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Abstract

As a public building for exercise, entertainment and sport, gymnasiums play an
important role in people's daily life. In regions with hot-humid climate, indoor thermal
comfort in gymnasiums is directly related to the human health as well as energy
consumption. However, little can be found in the systematic evaluation system reported
for thermal comfort of the athletes in gymnasium in hot-humid climate regions, therefore
there is a need to develop a thermal comfort model for evaluating thermal comfort of
athletes partaking sports in these environments. In addition, as the gymnasiums in
subtropical region with hot-humid climate are naturally ventilated during non-
competition periods, athletes exercising indoor often feel uncomfortable especially in
summer. In order to provide thermally comfortable and healthy environment for the
athletes in gymnasium, the design on architectural form, are found to be an effective
solution on improving indoor thermal comfort of naturally ventilated gymnasiums.
Therefore, in this study, a field survey on thermal sensation of athletes in basketball
games has been carried out in naturally ventilated gymnasiums in Guangzhou, China.
The thermal environment and human physiology have been analysed and a predicted
thermal sensation (PTS) model, which has been developed by this study to estimate the
thermal sensation under high-intensive sport activities in gymnasiums in regions with a
high temperature and high humidity, has been evaluated and validated. Furthermore,
through numerical simulation of gymnasium forms by the way of orthogonal experiment
method, the significance of gymnasium form affecting indoor thermal comfort has been
given, and the optimal architectural forms of naturally ventilated gymnasium at hot-

humid climate are determined.

This dissertation has been divided into six chapters. Chapter 1 is the introduction which
includes the study background, literature review, purpose and the structure of the study.
Chapter 2 deals with the comparative analysis of thermal comfort models, presenting the
relationship between the PMV model and the SET* model in the imaginary standard

environment. Chapter 3 is the field study on the thermal sensation under high-intensive
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exercise in naturally ventilated gymnasiums in hot-humid regions of China. In this
chapter, a field survey on the thermal sensation of athletes under basketball exercise was
carried out in three naturally ventilated gymnasiums in Guangzhou, China. The indoor
thermal environment of gymnasiums, human physiology including metabolic rate, blood
pressure and skin temperature, and thermal sensation vote (TSV) of athletes during
basketball exercise have been analysed. Chapter 4 presents the establishment of the
Predicted Thermal Sensation (PTS) model. In this chapter, the influences of thermal
parameters on TSV have been analysed and the Predicted Thermal Sensation (PTS)
model for estimating the thermal sensation under high-intensive exercises in naturally
ventilated gymnasiums in hot-humid regions of China has been developed and validated.
Chapter 5 analyzes the optimization of gymnasium form for thermal comfort at hot-
humid climate by orthogonal experiment. It presents the influence of gymnasium forms
on indoor thermal comfort and proposes the optimum gymnasium form at hot-humid
climate by simulation and orthogonal experiment method. Finally, Chapter 6
summarizes the main conclusions of this study and puts forward the suggestions for the

future study.

This study provides the researchers with a new method to assess the indoor thermal
environment and the thermal comfort of athletes under high-intensive exercises in
naturally ventilated gymnasiums in hot-humid regions. Furthermore, it provides a new
insight in optimizing the architectural form of gymnasiums for achieving the indoor

thermal comfort at hot-humid climate.
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Chapter 1

Introduction






1.1 Background

The study of indoor thermal comfort is an important branch in the science of human
settlements. Moreover, the study of indoor thermal comfort in gymnasiums is becoming
significantly important as an organic component of human settlements. With the arrival
of the era of national fitness, gymnasium is not only limited to the competitive games,
but also a place for human fitness. Therefore, it puts forward higher requirement for the
gymnasium besides firmness, beauty and practicality. Thermal comfort becomes more
and more essential in gymnasium design. However, due to the large space of gymnasium
buildings and the high intensity of human activities, it is difficult to achieve indoor
thermal comfort, especially for the gymnasium located in hot-humid regions. In this case,
“What’s the main influential factors on thermal comfort of gymnasium” and “how to
improve the thermal comfort for the athletes exercising in gymnasiums” are the

problems worthy of study.

1.1.1 Weather condition in hot-humid regions of China

The hot-humid regions, taking Guangzhou (China) as an example, belongs to the
subtropical monsoon climate. Due to its location which is near the tropic of cancer, much
solar radiation is obtained since the sun passes through the zenith of Guangzhou twice a
year. In spring and early summer, the cold air from the north meets the moist and warm
air stream landing from the sea, resulting in rain and humidity. In summer and autumn,
however, it is easy to be affected by coastal typhoon, which leads to wind disaster and
local rainstorm. Thus the climate of Guangzhou can be summarized by “hot, humid,

windy and rainy”.

Fig.1-1 shows the climate histogram of Guangzhou®), in which the highest average
temperature (28.9°C) appears in July and the lowest (14.2°C) in January. The months
with the highest humidity level of 80% are April, June and August. Above all, the period

with high temperature and humidity is long in Guangzhou.
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Fig.1-2 shows the psychrometric chart of four seasons in Guangzhou (the blue line
frames represent the thermal comfort zones for clothing insulation in 0.5clo and 1clo
respectively, and the red scatter points represent the data points of the thermal
environment in that season). Without any measures taken, the thermal comfort of
Guangzhou is poor in most of the year, especially in hot summer (no data points fall into

the thermal comfort zones).

1.1.2 Gymnasium situation

With the improvement of people's life quality, the indoor thermal comfort of gymnasium
buildings has been gradually improved, with more and more researchers taking indoor
thermal comfort into consideration in gymnasium construction. However, there are still
a large number of gymnasiums that only pursue the architectural form and function in
the stage of initial design, ignoring the indoor thermal environment and thermal comfort,
resulting in large consumption of building energy during use and the poor indoor air
quality even diseases such as the SARS occurred in 2003 and the COVID-19 appeared
in 2020.

The four gymnasiums in Fig.1-3 are all located in the hot-humid regions of China. They
reflect some problems, more or less, relanvent to the indoor environment and thermal
comfort of gymnasium. Fig.1-3(a) is the Tangxia Zhen Gymnasium in Dongguan,
Guangdong Province. Due to the excessive emphasis on architectural shape, a large
number of glass curtain walls are settled, resulting in high temperature indoor and huge
energy consumption. Fig.1-3(b) shows the enclosed facades of Hong Kong Coliseum,
leading to the less circulating of indoor air and the fast breeding of SARS virus. Fig.1-
3(c) is a gymnasium in an university in Guangzhou and Fig.1-3 (d) is a sport centre in
Tsuen Wan, Hong Kong. The importance of natural lighting is ignored in both
gymnasiums in the case of sun shading and ventilation. As a result, the indoor natural
light is insufficient and the cost of artificial lighting is increased. These gymnasiums are
perfect in shape and function, but all neglect the importance of indoor environment,

resulting in defects in use.



(c) A university gymnasium in Guangzhou (d) Tsuen Wan Sport Centre

Fig.1-3 Gymnasium current situation in hot-humid regions
1.1.3 Research field on thermal comfort

In the aspect of thermal comfort model, some models covering all or parts of the factors
have been suggested, such as the Predicted Mean Vote (PMV) model developed by
Fanger? and the model of Standard Effective Temperature (SET) put forward by Gagge®,
which are based on the two-node model established from the human physiology. In
addition, some models are in line with the thermal environment parameters, such as the
Wet Bulb Globe Temperature (WBGT), the Equatorial Comfort Index (ECI) and
Equivalent Temperature (EqT)¥®. However, these models are limited to a certain
extend. For instance, the PMV model is mainly applicable to steady-state environments;
the SET model could apply to naturally ventilated building, on condition that the human

body has a low metabolic rate.



As for the research field of thermal comfort in sport building, a large number of studies
have shown the rapid development of thermal comfort and the people's efforts on
pursuing higher quality of life. However, it should be noted that most above studies are
primarily appliable to residential buildings, office buildings and classrooms, with the
occupants at low metabolic rates” !9, Very few studies focus on the thermal comfort for
sport buildings where the athletes conduct sports and exercise. However, thermal
comfort study in exercising environment, as we all know, is one of the necessary topics

for human beings to pursue health and high quality of life as well.

In terms of the research field of metabolic activity, which is one of the key parameters
in existing thermal comfort theory. Most of the above studies were conducted in the
climate chambers rather than in actual fields!"~'¥, which are less realistic when it comes
to surroundings, behaviors and expectations of subjects, and are not necessarily suitable
for real environment. So far, there has been no field study on thermal comfort under

high-intensive exercise in naturally ventilated gymnasiums.

1.2 Literature review

1.2.1 Development of thermal comfort model

In the early 20th century, ASHRAE (American Society of Heating, Refrigerating and
Air-Conditioning Engineers) established a climate laboratory on studying the effects of
indoor thermal environment on human thermal comfort. The laboratory began to work
in Pittsburgh in 1919. After amounts of experiments and analyse, the index of Equivalent
Temperature (EqT) was obtained by Dufton'> and described in equation by Bedford®.
Since the index was concise in use at that time, it didn’t take into account humidity,

which is an important factor on thermal comfort when the temperature is high.

From 1920s to 1950s, Yaglau and Houghton developed the index of Effective
Temperature (ET)'® basing on the Equivalent Temperature, which represented by a set

of equal comfort lines drawn on the psychrometric chart. It is defined as the temperature
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of a still, saturated atmosphere, which would produce the same effect as the atmosphere
in question. It thus combines the effect of dry air temperature and humidity. It became
the most widely used index for the next 50 years. However, due to its overestimating on

the effect of humidity'”), it is now superseded.

In the 1960s and 1970s, with the establishment of special laboratory for the study of
thermal sensation, the scope of influencing factors of thermal comfort is not only limited
to the air temperature, but also the relative humidity and air velocity. ASHRAE have
invested a lot and achieved important results in this field. ASHRAE Standard 55'® is
one of the most important and acknowledged material in the research of thermal comfort.
With the emergence of latest studies, the thermal comfort standard has been gradually
developed from ASHRAE Standard 55-1974 to ASHRAE Standard 55-2017. At the
same time, Professor Fanger from Denmark University of Technology put forward the
famous thermal comfort evaluation indix-Predicted Mean Vote (PMV)?, which is based
on the comprehensive consideration of four environmental parameters (air temperature,
relative humidity, air velocity and mean radiant temperature), and two human factors
(metabolic rate and clothing insulation). The PMV model have been adopted by the
ASHRAE Standard 55-2017'®, ASHRAE Handbook'® and ISO Standard 7730%?, which

are the worldwide thermal comfort standards.

In the 1980s and 1990s, the study on thermal comfort has developed to a new stage. The
index of Standard Effective Temperature (SET) has been interpreted by Gagge et al.>) as
a sub-set of Effective Temperature under standardised conditions in 1986, which is one
of the most common and widely applied thermal comfort models. In addition, human
adaptation has been taken into consideration in this period. In 1998, deDear et al.?!
conducted field investigation on different climate regions of four continents and
proposed the "adaptive model" considering that people are not passive recipients of
environmental stimuli, but the active adapters. People's adaptation to the environment

will make them gradually satisfied with the environment.



1.2.2 Thermal comfort in gymnasium design

Until the 1990s, with the rapid development of economy and the development of sports
industry, people began to pay attention to the field of indoor environment of sports

buildings, more and more researchers explored and achieved findings in this field.

Bouyer et al.?? analyzed the thermal comfort of Stade de France in France and Ataturk
Olympic Stadium in Istanbul by the index of Physiological Equivalent Temperature
(PET) and developed the thermal comfort zone for the semi outdoor gymnasium.
Ucuncu et al.?® studied the thermal comfort of gymnasiums in tropical region and found
the influencing factors of indoor thermal comfort, including solar radiation, air
temperature and air velocity. Furthermore, simulations had been done by adaptive model
and computational fluid dynamics to put forward the design strategy for the gymnasium
in tropical region. Szucs et al.>¥ evaluated the thermal comfort of gymnasium from the
perspective of methodology and analyzed the influence of roof shape on thermal comfort
through wind tunnel test. In China, Ji et al.*® conducted the field investigation on the
occupants with badminton exercise in gymnasiums and put forwarded the concept of
clothing coverage rate on the basis of Fanger's model. Qian et al.?® simulated the air
distribution in the gymnasium competition hall under typical summer conditions without
spectators by Airpak software and optimized the indoor thermal environment for the
multi-functional gymnasiums. Li et al.?” carried out a simulation study on a gymnasium
with asymmetric overhanging eaves, and proposed that the asymmetric cornice shape
could improve the wind speed of the venue and inhance the indoor ventilation rate, then

further proposed the ventilation strategy for the gymnasiums during competitions.

1.2.3 Thermal comfort of athlete in metabolic acitvity

Early studies have shown that intensity level had a significant effect on thermal comfort.
In 1957, Yaglou and Minard®® developed WBGT index to evaluate the effect of heat on
a person during total exposure over the working day. It provided reference limit for

persons in five levels of intensity, which is a very early study of thermal comfort that
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takes labor intensity into account. In 1967, Fanger*” found that the sweat evaporation
rate increases as the metabolic rate of subjects increases by experimental studies. Gagge
et al.>¥ in 1969 indicated that the human thermal sensation is strongly influenced by a
wide range of activity levels of the subjects. Gonzales®? in 1981 conducted field
experiments at different exercise intensities and found subjects’ comfort temperature
diminished with the rising of the activity level. Humphreys and Nicol*? noted that the
PMV model is only valid to activities less than 1.4 met and produced errors with the
metabolic rate above 1.8met. These studies contribute greatly to the thermal comfort
research in terms of metabolic intensity. In recent years, Ji et al.*® investigated 31
college-aged subjects riding a spinning bike (3.5met) in a chamber and found that the
metabolic rate during transition affected thermal comfort significantly. Li et al.>¥
conducted experimental research on strenuous exercise (3.5~5.0met) and indicated that
the heart rate and wrist skin temperature can be utilized for evaluating thermal sensation.
Xiao et al.>> monitored the subjective sensation and physiology with high physical
activity under different ambient temperature and found the significant effect of ambient

temperature on objective response.

1.3  Purpose of the study

* Provide a theoretical reference for the evaluation of thermal comfort in gymnasiums

in hot-humid regions

Due to the characteristics of hot-humid climate and the particularity of indoor thermal
environment in gymnasiums, the current thermal comfort standards can not accurately
predict and evaluate such kind of indoor thermal comfort. Meanwhile, with the
development of human living standards, people's requirements for indoor thermal
environment and thermal comfort are much higher, which requires in-depth study of

indoor thermal comfort relied on the actual situation.
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* Fill in the blank of thermal comfort study in the sport field

The experimental data show that the environmental adaptability of human body in
exercising state is stronger than that in sedentary state. In addition, with the consumption
of physical fitness, the exchanges of air and heat between body and environment are
increased, which causing that the thermal response of human in exercise state is quite
different from that in sedentary state. However, less thermal comfort models can be used
to predict the state of exercise. Therefore, it is necessary to study the thermal comfort

for athletes so as to better predict the thermal comfort in sports field.

* Realize the unity of building energy conservation and architectural form based on

the thermal comfort

The purpose of gymnasium construction is to avoid bad weather, adjust indoor
microclimate and create comfortable and healthy sports environment. However, many
gymnasium designs only focus on the building function and architectural form, relying
too much on the equipment in the regulation of indoor environment. It causes, on one
hand, the gradual loss of natural regulation mechanism and ability. On the other hand, it
aggravates energy consumption and pollution. The study on the thermal comfort of
gymnasium aims to save energy under the premise of obtaining indoor thermal comfort,
at the same time, it provides architects with appropriate passive design strategy in the
initial design stage, effectively considers and analyzes the architectural form and indoor
environment, and realizes the unity of human thermal comfort, building energy

conservation and architectural form.
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1.4  Structure of the study

The structure of the study is shown in Fig.1-4.

Chapter 1 Introduction

Background and purpose of the study

4

Chapter 2 Comparative analysis of thermal comfort models

Literature review of thermal comfort studies

Comparative analysis of the PMV model and the SET* model

4

Chapter 3 Field study on thermal sensation under high-intensive exercise in

naturally ventilated gymnasiums in hot-humid regions

Field survey on three naturally ventilated gymnasiums in Guangzhou, China

________________________________________________________________________
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Chapter 4 Establishment of the Predicted Thermal Sensation (PTS) model

Correlation between thermal parameters and thermal sensation vote (TSV)

___________________________________________________________________________

Establishment of the PTS model and validation
Operative temperature + Humidity ratio + Air velocity + Clothing insulation + Metabolic rate

Chapter 5 Optimization of gymnasium form for thermal comfort at hot-humid

climate by orthogonal experiment

Orthogonal experiment
¢ Selecting orthogonal factors and levels
¢ Establishing simulation models on FlowDesigner

* Conducting orthogonal experiments

Proposing optimal gymnasium form at hot-humid climate

4

Chapter 6 Conclusions and suggestions

Fig.1-4 Structure of the study
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2.1 Introduction

The thermal comfort, affecting the human health, perception, and especially the energy
consumption of buildings, plays a pivotal role on the aspect of the environmental quality.
Since the energy consumption in buildings has been increased obviously, the regulation,
prediction and evaluation of the thermal comfort are essential for the sustainable
development. Thus, an efficacious thermal comfort model is necessary not only for the

thermal environment assessment, but also for the social sustainability.

The Predicted Mean Vote (PMV) developed by Fanger" and the Standard Effective
Temperature (SET*) developed by Gagge et al.?) are the most common and widely
applied thermal comfort models, which have been adopted by the ASHRAE Standard
55% , ASHRAE Handbook® and ISO Standard 7730 that are the worldwide thermal
comfort standards. The former is based on the heat balance equation and suitable for the
evaluation in a steady-state environment. The latter is in line with the two-node model,

which is more complicated and considers a quantity of factors.

The PMV model and the SET* model have been widely accepted and utilized in the
research of thermal comfort. In terms of the PMV model, Cheung et al.®) used the
ASHRAE Standard to assess the PMV accuracy, which was found to vary strongly in
disparate architectural forms, ventilation methods and climate zones. Broday et al.”
conducted a comparative analysis between thermal sensation votes and the predicted
mean vote (PMV), and they found that the PMV overestimated the actual thermal
sensation. Kim et al.¥ developed adaptive PMV models, which enhanced the accuracy
against the original PMV model. In the aspect of the SET* model, Fang et al.”’ carried
out field surveys on the university campus and outlined a strong relationship between
SET* and operative temperature. Li et al.!” investigated human thermal response to
evaluate the influence of humidity on thermal comfort by the SET* model. Ji et al.!”

conducted tests on the relationship between the metabolic rate and thermal comfort, with

the finding that the SET* model was fit for the thermal sensation estimation at the high
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metabolic rate. In addition, some studies involve both PMV and SET*. Gagge et al.?)
indicated the relationship between the air temperature, SET* and PMV for a special
work environment. Gao et al.'? presented comparisons between modified PMV models
and modified SET* models on thermal sensation prediction in naturally ventilated
buildings, and the latter was found to be more accurate for thermal sensation prediction.
Ye et al.'” proposed an instrument for measuring the PMV and SET* in an imaginary
condition, which included an equivalent temperature sensor, a relative humidity sensor
and a temperature sensor. These studies primarily focus on the wide range of application
of the PMV model and the SET* model. Despite the application of them, their
relationship in the theoretical condition is essential to be studied in consideration of few

studies in this field from the previous researches.

This chapter aims to present a comparative analysis between the PMV model and the
SET* model in the imaginary standard environment. The relationship between them and
the effect of thermal parameters on them are preformed. Moreover, some
noticeable problems in the correspondence between PMV and SET* are pointed out. It
provides researchers with an innovative perspective to figure out the internal theoretical
relationship between PMV and SET* models. Meanwhile, a clear direction and guidance

for applying the models are presented.

