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Abstract

Courtyards are important for enhancing natural ventilation and daylight while mitigating
extreme heat in urban environments. However, their interaction with courtyards’ indoor
spaces and the impact of passive technologies such as different roof designs, vegetation, and
water sprayers on indoor aerothermal conditions and pollutant transmission has not been
studied. To address research gaps, this study explores natural ventilation, temperature control,
and pollutant transmission in courtyard buildings using CFD simulations. We validate
different courtyard models derived from wind tunnel experiments, comparing various
turbulence models—specifically the Reynolds-Averaged Navier-Stokes (RANS) models,
including k-epsilon and k-omega—to ensure robust CFD model validation. This study
examines ten different roof designs' impact on natural ventilation and passive cooling in
courtyard buildings. Results show that dome roofs enhance ventilation, increasing indoor
wind speed by 80% and reducing temperatures by up to 2.1<C compared to flat roofs.
Integrated vegetation, particularly large trees, significantly improves aero-thermal comfort,
with temperature drops up to 6.58<C. Additionally, water sprays in single-sided ventilated
courtyards improve indoor thermal conditions, lowering temperatures by 2.06<C and
increasing humidity by 4.29%. Pollutant dispersion analysis reveals that structure, orientation,
and external wind patterns significantly influence pollutant spread, primarily affecting
adjacent rooms on the same floor. This multidimensional analysis focuses on courtyard
design features and their impact on indoor environments, evaluating passive technologies like
vegetation and water features in improving microclimates. It provides insights into design
choices and air quality, promoting sustainable architectural practices to address climate

change and create healthier urban living spaces.
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Nomenclature

Abbreviation
ABL
BES
CFD
CO2
CcVv
DPM
FAC2
FB
FVM
GClI
GHG
IPCC
LES
NMSE
PDD
PIV

PMV

RANS
RE
REF
REG
RES

RET

Atmospheric Boundary Layer
Building Energy Simulation
Computational Fluid Dynamics
Carbon dioxide

Cross Ventilated

Discrete Phase Model

Factor of Two

Fractional Bias

Finite Volume Method

Grid Convergence Index
Greenhouse Gas
Intergovernmental Panel on Climate Change
Large Eddy Simulation
Normalized Mean Squared Error
Percentage of Dissatisfaction Index
Particle Image Velocimetry
Predicted Mean Vote
Reynolds-Averaged Navier-Stokes
Rooms on the eastern side

Room - Eastern - First Floor

Room - Eastern - Ground Floor
Room - Eastern - Second Floor

Room - Eastern - Third Floor



RH
RN
RNF
RNG
RNS
RNT
RS
RSF
RSG
RSS
RST
RW
RWF
RWG
RWS
RWT
SIMPLE

SSv
UHI

UTCl

Symbols
A

C

Cp

CQ.

Relative Humidity

Rooms on the northern side
Room - Northern - First Floor
Room - Northern - Ground Floor
Room - Northern - Second Floor
Room - Northern - Third Floor
Rooms on the southern side
Room - Southern - First Floor
Room - Southern - Ground Floor
Room - Southern - Second Floor
Room - Southern - Third Floor
Rooms on the western side

Room - Western - First Floor
Room - Western - Ground Floor
Room - Western - Second Floor
Room - Western - Third Floor
Semi-Implicit Method for Pressure-Linked Equations
Single-Sided Ventilated

Urban Heat Island

Universal Thermal Climate Index

Area (m?)
Concentration (mol/m3
Specific heat (J/kg K)

User-defined dimensionless velocity coefficient
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d Diameter (m)

E Energy (J)

F External body force (N)

g Gravitational acceleration (m/s?)
H Height (m)

] Diffusion flux (mol/m=%s)

K Turbulent Kinetic energy (m?/s?)
L Length (m)

N Mass transfer rate (kg/s)

p Pressure (Pa)

R Rate of reaction (mol/L s)

Re Reynolds number

S User-defined source terms (kg/m3-s, J, m?/s2, m%/s®)
Se Schmidt number

Sh Sherwood number

t Time (s)

u Velocity (m/s)

W Width (m)

Y Mass fraction

Z Height at Z (m)

a Power law exponent

g Dissipation rate (m?/s®)

K Thermal conductivity (W/m-K)

U Molecular viscosity (Pa s)
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p Density (kg/m?)

o Prandtl numbers
T Stress tensor (Pa)
Subscript

d Droplet

€ Dissipation rate
eff Effective

h Heat

i Species

k Turbulence kinetic energy
m Mass

® Free stream

0 Opening

ref Reference
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Chapter 1 Introduction

1.1 Background

Climate change, global warming, and extreme weather events, coupled with the urban
heat island (UHI) phenomenon, are widely recognized as the most significant challenges of
the 21st century, having profound impacts on the environment, public health, and the
economy (Amaripadath et al., 2023; Santamouris, 2016). The report on climate change
released by the Intergovernmental Panel on Climate Change (IPCC) in 2023 emphasizes that
human activities, particularly the emission of greenhouse gases (GHG), are continuously
driving up global temperatures, which are expected to rise to 1.5<C in the near future (IPCC
Core Writing Team, 2023). The building sector consumes a great amount of energy and
resources; over 40% of the world’s energy consumption comes from buildings and is still
increasing (Cao et al., 2016). Especially in hot climates, cooling technologies occupy a major
part of the building's energy consumption. Yu et al. (2020) highlighted that active systems
and passive design are two main strategies for enhancing energy efficiency. Passive cooling
strategy can play an important role in reducing indoor overheating and improving thermal
comfort; more and more architects are aware of the importance of developing passive cooling
strategies during architectural design (Moghimi et al., 2014). Effective passive cooling
technology and the integration of various passive strategies are critical approaches to

reducing energy consumption in buildings.

One of the most detrimental consequences of climate change on buildings is overheating,
particularly pronounced in hot and dry climate regions (Hamdy et al., 2017). Studies have

indicated that such conditions significantly exacerbate the overheating of building interiors.



This not only affects the comfort and health of occupants but also increases the energy
consumption of active cooling systems, exacerbating energy crises and environmental
pollution issues (Sun et al., 2022; Yilmaz, 2007). Additionally, the UHI phenomenon has
significantly contributed to the exacerbated overheating in cities. Predictions suggest that the
rise in global average temperatures will lead to increasingly frequent and prolonged
heatwaves. However, relying on expanding active cooling systems is not an appropriate
solution, especially given the current energy landscape and the fact that resources have not
been fully optimized. The growing energy consumption of buildings substantially burdens the
energy sector (Diz-Mellado et al., 2023). As a result of an increase in the frequency and
intensity of overheating, cooling energy consumption in summer is anticipated to rise by 72%

globally by 2100 (Isaac & Van, 2009).

Traditionally, some buildings designed to meet human requirements incorporate an open
space at their center, commonly known as a courtyard, serving as an organizational focal
point. This design feature, however, varies by region, culture, and historical period.
Courtyards have long been regarded as the dynamic social space that nurtures community
engagement and enriches the urban landscape (Saadatjoo et al., 2023). These areas, which
transcend time and culture, have evolved in terms of architectural style, reflecting the
diversity of heritage and the environmental adaptations from ancient to modern times. In
addition to their societal advantages, courtyards are also acclaimed for allowing the
penetration of natural light and promoting natural ventilation, which makes passive cooling
possible in residential settings (Aldawoud, 2008; Yang et al., 2014). Courtyard buildings are
one of the common architectural forms in the design process of many traditional buildings,
helping to improve the microclimate conditions in surrounding areas and the courtyard,

which also creates a more comfortable indoor environment, even if it is passive (Canté et al.,



2014). Courtyards are a historical architectural element, notably prevalent in China, Middle
Eastern countries, the Mediterranean (including Greece, Italy, and Spain), Latin America
(especially Mexico and Peru), and North Africa (such as Morocco and Tunisia), reflecting
their broad cultural and climatic adaptability. The combination of building and courtyard is
widely used to enhance natural ventilation in summer. This is certainly true in some tropical
regions; the temperature difference between the courtyard and the indoor area, and between
the courtyard's interior and the upper part of it leads to the generation of airflow, creating
wind-driven natural ventilation. Air is drawn into the room under the effect of wind and

buoyancy (Figure 1.1).
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Figure 1.1 Airflow dynamics in courtyard architecture for wind-driven natural

ventilation.

Previous research on courtyard architecture primarily focused on exploring the
fundamental elements of courtyard design, such as the shape and orientation of courtyards,

and how to effectively use natural resources to improve the courtyard environment through



passive design strategies (Al-Hafith et al., 2017; Andreou, 2013, 2014; He et al., 2021; Zhu et
al., 2023). Specifically, these studies investigated the importance of vegetation configuration
for regulating courtyard temperatures and providing shaded areas (Darvish et al., 2021; Gross,
2012; Sun et al., 2021), analysed how water bodies contribute to a cooler courtyard
environment through their evaporative cooling effect (Diz-Mellado, Ldpez-Cabeza, et al.,
2023a; Katayama et al., 1991; Noordin et al., 2021; Yilmaz, 2007). And also some
researchers investigated the effectiveness of shading structures in mitigating the impact of
high summer temperatures (Akbari et al., 2021; Asfour, 2020; Teshnehdel et al., 2020). These
strategies not only focus on enhancing the comfort of courtyard use but also consider how to
reduce energy dependence through natural regulation methods, achieving adaptability and
functionality of courtyards under various climatic conditions. However, research on
integrating passive technologies such as vegetation and water bodies into courtyards mainly
focuses on their effects within the courtyard, with limited consideration of their impact on the
indoor environment of surrounding buildings. Existing research on roof styles primarily
focuses on individual buildings or urban blocks, examining their effects on the wind
environment, airflow patterns, and pollutant dispersion (Abohela et al., 2013; Gough et al.,
2020; Peren et al., 2015; Xie & Zhang, 2023). However, there is limited attention to their
impact on courtyard buildings, especially regarding indoor thermal performance and
temperature distribution. Studies often consider only a few roof styles, resulting in a lack of
thorough analysis. Research on different roof styles in courtyard architecture is particularly
scarce, with most focusing on flat roofs. Furthermore, comprehensive research on the
dispersion of pollutants in courtyard buildings, including the full cycle of pollutants entering
indoor spaces via natural ventilation through courtyards, utilizing both wind tunnel

experiments and CFD methods, is scarce.



1.2 Aim and objectives

Due to the limited studies on courtyards and their impact on surrounding buildings in the
existing literature, this research aims to investigate the interactions between courtyards and
adjacent buildings, integrating wind tunnel experiments and CFD modelling. Specifically,
this study focuses on assessing how the wind and thermal environment of courtyards affects
the indoor wind and thermal conditions of surrounding buildings, including how variables
such as different courtyard design and the use of passive strategies can influence the
courtyard microclimate and, in turn, impact the indoor environment of adjacent buildings.
Moreover, this study will also investigate the transmission and distribution patterns of
pollutants between courtyards and surrounding buildings to uncover the potential impacts of
semi-outdoor space design on the indoor environment. The study encompasses the following

objectives and research questions to achieve the above aims.

Analyse and summarize the existing body of research on courtyard buildings. The
review focuses on organizing and evaluating studies related to ventilation efficiency, airflow
movement, and the aerothermal environment within courtyard architectures. It extends to
examining the influence of various courtyard designs and passive technologies—particularly
the role of vegetation and water bodies—on the wind-thermal environment, assessing how
different design approaches and passive strategies can enhance ventilation, mitigate
overheating, and elevate comfort levels in courtyards. Additionally, the review includes an
analysis of research findings on pollutant dispersion in courtyard settings, with a particular
focus on wind tunnel experiments that investigate the dispersion patterns of pollutants. This
foundational review sets the stage for a detailed exploration of how architectural and

environmental factors interact in courtyard spaces.



® Develop a detailed CFD model that accurately represents both outdoor and indoor
environments of courtyard buildings. The model should incorporate key environmental
parameters such as wind speed, pressure coefficient, and CO, concentration to simulate
the microclimate and pollutant transmission of courtyard buildings. The development of
this model is critical for predicting the environmental conditions within courtyard spaces,
taking into account the courtyard building features that influence aerothermal

performance and air quality.

® Conduct wind tunnel experiments and validate the courtyard: With the CFD model as a
theoretical foundation, this objective entails performing wind tunnel experiments
specifically designed for courtyard architecture. These experiments aim to gather
empirical data on wind flow patterns, pressure distribution, and pollutant dispersion
within and around courtyard spaces. Carry out comparisons between the outcomes of the

wind tunnel experiments and the predictions made by the CFD model.

® Explore the environmental effects of commonly used passive strategies and diversified
design schemes in courtyards. Specifically, the integration of vegetation, water sprayers,
and various roof designs affects the wind-thermal environment inside courtyards and the
interiors of surrounding buildings. This includes the role of these strategies in
temperature regulation and natural ventilation, as well as assessing the differences in
airflow movement patterns and their effects between single-sided ventilation and cross

ventilation in courtyard architecture.

® |nvestigate the dynamics of wind-driven pollutant dispersion within courtyard buildings,

both indoors and outdoors, by coupling wind tunnel experiments with CFD simulations.



This approach is intended to contribute to improved indoor air quality in living spaces

within courtyard buildings.

1)

2)

3)

4)

How do different roof styles influence the microclimate within courtyard spaces and
the adjacent indoor environments? What are the specific effects of various roof

designs on airflow patterns and temperature distribution in courtyard buildings?

What impact do evaporative cooling systems have on the microclimate of courtyard
spaces and the thermal performance within adjacent indoor environments? How do
different ventilation strategies influence the effectiveness of evaporative cooling

devices in courtyard settings?

What impact does the presence of vegetation in courtyards have on the wind and
thermal environments of both the courtyard itself and the interiors of adjacent
buildings? How do different sizes of vegetation influence the aerothermal
performance of courtyard architecture? What differences in thermal comfort and
airflow dynamics are observed when large versus small plants are used within

courtyard settings?

What are the dispersion patterns of pollutants in courtyards with cross ventilation
under different wind directions and speeds? How does the position of pollutant
sources within different rooms affect the dispersion patterns throughout the
courtyard and adjacent indoor spaces? What variations in pollutant concentration
levels are observed in courtyards with cross ventilation when subjected to changing

wind conditions?



1.3 Novelty and contribution to knowledge

Few previous papers related to courtyard architecture primarily focus on external

microclimates and overlook the impact on indoor environments. However, the contributions

of this study are different and novel in the following ways:

1.

To understand how diverse roof styles influence both the courtyard's microclimate and
the thermal performance of adjacent indoor spaces. This study aims to bridge this gap by
exploring the effect of various roof styles on courtyard microclimates and the indoor
environments of adjacent buildings, offering insights to optimize courtyard design for

better thermal efficiency and environmental quality.

This research investigates the relatively unexplored area of evaporative cooling systems
in courtyard buildings, assessing their impact on both the courtyards and the indoor
environments of adjacent structures. It further explores how architectural features of
courtyards, like cross and single-sided ventilation, enhance indoor aero-thermal comfort.
The novelty lies in investigating the synergy between evaporative cooling and courtyard
architecture to improve both outdoor and indoor microclimates, offering new insights for

designing energy-efficient, comfortable urban living spaces in hot-dry climates.

This study investigates the effect of integrating vegetation in courtyards on the aero-
thermal comfort of both the courtyard and adjacent indoor spaces in hot climates. By
assessing the cooling impact of vegetation through evapotranspiration, this research aims
to quantitatively understand its influence on indoor environments. The study evaluates

how different types of vegetation affect airflow temperature, velocity, and aero-thermal



comfort, thereby examining the natural ventilation effect on the courtyard and

surrounding buildings.

4. Explores how courtyard designs influence pollutant dispersion. Studies often overlook
the unique characteristics of courtyards, such as their enclosed nature and interaction
with surrounding buildings, which significantly affect air quality and pollutant
movement. Additionally, there's a notable gap in employing wind tunnel experiments
and CFD simulations to comprehensively study pollutant dispersion within courtyards.
This study analysed the dispersion of pollutants in courtyard buildings, using both wind
tunnel experiments and CFD simulations to enhance the indoor air quality and analyse

the parameters of the courtyard design for urban living spaces.

1.4 Thesis structure

The first chapter introduces the background and outlines the aims and objectives while
iterating the motivation and contributions of the present work. The subsequent chapters are

organised as follows; the layout of the thesis is shown in Figure 1.2.



Courtyard microclimate conditions

Figure 1. 2 Layout of the thesis.

e Chapter 2 offers a comprehensive review of courtyard architecture research,
focusing on microclimates, aerothermal effects, and various ventilation strategies. It
assesses the impact of roof styles on wind environment and ventilation, explores the
benefits of evaporative cooling, and discusses the significance of vegetation and
water bodies in enhancing courtyard conditions. Additionally, it reviews pollution
dispersion studies in courtyards, identifying research gaps and laying the

groundwork for future investigations.

e Chapter 3 analyses the impact of ten different roof styles on the thermal

environment of indoor air in courtyard buildings. Section 3.2 introduces the main
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methods used in this chapter, primarily based on wind tunnel experiment results of
courtyard buildings for validation and modifies different roof styles on the
courtyard model used in wind tunnel experiments. For courtyard buildings with
different styles, we used CFD to simulate the indoor and outdoor wind and thermal
environments, including grid sensitivity analysis and boundary condition settings.
Section 3.3 discusses the CFD validation results of wind tunnel experiments and
analyses the simulated results of wind and thermal environments for different roof
styles. Sections 3.4 and 3.5 provide the discussion and conclusion of this chapter,
comparing this study with existing research, proposing modification ideas for
courtyard buildings based on simulation results, and discussing the limitations of
this study as well as future research directions. This chapter aims to identify which
roof design best improves indoor natural ventilation and heat dissipation, and how
they affect the wind direction inside and around the building. The study explores the
interaction between different roof styles and indoor air flow, laying the foundation

for improving indoor ventilation and thermal conditions.

Chapter 4 Chapter 4 examines the air and thermal performance of courtyard
buildings employing natural ventilation techniques and sprinkler systems. This
chapter focuses on the impact of evaporative cooling system on the thermal
environment around courtyards in hot and dry climates, assessing the effectiveness
of combining cross ventilated and single-sided ventilation strategies with
evaporative systems under these conditions. Section 4.2 describes the methodology
used in this study, primarily combining wind tunnel experiments and CFD
simulation techniques to validate the courtyard building model and water sprayer

system used in the wind tunnel experiments. The CFD simulations cover the design
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of courtyard buildings with different ventilation strategies, incorporating the water
sprayer system, conducting grid sensitivity analysis, and setting boundary
conditions. Factors such as wind speed, air temperature, and relative humidity at
various locations within the courtyard buildings are considered. Section 4.3
discusses and analyses the study's results, including the CFD validation of
sprinklers in wind tunnel experiments and the impact of sprinklers on the indoor
wind and thermal environment of single-sided and lateral ventilation courtyard
buildings. Sections 4.4 and 4.5 compare this study with previous related research,

exploring the limitations and future research directions.

Chapter 5 explores the impact of integrating vegetation on the air and thermal
comfort conditions of courtyards and surrounding buildings in hot climates. This
chapter develops three scenarios based on the size of the vegetation: no vegetation,
four small trees in the courtyard, and four large trees in the courtyard. It evaluates
the airflow temperature, speed, and aerodynamic thermal comfort in the
environment, and analyses the effect of different types of vegetation on the natural
ventilation of the courtyard and adjacent buildings. Section 5.2 introduces the
methods used in this chapter, including validating wind tunnel experiment results
through CFD simulation, which covers the validation of the courtyard building and
the vegetation. This section also provides basic information about the CFD
simulation model, including dimensions, grid sensitivity analysis, and boundary
condition settings. Section 5.3 discusses and analyses the results of this chapter,
including the CFD validation of wind tunnel experiments, and the impact of

vegetation of different sizes on the indoor and overall wind and thermal
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environment of the courtyard buildings. Section 5.4 summarizes the chapter and

proposes future research directions and suggestions.

Chapter 6 investigates the wind-driven dispersion of pollutants in courtyard
buildings and uses wind tunnel data to validate CFD results. Section 6.2 introduces
the methodology of the wind tunnel experiments, including the courtyard model and
experimental setup, specifically addressing the dimensions of the wind tunnel, the
turntable size, and the wind profile measurements. Additionally, this section covers
the measurement of pressure coefficients and the monitoring of pollutant dispersion.
Section 6.3 describes the CFD simulation methods, including the selection of
numerical simulations and solvers, the setup of the fluid domain, grid sensitivity
analysis, and boundary condition settings. It also presents the results of the CFD
validation against wind tunnel experiments. Section 6.4 analyses the results of 48
scenarios with different wind speeds and directions, thoroughly examining how
wind conditions affect pollutant movement and concentration within the courtyard.
The study investigates the influence of wind direction, wind speed, and pollutant
source location on dispersion patterns and levels, with a particular focus on
pollutants such as carbon dioxide. Sections 6.5 and 6.6 provide the discussion and
conclusion of this chapter, exploring various scenarios of pollutant dispersion in
courtyard buildings. These sections analyse both adverse and optimal scenarios and
compare them with related studies. Finally, the limitations of this research and

suggestions for future studies are discussed.
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e Chapter 7 provides a summary of the research outcomes and acknowledges the
limitations encountered. It outlines potential directions for future research and

underscores the contributions made by the current study.
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Chapter 2 Literature Review

2.1 Introduction

This chapter aims to summarize and analyse key areas of previous research on
courtyards. | begin by discussing the definition of courtyard architecture and its historical
development (Section 2.2.1), clarifying the evolution of courtyards across different eras and
their sociocultural significance. Considerable research has been conducted on various aspects
of microclimates within courtyards. Previous works have discussed the influence of geometry,
orientation, wall materials, and landscape elements such as ponds, trees, and grass on
courtyard microclimates (Andreou, 2013, 2014; Taleghani et al., 2014; Al-Hafith et al., 2017;
He et al., 2021; Sun et al.,, 2021; Zhu et al., 2023). Numerous factors influence the
microclimate and thermal environment of courtyards, among which shading and natural
ventilation play particularly significant roles. Numerous studies have demonstrated that the
geometry and orientation of courtyards decisively affect the efficiency of shading (Section
2.2.2) and natural ventilation (Section 2.3.1). In strategies for passively improving the
microclimate of courtyards, natural ventilation mechanisms play a central role, including
unilateral ventilation and cross ventilation, both of which have received corresponding

research attention (Section 2.3.2).

Furthermore, altering the geometric shape of courtyard buildings is a common practice
for optimizing the microclimate and enhancing thermal comfort. However, studies on
changes in roof design are relatively scarce. This section investigates the impact of different
roof styles on the wind environment and how these designs can be applied to courtyard
buildings to promote more effective aerodynamic characteristics (Section 2.4). Natural

landscape elements in courtyards, such as vegetation and water bodies, play a crucial role in
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regulating the microclimate. Water bodies can effectively lower temperatures and increase
relative humidity (Section 2.5), while vegetation improves the microclimate through shading

and enhancing transpiration (Section 2.6).

One major issue that may arise from natural ventilation in courtyards is the diffusion of
pollutants within buildings, a challenge that cannot be overlooked. In subsequent sections, we
will explore methods of studying the diffusion of pollutants within courtyard buildings using
Computational Fluid Dynamics (CFD) and wind tunnel experiments, including pollution
distribution from single buildings to blocks and even city scales (Section 2.7). Finally, by
summarizing the limitations of existing research, we provide a theoretical foundation and

directions for future research in subsequent sections (Section 2.8).

2.2 Courtyards

2.2.1 The definition and historical development of courtyards

Courtyards are typically bounded open spaces, situated under the sky and surrounded by
buildings or walls. This space is both private and connected to the outside, with flat ground
shaped by the contours of architecture (Brian et al., 2005). The Cambridge Dictionary's
definition of a courtyard aligns with this, describing it as a flat area of ground that is partly or
completely surrounded by the walls of a building, highlighting the interplay and integration
between man-made structures and the natural environment. Rapoport (2007) notes that the
courtyard strategy has been a longstanding element in architectural history and is commonly
found as a design feature in many places around the world. Zhu et al. (2023) categorize
courtyards into five distinct types, as illustrated in Figure 2.1, encompassing one enclosed

courtyards and four semi-enclosed variants (Chatzidimitriou & Yannas, 2017; Meng et al.,
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2016; L. Yang et al., 2020). Notably, the parallel courtyard type is commonly referred to as
the canyon. This study concentrates primarily on the enclosed courtyards for both CFD

analysis and experimental investigations.

yard yard yard yard yard

I

resemblance
enclosed courtyard

I I [ | |

enclosed courtyard semi-enclosed courtyard

enclosed courtyard  “L" courtyard parallel courtyard “U" courtyard

Figure 2. 1 Courtyard forms for enclosed courtyard and semi-enclosed courtyards (Meng

et al. 2016).

Residential courtyards have evolved significantly over time, influenced by various
cultures and civilizations for their thermal benefits and privacy features. Taleghani et al.
(2012) outline several key stages in the evolution of residential courtyards, tracing their
origins from ancient civilizations in North Africa to China. Early examples include the
troglodyte villages of Matmata in southern Tunisia and underground settlements in Hunan,
China, which showcase the initial forms of courtyard architecture. Ancient Greek and Roman
civilizations subsequently adopted courtyard designs in their residences, leveraging their
thermal benefits to adjust for seasonal sunlight. During the medieval period, courtyard
architecture became prevalent in the Mediterranean region, particularly within Islamic culture,
where courtyards were appreciated for their thermal advantages and enhanced privacy.
Notable examples include Persian four-season houses and Arabic minimalist residences. By

the late 19th century, the Spanish Colonial Revival movement in Southern California further
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promoted courtyard architecture in North America, a design style that remains popular

worldwide today. Figure 2.2 illustrates early courtyard buildings around the world.
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Figure 2.2 Early courtyard buildings around the world (Zhu et al. 2023).

