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Qatar is hosting the 2022 FIFA World Cup. In the field of sports architecture, this is a challenging case study
for new design solutions that guarantee the comfort and safety of occupants in such a hot and humid climate.
This work analyzes the thermal comfort of a stadium designed for international competitions in Doha, Qatar.
The stadium has a total capacity of 47,000 spectators. An external facade protects the occupants from expo-
sure to wind and sunlight, and fresh air and daylight enter the stadium through a semi-open roof. An air con-
ditioning system controls the temperature and humidity on each stadium tier and on the football pitch. Air
nozzles in the upper tiers exploit the buoyancy effect for the distribution of cool air, thereby saving energy. A
steady-state, multi-region conjugate heat transfer model simulates the interaction between the building and
environment using computational fluid dynamics. Six simulations are performed to investigate the thermal
comfort in the stadium for different climatic conditions and duty cycles of the air conditioning system. All sim-
ulations measure the thermal sensation in the stadium's sectors based on the predicted mean vote and percent-
age of persons dissatisfied. They also assess the wet-bulb global temperature (WBGT) on the football pitch for
the safety of the players, as required by FIFA guidelines. The results reveal that, for an external temperature of
up to 48 'C and relative humidity of 70%, the air conditioning system guarantees a sensation of thermal neu-
trality, and the WBGT remains within the safety limit. When the cooling load is reduced by approximately
50%, most of the stadium's zones maintain thermal neutrality, and the risk of thermal stress to the players re-
mains acceptable. Our research findings identify the conditions necessary to ensure a neutral thermal sensa-
tion in semi-open sport architectures, even in an extreme climate with high risk of thermal stress for the occu-
pants.

1. Introduction and humid environments, as well as for optimizing the environmental
sustainability of stadiums in such extreme climates (e.g., Ref. [7]).

The climate conditions inside a football stadium affect the result of A stadium is a semi-enclosed space [8], where human comfort de-

the match through the comfort levels of the occupants [1,2]. This con-
cern becomes more serious for events experiencing extreme condi-
tions, in which continuous thermal stress poses a significant risk to
the health of the players and spectators [3,4]. The next FIFA World
Cup is scheduled for 2022 and will be hosted in Qatar, where the
summer air temperature and humidity can rise to 48°C and 70%, re-
spectively [5,6]. This event represents a challenging case study for
defining new design guidelines that guarantee thermal comfort in hot
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pends on air temperature, humidity, solar radiation, and wind speed
[9]. To understand how the thermal behavior of building typology af-
fects these parameters, the designer must account for several compli-
cations that are characteristic of open and semi-open spaces:

e Outdoor and semi-outdoor spaces are exposed to highly transient
environmental conditions, particularly solar radiation and wind
speed [10];
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Fig. 1. Geometry of the stadium: (a) external view and (b) floor section. The
different tiers and zones are colored as follows: the lower tier is violet, the
middle tier is blue, the upper tier is green, and the press/media area is light
green. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Table 1
Coefficients adopted in the Boussinesq model and in the vapor mass transport
equation.

To X0 fr Prv Dy Sc

300K 0 3.05- 107 K-! 0.61  329.107° m2/s 0.53
Table 2

Thermophysical and radiative properties of the solid domains.

Part Material K [W/mK) ¢ [J/UgK)]  p [kg/m?] @ =] e l-]
tiers concrete 0.5 960 1500 0.6 0.95
pitch grass, soil 0.13 1480 1800 0.8 0.9
facade  PTFE panels 0.3 950 21-10-% 035 0.8
ground asphalt 0.75 920 2200 0.85 0.92

e The temperature distribution in large spaces is not uniform, and
the uncertainty in measuring the comfort parameters interferes
with their control [11];

e Human thermal sensation depends on the metabolic rate related to

ongoing activities [12], which are different in each building space

(e.g., the football pitch is characterized by a higher risk of thermal

stress owing to the intensive activity of the players [13]);

Each human body tends to continuously adapt itself to the climate

via unique physical, physiological, and psychological mechanisms

[14].

Due to these complex features, a methodology that guarantees an
adequate comfort level for large and open spaces is still an area of
open investigation [15].
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Several authors have proposed new climate control methods based
on a direct on-site measurement of the comfort parameters, which of-
ten require dedicated techniques to be applied in large open arenas
and stadiums. Kang et al. [16] implemented a control scheme for the
HVAC of an open-plan office. This system updates the room tempera-
ture target on the basis of the mean radiant temperature (MRT) and
the predicted mean vote (PMV), which emulates how the human body
adapts to environmental conditions. Zampetti et al. [17] pursued the
same methodology, splitting a test room into subzones where a pro-
portional integral derivative logic regulates the air conditioning based
on the PMV measured in each subzone. Lee et al. [18] presented an
infrared sampling method to simultaneously measure the MRT in mul-
tiple zones of a stadium using a single instrument, making the assess-
ment of thermal comfort in large spaces more feasible (the high den-
sity of the occupants impedes the measurements). Fuertes et al. [19]
presented an experimental and numerical analysis to study the effects
of building material on the thermal comfort of the occupants. They
classified the building materials using a thermal comfort parameter
based on the transitory heat flow that occurs when the material comes
into contact with the human body.

A different approach informs the design choices by a theoretical
investigation of the influence of the architectural features (e.g., sta-
dium shape, opening position, roof geometry) on the principal heat
transfer parameters. Bouyer et al. [20] conducted a comprehensive
morphological classification of stadiums around the globe (both an-
cient and modern) to investigate how the architectural parameters
(e.g., facade porosity and roof opening angle) affect the climate
within the stadium. They demonstrated the impact of the stadium
shape (especially the roof) on the thermal comfort by mapping the
Physiological Equivalent Temperature (PET) [21] on two models
scaled for wind tunnels.

