaporative heat dissipation efficiency, resulting
in low transient thermal sensation; (2) in the middle stage, with the continuous accumula-
tion of metabolic heat production and the rise of local microenvironmental humidity and
heat, the human body experiences a transient rebound of thermal sensation; and (3) in the
late stage, as a result of the gradual adaptation of human beings to their environments and
reestablishment of balance in body temperature regulation, the thermal sensation drops or
fluctuates slightly and tends to stabilize.

3.4. Variation in Thermal Comfort Vote over Time

As the time following entry into the environment increased, the TCV was consistently
higher and more stable in the simulated natural wind compared to the sinusoidal and
constant mechanical winds. In all three airflows, the TCV was higher at 7 min compared
to when the subjects were just entering. As time passed, both under sinusoidal wind and
constant mechanical wind, the TCV of subjects demonstrated a decline (Figure 10).

Constant Mechanical Wind Sinusoidal Wind

2 2
>
o1 o 14
4 111 0.99 1.04| |
0.77
o 0
-1 -1
T T T T T T T T
Omin 7min 14min 21min Omin 7min 14min 21min
- — 2.0
Simulated Natural Wind 25%~75% Constant Mechanical Wind
3 The range within 1.51QR Sinusoidal Wind
=" Median value, Simulated Natural Wind
Mean value
1.5+ + Abnormal value

1.10 1.13

TCV
° -
°\
@
®
=
N
°
TC
-
°
I

-1

T T T T 0.0 T T T T
Omin 7min 14min 21min Omin 7min 14min 21min

Figure 10. Variation in thermal comfort votes over time. (The black line is the connecting line of the
average values).

The fluctuations in TCV under sinusoidal and constant mechanical winds corre-
sponded to the TSV. From 0 to 7 min, the TSV approached 0 from less than 0, and the TCV
increased gradually. From 7 min until 14 min, the TSV gradually rises above 0, with a
concomitant small decline in the TCV. After 14 min, the change in TCV is relatively small.
In the case of the simulated natural wind, the TCV was found to be more stable.

3.5. Thermal Sensation Vote for Different Body Parts

The lowest TSV was identified in the upper arm and forearm, while the highest
was found in the foot. The thermal sensation uniformity of all parts under simulated
natural wind conditions was found to be superior to that of constant mechanical wind
and sinusoidal wind conditions, and closer to neutral. The disparity in thermal sensation
between the upper arm, forearm, and foot under varying wind conditions was minimal. It
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is evident that the TSVs in the three environments all decrease in order: feet > thighs and
calves > back and abdomen > hands > chest > head > upper arms > forearms (Figure 11).
The variation in thermal sensation among different body regions can be attributed, firstly,
to the disparity in wind speeds at these locations. Concurrently, disparities in the thermal
resistance of local clothing for distinct body parts, such as some exposed parts, were also
observed. Furthermore, for different body parts at locations with similar wind speeds and
thermal resistance, there were also differences in TSV. This is due to the fact that different
parts have different sensitivities to the thermal environment.

0.40

Head | 0.09 0.08 0.04
Chest 0.14 0.11 0.04 | 027
Back - 0.22 0.26 0.13
Abdomen-|  0.21 0.26 0.15 o3
Upper
S Arm ] -0.02 0.01 -0.04
() - 0.00
F  Forearm | -0.09 -0.11 -0.10
Hand
an 0.19 0.13 0.06 L on3
Thigh 0.23 0.27 0.16
calf4  o.20 0.26 0.14 -0.27
Foot | 0.36 0.38 0.33
T T T -0.40
Constant  Si idal Simulated
Mechanical Wind Natural
Wind Wind

Figure 11. Thermal sensation votes for different body parts.

3.6. Thermal Comfort Vote for Different Body Parts

The mean TCV values of all body parts in the simulated natural wind environment
were higher than those of the constant mechanical wind and sinusoidal wind. In the
constant mechanical wind environment, the TCV values of all parts were in the range of
0.63-0.95, with relatively high thermal comfort in the abdomen, thighs and calves and
relatively low thermal comfort in the back. In the sinusoidal wind environment, the TCV
of each part ranged from 0.57 to 0.96, with low thermal comfort in the head and back. In
the simulated natural wind environment, the TCV of each body part was ranged from
0.86 to 1.10, with the comfort level of each part being higher and more uniform than in the
other two environments (Figure 12).

