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Thermal comfort; The thermal environment and thermal comfort of a building are greatly affected by the
Thermal environ- design of the building interface form. Most contemporary architectural designs consider
ment; only the relations between architectural form and architectural beauty. Few studies on
Interface form; the correlation of architectural form and thermal comfort address the influence of
standard effective architectural form on thermal comfort and thermal environment. These studies are

té/”%?;;?&:f; particularly important for gymnasium architectures located in hot and humid areas,
Hot and hur’nid which have high requirements for thermal comfort. This paper presents an experimental
climate investigation and an analysis of the effect of the building interface form of gymnasiums on

thermal comfort in hot and humid subtropical regions during summer. Results showed that
the influence of the top interface forms on thermal comfort is mainly dominated by the
mean radiant temperature, which could be controlled to improve thermal comfort. The
influence of side interface forms on thermal comfort is mainly dominated by air velocity,
and thermal comfort could be improved by promoting natural ventilation on the side
interface form design to reduce indoor heat. This research enhanced our understanding of
the relation between the interface form and the thermal comfort of gymnasiums. In
addition, this paper provides a theoretical reference for the sustainable design of
gymnasiums in hot and humid climates.
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1. Introduction

In hot and humid climates, urban residents prefer to stay in
air-conditioned indoor areas, especially when they are
engaging in sports. The development of air conditioners
has created comfortable conditions for people to live.
However, air conditioners have greatly increased energy
consumption and carbon dioxide emissions. Another result
of an extended period of living in a space with artificial
equipment is the reduced adaptive ability of humans to the
natural environment and limited physical health (Chen and
Ng, 2012). Therefore, living in a place with a natural
environment and greater thermal comfort has been an
important concern nowadays (Yao et al., 2018).

Research on thermal comfort focuses on two main
factors, namely, the thermal environment factor (including
air temperature, relative humidity, air velocity, and mean
radiant temperature) and the individual factor (including
clothing and metabolic rate) (ASHRAE, 2017). Although
people could achieve thermal comfort through self-adjust-
ments, such as clothing, activity level, and psychological
preference (Dedear and Brager, 1998; Humphreys and Nicol,
2000), the thermal environment still plays an essential role
in research on thermal comfort (Fanger, 1970; ISO:
International Standard 7730, 2005). Improving the thermal
environment by adjusting architectural forms is one of the
most effective methods to achieve thermal comfort.

Theoretical and practical studies have been conducted to
study the relationship between architectural form and
thermal comfort. Okeil (2010) proposed a holistic approach
to energy-efficient building forms, which can maximize
solar energy on facades and minimize solar energy on roofs
and on the ground that surrounds buildings in an urban area
during winter. Barbosa et al. (2010) indicated that the most
influential factors on architectural thermal performance are
the application of shading devices within the cavity, the
cavity width, and the tapered cavity with an inclined outer
layer and a “bottom closed” and “window position.”
Li et al. (2013) performed a simulation of gymnasium
ventilation with wind pressure to analyze the impact of
interface form on natural ventilation. They concluded that
asymmetric interface greatly improves ventilation capacity
and then proposed interface design strategies. Bodach et al.
(2014) reviewed examples of vernacular architecture and its
building elements in Nepal and qualitatively analyzed the
applied bioclimatic design strategies.

Some studies have been conducted on thermal comfort in
the aspect of architectural forms; however, most of them
focus on residential, office, and educational buildings
(Hazbei, 2015; Mazraeh, 2018; Manzano-Agugliaro, 2015;
Zhao, 2009; Shao, 2013; Zaki, 2016). Few focus on public
buildings, especially gymnasium architecture, which play a
distinctive role in thermal comfort assessment for struc-
tures with a large space and a specific function that serve a
certain group of people.

This paper presents a study on the thermal comfort of
gymnasium architectures in hot and humid climates. Field
measurements on thermal comfort in three different types
of gymnasiums were conducted during summer. The mea-
sured data were collected, classified, and processed. The
data from the three different gymnasiums were analyzed

and compared with the perspective of side and top inter-
face forms. The relations between the thermal comfort and
the building interface form of gymnasiums are discussed in
this study.

2. Materials and methods

A literature review was performed to classify the gymnasiums
according to the features of architectural forms. Three typical
types of gymnasiums in a typical hot and humid climate were
selected for field measurement and analysis. Thermal comfort
data were collected by actual measurement in terms of air
temperature, mean radiant temperature, air velocity, relative
humidity, clothing, and metabolic rate (ASHRAE, 2017).

