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A B S T R A C T   

Thermal comfort indices are vital tools when assessing outdoor thermal comfort in hot and arid environments. 
Selecting a representative thermal comfort index for outdoor environments is challenging. This paper presents a 
comparative study of the suitability of seven different thermal comfort indices, namely PMV, discomfort index, 
cooling power index, Humidex, WBGT, SET, and UTCI in assessing outdoor thermal comfort. The thermal 
comfort indices were compared to the thermal sensation vote (TSV) obtained from a thermal comfort ques
tionnaire of spectators seated in a semi-open air-conditioned stadium. Seated in six different zones, a total of 532 
spectators participated in an online questionnaire. The results of the survey indicated high levels of climate 
acceptability, with small variations among the stadium zones and between genders. Almost 40% of the spectators 
reported feeling ‘‘cool’‘, while 28% of the spectators were feeling ‘‘slightly cool’’ and 21% reported a ‘‘neutral’’ 
thermal perception. Hence, CFD simulations were used to predict the values of the seven thermal comfort indices. 
The thermal comfort indices’ values, obtained from the CFD simulations, were compared to their counterparts 
obtained from the questionnaire. The WBGT index showed good agreement to the actual questionnaire data with 
an average difference of 8.8%. The other six indices yielded an average range of difference of (15%–46%). The 
WBGT index deemed the most suitable to assess outdoor thermal comfort for hot and arid regions, followed by 
the UTCI and the SET indices, with average differences of 14% and 15%, respectively. The CPI index deemed not 
suitable for hot and arid regions compared to other indices.   

1. Introduction 

The thermal environment affects the human’s body system which 
reacts according to the basic laws of thermodynamics [1]. Comfortable 
and healthy outdoor microclimates are beneficial to sustainable urban 
development and public health [2]. Providing thermal comfort for 
outdoor environments is highly sensitive to the prevailing meteorolog
ical conditions, where typical engineering climate control solutions may 
prove to be inadequate [3]. Thermal comfort indices are vital tools when 
assessing outdoor thermal comfort in hot and arid environments. In 
previous studies, various thermal comfort indices were introduced. 
However, selecting a representative thermal comfort index is chal
lenging, especially for outdoor thermal comfort evaluation in hot and 
arid environment. 

1.1. Thermal comfort in outdoor environments 

As people spend the majority of their lifetime indoors, outdoor 
thermal comfort receives less attention than indoor thermal comfort. 
However, outdoor thermal comfort is becoming an important aspect of 
the recreational and entertainment business. Currently, more people are 
actively pursuing healthy lifestyle and participation in outdoor activ
ities, such as outdoor athletic events and outdoor dining. The current 
thermal comfort standards for indoor human activities are assessing 
thermally static and uniformly controlled environments. Outdoor ther
mal conditions are frequently changing in time and space [4] and are 
dynamic and mutable. Thus, it is inherently difficult to assess outdoor 
thermal comfort using the indoor standards and guidelines [5]. To offer 
better outdoor human thermal comfort, a thorough understanding of 
urban climatology and landscape architecture is essential [6]. The 
challenge in assessing human outdoor thermal comfort lies on the fact 
that the human body energy balance equation includes parameters that 
are mainly influenced by the weather. The respiration convective flux 
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and heat flux are temperature dependent, while the latent heat flux 
diffusing through the human skin and the heat flux due to evaporation of 
sweat are affected by the ambient humidity levels [7]. In addition, the 
thermal sensation of the individual is affected by the personal climate 
background [8], their gender [4] and clothes that affect the skin hu
midity and define levels of discomfort [9]. The prevailing air velocity 
also affects the human thermal comfort. Different comfort levels are 
obtained at different wind speeds [10]. Human adaption to the pre
vailing climates with special clothing suitable for different conditions, 
results into multiple clothing insulation indices [11]. 

Recently, interest in thermally controlling the outdoor environments 
had increased. Thermal comfort in outdoor environments can be 
enhanced by utilizing of shading, water features, cool surfaces and 
vegetation [12–15]. For outdoor thermal comfort assessment, the 
physiological effective temperature (PET) and the universal thermal 
climate index UTCI are usually used. The predicted mean vote (PMV), 
which was mainly proposed to be used indoors, had also been used to 
investigate thermal comfort in outdoor environments [13,16]. Thermal 
comfort surveys are performed to obtain the thermal sensation vote 
(TSV), which is used for indoor and outdoor thermal comfort assessment 
[17,18]. For thermal comfort assessment in an outdoor air-conditioned 
area (FANZONE), Ghani et al. (2017) [8] compared five different ther
mal indices. In their study, with the except ion of the WBGT index, all 
the other four thermal indices underestimated the thermal comfort 
levels of the mean comfort vote (MCV) obtained from a thermal survey. 

Open roof stadiums are regarded as outdoor spaces. The stadium 
thermal climate is mainly affected by the prevailing environmental 
conditions and the indoor climate control from the air conditioning units 
[19]. In stadiums, thermal comfort assessment is essential for both the 
players in the field and the spectators in the tiers [20]. Evaluation of heat 
stress of players inside the stadium’s field of play is essential in deciding 
whether cooling breaks should be included [21]. The assessment of 
thermal comfort for spectators is essential for all outdoor sporting ac
tivities and is not limited to football games in stadiums, and an example 
for such activities was the Olympic marathon [22]. 

1.2. Climatic thermal comfort indices 

In outdoor environments, human thermal comfort depends on the 
prevailing environmental factors such as the ambient temperature, hu
midity, wind speed and solar radiation [23,24]. These parameters are 
considered as the thermal standards that can assess the state of comfort 
of the individual for given weather conditions [25]. The investigated 
indices include various parameters, that are either measured directly or 
given by international standards [26,27]. For outdoor thermal comfort 
assessments, adopting a solely heat balance analysis of the individual is 
not recommended. As thermal preferences are additionally influenced 
by experience (thermal-weather background) of the participants and 
present seasonal fluctuations [28]. For example, individuals acclima
tized in warmer environments present lower metabolic rates [29]. 

Controlling outdoor environments is more challenging than indoor 
environments. For outdoor environments, there is a need for global 
thermal comfort assessment compared to pointwise measurements 
which are typically used in indoor environments. Mahgoub et al. (2020) 
performed global evaluation of WBGT and SET indices in stadiums using 
a newly proposed methodology. The results obtained by the proposed 
methodology yielded an error of 2% compared to point-wise evaluation 
[20]. 