3.7. Mean Skin Temperature

Skin temperature increased over time in all three environments. In the constant
mechanical wind environment, an increase in skin temperature of 0.8 °C was observed.
Furthermore, an increase of 0.7 °C and 0.7 °C was documented in the sinusoidal wind and
simulated natural wind conditions, respectively (Figure 13). A significant decrease in skin
temperature was observed in the simulated natural wind condition upon initial entry into
the laboratory, which is consistent with the lower TSV (Figure 9) recorded when entering
the simulated natural wind condition in comparison to the other environments. A division
of the change in skin temperature according to the time points of the questionnaire reveals
that, in all three environments, the rise in skin temperature is gradually slowing down and
levelling off.
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1.10
Head - 0.86 0.57 0.86
Chest - 0.85 0.75 404
Back - 0.63 0.58
Upper
S Arm | 0.84
[§) - 0.84
= Forearm -
Hand 4 | o7

Foot 0.78
T I T 0.57
Constant  Si idal Simulated
Mechanical Wind Natural
Wind Wind

Figure 12. Thermal comfort votes for different body parts.
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Figure 13. Mean skin temperature.

3.8. Skin Temperature of Different Body Parts

In the constant mechanical wind environment, the values of skin temperature change
in all parts ranged from —0.3 to 1.3 °C. In the sinusoidal wind environment, these values
ranged from —0.2 to 0.7 °C, while in the simulated natural wind environment, they ranged
from —0.2 to 0.9 °C. The most uniform values of skin temperature change in different body
parts were found in the sinusoidal wind environment, followed by the simulated natural
wind, and lastly, the constant mechanical wind. In all three environments, a decrease in
skin temperature of the head was observed, whilst the remaining body parts exhibited an
increase (Figure 14).

3.9. Gender Differences in TSV

According to Figure 15, under constant mechanical wind and sinusoidal wind con-
ditions, the TSV of males was higher than that of females, while under simulated natural
wind conditions, the TSV of males was lower than that of females. Overall, the differences
in TSV among the various conditions are relatively small. Under simulated natural wind
conditions, the difference in TSV between males and females was the greatest.
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e 1.26

Head 4 -0.3 -0.2 -0.2
o J
< Chest 0.3 0.1 0.2 - 0.84
g
] Back - 0.6 0.3 0.7
-
o
¢ Abdomen - 0.6 0.3 0.6 042
g Upper
= Arm | 0.7 0.5 0.5
.E - 0.00
g Forearm | 0.5 0.2 0.3
-
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g, and | 1.3 0.6 0.6 | o042
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(¥}
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Figure 14. Skin temperature of different body parts.
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Figure 15. Gender differences in TSV.

3.10. Gender Differences in TCV

According to Figure 16, under constant mechanical wind, the TCV of males was
the highest, and there was not much difference compared to the simulated natural wind
condition. However, under the simulated natural wind condition, the TCV of females was
the highest. The TCV results seem not to have a linear correlation with the TSV. This further
indicates that thermal comfort is not only dependent on thermal factors but also influenced
by the effect of air flow pressure stimulation.
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Figure 16. Gender differences in TCV.

4. Discussion
4.1. Airflow Characteristics and Subjects Perception

The present experiment explored different aspects of subjects” wind perception. We
identified three predominant perceptions: (1) stiffness and softness; (2) fatigue and relax-
ation; and (3) disturbance and calmness. The overall perception of softness and relaxation
was found to be significantly higher in the simulated natural wind environment than in
the constant mechanical wind and sinusoidal wind environments. Conversely, the per-
ception of calmness was found to be significantly lower in the simulated natural wind
environment than in the constant mechanical wind environment (Figure 17). This finding
suggests that the fluctuation of simulated natural wind can enhance the perception of
softness and relaxation, but it can also cause disturbance to the subjects. Consequently, the
efficacy of simulated natural wind may also be contingent on the user’s condition. It can be
hypothesized that simulated natural wind may be more suitable for the resting state than
the working state [34].