2.1. Site selection

Three gymnasiums with different typical interface forms in
Guangzhou (China) were selected to investigate the effect
of the building interface form of gymnasiums on thermal
comfort in hot and humid climates. Guangzhou is located at
23°20'N, 1133°30’E, on the south coastline of China, belong-
ing to the hot and humid subtropical region. The average
temperature/humidity in June, July, and August in Guangz-
hou is 28.5 °C/85%, 29 °C/83%, and 29 °C/83%, respectively.
An enthalpy wet diagram (Zhang and Yang, 2012) (shown in
Fig. 1) can be drawn from the weather tool in the Ecotect
Analysis software to show the condition of thermal comfort
in the four seasons in Guangzhou.

In Fig. 1, the black parallelogram box represents the
thermal comfort zone, and the scattered plots represent
the weather condition that includes dry bulb temperature,
wet bulb temperature, relative humidity, and air volume. In
the diagram of spring, autumn, and winter, parts of the
scattered points fall into the thermal comfort zone,
whereas the thermal comfort zone does not fall in any
scattered points during summer. Thus, the thermal environ-
ment in summer encounters the greatest difficulty in reach-
ing the standard of thermal comfort. Therefore, this
research focuses on unfavorable weather, which is the
summer season, to analyze thermal comfort in gymnasiums.

Site selection of the three gymnasiums considered similar
environmental conditions to control the environmental vari-
ables. Therefore, the locations were carefully selected based
on the climate conditions, adjacent architectural features,
and the characteristics of objects. The red circles in Fig. 2
outline the three measured gymnasiums, whose distances
from one another are within 3 km. The surrounding architec-
tures are school buildings lower than seven stories, accom-
panied by low architectural density. In addition, the three
gymnasiums are located in different university campuses that
share similar and certain types of objects.

Site A is the gymnasium in South China University of
Technology (SCUT Gym), which is located in the campus of
South China University of Technology. It is surrounded by
dormitories and a playground on the northeastern side. Site B
is the Wei Lun Gymnasium (WL Gym), situated in one of the
campuses of Guangzhou Sports Polytechnic. It has two sports
grounds on the southern and western sides and is surrounded by
training buildings on the other sides. Site C is the gymnasium of



34

X. Huang et al.

Psychom otrk C hart
Locatin g, CUF

onr .

Psychom etric C hart
Lot G uanghn, CHF

Ty i

Spring (March—May)

Autumn (September—November)

'

Psychon etrc Chart
Lacama oo

B oat P 1006400

& i S & » osray 0 e N S— = » » >
Summer (June—August)
X ey

Winter (December—February)

Fig. 1 Enthalpy wet diagram of Guangzhou climate.

Fig. 2 Sites of the measured gymnasiums.
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Guangzhou Polytechnic of Sports (GPS Gym), which is located in
another campus of Guangzhou Sports Polytechnic and is
integrated with the teaching building from the south and
enclosed (in square) with the eastern teaching building.

2.2. Interface forms of measured gymnasiums
The three measured gymnasiums are single cuboid buildings
with different interface forms. The plans and the abstract
cross-sections of the three gymnasiums are shown in
Figs. 3 and 4. The features of the interface forms of the
measured gymnasiums are listed in Table 1.

The three measured gymnasiums could be classified into
two types to sort out the features of the interface forms. The
first type is similar side interface form; the different top
interface form appears in SCUT Gym and WL Gym. In other
words, SCUT Gym and WL Gym have open-sided interface
forms, whereas their top interface forms are different, that is,
SCUT Gym has upper floors, and WL Gym has a single floor. The
second type is similar top interface form; the different side
interface form is present in WL Gym and GPS Gym. WL Gym
and GPS Gym has horizontal and closed top interfaces,
whereas their side interfaces are different, that is, WL Gym
has an overall open side interface form, and GPS Gym has a
closed side interface form only with open windows on the
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Table 1

Features of the interface forms on measured gymnasiums.

Gym Plan size

Floor height Side interface form

Top interface form

SCUT Gym 32m x 104m 7.8 m

a

. Open side interfaces except for the southwestern face

Rooftop with upper floors

b. 3 m high vent for ventilation at the top of side interfaces

. Open side interfaces except for the western face
. 2m high vent for ventilation at the top of side interfaces
. 1.5m horizontal cornice was installed at the interface in the

. Horizontal overhanging eave with a 6m width on the

northeastern side interface
Flat single roof

. Horizontal overhanging eave with a width of 1.5m on

WLGym 32m x 53m 10m a
b
C
east, south, and north
d
the side interfaces
GPSGym 60m x 75m 20m a. Closed side interfaces

b. Four windows of 2m x 3 m on the south side interface

Flat single roof with
skylights

south side. The analysis results are presented according to
these two conditions.

2.3. Measuring instrument

The specifications of the measuring instruments used for
thermal environment measurements are listed in Table 2.