Several studies addressed the evaluation of outdoor thermal comfort 
in different regions using various thermal comfort indices. Using the PET 
index, Wang et al. (2018) evaluated the effect of green spaces on urban 
environment thermal comfort [18]. It was found that a high density of 
trees does always lead to better thermal sensation. Fong et al. (2019) 
proposed a holistic approach for future outdoor thermal comfort eval
uation in tropical regions [30]. Using the PET index, Deng and Wong 
(2020) investigated the impact of canyon geometries in urban business 
districts on outdoor thermal comfort. The study found a correlation 
between canyon geometry and the thermal comfort [31]. Berardi and 
Graham (2020) used UTCI to examine the effect of street trees, cool roofs 
and photovoltaics roofs on the outdoor thermal comfort [32]. The study 
showed that the UTCI increased by about 0.5∘C when using photovol
taics roofs. Using the temperature humidity index (THI), Balogun and 
Daramola (2019) assessed the effect different urban configurations on 

Abbreviations 

ASHRAE American society of heating, refrigerating and air- 
conditioning engineers 

CFD Computational fluid dynamics 
CI Cooling index 
CPI Cooling power index 
DI Discomfort index 
ET Effective temperature 
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MCV Mean comfort vote 
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PET Physiological effective temperature 
PT Physiological temperature 
PMV Predicted mean vote 
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WBGT Wet bulb globe temperature 
e The base of the natural logarithm = 2.71828 
hs Standard heat transfer coefficient (W/m2⋅◦C ) 
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J Diffusion flux due to the gradient of species concentration 

k Turbulent kinetic energy (m2/s2) 
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saturated water vapor at tsk (kPa) 
pv Atmospheric pressure of water vapor (mm Hg) 
RH% Relative humidity (%) 
T Temperature (K) 
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outdoor thermal comfort [33]. Binarti et al. (2020) presented a review of 
indices used for outdoor thermal comfort in hot and humid regions. The 
study provided recommendations regarding the neutral ranges of PET, 
SET and UTCI indices in these regions [34]. Elnabawi and Hamza (2019) 
suggested a framework for the evaluation of the relationship between 
thermal comfort assessment and social behavior of population in out
door environments [35]. Cheung and Jim (2019) proposed a 1-h 
acceptability level for enhanced outdoor thermal comfort evaluation 
[36]. The results from the proposed method were compared to the PET 
and UTCI indices. Matallah et al. (2020) used the PET index to evaluate 
outdoor thermal comfort in Saharan oases [37]. It was found that oases 
did not have an apparent effect on thermal comfort. Nazarian et al. 
(2019) proposed the use of outdoor thermal comfort as performance 
metrics for climate conscious urban design [38]. Sharmin et al. (2019) 
conducted thermal surveys to evaluate the thermal sensation votes 
(TSV) as a measure of outdoor thermal comfort in the tropical city of 
Dhaka [39]. Potchter et al. (2018) [16] reviewed the methods for 
assessing human thermal perception in outdoor environments. In their 
review, it was stated that although there have been 165 thermal indices, 
only four are widely used for outdoor thermal comfort assessment. 
Namely, the physiological effective temperature (PET), PMV, UTCI and 
SET. 

Guided by the published research on evaluation of thermal comfort 
in outdoor environments, this study considered seven thermal comfort 
indices to identify the climatic impacts on human thermal comfort and 
quantify stress and discomfort levels. Namely, the predicted mean vote 
(PMV) discomfort Index (DI), cooling power index (CPI), Humidex, 
WBGT, SET and UTCI. 

Predicted mean vote (PMV) index: Proposed by Fagner in 1970 to 
predict the thermal sensation vote (TSV) [40]. It predicts the mean 
response of a large group of people by a value according to the 7-step 
ASHRAE comfort scale [41]. The index is one of the most popular 
indices in human biometeorology [42]. It is described by the thermal 
load on the body, air temperature, mean radiant temperature, air speed, 
humidity, metabolic rate, and the insulation of the clothing of the in
dividual [29]. Previous publications indicated several ranges of PMV 
regarding acceptability of thermal comfort. Some considered that the 
environment is thermally accepted when PMV range from -0.5 to 0.5 
[43–46] and -0.85 to 0.85 [47], while others extended the range to -1 to 
1 [48]. 

Discomfort index (DI): Proposed by Thom (1959) and was applied 
for quantifying the effective temperature [23,24]. It is also called the 
temperature-humidity index (THI) [49]. The discomfort index (DI) de
pends on two components, namely dry bulb temperature and relative 
humidity, which simplifies its evaluation [50]. 

Cooling power index (CPI): Introduced by Landsberrg for defining 
human comfort using the dry bulb temperature and wind speed [51]. 
Later, it was reported that the wind speed effect is minimal [52]. 

Humidex index: It was first used by Canadian meteorologists [53]. 
It describes thermal sensation in humid [54] or hot and humid climates 
[55], as it is considered to be a thermo-hygrometric index [56]. In 
comparison to (DI). Humidex is more sensitive to inputs’ variation and 
change rate. It combines temperature and relative humidity and is al
ways higher than ambient temperature. 

Wet bulb globe temperature (WBGT) index: Recommended for 
examining heat stress incidents by the American army [57] and for 
human heat load estimations during large athletic events, such as Brazil 
world cup 2014 [58]. Ambient conditions, clothing insulation, human 
activities are taken into consideration [59]. The WBGT is a function of 
the wet bulb temperature, the globe temperature, and the dry bulb 
temperature. For shaded areas, the globe temperature is estimated to be 
equal to the dry bulb temperature. 

Standard effective temperature (SET) index: Proposed by ASH
RAE, the index is used for assessment of thermal comfort for normal 
daily conditions. The index is defined as the dry bulb temperature of a 
hypothetical isothermal environment of 50% relative humidity in which 

a subject, while wearing clothing standardized for activity concerned, 
would have the same heat stress and thermo-regulatory strain as in the 
actual test environment [60]. Isothermal environment refers to the 
environment at sea level, in which the air temperature is equal to the 
mean radiant temperature, and the air velocity is zero. SET temperature 
is calculated at a steady state surface skin temperature and wittedness 
after 60 min of exposure to the environment [61]. 

Universal Thermal Climate Index (UTCI): Developed in the early 
2000’s by European scientists and experts from Australia, Canada, Israel 
and New Zealand, for modeling and characterization of human response 
related thermos-physiological processes. The index is suitable for 
assessing meteorological, bioclimatic and environmental warnings. The 
index is claimed to be able to describe thermal comfort in all climates, 
seasons, and time and spatial scales [62]. Evaluating the UTCI includes a 
detailed clothing model [63] and a human thermophysiological pro
cesses model [64]. The detailed process for calculation can be found in 
Refs. [65–67]. The UTCI can be used to assess the thermal comfort in 
both indoor and outdoor environments, and can be used in both hot and 
cold climates [68,69]. The RayMan model [70], takes into account air 
temperature, air humidity and air velocity [71] and calculates the ra
diation fluxes for determining the mean radiant temperature. Mean 
radiant temperature value (MRT) is vital for investigating the human 
energy balance model and for assessing the human thermal comfort. The 
model is affected by the atmospheric conditions such as cloud cover, 
linked turbidity (a factor that describes the haziness of the atmosphere), 
day of year, time and albedo and data such as height, gender, activity 
and clothing insulation [72]. Blazejczyk et al. (2012) [73] compared the 
UTCI model to several thermal indices. In correlation with the UTCI 
index, the authors found that the SET, the effective temperature (ET), 
and the physiological temperature (PT) indices were the highest. 