2.2 Research methods

2.2.1 General concept of thermal comfort

The thermal comfort is defined as “The condition of mind that expresses satisfaction
with the thermal environment and is assessed by subjective evaluation” in ASHRAE
Standard. This definition underlines that regulation of the thermal comfort is a cognitive
process, including many factors affected by physical, physiological and psychological.
The conscious mind appears to reach conclusions about thermal comfort from direct
temperature and moisture sensations from skin, deep body temperature and efforts

necessary to regulate body temperatures'®. Thermal comfort is also influenced by
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conscious or unconscious human behaviors, such as changing clothing, posture and

activity, regulating a window, and controlling the fan or the air conditioner.
2.2.2 Thermal comfort models

The study of thermal comfort model can be traced back to the 18th century on thermal
tolerance evaluation', after which such research has been performed constantly. In the
1970s, Fanger! proposed a formulation based on the thermal balance equation--Predict
Mean Votes (PMV), which is the most popular thermal comfort model in the world. In
addition to the PMV model, the two-node model appearing in the 1970s is widely
accepted either, which deems the human body as two-layer structure of core and skin'®).
Based on the two-node model, Gagge's model?--Standard Effective Temperature (SET*)
-- has been applied widely until now. Furthermore, the Standard Effective Temperature
(SET*) is the most representative model adopted by ASHRAE Standard 55%. In this

section, the theory and application of the PMV model and the SET* model are described.
2.2.2.1 Predict Mean Votes (PMV)

The PMV model is calculated by the Fanger’s equation for heat exchange of the human
body". People could achieve thermal comfort indoors under certain environmental
conditions. Thus, the PMV model, calculated by four thermal environmental parameters
(air temperature, relative humidity, air velocity and mean radiant temperature) and two
personal parameters (the metabolic rate and clothing insulation), could be employed to
evaluate the human thermal comfort). The formulation of that model is presented as

follow:

PMV = [0.303 x e(70-036*M) 4 0,028]

*{(M —W) —3.05%[5.73—-0.007« (M — W) — P,]

*0.42 x [(M —W) — 58.15] — 0.0173 * M = (5.87 — P,) — 0.0014 « M

* (34 —T,) —3.96 1078 x f,; = [(T,; + 273)* — (T, + 273)*] — f; * h,

* (T — Ta) (2-1)
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where M is the metabolic rate in W/m?; W is the rate of mechanical work in W/m?; P,
is the water vapor pressure in ambient air in kPa; T, is the air temperature in °C; f,; is
the ratio of the clothed surface area to the nude surface area; T, is the mean
temperature of clothing in °C; T, is the mean radiant temperature in °C; h, is the

convective heat transfer coefficient in W/(m? * °C).

The mean temperature of clothing T,;, the convective heat transfer coefficient h. and
the ratio of the clothed surface area f,; can be acquired by Equations (2-2), (2-3) and

(2-4), respectively.
T, =35.7—0.0275* (M — W) — I *{(M — W)
—3.05 % [5.73 — 0.007 * (M — W) — P,]

—0.42 x [(M — W) — 58.15] — 0.0173 * M % (5.87 — P,) — 0.0014 * M (2-2)

2.38 % (T, — T)%?5 for 238 (T, —T,)%%° > 12.1%\v
he = 0.25 (2-3)
12.1 v for 2.38x (T, —T,)%% <12.1x/v
_ {1.0 +0.2I,; for I, <0.5clo d
fe=11.05 + 0.11, for I, > 0.5clo (2-4)

where I is the clothing insulation in clo; v is the air velocity in m/s.

The PMV model adopts the 7-point scale in ARSHER Standard 55, as shown in Table
2-1. In general, the PMV value of 0 is defined as a neutral environment, and the PMV
value between -0.5 and +0.5 is considered to be the thermal comfort range. In the

1719 the PMV values are found to differ greatly from the actual

previous researches
thermal sensation when the PMV is above +2 (warm) owing to the increase of the
evaporative heat dissipation of sweat, indicating the limited accuracy of PMV to some

extent. In addition, the PMV model is limited for predicting the thermal comfort in the
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uniform and steady-state environments instead of the dynamic environments

20)

Table 2-1 Scale of the PMV model

-3 -2

-1 0 +1 +2 +3

Cold Cool

Slightly cool ~ Neutral  Slightly warm  Warm Hot

2.2.2.2 Standard Effective Temperature (SET*)

SET* is an index reflecting the human heat stress based on the two-node model that can

be used to predict thermal comfort at dynamic environments'® compared with the PMV

model. Two-node model considers a human body as two concentric thermal

compartments that represent the core and skin of the body. Metabolic heat is generated

at the core thermal compartment. A small portion of that heat is dissipated by respiration,

and the remainder is transferred to the environment through the skin surface, as shown

in Fig.2-1.

Respiratio

External work

Radiation

/ Convectio

Core

Heat Regulatory
generated sweat
M+AM
Diffusion

Blood flow and
conduction

evaporative heat

Clothing

where M is metabolic rate in W/m?; AM is metabolic level required for shivering in W/m?.

Fig.2-1 Thermal interaction between the human body and environment based on the

two-node model'®
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The fundamental equation of the two-node model is shown in Equation (2-5):
M—-—W=0Q + Cres + Eres +S (2-5)

where Qg is the total heat loss from skin in W/m?; C,.s is the convective heat loss
from respiration in W/m?; E,.s is the evaporative heat loss from respiration in W/m?; S

is the heat storage in W/m?.

Based on the two-node model, the values of the skin temperature (Tsk) and skin wetness
(w), which are obtained by inputting six parameters (air temperature, relative humidity,
air velocity, mean radiant temperature, clothing insulation and the metabolic rate) into
the two-node model, are used for the SET* calculation. The formulation of the SET*

model is presented in Equation (2-6):

h*(Tsk—Top)+W*he*(Psk_PO)

=h"*(T'g —SET") + w x h', * (Pg, — 0.5Pspr,) (2-6)

where h represents the sensible heat transfer coefficient in W/ (m? * °C); Ty is the
mean skin temperature in °C; T,, is the operative temperature in °C; w is the skin
wetness. h, is the evaporative heat transfer coefficient in W/(m? * kPa); Py, is the
saturation vapor pressure at the skin surface in kPa; P, is the vapor pressure at actual
environment in kPa; Pggr, is the saturation vapor pressure at the ambient temperature

that equals SET* in kPa.

SET* is defined as the air temperature of an imaginary environment at 50% relative
humidity, in which the skin temperature and skin wetness from the skin of an imaginary
occupant with a certain clothing and activity are the same as those from a person in the
actual environment®. However, it is found from the verification'® that it is hard to
achieve the equal skin temperature and skin wetness for the human in two environments
in a high metabolic rate (above 1 met), since the heat dissipation of the skin is largely

different. Therefore, the SET model is indicated to be only suitable for evaluating the
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thermal comfort at a low metabolic rate, which should be revised in the case of a high

metabolic rate.

2.2.3 Selection of thermal parameters

In this part, the thermal parameters related to the PMV, SET* and their levels are selected
for the analysis of PMV and SET* in the imaginary environments. In previous research,
six thermal parameters, namely the air temperature (Ta), mean radiant temperature (T),
relative humidity (o), air velocity (v), the metabolic rate (M) and clothing insulation (I¢1),
are found to be the main influential factors in the PMV and SET* calculations. Due to
the high correlation between the air temperature and mean radiant temperature, they can
be replaced by the operative temperature (Top)?. In terms of the levels, the operative
temperature encompasses 16 levels from 10°C to 40°C; relative humidity contains 7
levels from 30% to 90%; air velocity ranges from 0.1 m/s to 0.5 m/s; the metabolic rate
is divided into 3 levels (1met, 1.5met and 2met) and clothing insulation is split into
0.5clo for summer wearing and 1clo for winter wearing. Table 2-2 shows the information

of selected factors and levels in this study.

2.2.4 Data analysis

In the present study, each level of parameters and the calculated values of PMV and
SET* combine as a data sample, e.g. sample 1 for Top: 100C, ¢: 30%, v: 0.1m/s, M:
Imet, Icl: 0.5clo, PMV: -6.2 and SET*: 8.5. Finally, 3360 samples are collected in total.

2.3 Results and discussion

In this section, the relationship between PMV and SET*, the frequency distribution of
PMYV and SET#*, the effect of influential factors on PMV and SET*, and the thermal

comfort zones are analyzed.
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Table 2-2 Information of selected thermal parameters and their levels

Factor
Top (°C) ¢ (%) v (m/s) M (met) L1 (clo)

Level

1 10 30 0.1 1 0.5

2 12 40 0.2 1.5 1

3 14 50 0.3 2

4 16 60 0.4

5 18 70 0.5

6 20 80

7 22 90

8 24

9 26

10 28

11 30

12 32

13 34

14 36

15 38

16 40

2.3.1 The relationship between PMV and SET*

2.3.1.1 PMV as a function of SET*

The variation of PMV with SET* has been shown in Fig.2-2. Through linear regression,
the regression equations of PMV for 0.5clo (summer), 1clo (winter) and total (a whole
year) are presented in Equations (2-7) to (2-9). Since the PMV between -3 and 3 makes

sense, Table 2-3 outlines the correspondence between SET*and PMV.
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PMV for 0.5clo: PMV=-0.003SET*>+0.457SET*-8.942 (-3<PMV<3) (2-7)

PMV for 1clo: PMV=-0.002SET**+0.366SET*-7.837 (-3<PMV<3) (2-8)

PMYV for total: PMV=-0.003SET*2+0.430SET*-8.626 (-3<PMV<3) (2-9)

o Total < 0.5clo ©° Iclo Total ———-0.5clo ------ 1clo
8 —
7 FPMV(0.5¢clo) = -0.003 SET*2 + 0.457 SET* - 8.942
6 R2=0.939
5 -
4 + PMV(lclo)=-0.002 SET*2 +0.366 SET* - 7.837
3 L R =0.954
2 L
> o |
[l
2+
3 L
4 |
5 L
6 L
-7k PMV (Total) = -0.003SET*2 + 0.430SET* - 8.626
8 L R>=0.935
-9 ! ! ! ! ! ! ! ! .

0 5 10 15 20 25 30 35 40 45 50
SET* (°C)

Fig.2-2 The variation of PMV with SET*

It can be seen from the above results that the linear fitting of SET* and PMV shows a
curve relationship and a positive correlation. As SET* values go up, PMV values
increase. Moreover, the slope of PMV for 0.5clo is the largest, signifying that the growth
of PMV value is faster in summer wearing than that in winter wearing. In addition, the
SET* values couldn’t be calculated by equations if the PMV value is greater than 7.
Although there is less research significance when the PMV value is greater than 3, this

problem is still inevitable.
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Table 2-3 The correspondence between SET* and PMV

SET* (°C) PMV(0.5clo) PMV(Iclo) PMV(Total)
15 2.8 28 2.9
18 1.7 1.9 1.9
21 0.7 1.0 0.9
24 0.3 0.2 0.0
27 1.2 0.6 0.8
30 2.1 1.3 1.6
33 2.9 2.1 2.3

2.3.1.2 SET* as a function of PMV

Fig.2-3 shows the variation of SET* with PMV. Through linear regression, Equations
(2-10) to (2-12) present the regression equations of SET* for 0.5clo, 1clo and total. As
the PMV between -3 and +3 makes sense, the correspondence between PMV and SET*

1s outlined in Table 2-4.

The result shows a curve relationship and a positive correlation between SET* and PMV.
The SET* values mount with a bump in PMV values. Moreover, the slope of SET* for
Iclo is the largest, which represents the faster growth of SET* value in winter wearing
in comparison with that in summer wearing. In addition, it should be mentioned that the
results in this section are more reasonable than those in section 2.3.1.1, because each
PMYV value can calculate the corresponding SET* value by equations under the premise
that the SET* is greater than 0. Hence, for the sake of research preciseness, results in

section 2.3.1.2 are adopted in the following analysis of PMV and SET*.

SET* for 0.5clo: SET*=0.104PMV?+3.238PMV+23.581 (-3<PMV<3) (2-10)

SET* for lclo: SET*=0.059PMV2+3.833PMV+25.505 (-3<PMV<3) (2-11)
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SET* for total: SET*=0.092PMV>+3.469PMV+24.653 (-3<PMV<3) (2-12)

o Total ©° 0.5clo < Iclo Total ———-0.5¢clo ------ Iclo
50 o
SET* (0.5clo) = 0.104 PMV2 + 3.238 PMV + 23.581 @ , A Oaa
45 r R2 = 0.940 ‘
40  FSET* (1clo) = 0.059 PMV? + 3.833 PMV + 25.505
R2=0.950
~35 r
Y
530
=
D25 r
20
15
10
‘ s SET*(Total) = 0.092 PMV?2 + 3.469 PMV + 24.653
S &2 R” = 0.930
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
9 8 -7 6 -5 -4-3-2-101 2 3 4 5 6 7 8
PMV
Fig.2-3 The variation of SET* with PMV
Table 2-4 The correspondence between PMV and SET*
PMV SET*(0.5clo) (°C) SET*(1clo) (°C) SET*(Total) (°C)
-3 14.8 14.5 15.1
-2 17.5 18.1 18.1
-1 20.4 21.7 21.3
0 23.6 25.5 24.7
1 26.9 29.4 28.2
2 30.5 334 32.0
3 342 37.5 35.9
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2.3.2 Frequency distribution of PMV and SET*

Fig.2-4 shows the frequency distribution of PMV and SET*, where the legend presents
the correspondence between PMV and SET* (Total) shown in Table 2-4. The frequency
distribution illustrates that each scale of PMV and SET* occupies different amounts of
samples, which are the most in the scale of x>3 (35.9) and the least in (15.1) -3<x<-2
(18.1). Furthermore, the frequency of PMV and SET* in the scale of (32)2<x<3(35.9) is
the most similar, with only 0.1% difference. On the contrary, they show the maximum

difference (2.6%) in the scale of (21.3) -1<x<0 (24.7).

PMV 13.5% 12.4%
- s
2.6% difference 0.1% difference
v v

SET* 10.9% 12.3%

mx<-3(15.1) m (15.1)-3<x<-2(18.1) W (18.1)-2<x<-1(21.3)
(21.3)-1<x<0(24.7) " (24.7)0<x<1(28.2) " (28.2)1<x<2(32)
(32)2<x<3(35.9) m x>3(35.9)

Fig.2-4 Frequency distribution of PMV and SET*

The results reveal that the correspondence between PMV and SET* is meaningful
simply to the calculation results, rather than parameters involved in the calculation. For
example, the thermal parameters involved in the calculation are 32°C, 30%, 0.1 m/s,
0.5clo and 1 met in the operative temperature, relative humidity, air velocity, clothing
insulation and the metabolic rate, respectively. Then, the calculated result for PMV is 2

and the one for SET* is 30.4°C, which are not in the same scale in spite of the identical
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thermal parameters. Therefore, it can merely be matched from the calculation results in

the correspondence between PMV and SET*.

2.3.3 Analyses of thermal parameters

In the context of different thermal parameters (relative humidity, air velocity, the
metabolic rate and clothing insulation), the change of thermal comfort value with
operative temperature is shown in Fig.2-5 to Fig.2-8. To reflect the relationship between
thermal comfort and thermal parameters more explicitly and intuitively, the values of
thermal parameters are adopted as maximum and minimum ones in this study. Relative
humidity is 30% and 90%; air velocity is 0.1 m/s and 0.5 m/s; the metabolic rate is 1met
and 2met; clothing insulation is 0.5clo and Iclo. Furthermore, the PMV values are

converted to SET* values by Equations (2-7) and (2-8) for unified comparison.

In Fig.2-5, the values of PMV and SET* rise with the increase of operative temperature,
which are chiefly affected by the air velocity and relative humidity at lower and higher
operative temperatures, respectively. Moreover, the distinction of SET* values between
30% and 90% relative humidity increases from an operative temperature of 24°C. In
addition, the values of PMV rise faster than those of SET* at high operative temperature
(above 30°C).

In Fig.2-6, the values of PMV and SET* are larger than those in Fig.2-5. Nevertheless,
the increasing rate drops with the augment of operative temperature, so that the values
of PMV and SET* in the case of 1clo at 40°C are consistent with those in the case of
0.5clo at 40°C. Meanwhile, the values of PMV and SET* are mainly under the influence
of the air velocity at lower operative temperatures and relative humidity at higher
operative temperatures, which is the same as Fig.2-5. Furthermore, the difference of
SET* affected by relative humidity increases from an operative temperature of 24°C.
Besides, the difference between PMV and SET* is smaller than that in the case of 1met

and 0.5clo.
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As shown in Fig.2-7, with the increase of the metabolic rate, the air velocity at lower
operative temperatures and relative humidity at higher operative temperatures exert a
major influence on values of PMV, while relative humidity remains the only influencing
factor for values of SET*. Moreover, the difference of SET* affected by relative
humidity increases from an operative temperature of 16°C. In the aspect of the
relationship between PMV and SET*, the value of PMV at low operative temperature
(10°C~24°C) is larger than that of SET*, while the growth rate of PMV is slower than
that of SET*. It is indicated that as the metabolic rate increases, the increasing rate of

PMYV falls with increasing operative temperature.

The values of PMV and SET* in Fig.2-8 are larger than those in Fig.2-7, but the
increasing rate diminishes with the increase of operative temperature. Meanwhile, the
same as Fig.2-7, the air velocity at lower operative temperatures and relative humidity
at higher operative temperatures have a primary effect on values of PMV, while values
of SET* are simply affected by relative humidity. Furthermore, the difference of SET*
affected by relative humidity increases from an operative temperature of 10°C. Besides,

the difference between PMV and SET* is smaller than that in the case of 2met and 0.5clo.

2.3.4 Analyses of thermal comfort zones

In ASHRAE Standard 55%, two methods for determining the thermal comfort zone in
occupied space are proposed, namely the Graphic Comfort Zone Method and the
Analytical Comfort Zone Method. The applicability of these methods is shown in Table
2-5. In general, the Graphic Comfort Zone Method is the most intuitive and commonly
used but restricted by conditions. The Analytical Comfort Zone Method is wider in use
conditions with the PMV calculation method (-0.5<PMV<0.5), which suits the
calculation of a large amount of data. This section attempts to present the comfort zone
by the Analytical Comfort Zone Method and the Graphic Comfort Zone Method in a

graphical manner.
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ST Imet, 0.5clo
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*
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Operative temperature (°C)

~0-SET*(30%, 0.1m/s)  —~SET*(30%, 0.5m/s)  —0—SET*(90%, 0.1m/s)
~- SET*(90%, 0.5m/s)  —O—PMV(30%, 0.1m/s)  ——PMV(30%, 0.5m/s)
~0-PMV(90%, 0.1m/s)  —I—PMV(90%, 0.5m/s)

Fig.2-5 The variation of SET* and PMV with operative temperature at Imet and 0.5clo
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~0-SET*(30%, 0.1m/s)  ——SET*(30%, 0.5m/s)  —@—SET*(90%, 0.1m/s)
~m- SET*(90%, 0.5m/s) ~ —O-PMV(30%, 0.1m/s)  —O-PMV(30%, 0.5m/s)
—0-PMV(90%, 0.1m/s)  —-PMV(90%, 0.5m/s)

Fig.2-6 The variation of SET* and PMV with operative temperature at 1met and 1clo
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Fig.2-7 The variation of SET* and PMV with operative temperature at 2met and 0.5clo
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Fig.2-8 The variation of SET* and PMV with operative temperature at 2met and 1clo
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Table 2-5 Applicability of methods for determining thermal comfort zone

Clothing
Air speed Humidity ratio Metabolic rate Comfort Zone
insulation
(m/s) (kg-H>O/kg dry air) (met) Method
(clo)
Graphic Comfort
<0.2 <0.012 1to1.3 0.5to 1
Zone Method
Analytical Comfort
<0.2 All 1to2 Oto 1.5
Zone Method
Enthalpy chart
0.028
0.026
_0.024
'3 0.022
-g 0.020
en
= 0.018
<
T 0.016
£0.014
20.012
S
> 0.010
IE: 0.008
E 0.006
0.004
0.002
0.000 '
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Operative temperature (°C)
-0.5<PMV<=0.5 (0.5clo,1met) -0.5<PMV<0.5 (0.5clo,1.5met)
-0.5<PMV<0.5 (0.5clo,2met) -0.5<PMV<0.5 (1clo,1met)
-0.5<PMV<0.5 (Iclo,1.5met) -0.5<PMV<=0.5 (1clo,2met)
-------- Graphic Comfort Zone (0.5clo) —— Graphic Comfort Zone (1clo)

Analytical Comfort Zone (0.5clo)

Analytical Comfort Zone (1clo)

Fig.2-9 Thermal comfort zones by the Graphic Comfort Zone Method and the

Analytical Comfort Zone Method
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In Fig.2-9, the red circles and squares represent the PMV values between -0.5 and 0.5
calculated by the operative temperature from 10°C to 40°C, the relative humidity from
10% to 90%, the air velocity for 0.1m/s, the metabolic from lmet to 2met and the
clothing insulation in 0.5clo and Iclo, respectively. The dashed line and the solid line
are the comfort zones calculated by Analytical Comfort Zone Method for 0.5clo and
Iclo, respectively. Compared with the comfort zones by Graphic Comfort Zone Method,
the comfort zones by Analytical Comfort Zone Method are more extensive, mainly
extending to the left and above due to the increase of the metabolic rate and relative

humidity.