2.4. Procedure

In August 2016, the indoor thermal environments and
individual factors of the three gymnasiums in Guangzhou
were measured on site. The measurements for the three
gymnasiums were performed simultaneously for four days,
with each measurement lasting from 9:00 to 18:00. The
data on thermal environments and the individual factors
were recorded every 30 min.

2.4.1. Thermal environment measurement

The thermal environment data, including air temperature,
mean radiant temperature, air velocity, and relative humid-
ity, were collected via the measuring instruments, with four
set in the corner of the diagonals of the gymnasium plane
and one placed in the center of the gymnasium (Fig. 3)
(JGJ/T347-2014, 2014). The height of the measuring instru-
ments was set to 1.0 m above the ground according to 1SO
7726 (1998). The measuring instruments were not affected
by any activity in the half-court of the gymnasiums.

2.4.2. Individual factor survey

Individual factors include the clothing and metabolic rate of
the subjects, which were recorded during the thermal
environmental measurement. A total of 24 subjects, who
were all male athletes from 18 to 25 years old and played
basketball in the gymnasiums for training purposes, were
investigated. The clothing of the subjects was recorded
every 30min, and the clothing insulations were calculated
according to the ASHRAE Standard (2017). The metabolic
rate was estimated by the heart rate of the subjects every
30min given the difficulty of the direct measurement of
metabolic rate.

2.5. Statistical analysis

The standard effective temperature (SET), which is an
approach to derive thermal sensation from the perspective
of heat balance between the body and the environment,
was used to evaluate the degree of thermal comfort
(Nazarian, 2017). Gagge developed a two-node model in
1970 (Gagge, 1986), which is widely used in thermal comfort
evaluation from the indoors to the outdoors in recent years.
The corresponding relationship between SET values and
thermal comfort (Auliciems, 2007) is shown in Table 3.

SET values can be calculated using six parameters,
namely, air temperature, mean radiant temperature, air
velocity, relative humidity, clothing, and metabolic rate (Ye,
2003; CBE Thermal Comfort Tool, online). Air temperature,
air velocity, and relative humidity could be collected from
the measurement of thermal environment. The mean
radiant temperature could be calculated with the air
temperature, air velocity, and globe temperature, as shown
in Eq. (1).

Tr=Tg+237\/V4(Tg—Ta). 1)

where T, is the mean radiant temperature (°C), T, is the
globe temperature (°C), V4 is the air velocity (m/s), and T,
is the air temperature (°C)

During the investigation, the clothing was shown in the
clothing insulation (ASHRAE, 2017). However, the clothing
insulation could be reduced by the air velocity between the
walking man and the air. The reduction in the clothing
insulation was calculated and analyzed according to Eq. (2)
(ASHRAE, 2017), whereas the walking speed for basketball
was approximately 120 step/min (Oudenhoven, 2017).

Al = —0.5041, —0.00281V g +0.24, 2)

where Al is the change in clothing insulation (clo), I is the
standing clothing insulation (clo), and Vqx is the walking
speed (step/min).

According to the ASHRAE standards, the metabolic rate
could be measured by the rate of respiratory oxygen
consumption and carbon dioxide production, as shown in
Eq. (3) (ASHRAE, 2017), in which oxygen consumption could
be estimated from heart rate, and the RQ value is equal to
1 for extremely heavy exertion, as follows:
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Characteristic parameters of the instruments used for measurement.

Table 2

Technical parameters

Type

Instrument

Measuring object: Air velocity; Operating range: 0.1-30 m/s; Resolution: 0.01 m/s; Accuracy: + (3 + 1%*value) m/s

Measuring object: Air temperature; Operating range: — 10-60 °C; Resolution: 0.1 °C; Accuracy: + 0.5°C

Anemometer TES — 1341

Measuring object: Relative humidity; Operating range: 10-95% RH; Resolution: 0.1% RH; Accuracy: + 3% RH for 30-95% RH, + 5% RH for 10-30% RH

Measuring object: Radiant temperature; Operating range: 0-80 °C; Resolution: 0.1 °C; Accuracy: + 1°C for indoor, + 1.5 °C for outdoor

Globe ther- AZ8778

mometer

Table 3 Corresponding relationship between SET
values and thermal comfort.

SET value (°C) Thermal comfort

> 37.5 Very hot, extremely uncomfortable
34.5-37.5 Hot, very unacceptable

30.0-34.5 Warm, uncomfortable, unacceptable
25.6-30.0 Slightly warm, slightly unacceptable
22.2-25.6 Comfortable, acceptable

17.5-22.2 Slightly cool, slightly unacceptable
14.5-17.5 Cool, unacceptable

10.0-14.5 Cold, very unacceptable

Table 4 Values of thermal environments, individual
factors, and SET in the measured gymnasiums.