2.2.2 The influence of courtyard geometry and orientation on microclimate and

thermal performance: the role of shading

The geometry and orientation of courtyards play a critical role in shaping their

microclimate and thermal performance, particularly through shading.

Shading in courtyards is crucial for reducing temperatures and influencing buildings'
thermal performance and energy consumption, especially in tropical and arid climates.
Taleghani et al. (2015) compared three architectural forms (courtyards, pavilions, and
ordinary buildings) on the hottest day in the Netherlands by monitoring the outdoor air
temperature. They concluded that courtyards provide better microclimate conditions than the

other urban forms. During high-temperature periods in summer, solar radiation becomes a
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key factor affecting outdoor comfort. Therefore, effective shading measures are essential for
mitigating outdoor overheating. Ratti et al. (2003) suggested that courtyard buildings can act
as sun protection in some places and serve as solar collectors in other areas. Consequently,
designers need to select the appropriate geometry and orientation for buildings and their
courtyards to optimize shading (Forouzandeh & Richter, 2019; Manioglu & Oral, 2015; Yasa

& OK, 2014).

The height-to-width ratio of courtyards significantly affects their thermal performance
and comfort levels. Martinelli & Matzarakis (2017) conducted a comprehensive analysis of
how this ratio influences outdoor thermal comfort and the sky view factor in Italian
courtyards. They simulated thirty courtyards with varying proportions and found that deeper
courtyards significantly enhance thermal comfort. Figure 2.3 illustrates their design factors of
different height/width proportions and sky view factors. According to their research, higher
H/W ratios (4:5 to 5:5) are suitable for warmer climates, while lower H/W ratios (3:5 to 4:5)
are better for cooler climates. The proportions affect the sky view factor and the amount of

solar gain in the courtyard.
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Figure 2.3 Different height/width ratio and sky view factors of courtyards (Martinelli

and Matzarakis 2017).

Aspect ratios in courtyards also impact airflow patterns and ventilation efficiency. Rojas
et al. (2012) found that in enclosed courtyards, when the aspect ratio is less than 0.3, airflow
lines are clear with no vortex formation. However, at a ratio of 0.3, elliptical vortices appear,
reducing wind speed and ventilation efficiency, making it suitable for cold climates. Other
studies Martins et al. (2016), Xiong et al. (2022) and Ldpez-Cabeza et al. (2023) note that
although hot air may enter the courtyard, increasing wind speed can reduce overnight
overheating, and semi-open courtyards perform better in hot and humid climates. A high
aspect ratio, while reducing daylight and ventilation, can also provide wind protection (Oke,
1988). Yang et al. (2020) revealed through CFD simulation that the optimal aspect ratio for

ventilation and air quality in courtyards is between 0.5 and 1.

Proportions and courtyard design directly influence thermal and ventilation performance.
Salameh & Taleb (2017) employed the IES VE to simulate the thermal and ventilation
performance of the courtyard at a range of proportions. Furthermore, three scenarios were
selected (i.e., the courtyard widths of 0, 2x and 3x), and one of the rooms was taken as the
test room. As revealed from their finding, the courtyard with 2x width outperformed the other

two cases in better thermal and ventilation performance.

The integration of shading strategies with courtyard geometry can significantly enhance
thermal comfort. Rodr fuez-Algeciras et al. (2018) investigated the thermal dynamics of
courtyard architecture in Camagtey, Cuba, highlighting how aspect ratios, orientation, and

shading strategies collectively influence thermal comfort (shown in Figure 2.4). Simulations
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using the RayMan model reveal that courtyards with larger aspect ratios and orientations
deviating from the east-west axis substantially mitigate heat, with shading playing a pivotal
role in enhancing these effects. The research underscores the critical impact of shading in
reducing direct solar exposure, thus significantly improving outdoor thermal conditions.
These insights serve as a practical guide for the architectural design and modification of
urban courtyards, aiming to optimize thermal comfort in warm-humid climates through

strategic use of shading.

Figure 2.4 Geometry impact for shading influenced the courtyard, from (Rodr guez-

Algeciras et al. 2018) and edited by (Zhu et al. 2023).

Orientation plays a crucial role in the thermal performance of courtyards and has been
extensively examined in various studies. In hot and dry regions like Iran, optimal orientations
such as north-south, northeast-southwest, or northwest-southeast are commonly used to

enhance living spaces during both summer and winter (Jamei et al., 2016).

Proper orientation of courtyards can significantly enhance thermal conditions by
optimizing sunlight exposure and shading. Research has shown that south- and west-facing
courtyards provide better thermal comfort, while incorrect orientations can reduce it (Meir et
al., 1995). The impact of courtyard orientation on shading and thermal comfort across diverse

climates highlights the importance of strategic orientation. By simulating various orientations,
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it has been found that specific configurations enhance thermal efficiency, particularly by

maximizing winter sunlight and summer shading (Muhaisen, 2006). Shown in Figure 2.5.

Figure 2.5 Change of courtyard orientation from 0<°to 90 °(Muhaisen 2006).

Furthermore, material characteristics significantly affect the microclimate of courtyards.
Key factors such as thermal mass, material conductivity, surface albedo, and courtyard height
influence the thermal environment. Thermal mass absorbs heat when the surrounding
temperature exceeds it and releases heat when the temperature drops. Increasing material
conductivity improves heat flux into the ground or interior area, while regulating surface
albedo impacts solar radiation absorption and air temperature (Yang et al., 2012). Among
these factors, the height of the courtyard most noticeably affects the thermal environment,

with increased height reducing solar gain and impacting thermal conditions.

Energy efficiency in courtyard buildings can be optimized through strategic design and
material selection. Studies have shown that traditional courtyard models can achieve

significant reductions in total energy consumption by maintaining original building materials.

22



Optimized courtyard designs have been found to further enhance energy efficiency,
presenting notable reductions in annual energy consumption compared to traditional

buildings (Al-Masri & Abu-Hijleh, 2012).

These insights collectively highlight the importance of courtyard orientation, material
characteristics, and strategic design in enhancing thermal performance and energy efficiency

in courtyard buildings.

2.3 Ventilation dynamics in courtyard buildings: modes and strategies

Ventilation systems in courtyard buildings can be categorized into mechanical
ventilation and natural ventilation. Mechanical ventilation ensures a stable and controllable
air exchange rate using equipment like fans, ducts, and air conditioning systems. This method
includes supply ventilation (introducing fresh air), exhaust ventilation (expelling indoor air),
and mixed-mode ventilation (balancing air quality and temperature). However, natural
ventilation relies on natural forces such as wind pressure differences and thermal buoyancy to
exchange indoor and outdoor air, offering higher energy efficiency and lower costs. It
includes wind-driven ventilation (using pressure differences), thermal buoyancy ventilation

(due to temperature-induced air density changes), and a combination of both.
The efficiency of natural ventilation depends on architectural design, surrounding

environment, and indoor-outdoor temperature differences. Effective design can maximize

natural ventilation, reducing energy consumption and improving indoor air quality.
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Understanding the dynamics of these ventilation modes is essential for optimizing
microclimate and thermal comfort in courtyard buildings, ensuring energy efficiency and

occupant well-being.

2.3.1 The influence of courtyard geometry and orientation on microclimate and

thermal performance: the role of natural ventilation

The effectiveness of a courtyard's microclimate and thermal comfort is significantly
influenced by its natural ventilation capabilities. This is primarily governed by the stack
effect, external wind conditions, and the temperature differential between indoor and outdoor
environments. Factors such as the direction of prevailing winds, courtyard design, facade

openings, and architectural elements like wind towers play crucial roles (Zhu et al., 2023).

Air movement within courtyards has a considerable impact on their thermodynamic
properties, creating distinct microclimatic conditions. The geometric shape of courtyards
affects airflow patterns, with variations leading to unique ventilation dynamics. Courtyard
buildings, compared to other types, exhibit distinct airflow characteristics due to temperature
differences between the interior and exterior, and between the lower and upper parts, which

induce a stack effect facilitating vertical air movement (Rajapaksha et al., 2003).

The shape of courtyards is essential for regulating airflow and allowing sunlight, thereby
affecting the microclimate and determining heat absorption and release efficiency (Gao et al.,
2012). Internal courtyards can enhance natural ventilation efficiency and heat dissipation
depending on the building's design (Rojas et al., 2012). Additionally, the orientation of

courtyards influences heat dissipation effectiveness.
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Courtyard architecture features a dynamic top-to-mid airflow ratio, quantifying the
interaction of internal air currents with those passing above. Courtyards with greater length
relative to height exhibit a shift from restricted swirling motion to dynamic air exchange,
promoting continuous air movement and enhancing environmental air quality. In contrast,
smaller length-to-height ratios sustain internal circulation patterns that may hinder effective

air exchange (Moonen et al., 2011). As depicted in Figure 2.6.

v

isolated flow submersed flow

Figure 2. 6 Flow patterns along the courtyard in different length-to-height ratios

((Moonen et al., 2011).

Velocity profiles within courtyards of varying depths are tied to specific wind
recirculation patterns. As depicted in Figure 2.7. Shallow courtyards demonstrate minimal
recirculation, while moderate-depth courtyards display prominent recirculating eddies that
enhance ventilation through continuous vertical velocity gradients. Deep courtyards, however,
create stagnant air zones near the ground due to aloft recirculating eddies, resulting in a

pattern of negative velocity aligned with the recirculation (Hall et al., 1999a).
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Figure 2. 7 Three types of flow patterns in courtyards of different depths (Hall et al.,

1999a).

Understanding and optimizing courtyard designs for effective ventilation and
microclimate control involves recognizing the key role of airflow in their thermodynamic
behaviour. The geometric form of courtyards induces various airflow patterns, each
demonstrating unique ventilation performance under different climatic conditions.
Appropriate geometric layout and orientation can significantly reduce thermal loads, while
the proper distribution of airflow within courtyards directly enhances overall air quality (Gao

etal., 2012).

26



Courtyard buildings possess unique airflow characteristics that differ from other
architectural forms, creating a stack effect influenced by indoor-outdoor temperature

differences (Rajapaksha et al., 2003).

Field studies, such as those by Yakubu & Alibaba (2018) in northern Nigeria, have
shown that larger courtyards, particularly those centrally located, enhance airflow and natural
ventilation. This can reduce the need for cooling and heating equipment in hot and humid
climates. Semi-enclosed courtyards, compared to enclosed ones, offer more effective
ventilation by enhancing wind circulation, which helps dissipate heat and mitigate nocturnal

overheating (L&pez-Cabeza et al., 2023).

Figure 2.8 illustrates natural ventilation and heat exchange in courtyards. During the day,
temperature differences between various surfaces of the courtyard building lead to heat
exchange, resulting in thermal convection (Yang et al., 2012). Figure 2.8 illustrates natural
ventilation and heat exchange in courtyards. During the day, temperature differences between
various surfaces of the courtyard building lead to heat exchange, resulting in thermal
convection (Yang et al., 2012). Natural ventilation under wind pressure creates a complex
temperature distribution in courtyards. Rajapaksha et al. (2003) compared CFD numerical
results with monitored temperature data in a Spanish hotel courtyard, showing significant
differences in flow patterns between semi-enclosed and enclosed courtyards. Internal
courtyards can optimize natural ventilation efficiency to reduce indoor overheating. Zakaria
et al. (2015) conducted smoke tests in traditional Malaysian house-Chinese shophouses,
revealing three airflow patterns in and around the courtyard (Figure 2.9). During the day,

prevailing winds facilitate cross-ventilation from the backyard to the front yard. Increased
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wind speed can create vortices, enhancing ventilation. At night, cold air flows downward into

the courtyard, driven by nighttime temperature differences (Zakaria et al., 2015).
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Figure 2. 8 The ventilation and heat exchange within the courtyard (Yang 2012).
These studies collectively highlight the importance of courtyard geometry and

orientation in enhancing natural ventilation and thermal performance, underscoring the need

for strategic design to optimize microclimatic conditions.
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Figure 2. 9 Airflow diagrams of a traditional Malaysian house - Chinese shophouse

((Zakaria et al., 2015).

2.3.2 Ventilation strategy for courtyards

Effective ventilation strategies in courtyard architecture primarily include single-sided

ventilation and cross ventilation. Single-sided ventilation relies on openings on one side of
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the building, utilizing pressure differences to facilitate airflow. This method is effective in
narrower spaces where air can move in a straight path. Conversely, cross ventilation uses
strategically placed openings on opposite or adjacent walls to create dynamic airflow. Wind
pushes air into the courtyard on one side, allowing warmer air to exit from the other,
leveraging natural wind patterns and temperature gradients to enhance thermal comfort by

removing excess heat and providing fresh air.

Cross ventilation significantly increases the ventilation rate compared to single-sided
ventilation. Studies have shown that wind-driven ventilation benefits greatly from the
pressure difference between the windward and leeward sides of a structure (Gough et al.,
2020; Zhong et al., 2022). Similarly, this fact applies to the efficiency of single-sided
ventilation in courtyard buildings, where airflow shows a similar pattern. Tablada et al. (2005)
simulated these strategies in courtyard buildings, finding that single-sided ventilation results
in lower indoor airflow speed than cross-ventilation. From a thermal perspective, rooms with
single-sided ventilation experience less temperature variation, with ground-floor rooms
feeling cooler than top-floor rooms. Solar protection is crucial for maintaining stable
temperatures in these rooms. In contrast, cross-ventilated rooms achieve higher thermal

comfort due to faster airflow, especially on the top floors.

In hot and humid climates, the stack effect in courtyards enhances air movement and
heat removal, and strategically positioned openings to the north and south can facilitate cross
ventilation (Baboli et al., 2015). Zhang et al. (2020) investigated that both Reynolds-
Averaged Navier-Stokes (RANS) and Large Eddy Simulation (LES) models observed

significant decreases in ventilation rates when the wind direction shifted from head-on to
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lateral. For single-sided ventilation, the reduction was substantial, while for cross-ventilation,

the decrease was less severe but still notable.

Optimal courtyard designs for ventilation involve an aspect ratio of 1:2, openings
aligned within 0 to 20 degrees of prevailing winds, and an opening area constituting 15-30%
of the facade, enhancing natural airflow and occupant comfort (Subhashini & Thirumaran,
2020) However, in hot, dry climates, maintaining continuous natural ventilation through
windows may not be as thermally effective as keeping buildings closed to mitigate

overheating.

These strategies highlight the importance of careful design in enhancing natural
ventilation and improving thermal comfort in courtyard buildings. By understanding the
dynamics of single-sided and cross ventilation, architects can optimize airflow and create

more comfortable living environments.

2.4 Impact of roof design on aerothermal performance

The design of courtyard architecture significantly impacts its microclimate and thermal
environment, with roof design playing a pivotal role in influencing airflow within courtyards.
The shape of the roof can alter wind patterns, either aiding ventilation or creating zones of
higher pressure that restrict air movement. Sloped roofs may channel air down into the
courtyard, promoting a refreshing breeze, while certain designs may create stagnant hot air

pockets, exacerbating heat within the courtyard.
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Research has shown that different roof designs influence ventilation efficiency and
indoor climate control in various environments. For example, Mahdavinejad & Javanroodi
(2016) found that domed roofs maintain lower indoor temperatures compared to flat, vaulted,
or pitched roofs in Tehran's hot and humid climate. This is due to enhanced heat dissipation
through convection and thermal radiation facilitated by the curved surfaces of domed roofs,

which create higher pressure differences and more efficient airflow.

Studies have shown that roof design affects both airflow patterns and pollutant
distribution in urban areas(Asfour & Gadi, 2008). demonstrated that vaulted roofs improve
airflow rates and redistribute internal air currents effectively. Similarly, Peren et al. (2015)
showed that straight and convex roof geometries significantly enhance wind-driven
ventilation by maximizing under-pressure in the building's wake, improving indoor airflow
and natural ventilation potential. As illustrated in Figure 2.10. It was revealed that straight or
convex roofs can enhance cross-ventilation significantly. The study used the steady SST k-w
turbulence model, validated against Particle Image Velocimetry (PIV) measurements from

prior research.

Figure 2.10 Leeward roof shapes analysed in (Peren et al. 2015).

Further studies have highlighted the importance of roof angles and obstacle heights in
optimizing airflow. Zobaied et al. (2022) found that steeper roof pitches increase air velocity

at openings due to pressure variation, while higher internal obstacles alter airflow direction
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and increase internal pressure. This aligns with findings by Moey et al. (2021) and Perén et al.
(2015), who concluded that steeper roofs combined with lower obstacles improve ventilation
rates. Esfeh et al. (2021) revealed that the efficiency of semi-cylindrical curved roofs is
highly sensitive to wind direction, with the highest airflow achieved at a 0°wind angle. Roof
height also affects internal air recirculation, indicating that curved roofs can be as effective as

wind-catchers for natural ventilation.

The role of roof architecture in airflow dynamics and pollutant distribution is also
significant in urban street canyons. Takano & Moonen (2013), alongside the study of Yassin
(2011) found that increased roof slope improves airflow and reduces pollution, with lower

and angled roofs playing a critical role in reducing vehicular emission pollutants.
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Figure 2.11 Courtyard buildings with different roof shapes and their vertical cross-

sectional view (Prakash 2022).
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Although much research has focused on isolated buildings, the impact of roof designs on
courtyard buildings is less explored. Prakash (2022) examined courtyard design in low-rise
buildings, finding that wider courtyards facilitate better air inflow and natural ventilation. The
optimal courtyard width should be more than half the building's width to balance ventilation
benefits and living space. Roof topology, including flat, pitched, and curved designs, affects

airflow, with pitched and inward-curved roofs showing superior performance (Figure 2.11).

2.5 Impact of evaporative cooling systems on building microclimates

Evaporative cooling systems offer a significant advantage over vegetation in courtyards
due to their pronounced cooling effects. These systems are particularly effective in reducing
ambient temperatures in hot and dry regions, where evaporation not only cools but also
humidifies the air. The extent of this cooling effect is influenced by factors such as water

surface area, air humidity, and water temperature (Sahebzadeh et al., 2018).

In courtyard design, evaporative cooling through water sprayer systems provides a
controllable method for reducing overheating and enhancing thermal comfort. Traditional
methods, such as planting vegetation or enhancing shortwave reflectance, have year-round
effects that can be less controllable. Water spray systems, however, offer precision and
efficiency. The study by Sureshkumar et al. (2008) highlights the effectiveness of different
nozzle sizes and water flow rates, though field measurements are often complicated by
uncontrollable factors like wind. CFD simulations provide a solution, allowing detailed

analysis and modelling of spray systems under various conditions.
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Optimizing mist spray evaporative cooling systems involves understanding key
variables. Research by Montazeri et al. (2017) demonstrates that variables such as inlet air
and water temperatures, air humidity, air velocity, and droplet size significantly affect
cooling efficiency. Their findings indicate that a temperature difference of 0C to 8<C
between air and water droplets can enhance cooling capacity by over 40%. Furthermore,
lower air humidity and water temperatures, combined with higher air velocities and smaller

droplets, improve heat and mass transfer, leading to more effective cooling.

In addition to water sprayers, the design of roof cooling systems and air curtain gates
plays a crucial role in managing thermal conditions in large spaces like stadiums. Zhong et al.
(2021) conducted a detailed study using CFD and Building Energy Simulation (BES) in a
simulated environment similar to Qatar World Cup stadiums. Their research identified
optimal air supply speeds and temperatures, achieving up to a 15<C reduction on the pitch.
Specifically, a roof cooling supply velocity of 25 m/s provided the most comfortable
temperature ranges for spectators by effectively blocking hot external air and maintaining

lower PMV (Predicted Mean Vote) and PPD (Predicted Percentage of Dissatisfied) indices.

These insights emphasize the importance of precise control and optimization in
evaporative cooling systems. By leveraging these systems' capabilities, architects and
engineers can create more comfortable and energy-efficient microclimates in buildings and
open spaces, tailoring the design to specific environmental conditions and enhancing overall

sustainability.
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Figure 2. 12 Evaporative cooling system in the courtyard, air temperature, and vapor

mass fraction distribution (H. Montazeri et al. 2017).

Evaporative cooling systems, particularly water sprayers, offer significant potential for
enhancing thermal comfort in courtyards, though research in this area is limited. As shown in
Figure 2.12, Montazeri et al. (2017) conducted a CFD study on the cooling effects of water
spray systems in urban courtyards during heat waves. Focusing on a courtyard in Rotterdam,
Netherlands, the study used a setup of 15 hollow-cone nozzles and evaluated system
performance under varying conditions of water flow rate and system height, validated

through wind tunnel experiments.

The study found temperature reductions of up to 7<C at pedestrian height with a water
flow rate of 9.0 I/min and a system height of 3 meters. Higher flow rates extended the cooling
effects, while increasing the system height from 3 to 5 meters reduced the cooling impact.

Additionally, the study incorporated the Universal Thermal Climate Index (UTCI) to assess
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heat stress reduction, revealing that well-designed spray systems can significantly mitigate

heat stress in urban settings (Montazeri et al., 2017).

These findings highlight the complex interaction between spray characteristics and
urban microclimate, providing valuable insights for urban design and the application of
sustainable cooling solutions in hot climates. By optimizing these systems, architects and
engineers can create more comfortable and energy-efficient microclimates in courtyards and

other open spaces.

2.6 Impact of vegetation on building microclimates

Numerous studies have explored the impact of vegetation on microclimates, particularly
its role in mitigating urban heat island effects. Vegetation influences local climate conditions
primarily through shading and transpiration. Shading from trees and plants reduces solar
radiation and surface temperatures, creating cooler urban environments. Transpiration, where
plants release water vapor into the air, cools the surrounding air by absorbing latent heat.
These natural mechanisms highlight the critical role of vegetation in enhancing urban climate
resilience, improving thermal comfort, and contributing to sustainable urban development by

naturally lowering temperatures in built environments.

The use of CFD to study vegetation's impact on microclimate has provided valuable
insights. Mughal et al. (2021) focused on tropical urban environments, using CFD to study a
city district in Singapore. They proposed a new numerical model coupling airflow, thermal
radiation, heat transfer in porous media, and vegetation modelling. Using OpenFOAM for
simulations, they found that vegetation significantly impacts pedestrian thermal comfort. Tall

trees with broad crowns were recommended to ensure maximum comfort. Urban parks can
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lower local air and surface temperatures, increase relative humidity, and reduce wind speeds.
This cooling effect can extend a considerable distance, reducing roof temperatures of nearby
buildings. However, the shading effect of trees remains the most significant factor for thermal
comfort, mainly benefiting the park area itself (Mughal et al., 2021). Manickathan et al.
(2018a) examined the effects of environmental factors and tree properties on the
transportation cooling effect of vegetation in urban areas. The study investigates
environmental factors such as wind speed, relative humidity, air temperature, solar radiation,
and tree properties including stomatal resistance, leaf size, and leaf area density. Additionally,
the study examines the impact of vegetation size on the transpiration cooling effect by
varying tree height and row spacing. The authors employed a CFD model that modelled
vegetation as a porous medium, used a leaf energy balance model to determine heat flux, and
studied the cooling effects of single-row trees under various environmental factors and tree
properties (Manickathan et al., 2018a). The UTCI was used to estimate the impact of
transportation cooling on pedestrian thermal comfort. The study found that pedestrians only
perceive the local benefits of transportational cooling at low wind speeds, while vegetation

extracts more heat from the airflow at higher wind speeds (Manickathan et al., 2018a).

The effect of green space patch size on urban cooling and humidification was
investigated using the ENVI-met urban climate simulation tool. Larger green patches provide
better cooling and humidification effects. Specifically, forest patches can lower air
temperatures by 0.7-5.7<C and increase relative humidity by 1.3-15.8% compared to
surrounding areas. The cooling and humidification effects vary by location and time of day,
with larger patches having a greater impact near their centers and during hotter parts of the
day. Additionally, larger patches enhance evaporative effects, reducing overall water

evaporation in urban environments (Jiao et al., 2017).
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The use of vegetation transpiration cooling to mitigate the urban heat island effect in
street canyons was modelled in Arnhem, Netherlands. The study found that trees have the
greatest cooling effect, reducing temperatures by an average of 0.43<C and up to 1.6<C.
Green facades had a smaller effect, reducing temperatures by an average of 0.04<C and up to
0.3<C, while green roofs had no significant effect. The combination of trees and green

facades provides the best cooling outcome, as shown in Figure 2.13 (Gromke et al., 2015).
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Figure 2.13 CFD analysis of transportational cooling by vegetation (Gromke et al. 2015).

These studies underscore the importance of vegetation in urban design. By
understanding and optimizing the use of green spaces, urban planners and architects can
significantly improve microclimates, enhance thermal comfort, and contribute to more

sustainable and resilient urban environments.

Several researchers have studied efficient passive cooling strategies in hot climates by
adding vegetation to increase humidity and improve microclimates in courtyards. An
appropriate evapotranspiration mechanism can cool the surrounding environment through
plant transpiration. Planting large areas with vegetation is an effective approach to improve
courtyard microclimates. Utilizing the transpiration effect and shading of different types of
vegetation can significantly lower air temperatures in courtyards.
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Improving outdoor thermal comfort by increasing vegetation cover in urban courtyards
in hot and arid areas has been demonstrated through various studies. Salata et al. (2015) used
ENVI-MET software to simulate and validate models with field measurements. Their study,
which included five scenarios with different vegetations and materials, compared results on
air temperature, mean radiant temperature, relative humidity, and wind speed. They found
that vegetation reflects direct shortwave radiation, and its transpiration effect can reduce
ambient air and average radiation temperatures, decreasing outdoor PMV by 1.5 in summer.
Further research by Zango et al. (2017) examined air temperature differences in a Chinese-
shop house in Malacca with varying vegetation percentages (18% and 69%) within the same
courtyard area. They observed a 3<C difference between the courtyards, highlighting

vegetation's ability to regulate temperature.