2.3.5 Comparison between SET* in this study and other studies

The previous study has witnessed some research achievement of the relationship
between the comfort vote and SET* by the field investigations. Gonzalez et al.?! studied
the relationship between the predicted discomfort vote and SET* based on the
physiological and physical theory. Gagge et al.?? presented the relationship between the
new effective temperature scale for sedentary clothed subjects, the thermal sensation,
the physiological responses and health factors concerned. Moreover, Gagge et al.?
indicated the relationship between the ambient temperature at saturation, SET* and the
PMV for moderate exercise. After summarizing achievements from previous studies,
ASHRAE?® put forward the relationship between SET*, PMV, sensation and physiology
in the sedentary environment. To analyze the relationship between the PMV and SET*
in the imaginary standard condition and the practical condition, Table 2-6 sorts out
values of SET*(0.5clo), SET*(1clo), SET*(Total) and SET*(ASHRAE) corresponding
to the PMV.

The values of SET*(ASHRAE) are close to values of SET* in this study near the PMV
of 0, and the difference of SET*(ASHRAE) and SET*(0.5¢clo), SET*(ASHRAE) and
SET*(1clo), as well as SET*(ASHRAE) and SET*(Total), at the PMV of 0 is 0.3°C,
1.6°C and 0.8°C, respectively. With the increase of the PMV, SET*(ASHRAE) is greater

than the SET* in this study and in keeping with the SET*(1clo) at the PMV of 3.
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Moreover, SET*(ASHRAE) is much smaller than the SET* in this study at the PMV
below 0, with the biggest gap appearing at the PMV of -3. In addition, the values of
SET*(0.5clo) and SET*(1clo) show coincidence at the PMV of -3, and then the
increasing rate of SET*(1clo) is faster than that of SET*(0.5clo) with the increase of the
PMYV, which reaches 3.3°C in difference at the PMV of 3. The results in this section
indicate that values of SET in the imaginary and practical condition are of difference
due to disparate obtaining ways of the thermal comfort vote. The results suggest that the
SET* can be referred in the comfort condition (PMV=0) and should be considered in

other comfort conditions in line with the situation of the study.

Table 2-6 The comparison between SET*(0.5clo), SET*(1clo), SET*(Total) and
SET*(ASHRAE) corresponding to the PMV

SET*(0.5clo)  SET*(lclo)  SET*(Total) SET* (ASHRAE)

PMV
) ) ) C)

-3 14.8 14.5 15.1 10
-2 17.5 18.1 18.1 14.5
-1 20.4 21.7 213 17.5
0 23.6 25.5 24.7 23.9

1 26.9 29.4 28.2 30

2 30.5 33.4 32.0 345

3 34.2 37.5 35.9 375

2.4 Summary

In this chapter, a comparative analysis of PMV and SET* has been performed. The main

findings are as follows:

1) The relationships between PMV and SET* in the case of 0.5clo (summer), 1clo
(winter) and total (a whole year) have been obtained by the regression of 3360

samples in the imaginary standard condition.
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2)

3)

4)

5)

The correspondence between PMV and SET* is only meaningful to the calculation

results, instead of the thermal parameters involved in the calculation.

The values of PMV and SET* are principally affected by the air velocity at low
operative temperatures and affected by the relative humidity at high operative
temperatures in the sedentary condition. However, with the increase of the

metabolic rate, the values of SET* are only affected by relative humidity.

The values of PMV and SET* increase with the increase of clothing insulation while
the increasing rates lower. Moreover, the difference between PMV and SET* gets

smaller with the increasing clothing insulation.

Compared with the comfort zones by Graphic Comfort Zone Method, the comfort
zones by Analytical Comfort Zone Method are more extensive and mainly extend
to the left and above thanks to the increase of the metabolic rate and relative

humidity.
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Chapter 3

Field study on the thermal sensation under high-
intensive exercise in naturally ventilated gymnasiums

in hot-humid regions
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3.1 Introduction

As a public building for exercise, entertainment and sport, gymnasiums play a
significant part in people's daily life. In the subtropical areas where climates are hot and
humid, indoor thermal comfort in gymnasiums is relevant to energy consumption
directly. Furthermore, the activities of athletes, like basketball playing, badminton
playing and running, are quite different from other kinds of activities in other spaces,
which are bound up with public health. A balance among health, energy consumption
and thermal comfort in gymnasiums is of necessity to be found. Besides, it is vital to

develop a thermal comfort model for athletes in gymnasiums in hot-humid regions.

Previous studies indicated that indoor thermal comfort was affected by the factors of
indoor thermal environment and human physiology. Some models covering all or parts
of the factors have been suggested, such as the Predicted Mean Vote (PMV) model
developed by Fanger! and the model of Standard Effective Temperature (SET) put
forward by Gagge?, which are based on the two-node model established from the human
physiology. In addition, some models are in line with the thermal environment
parameters, such as the Wet Bulb Globe Temperature (WBGT), the Equatorial Comfort
Index (ECI) and Equivalent Temperature (EqT) ¥>. However, these models are limited
to a certain extend. For instance, the PMV model is mainly applicable to steady-state
environments; the SET model could apply to naturally ventilated building, on condition

that the human body has a low metabolic rate.

Due to the development of thermal comfort research, thermal comfort of different
regions and different types of buildings has been extensively explored. Takeing the hot-
humid region as an example, Zhang et al.® conducted a field survey in rural residences
in Guangdong, China and analyzed the thermal comfort of various spaces of residences.
Djamila et al.” in Malaysia investigated 890 residences in residential buildings and the
moderate temperature of 30 °C was confirmed by different methods. Buonocore et al.®)

investigated the thermal performances in classrooms in Brazil, finding the occupants are
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more thermal tolerant in hot climate. Some other studies have focused on thermal
comfort studies of different types of buildings and people in hot-humid regions as well
as other regions”™!V. A large number of studies have shown the rapid development of
thermal comfort research and people's efforts to pursue higher quality of life. It should
be noted that most above studies are primarily appliable to residential buildings, office
buildings and classrooms, with the occupants at low metabolic rates. Very few studies
focused on the thermal comfort of sport players in sports buildings undertaking sports
and exercises. However, thermal comfort study in the sport environment, as we all know,
is necessary to pursue health and wellbeing and to attain a high quality of life for human
subjects. Based on this background, this study undertake a research into the thermal

comfort under high-intensive exercises in gymnasium.

Early studies have shown that intensity level could have a significant effect on the
thermal comfort. In 1957, Yaglou and Minard'? developed WBGT index to evaluate the
effect of heat on a person during total exposure over the working day. The study provided
a reference limit for persons in five levels of intensity, which is a very early study of
thermal comfort that takes labour intensity into account. In 1967, Fanger'® found that
the sweat evaporation rate increases as the metabolic rate of subjects increases by
experimental studies. Gagge et al.'¥) in 1969 indicated that the human thermal sensation
is strongly influenced by a wide range of activity levels of subjects. Gonzales'¥ in 1981
conducted field experiments at different exercise intensities and found subjects’ comfort
temperature diminished with the rising of the activity level. Humphreys and Nicol'®
noted that the PMV model is only valid to activities less than 1.4 met and produced
errors with the metabolic rate above 1.8met. These studies contribute greatly to the
thermal comfort research in terms of metabolic intensity. In recent years, Ji et al.!”
investigated 31 college-aged subjects riding a spinning bike (3.5 met) in a chamber and
found that the metabolic rate during transition could affect thermal comfort significantly.
Li et al.'® conducted experimental research on strenuous exercise (3.5~5.0 met) and
indicated that the heart rate and wrist skin temperature can be utilized for evaluating the

thermal sensation. Researches from Henriques, Guéritée and Zhai et al. analysed the
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relationship between themal comfort and different levels of intensity as well!”2D,

Metabolic activity is one of the key parameters in existing thermal comfort theory,
however, most of the above studies were conducted in the climate chambers rather than
in actual fields, which are less realistic when considering surroundings, behaviours and
expectations of subjects. So far, there has been no field study on thermal comfort of

athletes undertaking high-intensive exercise in a naturally ventilated gymnasium.

Through field investigation in three gymnasiums in hot-humid region of China
(Guangzhou City), this chapter aims to analyse the indoor thermal environment (air
temperature, humidity ratio, air velocity and mean radiant temperature), human
physiology (metabolic rate, blood pressure and skin temperature) and thermal sensation

of athletes under high-intensive exercise.

3.2 Methods

3.2.1 Selection of exercise type

In order to find out the most typical sport of high intensity in gymnasiums as the research
object in this study, the facilities and 150 subjects (75 males and 75 females) in 10
gymnasiums in Guangzhou, China were investigated as a preliminary survey. In general,
the high-intensive sports require an average metabolic rate higher than 230W/m?, thus
the following sports: basketball, badminton, football, volleyball, boxing and track and
field were surveyed®?. The number of facilities in 10 gymnasiums for these sports and
the sports preferences of 150 participants were sueveyed through questionnaires. Figure
3-1 presents the subjects’ preferences for various sports and the proportion of facilities
in these gymnasiums. It shows that most of subjects in gymnasiums prefer basketball
playing, rather than badminton, football, volleyball, boxing and track and field, making
it a reasonable choice for equating with the high intensive exercise in this study
considering that basketball courts are set in all gymnasiums as the main facilities. On
this basis, a field survey was conducted on thermal sensation of subjects in a basketball

game in naturally ventilated gymnasiums in a hot and humid region.
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Badminton court

Basketball court

3.2.2 Study sites

0% 20% 40% 60%

Proportion of facilities

80%  100%

Fig.3-1 Subjects’ preferences and proportion of facilities in investigated gymnasiums

To investigate the thermal sensation of athletes in gymnasiums in hot-humid regions,
three gymnasiums in Guangzhou (China), a typical city in the subtropical region of hot
summer and warm winter climate with high humidity, was selected as the research
location of this study. Fig.3-2 shows the location and climate histogram of Guangzhou?®?,

in which the highest monthly average temperature (28.9°C) appears in July and the
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lowest average temperature (14.2°C) in January. The months with the highest humidity
level of 80% are April, June and August. Above all, long periods with high temperature

and humidity is common in Guangzhou.
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Fig.3-2 Location and climate histogram of Guangzhou, China®®
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Exterior Interior

Gymnasium C

Fig.3-3 Exterior and interior views of the surveyed gymnasiums
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Fig.3-3 presents the exterior and interior views of three gymnasiums located at the
downtown area of Guangzhou (Gymnasiums A, B and C) surveyed in this study, which
are all built with a reinforced concrete structure. Gymnasium A is a 5-storey building
built in 2006. It has 6 basketball courts of 96m x 32m x 7.8m in length, width and height,
on the ground floor. The construction of Gymnasium B was completed in 2009 and it
has 4 basketball courts of 86m x 45.5m x 16m in length, width and height. The two-
storey Gymnasium C was built in 2003 and it has 4 basketball courts of 65m x 46m x
15m in length, width and height, on the upper floor. The above three are all indoor
gymnasiums that are naturally ventilated during the survey even though the air

conditioning systems are installed in Gymnasium B and C.

3.2.3 Survey plan

Since the hot and humid indoor environment is the principal issue in this region, this
field survey was carried out from August to October 2019. The survey time was between
9:00 and 18:00, which was divided into several periods of 60 minutes, e.g. 9:00-10:00,

10:00-11:00. The subjects could participate in the survey at any period.

The process of the field survey was split into three stages, as shown in Fig.3-4. In the
first stage, subjects prepared for the survey for 10 minutes (sitting or standing); then,
they kept playing basketball for 40 minutes; finally, subjects were given 10 minutes of
rest. During the survey, data of thermal environment parameters, physiological
parameters and thermal sensation of subjects were measured and analysed by

instruments and questionnaires.

10 minutes 40 minutes 10 minutes

Preparation Basketball play Rest

Fig.3-4 The process of field survey
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The reason for allocating 40 minutes for the basketball game as this is the actual duration
of a basketball match. However, in order to control the intensity of basketball exercise,
the occupants in this study played basketball in practice rather than a competition,
without role issues and competitive intensity. Furthermore, due to different intensities of
individuals, a pre-test was performed to master the intensity level of playing basketball
and was adjusted in a certain range of human metabolic rate. As for the 10 minutes of
preparation and rest, the reason is that the physiological performance and the thermal
sensation of subjects would be stabilized in 10 minutes. The results were confirmed in

the pre-test of this study and some previous research findings.

3.2.4 Questionnaire survey

The information of subjects was surveyed by questionnaires, which includes:

1) Personal information, as shown in Table 3-1.

2) Personal situation, e.g. current clothing, illness and alcohol intake.

3) Thermal sensation vote (TSV) with the scale shown in Table 3-2.

Table 3-1 Information of subjects

Male Female
Number 18 18
Age (years old) 18-24 18-25
Height (cm) 170-183 150-172
Weight (kg) 50-85 42-60
BMI (kg/m?) 17-25 19-20
Time of local living (year) >1 >1
Exercise time per week (hour) 3-15 2-20
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Table 3-2 Scale of thermal sensation vote

-3 -2 -1 0 +1 +2 +3
Extremely Slightly Slightly Extremely
Cold Comfortable Hot
cold cold hot hot

In the present study, a total of 36 college-aged subjects (18 males and 18 females) were
surveyed. In order to minimize the influence of acclimation, all subjects have normal
physical conditions, namely without illness or bad habits, and have lived in the local
area for at least one year. In addition, they did not drink alcohol or consume irritating

food at least one day before the survey.

During the survey, the subjects were required to fill out the first and second parts of
questionnaires before each survey. The third part of questionnaire was answered by
subjects every 10 min during the survey. To avoid interfering with basketball playing,

the subjects only needed to verbally express the thermal sensation at the time.

3.2.5 Thermal environment measurement

The outdoor and indoor air temperatures, globe temperature, relative humidity and air
velocity were recorded at 5S-minute intervals in each survey. The measuring instruments
is summarized in Table 3-3. Thanks to subjects playing on a half court, the physical
measuring instruments (instrument No.1 and No.2) were arranged in three points around
the half court at a height of 1.1m in line with the relevant standards®¥, as shown in Fig.3-
5. The outdoor instruments were placed in shaded locations near the gymnasiums at a

height of 1.1m.

The humidity ratio instead of relative humidity was calculated and used, because it is a
variable independent of the air temperature, which is more objective and accurate for
the establishment of the predictive model in this study. Conversely, the saturated vapour
pressure with air temperature at various air exchanges, makes the relative humidity a

dependent variable related to the air temperature.
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Table 3-3 Information of instruments

No. Instrument Model Test content Accuracy
Black-bulb
1 AZ-87786 Globe temperature +0.3°C
thermometer
Air temperature +0.4°C
Hot-wire
2 TES-1341 Relative humidity +1.0%
anemometer
Air velocity +0.03m/s
Infrared
3 IT-122 Skin temperature +0.2°C
thermometer
4 Wearable motion  TomTom Spark 3 Heart rate +5 bpm
5 detector Fu Hanlin-H166 Blood pressure +6 mmHg
1 15200
3 2
=@

@
L N
28200

L

W

14100

Fig.3-5 Instruments and the distribution in survey basketball court

(Points (1) to (3) represent the locations of instruments No.1 and No.2)

The mean radiant temperature was calculated by the formula regarding the indoor globe

temperature, air velocity and air temperature?>, as shown in Equation (3-1):

T, = Ty + 2.37Vv(Tg — T,)
46
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Where T: is the mean radiant temperature in °C; Ty is the globe temperature in °C; v is

the air velocity in m/s; Ta is the air temperature in °C.

3.2.6 Physiological data measurement

Collected immediately at the end of each surveyed stage (preparation, basketball play
and rest), the mean skin temperatures of subjects were recorded by an infrared
thermometer and calculated by the weighted mean skin temperature at four locations of
the body (the chest, the arm, the thigh and the leg). The 4-point method was developed
and validated by Rmanathan®®, and was used in this study due to less measurement
points required, which can be measured with accuracy under hot ambient conditions?”.

The formula of mean skin temperature is shown below:

Tok = 0.3Tehest + 0.3Tarm + 0.2Tipigh + 0.2Tjeq (3-2)

where Ty 1s the mean skin temperature in °C; Tgpest 1S the chest temperature in °C;

Tarm 18 the forearm temperature in °C; Typjgn is the thigh temperature in °C; Tyeg is the

leg temperature in °C.

The blood pressures and heart rates of subjects were recorded at 5-minute intervals in
each survey. For the sake of the most accurate data recording of subjects during the
survey, the wearable motion detectors (Detectors for blood pressure is based on the
principle of “Pulse Transmit Time, PTT”) were introduced, as shown in Table 3-3 and
Fig.3-5. The metabolic rates were obtained using the heart rate equation given by the

1SO8996: 2004°%, as shown in Table 3-4.

3.2.7 Data analysis

In the present study, the average values of thermal environment parameters,
physiological parameters and thermal sensation of subjects in each surveyed stage were

used as a data sample. Finally, a total of 372 valid samples were collected, including 124
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Table 3-4 Relationship between metabolic rate (W/m?) and heart rate (bpm)

Weight (kg)
Age (years)
50kg 60kg 70kg 80kg 90kg
Women

20 2.9xHR-150 3.4xHR-181 3.8xHR-210 4.2xHR-237 4.5xHR-263
30 2.8xHR-143 3.3xHR-173 3.7xHR-201 4.0xHR-228 4.4xHR-254
40 2.7xHR-136  3.1xHR-165 3.5xHR-192 3.9xHR-218 4.3xHR-244
50 2.6xHR-127 3.0xHR-155 3.4xHR-182 3.7xHR-207 4.1xHR-232
60 2.5xHR-117 2.9xHR-145 3.2xHR-170 3.6xHR-195 3.9xHR-219
Men

20 3. 7xHR-201 4.2xHR-238 4.7xHR-273 5.2xHR-307 5.6xHR-339
30 3.6xHR-197 4.1xHR-233 4.6xHR-268 5.1xHR-301  5.5xHR-333
40 3.5xHR-192 4.0xHR-228 4.5xHR-262 5.0xHR-295 5.4xHR-326
50 3.4xHR-186 4.0xHR-222 4.4xHR-256 4.9xHR-288 5.3xHR-319
60 3.4xHR-180 3.9xHR-215 4.5xHR-249 4.8xHR-280 5.2xHR-311

samples in each stage. Since the high-intensive exercise is the key point in this study,

the 124 samples collected during the basketball game would be major object of this study.

The study was conducted according to the guidelines of human-research ethics in
China®® and was approved by the management departments of measured gymnasiums.

All participants signed an informed consent form before the start of the study.

3.3 Results

The values of thermal environment parameters, the data of subjects and the thermal
sensation of subjects are presented. Moreover, the correlations among the thermal

environment, human physiology and thermal sensation were analysed.
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3.3.1 Values of thermal environment parameters

Fig.3-6 shows the maximum, minimum, average and standard deviation (SD) values of

the surveyed thermal environment parameters.
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Fig.3-6 Summary of thermal environment parameters

During the survey, the outdoor air temperature ranged from 24.97°C to 35.65°C, while

the indoor air temperature ranged from 25.04°C to 35.53°C. By comparison, the average
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value of indoor air temperature (30.78°C) was 0.66°C higher than that of outdoor air
temperature. Moreover, the mean radiant temperature scope was between 23.86°C and
36.84°C, which is wider than air temperature range. The humidity ratio changed from
12.32g/kg’ to 23.67g/kg’ and the average air velocity was 0.31m/s that meets the

required wind speed for basketball games®”.

3.3.2 Conditons of subjects

3.3.2.1 Clothing insulation

During the field survey, the subjects were dressed in sportwear suitable for playing
basketball. The clothing insulation values in this study, which were calculated from
ASHRAE Standard 55-2017°?, was 0.22clo for males and 0.22clo / 0.29clo for females,

as shown in Table 3-5.