SCUT WL GPS
Gym Gym Gym

Air temperature (°C) Max. 32.9 33.2 339
Min. 30.9 30.9 32.0

Avg 31.9 31.6 33.0

Mean radiant tempera- Max. 32.8 33.6 33.1
ture (°C) Min. 30.4 30.9 30.4
Avg 31.6 32.3  31.8

Relative humidity (%) Max. 72.2 73.0 69.8
Min. 59.8 57.3 60.2

Avg 66.0 65.2 65.0

Air velocity (m/s) Max. 0.4 0.5 0.09
Min. 0.1 0.2 0.01
Avg 0.3 0.4 0.1

SET (°C) Max. 29.3 30.7 31.6

Min. 28.7  30.1 30.8
Avg 291  30.4 31.4

M= 21(0.23RQ+0.77)Qo, /Ap, 3)

where M is the metabolic rate (W/m?2), RQ is the respiratory
quotient, Q,; is the volumetric rate of oxygen consumption
(mL/s), and Ap is the DuBo is surface area (m?).

3. Results

The measurement was conducted on August 2, 3, 8, and 9,
the hottest month of the year in Guangzhou. The measure-
ment was conducted from 9:00 to 18:00 each day and was
not conducted at night because the gymnasiums were
closed. The cooling effects at nights in the gymnasiums
reflected on the thermal environments the next morning
using heat conduction. The data on thermal environments
and the individual factors were recorded every 30 min and
sorted into 228 effective samples. The values of thermal
environments, individual factors, and SET in the measured
gymnasiums are shown in Table 4.

During the measurement, the air temperature varied
from 30.9 °C to 33.9 °C in the three gymnasiums. The mean
radiant temperature ranged from 30.4 °C to 33.6 °C, which
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is consistent with the air temperature range. The relative
humidity ranged from 57.3% to 73%, and the air velocity was
less than 0.5 m/s for all gymnasiums, thereby satisfying the
required wind speed for basketball games (JGJ 31-2003,
2003). In the aspect of individual factors, the values of
clothing was 0.16 clo and the metabolic rate were 4.2 met,
which reflect the active adaptations of subjects. SET values,
which were calculated using the thermal environments and
individual factors, ranging from 28.7 °C to 31.6 °C during the
measurement.

To understand the thermal performance in different
interface forms of gymnasium, the thermal environment
and the thermal comfort in different top and side interface
forms were compared, as shown in Section 3.1 and 3.2.

3.1. Comparison of the thermal performance in
different top interface forms

The thermal environment and the thermal comfort of SCUT
Gym and WL Gym, which have similar side and different top
interface forms, were compared.

3.1.1. Variation of the thermal environment
The time variations of the thermal environmental para-
meters in SCUT Gym and WL Gym are shown in Figs. 5-8.
In Fig. 5, the average air temperature showed a similar
trend in SCUT Gym and WL Gym, starting from the lowest
point (approximately 31 °C), rising dramatically at noon to
approximately 33°C, and then slightly declining in the
afternoon. The average air temperature in WL Gym was
slightly higher than that in SCUT Gym from 11 A.M. to 6 P.M.,
whereas the maximum values appeared at approximately
1:30P.M. and 5P.M. By contrast, the average relative
humidity in SCUT Gym and WL Gym (shown in Fig. 6) was
the highest in the morning at above 70%, rapidly decreased
to approximately 60% at 2P.M., and peaked at approxi-
mately 63% at 6 PM. The average relative humidity in WL
Gym was lower than that in SCUT Gym after 11 A.M. For the
average air velocity in Fig. 7, although the maximum wind
speed was below 0.6 m/s in the two gymnasiums, the wave
varied remarkably. In addition, WL Gym possessed a higher
wind speed than SCUT Gym. The trend of the average mean
radiant temperature in two gymnasiums shown in Fig. 8 was
similar to that of the average air temperature. However, the
gap between SCUT Gym and WL Gym was relatively evident,
as the average mean radiant temperature in WL Gym was
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Table 5 Comparison of thermal comfort in SCUT Gym and WL Gym.

Gymnasium Average SET (°C) SET range (°C) Corresponding thermal comfort
SCUT Gym 29.1 28.7-29.3 Slightly warm, slightly unacceptable
WL Gym 30.4 30.1-30.7 Warm, uncomfortable, unacceptable
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Fig. 10 Variation of the average air temperature in WL Gym
and GPS Gym with time.
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0.5 °C higher than that in SCUT Gym. The gap increased to 1
°C at the end of the afternoon.