This paper presents a comparative study of the suitability of using 
seven thermal comfort indices as tools to assess outdoor thermal comfort 
in hot and arid environments. The indices, namely PMV, discomfort 
Index (DI), cooling power index (CPI), Humidex, WBGT, SET and UTCI, 
were validated against the TSV obtained from a thermal survey. The 
results of an online survey of the thermal comfort are compared to the 
thermal indices obtained from CFD simulations based on local climatic 
data. Thermal comfort surveys were performed during the Qatar Emir 
Cup on May 2017. 

1.3. Motivation and objectives 

This study aims to aid scientists, designers, and engineers in selecting 
representative thermal indices suitable for assessment of outdoor ther
mal comfort in hot and arid environments. The results of thermal 
sensation vote (TSV) are used for assessing several thermal comfort 
indices. The study also aims to compare the results obtained from a 
thermal comfort survey to other numerically calculated thermal indices. 
The performance of each thermal index was measured by evaluating the 
agreement between the thermal index predicted value and the value 
obtained from the TSV survey. 

This paper is structured as follows: section 2 discusses the methods 
and tools used for evaluating the different thermal comfort indices. In 
section 3, the results from the survey and CFD simulations are presented 
and compared. Finally, in section 4, conclusions are drawn, and rec
ommendations are given. 

2. Materials and methods 

In this section, the methodology used for conducting the survey and 
the numerical simulation setup is discussed. The section begins by de
tailing Khalifa international stadium’s location and geometry, and then 
discussing the guidelines followed for constructing and performing the 
thermal comfort survey. Hence, the details for the CFD simulation setup 
are provided. 

This paper aims to assess the use of different thermal comfort indices 
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in an air-conditioned stadium in hot and arid environment. The assess
ment is performed by comparing the results of a thermal comfort survey 
(TSV) to the thermal indices predicted by computational fluid dynamics 
(CFD) simulations. For validation, participants in the stadium were 
asked to fill in an online questionnaire about their thermal sensation. 
The thermal survey is conducted in an open air-conditioned stadium 
during a football game played in the evening. The responses of the 
questionnaire were used as a basis to assess the CFD predicted thermal 
comfort indices. Fig. 1 shows a flow diagram summarizing the meth
odology adopted in this paper for assessing the thermal comfort indices. 

2.1. Khalifa international stadium geometric configuration 

The thermal survey study was conducted during the Emir cup finals 
played at Khalifa international stadium, Doha, Qatar, 25◦15′49.2′′N 
51◦26′52.7′′E. The stadium opened its doors in 1976 and has been 
expanded before the Asian games in 2006 to double its capacity to 
40,000 spectators. The stadium is oriented North-South as specified by 
FIFA football stadiums handbook [74]. For performing CFD simulations, 
a three-dimensional model was built to simulate the stadium and its 
surroundings. As shown in Fig. 2, the stadium has main dimensions of 
L× W× H = 290 × 275 × 69 m. 

2.2. Thermal comfort questionnaire 

A total of 532 individuals participated on an online thermal survey 
during the Emir’s Cup on the May 19, 2017 at Khalifa Stadium, in Doha, 
Qatar. The number of participants and their physical distribution within 
the stadium zones satisfied the standard of thermal comfort survey [26, 
75]. The area of individual stadium zones ranged between 30 m2-60 m2, 
requiring only three surveyed locations for each individual zone. The 
construction of the questionnaire followed the guidelines proposed by 
Cena and de Dear (2001); Hwang et al. (2006); Lai et al. (2014) [76–78]. 

The stadium was divided into six zones according to the tiers and the 
respondents had to identify their zone to complete the online survey. 
Fig. 3 shows the locations of the six zones and the distribution of par
ticipants at each zone. It also shows the number of the participating 
gender. The thermal survey included two main parts, the participant’s 
background and their assessment of the thermal environment. The in
dividual’s background recorded the participant age, gender, and phys
ical/medical conditions. As proposed by ASHRAE, the participants were 
asked to state their thermal sensation, using a 7-scale thermal sensation 
vote (TSV) [79,80]. Table 1 shows the TSV scale used in the survey to 
evaluate the participants’ thermal comfort [81]. 

The online questionnaire included 13 questions. Participants were 
asked to declare their seating location and zone (Question No 1), to state 
their age and gender (Questions No 2 and 3), to report any medical 

issues (Question No 4), to describe their clothes (Questions No 5 to 7) 
and finally to assess their thermal comfort perception and to include 
comments (Questions No 8 to 13). The survey was completed after 2 h of 
the participants admittance to the stadium, so participants were fully 
acclimatized to the stadium’s environment. Men comprised most of the 
audience with 466 respondents while women were less than 13%. 
Twenty of the participants (3.75%), three women and seventeen men, 
stated minor health issues (for example asthma or common cold). The 
questionnaire surveyed the individual’s clothing style for assessment of 
the material insulation and selection of appropriate average clo values 
required for the indices’ calculation. According to Köppen-Geiger 
climate classification, the Qatari climate is classified as hot desert 
climate (BWh). The letter ‘B’ refers to arid, ‘W’ refers to desert, and ‘h’ 
means ‘hot’ [82]. The Qatari climate is considered as arid [8] with 
temperature exceeding 40 ◦C [83–85]. Most of the male participants 
reported wearing Thobs and sandals or flip flops. Whereas the female 
participants indicated wearing Abayas. Thobs are considered to present 
a clothing insulation of 1.05–1.23 clo value while Abayas represent 
1.19–1.24 clo value [86]. Arabian clothes proved to insulate adequately 
in hot and arid environments offering high levels of thermal comfort 
[87,88]. The participant demographic data is depicted in Fig. 4. For both 
genders, the dominant age group of the participants was 26–35 years, 
followed by the age group 18–25 years. 

2.3. Methodology for numerical simulations 

2.3.1. Mathematical model 
The numerical simulations were performing using the commercial 

CFD code ANSYS Fluent version 18.0. The CFD results were used to 
examine the flow field and the distribution of temperature and relative 
humidity within the stadium, which were used to obtain the thermal 
comfort indices. CFD simulations guidelines for urban environments 
provided by Blocken (2015) [89] were followed. 