It has been demonstrated in other studies that thermal comfort levels under sinusoidal
wind conditions are, in general, higher than those experienced under constant mechanical
wind conditions [11,35]. However, the results obtained in this experiment are not consistent
with these findings. This may be attributable to the sinusoidal wind employed in this
experiment displaying divergent dynamic characteristics, including frequency [36] and
fluctuation amplitude, when compared with other experiments. The average wind speed
used in this experiment was 1.24 m/s, with the maximum wind speed being 1.39 m/s
and the minimum wind speed being 1.09 m/s, resulting in a fluctuation amplitude of
0.15m/s. The period was 25 s, which corresponds to a frequency of 0.04 Hz. The measured
turbulence intensity was 18%. In existing studies, for instance, Zhou et al. [35] used a
sinusoidal wind turbulence intensity of 53%, a frequency of 0.1 Hz, and an average wind
speed of 0.8 m/s. In Huang et al.’s [36] study, the air temperature was 30 °C, the average
wind speed was 0.6 m/s, and in a sinusoidal wind environment with a turbulence intensity
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of 30-40%, a 0.5 Hz sinusoidal wind was considered comfortable. The average speed of the
airflow used in this study was determined based on ensuring the average thermal sensation
to be neutral. In the pre-experiment conducted before the main experiment, at this wind
speed, a high frequency and turbulence intensity would cause significant interference to
the subjects and cause discomfort. Therefore, a relatively gentle fluctuation frequency and
amplitude were selected. In fact, the impact of different frequency sinusoidal winds on
comfort requires further research.
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Figure 17. Airflow characteristics and subjects’ perceptions.

4.2. Skin Temperature and Thermal Sensation

A comprehensive analysis revealed that the relationship between TSV and skin tem-
perature changes in various body parts was non-linear. To illustrate this, consider the
example of the skin temperature increase under constant mechanical wind. It can be seen
that this increase was relatively large, and the TSV was also high, showing some correlation.
However, in the back and calf, the skin temperature increase was not consistent with TSV.
For instance, the back exhibited the greatest skin temperature increase under simulated
natural wind, while TSV was higher under sinusoidal wind. The impact of diverse wind
environments on heat transfer to the human body is a multifaceted issue that is influenced
by a combination of wind speed and wind direction. The thermal sensation of each body
part is influenced by a combination of factors, including skin temperature and the charac-
teristics of wind blowing. The intricate mechanisms of heat exchange and physiological
sensing imply that further research is required to fully comprehend the interplay between
wind conditions and human thermal sensation.

Concurrently, the sensitivity and preference of disparate body parts to fluctuations in
skin temperature also exhibit marked variation. For instance, a decline in skin temperature
was observed on the forehead, while an increase was noted on the forearm and upper arm.
However, the TSV of the head exceeded that of the forearm and upper arm. This result
corroborates the findings of earlier research, which demonstrated that different body parts
exhibit a preference for distinct temperature intervals. For instance, the head was shown to
have a lower tolerance for elevated temperatures [37].

4.3. Individual Differences

At the end of the experiment, the participants were asked to fill out a supplementary
questionnaire, ranking the comfort levels of the three environments they had experienced.
The ranking was still made using the code names of the three environments, and the specific
wind types of the experienced environments were not disclosed to the participants. Based
on the proportion of the rankings, Figure 18 was drawn. It can be seen that among the
comfort level rankings, 50% chose the simulated natural wind as the top choice, which
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was significantly higher than the other two types of wind. In consideration of the three
wind environments that were simulated, the preference was expressed for the simulated
natural wind conditions, with the constant mechanical wind conditions ranking second.
As demonstrated in Figures 7 and 8, the thermal sensation under sinusoidal wind is more
closely aligned with neutral compared to that under constant mechanical wind. However,
the TCV remains comparatively low, particularly after 14 min, exhibiting a downward
trend that differs from the patterns observed under constant mechanical and simulated
natural wind. This phenomenon may be attributed to the constant mechanical wind speed,
relatively stable heat exchange, and gradual stabilization of human thermal comfort after a
period of acclimatization. The sinusoidal variation in wind speed, characterized by periodic
fluctuations, initially provides a sense of comfort. However, subsequent stages may be
accompanied by a decrease in TCV, attributable to the repetitive and frequent alterations in
the cycle. The wind speed of the simulated natural wind is complex and variable, and the
thermal comfort is enhanced during the human body’s adaptation process in the early stage.
This fluctuated but was maintained at a relatively comfortable level in the subsequent stage
due to the close proximity to the natural environment.

100
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] 43%
g’ 60
-
[
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g 404 |  24%
m ‘o
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29%, 299, Simulated Natural Wind
Sinusoidal Wind
0 Constant Mechanical Wind
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Figure 18. Individual differences.

Despite the evident benefits of simulated natural wind, it is important to ac-
knowledge that each of these three wind environments has its own set of supporters.
This finding underscores the necessity for consideration of individual differences in
practical applications.