Shashua-Bar et al. (2009) analysed outdoor cooling landscape strategies in hot arid
regions, using six landscape strategies with different combinations of trees, lawns, and
overhead shade mesh in two semi-enclosed courtyards. Their findings showed that courtyards
treated with shade trees and grass could reduce daytime temperatures by 2.5 K. More recently,
Mohammadi et al. (2020) evaluated the cooling effect of vegetation in sky courtyards. They
found that trees located in high-rise courtyards could lower air temperatures by 0.3<C to 1<C,

depending on the volume of vegetation. This model is illustrated in Figure 2.14.
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Figure 2. 14 Skygarden with trees model (Mohammadi et al., 2020).

These studies collectively underscore the importance of vegetation in urban design,
demonstrating how various planting strategies can significantly enhance thermal comfort and
create more sustainable urban environments. By understanding and optimizing the use of
vegetation, urban planners and architects can effectively improve microclimates and overall

urban resilience.

2.7 Pollutant dispersion studies: courtyard building and wind tunnel

insights

2.7.1 Pollutant dispersion within courtyard buildings

The design of courtyards significantly influences air quality and pollutant dispersion.
Geometry and orientation impact internal airflow dynamics, affecting pollutant

concentrations and overall air quality.
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Effective courtyard design can enhance air quality and control airborne diseases. Leng
et al. (2020) demonstrated that increasing courtyard width from 5.8 meters to 11.8 meters can
reduce average air pollutant concentration by 80%, though it increases draught sensation by
30%. In static wind conditions, the infection risk in courtyards can be comparable to indoor
environments during the COVID-19 crisis, with risk values up to 3%. These findings
highlight the importance of wide courtyards in reducing pollution and infection risk, while
also suggesting the need for artificial measures like outdoor ventilators or air cleaning
devices to ensure a safe environment (Figure 2.15). However, it also suggested that purely
passive architectural strategies may not be sufficient to mitigate person-to-person pollutant
transmission in varied climate conditions, advocating for the integration of artificial measures
like outdoor ventilators or air cleaning devices to ensure a safe and healthy courtyard

environment (Leng et al., 2020).
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Figure 2. 15 Location of airborne pollutant sources and CFD simulation of pollutant

dispersion with varying courtyard widths (Leng et al., 2020).
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The configuration of courtyards plays a crucial role in pollutant dispersion. Trindade et
al. (2021) emphasized that central and internal courtyards are effective in mitigating pollutant
concentrations at pedestrian levels. Various architectural layouts influence pollutant
dispersion by modifying airflow, highlighting the importance of courtyard design in

managing air quality.

The shape and elevation of courtyards also affect pollutant dispersion. You et al. (2022)
found that certain courtyard designs facilitate the upward movement of pollutants, reducing
contamination levels. This insight is valuable for optimizing air movement and pollutant
control. In enclosed courtyards, pollution issues are exacerbated by vehicular exhaust.
Lozhkin et al. (2018) showed higher concentrations of pollutants in enclosed courtyards
compared to open ones, especially on low wind speed days. This underscores the necessity of
considering ventilation and pollutant dispersion in courtyard design to prevent pollutant

accumulation.

Enhancing ventilation effectiveness is critical for managing pollutant distribution. Nosek
et al. (2022) and Moonen et al. (2011) studied how courtyard architecture influences street
canyon ventilation. They found that courtyards, especially those with pitched roofs,
significantly improve ventilation, directly affecting pollutant distribution and cross-
transmission. Moonen et al. (2011) further emphasized the role of courtyard dimensions and

geometry in facilitating air renewal and pollutant dispersion.

These studies, combining field measurements and numerical simulations, reveal the
significant influence of airflow patterns in courtyard architecture on pollutant dispersion.

They explore the interplay between pollutant spread and cross-ventilation within courtyards,
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considering potential pollutant accumulation. However, the unique characteristics of
courtyards as enclosed or semi-enclosed spaces surrounded by buildings or walls are often
overlooked. The connectivity of courtyards with surrounding buildings and internal spaces is

a critical factor in pollutant dispersion that requires further investigation (Forouzandeh, 2018).

2.7.2 Exploring pollutant dispersion: insights from combined wind tunnel

experiments and CFD simulations

2.7.2.1 Pollutant dispersion in isolated buildings from previous wind tunnel experiments and

CFD simulations

Extensive scholarly work has been conducted on pollutant dispersion near single
buildings, primarily employing wind tunnel tests and computational fluid dynamics (CFD)
simulations. These studies have significantly advanced our understanding of how pollutants

disperse around isolated structures.

Early research by Castro & Robins (1977) involved wind tunnel experiments on the flow
around a surface-mounted cube within uniform and turbulent streams, laying the foundation
for subsequent studies. Their models and results have been widely used to confirm and
extend findings in various new research directions. For instance, Li & Meroney (1983)
analysed pollutant dispersion around a cubical building with a flush rooftop vent within a
wind tunnel's neutral surface boundary layer, documenting average pollutant concentrations
at various positions around the building. Numerous computational simulations followed to
replicate these findings, focusing on the influence of turbulence model selection on prediction

accuracy.
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Further investigations have utilized computational simulations to explore air pollutant
dispersion around cubic structures Li & Stathopoulos (1998) employed standard k-
turbulence models to examine the impact of the convergence criterion on the computational
solution. Blocken et al. (2008) utilized the commercial software Fluent 6.1 to carry out steady
RANS CFD simulations. They examined pollutant dispersion within a neutral, stable

atmospheric boundary layer under various scenarios.

Tominaga & Stathopoulos (2009, 2010) scrutinized the predictive accuracy of various
RANS models for dispersion around buildings. They compared different k-¢ models and
found that the LES model had superior predictive accuracy for pollutant dispersion, a finding
corroborated by numerous other investigations. Their research included a comparative
analysis between Unsteady RANS and Steady State RANS computational outcomes and
empirical results. They evaluated pollutant dispersion around the building by considering
three distinct emission source locations: upwind, rooftop, and downwind, highlighting the
differential effects of source positioning on pollutant distribution (Tominaga & Stathopoulos,

2017).

In comparative analyses of various turbulence models, CFD simulations have been
shown to effectively gauge the impact of pollutant dispersion around isolated buildings,
aligning with prior wind tunnel experiments (Figure 2.16). Recent studies, such as those by
Guo et al. (2021, 2019) , have positioned pollutant release sources on the building's surface,
often at the top, to understand the impact of source location on dispersion patterns. These
studies found notable discrepancies between wind tunnel test outcomes and CFD results,
which could not be mitigated solely by selecting an appropriate turbulence model. Tominaga

et al. (1997) investigated pollutant dispersion with the gas source positioned on the leeward
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side of a solitary building, specifically at 0.5 H (where H denotes the height of the building).
Later studies by Tominaga & Stathopoulos (2018) and Ma et al. (2022) compared the
dispersion predictive abilities of the RANS model and LES for tracer gases using CFD,
drawing upon wind tunnel experiments. They assessed results for neutral, light, and heavy

gases under varying plume buoyancy conditions.
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Figure 2. 16 Pollutant dispersion scenarios and iso-surface contours for different release

points using steady and unsteady RANS computations (Tominaga & Stathopoulos 2017).

These studies collectively highlight the importance of both experimental and
computational approaches in understanding pollutant dispersion around isolated buildings. By
comparing various turbulence models and considering different emission source locations,

researchers can better predict and manage air quality in urban environments.
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2.7.2.2 Pollutant dispersion in urban buildings from previous wind tunnel experiments and

CFD simulations

To mitigate the influence of pollutants on urban environments, accurate simulation and
prediction of pollutant dispersion within street canyons have become paramount. Extensive
research, primarily through wind tunnel experiments, has been undertaken to model the flow
and spread of pollutants from street canyons to building complexes. When investigating
structures ranging from a single canyon to building arrays, researchers focus on the

interspaces between blocks to examine pollutant dispersion.

Since the 1990s, advancements in CFD technology and computational power have
facilitated ongoing comparisons between wind tunnel experiments and CFD simulations. Key
studies, such as those by Hunter et al. (1990, 1992) , identified the relative Height (H), Width
(W), and Length (L) of the canyon as determinants of flow patterns, significantly influencing
the vertical mixing of pollutant concentrations. Research has delved into the impacts of
pollutant transport models, inflow conditions, canyons, complex structures, and the validation

process using diverse turbulence models.

Comparative studies have employed various turbulence models to simulate pollutant
dispersion in street canyons. Koutsourakis et al. (2012) compared the k-¢ standard and RNG
k-& turbulence models for a single street canyon scenario, while Jon et al. (2022) used the
standard k-¢ turbulence model to investigate the impact of wind direction on ventilation and
pollutant dispersion. Tominaga & Stathopoulos (2011) applied both RANS and LES
methodologies in their CFD simulations of pollutant dispersion within a three-dimensional

single street canyon, contrasting their results with experimental data (Figure 2.17).
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Recent studies have utilized CFD to examine pollutant dispersion around real-life
building complexes in urban locales. Trindade Da Silva et al. (2021) explored how diverse
urban block configurations influence pollutant dispersion. Using CFD methodologies, they
analysed five configurations derived from actual cityscapes: standalone canyons, detached
buildings, central courtyards, enclosed courtyards, and linear arrangements. Turbulent effects
were simulated via the URANS equation in conjunction with the K-o SST model, validated

with wind tunnel experiment data.

Additional research has focused on specific aspects of pollutant dispersion in urban
environments. Lateb et al. (2010) implemented RANS models to analyse the spread of
pollutants from rooftop chimneys at the weak edges of adjacent towers within a building
complex. Carpentieri et al. (2012) quantified mean and turbulent tracer fluxes within
authentic street canyon intersection configurations using wind tunnels to investigate turbulent
mass exchange processes. Yassin et al. (2022) explored how various roof designs influence
wind circulation and pollutant dispersion around buildings, revealing that airflow velocity
associated with pitched roofs surpasses that of other forms. They found higher pollutant
accumulation on the leeward side of pitched and sloping roofs compared to flat and hip-

shaped roofs.
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1*=30.0 - t*=45.0
Figure 2. 17 Time series showing the evolution of concentration levels within a street

canyon, as modelled by LES (Tominaga & Stathopoulos 2011).

These studies underscore the importance of both experimental and computational
approaches in understanding pollutant dispersion in urban environments. By analysing
different building configurations and roof designs, researchers can better predict and manage

air quality, contributing to healthier urban living conditions.

2.7.2.3 Pollutant dynamics for indoor and outdoor dispersion from previous wind tunnel
experiments and CFD simulations

Several investigations have leveraged both wind tunnel experiments and CFD
simulations to understand the interplay between indoor air quality and natural ventilation,
examining pollutant dispersion in both indoor and outdoor contexts. These studies have
analysed how external pollution affects indoor air quality, particularly in buildings near street

canyons.
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Research by Cui et al. (2016) conducted wind tunnel assessments to evaluate the thermal
influences on air circulation and pollutant dispersion across diverse scales in urban
environments. Pollutants were released from rooftops of windward buildings, with
measurements taken inside rooms on the opposite side of the street. Their study revealed a
fundamental correlation between temperature and pollution distribution patterns within a
street canyon and those within interior spaces, facilitated by cross-ventilation. Additionally,
Cui et al. (2021) used smoke visualization experiments under different wind orientations to
depict atmospheric pollutant dispersion. Under a 0 °wind direction, pollutants clustered in the
central street canyon, dispersing downstream and diluting progressively. Conversely, under a
45°wind orientation, the influence expanded significantly, underlining the close association

between indoor and outdoor pollutant concentrations.

Further studies have explored the link between street-level pollution and indoor air
quality. Santiago et al. (2022) modelled different window opening percentages and locations
along with various wind directions. They found that indoor pollutant concentrations declined
with ascending floor levels. Similarly, Yang et al. (2015) examined the influence of traffic-
generated pollution on air quality within naturally ventilated structures near street canyons,

focusing on varying proportions of window openings.

The ingress of outdoor particulate matter into naturally ventilated structures has also
been studied. Chu & Yang (2022) employed CFD and Lagrangian particle tracking models to
find that the ingress rate of outdoor particulate matter ranged from 7% to 25%, depending on
particle size and the distance between the pollution source and the building. Mohammadi &
Calautit (2021) explored pollutant transport dynamics from canyon streets to building

interiors, considering single-sided and cross-ventilation strategies. For indoor pollutant

50



generation, several studies using wind tunnel experiments and CFD simulations have
investigated the dispersion patterns of indoor-generated pollutants, whether they are
disseminated outdoors or transported to other indoor spaces. Tominaga & Blocken (2016)
conducted wind tunnel trials focusing on varying opening locations within a structure housing
an internal source of pollutants. Their experiments demonstrated that pollutant diffusion is
substantially affected by the overall airflow pattern, primarily dictated by the location of the

inlet opening.

Van et al. (2017) assessed the validity and applicability of turbulence models,
comparing RANS and LES. The study found that LES more effectively replicated parameters
such as velocity, turbulent kinetic energy, and volumetric flow velocity. Liu et al. (2010) used
wind tunnel tests to study the spread of indoor air pollutants in a high-rise building, focusing
on cross-contamination between different units. The results indicated that pollutants could
disperse vertically and horizontally, suggesting a risk of cross-contamination in neighbouring
units. Chu & Wu (2018) explored factors such as external wind speed, initial pollutant
concentration, open area, and interior volume on the transient concentrations and diffusion
periods of gaseous pollutants within a two-room building. Bazdidi-Tehrani et al. (2020)
examined the impact of different opening shapes on cross-ventilation in a standard isolated
building. They found that the effectiveness of cross-ventilation in diminishing pollutant

concentration increased with the aspect ratio of the openings.

These studies collectively underscore the complexity of pollutant dynamics in urban
environments. By examining the interplay between indoor and outdoor pollutant dispersion,
researchers can better understand and mitigate the impacts of pollution on air quality in both

contexts.
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2.8 Research gaps

Previous research on the thermal and wind environment of courtyard architecture has
largely focused on the inherent characteristics, such as the geometry and orientation of
courtyards, with relatively limited exploration into the integration of passive technologies like
evaporative cooling. Even when passive technologies such as vegetation and water bodies are
considered, research typically focuses only on their effects within the courtyard, without fully
considering their potential impact on the indoor environment of surrounding buildings.
Moreover, in studies concerning the geometry of courtyards, discussions on the impact of
roof design on the thermal and wind environment within courtyards and their surrounding
indoor areas are extremely rare. Previous research on the dispersion of pollutants in courtyard
buildings is scarce, particularly the comprehensive application of wind tunnel experiments
and CFD methods. Specifically, studies on the entire process of pollutants entering indoors
(through courtyards) via natural ventilation are even more scarce. The research gaps are as

follows:

1. Previous studies on roof styles primarily examine their effects on wind flow, patterns, and
pollution within individual buildings or blocks, with scant regard for indoor thermal
efficiency and temperature distribution. This oversight extends to a narrow range of roof
styles, leaving a gap in comprehensive analysis and, specifically, the integration of
various roof styles in courtyard architecture, where flat roofs are predominantly featured
in studies. A notable deficiency exists in investigating the indoor wind and thermal
dynamics in courtyard buildings. This study aims to bridge this gap by examining the
influence of different roof styles on courtyard microclimates and their subsequent effects

on adjacent indoor environments. Concentrating on buildings with single-sided
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ventilation, it explores the relationship between roof styles, courtyard configurations, and
their indoor impacts. By offering fresh insights and methodologies for designing and
improving courtyard architecture, this research seeks to enhance thermal efficiency and

overall environmental quality within buildings, thereby addressing the identified research

gap.

Previous research has limited exploration into the integration of passive technologies like
evaporative cooling systems within the courtyards. Furthermore, while the cooling effects
of water sprayers in courtyards have been acknowledged, their impact on the indoor
thermal and wind environments of surrounding buildings has been scarcely investigated.
This oversight extends to a detailed examination of how different ventilation strategies,
specifically single-sided versus crossflow ventilation, influence these indoor conditions.
This study addresses research gaps by analysing the impact of evaporative cooling
systems in courtyard buildings, an area not extensively studied before. It investigates the
impact of these systems on both the courtyards themselves and the indoor environments
of surrounding buildings. Additionally, it examines the role of courtyard architectural
features, such as different ventilation strategies, in improving indoor aero-thermal
conditions. These strategies include cross-ventilation (openings on multiple facades) and
single-sided ventilation (openings on only one facade). The novelty of this research lies in
its examination of how evaporative cooling strategies, combined with specific
architectural configurations of courtyard buildings, can improve the microclimate in both
outdoor and indoor environments of courtyard buildings. This focus on the interaction
between outdoor and indoor spaces and the analysis of ventilation strategies contributes
insights for designing urban dwellings that are more comfortable and energy-efficient in

hot-dry climates.
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3. Some courtyards are decorated with vegetative elements such as trees, flowers, and
shrubs, and also embellished with a pond or two, which not only provide beauty and
tranquillity, but the combination also provide shade and increase the relative humidity of
the court-yard area, acting as a microclimate regulator. The transpiration and the shading
of vegetation play an important role in regulating the microclimate of the courtyard.
Much research illustrated that the introduction of vegetation in and around buildings
positively influences the interior of buildings in terms of thermal comfort. A reasonably
arranged vegetation planting pattern can help generate fresh air in the surrounding area.
The rational application of vegetation is also one of the directions of passive cooling
technology. The vegetation is grown entirely from the external natural environment, but
the vegetation can improve the surrounding thermal condition, which meets the
requirements of the passive cooling strategy. In many previous studies on courtyard
ventilation and thermal environments, researchers have mainly focused on the
improvement of the courtyard microclimate conditions by vegetation, however, few
studies have concentrated on the influence of incorporating these technologies in the
courtyard on the building's indoor thermal and wind environment. Vegetation (via the
evapotranspiration process) can help lower air temperature around the surrounding area
and the facades. Therefore, a quantitative assessment of the cooling effects of this
strategy becomes essential for scientific understanding of its influence on indoor areas of

buildings with courtyards.

4. Previous studies have shown significant limitations in exploring the relationship between
courtyard structures and pollutant dispersion. These studies tend to emphasize the

inherent features of courtyards, such as geometric structure and orientation, and their
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impact on airflow dynamics and air quality. Although they discuss the interplay of
pollutant dispersion, cross-ventilation, and accumulation within courtyards, they often
overlook the significant impact of the courtyards' unique enclosed or semi-enclosed
nature and their connectivity with surrounding buildings on pollutant dispersion.
Simultaneously, these studies have not fully explored complex mechanisms of inter-unit
pollutant transmission. Moreover, in the specific context of pollution dispersion in the
courtyard, the integration of wind tunnel experiments and CFD simulations is rarely
employed to study these complex phenomena. EXisting research usually focuses on
pollutant dispersion near an isolated cubic building (Castro & Robins, 1977; Blocken et
al., 2008; Tominaga & Stathopoulos, 2009, 2010; Guo et al., 2021) or urban blocks
(Carpentieri et al., 2012; Hunter et al., 1992; Koutsourakis et al., 2012; Lateb et al., 2010;
Tominaga & Stathopoulos, 2011). Studies on indoor and outdoor pollutant distribution
also primarily concentrate on external pollution, particularly how pollution near street
canyons affects indoor air quality (Bazdidi-Tehrani et al., 2020; Chu & Yang, 2022; Cui
et al., 2016, 2021; Liu et al., 2010; Tominaga & Blocken, 2016; Yang et al., 2015).
Research on the movement, dispersion, and distribution of pollutants inside and outside
enclosed courtyard buildings is still in its early stages, especially lacking studies on the
pathways of pollutants spreading from within courtyard structures to the outside and then
back indoors. The shortcomings in the literature limit the ability to design courtyard
buildings that are both environmentally friendly and ensure the safety and health of
residents. My study aims to bridge this gap by analysing pollutant dispersion in courtyard
buildings through a combination of wind tunnel experiments and CFD simulations.
Through our research, | aim to provide insights into optimizing courtyard design, with the
goal of reducing the spread of pollutants and elevating the overall environmental health

standards within urban living spaces.
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3.1

Chapter 3 Roof Shape Designs for the Courtyard

Introduction

In this chapter, CFD is applied to explore the impact of ten different roof styles on the
indoor wind and thermal environment of courtyard buildings. These roof styles are shown
in Figure 3.1. The workflow of this study and the key research questions are presented in
Figure 3.2. To begin with, the CFD validation of courtyard buildings is conducted by
comparing with wind tunnel experiment data to determine the most appropriate
turbulence model. Then, the ANSYS CFD Fluent software is used to conduct a simulation

analysis of the courtyard buildings with ten different roof styles.

By analysing the simulation results, this study aims to solve four questions. The first
theme examines how different roof designs affect wind patterns in courtyards and
adjacent buildings. The second assesses which roof style optimizes indoor natural
ventilation. The third investigates how various roofs impact natural ventilation's ability to
disperse indoor heat, using indoor heat flux settings. The fourth explores the connection
between indoor and courtyard wind patterns and their influence on air influx through

openings. This offers a basis for enhancing indoor wind conditions.
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Flat Roof Shed Roof

Reverse Roof

Dome Roof

Gambrel Roof Mansard Roof

Parapet Roof Butterfly Roof

Chinese Curve Roof Open gable Roof

Figure 3.1 Single-sided ventilated courtyard buildings featuring ten different roof styles.
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CFD Validation

CFD Modelling

10 different roof shapes

N

CFD Analysis

What are the airflow
dynamics patterns associated
with single-sided ventilated
courtyard buildings
featuring various roof styles?

CFD Analysis

Does the wind speed
magnitude in the courtyard
serve as a contributing
factor to the magnitude in
indoor wind speed?

CFD Analysis

How does natural ventilation
influence the indoor heat
dissipation efficacy in single-
sided ventilated courtyard
buildings with varying roof
styles?

CFD Analysis

Is there a direct correlation
between the volume of wind
entering the indoor space
and the subsequent in indoor
wind velocity?

Figure 3.2 The primary research workflow of the study and the four main research

questions are addressed.
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3.2 Method

In this section, an investigation was conducted by analysing the fundamental
principles of CFD and defining the solver settings. Then, the courtyard model was
elaborated on, including its dimensions, structural composition, and implementation
under the simulation framework. The fluid domain setup was then detailed, involving the
spatial extent and critical attributes of fluid flow. Besides, the grid design was introduced
in detail, focusing on its type, dimensions, and allocation methodology, to capture the
intricate phenomena via an optimized grid layout. The reliability and precision of the
simulation results were determined through a mesh independence test. Lastly, the
boundary conditions were finalized through simulation, covering the fluid inlet and outlet

parameters, along with other critical physical | boundary specifications.

3.2.1 CFD theory

In this study, the control volume approach was adopted, with ANSYS Fluent 2021
software applied to perform steady-state RANS analysis of flow and mass fraction equations.
The simulation, conducted in 3D CFD, took into account a fully turbulent and incompressible
flow. To close the RANS equations, the k-omega Standard model was applied and guided by
the results of validation (detailed in Section 4). The CFD software applied in this study relies
on the Finite Volume Method (FVM) and a semi-implicit algorithm to perform velocity-
pressure coupling (SIMPLE), for second-order windward discrete pressure correlation
equations. The convergence of the solution was achieved when the residuals of mass,
momentum, and energy equations fell below 10°°. The governing steady-state equations, as
defined by the commercial CFD code ANSYS/FLUENT (Ansys Fluent Theory Guide

2021R2 [Online], 2021), are expressed as follows:

59



Continuity equation:

V-(p?) =0 (3.1)
where p represents the density, and ¥ refers to the velocity vector.

Momentum equation:

V-(pvv) =-Vp+V-T+pg (3.2)

where p represents pressure, 7 indicates the stress tensor, and g denotes the
gravitational acceleration vector.

Energy equation:

172

j

where e denotes the internal energy; hy represents the mass-specific enthalpy, with only
dry air considered; . indicates the effective thermal conductivity; T refers to the
temperature of the air; h; indicates the sensible heat of species j, while J denotes the diffusion
flux of species j, both of which are excluded from this study; 7. indicates the effective

stress tensor; and S, refers to the volumetric heat source.

In this study, the performance of five commonly used turbulence models is evaluated
through wind tunnel experiments, which are the k-epsilon Standard model (Launder &
Spalding, 1974), the k-epsilon RNG model (Yakhot et al., 1992), the k-epsilon Realizable
model (Shih et al., 1995), the k-omega Standard model (Wilcox, 2008; Menter, 2009), and the

k-omega SST model (Menter, 1994). Based on the existing results shown from Table 3.2 to
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Table 3.6, the k-omega Standard model was taken as the primary model for subsequent
research. This choice was made by considering the accuracy and efficiency demonstrated by

the model in the simulation of wind tunnel experimental data.

The transport equations governing the k-omega Standard model are presented in Equ.
(3.4) and (3.5):

Turbulence Kkinetic energy k:

0 d ok
a(pkul) = a Fk a + Gk - Yk + Gb (34)
i ] )
The specific dissipation rate w:
d d dw
%(pwui) = E Fa) a + Ga) - Ya) + wa (35)
i ] )

In these two equations, G, represents the generation of turbulence kinetic energy from
mean velocity gradients; G, refers to the generation term for w; I, and [, denote the
effective diffusivity of k and w, respectively; Y, and Y, represent the dissipation of k and w

due to turbulence; and G, and G, are the terms that take into account buoyancy effects.