Szucs et al. [22] followed the same methodology to analyze how
the environments of building sites affect the aerothermal comfort.
They showed that the climate comfort in stadiums is mainly affected
by the motion of air within the bowl (i.e., the volume confined by the
spectator tiers and the roof). They also studied how the building
geometry affects this airflow through a parametric analysis of a wind
tunnel model.

Computational fluid dynamics (CFD) is a well-established tech-
nique for the theoretical investigation of thermal comfort as well as
HVAC design and optimization. Focusing on large spaces, Nada et al.
[23] presented a comprehensive CFD analysis of human thermal com-
fort in a theater. Their work related the main operative parameters of
two different HVAC systems (one overhead and another under the
floor) to the thermal comfort of the occupants by studying the effects
of the airflow pattern, velocity, temperature, and the room architec-
ture (theater height) on the PMV and percentage of persons dissatis-
fied (PPD) indices.

The number of studies that apply CFD to stadiums is increasing,
but only a few of them have used simulations to assess human ther-
mal comfort. There is a gap in the current literature on this topic, es-
pecially for stadiums located in hot and humid climates. Van Hooff et
al. [24] used Lagrangian Particle Tracking to evaluate how different
roof shapes protect the spectators against wind-driven rain. Uchida et
al. [25] applied a custom CFD model to the Tokyo Olympic Stadium,
but their analysis was limited to the effects of wind on the building
structure. Other CFD assessments have focused on arenas designed for
winter sports [26], which require careful design of the HVAC system
to ensure an appropriate temperature for an ice rink or indoor swim-
ming pool and an adequate thermal comfort level for the public [27].
Anastasios et al. [28] presented a CFD-guided comfort assessment of a
stadium by calculating the air velocity and temperature within the
Galatsi Arena (built in Athens for the 2004 Olympics) using the CFX
software package [29] to map the PMV and PPD as comfort indices.
However, this work examined a fully closed arena in a climate that is



G. Losi et al.

- Uwind Un - 07 " flum
= Twind
- RHwind j})eople
) . Patm
noSlip
1 - o
) P
1 1%
]
)
U, =0, no flux
i 15H

Fig. 2. Numerical domain and boundary conditions. The domain is oriented
with its main axis along the NW — SE direction.

Fig. 3. A closer look at the mesh near the stadium. The external facade has
been clipped to show the inner area.
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Fig. 4. Wind profile modeled following the ABL approach.

much less severe than that in Qatar. Ghani et al. [30] presented a case
study of a football field in Khalifa (United Arab Emirates), which is a
hot and humid environment. They analyzed the thermal behavior of
the field experimentally and numerically, but they did not provide
any results about the thermal comfort of the spectators and players.
This study simulates the thermal behavior of a stadium in Doha,
Qatar, where the 2022 FIFA World Cup will be held. The aim is to de-
velop a CFD model of the stadium that supports the HVAC design by
evaluating the effects of the air conditioning operative parameters on
the thermal comfort of the occupants. No similar approaches are
available in the current literature, and the novelty of our case study is
due to the extreme conditions (a hot and humid climate) that are
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studied, as well as the proposed methodology. Using CFD, we simu-
late the heat exchange that occurs through conduction, radiation, and
convection between the stadium and the external environment. All
simulations take into account several non-negligible environmental
factors, such as wind speed, temperature, humidity, and solar radia-
tion. They also account for the physical properties of the construction
materials and the design variables of the HVAC system, such as the
temperature and flow rate of the cooling air.

1.1. Case study

Our case study is characterized by distinctive features typical of a
football stadium for international competitions [31]. Thus, the theo-
retical predictions used for design purposes are suitable for compar-
isons with experimental data. The stadium (Fig. 1) is in an oval shape
and allows a total capacity of 47,000 seated spectators. The bleachers
running along the internal perimeter are divided into three different
levels:

1. The lower tier (colored in violet), from pitch level to 10.6 m high,
can host 20,000 spectators;

2. The middle tier (colored in blue), from 13.75 m to 15 m high, can
host 1000 spectators;

3. The upper tier, from 19 m to 39 m high, can host 26,000
spectators and is divided into two areas, the public bleachers (25,
000 spectators, colored in green) and the press/media area (1000
spectators, colored in light green).

The total internal volume of the stadium is about 1.5-10° m3, and
it is confined by an external shell that forms the open roof and the
facade. The latter could be a thin wire grid, a fabric mounted on
metal supports, or a more complex paneled structure. Details of the
materials used for this analysis are provided in Section 3.1. The en-
trance doors are moving panels of the external facade. However, we
do not include them in the geometrical domain because in all simula-
tions, the match is ongoing, and the entrance doors are closed. The
roof opening is the only possible entrance for the wind and solar radi-
ation that contribute to the properties of the air within the stadium.

The exterior stadium dimensions are 272 m X 250 m x 47 m. The
stadium 1is situated in Doha, Qatar, where the 2022 FIFA World Cup
will be held between November 21 and December 18. During winter,
the mean humidity of Doha varies between 60-70%, and the tempera-
ture varies between 32 'C and about 40 'C (the highest recorded ob-
servation [32]). Such conditions expose the occupants to high risk of
thermal stress; therefore, an HVAC system controls the climate on the
tiers and the football pitch to guarantee adequate thermal comfort in
the stadium. Cooling air nozzles are installed in the upper tier to cool
down the middle and lower tiers through the buoyancy effect; the
cooler air moves downward and displaces the lighter layers of hot air,
thereby establishing an internal recirculation. The chilled air is sup-
plied inside the stadium at a temperature between 19-23 °C after be-
ing moisturized with a relative humidity of RH = 50%.