In summary, the distinctions of the average air tempera-
ture, relative humidity, and air velocity between SCUT Gym
and WL Gym were subtle, except for the average mean
radiant temperature. The SCUT Gym, which has upper floors
and components on the top interface, revealed a lower
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Fig. 13 Variation of the average mean radiant temperature in
WL Gym and GPS Gym with time.

mean radiant temperature than WL Gym, which has a single
flat roof. Therefore, the mean radiant temperature was the
main influencing factor of the thermal environment in
different top interface forms.

3.1.2. Variation of thermal comfort

The variation of the SET with time and the comparison of
thermal comfort in SCUT Gym and WL Gym are shown in
Fig. 9 and Table 5, respectively.

In Fig. 9, the trends of the SET showed a remarkable
difference between SCUT Gym and WL Gym. The SET values
in WL Gym were higher than those in SCUT Gym, thereby
indicating that the thermal comfort in WL Gym was not as
good as that in SCUT Gym. Furthermore, the SET value in WL
Gym peaked at approximately 5 P.M., whereas the max SET
value in SCUT Gym appeared earlier at 3 P.M. Therefore, the
thermal comfort worsened in the afternoon.

The average SET values and the SET range from 9 A.M. to
6 P.M. are shown in Table 5. The SET values were lower in
SCUT Gym than in WL Gym, indicating that the thermal
comfort in SCUT Gym, which has upper floors and compo-
nents on the top interface, was better than that in WL Gym,
which has a single flat top interface form.

3.2. Comparison of thermal performance in
different side interface forms

A comparison of the thermal environment and the thermal
comfort between WL Gym and GPS Gym under a similar top
interface form and a different side interface form is shown.

3.2.1. Variations of the thermal environment

The variations of the thermal environmental parameters in

and WL Gym and GPS Gym with time are shown in Figs. 10-13.
In Fig. 10, the average air temperature in WL Gym and GPS

Gym showed a similar trend, starting at the lowest point in the

morning (30.89 and 31.99 °C), increasing to 2.32 and 1.89 °C,
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Fig. 14 Variation of the SET in WL Gym and GPS Gym with time.

peaking at noon, and slightly decreasing to 32.39 °C in WL Gym
and 33.01°C in GPS Gym at 6 PM. However, the average air
temperature in GPS Gym was higher than that in WL Gym for
the entire day, whereas the maximum values appeared in the
morning at approximately 1.5°C. In the diagram of relative
humidity (shown in Fig. 11), the trend of the average relative
humidity in two gymnasiums was opposite that of the average
air temperature, that is, highest in the morning and lowest at
noon. The two lines intersected at 11 A.M. at approximately
65% given that the average relative humidity in WL Gym was
higher than that in GPS Gym before 11A.M. and lower
thereafter. The air velocity was less than 0.1 m/s (shown in
Fig. 12), which is much lower than that in WL Gym
(at approximately 0.37m/s for the average relative air
velocity) due to the closed side interface form in GPS Gym,
which possesses an open side interface form. The mean
radiant temperature in the two gymnasiums, shown in
Fig. 13, presented a similar trend. As the temperature
increased from approximately 30 °C in the morning to approxi-
mately 33°C at 1PM. simultaneously, the mean radiant
temperature in WL Gym showed an upward trend, whereas
that in the GPS Gym showed the opposite trend.

In summary, a comparison of the performance of thermal
environment in WL Gym and GPS Gym indicates that the
average air velocity showed a great difference, thereby
showing that WL Gym, which has an open side interface
form, was better at natural ventilation than GPS Gym,
which has a closed side interface form. In other words, the
air velocity was the main influencing factor of thermal
environment in different side interface forms. Moreover,
the average air temperature in the two gymnasiums was
different apparently because the gymnasium with an open
side interface form is cooler than the gymnasium with a
closed side interface form, thereby indicating that a
relationship exists between air velocity and air tempera-
ture, that is, high air velocity leads to low air temperature.

3.2.2. Variation of thermal comfort

The variation of the SET and the comparison of thermal
comfort in WL Gym and GPS Gym with time are shown in
Fig. 14 and Table 6, respectively.

In Fig. 14, the tendency of SET in the two gymnasiums
was smooth. The minimum values of 30.1°C in WL Gym
and 30.8 °C in GPS Gym appeared at the start of measure-
ment and increased to the maximum values of 30.8 and
31.9°C, respectively, in the afternoon. Therefore, ther-
mal comfort in the morning was better than that in the

Table 6
GPS Gym.