The CFD simulations utilized a pressure-based solver to solve the 
incompressible Navier-Stokes equations. The resulting pressure and 
velocity fields were used to solve the energy equation. The continuity 
and momentum equations that govern the steady fluid flow are 
considered as follows: 

∇ ⋅ u = 0, (1a)  

u ⋅∇u = ν∇2u −
1
ρ∇p, (1b)  

where u is the velocity vector, ν is the kinematic viscosity of air, ρ is the 
air density, and p is the pressure. The energy equation and species 
transport models were considered to reflect the actual heat transfer and 
relative humidity levels, respectively. The steady state energy equation 
for an incompressible flow is given by: 

u ⋅∇T = κ∇2T − Q, (2)  

where T is the temperature of the fluid, κ is the fluid thermal conduc
tivity, and Q is the volumetric heat flux. For a steady state flow without 
chemical reactions, the equation for species transport is considered as 
follows: 

u ⋅∇φ = − ∇⋅J (3)  

where φ is the concentration of the species and J is the diffusion flux due 
to the gradient of species concentration. In this paper, a single species 
transport equation is solved for the water vapor concentration. 

For turbulence modeling, the Reynolds-Averaged Navier Stokes 
(RANS) standard k- ε model was used. The model was developed in 
1974, and presented a good compromise between prediction of turbu
lent quantities and computational efficiency [90]. Previous studies 
examined the suitability of the standard k- ε model for natural ventila
tion simulation [91–94]. Fig. 1. Flow diagram for thermal indices assessment methodology.  
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The SIMPLE algorithm was used for the pressure-velocity coupling. 
The evaluation of the pressure gradients was performed by least-squares 
cell-based. The pressure discretization was of a second-order accuracy. A 
second-order upwind scheme was used to discretize the transport 
equations’ convective terms. 

2.3.2. Computational domain and grid 
The stadium orientation, wind direction, computational domain and 

the surface mesh are shown in Fig. 5. The surface mesh depicting sta
dium’s tiers, field of play and the refined grid near the air supply nozzles 
is illustrated in the figure. The computational domain dimensions were 
considered as L × W × H = 2500 × 2000 × 300 m3 and a maximum 
blockage ratio of 2.5%, which was below the maximum good practice 
limit of 3% [71,72]. The distance from the building to the domain 
boundary was at least five times the height of the building. The distance 
from the building to the domain outlet was 15 times the height, as 
recommended by Franke (2007) and Tominaga et al. (2008) [95,96]. 

About 30 million hexahedral cells were used to discretize the 
computational domain for both the stadium and its surroundings. The 
grid size was selected according to a mesh independency study to ensure 
that the numerical solution results do not change with further mesh 
refinement. The computational domain grid size and quality parameters 
are detailed in Table 2. 

2.3.3. Boundary conditions 
For CFD simulations, the stadium outer walls were set to have zero 

heat flux. The field of play (FoP) conditioned air supply nozzles were 
simulated as velocity inlet boundary condition with 12 m/s air velocity 
and 10◦C air temperature. While the spectators conditioned air supply 
nozzles were simulated as velocity inlet boundary condition with 2 m/s 
air velocity and 12◦C air temperature and 55% relative humidity. During 

Fig. 2. Geometry of Khalifa international stadium.  

Fig. 3. Seating zones in the stadium and the distribution of participants per zone.  

Table 1 
Scales for thermal comfort [81].  

Questions ‘‘I feel … ’’ ‘‘Temperature’’ ‘‘Climate … ’’ ‘‘Overall Experience’’ ‘‘Rate Climate … ’’ 

Possible answers Hot +3 Cooler Highly acceptable +1 Comfortable Very satisfied 
Warm +2 The same Acceptable 0 Slightly uncomfortable Satisfied 
Slightly warm +1 Warmer Unacceptable 0 Uncomfortable Somewhat satisfied 
Neutral 0  Highly unacceptable -1 Very uncomfortable Neutral 
Slightly cool -1    Somewhat unsatisfied 
Cool -2    Unsatisfied 
Cold -3    Very unsatisfied  

Fig. 4. Participants’ demographic data.  
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the game played on May 19, 2017, the measured ambient temperature 
was 36◦C, and the relative humidity was 40%. The measured average 
wind speed was 2.2 m/s at a reference height of 10 m above the ground 
having a velocity profile changing with height according to equation (4). 
On that day, the prevailing direction of the blowing wind was NNW. 

u
ur

=

(
y
yr

)α

(4)  

where, u is the wind speed (m/s) at height y (m), and ur is the known 
wind speed at a reference height yr. The exponent α is an empirically 
derived coefficient that varies depending on the stability of the atmo
sphere. For this study, α was set to 0.143 to neglect the terrain outside 
the stadium. 

Table 3 summarizes the boundary conditions used to simulate the 
stadium outer and inner environments. The model accounts for both 
sensible and latent heat generated by players, field of play (FoP), and the 
spectators in the stadium. Because the questionnaire was performed 

during night game, the radiation model was not used for the CFD 
simulations. 

For validation of the numerical simulation results, ambient air con
ditions inside and outside the stadium were simultaneously measured 
during the game played at night on the May 19, 2017. Air temperature, 
relative humidity, and wind velocity were measured at 58 locations 
within the stadium. Fig. 6 shows the locations of the 58 measuring points 
on the stadium’s field of play (FoP), lower and upper tiers, and their 
corresponding zones. 

The measurements were undertaken using multiple sets of Kestrel 
5400 Heat stress tracker instrument. The device has the following 
specifications:  

• Temperature measurements: accuracy of ±0.5 ◦C, resolution of 0.1◦C  
• Relative humidity: accuracy of ± 2% RH%, resolution of 0.1% RH  
• Wind velocity: accuracy of 3%, resolution of 0.1 m/s 

2.4. Evaluation of thermal comfort indices 

In this subsection, the equations used for calculating the thermal 
comfort indices from the CFD simulation results are presented. For 
calculating the thermal comfort indices, an average clothing factor of 
1.15 was used, and a metabolic rate M of 58 W/m2 is selected to 

Fig. 5. Computational domain and surface mesh at the stadium’s field of play and tiers.  

Table 2 
Grid size and quality parameters.  

Grid size Parameter Value 

No. of cells 29630969 

No. of nodes 5288689 

Quality parameters Minimum orthogonal quality 0.014 
Maximum skewness 0.958 
Maximum aspect ratio 59.1  

Table 3 
Boundary conditions for numerical simulation.  