2. Material and methods
2.1. Physics equations

Both the inside and outside of the stadium are described using a
steady-state, multi-region conjugate heat transfer solver available in
the OpenFOAM software package and modified to account for vapor
fraction transport, buoyancy effects, and solar radiation. We simulate
the heat transfer due to conduction, convection, and radiation; there-
fore, the computational domain should account for both the solid and
fluid regions of the stadium and the air it contains. The chtMultiRe-
gionSimpleFoam OpenFOAM solver is adopted as a starting point. It is
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Table 3
Cooling nozzle air properties: volumetric flow rate, DBT, and relative humid-
ity.

Simulation Wind conditions HVAC settings
T [*C] RH [%] T [*C] RH [%] Flow rate [m3/s]

SIMO1 30 70 19 50 108

SIMO02 35 70 19 50 108

SIMO3 40 60 19 50 108

SIM04 35 70 21 50 54

SIMOS 35 70 23 50 54

SIM06 48 60 19 50 108

Table 4

Acceptable range for the use of PMV/PPD indices [46,47].

Environmental parameter Unit Acceptable range
Air temperature C 10-30

Mean radiant temperature C 10-40

Relative air velocity m/s 0-1

Partial pressure of water Pa 0-2700
Individual parameter Unit Acceptable range

MET (1 MET = 58.2 W/m?)  0.8-4
CLO (1 CLO = 0.55 m2K/W)  0-2

Metabolic rate
Thermal resistance of clothing

a steady-state solver for buoyant, turbulent fluid flow and solid heat
conduction with conjugate heat transfer between solid and fluid re-
gions, with the option to model radiation.

In the solid regions (the ground, the tiers, the facade, and the
pitch), heat transfer is simulated by solving

oT,
a—[‘ =DyV2T, + Sy, ®

where T, is the temperature in the solid domain, Dy is the thermal dif-
fusivity, and Sr is a thermal source term.

In the fluid region of the air, the energy equation is solved for the
enthalpy h with

%H-V(,}hnpmv(%u-u)=—v-q+sH, )
where p represents the fluid density, u is its velocity, q is the thermal
flux, and Sy is a source term, which is used to include the solar radia-
tion in the equation. The specific heat ¢, is assumed to be constant be-
cause the temperature range analyzed is small. At the interface be-
tween the solid and fluid regions, the heat balance is modeled through
coupled boundary conditions. That is, equal temperatures are imposed
on the coupled patches.

The mass and momentum conservation equation, solved in the
fluid region, are

dp

—+V- =0, 3
5 TV ew ®
%+u~Vu=—%Vp+vV2u+p’g, (C)]

where u is the air velocity, p is the pressure, v is the kinematic viscos-
ity, g is the acceleration due to gravity, and p' is the density variation
due to the differences in temperature and vapor mass concentration.
The fluid phase is considered compressible. Furthermore, the buoy-
ancy forces are considered by adopting the Boussinesq approximation
(as described in 33), which is

pl = - ﬂT(T - TO) - ﬂxv(xv - XVO)’ 5
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where T is the fluid temperature; X, = ) is the vapor mass con-

_Ma
(my+m,
centration (m, and m, are the mass of air and of vapor, respectively);
Ty and x,q are the temperature and vapor concentration references, re-
spectively; and f; and f,, are the thermal expansion and vapor expan-
sion coefficients, respectively. The values of these coefficients are re-
ported in Table 1, and they were originally found in Ref. [33].

The vapor concentration transport equation is not implemented in
the original solver available in OpenFOAM. Therefore, its solution has
been added to the solving algorithm.

Moreover, in OpenFOAM, only the buoyancy effects given by tem-
perature are present. Hence, a source term (eq. (5)) has been added in
the momentum balance equation (eq. (4)) to account for the contribu-
tion of the vapor concentration. The latter is transported in the fluid
phase according to

ox, 5 v,

v . = _ 6
—fu-Vx, =V ((DXV+SC>xv>, 6)
where D,, is the vapor diffusion coefficient and Sc is the Schmidt
number, both of which are reported in Table 1. The k-o SST turbu-
lence model is now solved. The turbulent specific dissipation rate (o)
is

D prG 2

o (P9 =V - (D, Vo) + == = Zpro(V - w) o
- pPe* — p (F| — 1) CDy, + S,

and the turbulent kinetic energy equation is

D

= (pk) =V - (pDVk) + pG

Dt (8)

- %pk(V -u) — pfrok + ;.

The wall function adopted in this work is derived from Ref. [34]
and allows the modeling of the Atmospheric Boundary Layer (ABL) in
each domain. In the original work of [34], the wall functions for the
turbulent kinetic energy (k) and the dissipation rate (¢) are available,
along with the one for wind velocity. As the k — @ SST turbulence
model is selected as the most suitable for the stability of our simula-
tion, we derived the wall function for the missing specific dissipation
(w) to have a complete description of the flow.

Solar radiation is incorporated via the radiation model solarLoad
available in the OpenFOAM package. The solar fluxes are computed
following the Fair Weather Conditions Method from the ASHRAE
Handbook [35]. The primary solar heat fluxes, their reflective fluxes
on walls, and the diffusive sky radiative fluxes are also included. The
location of Doha is described by its local standard time meridian, lon-
gitude, and latitude. As the FIFA World Cup will be played in winter,
December 15 and 4 p.m. are taken as a reasonable date and time, re-
spectively, for a possible match, and this is inserted into the specifica-
tions required to compute the solar radiation fluxes. The air scatter
phenomenon is also taken into account and modeled as isotropic.