Table 3-5 Clothing insulation of subjects (Unit: clo)

Clothing Male Female
Underwear None 0.01
Tops
T-shirt 0.08 0.08
Briefs 0.04 0.03
Bottoms Shorts or trousers 0.08 0.08 or 0.15
Socks 0.02 0.02
Clothing insulation in total 0.22 0.22 or 0.29

3.3.2.2 Metabolic rate

As mentioned above, the metabolic rate was calculated using the formula of the heart
rate as prescribed by the ISO8996: 2004°%. Fig.3-7 shows the variation of maximum,
minimum and average values in the metabolic rate of males and females. In the
preparation stage, the metabolic rate of subjects declined to around 111W/m? (1.91met)
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at the 10th min. During the early stage of playing basketball, the metabolic rate of
subjects was raised apparently and kept steady for 40 minutes, with an average rate of
334W/m? (5.75met) for males and 274W/m? (4.72met) for females. However, males’
metabolic rates were more fluctuated than females’ in the aspect of maximum and
minimum values. After 40 minutes’ basketball game, the metabolic rate fell sharply to
around 156W/m? (2.68met) in 10 minutes. The results indicate the sport intensity has a

great influence on the metabolic rate.
3.3.2.3 Blood pressure

In Fig.3-8, the variation of average values in systolic blood pressure (SBP) and diastolic
blood pressure (DBP) of male and female subjects is presented. During the survey, the
SBP of subjects during the basketball game (the average is 124mmHg for males and
123mmHg for females) was slightly higher than that during preparation and rest, which
is consistent with the trend in the metabolic rate of subjects. Besides, the DBP of subjects
remained steady during the whole survey, with an average of 82mmHg and 8§ ImmHg
for males and females, respectively. Notably, the trend of blood pressure presented in

this study resembles that shown in some previous research3!-3%.
3.3.2.4 Skin temperature

As shown in fig.3-9, the average value of mean skin temperature was 37.13°C during
preparation, which then declined slightly during basketball play (37.10°C for females
and 37.02°C for males). The reason for the reduction lies mainly in the cooling by
evaporation of sweat and the cutaneous vasoconstriction response to exercise*?. In the
stage of rest, the mean skin temperature of subjects rose to 37.20°C and 37.30°C for
females and males respectively. In terms of gender, the range of mean skin temperature
for males was higher than that for females. Meanwhile, the average skin temperature of
males were higher than those of females during preparation and rest, but lower during

basketball play.
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Fig.3-8 Variation in blood pressure of subjects
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3.3.3 Thermal sensation vote (TSV)

Fig.3-10 shows the frequency distribution of the thermal sensation vote (TSV) during
each stage of the survey, the scale of which is an interval. For example, 0 is -1 <TSV <
0, and +1 is 0 < TSV < +1. Before the basketball play, the TSV was mainly in 0
(comfortable). During the basketball play, 48.4% of the TSV was in +1 (slightly hot) and
47.6% was in +2 (hot). The TSV was mainly in 0 (comfortable) and +1 (slightly hot)
during rest. The results illustrate that the TSV during the basketball play differed widely
to that during preparation and rest, mainly due to two aspects: thermal environment and
human physiology. Thus, analysing the correlation between the TSV and thermal

environment parameters and physiological parameters during basketball play is essential.

3.4 Discussion

3.4.1 Comparison between metabolic rate in this study and ASHRAE Standard

Compared with metabolic rates of basketball players in this study with those presented
in ASHRAE Standard 55-2017, the metabolic rate in this research (152W/m? to
494W/m?) has a wider range than the latter (290W/m? to 440W/m?)*>. Moreover, the
metabolic rates of male and female subjects are disparate in this study (with an average
of 267W/m? for females and 325W/m? for males), while it failed to be distinguished in
ASHRAE Standard 55-2017. The reason for the differences mainly results from two
factors: (1) The metabolic rates of activities defined in ASHRAE Standard are used for
engineering purposes, which are the general met levels covering the amount of people
and periods of time. (2) Although the metabolic rate can be assessed by the measurement
of the heart rate, the measurement is still not accurate especially when the met level
higher than 3 met (175W/m?), and thus the values may have a certain error. In any case,

these values should be properly referenced in the light of the specific research purpose.
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3.4.2 Mean skin temperature during basketball activity

The mean skin temperature of players during basketball activities shows almost constant
in this study. It is argued that the constant skin temperature during the sport activity is
due to two opposing responses, thermoregulatory that cause a rise vasodilation and
evaporative cooling that cause a fall in the skin temperature. Literature data, to the
authors’ knowledge, for the dynamic response of mean skin temperature of basketball
player are hard to find. However, some studies similar to that have been found. Torii et
al.* found a reduction in mean skin temperature less than 1°C due to bicycle cycling at
the ambient temperature of 30°C and 40°C. Nakayama et al.’® indicated the mean skin
temperature remained unchanged during 100W pedalling of bicycle. Although the mean
skin temperature remains constant during sport activities, the skin temperatures of
different parts of the body would still fluctuate. The skin temperature falls at the
beginning followed by a slight increase, which is the net result of the competition
between the vasoconstrictor response and the vasodilator response*®®. As for the
significance of fluctuation, the response is mainly influenced by the initial skin
temperature related to the ambient temperature and the skin temperature of different
body parts, e.g. hands, feet and the skin area of the muscles. The mean skin temperature
rising after the basketball game in this study, as well as most literature data, is probably
due to the reduction in the convective heat loss and the reduction in the vasoconstrictive
tension caused by the sport activity to some extent, resulting in an increase of heat flow

in the body.

3.5 Summary

In this chapter, a field survey on the thermal sensation under high-intensive exercise was
carried out in three naturally ventilated gymnasiums in Guangzhou, China from August
to October 2019. A total of 372 valid data regarding indoor thermal environments,
physiological parameters and thermal sensations were collected. The main findings of

this chapter are as follows:
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The thermal environment parameters ranged from 24.97°C~35.65°C,
25.04°C~35.53°C, 23.86°C~36.84°C, 12.32g/kg’ ~23.67g/kg’ and Om/s~1.64m/s in
outdoor air temperature, indoor air temperature, mean radiant temperature, humidity

ratio and air velocity, respectively.

The clothing insulations were 0.22clo and 0.22clo / 0.29clo for males and females,
respectively. The metabolic rate of subjects during basketball play (the average is
334.24W/m? for males and 274.01W/m? for females) was higher than that during

preperation and rest.

The blood pressure of subjects during the basketball game (the average is 124mmHg
for males and 123mmHg for females) was slightly higher than that during
preparation and rest, which is consistent with the trend in the metabolic rate of

subjects.

The mean skin temperature was 37.13°C during preparation, then declined slightly
during basketball play, which lies mainly in the cooling by evaporation of sweat and
the cutaneous vasoconstriction response to exercise. Besides, the skin temperatures

are different in terms of gender.

The thermal sensation of athletes during basketball play was highly differed to those

during the preparation and rest state.
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Chapter 4
Establishment of the Predicted Thermal Sensation

(PTS) model
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4.1 Introduction

In Chapter 3, the values of inoor thermal environemt, human physiology and thermal
sensation of athletes under basketball exercise in gymnasiums in Guangzhou, China
have been presented. The results indicate that the indoor thermal environment, human
physiology and thermal sensation under high-intensive exercise state are quite different
from those in the preparation and rest state. It is vital to develop a thermal comfort model
for athletes exercising in gymnasiums in hot-humid areas. However, the current
researches on this field mainly focus on the existing evaluation indices, which are limited
to a certain extend. For instance, the PMV model® is mainly applicable to steady-state
environments; the SET model® could apply to naturally ventilated building, on condition
tha the human body has a low metabolic rate and the Wet Bulb Globe Temperature
(WBGT) model is used for evaluating the stress extremum under the prolonged work®,
Therefore, basing on the data of field survey in Chapter 3, this chapter aims to analyse
the influences of thermal environment and human physiology on thermal sensation
under exercise and to propose a predicted thermal sensation model applicable to athletes

exercising in high-intensity in gymnasiums of hot-humid regions of China.

4.2 The influences of thermal parameters on the TSV

4.2.1 Relationship between indoor thermal environment and the TSV

The relationship between indoor thermal environment and the thermal sensation vote
(TSV) during basketball play is shown in Fig.4-1. The varieties of air temperature, mean
radiant temperature, humidity ratio and air velocity in disparate thermal sensation levels
are presented in Fig.4-1(a) to Fig.4-1(d). Fig.4-1(a) to Fig.4-1(c) show that the thermal
sensation levels increased with the rise in air temperature, the mean radiant temperature
and the humidity ratio, indicating that the higher the air temperature, the mean radiant
temperature and the humidity ratio, the hotter the body feels. Meanwhile, the

trends of thermal sensaiton variation with air temperature and mean radiant temperature
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were quite similar. On the contrary, the thermal sensation levels, in Fig.4-1(d), increased

with the decline in the air velocity, indicating that the higher the wind speed, the colder

the body feels.
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4.2.2 Relationship between human physiology and the TSV

The relationship between human physiology and thermal sensation vote (TSV) during

basketball play is shown in Fig.4-2.
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Fig.4-2(a), Fig.4-2(b) and Fig.4-2(d) show that the average values of the metabolic rate,
systolic blood pressure (SBP) and skin temperature were increased as the level of
thermal sensation rose, indicating their positive correlations. Moreover, the increasing
rates of average values in skin temperature were much higher than those in metabolic
rate and SBP, illustrating the significant correlation between skin temperature and
thermal sensation. Fig.4-2(c) presents that the average values of diastolic blood pressure
(DBP) deseased a little as the thermal sensation rose, indicating that the variety of

diastolic blood pressure (DBP) in disparate thermal sensation level is not significant.

4.2.3 Correlation among thermal environment, human physiology and the TSV

The R? and P values of correlations among thermal environment parameters,
physiological parameters and the TSV during basketball play are summarized in Table
4-1. In total, 10 parameters including thermal sensation vote (TSV), air temperature (Ta),
mean radiant temperature (T;), humidity ratio (x), air velocity (v), clothing insulation
(Ie1), metabolic rate (M), systolic blood pressure (SBP), diastolic blood pressure (DBP)
and skin temperature (Ts), from 124 samples were analysed. In these correlations, the
air temperature (Ta) is highly related to the mean radiant temperature (T;), with the R?
value of 0.966 and P value of 0.243, indicating the close mutual effect of these two
parameters. Associated with it, the TSV is correlated positively with the air temperature
(T,) and the mean radiant temperature (T;), with the R? value being 0.761 and 0.742,
respectively. As a physiological value formed by heat exchange between the human body
and the surrounding, the skin temperature (Tsk) exertes an important influence in the
correlation with the air temperature, the mean radiant temperature and the TSV, with the
R? values of 0.708, 0.669 and 0.521, respectively. Furthermore, the humidity ratio (x)
has a positive correlation with the air temperature and the mean radiant temperature,

with the R? values of 0.579 and 0.570, respectively.
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Table 4-1 The correlation among thermal environment parameters, physiological parameters and the TSV during basketball play

2
1}, V‘zﬂf TSV T, T, X v I, M SBP DBP Ty

TSV 0.761 0.742 0318 0.123 0.006 0.021 0.016 0.150 0.521
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
T 0.761 \ 0.966 0.579 0.123 0.001 0.001 0.002 0.123 0.708
a 0.000 0.243 0.000 0.000 0.000 0.000 0.000 0.000 0.000
T 0.742 0.966 \ 0.570 0.143 0.001 0.004 0.000 0.128 0.669
r 0.000 0.243 0.000 0.000 0.000 0.000 0.000 0.000 0.000
. 0.318 0.579 0.570 \ 0.163 0.011 0.027 0.005 0.018 0.470
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
. 0.123 0.123 0.143 0.163 \ 0.028 0.002 0.003 0.011 0.050
0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000
: 0.006 0.001 0.001 0.011 0.028 \ 0.017 0.196 0.029 0.009
cl 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000
" 0.021 0.001 0.004 0.027 0.002 0.017 \ 0.051 0.028 0.004
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
SEP 0.016 0.002 0.000 0.005 0.003 0.196 0.051 \ 0.053 0.002
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
DEP 0.150 0.123 0.128 0.018 0.011 0.029 0.028 0.053 \ 0.243
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

T 0.521 0.708 0.669 0.470 0.050 0.009 0.004 0.002 0.243

sk 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Where the TSV is the thermal sensation vote; T, is the air temperature in °C; T, is the mean radiant temperature in °C; x is the humidity ratio in
g/kg’; v is the air velocity in m/s; I is the clothing insulation in clo; M is the metabolic rate in W/m?; SBP is the systolic blood pressure in mmHg;

DBP is the diastolic blood pressure in mmHg; T is the skin temperature in °C.
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4.3 The Predicted Thermal Sensation (PTS) model and validation

4.3.1 Establishment of the PTS model

From the above analysis, we know that the thermal sensation is influenced by the thermal
environment and human physiology. Considering the closed relationship between the air
temperature and mean radiant temperature, the operative temperature (Top) could be an
alternative”). As an indirect variable in the thermal comfort, the skin temperature is thus
unnecessary to be perceived as a parameter when an estimation model is used. Therefore,
a Predicted Thermal Sensation (PTS) model in relation to thermal sensation and the key
factors of thermal comfort (the operative temperature, humidity ratio, air velocity,
clothing insulation and metabolic rate) was developed in this study to estimate the
thermal sensation of athletes in the gymnasium. The derivation process is shown below.

Firstly, a multiple linear regression model is created as Equation (4-1):

PTS=co+cy - Toptcy-Xx+c3-v+cey-M+cs: Ig 4-1)

where PTS is the Predicted Thermal Sensation whose values range from -3 to 3 as the
TSV does; Co to Cs are the partial regression coefficients; Top is the operative
temperature in °C; x is the humidity ratio in g/kg’; v is the air velocity in m/s; M is the

metabolic rate in W/m?; 1 is the clothing insulation in clo.

Assuming that ¢, to cs are constants decided by the least square method in Excel®,

then the Predicted Thermal Sensation (PTS) is established, as shown in Equation (4-2):

PTS = —5.127 + 0.201T,, + 0.001x — 0.045v + 0.002M — 1.1841, (4-2)

where PTS is the Predicted Thermal Sensation whose values range from -3 to 3 as the
TSV does; Top is the operative temperature in °C; x is the humidity ratio in g/kg’; v is
the air velocity in m/s; M is the metabolic rate in W/m?; 1 is the clothing insulation in

clo.
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The correlation between PTS and the TSV is shown in Fig.4-3, with the R? value of
0.814 and the RMSE (Root Mean Squared Error) of 0.306. The frequency distribution
of TSV and PTS values is shown in Fig.4-4. It shows that the proportion of PTS values
in +2 and +3 (54.84% and 9.68%, respectively) are slightly higher than that of TSV
values (48.39% and 4.03%, respectively). While the frequency of PTS values in +1 is
lower than that of TSV values. Despite the small differences in proportions, the trend
between TSV and PTS remains the same. Therefore, since the PTS model was based on
the basketball activity in gymnasiums in Guangzhou, it could be used to estimate the
thermal sensation of athletes undertaking high-intensive sport activities in the

gymnasium in hot-humid regions of China.
4.3.2 Validation of the PTS model

To verify the applicability of the PTS model, a field survey was conducted using the
same method in other two naturally ventilated gymnasiums in Guangzhou China, from
summer to winter in 2016, with subjects partaking in basketball game with high intensity.
The measured air temperature varied from 15.24°C to 36.93°C and the humidity ratio
varied from 8.18g/kg’ to 23.59g/kg’. The average metabolic rate of subjects was
304.13W/m? (5.23met), the clothing insulations were 0.22clo to 0.29clo and the TSV

was between -1.67 and +2.

Fig.4-5 illustrates the correlation between the measured TSV and the PTS calculated by
Equation (4) for validation. The R? value is 0.804 and the RMSE is 0.534. Although the
frequencies between TSV and PTS, as shown in Fig.4-6, are different at each scale point,
they do not affect the consistency of the tendencies. Therefore, to some extent, it
signifies the reasonable validation of the PTS model. As the data in winter have been
taken into consideration, we can conclude that the PTS model developed by this study
is valid for the precise evaluation of the thermal sensation under high-intensive sport

activities in gymnasiums for the whole year in the future.
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4.4 Discussion

4.4.1 The PTS model versus other evaluation models

Currently, an abundance of indices is available for thermal comfort evaluation. In terms
of the purpose, some indices are to avoid excess by setting exposure limits, such as
WBGT, TSI and HIS”"'V; some define comfort by drawing up the comfort zones, e.g.
PMV, SET, To, and EqT-?*712)_ In this section, the indices of Top, SET and WBGT,
which are widely used and could be applied to the natural ventilated environment, and

these are chosen to compare with the PTS model developed in this study.

Table 4-2 and Fig.4-7 show the correlation between these models and the TSV. Although
Top, SET and WBGT are related positively to the TSV, the R? values (0.761, 0.687 and
0.627, respectively) are not as good as the R? value in the PTS model (0.814). While the
SET model could be used in the natural ventilated environment, intensive sport activity
would confine the model’s accuracy on account of the two-node model it based. With
the focus on environmental factors other than physiological parameters, WBGT and Top
indices are limited to the application under different intensive sport activities. In general,
the current evaluation models are widely used but have poor precision. To some extent,
the PTS model could provide a reference for predicting the thermal comfort of athletes
under the high-intensive exercise in naturally ventilated gymnasiums in the hot-humid

environment.

Table 4-2 The comparison among the PTS, Top, SET and WBGT

Model Equation R? RMSE
PTS y = 1.154x 0.814 0.306
Top y=4.477 x +25.309 0.761 5.531
SET y=4.764 x + 26.402 0.687 5.659

WBGT y=3.882x+22.013 0.627 5.157
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4.4.2 Importance of thermal parameters in the PTS model

In the PTS model, six thermal parameters, the operative temperature (Top), humidity
ratio (x), air velocity (v), metabolic rate (M) and clothing insulation (I;) have been
presented. Throught the method of standardization in Excel, the PTS model has been

standardized in Equation (4-3):

PTS = 0.866T,, + 0.047x — 0.020v + 0.183M + 0.008I, (4-3)

where PTS is the Predicted Thermal Sensation; Top is the operative temperature in °C; x
is the humidity ratio in g/kg’; v is the air velocity in m/s; M is the metabolic rate in W/m?;

I is the clothing insulation in clo.

In this formula, the coefficient value of each thermal parameter represents the
importance of this parameter. By calculating the proportions of these coefficients, it can
be obtained that the operative temperature accounts for 76.9%, the metabolic rate
accounts for 16.3%, the humidity ratio accounts for 4.2%, the air velocity accounts for
1.8% and the clothing insulation accounts for 0.8%. Therefore, among the thermal
parameters, the operative temperature has the greatest influence on the PTS model,
followed by the metabolic rate, humidity ratio and air velocity. The least impact on the
PTS model is the clothing insluation. It can also be inferred that the best way to improve

the PTS is to adjust the operative temperature.

4.4.3 Application of the PTS model

According to the present study, the thermal response of a subject during high-intensive
sport activity is significantly different to the response when undertaking low to moderate
intensive sport activity. The findings in this study indicate that the architects should take
into consideration the thermal sensation of athletes so as to design the buildings
rationally. Instead of the existing integrated thermal comfort models, which are used for

estimating thermal comfort of occupants in low metabolic rate, the PTS model
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developed in this study provides the architects with a new method to assess the indoor

environment and thermal comfort.

In the future design of gymnasiums in related climate regions, the optimum ranges of
thermal environment, e.g. air temperature, relative humidity and air velocity, can be
decided based on the comfort zone estimated by the PTS model (-1 < PTS < 1) under
natural ventilation, which would bring a comfortable environment to people who partake
in sports in the sport ground. In addition, the design parameters of active equipment such
as air conditioners can be referenced according to the limits of the comfort zone when
the competition is to be held in gymnasium. Compared with the Chinese standard for
sports building design'®, the thermal parameters corresponding to the PTS comfort
range are higher than those prescribed in the Chinese standard, illustrating more energy
saving and better comfort efficiency. The reason for the difference lies in the fact that
the audiences who are at low metabolic rate have been taken into account in the Chinese
standard, and the types and regions of gymnasiums are relatively broad. The PTS model
is specifically adopted for athletes and hot-humid regions and is more accurate and
targeted to a certain extent. As a result, based on the PTS model, passive and active
devices could work better for regulating the indoor environment, enhancing the thermal

comfort of occupants and saving energy in gymnasiums.

4.5 Summary

In this chapter, the influences of thermal environment and human physiology on thermal
sensation under exercise state have been analyzed. In addition, accroding to the data of
field survey in Chapter 3, the Predicted Thermal Sensation (PTS) model has been
developed, which is applicable to estimate the thermal comfort under high-intensive
sport activity in gymnasiums in hot-humid regions of China. The main findings are

shown below:

1) The TSV rose with the rise in the air temperature, mean radiant temperature and

humidity ratio, while decreases with an increase in air velocity.
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2)

3)

When considering the physiological parameters, the average values of the metabolic
rate, systolic blood pressure and skin temperature are positively correlated with the

TSV.

The PTS model, as shown in Equation (4-2), was developed based on the field
survey. Furthermore, the rationality and accuracy of this model have been validated.
This model can provide a theoretical reference for the study of thermal comfort

under high-intensive sport activities in gymnasiums in hot-humid regions of China.

72



Chapter S

Optimization of gymnasium form for thermal comfort

at hot-humid climate by orthogonal experiment
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5.1 Introduction

As a public space for sports, exercises and entertainments, gymnasiums play an
important role in people's daily life. In the subtropical areas, the thermal comfort of
occupants exercising in gymnasiums is related to the utilization rate of gymnasiums,
energy consumption and human health. In hot and humid climate, occupants prefer to
pursuit thermal comfort by air conditioners when doing sports. However, although the
air conditioners provide comfortable environment for occupants directly, this would
increase energy consumption and carbon dioxide emissions. Moreover, human adaptive
ability to the natural environment would be weaken, as well as their health, while
exercising in such places for a long time!. Therefore, the study on the thermal comfort
in naturally ventilated gymnasium at hot and humid climate has been significantly

regarded nowadays?.