Boundary Condition Value Units 

Ambient Inlet and outlet 
boundaries 

Temperature 36 ◦C 
Relative 
humidity 

40 % 

Prevailing wind 2.2 m/s 
Wind direction NNW  

Tiers Air supply Temperature 12 ◦C 
Relative 
humidity 

55 % 

Flowrate 25 l/s/ 
person 

Velocity 2 m/s 
Sensible and latent heat 
generation 

Sensible heat 90 W/ 
person 

H2O source 2.7227 ×
10-5 

kg/m3s 

FoP Air supply Temperature 10 ◦C 
Velocity 12 m/s 

Sensible and latent heat 
generation 

Energy source 37.15 W/m3 

H2O source 5.81 × 10-5 kg/m3s  Fig. 6. Distribution of measuring locations over the stadium FoP and tiers.  
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represent a seated individual. The rate of mechanical work is taken to be 
equal to zero. 

Predicted mean vote (PMV) index: The equation used for pre
dicting the PMV value from the CFD results is as follows: 

PMV=
(
0.303e− 0.036M + 0.028

)
× L (5)  

where, M is the metabolic rate of human body (W/m2), and L is the 
thermal load on the body (W/m2). The thermal load L on the body was 
estimated by using a 4th order polynomial with the temperature. The 
mean comfort vote (MCV) is obtained by taking the average PMV values 
per stadium zone [97]. The PMV and MCV are compared to the TSV and 
mTSV values were obtained from the thermal comfort survey. 

Discomfort index (DI): The discomfort index (DI) is evaluated as 
follows [23]: 

DI=Tdb − (0.55 − 0.005×RH%) × (Tdb − 14.5) (6)  

where RH% is the relative humidity percentile (%), and Tdb is the dry 
bulb temperature (◦C) 

Cooling power index (CPI): The cooling power index can be 
calculated by using the following equation [98]: 

CPI=
(
0.37+ 0.51×V0.63)× (36.5 − Tdb) (7)  

where CPI is the cooling power index (mcal/cm2.s), V is the air velocity 
(m/s) and Tdb is the dry bulb temperature (◦C). 

Humidex index: The humidex index is obtained as follows [54]: 

H=Tdb +
5
9
× (Pv − 10) (8a)  

Pv = 6.112 ×

(
RH
100

)

⋅ × 10e

(
7.5⋅Tdb

237.7+Tdb

)

(8b)  

where, H is Humidex, Tdb is the dry bulb temperature (◦C), and e is the 
atmospheric pressure of water vapor (mm Hg). 

Wet bulb globe temperature (WBGT) index: The WBGT formula 
includes the wet bulb temperature, the globe temperature and the dry 
bulb temperature as shown in equations (9a) and (9b).  

WBGT = 0.7Tw+0.2TG+0.1T                                                        a(9a)  

WBGT = 0.7Tw+0.3T                                                                 G(9b) 

Table 4 
Thermal comfort indices in literature.  

Index Indoor/Outdoor Equation Range/Scale References 

Predicted mean vote (PMV) Indoor and 
outdoor 

PMV = (0.303e− 0.036M) + 0.028) × L  -3 Cold [29,41] 
-2 Cool 
-1 Slightly cool 
0 Neutral 
1 Slightly warm 
2 Warm 
3 Hot 

Discomfort Index (◦C) Indoor and 
outdoor 

DI = ​ Tdb − (0.55 − 0.005 × RH%)× (Tdb −

14.5)
˂21 No discomfort [23,50,100, 

101] 21–24 Discomfort under 50% of the 
population 

24–27 Discomfort over 50% of population 
27–29 Most of population feels discomfort 
29–32 Everyone feels stress 
>32 State of medical emergency 

Cooling power index (mcal/ 
cm2s) 

Indoor and 
outdoor 

CPI = (0.37 + 0.51 × V0.63)× (36.5 − Tdb) <5 Hot [51,98] 
6–10 Mild 
11–15 Cool 
16–22 Cold 
23–30 Very cold 
>30 Extreme cold 

Humidex (◦C) Outdoor H = Tdb+
5
9
× (Pv − 10) 20–29 Comfortable [102–105]  

30–39 Some discomfort  
40–45 Great discomfort 

Pv = 6.112×

(
RH
100

)

⋅× 10e

(
7.5⋅Tdb

237.7 + Tdb

)
45˂ Dangerous 

WBGT (0C) Outdoor WBGT = 0.7Tw+0.2TG+0.1Ta <24 No risk [59,99, 
106–111]  24–29.3 Moderate  

29.4–32.1 High 
WBGT = 0.7Tw+0.3TG ≥32.2 Extreme 

SET (◦C) Indoor Hsk = hs(tsk − SET)+ whs,e(ps,sk − 0.5pSET) >37.5 Very hot (great discomfort) [60,112–114] 
37.5–34.5 Hot (very unacceptable) 
34.5–30 Warm uncomfortable/unacceptable 
30–25.6 Slightly warm/unacceptable 
25.6–22.2 Comfortable (acceptable) 
22.5–17.5 Slightly cool/unacceptable 
17.5–14.5 Cold (unacceptable) 
14.5–10 Very unacceptable 

UTCI (◦C) Outdoor 6th order polynomial approximation [66] >46 Extreme heat stress [73,115] 
38–46 Very strong heat stress 
32–38 Strong heat stress 
26–32 Moderate heat stress 
9–26 No thermal stress 
0–9 Slight cold stress 
-13–0 Moderated cold stress 
-13-(-27) Strong cold stress 
-27-(-40) Very strong cold stress 
-40> Extreme cold stress  
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where, WBGT is the wet-bulb globe temperature (◦C), Tw is the wet bulb 
temperature (◦C), TG is the black globe temperature (◦C) and Tdb is the 
dry bulb temperature (◦C). For shaded areas, TG was considered as the 
dry bulb temperature as shown in equation (9b) [99]. 

Standard effective temperature (SET) index: SET is described by 
the standard heat transfer and the evaporative heat transfer coefficients, 
the fraction of the wetted skin surface, the water vapor pressure at skin 
and the saturated water vapor pressure at SET [41]. The SET is calcu
lated by simulating the thermophysiological behavior of the human 
body [26], as follows: 

Hsk = hs(tsk − SET) + whs,e
(
ps,sk − 0.5pSET

)
(10)  

where, Hsk is the heat loss from skin (W/m2), hs is the standard heat 
transfer coefficient (W/m2⋅◦C), tsk is the skin temperature (◦C), w is the 
fraction of the wetted skin surface, hs,e is the standard evaporative heat 
transfer coefficient (W/m2kPa), ps,sk is the water vapor pressure at skin, 
normally assumed to be that of saturated water vapor at tsk (kPa), and 
pSET is the saturated water vapor pressure at SET (kPa). 

Universal Thermal Climate Index (UTCI): The UTCI was estimated 
using a 6th order polynomial approximation [66]. The detailed process 
for calculation can be found in Refs. [65–67]. 