The thermophysical properties (thermal conductivity k, specific
heat c, and density p) and radiative properties (emissivity ¢ and ab-
sorptivity o) of the solid domains (pitch, tiers, facade, and ground) are
reported in Table 2. The thermal diffusivity Dy, used in Eq. (1), is
computed from the thermal conductivity, the specific heat, and the
density as Dy = k/(cp). The thermophysical properties of air, namely
the dynamic viscosity and specific heat at constant pressure, are
u=18-1075 kg/ (ms) and ¢, = 1000.5 J/ (kgK), respectively.

The presented model solves the differential equations by applying
the finite volume method. It uses the Semi-Implicit Method for Pres-
sure Linked Equations (SIMPLE) as the resolution algorithm and the
Gaussian integration as the discretization scheme. The interpolation
scheme is linear. We check the accuracy of the solutions based on the
residuals of the following variables: pressure, velocity components,
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Fig. 5. Simulation of the air velocity field: (a) the wind impacts the building (streamwise component of the wind velocity field); (b) the air penetrates from the
roof and affects the circulation inside the stadium; (c) the HVAC distributes cool air from the upper tiers to the football pitch.

Table 5 enthalpy, and the k-o turbulence parameters. In detail, all solutions
Risk of heat illness related to the WBGT index. converge after more than 45,000 iterations, when the residuals are
WEGT 'l Risk of thermal injury stable and below the limits of 4x10 ~ 4 (velocity components), 0.12
(pressure), 4 X 10 ~ 3 (enthalpy), 5% 10~ ¢ (k), and 4 x10 ~ > (omega).

24.0-29.3 Moderate Owing to the lack of experimental results, we cannot validate the pre-
29.4-32.1 High dictions of our model. Either the limited analyses of the indoor cli-
a0 Extreme mate in stadia that are available in literature do not relate to the ther-

mal comfort of the occupant or they refer to different architectures
and climates than those considered in our case study. However, this
OpenFOAM solver was successfully used for the thermal comfort as-
sessments of existing buildings (e.g., the semi-Olympic pool at Bish-
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(b)

Fig. 6. Cross section of the stadium (sun exposed side on the right): (a) tem-
perature distribution; (b) air stratification generated by buoyancy.

op's University [27], SC Johnson's Fortaleza Hall [36], and a class-
room in the University College Cork [37]).

2.2. Numerical domain and boundary conditions

According to the classification given by Ref. [38], this study falls
into the category of micro-scale urban aerodynamics, as the maximum
horizontal length scale ranges between 1 and 10 km. The external do-
main (Fig. 2) representing the bounding box outside the stadium
structure is designed according to the guidelines given in Refs. [39].
This means that only one building is modeled. Thus, the characteristic
length scale is the height H of the stadium, and all the dimensions of
the bounding box are scaled accordingly. The vertical extension of the
domain is 5H, and the width is 15H, leading to a blockage factor of
3%. The approach flow region (i.e., in front of the stadium) is also 5H,
and the wake region (i.e., behind the stadium) is 15H to allow the
flow to re-establish itself after it passes over the obstacle. The dimen-
sions of the whole domain are 1272m x 750m x 250m (length x width
X height).

In order to coherently simulate the flow outside and inside the sta-
dium as well as the effect of wind on the large aperture of the roof,
the mass and energy exchanges between the external and internal
spaces are simultaneously solved (i.e., using the coupled approach),

29

T¢O)
30
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making the “sealed body assumption” no longer valid. Owing to the
roof's aperture, the kinetic energy of the approaching wind is not dis-
sipated, as pointed out in Ref. [40]. Similarly [41], found a strong in-
teraction between the interior and the exterior domains. The main
challenge of this methodology is the requirement to account for all
length scales of the domain, ranging from 0.5 m (i.e., the height of the
bleachers) to approximately 1 km (the length of the outer domain). In
this situation, producing a high-quality, high-resolution, and computa-
tionally efficient grid is very demanding, but it is necessary to obtain
accurate results. The meshing technique developed by Ref. [42] has
been applied, producing a hybrid, structured-unstructured grid that
ensures a high-quality refinement in the facade region. The grid also
allows a high resolution for the boundary layer, as it conforms to the
complex geometry of the bleachers and gradually becomes coarser in
the far field (Fig. 3). The elements are all hexahedral, and the total
number of cells is approximately 11 x 10°. If only the fluid domain is
considered, the number of cells is approximately 6 x 10°.

In the simulated domain, two different regions are distinguished:
the central region, where the buildings and other possible obstacles to
the wind are modeled explicitly, and the upstream and downstream
zones (previously introduced as approach flow region and wake re-
gion, respectively), where the obstacles are not modeled explicitly but
through their effect on the flow [43]. This work explicitly simulates
the stadium only, and no obstacles or other buildings are placed di-
rectly in the domain. However, the roughness due to small-scale ob-
jects and small buildings is taken into account implicitly by adopting
wall functions for the ABL. At the inlet, the wind velocity profile is set
following the specifications for an urban environment. The mean
wind velocity at the building site is about 3.7 m/s [32], and the refer-
ence wind velocity is 2.1 m/s at the reference height of 5 m. The re-
sulting velocity profile is shown in Fig. 4.