People could achieve thermal comfort mainly from two aspects by two methods: One is
individual adjustment, such as the activity level, clothing and psychological
expectation®™; the other is thermal environment regulating, such as the indoor air
temperature, relative humidity and air velocity>®. Although occupants could adjust
themselves on achieving thermal comfort, the regulating on thermal environment could
be more effective and comprehensive”. Furthermore, in the aspect of architectural
design, improving the thermal environment by adjusting the architectural forms is one

of the most effective methods to achieve thermal comfort.

In the research of the correlation between the architectural form and the thermal comfort,
Barbosa® estimated the thermal acceptance levels in naturally ventilated office buildings
with double skin facade (DSF) in Brazilian with various climates and underlined the
complexity of the DSF technology application to buildings. Yang et al.”) investigated the
adaptive thermal comfort and climate responsive strategies in dry-hot and dry-cold areas
in China and found that the architecture with a semi-basement could satisfy the thermal

comfort efficiently, followed by night ventilation in summer. Li'® simulated the wind
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pressure in a gymnasium in hot and humid area in China to analyze the influences of
interface form on natural ventilation and found that the form of asymmetric interface
could improve the ventilation capacity. Huang et al.'!) analyzed the top and side interface
forms of gymnasiums in Guangzhou, China and found that the double skin roof and
openable side interface could enhance the human thermal comfort. Although the
researches correlated between the architectural form and the thermal comfort can be
found, most of them are focused on dwelling, school and office buildings'?~'¥, rare
focused on the gymnasium building which played a distinctive role on thermal comfort
for the features of large space, specific function and certain group of people. In addition,
few researches study multi-factor by orthogonal experiment method, most of them,
however, focus on single influential factor of building form, rarely conduct
comprehensive and integrated analysis on multi-factor, which has a more practical and

meaningful for the research of thermal comfort.

This study aims to improve the indoor thermal comfort of naturally ventilated
gymnasiums at hot and humid climate through comprehensive architectural form
optimization. Basing on the field investigation in 15 gymnasiums in Guangzhou China,
which is a typical city in subtropical region with hot and humid climate'®, an initial
model of gymnasium was established to analyze the indoor thermal comfort and explore
the optimizing orientation. An orthogonal experiment with variety of factors and levels
chosen by analyzing the field investigation was then conducted and simulated with the
FlowDesigner software. Based on the simulation results, the significant factors of
architectural form on thermal comfort were identified. Furthermore, the optimal
combination of architectural forms of gymnasium was suggested to provide reference

for the gymnasiums design at hot and humid climate.

5.2 Methodology

In order to analyze the thermal comfort with multiple factors and the optimization of

architectural form in gymnasiums, a hybrid method that combines the orthogonal
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experiment and computer simulation is conducted in this study shown in Fig.5-1.
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| Conducting orthogonal experiments (numerical simulations) | |

Optimization analysis
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l

| Variance analysis \

e 1

| Proposing optimal architectural form of gymnasium ‘

Fig.5-1 Flow chart of the hybrid method for simulation and optimization

5.2.1 Simulation tool and its validation

The first step aims to consider a suitable tool for thermal environment simulation. In
order to achieve accurate calculation, simulation tools have been developed by
researchers and engineers, such as Ecotect, TRNSYS, PHOENICS, Fluent,
FlowDesigner. Considering the dynamic thermal environment, e.g. air temperature,
relative humidity, air velocity, and the thermal comfort are the main factors in this study,

FlowDesigner, a common commercial thermal environment dynamic simulation
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software, which is friendly used and verified in many studied'®~'®, is used in this study

for the thermal and fluid simulations of gymnasiums.

In order to verify the accuracy of the results from the FlowDesigner, the thermal
environment between simulation and that from field measurements are compared in
Fig.5-2. The field measurement was conducted in a gymnasium in Guangzhou, China,
between 28th July and 10th August 2016. The values of the indoor air temperature,
indoor relative humidity and indoor air velocity were measured in the competition field
of gymnasium at 30-min interval, from 9:00 to 18:00. The gymnasium was simulated
using the FlowDesigner with the weather data for the simulation is obtained from The
United States National Climatic Data Center'®, which provides global historical weather

and climate data from observations.

Fig.5-2 shows the variations of indoor air temperature, relative humidity and air velocity
in measurement and simulation. The variation tendencies of air temperature in
measurement and simulation, as shown in Fig.5-2(a), are consistent with each other, as
well as the tendency of relative humidity, as shown in Fig.5-2(b). While the variation of
air velocity between measurement and simulation are less consistent due to the modeling
errors and complex wind environment, as shown in Fig.5-2(c), the average values of
measurement and simulation are 0.31m/s and 0.43m/s respectively, as shown in Fig.5-
2(d), which shows little difference. Therefore, the software of FlowDesigner is feasible

for simulation in this study.

5.2.2 Selection of thermal comfort model

Since the thermal comfort is the main issue discussed in this study, a thermal comfort
model would be selected. The thermal comfort models such as PMV, SET, WBGT are
widely used around the world, however, none of them is proper to evaluate the thermal
comfort for moving subjects such as athletes®®-?%. For example, PMV is limited to the

steady state environment, SET could be applied in the naturally ventilated environment,
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however, it could only be used for the people in low metabolic rate. Due to the research
object in this study is the thermal comfort in the state of exercise in naturally ventilated
gymnasiums, the Predicted Thermal Sensation (PTS) model proposed in Chapter 4,
which is available for accurately estimating the thermal sensation under high-intensive
exercise in gymnasiums of hot-humid regions of China, has been chosen. The PTS

model is formulated in Equation (4-2) and the scale is shown in Table 5-1.

PTS = —5.127 + 0.201T,, + 0.001x — 0.045v + 0.002M — 1.1841, (4-2)

where PTS is the Predicted Thermal Sensation; Top is the operative temperature in °C; x
is the humidity ratio in g/kg’; v is the air velocity in m/s; M is the metabolic rate in W/m?;

I is the clothing insulation in clo.

Table 5-1 Scale of PTS model

-3 -2 -1 0 +1 +2 +3
Extremely Slightly Slightly Extremely
Cold Comfortable Hot
cold cold hot hot

5.2.3 Principles of orthogonal experiment

Orthogonal experiment is a systematic and statistical method for achieving the
optimization of multiple factors with different levels of values?!. These standard arrays
provide the way of conducting the minimal number of experiments which could give the
full information of all the factors that affect the performance parameter. The orthogonal

table is the foundation of the orthogonal experiment, as shown in Equation (5-1).
L (m") (5-1

Where L is the symbol of the orthogonal table; n is the number of trials arranged in the

orthogonal experiment; m is the number of levels; k is the number of factors.
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5.2.3.3 Range analysis

As the appropriate analysis methods for the orthogonal experiment, two method are
introduced, range analysis and variance analysis. Range analysis aims to detect the levels
of different influential factors on indices, as shown in Equation (5-2). In this analysis,

the larger value of R;, the greater importance of the factor.
R] = max(k]-i) - mln(kll) (5-2)

Where R; is the range of values between the maximum and minimum values of kj;. kji is
the average value of the sum of the experimental results at all levels (i,i=1,2,3) of each

factor (j, j=A, B, C, D, E, F).
5.2.3.4 Variance analysis

For further analysis, the variance analysis can be used to determine the influences from
experimental conditions, errors and the significant of factors. In the variance analysis,
the sum of the squared deviation (SS), the degree of freedom (df) and the variance of the
factor or error (V) are expressed as Equation (5-3) and (5-4). The F value is compared
to a critical value of a significant level, which is normally set at 0.05. The impact of the
selected factor on the test results is considered to be significant if it is greater than the

critical value, and vice versa.
SS = Yr=1(Wx —w) (5-3)
V = SS/df (5-4)

Where SS is the sum of the squared deviation; W, is the results of each trial
(k,k=1,2,3, ......,n); w is the arithmetic average of W, ; dfis the degree of freedom; V

1s the variance of the factor.
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5.2.4 Statistical analysis

In this study, the research process begins with the orthogonal experimental design, then
conducts the simulation of the trails in orthogonal experiments, finally analyzes the
optimization result in the aspect of thermal comfort. As the simulation in FlowDesigner
only outputs the values of air temperature, surface temperature, relative humidity and

air velocity, a further calculation should be conducted to obtain the PTS value.

The PTS equation, as shown in Equation (4-2), contains five parameters: operative
temperature (Top), humidity ratio (x), air velocity (v), metabolic rate (M) and clothing
insulation (I.;). The operative temperature (Top) can be calculated as Equation (5-5) and
the mean radiant temperature is calculated as Equation (5-6)*?. The humidity ratio (x)
is calculated by the relative humidity (¢), as shown in Equation (5-7). The metabolic
rate is calculated by the formula of heart rate following the ISO8996%%. Since the
exercising state in gymnasium is the premise of the study, the average value of 300W/m?
collected from the previous field survey is applied in this paper. The clothing insulation,
calculated from ASHRAE Standard 55-2017%, is 0.22clo for the subjects exercising in

gymnasium at hot and humid climate.

Top = AT, + (1 — AT, (5-5)

Tr = XN=1(TnFp_n) (5-6)
_ @fs

x=0.622 = - (5-7)

Where Top is the operative temperature in °C; A is a coefficient as a function of the
average air velocity”); T, is the air temperature in °C; T, is the mean radiant
temperature in °C; Ty is the surface temperature of surface (N) in °C; Fp_y is the
angle factor between a person (p) and surface (N); x is humidity ratio in g/kg’; ¢ is
relative humidity in %; f; is saturated water vapor pressure in Pa; P is atmospheric

pressure in Pa.
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5.3 The initial model of gymnasium in hot-humid region of China

5.3.1 The conditions of gymnasium in Guangzhou City

The basic for optimizing the gymnasium form is first to realize the conditons of
gymnasiums exhaustively. To obtain the architectural parameters of gymnasiums,
investigation was carried out around 15 naturally ventilated gymnasiums in Guangzhou.
The investigation includes the building size, audience capacity, auditorium layout,
building material and the characteristics of the architectural forms. Table 5-2 gives the
building conditions of investigated gymnasiums, presenting that the gymnasium sizes
are medium in major with around 3000~6000 seats and two-sided auditorium. Most of
the gymnasiums are built by the material of reinforced concrete. In terms of the window
position, most of the windows in investigated gymnasiums are at the height of the walls.
As the window-to-wall ratio (WWR) stipulating less than 0.7 in public buildings
according to the relevant regulations of China’*¥, the WWR in most investigated
gymnasiums achieve this standard and 10 of them even less than 0.3. In the aspect of
roof slope, 8 gymnasiums are horizontal roofs and 7 are slope roofs. Since the shading
is important in southern China, overhanging eaves are built in most of the gymnasiums

with different depths.

5.3.2 Plan layout of the initial model

Abstracting the main parameters from the investigated gymnasiums in Guangzhou, an
initial model of gymnasium is built up and the plan layout are shown in Fig.5-3. The
gymnasium model is settled in medium size with a total area of 3150m?. There are two
sides auditorium in it, with 3688 seats. The building material is reinforced concrete and
the external walls are 0.3m in thickness. Windows are built on the high position of the
south wall and north wall. Although the WWR of the investigated gymnasiums are
around 0.3, the openable and transparent windows are few. Thus, the WWR of initial
model is set in 0.1 as the windows are all openable and transparent. In addition, the roof

of initial model is horizontal, while the depth of overhanging eave is 1 meter.
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Table 5-2 The conditions of naturally ventilated gymnasium in Guangzhou City

Parameter Situation Percentage
Medium 8/15
Size

Small 7/15
3000~6000 8/15

Audience capacity (seat)
<3000 7/15
<2 9/15

Auditorium layout (side)
>2 6/15
Reinforced concrete 14/15

Building material

steel 1/15
<I5 10/15

Building height (meter)
>15 5/15
Height of the walls 8/15
Bottom of the walls 2/15

Main window position Both height and bottom of the
2/15
walls
On the roof 3/15
window-to-wall ratio <0.3 10/15
(WWR) 0.3~0.7 5/15
Horizontal roof 8/15
Roof slope Single slope 3/15
Multi-slope 4/15
Without overhanging eave 2/15
Overhanging eave

With overhanging eave 13/15
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Fig.5-3 Plan layout of the initial gymnasium model
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5.3.3 Simulation of the initial model

The FlowDesigner is used to simulate the thermal parameters of the initial model over a
month (August) period on an hourly basis. The weather data for simulation is obtained
from the Energy Plus®>. As the gymnasium is a place for sport, the simulation zone of
initial model is the competition field, rather than the audience area. The simulated and
calculated results of operative temperature, humidity ratio, air velocity and the PTS
values are shown in Fig.5-4. The settings in initial model simulation are used for further

simulations of optimization.

Fig.5-4 presents that the indoor operative temperature of initial model ranges from
27.02°C to 32.27°C in August, with an average value of 29.29°C and the humidity ratio
changes from 19.08g/kg’ to 21.16g/kg’, with an average value of 20.16g/kg’, which is
consistent with the features of the hot-humid climate. In addition, the average air
velocity is 0.21m/s, meeting the requirement of wind speed for sports. In the aspect of
PTS value, the average PTS is 1.11, which represents “slightly hot” in thermal sensation.
Furthermore, the maximum value reaches 1.71, which close to “hot” in thermal sensation,
indicating that the indoor thermal comfort of initial model is not effective, and the

measures should be taken to improve the thermal comfort in summer days.

5.4 Parameter analyses and optimization

In order to propose an optimal strategy of architectural form for indoor thermal comfort
of gymnasiums, the factors and corresponding levels of architectural form that affecting
thermal comfort of gymnasium are selected based on the initial model in this section.
Later, the simulations are conducted in FlowDesigner followed by the trails generated
from the orthogonal experimental design. After obtains the thermal environment data
from simulations, the PTS values can be calculated. Through the range analysis and
variance analysis of PTS values, the optimized architectural form of gymnasium is

suggested.
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Fig.5-4 Simulated and calculated results of initial model of gymnasium

5.4.1 Simulation factors and levels of orthogonal experiment

There are many factors of architectural form that influence indoor thermal comfort of
gymnasium. According to the initial model and the previous researches, six parameters
of gymnasium form are addressed in this study. Factor A is main window position, Factor
B is south WWR, Factor C is north WWR, Fator D is roof insulation type, Factor E is

roof slope and Factor F is depth of overhanging eave. These six parameters are taken as
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the factors of orthogonal experiment and three levels are chosen for each factor. The

orthogonal experiment is shown in Table 5-3.

Table 5-3 Factors and corresponding levels of orthogonal experiment

Factor

Level 1

Level 2 Level 3

A: Main window

position

B: South WWR

C: North WWR
D: Roof insulation

type
E: Roof slope

F: Depth of

overhanging eave

High at the south

and north wall

10%
10%

Single reinforced

concrete roof

Horizontal roof

1m

Low at the south ~ High at the south

wall and high at wall and low at

the north wall the north wall

20% 30%

20% 30%

Double reinforced  Single insulated
concrete roof roof
Rise from south  Rise from north to

to north south

Sm 9m

(1) Factor A: The window position affects the natural ventilation, thermal comfort as

well as even energy consumption. In previous researches, Prakash?® identified a new

set of strategies to locate the window openings which could reduce the PMV by

0.12%. Kim et al.*”’ demonstrated that the buildings achieve the lowest energy

consumption when the windows located in the middle height in all orientations. As

the wind direction in Guangzhou is mainly from southeast to northwest, the window

position on south and north is more valuable to study than that on east and west. The

three levels in factor A in this study are different positions of main windows that

selected from the result of investigation and the relevant researches.

(2) Factor B and C: As a significant factor affecting on indoor thermal environment, the

WWR plays an important role in architectural design. There are extensive researches

and efforts focused on the WWR up to now. Goia et al.?® conducted simulation to
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analyse the indoor thermal performances of office buildings and the results indicated
that the optimal WWR is from 30% to 45%. Wen et al.*® took the indoor air
temperature as the parameter to evaluate the optimal WWR and proposed a WWR
maps for the architectural design in the early stages. According to the relevant
researches and regulations of China, as well as the investigation in Guangzhou, the

WWR in the study are chosen in three levels, 10%, 20% and 30%.

(3) Factor D: The heat gain from the solar radiation is a key problem in the buildings in
south of China. Since the roof surfaces are the main positions absorbing radiant heat,
the insulation measures of roofs are critical. Zingre et al.>® compared the thermal
performances between the double skin roof and the insulated roof in Singapore,
found that the double roof performs better in reducing heat gain into the building
during daytimes. Susanti et al.>" analysed the influences of cavity ventilation on the
operative temperature in Japanese climate and found that the naturally ventilated
cavity roof was superior to the single roof in decreasing the operative temperature. In
this study, three types of roof are selected to discuss the optimum for the gymnasiums
in hot and humid climate. The single skin roof is the ordinary reinforced concrete
roof without any passive cooling; the double skin roof'is with an air cavity of 500mm
thickness inside; the insulated roof composes of reinforced concrete and an

insulation board of 20 mm thickness.

(4) Factor E: Roof slope can regular the natural ventilation and cooling effect. Li et al.>?
investigated effect of different influencing parameters on thermal performance of
naturally ventilated roofs and found that the roof slope plays an important role in the
thermal performance of ventilated roof. Since the wind direction in Guangzhou is
southeast-to-northwest, the three levels of roof slope in this study are mainly

consider the south-north direction.

(5) Factor F: The overhanging eave influences natural ventilation and shading, as well
as heat insulation. Li'” simulated the symmetrical and unsymmetrical models of a

gymnasium in Guangzhou, recommended adjusting the width and angle of the
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overhanging eaves of the gymnasiums to improve the thermal performance. Due to
most of the investigated gymnasiums in Guangzhou own overhanging eaves on the

roofs, the three levels of factor F are different in the depth of overhanging eave.

5.4.2 Range analysis

Since the six factors (A~F) and three levels (1~3) for each factor are selected for the
orthogonal experiment, the orthogonal table L18 (3°) is adopted according to the
principle of orthogonal experiment. Then the 18 tests are generated and simulated in
FlowDesigner to obtain the thermal environment data and the PTS data. Table 5-4
illustrates the range analysis results for the influence of different factors on the thermal
comfort (PTS). By comparing the R; values of each factor, the influence of the six factors
on PTS are ranked as follow: D>A=E>F>C>B. The most influential factor on thermal
comfort in gymnasium is the roof insulation type. Then follow by the main window

position, roof slope, depth of overhanging eave, north WWR and south WWR.

5.4.3 Correlation between factors and the PTS

The correlations between the six factors (A~F) and the PTS are presented in Fig.5-5. It
illustrates the influence rules of factors levels on the PTS in the process of optimization
of architectural form. Taking factor A as an example, the PTS value in Level 1, 2 and 3
1s 1.031, 0.994 and 1.084 respectively. As the value in Level 2 achieves the lowest, Level
2 is the optimum for Factor A. In the same way, Factor B, C, D, E and F achieve the
lowest PTS values in Level 3, Level 3, Level 2, Level 1 and Level 3 respectively. Thus,
combining the optimal level of each factors, the optimum combination of gymnasium
form is A2B>C3D2E F3, which means the main windows are at the low position of the
south wall and at the high position of the north wall; the south WWR is 20% and the
north WWR is 30%; the roof is horizontal in double reinforced concrete and the

overhanging eave is deep in 9m.
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Table 5-4 Results and range analysis of the orthogonal experiments

Factor
Test number Result of PTS
A B C D E F
1 1 1 1 1 1 1 1.110
2 1 2 2 2 2 2 0.924
3 1 3 3 3 3 3 0.984
4 2 1 3 1 2 2 1.119
5 2 2 1 2 3 3 0.892
6 2 3 2 3 1 1 0.965
7 3 1 2 2 1 3 0.913
8 3 2 3 3 2 1 1.065
9 3 3 1 1 3 2 1.299
10 1 1 2 3 3 2 1.182
11 1 2 3 1 1 3 1.022
12 1 3 1 2 2 1 0.961
13 2 1 3 2 3 1 0.907
14 2 2 1 3 1 2 1.030
15 2 3 2 1 2 3 1.053
16 3 1 1 3 2 3 1.087
17 3 2 2 1 3 1 1.227
18 3 3 3 2 1 2 0.912
Ki 6.183  6.318 6.379 6.830 5.952 6.235
K2 5966 6.160 6.264 5509 6.209 6.466
K3 6.503 6.174 6.009 6313 6.491 5.951
ki 1.031 1.053 1.063  1.138 0.992 1.039
ko 0.994  1.027 1.044 0918 1.035 1.078
ks 1.084 1.029 1.002 1.052 1.082 0.992
R 0.090 0.026 0.062 0.220 0.090 0.086

Factor ranking

D>A =E>F>C>B
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Fig.5-5 Correlations between the factors and the PTS

5.4.4 Variance analysis

Table 5-5 presents the results of the variance analysis. The sum of the squared deviation
(SS), the degree of freedom (df), the variance of the factor (V) and F value (F) have been
calculated according to the regulation of variance analysis in orthogonal experiment. By
comparing the F values of each factor to the critical value F(o.05), Roof insulation type is
the most significant factor influencing the thermal comfort. The factors of main window
position, roof slope, depth of overhanging eave, north WWR and south WWR are less

significant than the factor of roof insulation type.