Table 4 lists the thermal assessment indices considered in this study. 
Most of the thermal indices are intended to be used for the assessment of 
indoor environments. However, it is argued that the indoor thermal 
indices can be used for the thermal assessment of outdoor environments 
as well. Assuming that the outdoor environment is mechanically 
controlled to provide similar thermal comfort conditions to the indoor 
environment justifies using similar thermal comfort assessment indices 
[26]. 

3. Results and discussion 

In this section, the results from the questionnaire and the CFD pre
dicted thermal comfort indices are presented and discussed. The 
assessment of the performance of the different thermal comfort indices is 
performed by comparing the CFD predicted indices values to the TSV 
results obtained from the thermal comfort survey. Different thermal 
indices have different evaluation scales. For example, PMV is evaluated 
using a 7-scale criteria while the discomfort index is evaluated using a 6- 
scale criteria. Hence, a direct comparison between the indices cannot be 
performed. The obtained values of the TSV were used as the benchmark 
to establish a similar correlated range among indices. 

3.1. Survey results 

The measured environmental conditions of the stadium six zones are 
reported in Table 5. Zone1 was of the highest average temperature while 
zone 3 was of the highest average relative humidity. Fig. 7 depicts the 
distribution of the thermal sensation for each of the stadium’s zones 
using the results from the survey. The figure also shows the distribution 
of thermal sensation for all zones. 

Using the TSV from the questionnaire answers, the mean thermal 
sensation vote (mTSV) as described in equation (11), was calculated to 
define the human thermal sensation in each zone. 

mTSV =
Responses × TSV

Total Respondents
(11) 

Fig. 8 presents a box plot for the TSV values distribution at the sta
dium’s zone. The box plot includes the average, minimum, maximum, 
and median values. The mTSV values for zones 2, 3, 4, 5 and zone 6 were 
within the thermally accepted range, indicating a “Slightly Cool” to 
“Cool” thermal sensation. Zone 6 proved to be the most thermally un
accepted (mTSV = -1.62) with Zone 3 to follow (mTSV = -1.43). During 
the event, Zone 1 (mTSV = -0.23) was found to be the highest thermally 
accepted zone in Khalifa stadium. Outdoor temperature is the main 
determinant for TSV affecting clothing and metabolic rate [116]. It is 
worth mentioning that zone 6 and zone 3 are located at the stadium 
highest tiers and are frequently exposed to infiltration of the outside hot 
wind through the roof oculus creating what is known as the ring of fire. 

The thermal performance of zone 1, as the best thermally performed 
zone, and zone 6, as the worst thermally performed zone are further 
analyzed. Fig. 9 includes the answers for the two extreme zones. The 
scale used is known as the McIntyre scale, that indicates “cooler”, “the 
same” and “warmer” answers as -1, 0, +1 respectively [117]. Although 
Zone 1 was the most thermally accepted location in the stadium, with 
mTSV ranging on the ‘‘cold’’ side of the TSV scale, the total McIntyre 
scale value was (-0.44) indicating the individuals’ expectations for even 
colder climate. Generally in hot climates, individuals prefer lower 
temperatures [117]. The overall thermal comfort of zone 6 was the 
lowest amongst the other zones. The individuals’ expectation that the 
climate to become warmer as the McIntyre scale was (+0.19). Thus, the 
individuals taking part in this survey stated that in neutral conditions, 
they prefer colder environments. 

Additionally, individuals who proposed the climate to remain “the 
same” stated a different thermal sensation other than neutral. Similar 
findings were recorded by Humphreys and Nicol (2004) [118]. For 

Table 5 
Measured environmental conditions per zone.  

Zone Average temperature 
(oC)

Average relative 
humidity (%) 

Average wind velocity 
(m/s) 

1 24.8 38.7 0.45 
2 24.6 39.5 0.7 
3 24 44 0.7 
4 22.8 43.8 0.7 
5 21.5 42.5 0.85 
6 23 42 0.8  

Fig. 7. Reported thermal sensation distribution per zone.  

Fig. 8. Distribution of thermal sensation vote (TSV) values per zone.  
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“cold” thermal sensation, the individual’s preference for higher tem
perature and warmer climates was recorded (as expected). The survey 
answers for the level of climate acceptability are depicted in Fig. 10. 

Thermal acceptability is not distinctly nor clearly defined by ASH
RAE Standard 55 and can be widely evaluated as an alternative for 
thermal comfort, referring to “slightly cool”, “neutral” and “slightly 
warm” thermal sensations [47]. Generally, some individuals can accept 
a specific climate although their thermal sensation vote might be off the 
(-1, 0, +1) range while others may state their thermal comfort as “neutral 
“without approving the climate acceptability [119]. Zone 1 presented 
the best mTSV values, close to “neutral” and as demonstrated by 
acceptability level, more than 90% of men (65 out of 72) and 88% of 
women (15 out of 17) favored the climate of zone 1. Similar behavior 
can be found for Zone 6, although it presented the lowest performance in 
terms of thermal comfort. More than 9 out of 10 men and women 
considered the climate to be “acceptable”. 

3.2. CFD simulation results 

3.2.1. Contour maps from CFD simulations 
Figs. 11–13 show the contour maps of temperature, relative humidity 

and the air velocity obtained from CFD simulations. The results were 
plotted at a height of 0.5 m from the tiers surface and 1.5 m from the 
field of play. Fig. 11 depicts the contours of temperature for the sta
dium’s tiers and field of play. A maximum temperature value of 21.7◦C 
and an average temperature value of 20◦C was captured on the FoP. A 
maximum temperature value of 26.2◦C was depicted on the tiers near 
the stadium vomitories and on the upper tiers. 

Figs. 12 and 13 shows the relative humidity and velocity contours. 
The relative humidity contours, Fig. 12, show a maximum relative hu
midity of 58.7% at the conditioned-air supply nozzles. Regions of min
imum relative humidity of 34.7%, are coinciding with the areas of high 

Fig. 9. McIntyre scale votes for the preference for air temperature for (a) zone 1 and (b) zone 6.  

Fig. 10. Acceptability levels for (a) zone 1 and (b) zone 6.  

Fig. 11. Temperature contours at a plane 1.5 m high from the FoP and 0.5 m 
high from upper and lower tiers. 
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temperature values, as shown in Fig. 11. These relatively high temper
ature zones (hotspots) are attributed to the infiltration of outside hot air 
through the stadium open oculus and vomitories. The stadium average 
relative humidity value was 43.7%. As illustrated in in Fig. 13, the ve
locity contours have an average value of 0.73 m/s and a maximum ve
locity value of 2.2 m/s. Zones with high velocity values are those close to 
the air supply nozzles. In comparison to the stadium zones, the field of 
play velocity values were smaller, with an average value of 0.53 m/s. 