Meteorological data [44] show that in December, the wind blows
mainly from the northwest in Doha. This fact has been modeled by
varying the angle between the velocity components at the inlet and
the solar position. The relative humidity of the air at this time of the
year ranges from 60% to 70%. Thus, these two values were defined at
the inlet boundary as transported by the wind. The mean maximum
temperatures in Doha in December from 1996 to 2013 ranged from
25°C to 30°C. However, considering recent studies that found warming
trends in the region [45], we decided to consider higher temperatures
as well. Hence, the Dry Bulb Temperature (DBT), adopted as the inlet
wind temperature, was assigned the values of 30°C, 35°C, 40°C, and
48°C.

The boundary condition used for the air conditioning system is a
volumetric flow rate applied to selected surfaces corresponding to the
vertical walls of the upper-tier bleachers and the surface encompass-
ing the pitch. The air flowing from the nozzles has a DBT of
19°C, 21°C, 23°C and has a relative humidity of 50%. Finally, the pres-
ence of the spectators in the stadium is accounted for by setting a
fixed temperature (37°C) on the seats following the methodology
adopted by Van Hooff and Blocken (2010). The combination of the

31 32

Fig. 7. Heating of the stadium's facade by solar radiation: shaded side (left); sun exposed side (right).
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Fig. 8. Results of the simulations, shown through the Givoni diagram, along with the winter comfort zone (CH), the summer comfort zone (CE), and the venti-
lated comfort zone (blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

T(¢C)
1B 19 20 21 22 28 24 25

TEC)
17 0 2 24 2 29
i

Fig. 9. Temperature field sampled at a distance of 0.5 m from the surface of the tiers and the pitch: SIMO1 (left); SIMO2 (middle); SIMO3 (right).
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Fig. 10. Visible range of the PMV values on the tiers: SIMO1 (left); SIMO2 (middle); SIMO3 (right).

wind characteristics and the cooling system conditions are reported in
Section 3.3.

2.3. Operating conditions and simulation steps

Six different combinations of wind and cooling conditions are sim-
ulated (Table 3). The wind temperature has the values of 30°C, 35°C,
40°C, and 48°C, and its relative humidity has the values of 60% and
70%. The values of the cooling temperature of the air from the cool-
ing system located on the pitch level are 19°C, 21°C, and 23°C,

whereas those of the flow rate are 54 m3 /s and 108 m3 /s; the relative
humidity is kept constant at 50%. The cooling systems located on the
upper tier and press/media area are set to cooling temperature of
19°C and flow rates of 225 m3 /s and 20 m? /s, respectively. These val-
ues are kept constant in all five simulations. The adopted volumetric
flow rate estimations are based on the tier capacity and the required
cooling of the pitch. In all simulations, the occupancy of the stadium
is at full capacity, and we omit the building operation schedule be-
cause it is not necessary to consider it in our steady-state analysis.
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Fig. 11. Histograms and

SIMO3 (left to right).

of the PMV and PPD indices for SIM01, SIMO2,

2.4. Thermal comfort indicators

The analysis of thermal comfort is limited to the stadium's bowl,
i.e., the space enveloped by the tiers, football pitch, and open roof;
this is a semi-outdoor space, where the climate is controlled by me-
chanical ventilation (i.e., centralized HVAC system). We use the PMV
and PPD indices, defined in the ISO Standard 7730 [46], to analyze
the thermal comfort at the tiers (i.e., the thermal sensation of the
spectators). The PMV is the mean value of the ratings given by a suffi-
ciently large sample of people for a range of thermal sensations. The
range spans from -3 to + 3, where neutral is represented by zero, very
cold is represented by -3, and very warm is represented by + 3. Once
the PMV is known, the PPD is calculated to determine the percentage
of dissatisfied people (i.e., people that vote a thermal sensation
greater than or equal to 2 or less than or equal to -2).

The PMV and PPD indices depend on six parameters: the metabolic
rate, thermal resistance of clothing, air temperature, MRT, relative air
velocity, and relative humidity. These indices are applicable only in
moderate environments [46,47], where the parameters mentioned
above fall within the ranges reported in Table 4.

As individual-level parameters, we assume a clothing value of 1.0
CLO and metabolic rate of 1.2 MET. The MRT is equal to the mean
temperature of the stadium's zone under analysis [48]. The other en-
vironmental parameters are sampled from the CFD results at a dis-
tance of 0.5 m from the surface of the tiers; these results show that
the environmental parameters in our case study are within the ranges
recommended in the technical regulation (see the air temperature, ve-
locity, and humidity in Figs. 5c, 8 and 9, 13); therefore, the assess-
ment of the thermal comfort at the tiers based on the PMV and PPD
indices is justified.

An alternative methodology for the analysis of thermal comfort is
adaptive theory [49]; this method links the expressed thermal sensa-
tion to the response of the occupants (i.e., how they adapt to the cli-
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matic conditions by interacting with the environment). The adaptive
theory depends on the variables that influence the individual response
[50-52]: the effects of the outdoor temperature on the indoor climate,
the building use, access of the occupants to the ventilation system set-
tings, and time-scale at which the individual response occurs. We can-
not apply the adaptive theory to our research because the current
standards [53-59] are applicable only in naturally ventilated environ-
ments or when the HVAC is disabled. The comfort assessment in this
work focuses on a semi-closed environment, i.e., the stadium's bowl,
which is controlled by centralized mechanical ventilation. The HVAC
decouples the indoor climate from the external environment (results
will show that the open roof contributes only to the natural illumina-
tion of the space), and the occupants cannot adjust the ventilation set-
tings. Furthermore, we use a CFD steady-state model that cannot sim-
ulate any variations in the climate and occupant's response over time.