4.4. Limitations and Subsequent Research Directions

As previously stated, the state of people may have an effect on the preference for the
wind environment, and subsequent research could incorporate this aspect into the study.

The experimental results indicate that the temperature and humidity levels set in
this study were not sufficiently high, making it relatively easier to achieve a thermally
neutral and comfortable environment through airflow. Subsequent experiments should
involve higher temperature and humidity conditions to explore the comfort boundaries
and acceptability limits attainable with different airflow strategies. In fact, some studies
have shown that an appropriate airflow pattern can expand the comfortable range to
32 °C [38]. Some researchers have also studied different humidity levels, such as
Yu et al. [11], who found that at 30 °C, the upper limit of the comfortable wind speed
increases with increasing humidity. At a humidity of 50%, the upper limit of the
comfortable wind speed is 0.86 m/s, at 70% it is 1.42 m/s, and at 90% it is 1.5 m/s.
Huang et al. [39] discovered that under an airflow speed of 0.8 m/s, for environments
with 30% relative humidity, 50% relative humidity, and 90% relative humidity, the upper
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acceptable temperature limits can be extended to 31.6 °C, 31.4 °C, and 29.2 °C, respectively,
indicating that as the humidity increases, the acceptable temperature range narrows.

It should be noted that this experiment employed only a single sample for both
sinusoidal and simulated natural wind conditions. Previous studies have demonstrated
that sinusoidal wind and simulated natural wind exhibit different fluctuation characteristics,
which may significantly influence human subjective perception. Future research should
investigate dynamic winds with varying characteristics to better determine how specific
parameter values (e.g., fluctuation frequency and magnitude) affect comfort levels under
the same airflow type.

Current research indicates that at a temperature of 30 °C and with an average wind
speed of around 1.25 m/s, the airflow can make the thermal sensation of the subjects
approach thermal neutrality. When using simulated natural wind, it is often desired that 3
be as large as possible, close to or above 1. In addition, there are certain limitations on the
amplitude and frequency of the fluctuations, which are restricted by the limited space in
the indoor environment. Excessive amplitude and frequency of the fluctuations may cause
certain disturbances to the users. Based on this, it is necessary to further determine the
range of fluctuations that users perceive as “gentle”.

5. Conclusions

This study explored the influence of three different characteristics of air conditioning
winds, namely constant mechanical wind, sinusoidal wind, and simulated natural wind,
on thermal comfort at a room temperature of 30 °C. The main conclusions are as follows:

1.  Compared to constant mechanical wind and sinusoidal wind, the lowest TSV and the
highest TCV were observed in the simulated natural wind environment, indicating
that simulated natural wind is more effective in reducing thermal sensation and
improving thermal comfort in a hot environment.

2. The fluctuation of TSV in the simulated natural wind environment was found to be
the most significant over time. In all three wind environments, TSV demonstrated an
initial increase, followed by a small decrease or fluctuation over time.

3. During the experimental period, the TCV recorded under simulated natural wind con-
ditions remained higher and more stable than those measured under both sinusoidal
and constant mechanical airflow conditions.

4. The lowest levels of TSVs were observed in the upper arm and forearm, while the
highest levels were detected in the feet. The uniformity of thermal sensation across
all body parts under the simulated natural wind was comparatively superior to
that under the constant mechanical wind and sinusoidal wind, and it was closer
to neutrality.

5. The findings demonstrated that the sensation of softness and relaxation experienced
under the simulated natural wind was higher than under the constant mechanical
wind or sinusoidal wind conditions. Furthermore, the level of calmness perceived
was lower in the simulated natural wind conditions compared to the constant me-
chanical wind. This finding suggests that the variability of the simulated natural
wind may enhance the subjects’ sense of softness and relaxation; however, it may also
induce disturbances.

6. At 30 °C, an airflow with an average wind speed of around 1.25 m/s can make
the thermal sensation of the subjects approach thermal neutrality. Features that are
closer to natural wind may enhance the comfort of the subjects. However, there are
certain limitations on the amplitude and frequency of the fluctuations. Due to the
limited space in the indoor environment, too large amplitude and frequency of the
fluctuations may cause certain disturbances to the users.
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The following abbreviations are used in this manuscript:
TSV~ Thermal sensation vote

TCV  Thermal comfort vote

Ta Air temperature
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Va Air velocity

Tg Globe temperature

Tekin  Skin temperature

mTg  Mean skin temperature

M Metabolic rate (met)
Tao Clothing insulation (clo)
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