3.2.2. Validation of numerical simulation results 
The environmental measurements previously shown in Table 5 were 

used to validate the results from the numerical model. Figs. 14–16 show 
a comparison between measured and simulated values of temperature, 
relative humidity, and air velocity. In all figures, zone 7 refers to the 
stadium’s field of play (FoP). As depicted in Fig. 14, the maximum 
temperature difference was in the order of 2◦C for zone 4 with an 
average temperature difference of 1.3◦C for all measured temperature 
values. The maximum relative humidity difference was 2% in zone 1 
with an average difference of 0.5% (Fig. 15). Fig. 16 shows the 

difference between measured and simulated wind velocity. The 
maximum difference was in the order of 0.48 m/s in zone 1 with an 
average difference of 0.06 m/s for all measured locations. 

3.2.3. CFD predicted thermal indices 
Figs. 17–23 show the contour maps of the seven thermal comfort 

indices as predicted from the CFD simulations. These results are used to 
obtain the average thermal comfort indices of the corresponding zones 
for comparison with the results obtained from the questionnaire. 

3.2.3.1. PMV. As shown in Fig. 17, the average value of PMV index in a 
horizontal plane at height of 1.5 m from the field of play is -0.93 indi
cating a “slightly cool” thermal sensation. The contours shown for the 
tiers are plotted at a height of 0.5 m from the tiers’ level, at a hight of the 
spectators’ sitting positions. The maximum and minimum PMV values 
within the stadium were 0 and -2.5 respectively. These predicted values 
corresponded to as “neutral”, “slightly cool”, “cool” and “cold” thermal 
sensation (shaded range in Table 4). Lower values of PMV were gener
ally recorded near the vicinity of the cold air supply nozzles. 

3.2.3.2. Discomfort index. Predicted Discomfort index values are shown 

Fig. 12. Relative humidity contours at a plane 1.5 m high from the FoP and 0.5 
m high from tiers. 

Fig. 13. Velocity contours at a plane 1.5 m high from the FoP and 0.5 m high 
from upper and lower tiers. 

Fig. 14. Comparison between measured and simulated temperature in both 
tiers and FoP. 

Fig. 15. Comparison between measured and simulated relative humidity in 
both tiers and FoP. 

Fig. 16. Comparison between measured and simulated air speed in both tiers 
and FoP. 
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in Fig. 18. The average simulated value of discomfort index in the field of 
play area was 18.3◦C. While, for the spectators’ area, the average pre
dicted discomfort index was 19.2◦C. Both values of the predicted 
discomfort index are lower the than the 21◦C threshold that indicates 
“no discomfort” on the discomfort index scale (shaded range in Table 4). 

3.2.3.3. Cooling power index (CPI). The Cooling power index indicates 
the coldness of a zone. To calculate the cooling power index, Equation 
(7) was embedded in the CFD model as a user-defined function (UDF). 
Fig. 19 displays the cooling power index contours for the stadium field of 
play and tiers. A maximum cooling power index value of 24 mcal/cm2s 
was recorded near the conditioned air supply nozzles. While, an average 
value of 12.5 mcal/cm2s was recorded at an inclined plane passing 
through the spectators’ head position at a height of 0.5 m. The value of 
12.5 mcal/cm2s corresponds to “cool” sensation on the cooling power 
index scale (shaded range in Table 4). Higher, colder, values of the 
cooling power index were generally recorded near the vicinity of the 
conditioned air supply nozzles. 

3.2.3.4. Humidex. As depicted in Fig. 20, the stadium average predicted 
Humidex value was 21.6◦C indicating a “comfortable” thermal sensation. 
Colder areas near the conditioned air supply nozzles were shown to have 
the minimum Humidex value of 20.15◦C indicating a “comfortable” 
status as well. For the stadium occupied zones, the humidex index value 
was less than 27 corresponding to a “comfortable” sensation on the 
humidex scale (shaded range in Table 4). 

3.2.3.5. WBGT. A User Defined Function (UDF) was embedded in the 
CFD model to calculate and display the WBGT contours. As shown in 
Fig. 21, the WBGT values ranged from a minimum of 16◦C near the 
conditioned air supply nozzles to a maximum of 19◦C near the stadium 
entrances and tiers vomitories. The average predicted value was 16.3◦C. 
As these predicted values of WBGT is less than 24OC, it indicates a “no 
risk” status on the WBGT scale (shaded range in Table 4). 

3.2.3.6. SET. Fig. 22 shows the contours of the SET at the stadium’s 
zones and field of play. A User Defined Function (UDF) was developed to 

Fig. 17. PMV contours at a plane 1.5 m high from the FoP and 0.5 m high 
from tiers. 

Fig. 18. Discomfort index (DI) contours at a plane 1.5 m high from the FoP and 
0.5 m high from tiers. 

Fig. 19. Cooling power Index contours at a plane 1.5 m high from the FoP and 
0.5 m high from tiers. 

Fig. 20. Humidex contours at a plane 1.5 m high from the FoP and 0.5 m high 
from tiers. 
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calculi the SET based on the ASHRAE Standard 55–2017 recommended 
method of calculation [26]. The SET values ranged from a minimum of 
11.2◦C to a maximum of 24◦C. The average predicted SET value was 
20.46◦C. The SET values indicated “comfortable” and “slightly cool” 
thermal comfort levels on the SET scale (shaded range in Table 4). 

3.2.3.7. UTCI. To calculate the UTCI values from the CFD simulations, 
a UDF was used. Fig. 23 shows the contours of the UTCI values at the 
stadium zones and field of play. The UTCI values ranged from a mini
mum of 8.4 ◦C near the conditioned air supply nozzles to a maximum of 
25.5 ◦C near the stadium entrances and tiers vomitories. The UTCI 
average predicted value was 19.38 ◦C. The predicted UTCI values across 
the whole stadium indicate “no thermal stress” thermal conditions on the 
UTCI scale (shaded range in Table 4). 

3.3. Comparison of predicted thermal comfort indices with questionnaire 

The TSV data obtained from the questionnaire were compared to the 
CFD predicted values of seven thermal comfort indices. The TSV results 

from the questionnaire were used to obtain an equivalent thermal 
comfort index that can be directly compared to the CFD predicted 
values. The scales, shown in Table 4, were used to obtain an equivalent 
thermal index that corresponds to a certain TSV value. Figs. 24–30 
compare the CFD predicted thermal indices to the survey results. 

Fig. 24 depicts the differences between the questionnaire and pre
dicted values of MCV for spectators. MCV values are obtained by aver
aging the PMV values previously shown in Fig. 17 and obtaining a single 
value for each zone. The maximum difference was recorded in zone 3 
and it was around 0.9. Using Holmes method, the average error per
centage of all zones was around 26% [120]. 