To evaluate the thermal conditions on the pitch, we use the wet-
bulb globe temperature (WBGT) index, which is used in industry, the
army, and sports to evaluate the heat stress level of physical activity
[60]. FIFA has declared guidelines for the medical teams, reported in
Ref. [61] and briefly presented in Table 5, indicating the risk of ther-
mal injury as function of the WBGT.

This index takes into account the effect of the air temperature, so-
lar radiation, humidity, and wind speed. It is computed via a linear
combination of the wet-bulb temperature T,;, the globe temperature
T,, and the dry-bulb temperature T

WBGT = 0.7T,;, + 0.2T, + 0.1T, ©)

To compute the WBGT on the pitch, the results of the numerical
simulations are sampled at 0.5 m above its surface. The wet-bulb tem-
perature is computed using the relation proposed by Ref. [62], while
the globe temperature is estimated by employing the relation of [63].

3. Results and discussion

In this section, the interaction between the stadium and the envi-
ronment are shown based on the results of SIM02. The analysis of the
thermal comfort of the spectators and players, and the temperature
distribution on the pitch are described in the following paragraphs.
First, the wind conditions are varied, and the cooling settings are held
constant (comparison of SIM01, SIM02, and SIM03). Then, the cooling
conditions imposed on the pitch are varied while the wind character-
istics are kept constant (comparison of SIM02, SIM04, and SIMO5). Fi-
nally, the results for the extreme climate conditions in SIMO6 are pre-
sented.

3.1. Stadium and its environment

This section illustrates the effects of the environment on the stadi-
um's bowl based on qualitative results that are available in all simula-
tion cases, such as the velocity field inside and outside the bowl, ef-
fect of radiation on the tiers and the ground, and air density distribu-
tion. As shown in Fig. 5a, the ABL breaks before the stadium and reat-
taches before the end of the domain. When the wind encounters the

WBGT (°C) WBGT (°C) WBGT (°C)
19 219 23 25 27 20 225 25 275 30 18 22 25 28 32
EET - ‘

Fig. 12. WBGT values on the football pitch: SIMO1 (left); SIM02 (middle); SIMO3 (right).
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Fig. 13. Temperature field sampled at a distance of 0.5 m from the surface of the tiers and the pitch: SIM02 (left); SIM04 (middle); SIMO5 (right).
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Fig. 14. Visible range of the PMV values at the tiers: SIM02 (left); SIMO4 (middle); SIMO5 (right).

upper windward corner of the facade, a thin backflow is generated
along the external surface of the roof. The air accelerates and changes
its direction to penetrate into the stadium bowl from the opening on
the roof. The streamlines in Fig. 5b show that the wind actively con-
tributes to the air distribution inside the stadium. The airflow sepa-
rates into two horizontal vortices centered on the wind-oriented axis.
It circulates around the stadium perimeter, reaching all tier levels and
the entire football field. Finally, the cross section in Fig. 5c shows the
cold air flowing down from the upper tier to the lower tier, and then
the warm air and cold air are mixed at the center of the pitch.

The temperature distribution in the entire domain is shown in Fig.
6a. The average temperature of the ground is 45°C, which is consis-
tent with the temperature in Qatar during the late autumn season.
The parts of the ground directly exposed to the solar radiation (right
side) are at a higher temperature than the shaded sides. Air stratifica-
tion occurs inside the stadium via the buoyancy mechanism; this ef-
fect actively contributes to a homogeneous distribution of the cooling
air, from the upper levels of the tiers down to the football pitch (see
Fig. 6b, where the vectors represent the vertical component of the ve-
locity superimposed on the density field). The air temperature gradu-
ally increases from the coldest value on the football pitch, thus reduc-
ing the risk of thermal injuries. In the indoor spaces below the tiers,
the air movement is limited to a thin layer on the interior of the exter-
nal facade and no temperature stratification occurs. Hence, the parti-
tioning of these zones into subzones (e.g., as stores and offices) is ir-
relevant for the air distribution inside the stadium bowl.

The combined effects of the wind and solar radiation are shown in
Fig. 7. The solar radiation increases the temperature on the facade ex-
posed to the southwest (i.e., it is directly exposed to the solar radia-
tion), and the upwind part of the roof is cooled by the wind. The sun-
light penetrates inside the stadium from the open roof, contributing to
the natural lighting of the stadium bowl; however, the air condition-
ing system maintains the irradiated area at a similar temperature to
that of the areas not directly exposed to the sun (see the temperature
at the tiers in Figs. 9 and 13).

3.2. Comfort assessment at the tiers

The Givoni diagram [64] evaluates the comfort in each specific re-
gion of the tiers (i.e., the lower tier, middle tier, upper tier, and press
seats). Before comparing the results of the PMV and PPD, the thermal
comfort for all five simulations are compared using the Givoni dia-
gram (Fig. 8). The areas inside the green and blue lines represent, re-
spectively, the winter comfort area (CH), the summer comfort area
(CE), and the comfort area in the case of ventilation (AC). The points
represent the mean values of the temperature and specific humidity
for each of the tier sections. The middle tier, the upper tier, and the
press seats of SIM02 and SIMO3 are inside the summer comfort zone,
which also occurs for the upper tier and the press seats of SIM04 and
SIMOS. In contrast, all the zones of SIMO1 and the lower tiers of
SIMO2 and SIMO3 are in the winter comfort zone. This indicates that
these zones are comfortable, but their temperature and specific hu-
midity could be increased, thereby reducing the cooling costs by using
a higher nozzle temperature. The middle tiers and lower tiers of
SIMO04 and SIMO5 are outside the summer comfort zone, but inside
the ventilated comfort zone. However, the condition of the middle tier
is borderline, and it can be improved. In the case of extreme condi-
tions (SIMO06), all the tiers fall inside the summer comfort zone, which
demonstrates that the HVAC system can provide a comfortable envi-
ronment in harsh conditions.