5.5 Discussion on the optimization effects

5.5.1 Optimized model versus initial model

Comparing with the initial model of gymnasium, the optimized model of gymnasium
improves a lot, as list in Table 5-6. The change of window position as well as WWR

improve the natural ventilation as the indoor average air velocity increases from 0.21m/s
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Table 5-5 variance analysis of the PTS

Factor SS df \Y F F 005y  Significance
A 0.024 2 0.012 0.721 3.74
B 0.003 2 0.002 0.090 3.74
C 0.012 2 0.006 0.361 3.74
D 0.148 2 0.074 4.446 3.74 *
E 0.024 2 0.012 0.721 3.74
F 0.022 2 0.011 0.661 3.74
Deviation 0.231 14 0.016

Table 5-6 Comparison of gymnasium form and indoor thermal performance between

initial model and optimized model

Parameters

Initial model

Optimized model

Window position

WWR

Roof insulation type

Roof slope

Depth of overhanging eave

Indoor avg. operative

temperature

Indoor avg. humidity ratio
Indoor avg. air velocity

Indoor avg. PTS

High at the south and

north walls

South and north for 10%

Single reinforced

concrete roof

Horizontal roof

Im

29.30°C

20.16 g/kg’
0.21m/s

1.11 (Slightly hot)

Low at the south wall and

high at the north wall
South for 20%
north for 30%
Double reinforced

concrete roof

Horizontal roof

9m

28.21°C

20.15 g/kg’
0.77m/s

0.86 (Comfortable)
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to 0.77m/s in summer days. As a significant factor, the double skin roof in optimal model
improve the thermal performances, the indoor average operative temperature decreases
from 29.3°C to 28.21°C and the PTS drops from 1.11 (slightly hot) to 0.86 (comfortable).
Fig.5-6 shows the variation of indoor average PTS values in initial model and optimized
model during a day in August. The average PTS values in optimized model are slight
lower than that in initial model before 11am, then the gap between them is growing to
around 0.7 until midnight. It indicates that the optimized architectural form of
gymnasium would improve the indoor thermal comfort to some extent, and such

optimized gymnasiums would be beneficial for the people and cities.
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Fig.5-6 Variation of the average PTS values in initial model and optimized model

5.5.2 Practical implication

The analyses in this study indicate that the roof insulation is the most influential factor
on thermal comfort in gymnasiums at hot and humid climate. Furthermore, the
optimized architectural form of gymnasium has been achieved by the orthogonal
experiment. This study expands the application of orthogonal experiment to multi-factor

research on gymnasium design. By conducting a limited number of experiments in the
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orthogonal array, full information of factors is effective obtained. This method, as
minimizing the effort and time during analyze, can be an alternative approach for
integrated architectural design. The results in this study, can provide as a technical
reference for the gymnasium design, as well as a guideline for the research of similar

type of architecture located in regions with climates.

5.6 Summary

This chapter has conducted an orthogonal design to provide an optimization analysis of
the gymnasium form on indoor thermal comfort at hot-humid climate. The orthogonal
experiments are applied assisted by field investigation and simulations with the
FlowDesigner. The results are analyzed using range analysis and variance analysis, and

the main conclusions are summarized.

1) 729 experiments have been dramatically decreased to 18 tests by the method of

orthogonal experiment.

2) The range analysis and variance analysis demonstrate that the roof insulation type

influents the most significantly on the thermal comfort in gymnasiums.

3) In terms of thermal comfort of gymnasium, the optimized architectural form turns
out to be the combination of the windows at the low position of south wall and at
the high position of north wall; 20% for south WWR and 30% for north WWR;
horizontal roof with double reinforced concrete and the overhanging eave with the

depth of 9m.

4) The findings benefit building designers and researchers to determine the key
parameters in the gymnasium design and to improve the indoor thermal comfort as

well as energy efticiency.
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Chapter 6

Conclusions and suggestions
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6.1 Conclusions of this study

6.1.1 From the perspective of thermal comfort models

In Chapter 2, the correlation between the PMV model and the SET* model and the effect
of thermal parameters on them are preformed. Firstly, the relationship between PMV
and SET* in the case of 0.5clo (summer), Iclo (winter) and total (a whole year) have
been obtained by the regression of 3360 samples in the imaginary standard condition.
Secondly, the frequency distribution of PMV and SET* are presented and the
correspondence between PMV and SET* shows that it only meaningful to the
calculation results, instead of the thermal parameters involved in the calculation. In
addition, the effect of thermal parameters on PMV and SET* indicate that the values of
PMV and SET* are principally affected by the air velocity at low operative temperatures
and affected by the relative humidity at high operative temperatures in the sedentary
condition. However, with the increase of the metabolic rate, the values of SET* are only
affected by relative humidity. Furthermore, the values of PMV and SET* increase with
the increase of clothing insulation while the increasing rates lower and the difference
between PMV and SET* gets smaller with the increasing clothing insulation. Finally,
the thermal comfort zones are analyzed by two different methods. Compared with the
comfort zones by Graphic Comfort Zone Method, the comfort zones by Analytical
Comfort Zone Method are more extensive and mainly extend to the left and above thanks

to the increase of the metabolic rate and relative humidity.

6.1.2 From the perspective of field survey in gymnasiums

In Chapter 3, a field survey on the thermal sensation under basketball game was carried
out in three naturally ventilated gymnasiums in Guangzhou, China. A total of 372 valid
data regarding indoor thermal environments, human physiology and thermal sensation
of subjects has been collected. During the survey, the thermal environment parameters
ranged from 24.97°C~35.65°C in outdoor air temperature, 25.04°C~35.53°C in indoor

air temperature, 23.86°C~36.84°C in mean radiant temperature, 12.32g/kg’~23.67g/kg’
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in humidity ratio and Om/s~1.64m/s in air velocity. In addition, the clothing insulations
were 0.22clo and 0.22clo / 0.29clo for males and females. In terms of human physiology,
the metabolic rate of subjects during basketball play (the average is 334.24W/m? for
males and 274.01 W/m? for females) was higher than that during the preparation and rest
state. The blood pressure of subjects during basketball play (the average is 124mmHg
for males and 123mmHg for females) was slightly higher than that during preparation
and rest, which is consistent with the trend in the metabolic rate of subjects. Moreover,
the mean skin temperature was 37.13°C in the stage of preparation, then declined slightly
during basketball game, which lies mainly in the cooling by evaporation of sweat and
the cutaneous vasoconstriction response to exercise. Besides, the skin temperatures were
different in terms of gender. Finally, the TSV of subjects during basketball play highly

differed to that during preparation and rest.
6.1.3 From the perspective of PTS model

In Chapter 4, the influences of thermal environment and human physiology on thermal
sensation under exercise state have been analyzed. The thermal sensation vote (TSV)
rose with the rise in the air temperature, mean radiant temperature and humidity ratio,
while decreases with an increase in the air velocity. When considering the physiological
parameters, the average values of the metabolic rate, systolic blood pressure and skin

temperature are positively correlated with the TSV.

Besides, basing on the field survey in Chapter 3, the Predicted Thermal Sensation (PTS)
model has been developed, as shown below. Furthermore, the rationality and accuracy
of this model were validated by conducting a field survey by the same method in other
two naturally ventilated gymnasiums in Guangzhou from summer to winter. This model
can provide a theoretical reference for the study of thermal comfort under high-intensive

sport activities in gymnasiums in hot-humid regions of China.

PTS = —=5.127 + 0.201T,,, + 0.001x — 0.045v + 0.002M — 1.1841
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where PTS is the Predicted Thermal Sensation whose values range from -3 to 3; Top is
the operative temperature in °C; x is the humidity ratio in g/kg’; v is the air velocity in

m/s; M is the metabolic rate in W/m?; 1 is the clothing insulation in clo.

6.1.4 From the perspective of optimal gymnasium form

In Chpater 5, an orthogonal design has been conducted to provide an optimization
analysis of the gymnasium form of the indoor thermal comfort at hot and humid climate.
The orthogonal experiments are applied assisted by field investigation and simulations
with the FlowDesigner. By using the method of orthogonal design, 729 experiments
have been dramatically decreased to 18 tests. The results are analyzed using range
analysis and variance analysis, which demonstrate that the roof insulation type influents
the most significantly on the thermal comfort in gymnasiums. Finally, the optimized
architectural form turns out to be the combination of the windows at the low position of
south wall and at the high position of north wall; 20% for south WWR and 30% for north
WWR; horizontal roof with double reinforced concrete and the overhanging eave with
the depth of 9m. The findings benefit designers and researchers to determine the key
parameters in the gymnasium architectural design at hot and humid climate and to

improve the indoor thermal comfort as well as energy efficiency.

6.2 Suggestions for the future study

Although this study investigated and analysed the thermal environment, human
phosiology and thermal sensation of athletes partaking in high-intensive exercise in
gymnasium, and optimized the gymnasium form for thermal comfort at hot-humid
climate by the method of orthogonal experiment and simulation, there are still some

limitations.

In the case of field survey on thermal comfort, the small sample size of the study may
affect the reliability of results and only basketball players were investigated in this study,

whose personal performances and thermal sensation are concerned with the
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characteristics of this sport. Nevertheless, subjects for other sports are not measured, so
that the results in this study are limited to the scope of application. Besides, the survey
plan should be more rigorous for the impact of different sport intensities on subjects’
physiology and subjective perception. Therefore, further precise studies on the field
survey of thermal comfort in gymnasiums should be done, focusing on different
locations and the discussion on the types of sports, as well as the detailed survey plan,

so as to validate the scope of the model developed in this study.

In the case of analysis on gymnasium form, six factors and three levels has been
considered in this study. For the sake of comprehensive analysis between architectural
form and thermal comfort, more related factors and levels of architectural form of
gymnasim should be considered in the further studies. Furthermore, the correlations
between the factors should also be assessed in the future, to improve the feasibility of
the optimization for the thermal comfort in gymnasiums at hot and humid climate. In
addition, as the roof insulation type is an important factor in gymnasiums, more details
related to it (such as the thermal conductivity, capacity and green roof) could be analyzed

as well.
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Appendixes

A. Questionnaire of the field survey

(Translated into English)
Thank you for your cooperation. Please note that this survey is conducted following the
guidelines of human-research ethics in China and approved by the management
departments of measured gymnasiums. Before the survey, we will evaluate whether you
are suitable to participate in. Once the evaluation is passed, please confirm that you are
willing to participate in the survey voluntarily. Personal injury and property loss caused
by personal body and other personal reasons shall be borne by the individual.

o Agree o Disagree

Date Location

1) Personal information
Gender Age
Height (cm) Weight (kg)

Time of local living (year)

Exercise time per week (hour)

2) Personal situation
Current clothing (photograph) top: bottom:

Diseases not suitable for strenuous exercise (such as heart disease, hypertension, etc.):
No Yes, I have
Alcohol intake within 24 hours: No Yes

3) Thermal sensation vote
Start time End time

Preparation Basketball play Rest
00:10 00:20 00:30 00:40 00:50 00:60

-3, Extremely cold
-2, Cold
-1, Slightly cold
0, Comfortable
+1, Slightly hot
+2, Hot
+3, Extremely hot
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B. Data of field survey during basketball exercise

Date | Gender Qutdoor ?ndoor Mean radiant Humi.dity Air. Metabolic .Clothi.ng Mean skin SBP DBP | TSV

air temp. | air temp. temp. ratio velocity rate insulation temp.

Y/M °C °C °C g/kg' m/s W/m? clo °C mmHg | mmHg
2019/8 | female 31.84 33.31 33.07 20.35 0.06 265 0.22 37.33 125 80 1.25
2019/8 | female 32.46 34.49 34.16 23.55 0.04 269 0.22 37.39 122 78 2
2019/8 | female 34.93 34.13 35.23 23.86 0.20 271 0.22 37.24 124 75 2.25
2019/8 | female 34.49 35.05 35.83 25.32 0.06 295 0.22 37.38 127 82 2.75
2019/8 | female 31.91 33.13 32.45 23.67 0.10 256 0.22 37.57 126 82 1.75
2019/8 | female 31.98 33.16 32.46 22.72 0.05 242 0.22 37.51 125 80 1.25
2019/8 | female 35.65 35.53 34.73 22.71 0.32 272 0.22 37.67 126 81 2.25
2019/8 | female 35.41 35.34 34.33 22.69 0.72 260 0.22 37.47 124 86 2.25
2019/8 | female 29.30 31.02 31.16 17.74 1.05 272 0.22 37.23 127 86 1
2019/8 | female 29.80 31.36 31.41 20.16 0.73 264 0.22 37.29 126 82 1.25
2019/8 | female 30.73 32.04 31.14 20.14 1.05 250 0.29 37.29 125 80 1.25
2019/8 | female 31.11 32.59 31.30 20.28 1.02 262 0.29 37.17 126 81 1.5
2019/8 | female 29.79 31.06 30.55 20.40 0.03 289 0.22 37.44 121 76 1.25
2019/8 | female 29.60 31.15 30.57 20.65 0.02 307 0.22 37.64 119 74 1.25
2019/8 | female 29.13 30.38 31.03 16.82 0.03 229 0.22 37.10 121 75 1
2019/8 | female 30.95 31.45 32.34 18.18 0.10 244 0.22 37.24 119 83 1.25
2019/8 | female 31.87 33.68 31.05 21.42 0.07 275 0.22 37.33 120 80 1.75
2019/8 | female 29.76 31.03 30.70 17.46 0.02 228 0.22 37.07 122 86 1
2019/8 | female 31.66 32.54 32.20 19.02 0.08 307 0.22 37.57 118 85 1.5
2019/8 | female 32.43 33.05 32.78 20.84 0.02 295 0.22 37.27 125 84 1.75
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2019/9 | female 32.59 33.16 32.82 21.20 0.04 259 0.22 37.58 123 85 1.75
2019/9 | female 33.40 33.51 33.12 20.95 0.03 260 0.22 37.63 123 85 1.75
2019/9 | female 33.80 33.80 33.31 23.11 0.01 254 0.22 37.67 121 84 2

2019/9 | female 34.00 34.25 33.86 23.49 0.02 313 0.22 37.69 123 81 2

2019/9 | female 30.98 31.31 31.51 21.01 0.20 198 0.22 37.33 122 84 1.25
2019/9 | female 31.23 31.40 31.27 20.79 0.28 192 0.22 37.36 122 84 1.25
2019/9 | female 33.79 33.36 32.93 18.18 0.23 296 0.22 37.51 124 86 1.5
2019/9 | female 34.13 34.19 33.08 17.66 0.75 289 0.22 37.30 127 86 1.5
2019/9 | female 29.80 31.55 31.54 18.45 0.02 237 0.22 37.07 126 82 1.25
2019/9 | female 29.80 31.88 31.27 19.35 0.03 263 0.22 37.24 125 80 1.25
2019/9 | female 32.80 33.25 32.72 21.91 0.24 234 0.22 37.63 126 81 1.75
2019/9 | female 32.70 33.32 33.16 21.20 0.35 263 0.22 37.58 124 86 1.75
2019/9 | female 29.00 28.75 28.61 16.26 0.64 267 0.29 36.54 127 86 0.75
2019/9 | female 29.83 29.70 29.39 16.12 0.27 265 0.29 36.74 126 82 0.5
2019/9 | female 30.97 30.52 29.97 18.21 0.93 227 0.22 37.32 125 80 0.75
2019/9 | female 29.77 29.45 29.13 17.58 1.01 220 0.22 37.20 126 81 0.75
2019/9 | female 27.46 26.89 26.93 18.26 0.14 211 0.22 36.18 121 76 0.5
2019/9 | female 27.39 27.20 27.18 18.30 0.31 231 0.22 36.66 119 74 0.5
2019/9 | female 28.16 28.65 28.31 19.92 0.11 209 0.22 36.57 121 75 0.5
2019/9 | female 27.90 28.23 27.67 20.04 0.10 203 0.22 36.60 122 74 0.5
2019/10 | female 29.70 29.38 28.96 17.75 0.47 313 0.22 36.90 121 74 0.75
2019/10 | female 29.79 29.76 29.05 17.54 0.30 297 0.22 36.90 121 75 1

2019/10 | female 28.54 28.54 28.36 14.73 0.44 355 0.22 36.62 119 77 1.25
2019/10 | female 28.89 28.89 28.85 14.67 0.28 345 0.22 36.26 122 76 1.25
2019/10 | female 29.15 30.93 30.65 14.91 0.05 261 0.22 37.00 123 81 1

2019/10 | female 29.21 30.59 30.41 14.79 0.18 268 0.22 36.87 125 80 0.75
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2019/10 | female 26.35 27.31 27.88 17.97 0.58 210 0.22 36.84 119 83 0.5
2019/10 | female 25.79 26.98 27.18 18.83 0.42 227 0.22 36.53 120 80 0.25
2019/10 | female 28.71 29.71 29.84 13.00 0.20 297 0.29 36.89 118 86 1.25
2019/10 | female 28.61 29.61 29.72 13.21 0.21 285 0.29 36.89 118 85 0.75
2019/10 | female 26.26 26.60 25.96 13.34 0.33 325 0.22 36.23 125 84 1

2019/10 | female 27.40 27.40 26.64 13.51 0.54 313 0.22 36.50 123 85 1.25
2019/10 | female 28.14 29.76 29.41 13.60 0.12 295 0.22 37.20 123 85 1.25
2019/10 | female 28.83 30.01 29.62 13.59 0.04 268 0.22 37.16 121 84 1.5
2019/10 | female 25.90 25.77 24.47 12.76 0.77 259 0.22 36.62 122 82 0.5
2019/10 | female 25.53 25.25 24.70 12.10 0.50 291 0.22 36.40 123 82 0.25
2019/10 | female 26.95 27.43 28.12 14.60 0.22 280 0.22 36.70 121 84 0.75
2019/10 | female 28.06 28.46 28.64 16.47 0.21 230 0.22 36.80 119 85 1

2019/10 | female 27.13 28.12 27.76 15.68 0.07 261 0.22 36.68 121 81 0.5
2019/10 | female 27.67 28.88 28.42 15.89 0.03 276 0.22 36.83 120 84 0.75
2019/8 | male 31.19 32.39 31.97 21.50 0.04 292 0.22 37.49 128 82 1.25
2019/8 | male 31.85 33.33 33.10 20.38 0.11 273 0.22 37.40 127 80 1.25
2019/8 | male 31.74 33.60 33.09 22.10 0.02 318 0.22 37.76 123 83 1.5
2019/8 | male 31.50 33.04 32.37 23.39 0.05 330 0.22 37.56 124 80 1.5
2019/8 | male 31.19 31.93 31.95 19.75 0.40 355 0.22 37.25 122 84 1.5
2019/8 | male 31.85 32.99 33.24 19.65 0.13 314 0.22 37.40 123 80 1.5
2019/8 | male 31.59 32.41 31.46 19.71 0.47 253 0.22 36.49 127 81 0.75
2019/8 | male 32.10 32.94 32.31 19.36 0.50 264 0.22 36.80 128 82 1

2019/8 | male 32.67 33.56 32.78 19.68 0.35 329 0.22 37.25 127 82 1.5
2019/8 | male 33.55 34.01 33.91 19.37 0.26 296 0.22 37.22 125 80 1.75
2019/8 | male 30.25 31.08 30.68 21.02 0.11 325 0.22 37.10 126 77 1