Comparison of thermal comfort in WL Gym and

Gymnasium Average  SET range Corresponding ther-
SET (°C)  (°C) mal comfort

WL Gym 30.4 30.1-30.7 Warm, uncomforta-
ble, unacceptable
GPS Gym 31.4 30.8-31.6 Warm, uncomforta-

ble, unacceptable

afternoon. However, the average SET in GPS Gym was
much higher than that in WL Gym (shown in Table 6),
resulting in worse thermal comfort in GPS Gym. There-
fore, the influence of side interface form on thermal
comfort was reflected on whether the side interface was
open or not.

4. Discussion

The measured results express the variation of the thermal
environment and thermal comfort in different interface
forms. In this section, the relationship between them is
discussed in depth. The main features of the top and the
side interface forms in the three gymnasiums are deter-
mined and summarized in Tables 7 and 8 to analyze the
influence of top and side interface forms on thermal
comfort.

4.1. Influence of top interface forms on thermal
comfort

The features of the top interface forms in the three
gymnasiums could be classified into three aspects: flat roof,
top interface with upper floors, and skylight. As shown in
Table 7, all the three gymnasiums are covered with flat
roofs, and only SCUT Gym has upper floors on the top
interface and only GPS Gym has skylights. The average SET
in SCUT Gym, WL Gym, and GPS Gym is 29.1, 30.4, and
31.4°C, respectively.

SCUT Gym, which has upper floors, has the lowest
average SET (29.1°C), representing the best thermal
comfort, whereas GPS Gym, which has skylights, has the
worst thermal comfort (average SET of 31.4 °C). To analyze
this performance from the aspect of top interface form,
the different top interface forms were proven to affect the
thermal environment, especially the mean radiant tem-
perature. The upper floors of SCUT Gym, similar to the
thick shading components that play a major role in
blocking solar radiation, resulted in a lower radiant
temperature. By contrast, a great amount of solar radia-
tion entered the rooms from the single flat roof in WL Gym
and the skylights in GPS Gym, causing higher radiant
temperature and worse thermal comfort. Therefore, the
influence of top interface forms on thermal comfort was
mainly reflected as control of the mean radiant tempera-
ture. Thermal comfort could be improved by top interface
form design to increase the sun shading capacity to reduce
the mean radiant temperature.
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Table 7 Features of the top interface forms and average SET in measured gymnasiums.
Gymnasium Top interface form Average SET (°C)
Flat roof With upper floors Skylight

SCUT Gym / 29.1

WL Gym / 30.4

GPS Gym 31.4

Table 8 Features of the side interface forms and average SET in measured gymnasiums.

Gymnasium Side interface form Average SET (°C)

Open interface Window blinds Overhanging eave

SCUT Gym 29.1

WL Gym 30.4

GPS Gym 31.4

4.2. Influence of side interface forms on thermal
comfort

In the aspect of side interface forms in the three gymna-
siums (shown in Table 8), three main features were pre-
sented, namely, open side interface, window (vent), and

overhanging eave. SCUT Gym and WL Gym have an open side
interface form with vents and overhanging eaves on the top
of the side facades, whereas GPS Gym has a closed side
interface form with small windows on one side wall. In
terms of average SET in the three gymnasiums, the values
were lowest in SCUT Gym (29.1 °C), which has an open side
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interface, vent, and overhanging eave, and were the high-
est in GPS Gym (31.4 °C), which has a closed side interface
with windows.

The results of the average SET in the three gymnasiums
indicate that open side interface, window (vent), and over-
hanging eave greatly affected the thermal comfort perfor-
mance, benefiting from the good natural ventilation.
Compared with the closed side interface form in GPS Gym,
the open side interface form in SCUT Gym and WL Gym
provided greater ventilation, thereby drawing heat away and
reducing the indoor temperature to achieve improved thermal
comfort in summer. In addition, the comparison between SCUT
Gym and WL Gym in terms of overhanging eave indicates that
the wider and longer eave in SCUT Gym easily achieved air
flow by wind pressure, thereby enhancing the effect of natural
ventilation. Moreover, the wide overhanging eave could pre-
vent direct sunlight and reduce indoor heat. Therefore, the
influence of side interface forms on thermal comfort was
mainly reflected on the control of the air velocity. Thermal
comfort could be improved by the side interface form design,
thereby strengthening the natural ventilation capacity to
reduce the indoor heat

5. Conclusion

Field measurement and analysis of thermal environment in
three different types of gymnasiums (SCUT Gym, WL Gym,
and GPS Gym) in hot and humid regions during summer were
conducted to investigate the influences of different inter-
face forms of gymnasiums on thermal comfort. The conclu-
sions are as follows:

1) The comparison of the measured data between SCUT
Gym and WL Gym showed that the SCUT Gym, which has
covered upper floors on the top interface, had a lower
radiant temperature than WL Gym, which has a single flat
roof. Moreover, the SET values in SCUT Gym were lower
than those in WL Gym, thereby indicating greater
thermal comfort in SCUT Gym than in WL Gym.