3.2.1. Comfort assessment for varying wind conditions: SIM01, SIM02,
and SIM03

The temperature distributions on the pitch and at the tiers are
shown in Fig. 9. The temperature field is sampled at 0.5 m above the
pitch and above the three tiers of bleachers. A comparison is made be-
tween the three tested wind temperatures, and the air conditioning
system provides the desired temperatures. Even with an outside tem-
perature of 40°C (SIM03), the temperature range inside the building is
kept below 30°C.

The chosen settings for the air conditioning system provide a com-
fortable environment at all tiers of the bleachers. The results in Fig.
10 show that thermal neutrality occurs everywhere at the tiers. For
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Fig. 15. Histograms of the PMV and PPD indices in SIMO2 (left column),
SIMO04 (center column), and SIMO5 (right column).

any given wind condition, the resulting PMV is in the range of -0.2 —
0.2. This result is consistent with the standards that recommend a
PMV value of approximately zero and deviation of + 0.5 [65]. In
SIMO02 and SIMO03, a PMV of roughly one is observed on the higher
seats of the upper tier, because the cold air from the nozzles is fo-
cused on the lower levels of the stadium. Moreover, the comfort level
is lower on the right side of the upper tier because of the wind enter-
ing the building. The histograms in Fig. 11 present the distributions of
PMV and PPD over the tiers, weighted on the mesh of the entire sta-
dium. In all tested cases, the most frequently observed values of the
PMV and PPD are approximately zero and 5%, respectively; thus, the
HVAC successfully guarantees a neutral thermal condition in the en-
tire stadium bowl.

Finally, the results in Fig. 12 indicate that the WBGT is far below
the maximum prescribed temperature of 32°C in all three simulations,
except for some spots in SIM03. However, for most of the pitch of the
latter, the index is lower than 24°C, indicating a low risk of thermal
injury.

Given the results presented in this section and the conditions pro-
posed in SIMO1, SIM02, and SIMO3, it is possible to guarantee that a
comfortable environment exists on almost all the tiers and that the
players are not exposed to the risk of thermal injuries. However, the
mean DBT registered on the pitch (~ 19.5°C) is low if it is compared
to the wind temperature, and achieving this condition may be expen-
sive. Thus, in the next section, three additional simulations are com-
pared for the following scenario: the temperature of the air flowing
from the cooling nozzle located on the pitch is increased, but the wind
temperature is kept constant.

3.2.2. Comfort assessment for varying cooling conditions on the pitch:
SIMO02, SIM04, and SIMO05

Results in Fig. 13 show the temperature, sampled at 0.5 m above
the surface, throughout the stadium. As the cooling temperature of
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the pitch nozzles is increased and the volumetric flow rate is reduced,
the temperature rises on the field and on the lower tier, as expected.
However, in the whole stadium, the temperature is kept below 30°C.

The PMV distributions in the three simulations are shown in Fig.
14. With respect to SIM02, the PMV increases in the lower and upper
tiers as the cooling temperature of the pitch nozzle increases. This in-
dicates that the thermal sensation of the spectators at this level moves
from neutral (in SIM02, PMV =0) to slightly warm (PMV ~0.6 and 0.9
in SIM04 and SIMO5, respectively). Hence, the cooling of the lower
tier is also influenced by the pitch cooling conditions and does not
rely only on the cooling provided for the upper tiers.

The histograms of the PMV index in Fig. 15 (top) show that the
most frequent PMV shifts from ~0 to ~0.8, which is consistent with
the changes in the cooling temperature of the pitch nozzles. More-
over, the trend is visible also for the PPD index in Fig. 15 (bottom).
The distribution maximum is around 5% in SIM02, whereas at higher
cooling temperatures, more spectators appear to be dissatisfied with
the thermal conditions. However, this percentage of dissatisfied per-
sons is acceptable, considering the cost reduction achieved by increas-
ing the nozzle temperature and by reducing the flow rate. In a future
study, these two parameters can be further tuned to minimize the cost
and maximize thermal comfort.

The distribution of the WBGT index on the pitch is reported in Fig.
16. As expected, this index rises as the air temperature of the nozzles
increases. A moderate risk of thermal injury is expected in the case of
SIMO04 and SIMOS5, and, in particular, on the right side of the pitch in
SIMO5. The latter is due to the wind, which enters the stadium and
carries warm and humid air. In this case, the humidity of the wind af-
fects more than the temperature in the WBGT index. Accurate tuning
of the temperature, volumetric flow rate, and humidity of the air
flowing from the pitch nozzles should be carried out in a future study
as well.

3.2.3. Comfort assessment for extreme conditions: SIM06

The evaluation of the thermal comfort under extreme conditions
(SIMO6) is reported in Fig. 17, which shows the PMV and PPD indices
at the tiers. The PMV varies between 0.4 — 1 in all the bleachers, ex-
cept for the highest zone of the upper tier, where the index rises to 2.
This indicates that the spectators feel a slightly warm sensation in the
whole stadium except for the upper part, where the spectators report
being uncomfortable. A possible explanation of this result is that the
cold air supplied by the HVAC system descends as the hot air enters
through the open roof. Hence, a dedicated cooling apparatus to supply
cold air to the higher bleachers could be necessary for these extreme
conditions. The resulting WBGT distribution on the field (Fig. 17)
shows that safe thermal conditions are ensured for the players even
under these extreme conditions, which is a result of the dedicated
HVAC system located around the pitch.