2019/8 | male 30.76 31.90 31.53 19.78 0.15 295 0.22 37.31 127 79 1.25
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2019/8 | male 29.99 29.91 29.69 20.62 0.36 338 0.22 37.02 128 80 1
2019/8 | male 30.23 30.48 30.04 20.43 0.64 335 0.22 37.18 127 81 1
2019/8 | male 31.36 32.50 31.97 19.87 0.02 316 0.22 37.46 124 82 1.5
2019/8 | male 33.74 35.10 33.75 19.81 0.01 398 0.22 37.42 123 85 2.25
2019/8 | male 33.25 34.55 33.84 20.47 0.03 385 0.22 37.35 122 86 2
2019/8 | male 32.89 33.75 33.10 20.40 0.07 358 0.22 37.30 124 86 1.5
2019/8 | male 33.01 33.41 33.04 17.29 0.13 394 0.22 37.39 123 83 1.75
2019/8 | male 32.54 32.86 32.51 17.72 0.09 380 0.22 37.36 124 79 1.75
2019/9 | male 31.56 32.21 31.74 19.92 0.02 309 0.22 37.26 128 82 1
2019/9 | male 30.73 31.24 30.87 19.44 0.02 281 0.22 37.24 128 80 1
2019/9 | male 33.80 33.60 33.18 20.79 0.03 330 0.22 37.64 127 81 1.75
2019/9 | male 32.59 33.16 32.31 21.20 0.04 309 0.22 37.46 124 82 1.5
2019/9 | male 34.36 33.97 33.11 18.16 0.36 372 0.22 37.51 123 85 1.75
2019/9 | male 33.92 33.65 33.15 17.87 0.23 339 0.22 37.25 122 86 1.75
2019/9 | male 33.93 34.53 33.85 20.09 0.10 310 0.22 37.34 124 86 2
2019/9 | male 32.54 33.37 3291 19.41 0.04 331 0.22 37.51 123 83 1.75
2019/9 | male 32.84 33.41 33.07 19.24 0.07 384 0.22 37.32 117 85 1.75
2019/9 | male 33.46 33.68 33.34 18.91 0.04 380 0.22 37.21 121 86 1.75
2019/9 | male 28.69 29.66 29.50 19.00 0.04 341 0.22 37.21 126 84 1
2019/9 | male 29.28 30.60 30.56 19.03 0.03 314 0.22 36.69 124 79 0.75
2019/9 | male 33.00 33.31 32.71 16.44 1.22 316 0.22 38.13 128 82 1.25
2019/9 | male 32.96 33.28 32.28 16.39 1.24 258 0.22 37.80 127 80 1.25
2019/9 | male 26.13 27.51 26.83 15.36 0.06 374 0.22 36.72 123 83 0.75
2019/9 | male 26.64 28.44 28.15 13.89 0.36 403 0.22 36.93 124 80 1
2019/9 | male 27.12 29.11 28.84 14.98 0.14 342 0.22 36.78 122 84 1
2019/9 | male 27.25 30.15 29.67 15.40 0.06 298 0.22 37.04 123 80 1
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2019/9 | male 30.25 30.65 29.81 18.72 0.43 318 0.22 37.08 127 81 1.5
2019/9 | male 30.52 30.97 30.24 18.55 0.31 313 0.22 37.20 128 82 1.25
2019/10 | male 29.63 29.60 29.20 16.65 0.41 310 0.22 36.84 127 82 0.75
2019/10 | male 29.92 29.80 28.82 16.15 0.38 301 0.22 36.95 125 80 1
2019/10 | male 26.90 27.00 26.34 13.60 0.51 323 0.22 36.89 126 77 0.5
2019/10 | male 26.70 26.80 26.39 13.99 0.46 323 0.22 36.66 127 79 0.25
2019/10 | male 26.81 26.60 26.30 13.93 0.67 423 0.22 36.54 123 75 1
2019/10 | male 27.69 27.21 26.78 14.01 1.26 387 0.22 36.17 122 77 0.75
2019/10 | male 27.50 28.80 28.79 13.08 0.34 399 0.22 36.71 121 83 1
2019/10 | male 26.25 27.95 27.78 13.00 0.37 312 0.22 36.49 124 83 0.75
2019/10 | male 25.65 25.65 25.72 12.98 0.42 339 0.22 36.40 123 85 0.25
2019/10 | male 26.59 26.59 26.25 14.46 0.28 326 0.22 36.65 123 84 0.5
2019/10 | male 28.05 29.60 29.33 12.91 0.06 303 0.22 36.75 124 83 1.25
2019/10 | male 28.40 29.70 29.49 12.93 0.14 259 0.22 36.80 124 82 0.75
2019/10 | male 25.76 26.36 26.30 12.30 1.64 289 0.22 36.91 120 82 0.5
2019/10 | male 25.65 26.01 25.64 10.99 1.39 280 0.22 36.60 123 83 0.25
2019/10 | male 27.88 27.85 27.49 13.11 0.69 412 0.22 36.63 123 86 1
2019/10 | male 27.90 28.04 27.61 13.20 0.68 375 0.22 36.69 123 85 1
2019/10 | male 28.71 29.22 30.29 16.82 0.15 329 0.22 36.92 124 86 1
2019/10 | male 28.61 2991 29.38 15.87 0.22 322 0.22 36.91 123 85 1
2019/10 | male 25.24 25.14 24.14 12.18 1.11 309 0.22 36.63 121 82 0.25
2019/10 | male 24.97 25.04 23.86 11.18 0.67 317 0.22 36.65 120 81 0.25
2019/10 | male 29.75 30.00 29.11 21.03 0.08 400 0.22 36.84 122 77 1.25
2019/10 | male 29.63 30.00 29.37 21.23 0.12 430 0.22 36.95 124 85 1
2019/10 | male 29.45 29.75 28.79 21.41 0.13 405 0.22 36.89 125 82 1
2019/10 | male 29.25 29.55 28.59 21.04 0.09 371 0.22 36.66 123 84 1
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C. Gymnasium models by the orthogonal design

Factor

and low at the north wall

concrete roof

L . South North . . Depth of
- 1Level Main window position WWR WWR Roof insulation type Roof slope overhanging eave
odae
Model 1 High at the south and o o Single reinforced :
(Initial model) north walls 10% 10% concrete roof Horizontal Im
Model 2 High at the south and 20% 20% Double reinforced Rise from south to north Sm
north walls concrete roof
Model 3 nghr?(t):t%evizﬁtsh and 30% 30% Single insulated roof | Rise from north to south 9m
Low at the south wall o 0 Single reinforced .
Model 4 and high at the north wall 10% 30% concrete roof Rise from south to north Sm
Low at the south wall o 0 Double reinforced .
Model 5 and high at the north wall 20% 10% concrete roof Rise from north to south 9m
Model 6 an]:lolg gi[ ;Itlfhseolllf)};t;lvilllall 30% 20% Single insulated roof Horizontal Im
High at the south wall o 0 Double reinforced .
Model 7 and low at the north wall 10% 20% concrete roof Horizontal om
Model 8 atlf;%gv:taihti:zgfﬂ:v \?}gu 20% 30% Single insulated roof | Rise from south to north Im
Model 9 High at the south wall 30% 10% Single reinforced Rise from north to south 5m
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High at the south and

Insulated roof in

Model 10 10% 20% . . Rise from north to south Sm
north walls single skin
Model 11 High at the south and 20% 30% Single reinforced Horizontal 9m
north walls concrete roof
Model 12 High at the south and 30% 10% Double reinforced Rise from south to north Im
north walls concrete roof
Low at the south wall o 0 Double reinforced .
Model 13 and high at the north wall 10% 30% concrete roof Rise from north to south Im
Model 14 an]:lolggi[ ;Itlfhseolllf)};t;lvilllall 20% 10% Single insulated roof Horizontal Sm
Low at the south wall o 0 Single reinforced .
Model 15 and high at the north wall 30% 20% concrete roof Rise from south to north 9m
Model 16 atlj;%cl)lv:taihti:zgfﬂ:v \?}gu 10% 10% Single insulated roof | Rise from south to north 9m
Model 17 High at the south wall 20% 20% Single reinforced Rise from north to south Im
and low at the north wall concrete roof
High at the south wall o 0 Double reinforced .
Model 18 and low at the north wall 30% 30% concrete roof Horizontal Sm
Optimized Low at the south wall o 0 Double reinforced .
model and high at the north wall 20% 30% concrete roof Horizontal om
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Model 1 (Initial model) Model 2

Model 3 Model 4
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Model 6

Model 5

Model 8

Model 7
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Model 10

Model 9

Model 12

Model 11
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Model 13 Model 14

Model 15 Model 16
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Model 18

Model 17

Optimized model
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D. Simulated data of gymnasium models

Model 1 (Initial model)
) Air Humidit Air Mean radiant | Operative
Time temp. ratio ’ velocity temp. I1:)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.88 19.83 0.32 27.29 27.04 0.65
3:00 27.01 19.78 0.29 27.39 27.16 0.68
4:00 27.01 19.66 0.28 27.38 27.16 0.68
5:00 27.00 19.45 0.27 27.37 27.15 0.68
6:00 26.99 19.24 0.26 27.34 27.13 0.67
7:00 26.98 19.08 0.25 27.32 27.12 0.67
8:00 26.98 19.31 0.24 27.31 27.11 0.67
9:00 26.87 19.90 0.28 27.25 27.02 0.65
10:00 27.10 20.39 0.27 27.71 27.35 0.72
11:00 28.74 20.63 0.15 28.98 28.86 1.03
12:00 28.78 20.67 0.13 29.47 29.12 1.08
13:00 28.85 20.52 0.12 30.08 29.46 1.15
14:00 28.84 20.35 0.11 30.71 29.78 1.21
15:00 29.15 20.49 0.19 31.51 30.33 1.32
16:00 29.18 20.92 0.18 31.91 30.54 1.36
17:00 29.20 21.16 0.17 32.28 30.74 1.41
18:00 29.23 21.13 0.16 32.66 30.94 1.45
19:00 29.53 20.91 0.15 33.18 31.36 1.53
20:00 30.00 20.56 0.14 33.47 31.74 1.61
21:00 30.23 20.23 0.31 34.66 32.00 1.65
22:00 30.17 20.03 0.27 34.93 32.08 1.67
23:00 30.11 19.92 0.25 35.24 32.17 1.69
0:00 30.06 19.89 0.25 35.58 32.27 1.71
Avg. 28.39 20.16 0.21 30.38 29.29 1.11
Model 2
) Air Humidi Air Mean radiant | Operative
Time temp. ratio Y velocity temp. It)emp. PTS
°C g/kg' m/s °C °C

1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.73 19.84 0.54 27.21 26.92 0.62
3:00 26.80 19.78 0.44 27.20 26.96 0.63
4:00 26.81 19.65 0.40 27.20 26.97 0.63
5:00 26.82 19.43 0.37 27.20 26.97 0.64
6:00 26.84 19.23 0.34 27.19 26.98 0.64
7:00 26.84 19.07 0.32 27.18 26.98 0.64
8:00 26.85 19.32 0.30 27.18 26.98 0.64
9:00 26.73 19.94 0.32 27.11 26.88 0.62
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10:00 27.13 20.41 0.32 27.51 27.28 0.70
11:00 29.04 20.66 0.28 28.60 28.86 1.02
12:00 29.15 20.68 0.27 28.61 28.94 1.04
13:00 29.06 20.50 0.27 28.54 28.86 1.02
14:00 29.04 20.33 0.27 28.57 28.85 1.02
15:00 29.95 20.50 0.54 29.32 29.70 1.18
16:00 29.97 20.95 0.54 29.41 29.74 1.19
17:00 29.98 21.19 0.54 29.49 29.78 1.20
18:00 29.99 21.12 0.54 29.57 29.83 1.20
19:00 30.10 20.89 0.54 29.72 29.95 1.23
20:00 30.05 20.54 0.54 29.67 29.90 1.22
21:00 29.39 20.19 0.55 29.24 29.33 1.10
22:00 29.36 20.00 0.53 29.23 29.30 1.10
23:00 29.32 19.90 0.52 29.21 29.28 1.09
0:00 29.27 19.88 0.51 29.20 29.24 1.09
Avg. 28.41 20.16 0.41 28.39 28.41 0.92
Model 3
Time Air Humi.dity Air‘ Mean radiant | Operative PTS
temp. ratio velocity temp. temp.
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.94 27.26 0.71
2:00 26.65 19.84 0.55 26.93 26.76 0.59
3:00 26.71 19.78 0.41 27.07 26.86 0.61
4:00 26.72 19.64 0.37 27.09 26.87 0.62
5:00 26.73 19.42 0.34 27.09 26.88 0.62
6:00 26.74 19.22 0.32 27.09 26.88 0.62
7:00 26.75 19.06 0.30 27.08 26.88 0.62
8:00 26.74 19.33 0.28 27.07 26.87 0.62
9:00 26.65 19.95 0.26 27.03 26.80 0.61
10:00 27.31 20.43 0.25 27.97 27.58 0.76
11:00 28.49 20.67 0.20 28.84 28.63 0.98
12:00 28.53 20.68 0.20 29.24 28.88 1.03
13:00 29.29 20.49 0.19 30.18 29.74 1.20
14:00 29.29 20.32 0.17 30.62 29.95 1.25
15:00 29.57 20.50 0.46 31.17 30.21 1.28
16:00 29.59 20.96 0.45 31.35 30.30 1.30
17:00 29.62 21.19 0.45 31.36 30.31 1.31
18:00 29.64 21.12 0.45 31.30 30.31 1.31
19:00 29.85 20.88 0.45 31.40 30.47 1.34
20:00 30.10 20.53 0.44 31.42 30.63 1.37
21:00 29.51 20.18 0.48 30.76 30.01 1.24
22:00 29.47 20.00 0.46 30.62 29.93 1.23
23:00 29.43 19.90 0.45 30.48 29.85 1.21
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0:00 29.39 19.88 0.44 30.37 29.78 1.20
Avg. 28.31 20.16 0.35 29.23 28.69 0.98
Model 4

) Air Humidit Air Mean radiant | Operative
Time temp. ratio ’ velocity temp. I1:)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.79 19.84 0.94 27.29 26.94 0.60
3:00 26.83 19.77 0.48 27.48 27.09 0.66
4:00 26.82 19.63 0.50 27.48 27.09 0.65
5:00 26.81 19.42 0.53 27.45 27.06 0.65
6:00 26.79 19.21 0.55 27.38 27.03 0.64
7:00 26.78 19.06 0.57 27.31 26.99 0.63
8:00 26.77 19.34 0.59 27.28 26.97 0.63
9:00 26.67 19.94 0.74 27.29 26.86 0.60
10:00 27.21 20.41 0.72 27.83 27.40 0.71
11:00 28.92 20.64 0.64 29.35 29.05 1.04
12:00 28.95 20.68 0.62 30.22 29.33 1.10
13:00 29.01 20.51 0.59 31.34 29.94 1.22
14:00 29.21 20.34 0.56 32.92 30.70 1.38
15:00 30.00 20.49 0.92 32.94 30.88 1.40
16:00 30.02 20.93 0.86 33.46 31.05 1.44
17:00 30.04 21.18 0.80 33.98 31.22 1.47
18:00 30.06 21.12 0.74 34.56 31.41 1.51
19:00 30.34 20.90 0.70 35.44 31.87 1.61
20:00 30.55 20.56 0.66 36.52 32.34 1.70
21:00 29.61 20.21 0.59 37.73 32.86 1.81
22:00 29.39 20.02 0.65 37.44 31.81 1.60
23:00 29.23 19.91 0.69 37.23 31.63 1.56
0:00 29.11 19.89 0.73 37.14 31.52 1.53
Avg. 28.44 20.16 0.64 31.46 29.43 1.12
Model 5
. Air Humidi Air Mean radiant | Operative
Time temp. ratio Y velocity temp. It)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.71 19.84 1.10 27.14 26.84 0.58
3:00 26.82 19.78 0.44 27.49 27.09 0.66
4:00 26.81 19.64 0.44 27.45 27.07 0.65
5:00 26.80 19.42 0.46 27.43 27.05 0.65
6:00 26.76 19.21 0.49 27.41 27.02 0.64
7:00 26.73 19.05 0.53 27.39 27.00 0.63
8:00 26.70 19.35 0.56 27.38 26.97 0.63
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9:00 26.55 19.96 0.75 27.27 26.77 0.58
10:00 27.09 20.43 0.75 27.48 27.21 0.67
11:00 28.55 20.65 0.75 28.28 28.47 0.92
12:00 28.65 20.68 0.73 28.36 28.56 0.94
13:00 28.73 20.50 0.72 28.44 28.64 0.96
14:00 28.75 20.33 0.70 28.48 28.67 0.96
15:00 29.75 20.49 1.15 29.29 29.61 1.13
16:00 29.75 20.95 1.10 29.32 29.62 1.14
17:00 29.76 21.18 1.06 29.37 29.64 1.14
18:00 29.76 21.12 1.02 29.41 29.66 1.15
19:00 29.81 20.90 0.98 29.50 29.71 1.16
20:00 29.93 20.55 0.95 29.65 29.85 1.19
21:00 29.25 20.19 0.80 29.32 29.27 1.08
22:00 29.20 20.00 0.80 29.38 29.26 1.08
23:00 29.16 19.90 0.80 29.46 29.25 1.08
0:00 29.12 19.88 0.80 29.53 29.24 1.07
Avg. 28.24 20.16 0.75 28.43 28.32 0.89
Model 6
Time Air Humi.dity Air‘ Mean radiant | Operative PTS
temp. ratio velocity temp. temp.
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.93 27.26 0.71
2:00 26.67 19.84 1.05 26.99 26.76 0.56
3:00 26.76 19.77 0.41 27.23 26.95 0.63
4:00 26.77 19.64 0.41 27.26 26.97 0.63
5:00 26.79 19.42 0.42 27.25 26.98 0.64
6:00 26.77 19.22 0.45 27.17 26.93 0.62
7:00 26.73 19.05 0.49 27.10 26.88 0.61
8:00 26.71 19.35 0.52 27.06 26.85 0.61
9:00 26.50 19.98 0.71 26.89 26.62 0.55
10:00 28.02 20.45 0.72 28.17 28.06 0.84
11:00 28.12 20.67 0.70 30.64 28.88 1.01
12:00 29.17 20.68 0.69 31.21 29.78 1.19
13:00 29.06 20.49 0.64 30.84 29.60 1.15
14:00 29.05 20.32 0.63 31.40 29.76 1.19
15:00 29.25 20.50 1.26 30.99 29.77 1.16
16:00 29.27 20.96 1.20 31.12 29.82 1.17
17:00 29.29 21.19 1.14 31.10 29.83 1.18
18:00 29.31 21.12 1.09 31.09 29.85 1.18
19:00 29.55 20.88 1.05 31.26 30.06 1.23
20:00 29.84 20.53 1.02 31.56 30.36 1.29
21:00 29.68 20.19 0.86 31.56 30.24 1.27
22:00 29.59 20.00 0.87 31.54 30.17 1.26
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23:00 29.51 19.90 0.88 31.48 30.10 1.24
0:00 29.45 19.88 0.90 31.37 30.02 1.23
Avg. 28.27 20.16 0.76 29.59 28.69 0.96
Model 7
Time Air Humi.dity Air‘ Mean radiant | Operative PTS
temp. ratio velocity temp. temp.
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.81 19.84 0.47 27.17 26.95 0.63
3:00 26.94 19.78 0.47 27.27 27.08 0.65
4:00 26.94 19.64 0.43 27.27 27.07 0.65
5:00 26.94 19.43 0.39 27.25 27.06 0.65
6:00 26.93 19.23 0.37 27.24 27.05 0.65
7:00 26.92 19.06 0.35 27.22 27.04 0.65
8:00 2691 19.33 0.33 27.20 27.03 0.65
9:00 26.73 19.93 0.35 27.11 26.88 0.62
10:00 27.11 20.41 0.35 27.43 27.24 0.69
11:00 28.37 20.65 0.27 28.25 28.32 0.91
12:00 28.40 20.68 0.26 28.27 28.35 0.92
13:00 28.48 20.50 0.25 28.32 28.41 0.93
14:00 28.48 20.33 0.25 28.35 28.43 0.94
15:00 29.80 20.49 0.47 29.46 29.67 1.17
16:00 29.81 20.94 0.47 29.49 29.68 1.18
17:00 29.81 21.18 0.46 29.53 29.70 1.18
18:00 29.82 21.12 0.46 29.57 29.72 1.19
19:00 29.85 20.89 0.46 29.64 29.76 1.19
20:00 29.99 20.55 0.46 29.76 29.90 1.22
21:00 29.56 20.20 0.47 29.35 29.48 1.14
22:00 29.53 20.01 0.45 29.31 29.45 1.13
23:00 29.49 19.90 0.44 29.30 29.41 1.12
0:00 29.45 19.88 0.43 29.30 29.39 1.12
Avg. 28.32 20.16 0.38 28.38 28.35 0.91
Model 8
. Air Humidi Air Mean radiant | Operative
Time temp. ratio Y velocity temp. It)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.94 27.26 0.71
2:00 26.70 19.84 0.50 26.99 26.82 0.60
3:00 26.76 19.78 0.56 27.05 26.88 0.61
4:00 26.77 19.65 0.50 27.06 26.88 0.61
5:00 26.77 19.43 0.45 27.06 26.89 0.62
6:00 26.78 19.23 0.41 27.05 26.89 0.62
7:00 26.78 19.06 0.38 27.03 26.88 0.62
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8:00 26.77 19.33 0.35 27.03 26.87 0.62
9:00 26.59 19.95 0.34 26.97 26.74 0.59
10:00 27.62 20.42 0.33 28.22 27.86 0.82
11:00 28.05 20.66 0.28 29.08 28.47 0.94
12:00 28.82 20.68 0.27 30.73 29.59 1.17
13:00 29.75 20.50 0.23 31.68 30.52 1.36
14:00 29.79 20.32 0.22 32.47 30.86 1.43
15:00 30.07 20.50 0.49 32.53 31.05 1.45
16:00 30.09 20.95 0.49 32.66 31.12 1.47
17:00 30.11 21.19 0.49 32.71 31.15 1.47
18:00 30.13 21.12 0.50 32.63 31.13 1.47
19:00 30.23 20.89 0.50 32.68 31.21 1.48
20:00 30.50 20.54 0.50 32.78 31.41 1.52
21:00 29.96 20.20 0.51 31.99 30.77 1.39
22:00 29.91 20.01 0.51 31.63 30.60 1.36
23:00 29.86 19.91 0.50 31.27 30.43 1.33
0:00 29.82 19.88 0.50 30.96 30.27 1.30
Avg. 28.55 20.16 0.41 29.92 29.11 1.06
Model 9
. Air Humidi Air Mean radiant | Operative
Time temp. ratio v velocity temp. It)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.72 19.84 0.39 27.37 26.98 0.64
3:00 26.86 19.78 0.27 27.70 27.20 0.69
4:00 26.88 19.65 0.25 27.62 27.18 0.68
5:00 26.90 19.44 0.23 27.59 27.18 0.68
6:00 26.91 19.23 0.22 27.58 27.18 0.68
7:00 26.92 19.07 0.21 27.55 27.17 0.68
8:00 26.92 19.32 0.21 27.51 27.15 0.68
9:00 26.67 19.95 0.27 27.34 26.94 0.63
10:00 27.09 20.42 0.27 27.73 27.35 0.72
11:00 28.89 20.66 0.21 29.16 29.00 1.05
12:00 28.93 20.68 0.20 30.01 29.36 1.13
13:00 29.00 20.50 0.20 31.13 30.06 1.27
14:00 29.01 20.32 0.19 32.54 30.78 1.41
15:00 30.28 20.49 0.34 34.47 31.96 1.64
16:00 30.29 20.95 0.33 35.50 32.37 1.73
17:00 30.30 21.19 0.33 36.50 32.78 1.81
18:00 30.30 21.12 0.33 37.56 33.21 1.89
19:00 30.33 20.89 0.33 38.50 33.60 1.97
20:00 30.53 20.54 0.33 39.02 33.92 2.04
21:00 31.04 20.20 0.31 39.07 34.26 2.10
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22:00 31.04 20.01 0.32 39.53 34.44 2.14
23:00 30.91 19.90 0.33 39.40 34.31 2.11
0:00 30.88 19.88 0.34 39.01 34.13 2.08
Avg. 28.76 20.16 0.27 32.39 30.24 1.30
Model 10
Time Air Humi.dity Air‘ Mean radiant | Operative PTS
temp. ratio velocity temp. temp.
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.94 27.26 0.71
2:00 26.74 19.84 0.37 27.07 26.88 0.62
3:00 26.84 19.78 0.24 27.25 27.01 0.65
4:00 26.85 19.65 0.23 27.22 27.00 0.65
5:00 26.86 19.44 0.22 27.20 26.99 0.65
6:00 26.85 19.23 0.22 27.17 26.98 0.64
7:00 26.84 19.07 0.22 27.16 26.97 0.64
8:00 26.82 19.32 0.23 27.16 26.96 0.64
9:00 26.72 19.92 0.25 27.21 26.91 0.63
10:00 27.51 20.40 0.24 28.26 27.81 0.81
11:00 28.68 20.65 0.16 33.61 31.15 1.49
12:00 28.69 20.68 0.16 33.13 30.91 1.44
13:00 28.75 20.51 0.15 33.11 30.93 1.44
14:00 29.34 20.34 0.14 33.05 31.20 1.50
15:00 30.03 20.49 0.36 31.46 30.60 1.37
16:00 30.06 20.95 0.36 31.96 30.82 1.41
17:00 30.08 21.19 0.36 32.80 31.17 1.48
18:00 30.10 21.13 0.36 34.66 31.93 1.63
19:00 30.16 20.89 0.36 38.95 33.68 1.99
20:00 30.35 20.54 0.36 37.35 33.15 1.88
21:00 30.26 20.21 0.35 36.40 32.71 1.79
22:00 29.68 20.02 0.33 33.25 31.11 1.47
23:00 29.54 19.91 0.32 32.92 30.89 1.43
0:00 29.44 19.89 0.32 32.73 30.75 1.40
Avg. 28.49 20.16 0.26 31.21 29.66 1.18
Model 11