3.2.2 Courtyard geometry, computational domain, and boundary conditions

Sharples & Bensalem (2001) conducted a wind tunnel experiment to investigate the
changes to airflow rate and air pressure in courtyard and atrium models under the action of
urban wind. The courtyard models used in their experiment were scaled down to a 1:100 ratio,
focusing on the impact of different window-to-wall ratios and wind directions on the
courtyard and atriums. Circular openings were selected for the model because the
measurement of indoor airflow rates required the use of a small orifice plate device,

necessitating openings with a minimal discharge coefficient (Bensalem, 1991). Further, in
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their research, this study adopts the same architectural model of the courtyard but with some
improvements to reveal the effects of single-sided ventilation in courtyard buildings. Based
on the original courtyard model, the atrium roof style was modified while maintaining the
original height, and 10 different roof shapes were chosen for analysis to ensure an equal

comparison.

This study employs an idealized model to simulate the geometry and environmental
conditions of a courtyard. While this model provides a framework for studying the ventilation
and cooling effects of courtyard buildings with different roof styles, it does not encompass all
the complexities of real-world scenarios. Nevertheless, this analysis highlights the intricate
dynamics of airflow within courtyard buildings and underscores the necessity of such studies

for practical applications.

(a)

(b)

selssl T I @ |-

Figure 3. 3 Dimensions of the courtyard building and window opening. Dimensions of

the courtyard building and window opening. (a) The dimension of the courtyard building (b)
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the cross-section of the building facing the courtyard, and the dimension of the window

opening.

As shown in Figure. 3.3 (a), the single-sided ventilation courtyard buildings under study
have the same dimensions as the wind tunnel experiment described in (Roache, 1994;
Sharples & Bensalem, 2001). In this study, the 'single-sided ventilation courtyard building'
refers to a building where only one side of the rooms has windows open for ventilation. To
investigate the impact of the courtyard on the aero-thermal conditions of the surrounding
buildings, the openings of these buildings face the courtyard. Airflow enters and exits
through the same openings on one side of the room or space. With a length and width of 390
mm, they have four stories, each of which is 32.5 mm in height, which means a total height of
130 mm. The roof was uniformly set to 52 mm in height. The courtyard, which measured 130
mm X 130 mm x 130 mm, was located at the centre of the building. Considering single-sided
ventilation inside the building, all openings pointed to the courtyard. To quantify the impact
of the courtyard on the indoor wind and thermal environment of the surrounding buildings,
this study focuses on the rooms facing the courtyard. Each floor had eight rooms facing the
courtyard, with two adjacent rooms on each side. As shown in Figure. 3.3 (b), there were

three circular openings with a diameter of 10 mm in each room, facing the courtyard.
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Figure 3.4 Computational domain dimensions, boundary conditions, top view, and wind

tunnel setup for internal flow tests. (a) The dimension of the computational domain and the

boundary conditions. (b) top view of the computational domain. (c) wind tunnel setup for

internal flow tests for the courtyard model from (Bensalem 1991).

Figure. 3.4 (a) shows the dimensions and configuration of the fluid domain, which is

consistent with the wind tunnel experiment. To be exact, the length was 7200 mm, and the

cross section measured 1200 mm x 1200 mm. The spacing between the courtyard and
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symmetrical walls on both sides was set to 430.5 mm. The distance from the courtyard to the
velocity inlet and pressure outlet was 2800 mm and 4061 mm, respectively. The distance
from the courtyard to the top of the fluid domain was set to 1018 mm. Considering that the
volume of the fluid domain in the wind tunnel experiments was relatively larger than in the
courtyard building model, an embedded fluid domain was designed within the main fluid
domain. Adjacent to the courtyard, as shown in Figure. 3.4 (b), it maintained a distance of
200mm from the courtyard's surfaces and roof. This is purposed to facilitate the effective
transition of the grid. It measured 739 mm x 739 mm x 382 mm, whose distance to the
velocity inlet and pressure outlet was 2600 mm and 3861 mm, respectively. Thus, simulation
precision was balanced with computational efficiency. Figure. 3.4 (c) illustrates the setup for
measuring courtyard airflow rates in wind tunnel experiments based on reference (Bensalem,

1991).

3.2.3 Boundary conditions for the simulation study

The configuration in Figure. 3.4 (a) requires designating a surface as the velocity inlet,
where the wind speed distribution at this inlet is determined by referencing the atmospheric
boundary layer (ABL) wind tunnel experiment, to model airflow within the computational
domain (Bensalem, 1991; Sharples & Bensalem, 2001). Under all simulation scenarios, the
distribution of this inlet wind speed remained constant. The velocity profile, formulated in the
power law expression, was obtained through regression fit based on the velocity
measurement performed at the centre of the turntable and at different heights. The mean

velocity profile is expressed as follows:

U(Z) = Urer (i)a (3.6)
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In the above equation, u(z) denotes the mean velocity at height z, in m/s. The power law
exponent o, determined as 0.245 through wind tunnel experiment, is unique to such
environments as suburban areas or urban terrains without significant high-rise structures
(Bensalem, 1991). It was derived from the curve fitting of wind tunnel results. The reference
height z..r, which was set to 800 mm, is aligned with the eaves level. Denoted as u,, the
velocity experimentally measured at this reference height was recorded as 16.4 m/s (Sharples
& Bensalem, 2001). Then, the specified wind speed distribution was implemented at the
inflow boundary within the computational domain. The simulation was performed by
following the same wind speed distribution as measured in the experiment. The boundary on
the opposite side was treated as a pressure outlet, and was maintained at a static pressure of 0

Pa.

This study was conducted based on the climate of Nottingham, UK (latitude 52.939N,
longitude 1.197<W). Similar to most parts of the UK, Nottingham features a temperate
maritime climate, which is characterized by warm and mild summers and cool, mild winters.
To conduct this study, the average temperature in Nottingham during a typical summer month
in July 2021, which was 22<C (Nottingham, England, United Kingdom Weather Conditions,
WeatherUnderground, n.d.), was taken as the initial boundary condition for both the velocity
inlet and pressure outlet settings. On this basis, the impact of natural ventilation on indoor air
velocity and temperature was examined. The impact of relative humidity was not taken into
account in this study for simplification. In the process of CFD simulation, the effect of
buoyancy was taken into consideration, and the gravity was fixed at -9.81 m/s=2 Non-slip
boundary conditions were determined for the symmetry of the top, two side walls, and the

ground boundary. On this basis, the effectiveness of natural ventilation in removing heat from
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the single-sided ventilated courtyard building was explored. For this purpose, a uniform heat
flux was created as an internal heat source on the floors of 32 experimental rooms facing the
courtyard. Since the courtyard model adopted the same design as used in the wind tunnel

experiment without proportional enlargement, the heat flux was set to a value of 5\W/m?2.

3.2.4 Grid and sensitivity analysis
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Figure 3.5 Wind velocity simulation, grid sensitivity analysis, and polyhedral mesh
around the courtyard building. (a) Simulation results of wind velocity magnitude along a
horizontal centre line of the courtyard model at the height of 49 mm for the grid sensitivity
analysis. (b) Grid sensitivity analysis was conducted using the GCI method. (c) polyhedral

mesh around the courtyard building.
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The accuracy of numerical simulation and the duration of computation is affected by
mesh quality in the process of modelling. Under the context of ANSYS Meshing, a
tetrahedral mesh was created for the fluid domain. To obtain accurate simulation results, two
fluid domains were positioned around the courtyard model to optimize grid transition. These
domains include an outer domain with a grid size of 100 mm and an inner domain with a grid
size of 50 mm. In addition, mesh refinement was performed in the critical areas across the
courtyard building. Specifically, the floors with heat flux were set to a grid size of 1.5 mm,
while the circular window openings were set to a grid size of 0.8 mm. The roof, which was
the focus of this study, was set to a grid size of 0.4 mm. The external surface of the building
was set to a grid size of Imm, while the remaining parts of the courtyard building were set to
a grid size of 2 mm. In this way, the accuracy of simulation results was improved. The ratio
of expansion for adjacent cells was maintained at a lower level than 1.2. To enhance
computational efficiency and accelerate processing, the tetrahedral mesh of the fluid domain
was transformed into a more efficient polyhedral mesh in ANSYS Fluent. To verify the
accuracy of the numerical model, a mesh sensitivity analysis was performed by examining
how the results varied with the change in mesh size. Discretization uncertainty was assessed

against the grid convergence index (GCI), as proposed in (Roache, 1994).

For the purpose of calculation, it's necessary to determine the grid size first, which is
denoted as h. Herein, AV; represents the volume, and N refers to the total number of cells

used for the computation.

]1/ ’ 3.7)

h= 52 @)
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Figure 3.5 and Table 3.1 show the process of choosing three grid sizes — fine, medium,
and coarse. They were used in simulation to determine the value of critical variables
(é1, P2, ¢3) required to achieve the research goals. The grid refinement factor, denoted as r =
hcoarse/ hfine, 1S supposed to exceed 1.3 (Roache, 1994). When hi < h, < hs, the ratios are
expressed as r21= ha/hi, SO that r3»= ha/hz. Accordingly, the grid sizes were set as N1
(15,889,281), N2 (6,783,437), and N3 (2,391,933), yielding the r values of 1.328 and 1.415.

The effective order of this method, which is denoted as p, is calculated using Eq. (3.8) to Eqg.

(314), Where 832:¢3_¢2 and 821:¢2_¢1.

1

P = IIn |e32/€21] + q(p)] (3.8)
(p) =In (r2p1_5) (3.9)
q( - |
s =1-sgn (&3,/€21) (3.10)

The extrapolated values are shown in Eq. (13):

g)%t = (r2p1¢1 - ¢2)/(r2p1 - 1) (3.11)

The estimated relative error, denoted as e2!, the extrapolated relative error, denoted as

eZL, and the fine grid convergence index, denoted as GCIZ?, , can be calculated using Eq. (15)

to Eq. (17).
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1.25e21

GCI¢h, = " (3.14)
Wind velocity Wind velocity Wind velocity
magnitude (m/s) at | magnitude (m/s) at | magnitude (m/s) at
Y =70 mm Y =140 mm Y =210 mm
N1 15,889,281 15,889,281 15,889,281
N2 6,783,437 6,783,437 6,783,437
N3 2,391,933 2,391,933 2,391,933
T 1.328 1.328 1.328
T3, 1.415 1.415 1.415
b1 0.139 3.710 4.853
b, 0.146 3.851 4.836
O3 0.103 3.514 4.656
D 5.460 2.657 2.516
2L 0.137 3.585 4.869
e2l 4.883% 3.801% 0.351%
el 1.335% 3.497% 0.336%
GCIE.. 1.646% 4.223% 0.421%

Table 3.1 Example of discretization error computation employing the GCI method.

In this study, comparative analysis was conducted using three grids that varied in size.
The outer domain of the most refined grid was set to a grid size of 50 mm, while the floors,
facade, and circular openings of the building were set to a grid size of 0.5 mm, 0.5 mm, and
0.4 mm, respectively. The grid size of other parts of the building was adjusted to 1mm, which

led to a total of 15,889,281 cells. Moreover, a coarser grid, based on the medium-sized grid,
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was developed, which doubled the grid size in the fluid domain and enlarged the details of
the courtyard building in a similar way, thus resulting in 2,391,933 cells. Grid sensitivity was
assessed by choosing the second floor at coordinates X=135 mm, Z=49 mm, and by

increasing Y from 50 mm to 300 mm.

To observe the magnitude of wind velocity (m/s), a set of 26 points was deployed,
whose readings at three different grid sizes are shown in Fig. 3.5 (a). The data shown in Table
3.1 emphasizes points at Y = 70 mm, Y = 140 mm, and Y = 210 mm, with their grid
convergence index reaching 1.646%, 4.223%, and 0.421%, respectively. The medium mesh
size was used for this study, considering its relatively limited error margin compared to the
fine mesh. Meanwhile, computational cost was reduced significantly. Fig. 3.5 (b) shows the
convergence index and discretization error bars at all 26 points for the medium grid. The

maximum GCIZL, was recorded at Y = 220 mm with a value of 5.56%, which is considered acceptable.

Additionally, the average GCIZL. At all 26 points, was calculated to be 2.37%, confirming that the

medium mesh size is appropriate for simulation.

3.3 Results

3.3.1 Validation of the naturally ventilated courtyard model

In this study, CFD simulation techniques were applied to thoroughly analyze the courtyard
buildings with various roof styles for their performance in natural ventilation. The baseline
model was subject to a parametric analysis using the method used in wind tunnel experiments
on courtyard buildings, with the aim of refining its design. The process of CFD simulation,
ranging from modelling to the final setup, was conducted in the same way as the wind tunnel

experiment described in (Bensalem, 1991; Sharples & Bensalem, 2001), as illustrated in Fig.
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3.6 (a). According to Sharples & Bensalem (2001) and Bensalem (1991), all model elements
consisted of four stories or rooms, each of which was scaled to a ratio of 1:100. Also, the
instrumented model was positioned in the centre of the turntable, with a diameter of 1.1
meters inside an ABL wind tunnel. In design, the wind tunnel had a working length of 7.2 m

and a cross-sectional area of 1.2 m x 1.2 m. The wind speed reached up to 25 m/s.
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Figure 3.6 Comparison of experimental and CFD numerical models, and deviation

analysis between wind tunnel experiments and numerical simulations. (a) Comparison of the
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actual experimental model Sharples & Bensalem (2001) and CFD numerical model. (b)
Deviation analysis for wind tunnel experiments and numerical simulations was done using

the k-omega standard model in the courtyard and atriums.

During the experimental process, measurement was performed for various building
models, including a courtyard and multiple atrium structures, all of which were 339 mm in
length, 339 mm in width, and 130 mm in height. Specifically, the atrium model with a roof at
22<had a height of 52 mm. In this study, six different isolated models were involved in CFD
validation: Model Al that represents a closed courtyard; Model A2 that represents an atrium
devoid of roof openings; Models A3 and A5, both of which have roof openings on the
windward and leeward sides, with a window-to-wall ratio of 11.4%; and Models A4 and A6,
each of which has a window-to-wall ratio of 30.4%. Moreover, five commonly used RANS
models were chosen: the k-epsilon Standard, k-epsilon RNG, k-epsilon Realizable, k-omega
Standard, and k-omega SST. Considering courtyard architecture as the focus of this study, the
courtyard model used for simulation was constructed by adapting Model Al. Through CFD
modelling validation, all four models were assessed in terms of geometry, dimension, the
working section of the wind tunnel, the window-to-wall ratio, and the boundary conditions.
Each model was subjected to blowing by the wind at 0° and 45° to evaluate their
effectiveness. Sharples and Bensalem used an orifice plate to measure the airflow rate in the
model and introduced a novel dimensionless coefficient (CQ,) into the experimental process.

It was calculated using the following formula.

Q==) 2 (3.15)
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where V, represents the velocity at the opening i, and Vg, refers to the wind speed
measured at the height of 800 mm, which was determined as 25 m/s in their experiment
(Sharples & Bensalem, 2001). As shown in Table 3.2 to Table 3.6, the RANS models, and
especially the k-omega standard variant, are applicable to predict the pattern of wind
distribution for the courtyard and atrium buildings. Figure 3.6 (b) shows that the experimental
and validation results (based on the k-omega standard model) are clearly consistent, with a
greater level of similarity than 80%. The errors observed at a 45°wind direction from Table
3.2 to Table 3.6 were larger compared to those at 0< This discrepancy can be attributed to the
increased complexity of the airflow patterns at a 45<angle. Specifically, at 45< a significant
portion of the courtyard building is positioned on the leeward side, where the formation of
vortices and intricate flow structures occurs. These conditions are challenging for k-epsilon
and k-omega turbulence models to predict accurately. The 45 wind direction results in
airflow that does not directly enter the indoor environment but instead generates complex
secondary flows and recirculation zones. These phenomena are inherently difficult to model
with standard turbulence models, leading to higher discrepancies between the CFD
simulations and the wind tunnel experiments. However, when the wind direction is 0< the
validation results of Model Al, Model A3, Model A4 and Model A6 are almost consistent
with the experimental results. The errors are less than 5%. It illustrates the high efficiency of
CFD in accurately predicting the results of wind tunnel experiments and underscores the

reliability and accuracy of the following simulation studies.
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Wind Experimenta k-epsilon Error
Model Models direction IOI COx Standard (%)
(9 CQt
0 0.126 0.135 7.18
Model
Al
45 0.179 0.147 17.87
0 0.147 0.140 4.76
Model
A2
45 0.188 0.164 12.53
0 0.140 0.141 1.03
Model
A3
45 0.166 0.141 15.01
0 0.135 0.139 2.96
Model
Ad
45 0.159 0.142 10.69
0 0.179 0.148 17.32
Model
A5
45 0.189 0.167 11.64
0 0.162 0.138 14.81
Model
A6
45 0.162 0.137 15.43

Table 3.2 Velocity coefficient CQt validation results for the courtyard and atriums

numerical simulation by using the k-epsilon Standard model.
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Wind Experimenta k-epsilon Error
Model Models direction IOI COx RNG (%)
(9 CQt
0 0.126 0.119 5.28
Model
Al
45 0.179 0.160 10.61
0 0.147 0.145 1.26
Model
A2
45 0.188 0.172 8.53
0 0.140 0.130 7.19
Model
A3
45 0.166 0.160 3.73
0 0.135 0.147 8.89
Model
Ad
45 0.159 0.164 3.14
0 0.179 0.141 21.22
Model
A5
45 0.189 0.171 9.52
0 0.162 0.140 13.58
Model
A6
45 0.162 0.155 4.32

Table 3.3 Velocity coefficient CQt validation results for the courtyard and atriums

numerical simulation by using k-epsilon RNG model.
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Wind Experimenta k-epsilon Error
Model Models direction IOI COx Relizable (%)
(9 CQt
0 0.126 0.129 2.33
Model
Al
45 0.179 0.161 11.18
0 0.147 0.142 3.52
Model
A2
45 0.188 0.168 11.90
0 0.140 0.140 0
Model
A3
45 0.166 0.145 14.48
0 0.135 0.140 3.70
Model
Ad
45 0.159 0.154 3.14
0 0.179 0.151 18.54
Model
A5
45 0.189 0.171 9.52
0 0.162 0.138 14.81
Model
A6
45 0.162 0.137 15.43

Table 3.4 Velocity coefficient CQt validation results for the courtyard and atriums

numerical simulation by using k-epsilon Realizable model.
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Wind Experimenta k-omega Error
Model Models direction IOI COx Standard (%)
(9 CQt
0 0.126 0.130 3.36
Model
Al
45 0.179 0.165 7.82
0 0.147 0.145 1.26
Model
A2
45 0.188 0.175 6.73
0 0.140 0.138 1.62
Model
A3
45 0.166 0.165 0.06
0 0.135 0.131 2.96
Model
A4
45 0.159 0.168 5.66
0 0.179 0.154 16.23
Model
A5
45 0.189 0.171 9.52
0 0.162 0.158 2.47
Model
A6
45 0.162 0.152 6.71

Table 3.5 Velocity coefficient CQt validation results for the courtyard and atriums

numerical simulation by using k-omega Standard model.
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Wind Experimenta k-omega Error
Model Models direction IOI COx SST (%)
(9 CQt
0 0.126 0.126 0
Model
Al
45 0.179 0.162 9.50
0 0.147 0.145 1.26
Model
A2
45 0.188 0.174 7.30
0 0.140 0.137 1.62
Model
A3
45 0.166 0.157 5.65
0 0.135 0.142 5.19
Model
A4
45 0.159 0.173 8.81
0 0.179 0.148 17.32
Model
A5
45 0.189 0.174 7.93
0 0.162 0.140 13.58
Model
A6
45 0.162 0.150 7.50

Table 3.6 Velocity coefficient CQt validation results for the courtyard and atriums

numerical simulation by using k-omega SST model.
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3.3.2 Airflow in the single-sided ventilated courtyards with different shapes of

roof

Wind velocity magnitude

(m/s)

Figure 3.7 Indoor wind velocity magnitude contour at Y = 135mm, with arrows

representing the observed vectors for baseline flat-roof courtyard model.

Figure 3.7 shows the indoor distribution of wind speed in the cross-section of the
baseline model when Y = 135 mm. The characteristics of wind speed distribution on the
windward and leeward sides are identifiable. In the single-sided ventilated courtyard, the
indoor wind speed stays at a relatively low level. However, there is a substantial amount of
wind flow into the rooms on the top floor of the windward side, indicating a higher efficiency
of air exchange in this area. Meanwhile, indoor wind speeds exceed 0.1m/s on the leeward
side at the bottom floor, although the air movement remains significant. In all the other rooms,
the amount of wind flow is lower, but there remains a certain amount of air entering the
rooms through the openings. This finding is coherent with the previous descriptions of the
direction in which air flows inside the courtyard. Generated above the roof, the vortex creates
a counterclockwise vortex within the courtyard when it comes into contact with the left wall

of the courtyard. This vortex first affects the top-floor rooms on the windward side, which is
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possibly attributed to the concentrated kinetic energy of the vortex at this point. The
trajectory of the vortex in the courtyard also indicates that when it meets the right facade of
the courtyard, the air partially flows into the rooms on the leeward side at the bottom, with

the remaining air still flowing upwards.
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Shed roof courtyard Reverse shed roof courtyard
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Figure 3.8 Airflow movement patterns for ten different roof styles. (a) Flat roof
courtyard. (b) dome roof courtyard. (c) Chinese curved roof courtyard. (d) gambrel roof
courtyard. (e) mansard roof courtyard. (f) open gable roof courtyard. (g) parapet roof

courtyard. (h) butterfly roof courtyard. (i) shed roof courtyard. (j) reverse shed roof courtyard.

Figure 3.8 shows the patterns of airflow in the courtyards with 10 different roof styles,
revealing the significant impact of how the roof is shaped on wind direction and velocity,
with the characteristics of airflow above the courtyard in particular. In the single-sided
ventilated courtyard buildings with a flat-roof model, as shown in Figure 3.8 (a), the airflow
enters the fluid domain in the positive x-direction. This airflow first affects the windward
face of the building, leading to the distribution of aerodynamic forces, of which some move
upwards along the windward face to the roof. The obstructive effect of the building,
combined with the uneven distribution of wind pressure, forces the airflow upwards, thus
creating an upward current along the external walls. Meanwhile, the formation of a small
local vortex can be observed below the windward face, which results from the occurrence of
boundary layer separation in fluid dynamics. As the air reaches the flat roof, it partially
crosses the roof edge and flows downwards. On the leeward side of the building, a significant
clockwise vortex is generated. Part of the airflow in this large vortex returns to the roof area
due to the change in height of the building and wind pressure gradients. Consequently,
another clockwise vortex is generated above the roof. Part of this large vortex changes in
direction upon contact with the left facade of the courtyard, directing the flow into the
courtyard. Inside the courtyard, a counterclockwise vortex develops under the constraint of
the surrounding walls, which promotes the influx of fresh air and thus improves the outcome

of ventilation indoors.
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Compared to the flat roof baseline model (Figure 3.8 (a)), the impact of other roof styles
on airflow is evident mainly in the area above the roof, and especially the leeward side of the
roof. For example, in the courtyard with a gambrel roof (Figure 3.8 (d)), the wind speed is
reduced after the airflow encounters the windward slope due to the lower slope, and it
gradually rises along the slope. When the steeper lower slope is reached, the airflow forms
tight streamlines on the roof surface and accelerates upwards, especially at the roof edges
where a turbulent boundary layer develops due to the significant changes in wind pressure
and velocity. As the airflow crosses the roof apex and reaches the leeward side of the
building, significant vortices are generated by the roof shape-induced fluid separation rise
along the right side of the roof. Consequently, a clockwise vortex develops above the

courtyard.

As can be seen from the dome roof in Figure 3.8 (b), the streamlined design of the roof
ensures smooth airflow with minimal resistance along the surface of the dome at the
windward side. The continuous curvature of the dome optimizes airflow adherence, which is
effective in reducing airflow separation. This results in stable streamlines at the top.
Compared to the roofs with sharp edges, the changes in airflow over the dome roof are less
significant, thereby minimizing the generation of large vortices. As the airflow crosses the
highest point of the dome and reaches the leeward side, a low-pressure area may develop
afterwards, which results from fluid separation. Consequently, noticeable vortices are
induced at the base of the roof. These vortices develop along the right edge of the dome and
shift horizontally, causing the airflow to enter the space above the courtyard as it crosses the
roof boundary. Due to the symmetrical nature of the dome, it is ensured that the vortices on
the leeward side are evenly distributed around the dome, which has a significant effect on the

airflow above the courtyard.
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Figure 3.8 (c), Figure 3.8 (e), and Figure 3.8 (f) show the Chinese curved roof, mansard
roof, and open gable roof, respectively. Despite their distinctive designs, these roofs exhibit a
consistent pattern of airflow. The wind first encounters the roof at the windward point of
contact, generating an upward force. Thus, continuous streamlines are generated along the
roof surface before rising to the roof's apex. In this context, the shape of the roof and wind
speed contribute jointly to the generation of vortex on the leeward side. These vortices
elevate the airflow on the leeward side of the roof, developing swirls at the top right of the
roof or above the courtyard. The mansard roof is characterized by the varied slope on the
upper and lower surfaces, increasing the complexity of vortex dynamics at the roof's fold. In
contrast, the smooth curves of the Chinese curved roof reduce airflow separation, which
improves the smoothness of vortices at the roof's edges. The open gable roof, due to its sharp
gable shape, leads to more concentrated airflow separation at the roof's apex, thus causing
concentrated vortex formation. Although each roof leads to slight variations in the shape of
the airflow and vortices entering or hovering above the courtyard, they maintain a consistent
pattern of airflow, which is characterized by the rising of the wind, the formation of vortices,

and the direction of airflow.