2) The comparison of the measurement between WL Gym
and GPS Gym showed that the WL Gym, which has an
open side interface, had an evidently higher air velocity
than WL Gym, which is surrounded by a closed side
interface. In addition, the SET values in WL Gym were
lower than those in GPS Gym, thereby indicating greater
thermal comfort in WL Gym than in GPS Gym.

The effect of building interface forms on thermal comfort
in gymnasiums in hot and humid climates was determined.
On the one hand, the influence of the top interface form of
gymnasium on thermal comfort was mainly dominated by
the mean radiant temperature, and thermal comfort could
be improved by controlling the radiation. The radiation
from the top of the buildings could be decreased by
constructing double roofs where the air layer is sandwiched,
similar to the top interface form of SCUT Gym. Shading
components, grass-covered roofs, and insulation materials
could also be used. However, horizontal skylights should be
avoided in this case, where heat is absorbed directly. The
influence of the side interface form of gymnasiums on
thermal comfort was mainly dominated by air velocity,

and thermal comfort could be improved by promoting
natural ventilation on the side interface form to reduce
indoor heat. Controlling the open areas of side interfaces
and setting up overhanging eaves and window blinds on the
side interfaces could improve the effect of natural ventila-
tion by means of wind pressure and thermal pressure
ventilation, similar to the side interface forms of SCUT
Gym and WL Gym.

This study provides general contributions on building inter-
face forms to improve the thermal environment and the
thermal comfort of gymnasiums in hot and humid areas.
However, additional measurements on the gymnasiums with
different interface forms, schedules, and adaptive responses
of subjects should be conducted. The applicability of tech-
nologies used to achieve thermal comfort in gymnasiums
should be analyzed in future research.

Acknowledgments

This research was financially supported by Xiaoli Ma (University
of Hull), Qingyuan Zhang (Yokohama National University), and
the Youth Foundation of Guangdong University of Technology
(Grant no. 17ZK0008).

References

AnonASHRAE: Chapter 9, Thermal Comfort, ASHRAE handbook -
fundamentals, American Society of Heating, Refrigerating and
Air Conditioning Engineers, Inc., Atlanta, 2017.

AnonlSO 7726. Ergonomics of the thermal environment-Instruments
for measuring physical quantities. Geneva. 1998.

ASHRAE Standard 55-2017, 2017. Thermal Environmental Conditions
for Human Occupancy. American Society of Heating, Refrigerat-
ing and Air-Conditioning Engineers, Inc, Atlanta GA.

Auliciems, A., Szokolay, S.V., 2007. PLEA Note 3: Thermal comfort.
Passiv. Low. Energy Archit. Int..

Barbosa, S., Ip, K., Southall, R., 2010. Thermal comfort in naturally
ventilated buildings with double skin facade under tropical
climate conditions: the influence of key design parameters.
Energy Build. 109, 397-406.

Bodach, S., Lang, W., Hamhaber, J., 2014. Climate responsive
building design strategies of vernacular architecture in Nepal.
Energy Build. 81, 227-242.

CBE Thermal Comfort Tool. ¢http://comfort.cbe.berkeley.edu) [online].

Chen, L., Ng, E., 2012. Outdoor thermal comfort and outdoor
activities: a review of research in the past decade. Cities 29 (2),
118-125.

DeDear, R., Brager, G.S., 1998. Towards an adaptive model of
thermal comfort and preference. ASHRAE Trans. 104 (1),
145-167.

Fanger, P.O., 1970. Thermal Comfort-Analysis and Application in
Environmental Engineering. Danish Technology Press, Copenha-
gen, 142-155.

Gagge, A.P, Fobelets, A.P., Berglund, L.G., 1986. A standard
predictive index of human response to the thermal environment.
ASHRAE Trans. 92, 709-731.

Hazbei, M., Nematollahi, O., Behnia, M., et al., 2015. Reduction of
energy consumption using passive architecture in hot and humid
climates. Tunn. Undergr. Space Technol. 47, 16-27.