. Air Humidi Air Mean radiant | Operative
Time temp. ratio Y velocity temp. It)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.76 19.84 0.58 27.05 26.87 0.61
3:00 26.82 19.77 0.49 27.21 26.98 0.63
4:00 26.83 19.64 0.43 27.24 26.99 0.64
5:00 26.85 19.43 0.38 27.27 27.01 0.64
6:00 26.86 19.23 0.34 27.28 27.03 0.65
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7:00 26.87 19.07 0.30 27.27 27.03 0.65
8:00 26.88 19.32 0.28 27.24 27.02 0.65
9:00 26.75 19.93 0.22 27.25 26.95 0.64
10:00 27.55 20.41 0.22 28.04 27.75 0.80
11:00 27.91 20.65 0.22 28.30 28.07 0.87
12:00 28.06 20.68 0.23 28.74 28.33 0.92
13:00 28.69 20.50 0.23 29.66 29.08 1.07
14:00 29.78 20.33 0.20 30.89 30.22 1.30
15:00 30.18 20.49 0.49 31.26 30.61 1.36
16:00 30.20 20.95 0.50 31.45 30.70 1.38
17:00 30.21 21.19 0.51 31.65 30.79 1.40
18:00 30.23 21.12 0.51 31.85 30.88 1.42
19:00 30.26 20.89 0.51 32.08 30.99 1.44
20:00 30.38 20.54 0.50 32.28 31.14 1.47
21:00 29.54 20.19 0.50 31.80 30.44 1.33
22:00 29.49 20.01 0.47 31.82 30.42 1.33
23:00 29.45 19.90 0.45 31.79 30.38 1.32
0:00 29.42 19.88 0.44 31.73 30.34 1.31
Avg. 28.44 20.16 0.38 29.55 28.89 1.02
Model 12
. Air Humidi Air Mean radiant | Operative
Time temp. ratio v velocity temp. It)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.74 19.84 0.47 27.29 26.96 0.63
3:00 26.79 19.78 0.42 27.31 27.00 0.64
4:00 26.80 19.64 0.39 27.29 26.99 0.64
5:00 26.81 19.43 0.36 27.29 27.00 0.64
6:00 26.82 19.23 0.34 27.28 27.00 0.64
7:00 26.83 19.07 0.32 27.28 27.01 0.65
8:00 26.84 19.32 0.30 27.28 27.01 0.65
9:00 26.76 19.93 0.27 27.25 26.95 0.64
10:00 26.88 20.41 0.26 27.43 27.10 0.67
11:00 28.99 20.65 0.23 28.46 28.78 1.01
12:00 29.14 20.68 0.22 28.50 28.88 1.03
13:00 29.15 20.50 0.21 28.58 28.92 1.04
14:00 29.00 20.33 0.20 28.65 28.86 1.03
15:00 29.95 20.50 0.31 30.05 29.99 1.25
16:00 29.98 20.94 0.32 30.19 30.06 1.26
17:00 30.00 21.18 0.33 30.26 30.11 1.27
18:00 30.03 21.12 0.33 30.32 30.14 1.28
19:00 30.17 20.90 0.34 30.43 30.27 1.30
20:00 30.34 20.55 0.34 30.43 30.38 1.32
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21:00 29.68 20.20 0.38 29.88 29.76 1.20
22:00 29.64 20.01 0.36 29.88 29.74 1.19
23:00 29.60 19.91 0.35 29.89 29.72 1.19
0:00 29.55 19.88 0.34 29.89 29.69 1.18
Avg. 28.46 20.16 0.31 28.71 28.57 0.96
Model 13
Time Air Humi.dity Air‘ Mean radiant | Operative PTS
temp. ratio velocity temp. temp.
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.76 19.84 1.00 27.23 26.90 0.59
3:00 26.77 19.77 0.55 27.52 27.07 0.65
4:00 26.76 19.63 0.56 27.48 27.05 0.64
5:00 26.75 19.42 0.58 27.43 27.02 0.64
6:00 26.74 19.21 0.61 27.40 26.94 0.62
7:00 26.73 19.05 0.63 27.37 26.92 0.61
8:00 26.72 19.34 0.64 27.35 26.91 0.61
9:00 26.64 19.94 0.80 27.28 26.84 0.59
10:00 27.32 20.41 0.79 27.62 27.41 0.71
11:00 28.65 20.65 0.72 28.30 28.55 0.94
12:00 28.68 20.68 0.69 28.33 28.58 0.95
13:00 28.70 20.51 0.67 28.39 28.61 0.95
14:00 29.01 20.34 0.65 28.53 28.86 1.01
15:00 30.01 20.49 1.02 29.42 29.83 1.18
16:00 30.01 20.93 0.97 29.45 29.84 1.19
17:00 30.01 21.18 0.92 29.49 29.85 1.19
18:00 30.02 21.12 0.88 29.52 29.87 1.20
19:00 30.08 20.90 0.85 29.61 29.94 1.21
20:00 30.17 20.55 0.82 29.79 30.06 1.24
21:00 29.32 20.20 0.69 29.49 29.37 1.11
22:00 29.19 20.01 0.72 29.47 29.27 1.08
23:00 29.08 19.91 0.75 29.55 29.22 1.07
0:00 28.99 19.88 0.79 29.68 29.20 1.07
Avg. 28.32 20.16 0.72 28.49 28.39 0.91
Model 14
. Air Humidit Air Mean radiant | Operative
Time temp. ratio ! velocity temp. I1:)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.93 27.26 0.71
2:00 26.71 19.84 0.89 27.01 26.80 0.58
3:00 26.81 19.77 0.34 27.33 27.02 0.65
4:00 26.82 19.64 0.35 27.31 27.01 0.65
5:00 26.80 19.43 0.38 27.22 26.97 0.64
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6:00 26.76 19.22 0.42 27.15 26.92 0.62
7:00 26.75 19.06 0.46 27.12 26.90 0.62
8:00 26.74 19.34 0.49 27.10 26.88 0.61
9:00 26.63 19.96 0.65 27.11 26.78 0.59
10:00 27.58 20.43 0.66 27.92 27.68 0.77
11:00 29.22 20.65 0.63 30.73 29.67 1.17
12:00 29.16 20.68 0.61 32.32 30.11 1.26
13:00 29.13 20.50 0.59 33.23 30.77 1.39
14:00 29.55 20.34 0.57 36.79 32.45 1.73
15:00 29.96 20.50 0.96 31.12 30.31 1.28
16:00 29.98 20.95 0.91 31.23 30.36 1.29
17:00 29.99 21.18 0.86 31.31 30.38 1.30
18:00 30.00 21.12 0.82 31.38 30.41 1.31
19:00 30.03 20.89 0.79 31.45 30.46 1.32
20:00 30.16 20.54 0.77 31.65 30.60 1.35
21:00 29.93 20.20 0.69 33.91 31.12 1.46
22:00 28.56 20.01 0.69 33.24 29.96 1.22
23:00 28.38 19.90 0.71 31.89 29.43 1.12
0:00 28.30 19.88 0.73 31.53 29.27 1.08
Avg. 28.36 20.16 0.62 30.21 28.98 1.03
Model 15
. Air Humidit Air Mean radiant | Operative
Time temp. ratio Y velocity temp. It)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.70 19.84 1.20 27.15 26.83 0.57
3:00 26.83 19.77 0.51 27.54 27.11 0.66
4:00 26.82 19.64 0.52 27.49 27.09 0.65
5:00 26.82 19.42 0.53 27.40 27.05 0.64
6:00 26.78 19.21 0.56 27.31 26.99 0.63
7:00 26.75 19.05 0.60 27.24 26.95 0.62
8:00 26.73 19.35 0.62 27.22 26.87 0.61
9:00 26.55 19.98 0.81 27.25 26.76 0.57
10:00 27.24 20.44 0.83 27.92 27.44 0.71
11:00 29.19 20.67 0.79 29.44 29.26 1.08
12:00 29.18 20.68 0.77 30.05 29.44 1.12
13:00 29.11 20.49 0.76 30.70 29.58 1.15
14:00 29.10 20.32 0.73 31.55 29.83 1.20
15:00 29.42 20.50 1.42 32.39 30.31 1.26
16:00 29.44 20.96 1.36 32.85 30.46 1.29
17:00 29.46 21.19 1.31 33.26 30.60 1.33
18:00 29.48 21.12 1.27 33.68 30.74 1.36
19:00 29.79 20.88 1.23 34.28 31.14 1.44
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20:00 30.12 20.53 1.20 3491 31.56 1.52
21:00 29.85 20.20 0.98 35.87 31.66 1.55
22:00 29.67 20.01 1.00 36.09 31.59 1.54
23:00 29.57 19.91 1.04 36.27 31.58 1.53
0:00 29.51 19.89 1.06 36.38 31.57 1.53
Avg. 28.36 20.16 0.88 30.93 29.15 1.05
Model 16
. Air Humidi Air Mean radiant | Operative
Time temp. ratio Y velocity temp. It)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.94 27.26 0.71
2:00 26.77 19.84 0.33 27.12 26.91 0.63
3:00 26.84 19.77 0.38 27.17 26.97 0.64
4:00 26.85 19.66 0.34 27.17 26.98 0.64
5:00 26.86 19.45 0.31 27.16 26.98 0.64
6:00 26.87 19.24 0.29 27.15 26.98 0.64
7:00 26.87 19.07 0.27 27.15 26.98 0.64
8:00 26.86 19.31 0.26 27.14 26.97 0.64
9:00 26.74 19.91 0.29 27.16 26.91 0.63
10:00 27.26 20.39 0.28 28.29 27.67 0.78
11:00 28.90 20.64 0.20 29.64 29.20 1.09
12:00 28.94 20.68 0.19 30.40 29.67 1.19
13:00 29.85 20.51 0.19 31.72 30.79 1.41
14:00 29.84 20.34 0.16 32.25 31.05 1.47
15:00 30.16 20.49 0.30 32.13 30.94 1.44
16:00 30.18 20.93 0.31 32.41 31.07 1.46
17:00 30.20 21.18 0.31 32.63 31.17 1.48
18:00 30.22 21.12 0.31 32.73 31.22 1.50
19:00 30.32 20.90 0.31 32.85 31.33 1.52
20:00 30.55 20.56 0.31 33.05 31.55 1.56
21:00 30.68 20.22 0.33 32.62 31.46 1.54
22:00 30.67 20.02 0.31 32.59 31.43 1.54
23:00 28.52 19.91 0.29 30.99 29.51 1.15
0:00 28.44 19.88 0.31 30.99 29.46 1.14
Avg. 28.58 20.16 0.27 30.02 29.19 1.09
Model 17
. Air Humidit Air Mean radiant | Operative
Time temp. ratio ! velocity temp. I1:)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.73 19.84 0.44 27.33 26.97 0.63
3:00 26.87 19.78 0.33 27.65 27.18 0.68
4:00 26.88 19.64 0.31 27.57 27.16 0.68
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5:00 26.87 19.42 0.30 27.51 27.12 0.67
6:00 26.84 19.22 0.29 27.45 27.08 0.66
7:00 26.80 19.06 0.29 27.39 27.04 0.65
8:00 26.77 19.33 0.29 27.36 27.01 0.65
9:00 26.53 19.95 0.32 27.37 26.86 0.62
10:00 27.52 20.43 0.32 28.04 27.73 0.79
11:00 29.12 20.66 0.26 29.29 29.19 1.09
12:00 29.13 20.68 0.26 30.37 29.63 1.18
13:00 29.14 20.49 0.26 31.52 30.09 1.27
14:00 29.14 20.32 0.26 32.34 30.42 1.34
15:00 30.23 20.50 0.49 34.09 31.77 1.60
16:00 30.28 20.95 0.49 34.74 32.06 1.66
17:00 30.31 21.19 0.49 35.19 32.26 1.70
18:00 30.35 21.13 0.48 35.59 32.44 1.73
19:00 30.81 20.89 0.48 36.13 32.94 1.83
20:00 30.95 20.54 0.47 36.29 33.09 1.86
21:00 30.83 20.21 0.42 37.38 33.45 1.94
22:00 30.50 20.02 0.45 37.28 33.21 1.89
23:00 30.20 19.92 0.48 37.10 32.96 1.84
0:00 30.01 19.90 0.52 36.93 32.78 1.80
Avg. 28.72 20.16 0.36 31.66 29.91 1.23
Model 18
. Air Humidit Air Mean radiant | Operative
Time temp. ratio ! velocity temp. I1:)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.67 19.84 0.68 27.00 26.77 0.58
3:00 26.77 19.78 0.61 27.16 26.89 0.61
4:00 26.77 19.63 0.55 27.16 26.93 0.62
5:00 26.77 19.42 0.50 27.16 26.93 0.62
6:00 26.78 19.22 0.45 27.17 26.93 0.62
7:00 26.78 19.06 0.41 27.17 26.94 0.63
8:00 26.78 19.33 0.38 27.18 26.94 0.63
9:00 26.61 19.95 0.34 27.07 26.80 0.60
10:00 27.29 20.43 0.33 27.61 27.42 0.73
11:00 29.21 20.67 0.26 28.59 28.96 1.04
12:00 29.21 20.68 0.25 28.60 28.96 1.04
13:00 29.12 20.49 0.25 28.56 28.89 1.03
14:00 28.94 20.32 0.25 28.66 28.83 1.02
15:00 29.60 20.49 0.51 29.46 29.55 1.15
16:00 29.64 20.95 0.51 29.51 29.59 1.16
17:00 29.67 21.19 0.51 29.56 29.63 1.17
18:00 29.70 21.12 0.51 29.61 29.67 1.17
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19:00 29.88 20.89 0.51 29.73 29.82 1.20
20:00 30.11 20.54 0.50 29.78 29.97 1.24
21:00 29.33 20.19 0.50 29.07 29.23 1.08
22:00 29.30 20.00 0.49 29.04 29.19 1.08
23:00 29.26 19.90 0.48 29.02 29.16 1.07
0:00 29.21 19.88 0.47 29.00 29.13 1.07
Avg. 28.33 20.16 0.43 28.37 28.35 0.91
Optimized model
. Air Humidi Air Mean radiant | Operative
Time temp. ratio Y velocity temp. It)emp. PTS
°C g/kg' m/s °C °C
1:00 26.59 19.81 0.00 27.99 27.29 0.72
2:00 26.71 19.84 0.55 27.19 26.85 0.60
3:00 26.82 19.77 0.48 27.41 27.06 0.65
4:00 26.83 19.64 0.49 27.36 27.04 0.65
5:00 26.83 19.42 0.50 27.33 27.03 0.64
6:00 26.83 19.21 0.53 27.30 27.01 0.64
7:00 26.79 19.05 0.58 27.27 26.98 0.63
8:00 26.76 19.35 0.62 27.26 26.91 0.61
9:00 26.60 19.97 0.82 27.21 26.78 0.58
10:00 27.15 20.44 0.83 27.42 27.23 0.67
11:00 28.99 20.67 0.80 28.56 28.86 1.00
12:00 28.98 20.69 0.78 28.61 28.87 1.00
13:00 28.92 20.50 0.75 28.59 28.82 0.99
14:00 28.92 20.33 0.72 28.60 28.82 0.99
15:00 29.20 20.49 1.25 28.86 29.10 1.03
16:00 29.21 20.95 1.18 28.88 29.11 1.03
17:00 29.22 21.19 1.13 28.91 29.13 1.04
18:00 29.24 21.12 1.09 28.95 29.15 1.04
19:00 29.40 20.89 1.05 29.09 29.31 1.08
20:00 29.57 20.54 1.03 29.24 29.47 1.11
21:00 29.35 20.19 0.86 29.14 29.29 1.08
22:00 28.90 20.00 0.85 29.01 28.94 1.01
23:00 28.86 19.90 0.86 29.08 28.92 1.01
0:00 28.81 19.88 0.88 29.17 28.92 1.01
Avg. 28.14 20.16 0.78 28.27 28.20 0.86
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