As shown in Figure 3.8 (g) and Figure 3.8 (h), both the parapet roof and butterfly roof
exhibit significant roof indentations, which are the active zones where the vortex develops.
On the parapet roof, its wall edges are extended beyond the roof surface to create a broad
space of indentation. This leads to a strong resistance encountered by the wind flow at the top
of the wall on the windward side. Consequently, vortex is generated. In this case, the airflow
accelerates and generates strong vortices. Then, it flows along the top of the wall to the

leeward side, where new vortices are generated. Regarding the butterfly roof, its unique V-
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shaped indentation structure plays a role in guiding the windward airflow towards the central
low point, which increases the wind speed at this point and promotes concentrated vortex
formation. These vortices may show a greater strength in the indentation area. Subsequently,
the airflow rises along the slopes and crosses over to the leeward side at the roof apex, thus

generating new vortices.

Figure 3.8 (i) and Figure 3.8 (j) show the design of the shed roof and reverse shed roof,
highlighting the significant role of roof design in the wind environment of courtyards. For the
shed roof, the windward facade forces the upward airflow to the roof's edge, where the slope
accelerates the airflow and creates a significant vortex at the roof's top. This vortex covers the
entire roof. In contrast, the reverse shed roof, due to its sloped design on both windward and
leeward sides, causes the airflow to climb these slopes. Because of the vertical roof above the
courtyard, vortices are generated primarily in the space above the roof, rather than in the
courtyard. After being generated on the windward slope of the airflow, the vortices rise to the

roof's apex, which generates another vortex on the vertical leeward side.

86



Wind velocity magnitude

(m/s)

Shed roof courtyard

Figure 3.9 Airflow movement patterns and pressure contours for five different roof
styles with specific values. (a) Wind flow contour for the flat roof courtyard. (b) pressure
contour for the flat roof courtyard. (c) wind flow contour for the dome roof courtyard. (c)
wind flow contour for the dome roof courtyard. (d) pressure contour for the dome roof
courtyard. (e) wind flow contour for the open gable roof courtyard. (f) pressure contour for
the open gable roof courtyard. (g) wind flow contour for the parapet roof courtyard. (h)
pressure contour for the parapet roof courtyard. (i) wind flow contour for the shed roof

courtyard. (j) pressure contour for the shed roof courtyard.
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Figure 3.9 illustrates five representative roof structures: flat roof, dome roof, parapet
roof, shed roof, and open gable roof. An analysis was conducted using velocity and pressure
contour maps to draw a comparison between wind speed and pressure distribution around
each roof. According to the analytical results, a positive pressure of over 120 Pa is exerted
when the airflow shows the impact on the windward side of vertically oriented roof structures,
such as the flat roof (Figure 3.9 (a) and Figure 3.9 (b)), parapet roof (Figure 3.9 (g) and
Figure 3.9 (h)) and shed roof (Figure 3.9 (i) and Figure 3.9 (j)). Accordingly, the wind speed
is 3.1 m/s, 4.5 m/s, and 3.8 m/s, respectively. The inclined roof structures, like the open gable
roof (Figure 3.9 (e) and Figure 3.9 (f)), apply a positive pressure of 48 Pa on the windward
side, demonstrating an upward flow along the roof slope to the peak. The dome roof, with its
streamlined geometry, has the least significant resistance but the highest wind speed observed
at the same location, reaching 13.4 m/s. The geometric characteristics of roof shapes exert a
significant impact on the aerodynamic characteristics of the airflow, particularly when the air
flows over the roof apex and reaches the leeward side. As a result, there is a change occurring
in the direction of flow due to structural variations. For instance, different negative pressures
(-85 Pa, -120 Pa, and -53 Pa) were recorded at the top left of the flat roof, dome roof, and
open gable roof, respectively. At these positions, two different wind speeds (20 m/s and 18
m/s) were observed for the dome and open gable roofs, respectively, indicating a significant
acceleration of airflow. The unique design of the parapet roof gives rise to a pronounced low-
pressure area in its indented region, with the pressure falling below -100 Pa. This leads to
vortex formation. In contrast, there is little difference in wind speed inside the other four
roofs. Specifically, the respective wind speed reaches 2 m/s and 1.4 m/s on the flat roof,
while it reaches 1.4 m/s and 1.1 m/s on the parapet roof. Notably, the wind speed reaches up

to 7.3 m/s inside the dome roof, particularly on the right side. This indicates a significant
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increase in wind velocity in that direction, which is likely due to the symmetry that causes a

non-uniform distribution of airflow.

3.3.2 Temperature distribution for the courtyard with different shapes of roof

Temperature
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Figure 3.10 Temperature contours in the cross-section at Y = 135 mm for the courtyard
with four different roof styles. (a) Flat roof shape courtyard. (b) dome roof shaped courtyard.

(c) Chinese curved roof shaped courtyard. (d) parapet roof shape courtyard.

To fully reveal the impact of natural ventilation on indoor temperature control within the
courtyard with various roof styles, the outdoor temperature was maintained at 22 <C in the
CFD simulation, with the heat flux set to 5 W/m=for all indoor floors. Figure 3.10 illustrates
the temperature contour at a section of Y = 135 mm in the courtyard with four different roof
styles. According to the results, the significant variation in the cooling effects is attributable
to the variation in roof design. Notably, the courtyard with a dome roof, as shown in Figure

3.10 (b), performs the best in cooling, with the temperature across the room maintained
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below 24 <C. This is particularly evident on the ground floor and first floor on the right side,
where temperature rise is almost negligible, indicating that the courtyard with a dome roof is
more effective in indoor heat dissipation through natural ventilation. For the courtyard with a
flat roof and that with a Chinese curved roof as shown in Figure 3.10 (a) and Figure 3.10 (c),
the difference in temperature across most rooms is minimal, with a better outcome of heat
dissipation shown on the leeward ground floor. However, there is an overall uneven
distribution of temperature observed, especially in the courtyard with a Chinese curved roof,
on the windward side of which the accumulation of heat occurs in the first-floor rooms. It is
suggested that ventilation is inadequate in this room, which hinders the wind from entry and
suppresses heat dissipation. Among all the roof styles examined, the courtyard with a parapet
roof as shown in Figure 3.10 (d) performs worst in terms of temperature regulation. The four
rooms within this courtyard accumulate heat, especially on the inner sides, indicating that
ventilation is insufficient to remove heat from the deeper areas of the rooms despite the

presence of airflow.
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Figure 3.11 Comparison of indoor wind velocity and temperature, and temperature
distribution for courtyard buildings with different roof styles. (a) Comparison of average
indoor wind velocity magnitude and average temperature for courtyard buildings with ten
different roof styles. (b) distribution of average temperatures across 32 test rooms in

courtyard buildings with ten roof styles.
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Figure 3.11 (a) shows the impact of 10 different roof styles on the average temperature
and wind speed within the single-sided ventilated courtyard. According to the results, the
dome roof performs best in enhancing the outcome of natural ventilation and regulating
indoor temperature, with the maximum average wind speed and the lowest average indoor
temperatures reaching 0.175 m/s and 22.65 <C, respectively. In contrast, the lowest average
wind speed of 0.025 m/s and the highest average indoor temperature of 26.41<C is reached on
the parapet roof, indicating its unsatisfactory performance in ventilation and heat dissipation.
Notably, the wind speed on the dome roof is approximately seven times that on the parapet
roof, and its average indoor temperature is 14.23% lower, highlighting its significant cooling
effect. The shed roof, as the second-best option, has an average indoor temperature of 2.65 <C,
which is lower compared to the parapet roof. This evidences its enhanced cooling
performance. Compared to the baseline courtyard with a flat roof, the courtyard with a dome
roof shows a reduction of the temperature by 2.10 <C and an increase in wind speed by about
0.140 m/s, which confirms its better performance in indoor environmental regulation.
Meanwhile, the temperature is 1.66 <T higher in the courtyard with a parapet roof than in that
with a flat roof, with a lower wind speed of 0.010 m/s. Among the roofs with indentation in
design, the butterfly roof outperforms the parapet roof in cooling, with an average indoor
temperature of 1.77 <T lower, suggesting a better outcome of heat dissipation. On roofs with
a similar pattern of airflow, such as the courtyard with mansard roof, Chinese curved roof, or
open gable roof, the open gable roof stands out with an indoor temperature of 24.21 <C and a
wind speed of 0.058 m/s. When an opposite-style shed roof is compared with a reverse shed
roof, the shed roof produces a more pronounced effect in terms of ventilation and cooling.
Additionally, Figure 3.11 (a) reveals a significant negative correlation between average indoor

wind speed and temperature. Specifically, a higher wind speed is typically associated with
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lower indoor temperatures, underscoring the effectiveness of strong ventilation for indoor
heat dissipation. Evidently, different roof styles vary significantly in the effectiveness of

ventilation and indoor temperature reduction.

Figure 3.11 (b) shows the average indoor temperature across 32 rooms with 10 different
roof shapes under test. The analytical results demonstrate the unique characteristics and
performance of the courtyard with various roof shapes in terms of temperature control,
consistency, and stability. Obviously, the shape of the roof has a significant impact on the
distribution and regulation of indoor temperatures. Take the dome roof as an example, where
the distribution of temperature shows a high degree of concentration, with an average
temperature of as low as 22.61 <€ and a minimal fluctuation of temperature (standard
deviation of only 0.30). This demonstrates its improved performance in indoor temperature
control. Both its average and median temperatures are lower compared to all other types of
roofs, reaching 22.61 <C and 22.57 <C, respectively. This performance in maintaining the
stability of indoor temperature. In contrast, the courtyard with a parapet roof has an average
temperature of 26.01 <C, with a wider range of fluctuation (standard deviation of 3.14) from
23.33 T to 37.26 <T. It is suggested that this is possibly not the ideal choice in hot weather.
Differently, the Chinese curve roof still produces a decent performance in temperature
control at its average and median temperatures (24.37 <C and 23.70 <C respectively), despite
a high frequency of extremely high temperatures (peaking at 35.28 <C and with a skewness of
3.88). Moreover, the courtyard with a flat roof and that with an open gable roof vary in
temperature distribution, although their average and median temperatures are relatively
comparable (24.65 <C and 24.83 <C vs. 24.83 <C and 23.47 <C). It is indicated that these roof
shapes create an environment with stable temperatures under general conditions. The results

also illustrate that the "Shed," "Reverse Shed," "Butterfly,"” "Gambrel," and "Mansard" roof
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styles have moderate effects on temperature control. For instance, the "Shed" roof has an
average temperature of 23.62 T with a standard deviation of 1.02, demonstrating high
temperature stability. By contrast, the "Reverse Shed" and "Mansard” roofs show a stable,
moderate effect in controlling their average and median temperatures, with a standard
deviation of 1.54 and 1.34, respectively. It is suggested that these roof styles ensure a
relatively stable temperature under normal conditions. Differently, the "Butterfly” and
"Gambrel™ roofs, despite being slightly higher in average temperature, maintain a
controllable range of temperature fluctuation (standard deviations of 1.68 and 2.21

respectively).

3.3.4 Analysis of the relationship between courtyard wind dynamics and indoor

airflow enhancement

As shown in Figure 3.12, there is a significant negative correlation present between the
average indoor wind speed and temperature across different roof styles. That is to say, when
indoor wind speed is higher, natural ventilation is promoted, which is equivalent to better
heat dissipation, thus lowering the average indoor temperature. In this section, the impact of
courtyard wind conditions on indoor average wind speed is explored. Specifically, an
investigation is conducted into not only the relationship between the magnitude of the
average wind speed in the courtyard and that within indoor environments, but also the

connection between the outcome of ventilation and the average indoor wind speed.
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Figure 3.12 Relationship between courtyard and indoor wind velocities for different roof
styles. (a) Investigation of the relationship between average wind velocity magnitudes in the
courtyard and indoors. (b) comparison of average courtyard wind velocity magnitudes with

indoor average wind velocities for courtyard buildings with 10 different roof styles.

Figure 3.12 illustrates the complex relationship between roof shape and the impact of
courtyard wind speed on indoor wind speed. The courtyard with a dome roof has an average
indoor wind speed of 0.175 m/s. Accordingly, the wind speed in the courtyard is 3.429 m/s,

which is significantly higher than other types of roofs. This demonstrates the better
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performance of dome roofs in directing courtyard airflow into indoor spaces. In contrast, the
courtyard with a parapet roof has the lowest recorded indoor wind speed of just 0.0249 m/s,
and the lowest wind speed of 0.756 m/s, reflecting its inadequate outcome of ventilation and
heat dissipation. The courtyard with an open gable roof shows moderate wind speed both
indoors and, in the courtyard, reaching 1.219 m/s and 0.0577 m/s respectively, which
indicates a satisfactory outcome of ventilation. The shed roof achieves an enhanced
performance in indoor ventilation with an average wind speed of 0.0695 m/s and a courtyard
wind speed of 1.291 m/s. The courtyards with butterfly, flat, and reverse roofs have relatively
similar indoor wind speeds, suggesting that these types of roofs maintain a certain level in
terms of indoor ventilation performance at comparable courtyard wind speeds. Despite the
variation in courtyard wind speed, the differences are insignificant, suggesting a similar
efficiency in regulating wind speed. It is necessary to carefully consider these slight
variations in courtyard wind speed for architectural design and the assessment of indoor
ventilation efficacy, given a significant impact on the indoor thermal environment. Except for
the dome, the other nine types of roofs have a lower courtyard wind speed than 1.3 m/s, and
the courtyard with shed roof has the courtyard wind speed that is the closest to this threshold.
However, there remains a substantial gap compared to the wind speed reached in the case of
the dome roof. The indoor wind speed of the dome roof is approximately 2.5 times that of the
shed roof, highlighting a clear advantage in enhancing the outcome of indoor ventilation.
This is likely attributable to the optimization of its structure for airflow direction and
ventilation efficiency. Furthermore, the graph shows a significant positive correlation
between courtyard and indoor wind speeds, with the correlation coefficient close to indicating
a perfect linear relationship (approximately 0.99). This underscores the significant role of

courtyard design in regulating inward natural ventilation.
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Figure 3.13 Relationship between indoor air flow rate and wind velocity for different
roof styles. (a) Exploration of the relationship between the volumetric flow rate of air
entering indoors and average indoor wind velocity magnitude. (b) Comparison of indoor
average wind velocity magnitudes and the volumetric flow rate of air entering indoors for

courtyard buildings with 10 different roof styles.

Figure 3.13 shows a thorough examination of the significant differences in how various
roof structures regulate indoor wind speed and airflow volume. The focus of the study is to

explore the correlation between the wind speed in the courtyard and the average volumetric
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flow rate as well as the average speed of wind entering the room through the openings.
Statistically, the courtyard with a parapet roof performs poorly in ventilative cooling
efficiency, with an indoor wind speed of merely 0.0249 m/s and a volumetric flow rate of
4.38 x 10* m%/s accordingly. Moderate wind speeds and flow rates are observed mainly in the
courtyard with butterfly and reverse roofs, with velocities ranging from 0.0349 m/s to 0.0353
m/s and volumetric flow rates approaching 5 x 10* m®s. This indicates the moderate
effectiveness of these structures in stabilizing airflow. The performance of the courtyard with
the open gable roof shape especially that with the shed roof is more effective, with a wind
speed of 0.0695 m/s and a volumetric flow rate of 1.04 x 10* m%s reached. This
demonstrates the significant role of the design in indoor air circulation. The courtyard with
dome roof stands out with the highest indoor wind speed and volumetric flow rate, reaching
up to 0.175 m/s and 2.17 x 10* m®s respectively. It highlights the clear advantage of the
dome roof in enhancing indoor aerodynamics (as shown in Figure 3.14). Specifically, the
volumetric flow rate of the dome roof is 2.09 times that of the shed roof, and its indoor wind
speed is 2.5 times higher, underlining its significantly better performance in natural
ventilation. The courtyards with Butterfly, Flat, and Reverse roofs exhibit the least significant
variation in indoor wind speeds, suggesting that these structures achieve comparable
ventilation efficiency under similar wind conditions. However, the courtyard with Flat and
Reverse roofs is slightly advantageous in volumetric flow rate, which may be attributed to
their better structural design that promotes airflow. The high correlation coefficient of nearly
0.995 between average volumetric flow rate and wind speed underscores a significant
positive correlation between the amount of air entering indoors and the indoor wind speed,

which means a significant impact of courtyard design on inward natural ventilation.
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Figure 3.14 Airflow movement patterns in the dome courtyard model and the indoor
wind velocity magnitude contour at Y = 135mm, with arrows representing the observed

vectors.

3.4 Discussion

In this section, the results of the CFD simulations are compared with the previous
relevant studies. Based on these results, suggestions are made for the improved indoor
thermal and airflow conditions of courtyard buildings by modifying the roof design.

Additionally, the potential areas of improvement are identified in this research.

3.4.1 Comparison with other studies

By analyzing the impacts of 10 different roof styles on airflow patterns and wind
environments in courtyard buildings, it is discovered in this study that the shape of the roof
has a significant impact on the recirculation zones above the roof, the reattachment length of
the wind, and the position of the shear layer. Consequently, the airflow within the courtyard

space is affected. This conclusion is consistent with Prakash (2023), who observed similar
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phenomena when analysing the effect of seven different roof styles on courtyard buildings.
Additionally, it is observed in this study that the geometry of the roof can make a difference
to the negative pressure in the building, thus enhancing wind-driven ventilation. Since the
vortices formed on the leeward side of buildings with different roof styles vary in size,
change occurs in the flow of air from the exterior to the courtyard and indoor areas. In the
study of Peren et al. (2015), it was highlighted that straight or convex roofs can maximize the
negative pressure in the building, thereby improving the efficiency of wind-driven cross-
ventilation. In this research, a broader range of roof styles is analysed to reveal that the
patterns of airflow in courtyard buildings are more complex than in standalone structures.
Nonetheless, both studies underscore the significant impact of roof geometry on the wind

environment around the buildings.

Through an analysis of various roof styles used in courtyard buildings, it is revealed in
my study that dome-shaped roofs, with their unique curvature, can significantly enhance the
outcome of natural ventilation both inside and outside the building, which makes it
advantageous over other roof styles. This finding is coherent with Esfeh et al. (2021), where
the effects of semi-cylindrical curved roofs on natural ventilation are explored by conducting
experiments and numerical simulations at different wind direction angles (a). According to
their results, the ventilation efficiency of curved roofs is largely determined by the wind
direction, with the outcome of ventilation achieved at 0< This effect is attributed primarily to
the changes in pressure difference at the openings, as driven by the airflow acceleration and
separation essential for ventilation. Moreover, the height of the curved roof plays a crucial
role in enhancing the effectiveness of internal airflow circulation. In the study of Esfeh et al.
(2021), it is further demonstrated that semi-cylindrical curved roofs can improve indoor

natural ventilation compared to wind-catchers, with greater cost-effectiveness achieved in
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terms of structural expenses. Similarly, the study by Asfour & Gadi (2008) used CFD
technology to support these findings, examining the effectiveness of dome and vaulted roofs
in improving wind-driven natural ventilation, while taking into account various climatic and
geometric factors. According to their research results, these roof styles can increase the
inflow rate in the building and effectively improve ventilation in its upstream and central
areas by redirecting airflow from roof openings rather than wall openings. Additionally, it is
indicated in their study that there are many similarities between dome and vaulted roofs in the
efficiency of ventilation. In Prakash (2023), an investigation is conducted into the impact of
various roof styles on airflow above the courtyard buildings, including flat, pitched, pitched
inward, pitched outward, curved, pitched outward with a curve, and the curve with pitched
inward roof shapes. As revealed by the research, among all the roof shapes analysed, the
pitched roof and curve with pitched inward roof performed relatively better in terms of
airflow within the courtyard space, while flat roofs performed worst (Prakash, 2023).
Consistent with our findings, it was also indicated that roof style has a significant impact on
the wind environment of courtyard buildings. Differently, this research went further to
demonstrate that dome-shaped roofs produce a better outcome of natural ventilation, with
parapet roofs being the most ineffective. This variation may arise from the differences in
courtyard design between the two studies. The finding from Prakash (2023), hybrid roof
structures were studied. In our study, a broader range of roof styles are examined. Moreover,
it is indicated in our research that changing roof styles can not only optimize the outcome of
natural ventilation within courtyard buildings but also enhance indoor heat dissipation. This
argument is confirmed in Prakash (2023), where it was found that the changes in roof

structure could lead to a significant improvement in the level of indoor thermal performance.
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3.4.2 Limitations and recommendations for future works

This study focuses primarily on investigating the impact of different roof styles on the
indoor and outdoor wind and thermal environment in single-sided ventilated courtyard
buildings. However, the specific effects of roof height and slope on airflow are ignored. In
the study of Zobaied et al. (2022), it was suggested that an increase in roof slope could
improve wind speed at the windows and roof openings, with airflow behaviour and
characteristics largely affected by the roof slope. These findings indicate an important
direction for future research. Moreover, the wind direction was set to 0<in this study, and the
impact of other wind directions was not considered. Different wind directions could result in
varying airflow patterns and thermal performance, potentially leading to different outcomes
for the effectiveness of various roof styles. This is another area for improvement and should
be addressed in future studies to provide a more understanding of roof performance under
diverse wind conditions. The courtyard model used in this study is based on a wind tunnel
experiment, which presents some differences compared to actual buildings and boundary
conditions. Due to the single-sided ventilation model, the indoor wind speed and ventilation
rate are very low. Additionally, being a scaled-down model, certain boundary conditions,
including wind speed and heat flux settings, differ from real-life scenarios. However, this
model serves as a hypothetical scenario. Future research can explore real-scale conditions to
provide more accurate and applicable results. Also, it is worth considering in future research
to simulate actual buildings and conduct field tests on the effects of different roof styles.
Lastly, for the verification and simulation of CFD, the widely used RANS model is applied
for comparative research. This is because of their applicability to predict airflow in courtyard
buildings and the relatively low computational costs to incur. In this study, the k-omega

standard model is selected considering the validation from wind tunnel experiment data.
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Allowing for computational resources and time efficiency, the large eddy simulation (LES)
model is discarded from this study. Nevertheless, given the high accuracy of the LES model
in describing complex flows, it can be applied for future research. Further studies will be
conducted to explore the application of curved solar panels in courtyard buildings, as

discussed in Section 3.4.2.

3.5 Conclusion

This study presents an analysis of how different roof styles affect the aerothermal
environment inside and around single-sided ventilated courtyard buildings. In the previous
research on natural ventilation in courtyards, the focus is placed primarily on buildings with
flat roofs, with relatively little attention paid to the effects of different roof designs.
Additionally, prior studies overlook the indoor environment surrounding the courtyard.
Despite the prior research in which a significant impact of roof shape on airflow movement
patterns is demonstrated, these investigations are mostly limited to individual buildings or
urban street settings, with limited attention paid to discussing the application of different roof
styles in courtyard architecture. Therefore, this research aims to fill this gap by conducting
thorough CFD validation on courtyard and atrium buildings based on wind tunnel
experiments and by comparing the performance of various commonly used turbulence
models in model validation. It was found that the k-omega standard model performed well in
validating wind tunnel experiment models, with a higher accuracy than 80% reached. Based
on the wind tunnel experiment design, the courtyard model incorporates some innovative
changes made to its roof styles, involving ten common roof styles: the baseline flat roof shape,
dome roof shape, butterfly roof shape, parapet roof shape, Chinese curved roof shape,

mansard roof shape, open gable roof shape, gambrel roof shape, shed roof shape, and reverse
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shed roof shape. This provides a new perspective on optimizing the wind and thermal

environment in courtyard architecture.

Through the CFD simulation analysis of ten different roof styles, it is discovered in this

study that:

1. Roof shape has a significant impact on the recirculation above the roof, the length of
wind attachment, and the position of shear layers, which in turn affects the distribution of
airflow within the courtyard. Moreover, the geometric design of the roof can affect the
negative pressure areas in the building, thereby enhancing the effectiveness of wind-
driven ventilation. Specifically, the dome roof, with its streamlined design, makes the
airflow closer to the surface. As a result, the outcome of natural ventilation is
significantly better than other roof styles, with an indoor average wind speed that is
0.14m/s higher than the baseline model (flat roof). Among all the roof styles under study,
the parapet roof shape performs worst, as its unique recessed design causes the
accumulation of much airflow in the recessed area, with an indoor average wind speed of
only 0.025 m/s. Although some roof styles lead to similar indoor wind speeds, their
efficiency may differ in guiding and maintaining wind speed within the courtyard. Such
slight differences in wind speed in the courtyard can have a significant impact on the
indoor wind and thermal environment during the architectural design and evaluation of

indoor ventilation performance.

2. To investigate the impact of roof styles on the efficiency of natural ventilation for single-
sided ventilated courtyard buildings and their performance in the dissipation of indoor

heat, a heat flux is created inside the building. The results show a linear relationship
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between the indoor wind speed and the effect of cooling. That is to say, the higher the
indoor wind speed, the more heat is dissipated. Among them, the lowest indoor
temperature is reached in the courtyard with a dome roof shape, that is, 22.61°C. In

contrast, the courtyard with a parapet roof shape records the highest indoor temperature.

3. Compared to the courtyard buildings with cross ventilation, those with single-sided
ventilation better reflect the impact of the courtyard on the indoor wind and thermal
environment, thus reducing external disturbances. According to the simulation results,
there is a linear relationship present between indoor wind speed and both the wind speed
in the courtyard and the volumetric flow rate of air entering the building from the
courtyard. That is to say, the outcome of ventilation can be achieved by increasing the

wind speed in the courtyard and the volumetric flow rate of inward air.