Fig. 25 depicts the differences between tiers real sensation and CFD 
predicted discomfort index (DI). Average values of DI were calculated 
for each zone. Maximum difference was noticed at zones 5 and zone 6, 
which was up to 4.5◦C. The average error of all zones was around 15%. 

The comparison between the questionnaire data and the predicted 
cooling power index (CPI) is depicted in Fig. 26. The index failed to 
estimate participants’ real sensation. The average error of all zones was 
around 46%. 

Fig. 27 compares the questionnaire and predicted values for the 
Humidex index. The maximum difference was recorded in zone 6 which 
was around 8.5 ◦C. Although the average error of all zones was around 
16.5%, the model is still capable to estimate values close to the real 
sensation. The index main inherited disadvantage lies on the index- 
limited description of the environment to “comfortable” or “some 
discomfort” (Table 4). 

Fig. 28 shows a comparison between the participants’ real sensation 

Fig. 21. WBGT contours at a plane 1.5 m high from the FoP and 0.5 m high 
from upper and lower tiers. 

Fig. 22. SET contours at a plane 1.5 m high from the FoP and 0.5 m high from 
upper and lower tiers. 

Fig. 23. UTCI contours at a plane 1.5 m high from the FoP and 0.5 m high 
from tiers. 

Fig. 24. Comparison between measured and predicted mean comfort vote.  
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and CFD predicted WBGT value for zones 1 to zone 6. A maximum dif
ference of 3.3◦C was depicted at zone 5. The average error for all the 
stadium zones was 8.8%. Comparison shows good agreement between 
both questionnaire and predicted data. The WBGT index is mainly used 
to assess the heat thermal risks in hot and arid environments. The index 
is not suitable to describe heat thermal risks in cold environments. 
Mainly, the index depends on site measured globe temperature. 
Although WBGT is able to predict a realistic thermal sensation, it is not 
always an available measure offered by the national weather stations. 

CFD predicted standard effective temperature (SET) values were 
compared to questionnaire data for all the stadium zones. Fig. 29 shows 

the difference for all zones. A maximum difference of about 5.3◦C. was 
noticed in zone 6. The average error of all zones was around 15%. 

Fig. 30 shows the difference between the thermal survey results and 
the predicted CFD values of UTCI for spectator zones. The UTCI values 
were computed using a 6th order polynomial approximation [66]. The 
spectators thermal survey was carried in the hot environment of Doha, 
Qatar. Participants’ thermal sensation responses reported as “cool” or 
“cold” were mapped as “no thermal stress” on the UTCI scale (Table 4). 

Fig. 25. Comparison between measured and predicted discomfort index (DI).  

Fig. 26. Comparison between measured and predicted cooling power 
index (CPI). 

Fig. 27. Comparison between measured and predicted humidex.  

Fig. 28. Comparison between measured and predicted wet bulb globe tem
perature (WBGT). 

Fig. 29. Comparison between measured and predicted standard effective 
temperature (SET). 

Fig. 30. Comparison between calculated and predicted UTCI.  
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Other participants thermal sensation responses reported as “slightly 
warm”, “warm” and “hot” were considered as “moderate heat stress”, 
“strong heat stress” and “very strong heat stress” on the UTCI scale 
(Table 4). A maximum difference between the calculated and the pre
dicted UTCI values of about 29%. was recorded in zone 6. The average 
percentage difference of all zones was about 14%. 

Fig. 31 summarizes the average error between CFD predicted ther
mal comfort indices and the real sensation of spectators obtained from 
the thermal comfort survey. The figure shows that the CFD prediction of 
WBGT value is the nearest to PMV values with an average difference of 
8.8%, followed by the CFD prediction of UTCI model with an average 
difference of 14%. The performance of the UTCI CFD prediction model 
and the SET CFD prediction model was fairly similar within 15% dif
ference to PMV values, which is consistent with the findings of previous 
literature [73]. The performance of the CPI CFD prediction model did 
not yield an accurate estimation of the thermal comfort level of the 
spectators. 

4. Conclusions 

This paper assessed the performance of seven thermal comfort 
indices using an online thermal survey and CFD predicted indices. An 
online thermal sensation survey was conducted on the May 19, 2017 for 
spectators attending the local Emir Cup in an air-conditioned stadium. 
The questionnaire provided the thermal sensation vote (TSV) for the 
respondents, which was used as a basis to assess the thermal comfort 
indices and the validate the CFD predicted indices. 

The stadium was divided into six zones and a total of 532 individuals 
participated in the survey, recording their demographic data and indi
cating their personal thermal comfort perception. The majority of the 
respondents evaluated their thermal sensation as “cool” indicating high 
level of climate acceptability, although in literature “cool” sensation is 
out of range of the thermal acceptability description. The survey also 
indicated that individuals who stated a thermally “neutral” sensation 
would prefer the environment to become colder which agreed with 
previous research [7]. It could be concluded that humans from hotter 
demographic background prefer colder environments [121,122]. The 
results of the survey indicated high levels of climate acceptability, with 
small variations among the stadium zones and between genders. 

CFD predicted MCV did not show good agreement with the thermal 
questionnaire with an average difference of 26%. For the DI, a maximum 
difference of 4.5◦C was noticed at zones 5 and 6. In comparison to the 
questionnaire, the average difference was 15%. The CFD model pre
dicted SET and UTCI values within an average difference of about 15% 
to the surveyed to PMV values. 

The value of the WBGT obtained by the CFD simulation showed the 
nearest results to the actual questionnaire data with an average differ
ence of 8.8% which is consistent with previous related research work 
[5]. However, the WBGT index is mainly used to assess the heat thermal 
risk in hot environments. It depends on site measured globe tempera
ture. The WBGT index is not suitable to assess heat thermal risk in cold 
environments. The CFD WBGT index model was able to predict a real
istic thermal sensation. Nevertheless, the WBGT index typically is not 
recorded by national weather stations. 

Humidex thermal comfort CFD model predicted the thermal comfort 
of the spectators with an average difference of 16.5%, but its main 
inherited disadvantage lies on the index limited range of description of 
the thermal environment to “comfortable” or “some discomfort”. Other 
models have average difference between 15 and 26%, while only the CPI 
has an unacceptable average difference around 46%. It is concluded that 
the CPI index is not best suited to assess outdoor thermal comfort for hot 
and arid regions. 

The results of the CFD predicted UTCI were in less agreement with 
the values calculated based on the questionnaire, with an average dif
ference of 14%. In comparison to the calculation of the WBGT index, the 
calculation of the UTCI index is complicated and has the limitation of 

being applicable to temperature values between 50 ◦C and -50 ◦C. For 
hot climates, using the WBGT index to assess thermal comfort is 
preferred as it provides more reliable results, and the index is easier to 
compute. The CPI index deemed not suitable to assess outdoor thermal 
comfort for hot and arid regions. 
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