Humphreys, M.A., Nicol, J.F., 2000. Outdoor temperature and
indoor thermal comfort: raising the precision of the relationship
for the 1998 ASHRAE database of field studies. ASHRAE Trans.
106 (2), 485-492.


http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref3
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref3
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref3
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref21
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref21
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref9
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref9
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref9
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref9
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref11
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref11
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref11
http://comfort.cbe.berkeley.edu
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref1
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref1
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref1
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref4
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref4
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref4
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref6
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref6
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref6
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref20
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref20
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref20
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref12
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref12
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref12
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref5
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref5
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref5
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref5

Effect of building interface form on thermal comfort in gymnasiums in hot and humid climates 43

ISO: International Standard 7730, 2005. Ergonomics of the Thermal
Environment-Analytical Determination and Interpretation of
Thermal Comfort Using Calculation of the PMV and PPD Indices
and Local Thermal Comfort Criteria. International Organization
for Standardization, Geneva.

JGJ/T347-2014, 2014. Standard of test methods for thermal environ-
ment of building. Ministry of Housing and Urban Rural Development
of the People’s Republic of China(MOHURD). (in Chinese).

Li, J., 2013. Effect of form asymmetry of gymnasium on natural
ventilation and thermal comfort of exercise site. J. South China
Univ. Technol. 41 (3), 83-89 (in Chinese).

Mazraeh, H.M., Pazhouhanfar, M., 2018. Effects of vernacular
architecture structure on urban sustainability case study: Qeshm
Island, Iran. Front. Archit. Res. 7 (1), 11-24.

Manzano-Agugliaro, F., Montoya, F.G., Sabio-Ortega, A., et al.,
2015. Review of bioclimatic architecture strategies for achieving
thermal comfort. J. Phys. Educ. 49, 736-755 (231).

Ministry of Housing and Urban-Rural Construction of the People's
Republic of China, 2003. JGJ31-2003 DesignCode for Sports
Building. China Architecture & Building Press, 59 (in Chinese).

Nazarian, N., Fan, J.P, Sin, T., et al., 2017. Predicting outdoor
thermal comfort in urban environments: a 3D numerical
model for standard effective temperature. Urban Clim. 20,
251-267.

Okeil, A., 2010. A holistic approach to energy efficient building
forms. Energy Build. 49 (9), 1437-1444.

Oudenhoven, L., Boes, J., Hak, L., et al., 2017. Regulation of step
frequency in trans tibial amputee endurance athletes using a
running-specific prosthesis. J. Biomech. 51, 42-48.

Shao, J.Z., 2013. Sustainable strategies applied on commercial
architecture in Australia. Front. Archit. Res. 2 (3), 362-372.
Ye, G.D., Yang, C.Z., Chen, Y.M., et al., 2003. A new approach for
measuring predicted mean vote (PMV) and standard effective

temperature (SET). Build. Environ. 38 (1), 33-44.

Yao, J.W., Yang, F., Zhuang, Z., et al., 2018. The effect of personal
and microclimatic variables on outdoor thermal comfort: a field
study in a cold season in Lujiazui CBD, Shanghai. Sustain. Cities
Soc. 39, 181-188.

Zaki, S.A., Damiati, S.A., Rijal, H.B., 2016. Field study on adaptive
thermal comfort in office buildings in Malaysia, Indonesia,
Singapore, and Japan during hot and humid season. Build.
Environ. 109, 208-223.

Zhang, Q., Yang, H., 2012. Typical Meteorological Database Handbook
for Buildings. China Architecture & Building Press, 202 (in Chinese).

Zhao, J., Wu, Y., Zhu, N., 2009. Implementing effect of energy
efficiency supervision system for government office buildings
and large-scale public buildings in China. Energy Policy 37 (6),
2079-2086.


http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref7
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref7
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref7
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref7
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref7
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref10
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref10
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref10
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref13
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref13
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref13
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref14
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref14
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref14
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref24
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref24
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref24
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref24
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref19
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref19
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref19
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref19
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref8
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref8
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref23
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref23
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref23
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref16
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref16
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref22
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref22
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref22
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref2
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref2
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref2
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref2
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref17
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref17
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref17
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref17
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref18
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref18
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref18
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref15
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref15
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref15
http://refhub.elsevier.com/S2095-2635(18)30075-X/sbref15

	Effect of building interface form on thermal comfort in gymnasiums in hot and humid climates
	Introduction
	Materials and methods
	Site selection
	Interface forms of measured gymnasiums
	Measuring instrument
	Procedure
	Thermal environment measurement
	Individual factor survey

	Statistical analysis

	Results
	Comparison of the thermal performance in different top interface forms
	Variation of the thermal environment
	Variation of thermal comfort

	Comparison of thermal performance in different side interface forms
	Variations of the thermal environment
	Variation of thermal comfort


	Discussion
	Influence of top interface forms on thermal comfort
	Influence of side interface forms on thermal comfort

	Conclusion
	Acknowledgments
	References