This study provides a novel perspective on improving future courtyard architectural
design, with recommendations made for the modification to non-domed roofs. Also, it
highlights the potential of "Shed" and "Dome" roof styles in significantly improving the
efficiency of natural ventilation, which makes them particularly suited to environments
requiring enhanced airflow. For the roof shapes that generate lower wind speeds, additional
ventilation strategies may be required to ensure a sufficient comfort level. Furthermore, these
recommendations are worth considering for architects to integrate natural ventilation
mechanisms during the design process for a more energy-efficient and environmentally
friendly building environment. It also reflects the importance of paying closer attention to the
impact of roof shapes on the dynamics of indoor and outdoor airflow in the design of

courtyard buildings.
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Chapter 4 Courtyards with Evaporative Cooling Strategies

4.1 Introduction

This chapter focuses on evaluating the wind and thermal efficiency of courtyard
buildings that incorporate natural ventilation methods and water spraying systems through
CFD modelling with ANSYS Fluent. It aims to assess how water sprayers affect the aero-
thermal environment of courtyards in arid climates and to evaluate the effectiveness of cross-
ventilation and unilateral ventilation strategies in such buildings, especially when paired with
evaporative cooling techniques. The validity of the CFD simulations will be compared with
data from wind tunnel experiments, taking into account variables like wind velocity, air
temperature, and humidity across different locations within the courtyard buildings. It's
important to mention the study's limitations: there is an inherent margin of error between the
wind tunnel experiments and CFD simulations due to the model's complexity and external
environmental influences, making some discrepancies unavoidable. Furthermore, the research
relies on CFD simulations derived from a simplified wind tunnel model rather than actual
field experiments, which may not fully represent the myriad of complex factors present in

real-world settings.

4.2 Method

In the methodology section, | initiated my exploration with an analysis of the theoretical
foundations of CFD and the definition of the solver settings. Subsequently, I described the
courtyard model, including its dimensions, structural layout, and configuration in the

simulation environment. Next, | presented the fluid domain setup, including the
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determination of the spatial range and key characteristics of fluid flow. These chosen settings
ensured the simulation environment’s accurate capture of key phenomena in fluid dynamics.
Additionally, | showcased specific details of the grid design, including the type, size, and
distribution strategy of the grid, aimed at capturing complex phenomena. The accuracy and
stability of the simulation results were assessed through mesh independence verification.
Finally, this section explains the simulation's boundary conditions, including fluid inlet and

outlet conditions, wall conditions, and other boundary conditions.

4.1.1 CFD theory

The steady-state, three-dimensional simulations were performed using the ANSYS
Fluent 2021R2 CFD tool and the Reynolds-Averaged Navier-Stokes (RANS) equations. The
k-epsilon realizable model (Shih et al., 1995) was utilized to simulate turbulence, with both
continuous and discrete phases of the flow being solved on a fully coupled technique. The
following sections will detail the justification for selecting this particular turbulence model.
Additionally, the droplet momentum, heat, and mass transport equations are addressed in a
fully coupled manner within the discrete phase. A SIMPLE algorithm is used for pressure-
velocity coupling. Second-order interpolation is applied for pressure calculations, and both
convective and viscous elements within the equations are solved by a second-order discrete
technique. The governing equations, as defined by the commercial CFD code ANSY S/Fluent
(Ansys Fluent Theory Guide 2021R2 [Online], 2021). The continuity, momentum, energy,
and turbulent kinetic energy equations are presented from Eq. (3.1) to Eqg. (3.4). The equation
for turbulent dissipation rate (¢) is shown in Eq. (4.1), and the species equation is given in Eqg.

(4.2).

e Equation (Turbulent dissipation rate):
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V- (plie) = V- [(,u + —) Ve] + Cie =Py — Caep— (4.1)
Oc k k

Where u is molecular viscosity, u; is turbulent viscosity, g, and o, are Prandtl numbers,
Ciec and C,. are constants, which are 1.44 and 1.9. And Py is the production of turbulent

Kinetic energy.

Species Transport Equation:

V- (puY;)) =-V-J; + R (4.2)

Where Y; is the mass fraction of the species i, J; is the diffusion flux, and R; is the rate of

reaction.

The Discrete Phase Model (DPM) is particularly pertinent for this study involving water
sprayers, as it enables a detailed analysis of droplet dynamics. This model is essential for
accurately simulating the behaviour of water droplets, including their dispersion, evaporation,
and interaction with the surrounding air, which are critical factors in evaluating the
effectiveness of the sprayers in modifying the courtyard's microclimate. Eq.4.3 to Eq.4.8

Montazeri et al. (2015a) show the DPM equations used in this research.

Droplet Motion Equation:

%zﬁd + Fovity + F +F, +F (4.3)
dt rag gravity buoyancy Saffman Magnus

- 1 — — — —

Firag = EpCdAd “(Ug —Up) - (Ug — Uy) (4.4)
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ﬁ gravity — mg* g (45)
ﬁbuoyancy =—pVq-g (4.6)

- p — —
FSaffman = Cs.u\/; (Ud - Uf) (47)
ﬁMagnus = Cm”l—jf(‘) (48)

Where Fyg  Faavity » Fouoyancy » Fsaffinan » Fuagnus €Present forces due to drag, gravity,

buoyancy, saffman, and magnus effects, respectively. l7d is the droplet velocity, U}is the fluid
velocity, C; is the drag coefficient, A, is the surface area of the droplet, m, is the droplet
mass, g is the gravitational acceleration. V,; is the droplet volume, C, is the Saffman lift
coefficient and u is the fluid dynamic viscosity. C,, is the Magnus force coefficient and w is

the droplet angular velocity.

Droplet Evaporation and Heat Exchange Equation:

dm
— = — AN, (4.9)
dQ dm

Where ‘;—T is the mass transfer rate of the droplet, % is the heat transfer rate of the

droplet. m is the mass of the droplet, A, is the surface area of the droplet, and N; is the mass
transfer rate of species i. Q is the heat energy, h is the convective heat transfer coefficient, T,
is the fluid temperature, T, is the droplet temperature, and A is the latent heat of evaporation.

Mass Transfer Rate Equation:
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N; =ke(Cis — Cioo) (4.11)

Where k.is the mass transfer coefficient, C; is the concentration of species i at the

droplet surface, and C; .is the concentration in the free stream.

Sherwood Number Equation:

ked
Sh = DC_ P = 2.0+ 0.6ReY® 5.3 (4.12)
Lm

Sh is the Sherwood number, d,, is the droplet diameter, D; ,, is the molecular diffusivity

of species i, Re,is the droplet Reynolds number (Montazeri et al., 2015a), and S, = 0.7 is the

Schmidt number.

4.1.2 CFD geometry

4.2.2.1 Courtyard and computational domain

The courtyard building models presented in this work were based on the wind tunnel
experiments on scaled courtyards and atriums models carried out by Sharples & Bensalem
(2001), who monitored airflow and air pressure in the courtyard and atriums exposed to the
urban wind flow, evaluating various window-to-wall ratios and wind directions. In this study,
| utilized courtyard architectural models featuring two distinct ventilation methods, as derived
from previous wind tunnel experiments (as shown in Figure 4.1). The courtyard models used

in these wind tunnel experiments were scaled down to a ratio of 1:100. However, for my

CFD simulations, | scaled up the wind tunnel models to their original, actual sizes. This
approach ensured that the simulation results more accurately reflected the real courtyard
architectural environment.
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Figure 4.1 Single-sided ventilated and cross-ventilated courtyards with water sprayers.

(a) Single-sided ventilated (SSV) and (b) cross-ventilated (CV) courtyard with water sprayers.

For both cross-ventilated (CV) and single-sided ventilated (SSV) courtyards, the full-
scale sizes (L xW xH) were 33.9 m x33.9 m x13 m, as shown in Figure 4.2 (a) and Figure
4.2 (b). Each courtyard building consisted of four stories, with each floor measuring 3.25 m
in height. As depicted in Figure 4.2 (d), the courtyard was situated in the centre of the

structure, spanning 12.62 m x 12.62 m. In the SSV courtyard, all 32 windows faced the
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courtyard. In contrast, a specific number of windows were allocated on the facade of the CV
courtyard building to simulate cross ventilation. The distribution and size of all windows (2
m =< 1.047 m) were retained and consistent with the previous research Sharples & Bensalem
(2001), presenting an 11.4% window-to-wall ratio, and the window opening ratio was set to
20% for a more accurate reproduction of the actual scenario as illustrated in Figure 4.2 (c).
The exact distribution of rooms was applied to the CV courtyard and the SSV courtyard, with
each test room measuring 12.62 m in width and 10.64 m in depth. Each floor included four
test rooms positioned in east, west, north, and south. All rooms near the courtyard were
separately labelled according to the floor and room orientation to analyse the wind and

temperature variables in the different rooms as presented in Figure 4.2 (e).
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Figure 4.2 Dimensions and arrangement of SSV and CV courtyards, window openings,
and test rooms. (a) The dimension of the SSV courtyard. (b) The dimension of the CV
courtyard. (c) The dimension of each window and the size of the opening area. (d) The
location and the size of the courtyard area. (e) The arrangement of each test room (R—Room,
N—North, W—West, S—South, E—East, G—Ground floor, F—First floor, S—Second floor,
T—Third floor. The second letter on the label represents the orientation and the third

represents the floor).

113



This research simulated indoor and outdoor airflow within a single computational
domain, as demonstrated in Figure 4.3 (a). The domain size generally accords with best
practice recommendations for wind flow simulations, as detailed in (Abu-Zidan et al., 2021,

Blocken, 2015; Franke. J & A. Hellsten, K. Schlinzen, B. Carissimo, 2007; Tominaga et al.,

2008). In the computational domain, both side walls and the top wall were defined as
symmetry walls. The distance from the courtyard to the two side symmetry walls was set at 5
H, where H is the height of the courtyard building. The distances from the courtyard to the
inlet and outlet were set at 8 H and 20 H, respectively. Additionally, the distance from the
courtyard to the top wall of the domain was established at 5 H. As can be seen in Figure 4.3
(b), in both SSV and CV courtyards, four identical evaporative spray injectors were set,
positioned at a height of 6.5 meters above the ground and uniformly distributed in the central
area of the courtyard. To ensure uniform distances between the injectors, as well as between
the injectors and the courtyard walls, the spacing was set at 4.2 m both between each injector
and from the injector to the walls. The injectors were directed vertically downward. Detailed

boundary conditions are provided in the following sections.
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Figure 4.3 The simulation setup demonstrates the computational domain and the location
of water sprayers. (a) The dimension of the computational domain and the boundary

conditions. (b) The dimension, and (c) the placement of 4 water sprayers inside the courtyard.

4.1.3 CFD mesh design and verification

The ANSYS 2022 Meshing tool was used to generate the computational domain grid,
forming a tetrahedral grid, and the results were imported into Fluent to generate polyhedral
meshes, as shown in Figure 4.4 (a). In the simulation, to accurately capture the wind-thermal
environment within the courtyard and its surrounding buildings, the grid of the entire
simulation area was refined to a granularity of 0.2 m. Specifically, for a more precise

simulation of the flow characteristics near windows, the grid in these key areas was further
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refined to a mesh size of 0.05 m. Such grid settings were conducive to capturing flow
variations within the indoor environment with greater detail. To reduce the calculation time
and to ensure the quality of the mesh, the other areas utilized a coarse grid size of 3.5 m. The

mesh settings for both the SSV and CV courtyard were identical.

Sensitivity analysis requires using the same model with different mesh sizes to confirm
that the mesh size has a minimal effect on the simulation results. The CV courtyard was
selected for grid independence analysis, as detailed in Table 1. In addition to the baseline grid
consisting of 1,790,681 cells, classified as a medium-sized grid, two additional grid sizes
were generated. A coarse mesh containing 941,223 cells and a fine mesh comprising

6,998,825 cells were generated by adjusting the mesh size for the CV courtyard building.

. Mesh Setl.Jp - Number of Average error relative

Mesh Size Courtyarq building Elements Nodes to fine mesh size (%)
surface size (mm)

Coarse 300 941,223 | 4,962,961 3.69
Medium A 200 1,790,681 | 9,878,792 1.24
Medium B 160 2,793,534 | 15,517,712 1.02
Medium C 120 5,001,735 | 28,032,923 0.87
Fine 100 6,998,825 | 39,334,552 -

Table 4. 1 Mesh sensitivity analysis for the CV courtyard with polyhedral mesh.

On the first floor, a horizontal line was drawn, traversing the room and the courtyard.
Figure 4.4 (b) compares the horizontal wind speed magnitude between five distinct grid sizes.
According to the results, the average error between the Medium A and the Coarse mesh was
2.45%, while the error between the Medium A and Fine mesh was 1.24%. This confirms that
the different mesh sizes have minimal impact on the simulation outcomes. Therefore, this
study chose the medium A-sized grid to reduce computing power requirements. In

subsequent simulation studies, the SSV courtyard model utilized a total of 1,266,979
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polyhedral mesh elements (comprising 7,126,317 nodes), while the CV courtyard model

employed 1,790,681 polyhedral mesh elements (comprising 9,878,792 nodes).
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Figure 4.4 Polyhedral mesh of courtyard building and simulated wind speed results for
grid sensitivity analysis. (a) The courtyard building and outdoor environment surfaces
meshed with a polyhedral mesh. (b) Simulated wind speed results along a horizontal centre

line of the courtyard model at the height of 4.45 m for the grid sensitivity analysis.

4.1.4 Boundary conditions for the simulation study

In the setup shown in Figure 4.3 (a), a surface was selected as the velocity inlet, and the
wind speed distribution at the inlet was determined by referring to atmospheric boundary
layer (ABL) wind tunnel experiments to simulate airflow within the computational domain
(Sharples & Bensalem, 2001). In all simulated scenarios, the inlet wind speed distribution
was maintained consistently. The calculation of the average wind speed was based on a
power law formula that was calibrated with wind tunnel measurement data. The formula is

defined as follows:
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W(Z) = Urer (Zi)a (4.13)

ref

where u(z) is the mean velocity at height z (m/s), @ = 0.245 is the power law exponent
found by curve fitting the wind tunnel result, z,. = 800 mm is the reference height, which is
the height at the eaves level, u,¢ is the velocity measured at the reference height in the
experiment, which is 16.4m/s (Sharples & Bensalem, 2001). Subsequently, this wind speed
distribution was applied to the inlet boundary within the computational domain. In this way,
the simulation was able to accurately reproduce the wind speed distribution observed in

experiments. The opposite side was set as a pressure outlet at 0 Pa.

The study location was based in Seville, Spain (coordinates 37 22'58" N, 5%8'23" W,
elevation 16 m), chosen primarily due to the region's unique climatic conditions and the
abundance of traditional courtyard buildings. Particularly during the hot seasons, Seville
frequently experiences heatwaves, prompting a thorough analysis of the courtyards'
regulatory functions and thermal environment (Diz-Mellado, L&pez-Cabeza, et al., 20233,
2023b). Given the focus of this study on hot and dry climatic conditions, the temperature
(40<C) and relative humidity (15%) of the region on July 17, 2023, at 6 PM were chosen as
the inlet boundary conditions for the CFD simulation, maintaining these conditions constant
(Seville, Spain Weather History, Weather Underground, n.d.). The purpose of this approach
was to analyse the cooling and humidifying effects of water spraying devices in the courtyard
environment. The simulation in the CFD included the influence of buoyancy, and the gravity
was set to -9.81 m/s?. The top and two side walls were defined as non-slip boundary
conditions. For the material settings of the model, ash solid and brick were utilized for the

ground and courtyard structure, respectively.
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According to previous works, the evaporative cooling spray system, equipped with four
injections, was modelled based on the injection model available in Fluent 2022 (Montazeri et
al., 2015b, 2017). The settings for the spray and droplet characteristics are detailed in Table 2.
The volume flow rate, temperature, and velocity of water spray were set to 3 I/min, 30 T and
15 ml/s, respectively (Montazeri et al., 2017). The number of droplet streams for the spray
was defined as 300, and the Rosin-Rammler model was adopted to establish the diameter
distribution of droplets in the simulations (Vesilind, 1980). According to the settings of the
Rosin-Rammler model (Montazeri et al., 2015b), the minimum and maximum diameters of
droplets taken into account in the simulations were 74 um and 518 pm, respectively, with the
mean diameter established at 369 um and the spread parameter set at 3.67. In addition, the
number of diameters per stream assumed to be introduced into the courtyard space was 20.
Additionally, the drag coefficients for the drag force exerted on droplets were estimated by

the spherical drag law with the assumption that the droplets remain undeformed.

Time Steady state
ABL (m/s) from (Sharples &
Velocity inlet
Bensalem, 2001)
Temperature inlet 40<C
Relative humidity inlet 15%
Pressure outlet Atmospheric
Gravity —9.81 m/s?
Building — Brick (ASTM C67 Density: 1900 kg/m?®, Cp: 840 J/kgK,
Standard, 2014) Thermal Conductivity: 0.72 W/mK
Ground — Ash solid (Ansys Fluent Density: 600 kg/m?, Cp: 7950 J/kgK,
Theory Guide 2021R2 [Online], 2021) Thermal Conductivity: 0.071 W/mK
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Spray settings (Montazeri et al., 2015b, 2017)

Mass flow rate of water spray streams 3 L/min
Temperature of water spray streams 30 C
Water flow velocity 15 m/s
Direction of water spray streams Downward

Droplet settings (Montazeri et al., 2015b, 2017)

Number of droplet streams

300

Droplet diameter distribution model

Rosin-Rammler model

Number of diameters per droplet stream 20
Maximum diameter 518 ym
Minimum diameter 74 pm

Mean diameter 369 um
Spread parameter 3.67

Table 4. 2 Summary of the CFD model boundary conditions.
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4.3 Result of this chapter

4.3.1 Validation of the water sprayer model
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4.5 Wind tunnel test setup and comparative analysis of air velocity and

temperature profiles between CFD results and experimental data. (a) Wind tunnel test setup

for the evaporative cooling water sprayer (Sureshkumar et al., 2008). Comparative analysis of

(b) air velocity and (c) temperature profile along a vertical centre plane lines between CFD

results and experimental data from (Montazeri et al., 2015b). Representation key: dashed line

for current validation results; solid black line for previous findings.
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The validation of the evaporative cooling spray, based on earlier works by Montazeri et
al. (2015b) and Sureshkumar et al. (2008), sought to assess the cooling jet characteristics in
CFD. This study conducted a comprehensive evaluation of the Lagrangian-Eulerian approach
for evaporative cooling using a water spraying system equipped with a hollow cone nozzle.
The validation was conducted in a computational domain measuring 0.585 m x<0.585 m x1.9
m, with a scaled-down hollow cone nozzle of 4 mm diameter, as depicted in Figure 4.5 (a),
which illustrates the wind tunnel test setup (Sureshkumar et al., 2008). The CFD validation
encompassed boundary conditions, spray jet properties, droplet characteristics, and solver
settings in line with (Montazeri et al., 2015b). Figure 4.5 (b) and Figure 4.5 (c) compare the
current CFD results with previous data, with a focus on wind velocity and temperature along

a central cross-section vertical line. For the comparison of wind speeds, the experimental

results and CFD simulation results indicate that from x = 0.1m to x = 1.9m, the peak wind
speed gradually decreases, and the distribution becomes smoother as the distance from the
nozzle increases. The error between the CFD validation data and the experimental data
becomes more significant at positions farther from the nozzle, particularly in high wind speed
regions. At position x = 0.1m near the nozzle, the overall average error between the
experimental and CFD simulated wind speed results is 3.21%, with the maximum error
reaching 8.47% when the wind speed exceeds 4 m/s. At x = 0.4m, the overall average error is
5.89%, while at x = 0.7 m, the error is 7.64%. When the distance exceeds 1m, the error
between the wind speed results from experiments and simulations gradually increases, with

the maximum error occurring at x = 1.6 m at 5 m/s, reaching 10.71%. While, from the

temperature readings, from x = 0.1 m to x = 1.9 m, as the distance from the nozzle increases,
the peak temperature gradually decreases, and the distribution becomes smoother. In the

region close to the nozzle (x = 0.1m), the experimental results and CFD simulation results are
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very close, with almost no error. In the intermediate regions (x =0.4 m, x =0.7 m, x = 1.0 m),
the temperature distribution gradually smoothens, and the error between the experimental
results and CFD simulation results begins to appear, especially in higher temperature regions.
In the regions farther from the nozzle (x = 1.3 m, x = 1.6 m, x = 1.9 m), the temperature
distribution becomes more uniform, and the overall temperature decreases. The error between
the CFD simulation results and experimental results significantly increases, particularly in the
regions where z higher than 0 m and temperature is higher. Near the nozzle at x = 0.1m, the
overall average error between the experimental and CFD simulation temperature results is
1.49%. At x = 0.4 m, the overall average error is 3.47%, while at x = 0.7 m, the error is
7.86%. When the distance exceeds 1m, the error between the temperature results from
experiments and simulations gradually increases, with the maximum error occurring at X =
1.9 m and z higher than 0 m, reaching 15.64%. The increase in error for both wind speed and
temperature may be due to the increased complexity of the flow field with distance from the
nozzle, where turbulence and boundary layer effects have a more significant impact on the
simulation results, leading to increased errors. Additionally, at positions farther from the
nozzle, the attenuation of the flow may cause the CFD model to be less sensitive to subtle
velocity and temperature changes, resulting in increased errors. Overall, the CFD simulation
results tend to be larger than the experimental results, possibly because the turbulence models
and boundary conditions in the CFD model overestimate the flow velocity and temperature,
especially in high wind speed and high-temperature regions. Furthermore, the mesh
resolution and time step used in the simulation may not be sufficient to capture all the details
present in the experiments, leading to larger simulation results. These trends were in
complete agreement with past findings, with minor variations potentially attributed to
differences in boundary condition settings and grid processing between the current and

previous studies, affirming the high consistency between the two datasets.
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4.3.2 Single-sided ventilated courtyard: wind and thermal performance with

and without water sprayers

The airflow patterns around the single-sided ventilated courtyard building, as illustrated
in Figure 4.1 (a) and Figure 4.6, demonstrate the wind approaching from the inlet boundary
on the left-hand side (the west side). A portion of the air ascends along the windward facade
to the top of the building. The flow then splits, with some of the air entering the courtyard
and some passing over, and then exiting to the pressure outlet on the right-hand side. A large
recirculation region can be observed on the leeward side of the building. Within the single-
sided ventilated courtyard, the behaviour of the upper-level airflow can be described in terms
of two primary directions. The predominant portion of the flow, known as the skimming flow,
occurs at the windward edge and creates a negative pressure region above the courtyard with
a magnitude of approximately -85 Pa, preventing this airflow segment from penetrating the
courtyard, as shown in Fig. A.3 (a). This phenomenon is attributed to the interaction between
the building's height and the wind pressure differential at the upper level. Consequently, this
skimming flow does not return to the courtyard but instead continues along the roof's edge,
contributing to the creation of negative pressure. The remaining airflow, affected by the
courtyard's aspect ratio and the negative pressure induced by the skimming flow, is diverted
downwards into the courtyard itself. This stream of air is guided along the courtyard's walls,
leading to a complex pattern of circulation that includes upward motion and the formation of
a vortex within the courtyard space. This vortex plays a crucial role in enhancing ventilation
effectiveness by drawing fresh outdoor air into the interior spaces, as indicated by the

courtyard's internal pressure, which measures around -70 Pa.
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Figure 4.6 Comparative visualizations of courtyard ventilation strategies at Y = 14125

mm section: (a) SSV courtyard with water sprayers, (b) CV courtyard with water sprayers.
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Figure 4.7 Comparison of indoor wind velocity in the SSV courtyard. (a) Without and (b)

with water sprayers, including cross-sectional velocity contours for each room.

Figure 4.7 (a) presents the average indoor wind velocity for 16 monitored rooms in the

absence of water spraying devices. Notably, rooms on the west side exhibit the highest
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average wind velocity at 0.231 m/s. Specifically, the ground floor's RWG room experiences
the highest wind velocity at 0.329 m/s. This is followed by rooms on the east side, which
have an average velocity of 0.179 m/s as the incoming airflow encounters the opposite east
side wall, leading to a change in the wind's direction due to the wall's resistance. This change
generates a clockwise-rotating vortex within the centre of the courtyard. As this vortex
impacts the west side rooms, the resulting dynamic pressure difference due to the collision
and redirection contributes to the entry of part of the airflow into the RWG room, thereby
increasing its wind velocity. The vortex then ascends along the wall of the west side rooms
and eventually exits over the top of the courtyard. Consequently, this vortex facilitates the
entry of a portion of the wind into the rooms on both the east and west sides, enhancing the

indoor wind velocity of these rooms.