The histograms of the PMV and PPD indices (Fig. 18) show that
most of the spectators are satisfied with the thermal conditions. How-
ever, the right-hand tails of the distributions reach high values, which
represent the dissatisfied persons in the higher zones of the stadium.

WBGT (°C) WBGT (°C) WBGT (°C)
19 21 23 25 27 20 225 25 275 30 18 22 25 28 32
[ |

Fig. 16. WBGT values on the football pitch: SIMO1 (left); SIM02 (middle); SIMO3 (right).
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4. Conclusions

A satisfactory thermal sensation within a stadium is a prerequisite
for the safe execution of the match and comfort of the occupants. Fur-
ther difficulties arise in hot and humid climates, where a comprehen-
sive analysis of the interaction between the stadium and the environ-
ment and how it affects the indoor comfort level becomes crucial for
the safety of the players and spectators.

We presented a CFD-assisted analysis of the thermal comfort in a
stadium designed for international football competitions. The case
study was of the 2022 FIFA World Cup, which will be hosted in Doha,
Qatar, a country with a hot and humid climate. To guarantee the ther-
mal comfort of the spectators and the safety of players, we proposed a
tool that assesses the thermal sensation in all stadium zones, given the
climatic variations and duty cycle of the air conditioning system.

A steady-state, conjugate heat transfer model simulated the heat
and mass exchanges between the stadium and the environment. The
model takes into account the vapor fraction transport, buoyancy ef-
fects, turbulence, and solar radiation. The PMV and PPD indices signi-
fied the thermal comfort of the spectators in the stadium bowl, a
semi-closed environment controlled by a centralized HVAC system.
The analysis of the WBGT on the pitch verified that the risk of ther-
mal stress to the players was within the safety level given by the FIFA
technical guidelines. By varying the operating conditions, six simula-
tions were performed to investigate the effects of the external air tem-
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The visible range of the PMV on the tiers (left) and the WGBT on the football pitch (right) in SIMO06.

perature and relative humidity on the indoor thermal sensation. The
effects of the operating conditions of the air conditioning system were
also examined. In particular, SIMO6 calculated the thermal comfort
under extreme conditions, when the external temperature was 48 C,
and the relative humidity was 60%.

The results of SIMO2 illustrated the quality of the model predic-
tions and the interactions between the stadium and the environment.
The motion of air and its stratification in the whole domain (both in-
door and outdoor spaces) are simultaneous effects of the wind flow,
the incident solar radiation, the presence of spectators, and the air
supplied by the HVAC system. The results of the first simulation set,
SIMO01-SIM02-SIM03, demonstrated that the HVAC system maintained
thermal neutrality at all levels of the tiers for several climatic condi-
tions: the PMV was approximately zero with a deviation of + 5%, the
PPD was approximately 5%, and the average WBGT on the football
pitch was 24°C, which were well within the limits recommended in
the FIFA guidelines for thermal risk. SIM04 and SIMOS5 investigated
the effects of reducing the cooling load. When the inlet flow rate of
the HVAC decreased by 50%, there was an acceptable percentage of
dissatisfied persons on all tiers (the most frequent value of the PMV
was 0.9 and PPD varied between 15% — 20%). The thermal risk on
the pitch increased, but it remained within the safety limit; the aver-
age WBGT remained below the 30°C limit and only in some spots did
it increase up to 32°C. Under the most severe climate conditions
(SIMO06), the HVAC guarantees a satisfactory comfort level in the en-
tire stadium (PMV varied between 0.4 — 1) except at the highest tier,
where it was high at 2 (an uncomfortably warm sensation) and the
PPD was between 70% — 80%. The pitch did not present a risk of
thermal injury to the players because it remained below the maximum
WBGT of < 30°C. Finally, the Givoni diagram presented the quality of
thermal comfort in all the different zones of the tiers. All points (i.e.,
simulation results) fell within the ventilated comfort zone. According
to the climate and the target cooling temperature of the pitch, they
were in the winter and summer comfort zones. This diagram could
guide the design of the cooling system and the assignment of the op-
erating temperature and humidity according to the specific needs of
each zone. All the results demonstrated that the designed air distribu-
tion system scarcely covered the highest level near the roof, where the
hot wind entered the stadium bowl. A supplementary cooling system,
installed at this upper level and used under extreme conditions, could
be a suitable solution.

The proposed methodology can contribute to a quantitative de-
scription of the climate comfort in stadiums, and in general, at out-
door and semi-outdoor spaces, for which theoretical models encounter
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the most difficulties because of the requirement to consider the inter-
action between the building and the environment.

Future developments will overcome the limitations of the current
work. The upgrading of the current steady-state solver to a transient-
state solver will allow the calculation of the thermal comfort indica-
tors on a customized time-interval (e.g., from a preparatory phase to
the entire duration of the match), taking into account the hourly vari-
ation of the solar radiation and wind speed. Furthermore, a transient
model can check the thermal comfort of all daily activities within the
building complex, including in spaces such as stores, offices, and
dressing rooms. We neglected the latter in our model to focus on the
thermal comfort on the pitch and the tiers. Finally, the coupling of
this CFD analysis to the energy and exergy analysis of the air condi-
tioning can help optimize the energy use and economic costs of the
HVAC system.
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