However, the rooms on the south and north sides experience lower wind velocities, as
exemplified by the RSG and RNG rooms, with velocities of only 0.044 m/s and 0.041 m/s,
respectively. The observation is based on the fact that when the entering wind collides with
the east side wall, it generates a vortex. The primary dynamic force of the airflow
concentrates along the direction of the vortex's formation, i.e., the east-west direction. The
motion of the vortex intensifies airflow along its axial direction, whereas in directions
perpendicular to the vortex's axis (south-north direction), the airflow disperses, which reduces
wind velocities. Furthermore, since the vortex predominantly moves in the east-west
direction, the south and north side rooms, which do not directly face the main wind entrance,
receive less dynamic airflow. Compared to the direct ventilative effect observed in the east
and west side rooms, the south and north side rooms rely primarily on the secondary

distribution of airflow for ventilation.
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Variations in wind velocity across different orientations have been observed within the
courtyard building with water sprayers. As illustrated in Figure 4.7 (b) rooms on the northern
side demonstrate the highest average wind velocity, recorded at 0.201 m/s, with the third-
floor RST room reaching a wind speed of 0.419 m/s. This indicates a significant influence of
the water sprayers on the upper-level rooms facing north. Similarly, rooms on the southern
side exhibit relatively high wind velocities, with an average speed of 0.194 m/s, while the
third- floor RNT room achieves a wind speed of 0.406 m/s. In contrast, rooms on the western
side present the lowest average wind velocity at a mere 0.017 m/s, and the ground-floor
RWG room has the minimal recorded wind velocities of 0.010 m/s. The eastern side rooms
have slightly higher wind velocities, averaging 0.051 m/s, with the third-floor RET room

having a wind speed of 0.042 m/s.
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Figure 4.8 Wind velocity comparison in each test room within the SSV courtyard with

and without water sprayers.
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A comparative analysis of wind speed contour maps for each room, as shown in Figures
4.7 (a) and 4.7 (b), along with the wind speed comparison in Figure 4.8 following the
installation of water sprayers, reveals substantial changes in ventilation within the courtyard
building. Out of the 16 monitored rooms, 8 exhibited increased wind speeds, all located on
the southern and northern sides. The average wind speed in the northern rooms rose from
0.043 m/s without sprayers to 0.201 m/s with sprayers, with a surgeon the third floor RNT
room from 0.036 m/s to 0.406 m/s. Conversely, 8 rooms, predominantly within the east and
west-facing rooms, experienced a decrease in wind speed. The western rooms, particularly
the ground-floor RWG room, witnessed a drastic drop from 0.329 m/s to 0.010 m/s. The
average wind speed in these western rooms decreased by approximately 0.214 m/s, while the
eastern rooms, less drastically affected, saw an average decrease of 0.127 m/s. Moreover, the
second floor exhibited the most notable change in wind velocity after the water sprayer

installation, with an increase of approximately 0.094 m/s.

A series of notable changes were observed in a detailed comparative analysis of
ventilation effects before and after the water sprayer installation in the courtyard building.
Before the installation, rooms on the east and west sides, positioned along the primary
movement path of the courtyard's vortex, exhibited higher average wind speeds compared to
the north and south sides, which depend on secondary airflow distribution. However, post-
installation, there was a marked increase with increased wind speeds on the north and south-
facing rooms and a decrease in the east and west sides. Two key factors contributed to this

change:

(i) While the fundamental motion pattern of the courtyard's vortex remained unchanged,

the introduction of water spraying devices and the resultant mist created obstructions and
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diversions in the main airflow pathways. For instance, the RWG room, initially characterized
by the highest wind speed, underwent a substantial impact, likely due to the obstruction
caused by the water sprayers. Consequently, the vortex within the courtyard, disrupted by the
water sprayers, redirected a greater airflow towards the north and south sides, increasing

wind speeds in these directions.

(ii) The evaporative cooling effect induced by the water sprayers led to a reduction in air
temperature and increased humidity, consequently increasing air density. This denser, cooler
air tended to move downwards, altering the natural airflow patterns within the courtyard. This
mechanism explains the observed increase in wind speeds in the north and south rooms
during the operation of the water sprayers, as they likely directed airflow towards these areas.
The introduction of cooler air through evaporative spraying created local pressure
differentials within the courtyard, influencing the direction and speed of the airflow. Natural
wind patterns might dominate in configurations without water sprayers, leading to higher
airflow in the east and west rooms. In contrast, the water spraying configuration could

generate new pressure gradients and redirect the airflow towards the north and south rooms.
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Figure 4.9 Temperature and relative humidity contours at two cross-sections within the
SSV courtyard with water sprayers. (a) Temperature at cross-section Y = 14125 mm and (b)
Relative humidity at cross-section Y = 14125 mm. (c) Temperature at cross-section X =
14125 mm and (d) Relative humidity at cross-section X = 14125 mm. (e) Location of the

cross-sections.

To investigate the impact of water spraying on the indoor temperature and humidity of
courtyard buildings, the inlet conditions were set to 40<C and 15% humidity without water
spraying. The provided images display the variations in temperature and humidity at different
sections after the installation of water spraying devices. Figure 4.9 (a) and Figure 4.9 (b)
show changes at the Y=14125 mm cross-section, which corresponds to the west and east
sides of the building, as well as the respective parts of the courtyard. Observations indicate a

general decrease in temperatures in rooms on the west side, and this cooling effect gradually
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weakened with the increase in floor height. Notably, a concentration of cold air was observed
outside the RWG room. However, temperature changes in rooms on the east side were
minimal. The trend in humidity changes was similar to that of temperature, with the highest
humidity observed in the RWG room. Furthermore, humidity in the rooms on the west side
decreased with increasing height. Figures 4.9 (c) and 4.9 (d) present the temperature and
humidity changes at the X=14125 mm section, corresponding to the rooms on the north and
south sides. Analysis of the figures reveals insignificant changes in indoor temperature and
humidity in the north and south rooms, indicating limited cooling and humidifying effects of
the water spraying devices in these directions. It is also noticeable that the main areas of
temperature decrease, and humidity increase are concentrated around the water spraying
devices and have not significantly propagated into the indoor areas, which implies that the
influence of the water spraying devices is primarily confined to their immediate vicinity, with
limited regulation exerted on the wider indoor environment of the courtyard building (Figure

4.10).

I Relative Humidity (%)

Temperature (°C)
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o

Figure 4.10 Temperature and relative humidity contours for each floor in the SSV

courtyard with water sprayers (sectioned at the window openings).
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Figure 4.11 Comparative plots of indoor temperature (Red) and relative humidity

(Purple) levels in each room within the SSV courtyard, with and without water sprayers.

Figure 4.11 reveals the variations in temperature and humidity across different rooms
before and after the installation of water spraying devices, indicating a correlation between
indoor temperature and humidity. The data suggests that a decrease in temperature is often
accompanied by an increase in humidity, with minor temperature changes corresponding to
smaller shifts in humidity. Rooms on the west side, which experienced the most significant
cooling, exhibited a substantial increase in humidity. The average temperature drop from
40<C to 34.38 <C was accompanied by a rise in humidity to 27.42%. Specifically, the ground-
floor RWG room saw a temperature drop of 8.25 <C and a humidity increase of 20.27%. In
contrast, the east side, particularly the RET room, displayed a marginal temperature decrease
of 0.32 <C, indicating a relatively weaker cooling and humidifying effect. Combined with the
temperature and humidity contour maps in Figure 4.11, it is observable that the cooling and

humidifying effects are not pronounced in the rooms on the east, south, and north sides.
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Moreover, the height of the floors also influenced the effectiveness of the water spraying

devices.

An examination of the cooling and humidifying effects revealed a significant increase in
temperature and humidity around the devices, consistent with the physical principles of
evaporative cooling. As water evaporation requires heat absorption, the surrounding air
temperature decreases, and the addition of water vapor also raises relative humidity. When
the airflow enters the courtyard and comes into contact with the water-spraying devices, the
warm air passing through the mist undergoes a cooling effect, albeit with a reduction in flow
velocity. The main airflow in the courtyard follows a vortex structure. When the vortex-
driven airflow directly hits the eastern rooms without any contact with the water sprayers, the
cooling and humidifying effect in these rooms is weaker. Additionally, as the vortex-direction
airflow strikes the eastern wall, it partially redistributes towards the south and north sides.
However, due to the obstruction caused by the water sprayers, most of the airflow bypasses
and enters the south and north rooms. This diversion results in an increase in wind speed
without a significant reduction in temperature. In rooms with higher wind speeds, the cooler
and more humid air may dissipate quickly, reducing the overall effects of cooling and
humidification. Conversely, rooms on the west side, positioned in the main wind direction of
the vortex core and directly exposed to the airflow from the water sprayers, experience the
most notable cooling effect, particularly the RWG room, where a significant influx of cooled
airflow achieves a temperature reduction of up to 8.25 <C. The lower wind speed inside the
RWG room allows the cold air to linger for a longer period, which enhances the cooling
effect. As the vortex ascends and departs the courtyard near the west side rooms, the cooling

and humidifying effects gradually diminish with the increase in floor height, likely due to the
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tendency of cold air to sink and warm air to rise, leading to a relative weakening of the

cooling effect in the upper rooms.

4.3.3 Cross-ventilated courtyard: wind and thermal performance with and

without water sprayers

Compared to single-sided ventilation, the cross ventilation in the courtyard building
presents significantly different airflow characteristics. The pattern of ventilation in courtyard
buildings is shown in Figure 4.1 (b). The wind approaches from the inlet boundary on the
left-hand side, initially impacting the western windward side, which results in substantial
airflow into the rooms facing west. Subsequently, some of this airflow moves directly into the
centre of the courtyard. Above the courtyard, the airflow diverges into two principal
directions, a phenomenon referred to as skimming flow. This flow, characterized by its
passage along the building's upper edges, establishes a distinct aerodynamic behaviour. The
negative pressure above the courtyard is somewhat lower, measuring around -75 Pa, with the
internal courtyard pressure being approximately -55 Pa, as illustrated in Figure 4.6 (b). One
air stream initiates a downward motion, creating a vortex that extends deep into the
courtyard—this is indicative of the skimming flow's influence as it redirects air vertically.
Concurrently, another portion of the airflow, adhering to the path of the skimming flow,
crosses the courtyard's centre and veers towards the eastern side. This action precipitates a
considerable vortex formation on the leeward side of the building, a direct result of the
skimming flow as it moves across the building's surface. The ensuing vortex creates a unique
circulation pattern, where a segment of the air bypasses the eastern structure, infiltrates the
indoor spaces, and subsequently re-enters the courtyard. This interaction between the
skimming flow and the courtyard's architectural features significantly enhances the complex
internal airflow dynamics. Meanwhile, the courtyard building acts as a wind boundary,
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guiding part of the airflow along the north and south sides, with only a small amount entering
the rooms on the north and south. In such a ventilation configuration, the airflow from inside
to the courtyard is no longer the main channel for indoor air intake compared to the vortex

within the courtyard.
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Figure 4.12 Comparison of indoor wind velocity in the CV courtyard. (a) Without and

with (b) water sprayers, including cross-sectional velocity contours for each room.

Figure 4.12 (a) displays the velocity magnitude and contour diagram of the indoor wind
speed on various floors in the CV courtyard without water sprayers. The highest wind speeds

are concentrated in the rooms on the west side, with an average wind speed of 1.236 m/s.
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Particularly, the RWT room on the third floor exhibits the highest wind speed of up to 1.283
m/s. The rooms on the east side, positioned on the leeward side, have an average wind speed
of about 0.665 m/s, approximately half that of the west side. The average wind speeds of the
rooms on the north and south sides are quite similar, both around 0.4m/s. Upon the operation
of the water sprayers, as shown in Figure 4.12 (b), there is no significant change in the overall
trend of wind speed distribution. The average wind speed in the rooms on the west side
remains the highest at 1.243 m/s, followed by the four rooms on the east side with an average
wind speed of about 0.806 m/s. The comparison of indoor wind speeds before and after the
introduction of water sprayers clearly shows that under cross flow ventilation, the impact of
water sprayers in the courtyard on the indoor wind environment is negligible. This
phenomenon indicates that under this ventilation mode, the main source of indoor airflow

comes from the wind from outside the courtyard.
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Figure 4.13 Wind velocity comparison in each test room within the CV courtyard with

and without water sprayers.
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Figure 4.14 Wind velocity comparison in each test room for the SSV and CV courtyards

with water sprayers.

RoOMS T_emperature °O) _ RH (%)
With water sprayers | With water sprayers
RNG 40.00 15.00
RSG 40.00 15.00
RWG 40.00 15.01
REG 39.99 15.03
RNF 40.00 15.00
RSF 40.00 15.00
RWF 40.00 15.00
REF 39.99 15.03
RNS 40.00 15.00
RSS 40.00 15.00
RWS 40.00 15.01
RES 39.99 15.03
RNT 40.00 15.00
RST 40.00 15.00
RWT 40.00 15.01

Table 4.3 Average indoor temperature and relative humidity of the CV courtyard with
water sprayers.
After the installation of water spraying devices in the courtyard building with cross

ventilation design, data showed no changes in indoor temperature and humidity. The initial
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indoor conditions were set at 40 °C, with a relative humidity of 15%. This phenomenon
revealed that under such a ventilation strategy, indoor air is primarily drawn from the outside
of the courtyard and then flows through the indoor space before it recirculated back to the
courtyard, see Figure 4.1 (b). Consequently, the water spraying devices in the courtyard have
a limited role in the heat exchange process as they fail to effectively cool and humidify the
hot air. It can be inferred that in courtyard buildings with a cross flow ventilation mode, the
installation of water spraying devices contributes minimally to improving the indoor thermal
and humidity environment (as shown in Figure 4.13 and Table 4.3). The wind velocity
comparison in each test room for the SSV and CV courtyards with water sprayers is shown in

Figure 4.14.
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4.4  Water flow rate analyse and limitations of this chapter

4.4.1 Water flow rate analyse
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Figure 4.15 Comparison of indoor average temperature changes for varying water flow

rates in the SSV courtyard. (a) Variations of indoor temperature across the rooms, the red line

represents the outdoor temperature and (b) overall average room temperature.
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To investigate the impact of varying evaporative cooling system water flow rates on
indoor thermal control in single-sided ventilated courtyard buildings, this study
systematically analysed 13 different flow rates ranging from 0.5 I/min to 12 I/min.
Maintaining constant water temperature and velocity, the study focused on single-sided
ventilated courtyards, which demonstrated a more significant cooling effect compared to
courtyards with cross flow ventilation. There is a clear trend shown in Fig. 14 (a), as the
water flow rate increases, the distribution of average temperatures within buildings
surrounding the courtyard gradually expands. This finding indicates that increasing the water
flow rate has a significant cooling effect on certain rooms, while for others, this cooling
effect is less pronounced. In other words, increasing the water flow rate can effectively
improve the temperature conditions in certain spaces, but the effect is not uniform, reflecting
the differences in how various rooms respond to cooling measures. The results presented in
Figure 4.16 show the effectiveness of water sprayers in reducing the room air temperature.

Notably, the cooling effect progressively intensifies as the water flow rate increases.
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Figure 4.16 Comparison of indoor average temperature changes for varying water flow

rates in the SSV courtyard.

Detailed observation of temperature reductions across different rooms revealed the most
significant change in the RWG room on the ground floor, where the temperature dropped by
2.70 <C at a flow rate of 0.5 I/min and 13.93 <C at 12 I/min. This finding highlights the
enhanced cooling capacity of water sprayers with increasing flow rates, particularly in the
RWG room. Overall, the west-facing rooms experienced the most notable cooling effects,
while the east-facing rooms exhibited minimal change even with increased flow rates.
Additionally, the cooling effects in the north and south-facing rooms varied with the flow
rates. For instance, in the RNG room, the temperature decrease ranged from 1.26 <C to
3.39 T when the flow rate increased from 3 I/min to 4 I/min. A further increase from 5 I/min

to 6 I/min raised the cooling effect from 3.08 <C to 8.53 <C, suggesting that higher water flow
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rates might alter the wind field within the courtyard, benefiting both the west and north-

facing rooms simultaneously.

However, irrespective of water flow rate changes, east-facing rooms showed no cooling,
indicating that the indoor airflow in single-sided ventilated courtyard buildings is mainly
influenced by the large courtyard vortex. The diminishing cooling effect with increased floor
height also corresponds to the physical property of cold air being denser and accumulating at
lower levels. As displayed in Figure 4.15 (b), the average temperature across all rooms shows
a trend of gradual decrease with increasing water flow rates, this trend stabilizes beyond the
flow rates of 10 I/min, 11 I/min, and 12 I/min. This stabilization of temperature reduction
corresponds to the physical limit of evaporative cooling efficiency. Beyond a certain water
flow rate, the air reaches a moisture content at which it cannot effectively absorb more water
vapor, leading to a state of saturation. Thus, while increasing the flow rate initially improves
cooling due to enhanced evaporation, the effect becomes less pronounced as the air's capacity

for vapor absorption nears its limit.

4.4.2 Limitations

In this study, | conducted an analysis of the impact of water sprayers in courtyard
buildings under different ventilation strategies using CFD simulations. Despite the key
findings obtained, it is crucial to acknowledge the limitations of the research process. The
operation and positioning of water sprayers in this study may not accurately represent the
diverse configurations found in real-world settings. One of the limitations of this study is that
it only varied the water spray rate while keeping other factors such as nozzle distribution,
position, height, and the speed and temperature of the sprayed water constant. This limits the
analysis, as these variables could impact the results. Future research should explore varying
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these additional parameters to provide a more thorough understanding of their effects on the
performance of the courtyard building's cooling system. Additionally, the ventilation
strategies explored here may not encompass the range of approaches applied in actual
environments. The occurrence of errors between wind tunnel experiments and CFD
simulations is inevitable, primarily attributed to the complex nature of the model and external
factors. Moreover, our study exclusively utilizes simplified wind tunnel models for CFD

simulations, which may overlook critical complex factors present in real-world environments.

4.5 Conclusion

This study investigates the impact of evaporative cooling from water sprayers in
courtyard buildings under different ventilation strategies on the indoor thermal environment
and microclimate. Although the influence of passive techniques on courtyards has been
widely studied, their specific impact on the indoor thermal environment of courtyard
buildings remains relatively unexplored, which constitutes the innovative focus of this study.
With CFD analysis and validation through wind tunnel experiments, the study focused on
courtyard buildings with two different ventilation strategies, each featuring uniformly

distributed water sprayers.

In courtyard buildings with single-side ventilation, the introduction of water sprayers
induced significant changes in the indoor wind environment, primarily due to the obstruction
of incoming wind by sprayers and alterations in air movement direction caused by changes in
temperature and humidity. The most significant cooling effect of up to 8.25 <C and a
humidity increase of 20.27% were observed in the ground-floor rooms on the west side. On
average, the temperature in the 16 test rooms decreased by 2.06 <C, and the relative humidity

increased by 4.29%. The cooling effect was predominantly observed in the west-facing rooms
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and gradually diminished with rising floor levels. In contrast, in courtyard buildings with
cross-ventilation, the impact of water sprayers on the indoor thermal environment was
relatively modest, with minimal changes in the indoor wind environment and cooling-

humidifying effects.

This study analysed the impact of different water flow rates, ranging from 0.5 I/min to
12 I/min, on indoor thermal control in a single-sided ventilated courtyard building. A notable
temperature reduction in certain rooms was observed when the water flow rate increased
from 5 I/min to 6 I/min. However, further increases in water flow rate led to a saturation of
the indoor cooling effect. Overall, the study emphasizes the potential of evaporative cooling
strategies in improving thermal conditions in courtyard buildings, especially in hot and dry
climates, while also underscoring the need for tailored solutions based on specific building
features and environmental conditions. This study lays a solid foundation for further research

under varying ventilation strategies and water flow rates.

Future works, based on the identified limitations in the current study, will expand and
adjust our existing model, which involves adjustments to the position, height, and water
temperature of the water sprayers to investigate deeper into their impact on the indoor
thermal environment of the courtyard buildings. Additionally, our previous research revealed
that evaporative cooling techniques in single-sided ventilated courtyard buildings
significantly affect only specific areas. Conversely, cross-ventilated courtyard buildings did
not improve the indoor thermal and humidity environment across all rooms. Future studies
aim to extend these cooling and humidifying effects to a broader range of rooms. For instance,
| could adopt a similar approach to that referenced in (Bagasi & Calautit, 2020), which

employed evaporative cooling strategies directly at the inlet of the building. This could
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potentially remedy the limitations observed in cross flow ventilation configurations, where

indoor air is predominantly drawn from outside the building.

Another critical aspect of future research will entail transitioning from wind tunnel-
based courtyard models to simulations based on real-life courtyard buildings. This will
involve integrating actual weather data into the simulations, thereby enhancing realism and
applicability. By simulating scenarios based on real-world conditions, | can better capture the
complexities of air-thermal interactions within courtyard environments, thus increasing the

accuracy and relevance of our findings.

Finally, in this study, the RANS turbulence model (specifically the k-epsilon realizable
model) was primarily selected for its adequacy in meeting basic requirements for validating
courtyard and water spray simulations, coupled with its cost-effectiveness in computational
resources. However, future research will undertake a comparative analysis of the accuracy of
transient large eddy simulation (LES) models to determine if they offer a more precise
understanding of the microclimatic conditions within courtyard environments. This
comparison is anticipated to provide valuable insights into the selection of appropriate

simulation models for different research objectives.
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Chapter 5 Courtyards with Vegetation

5.1 Introduction

This chapter investigates the influence of vegetation integration on enhancing aero-
thermal comfort within courtyards and adjacent buildings situated in warm climates. By
developing three distinct scenarios that vary according to vegetation size, illustrated in Figure
5.1, the study evaluates the effects on air temperature, flow velocity, and overall aerothermal
and thermal comfort for indoor areas. Utilizing ANSY'S Fluent v18.1 for detailed simulations,
and grounding its findings in experimental data, the investigation sheds light on how different
size of vegetation can alter airflow patterns, either by obstructing airflow or changing its

direction due to temperature variations around the vegetation.
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Figure 5.1 Three scenarios with different vegetation characteristics in this chapter.

5.2 Method

For investigating the influence of different passive cooling technologies installed in
courtyards on the thermal and wind environment inside buildings, the simulation study is
divided into three cases (Table 5.1), Case 1 forms the reference for this study, which is an
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enclosed courtyard model with no passive cooling strategies. For Cases 2-3, vegetation with
different heights is arranged in the baseline courtyard. In the last case, one water jet is set in
the centre of the courtyard. In this study, two passive cooling elements are selected to

investigate their effectiveness in the indoor environment.

Case 1l Baseline enclosed courtyard model with no vegetation
Case 2 Four small trees inside the courtyard
Case 3 Four large trees inside the courtyard

Table 5.1 Three Scenarios for the case study.

5.2.1 CFD theory

For simulating the baseline courtyard model in the Fluent, the viscous model was set to
the standard k-epsilon model, which is used to show the natural ventilation flow pattern, the

energy model was set to simulate the change of the temperature inside the courtyard.

The vegetation setup in this study involves assumptions and differs from real vegetation,
as it only simulates certain properties of the vegetation. Vegetation such as trees and hedges
act as momentum sink, slowing down the airflow in them. Many studies have modelled
vegetation as a porous body, accounting for pressure loss across the domain. Additionally, to
interpret the vegetation cooling effect, this current research took advantage of a method that
had been simplified on the basis of the works by Rahman et al. (2011) and Gromke & Ruck
(2012), an assignment to volumetric cooling, with the potential of 350 W/m? per LAD was
made to perform the function of a source term of the energy equation. Leaf Area Density
(LAD), can be explained as the leaf area at a very large volume of vegetation. The diversity

of species and spatial uncertainty of the vegetation make it challenging to model different
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vegetation on a case-by-case basis, it can be modelled the geometry abiding by (Bitog et al.,
2011), with a constant LAD of 2.3 m?%m?®. For the definition of the effects exerted by
vegetation on airflow, the Ergun equation was employed to ensure the viscous resistance
factor (1/a) and the inertial resistance factor (Cz). The Fluent theory guide works as a
provider of the following formulae (ANSYS, Inc., Fluent User’s Guide 18.1, ANSYS, Inc.,

Canonsburg, Pennsylvania, United States, 2017., n.d.):

dZ (2)3
35(1-0)

According to Sonnenwald et al. (2016), where d denotes the particle diameter, & is the
void fraction, which represents the fraction of the volume of voids over the total volume, with

typical values recommended as 0.02 for solid particles and 0.96 for highly porous materials.

5.2.2 CFD geometry

5.2.2.1 Courtyard and computational domain

Hall et al. (1999b) carried out small-scale wind tunnel experiments to investigate the
dispersion of pollutants emitted from the bottom of courtyards and other enclosed spaces. In
their experiments, different types of closed courtyards were chosen for the experiment, with
ratios of depth to width from 5 to 0.1. In this research, the closed courtyard model (ratio of
depth to width is 1) was selected as the validation model and changed to the full-size model,
for investigating the indoor thermal performance and ventilation conditions, some windows

were added to the validation model. For the baseline courtyard model, a standard courtyard

150



model was modelled with the following dimensions: 20 m width, 20 m depth and 5 m height,
there are two floors of the building, each floor with a height of 2.5 m. The courtyard is in the

centre of the building, which is 10 <10 m? (Figure 5.2).
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Figure 5.2 Courtyard model and geometry of the central courtyard. (a) Courtyard model

(b) Geometry of the centre courtyard.

In order to study the indoor thermal performance and ventilation conditions, the building
has laid out two storeys and 12 rooms on each storey, only 8 rooms facing the courtyard are
used for simulation, the layout of the rooms on each floor is shown in Figure 5.3. The
dimension of each room is 5 m width x5 m depth x2.5m height, the wall thickness is 0.24 m
(ASTM C67 Standard, 2014), and the internal dimensions of each test room are 4.76m X
4.76m x 2.26m, which is shown in Figure 5.4 and the layout of each room facing the
courtyard has a window. The courtyard model was scaled up from (Hall et al., 1999b).

However, the original wind tunnel courtyard model did not include windows. Therefore, the
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size of the window was assumed in this study, and its position was set in the centre of the
wall. According to (ASHRAE-90.1-2013, 2013), the optimal window-to-wall ratio is
recommended to be between 0.24 and 0.30. In this study, a window-to-wall ratio of 0.24 was
chosen, resulting in window dimensions of 2 m x 1.5 m. The thickness of the window is 0.1m,

with only 20% of the window opening area given the practical considerations (Figure 5.5).

REF1

RWG2

n—t

Figure 5.3 The layout of the rooms on each floor (R - Room, N - North, W - West, S-

South, E -East, G - Ground floor, F — First floor).

Thickness of the wall =0.24 m

Hroom=2.5m

Figure 5.4 The dimensions of each room.
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Figure 5.5 The dimensions of each window and schematic showing dimensions.

The domain of the courtyard is shown in Figure 5.6, which was obtained by equally

‘Wind Profile

Symmetry

scaling the domain of the validation model (Hall et al., 1999b). Two sides and top walls are
set to symmetry walls, and the distance between the courtyard and two side symmetry walls
was set to 5H, which was 25 m. 5 H and 20 H were selected for the distance between the
courtyard, inlet and outlet, respectively, to provide sufficient space for airflow circulation.
The distance between the courtyard and the top lane of the domain was set up to 7H, which
was 35 m, the rationale for this setting is derived from the wind velocity profile (Hall et al.,

1999Db). The wind comes from the inlet, in the positive direction along the x axis.

+—— Outlet

Ground

Figure 5.6 The dimension of the domain and the direction of the wind.

153



5.2.2.2 Vegetation

Vegetation in the form of cuboidal volumes is modelled as porous zones representing
hedges. The model is an extension of the work by Manickathan et al. (2018b), wherein the
vegetation zone was modelled as a 2D porous square. In the current case, the courtyard is
divided into four sections, with a large hedge in the centre of each. The hedges extend 2.4 m
in either direction, while two different heights (1.5 m and 2 m) of hedges are modelled for
comparison. They are placed at a distance of 1.2 m away from the building with inter hedge
distance of 2.8 m (Figure 5.7). The example of the simulated vegetation is shown in Figure

5.8.

1200 mm

-

Figure 5.7 The dimension of the vegetation inside the courtyard.

(b)

Figure 5.8 Commercial example of cuboidal hedges and relationship of vegetation to

occupants. (a) Commercial example of hedges trimmed to form a cuboidal shape (‘New Leaf
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Topiary-Quality Garden Plants https://www.Newleaftopiary.Co.Uk/ [Accessed: 7-March-

20217, n.d.), (b) Relationship of vegetation w.r.t occupants.

5.2.3 CFD mesh design and verification

The size and quality of the mesh influence the accuracy of the simulation, the finer mesh
arrangement will provide more accurate simulation results. In this study, the computational
domain was meshed using unstructured mesh. The mesh of the courtyard and surrounding
buildings is refined to ensure that the flow field is accurately captured in the simulation. For
airy areas around buildings, choosing a larger element size reduces calculation time and has a
minor effect on the quality of the grid, such as skewness. Choosing finer meshes for the
building facades as well as for the interior of buildings and courtyards provides more accurate
results of the fluid flow around the building. In this study, there are some small components,
such as the thickness of windows being 0.2 m, so a finer mesh is needed to pounce on them
during the meshing process. The baseline courtyard model was meshed under the conditions
in Table 5.2. As a result, for the baseline model, there are 5,067,770 elements and 989,698

nodes. The meshed courtyard and its surrounding environment are shown in Figure 5.9.

Mesh setup conditions
Physics Preference: CFD | Solver Preference: Fluent
Sizing Function: Adaptive Relevance Centre: Fine

Overall Sizing Transition: Slow Span Angle Centre: Fine
Element Size: 1.5m Minimum Edge Length: 0.05m
Inflation Inflation Option: Smooth Uniform Transition

Face Sizing: Building Geometry: Building Area | Element Size: 0.1m
Table 5.2 Mesh setup condition.
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Figure 5.9 Meshed courtyard and its surrounding microclimate.

The sensitivity analysis was carried out to validate the model and to ensure that the
results were independent of the size of the mesh. Sensitivity analysis requires validation of
results using the same model under different mesh sizes. Four groups of meshes of different
sizes have been selected for analysis, as shown in Table 5.3. In order to obtain more accurate
validation results, a passive cooling strategy was incorporated into the courtyard, and the
validation model used for the mesh sensitivity analysis was the courtyard model with four
trees. To ensure the accuracy of the results, three different mesh sizes were selected for
analysis: a coarse mesh with 3 million cells, a medium mesh with 5 million cells, and a fine
mesh with 7 million cells. Figure 5.10 presents the analysis results of the temperature profile

across the indoor area and the courtyard, comparing these three mesh sizes.

The greater cooling effect on the left side of the tree is primarily due to the cooling
effect of the vegetation. The clockwise vortex in the courtyard first contacts the vegetation on
the right, where the higher cooling effect and contact time slow down the airflow, resulting in

a more pronounced cooling effect around the vegetation on the left.

The results indicate that the temperature difference between the coarse and medium

mesh arrangements along the horizontal line was minimal, only 1.51%, while the difference
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between the medium and fine mesh was 1.13%. These findings suggest that different mesh

sizes do not affect the results. Consequently, the medium mesh size was selected for further

calculations in this study.

Mesh Size Mesh Settings Number of
Building Z:;:;Ity Sizing Elements Nodes
Coarse 130 3,161,904 632,788
Medium 100 5,323,281 1,063,550
High 84 7,432,665 1,483,888

Table 5.3 Mesh setup for sensitivity analysis (courtyard with small trees).
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Figure 5.10 Simulated results of temperature along a horizontal centre line of the

courtyard model with small trees at a height of 0.7 m for the grid sensitivity analysis.
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5.2.4 Boundary conditions for the simulation study

The fluid domain was created as an enclosure, which allows for the simulation of
airflow around the courtyard model. In Figure 6, one side set as the velocity inlet, the wind
velocity and longitudinal profile from the wind tunnel experiment of Hall et al. (1999b) was
used to define the inlet boundary conditions, the other side set as the pressure outlet to be 0
Pa. To investigate the influence of passive cooling strategies on the courtyard and indoor
areas in the hot climate, the air temperature for the inlet and outlet are constantly set to 309K
(35.85C). The CFD simulation considers the influence of buoyancy factors and the gravity
in the simulation area to be set at -9.8 m/s2. Symmetry for the top and two sidewalls and
ground boundaries are specified as no-slip boundary conditions. For the settings of materials

in the courtyard model, the ground and symmetry boundary used ash-solid and bricks.

5.3 Results

5.3.1 Validation of the courtyard model

In this study, a validation of the closed courtyard in CFD simulations was investigated
based on wind tunnel experiments of the courtyard by (Hall et al., 1999b). In their
experiments, different aspect ratios of courtyards have been selected to test the dispersion of
pollutants in the courtyard. One of the aspect ratios (A = 0.1, A is the aspect ratio of the
courtyard, which is equal to H/W) of the courtyard has been chosen to validate in this project.
They tested the courtyards in the wind tunnel working section, which is 22 m long by 4.3 m
wide and 1.5 m high, in order to get more accurate validation results, the similar size of the
domain has been set in the Fluent 18.1, which was shown in Figure 5.11, the dimension of the

validation courtyard is 0.6 m width 0.6 m depth <0.02 m height.
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Figure 5.11 Simulation domain and dimensions of the validation model. (a) Simulation

domain of the validation model (b)The dimension of the validation.

The velocity turbulence intensity profile through centre of the courtyard has been tested
by the wind tunnel experiment by Hall et al. (1999b); for validating the wind velocity of the
courtyard in the CFD, a wind velocity line perpendicular to the ground was set in the centre
of the courtyard to collect data for comparison. The comparison results, as shown in Figure
5.12, CFD simulation results are slightly higher than the measured values from wind tunnel
tests, and the average discrepancy between the two results was 3.2%, there are small errors
between the two results, which is likely to be explained by factors including k-¢ turbulence
model limitations in the CFD simulation and experimental uncertainties. Overall, the results
of the CFD simulations are in high agreement with the experimental results of (Hall et al.,

1999h).
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Figure 5.12 Comparison of dimensionless wind velocity along the analysis line. (H:
height above the ground, Hmax: reference height for the wind velocity, U: wind velocity,

Uref: wind velocity at the height of Hmax ((Hall et al., 1999b).

5.3.2 Validation of the vegetation

The validation of the vegetation model was based on Manickathan et al. (2018b), in
which the domain size of the reference case had a length of 35 m and a height of 11.5 m
(Figure 13). In the 2D field, vegetation was illustrated by a one-meter square in place of 8.5
m based on the inlet and 0.5 m on the ground. Inlet velocity was constructed with Richards &
Norris (2015), in which the von Karman number and roughness height were individually

placed to 0.41 and 0.0217 m. The inlet air temperature was imposed to the setting to 32 <C.
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Figure 5.13 Simulation field of the validation model, based on the porous vegetation

according to the indication of the green square and centred on the x-axis.

Figure 5.14 presents the velocity and temperature distribution featured by the area
around the vegetation (-2 < X < 6; 0 < Height < 3). The vegetation zone presents resistance
toward the flow of air, on the basis of the decreased speeds following the zone. The velocity
distribution shows fine conformity to the reference research (Manickathan et al., 2018b). A
plot of velocity along the analysis line (with the marks in the figure running through the
centre of the vegetation patch) can be revealed in Figure 5.15. The presentation of vegetation
is achieved via the green patch in the extension range of —0.5 - 0.5 on the x-axis. The trend
committed a close following to the numerical model of (Manickathan et al., 2018b). The
condition of a slight underprediction for the back of is the vegetation patch. An observation
of nearly 0.04 m/s2 deviation is conducted to the far end. The model works rather well amidst
the low modelling complexity featured by the vegetation zone. A temperature reduction of
approximately 1 <C can be observed in the wake of the vegetation, which is analogous to the

reduction under estimation in the reference case.
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Figure 5.15 Comparison of wind speed on the analysis line, in addition to the vegetation

zone under the in-dictation of the green patch in the range of —0.5 to 0.5 on the x -axis.

Slight variations in temperature and velocity can occur due to the complex approach
under the handle (Manickathan et al., 2018b). The author's source/sink terms for expounding

modifications in such aspects as air humidity, temperature, momentum, and turbulence.
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Nevertheless, as for this existing case, a simplified vegetation model was accepted here,
considering no detailed energy fluxes at the leaf surface. Beyond that, the numerical
simulation was implemented in ANSYSS, just like being contrary to OpenFOAM, and they are
employed in the reference case. In consideration of the target of the present research oriented
with the determination of the attenuation affects which vegetation in a courtyard coupled with
the seen wind pattern exerts upon the building platform, the deviations have been regarded to
be of small scale; besides, the observed contour took on sufficient accuracy oriented with the

further in-depth analysis.

5.3.3 Case 1: Baseline courtyard model

In this study, a baseline courtyard was set, and a fluid simulation of the courtyard was
performed in Fluent 18.1 to verify the courtyard as one of the effective passive cooling
techniques. Simulation results of velocity magnitude of the overall courtyard building. For
the presence of the building, the airflow was altered, causing the air to move upwards. On the
windward side, the wind speed was lower than 1m/s. On the leeward side, as impacted by the
obstruction of the building, the wind speed was nearly consistent with the surface of the

building, and a backflow phenomenon could be observed.

The aim of the present study was to investigate the effects of the combination of
courtyard and other passive cooling technologies on the indoor thermal performance and
natural ventilation conditions of buildings. To analyse the indoor thermal performance and
natural ventilation conditions in the baseline courtyard model, two parameters, the indoor air-
dry bulb temperature and the wind speed magnitude, were simulated and compared with the
subsequent cases' results. Figure 5.16 presents the average wind speed magnitude in each

room, the average wind speed and temperature in each room were calculated by setting up

163



nine test points in each room, collecting the wind speed and temperature at the mentioned
nine points and determining their average value. The height of all test points was 0.6 m,
based on the height of a normal person sitting on the chair. Figure 5.17 presents the
simulation results of the wind speed in each room for the baseline courtyard model.
According to the figure, the wind speed in the rooms was extremely low, with an average
wind speed on the ground floor of around 0.0075 m/s in each room and that on the first floor
around 0.02 m/s in each room. Since the courtyard was a closed space, it could also be
observed that on the ground floor, the average indoor wind speed above 0.01lm/s was
recorded in the two rooms, i.e., REG2 and RSG1, with REG2 reaching 0.0144 m/s, whereas
the lowest wind speed on this floor was in RWGL1 on the west side at 0.0029m/s. On the first
floor, the highest wind speeds were identified in the two rooms, i.e., REF1 and REF2, on the
east side, which were significantly higher than the other rooms tested, with the wind speeds
of 0.0447 m/s and 0.0357 m/s, respectively, while the lowest wind speed remained in REG1
on the west side (0.0051 m/s). In general, as suggested from the comparison of the wind
speeds in the two rooms on different floors in identical directions, most of the wind speeds in
the rooms on the first floor were higher than those in the rooms on the ground floor. In the
Fluent18.1, specific to the baseline courtyard model, the air temperature for the inlet and the
outlet was set to 309 K (35.85 C) constantly, so the average temperature in each room was

35.85 C.
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Figure 5.16 Average wind speed magnitude (m/s) in each room for the baseline

courtyard model.
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Figure 5.17 Contours of the wind speed in each room for the baseline courtyard model.
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5.3.4 Case 2: Baseline courtyard model with four small trees

Vegetation in the courtyard could effectively improve the microclimate of the courtyard
for its evaporative cooling effect and shading, which could improve the thermal comfort of
the courtyard by reducing the temperature around it. In this section, four 1.5m height hedges
were placed at the corners of a closed courtyard to determine the effect of small size

vegetation on the indoor thermal performance and ventilation conditions of the building.

In the baseline courtyard model, the temperature was set to 35.85 <C, and it was kept
constant. Figure 5.18 illustrates the air temperature in each room. Figure 5.19 illustrates the
simulated results of the air temperature contour with isotherm in each room. According to the
figure, the temperature in each room decreased after the configuration of vegetation in the
courtyard, whereas the decrease was of a different magnitude. Among the 16 rooms tested on
the two floors, the four rooms on the east side were reported to be warmer than the rooms in
the other directions, which achieved average temperatures over 34 <C. The four rooms
(RNG1, RNF1, RSG1 and RSF1) on the north and south sides close to the inlet were cooler,
especially RSG1 and RSF1 on the south side, which were the lowest temperature rooms on
the respective floor. The highest temperature of all the rooms tested was referred to as REF2
(34.77 <C), and the lowest temperature was RSF1 at 30.52 <C. In the eight test rooms on the
ground floor, the average indoor temperature was 33.39 <C; on the second floor, it was
32.79 <. Compared with the baseline courtyard model, the indoor temperatures dropped by
7.4% and 9.3%, respectively, which demonstrated that planting vegetation in the courtyard

cooled the interior.
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Figure 5.18 Average air temperature in each room for the baseline courtyard model with

four small trees.
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Figure 5.19 Simulated results of the air temperature contour with isotherm in each room

for the baseline courtyard model with four small trees.
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In Figure 5.20, the air temperature in each room for Case 1 and Case 2 was compared,
and the relevant temperature difference was also shown. It was therefore indicated that the
vegetation significantly cooled the interior of the courtyard building. According to the
comparison of the temperatures of the rooms in the identical location, the temperatures of the
first-floor rooms were lower than those of the ground-floor rooms. The most significant
temperature reduction was in the two rooms on the first floor facing north and south (i.e.,
RNF1 and RSF1), the temperature declined by 5.31 <C and 5.33 <C, respectively. Besides,
the temperature of RNG1 with a drop of 3.87 <C and RNS1 with a drop of 4.25 <T were in
the next line. The rooms facing east and west had a minimal decrease in temperature,
especially in the four rooms on the east side, in which the average room temperature only

decreased by around 1.2 <C.

3585
197 235 425 234 125 133 387 205 246 3.07 533 263 118 1.08 531 3.40

Temperature(°C)
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Casel: Baseline courtyard model

Case2: Baseline courtyard model with small trees

Figure 5.20 Comparison of air temperature for Case 1 and Case 2 in each room.

As indicated from the comparison of the mentioned results, in Case 2, the courtyard with
four small trees cooled the interior of the building, whereas the extent of the cooling effect

was determined by the specific location in each room. To be specific, the rooms facing north
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and south exerted the best cooling effect, the rooms facing east achieved a limited cooling
effect, and the rooms on the first floor had a better cooling performance than those on the first
floor. The reason for this result was explained as the temperature reduction from vegetation

was limited in scope.

Figure 5.21 presents the simulation results of the average wind speed magnitude in the
respective room for the courtyard model with four small trees. According to the figure, the
wind speeds on the ground floor were all smaller than 0.02 m/s, the two rooms with the
highest and lowest wind speeds, at 0.0153 m/s and 0.0043 m/s, respectively, were both on the
east side. The indoor wind speed in RNG1 and RNG2, both above 0.009 m/s, was higher than
the average indoor wind speed of other rooms located on the ground floor. On the first floor,
the indoor air speed in REF1 and REF2 on the east side was significantly higher than that in
the other rooms, which was nearly four times higher than the other rooms. The contours of
the wind speed in each room for the baseline courtyard model with four small trees are shown

in Figure 5.22.
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Figure 5.21 Average wind speed magnitude in each room for the baseline courtyard

model with four small trees.
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Figure 5.22 Contours of the wind speed in each room for the baseline courtyard model

with four small trees.
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Figure 5.23 shows the comparative results of the wind speed for the identical rooms in
Case 1 and Case 2. According to the figure, the placement of four small trees in the closed
courtyard impacted the ventilation of the building's interior. As indicated from the
comparison of the simulation results, the effect of small trees on the indoor ventilation of
rooms in different locations was not similar. On the ground floor, specific to the four rooms
(i.e., RNG1, RNG2, RWGL1 and RWG2) on the north and western sides, with the addition of
small trees in the courtyard, the indoor wind speed significantly increased, especially the
indoor wind speed of RWG1, increasing from 0.0029 m/s to 0.0069 m/s, nearly a 2.4 times
improvement. As opposed to the mentioned, in the two rooms located to the south, RSG1 and
RSG2, the indoor wind speed decreased due to the planting of small trees. The reduction in
RSG1 was particularly pronounced, with a drop of 0.0073 m/s, while RSG2 only dropped by
0.0002m/s, which was nearly identical to the results for Case 1. However, on the east side,
the trends in REG1 and REG2 were diametrically opposed, REG1 increased by 0.0089 m/s,
while REG2 decreased by 0.0101 m/s. In the eight testing rooms on the ground floor, by
arranging four small trees inside the courtyard, the greatest increase in indoor wind speed
magnitude was identified in REG1, and the most significant decrease was reported in REG2.
On the first floor, according to the comparison of the simulation results, the wind speed
increased in three rooms, RNF2, RWF1 and RSF2, with the most significant increase in
RWF1, where the wind speed magnitude increased by 0.0031 m/s. RSF2 (increase of 0.0007
m/s) and REF2 (decrease of 0.0012 m/s) achieved the minimum increase and the minimum

decrease, respectively.

As suggested from the comparative results, the arrangement of four small trees in the
courtyard impacted the indoor wind environment in surrounding buildings. Some rooms

showed an increase in wind speed size, while some showed a decrease. A number of factors
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could be responsible for this (e.g., the transpiration of the vegetation), which changed the
temperature and pressure of the surrounding air, thereby indirectly impacting the wind
environment in the courtyard or the vegetation. As a result, the wind might be blocked, and
the direction of the wind flow might be changed, thereby regulating the wind speed in the

courtyard and the interior.
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Figure 5.23 Comparison of wind speed magnitude for Case 1 and Case 2 in each room.

5.3.5 Case 3: Baseline courtyard model with four large trees

To investigate the effect of different sizes of vegetation in the courtyard on the indoor
thermal and wind environment, four trees with a height of 1.5 m were placed in the courtyard

in Case 2. In this section, the height of the original vegetation was regulated, and the height
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of each tree increased to 2 m. The simulation results were employed to determine the effect

of large trees on the indoor air temperature and natural ventilation.

Figure 5.24 illustrates the average air temperature in 16 separate rooms with four large
trees within the courtyard. A large temperature range could be found between different rooms
on the identical floor, as well as a slight temperature difference between two rooms on the
identical vertical line. On the ground floor, RNG1 and RSG1 were the two rooms with the
lowest temperatures, which achieved indoor air temperatures at 30.83 <€ and 30.79 <C,
respectively. Adjacent to the two rooms mentioned above, the air temperatures in RNG2 and
RSG2 reached over 33 <C. However, the warmest rooms were REG1 (34.24 <C) and REG2
(34.21 T) on the east side, with a maximum indoor temperature difference of 3.45 <C in the
eight rooms tested on the ground floor. Compared with the average room temperature
(32.94 <C) on the ground floor, the temperature in the first-floor room was reduced to
32.11<C. Consistent with the indoor thermal conditions on the ground floor, RNF1 and RSF1
were the two rooms on the first floor with the lowest temperatures at 29.27 <C and 29.39 <C
respectively, while REF1 and REF2 were the rooms with the highest temperatures. According
to the simulation results, among the 16 examined rooms in Case 3, the largest temperature
differences were identified in REF1 and RSF1 on the first floor, with a difference of 5.1<C.
The temperature difference between two rooms on different floors located in the identical
vertical direction was smaller, and the indoor temperature on the first floor would be lower
than that on the ground floor, except for REF1 and REF2, where the room temperatures were
0.13 <€ and 0.08 <T higher than those of REG1 and REG2, respectively. Simulated results of
the air temperature contour with isotherm in each room for the baseline courtyard model with

four large trees are shown in Figure 5.25.
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Figure 5.24 Average air temperature in each room for the baseline courtyard model with
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Figure 5.25 Simulated results of the air temperature contour with isotherm in each room

for the baseline courtyard model with four large trees.
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Figure 5.26 presents a comparative result of the temperature in each room of Case 1 and
Case 3, which indicates the effect of the large trees in the courtyard on the indoor thermal
environment and the difference in the thermal condition of the rooms in different locations. In
the baseline model, the temperature was kept constant. Thus, in Case 1, the air temperature in
each room was 35.85 <C. In Figure 29, the temperature in each room decreased, proving that
placing large trees in the courtyard helped improve the indoor thermal environment. On the
ground floor, the average indoor temperature decreased by 2.91 <C, and RSG1 and RNG1
were the two rooms with a temperature reduction of more than 5 <C. The minimum
temperature reduction was in the two rooms on the east side, in which the temperature only
dropped by 4.49% in REG1 and 4.57% in REG2, while the rest underwenta 2 T to 3 C
temperature decrease. On the first floor, the most significant temperature decrease was
identified in RSF1, which experienced a 6.58 <C reduction; RNF1 ranked behind RSF1,
located on the north side, with a drop of 6.46 <C. Overall, the best cooling performance was
achieved in the four rooms located on the north and south sides near the inlet, and the worst

cooling effect was achieved in the four rooms on the east side.
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Figure 5.26 Comparison of air temperature for Case 1 and Case 3 in each room.
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In Figure 5.27, the average temperature in each room from Case 2 and Case 3 is
presented to compare the improvement of the indoor thermal environment with different sizes
of vegetation in the courtyard. As indicated from the comparative results, the average indoor
temperature in Case 3 was generally lower than that in Case 2, with only two rooms (RSG2
and RNF2) slightly higher than those in Case 2. The largest temperature drop was in RWF1
with a drop of 1.28 <C, and the smallest drop was only 0.3 T in RWG2 and REF1 and the

largest temperature difference was found in RSF1, reaching 1.25 <C.
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Figure 5.27 Comparison of air temperature for Case 2 and Case 3 in each room.

Figure 5.28 presents the simulation results of the average wind speed magnitude in each
room for the courtyard model with four large trees. As indicated from the figure, on the
ground floor, the room with the highest indoor wind speed was RSG2, located in the south,
with a wind speed of 0.0132 m/s, the lowest indoor air speed was in RWG1, which was
located at the west side with only 0.0059 m/s. It could be observed that the magnitude of the
indoor air speed in the two rooms located in opposite positions was significantly close to each
other. For instance, RNG2 and RSG2 were two rooms located on the north and south sides of
the room. They were in opposite positions, with indoor air speeds above 0.01 m/s in both

176



rooms, and the air speed magnitude was relatively close. On the first floor, the highest indoor
wind speeds were found in the two eastern side rooms (REF1 and REF2), measured as 0.0256
m/s and 0.0263 m/s, respectively. The two rooms on the west side had the lowest wind speed,
both less than 0.008 m/s. As suggested from the comparison of the simulation results, on the
first floor, the indoor air speed in the two rooms on the same side was closer. Contours of the
wind speed in each room for the baseline courtyard model with four small trees are shown in

Figure 5.29.
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Figure 5.28 Average wind speed magnitude in each room for the baseline courtyard

model with four large trees.
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Figure 5.29 Contours of the wind speed in each room for the baseline courtyard model

with four small trees.

Figure 5.30 compares the indoor air speeds in each room for three different scenarios.
As indicated by the simulation results, the arrangement of different sizes of vegetation in the
courtyard impacted the indoor ventilation of rooms with different orientations. By comparing
the results of Case 1 and Case 3, the change in indoor wind speed produced by planting large
trees in the courtyard could be observed. On the ground floor, four large trees in the courtyard
increased the indoor wind speed in a total of five rooms, i.e., four rooms on the north and
west sides and RSG2 on the south side. The largest increase was achieved in RSG2 where the
wind speed increased by 0.0047 m/s, and in the other three rooms, the wind speed declined,
with the most significant decline in REG2 (a decrease of 0.0063 m/s). On the first floor, only
three rooms showed an increase in wind speed (i.e., RWF1, RSF2 and RNF2), marking an
increase of 0.0025 m/s,00077 m/s and 0.0084 m/s, respectively. The other five rooms
underwent varying reductions in wind speed magnitude, with the largest drop happening in

REF1 at 0.0191 m/s.
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By comparing the effect of planting small and large trees in the courtyard on the indoor
wind environment, the indoor wind speed magnitude was suggested to increase in 10 of the
16 individual rooms on the two floors due to the existence of large trees, with the most
significant increase of 0.007 m/s in RSF2 located in the south side of the first floor. However,
the wind speed in the remaining six rooms decreased, with the highest reduction observed in

REG1 (0.0093 m/s).

As revealed from the comparison of the wind environment of each individual room in
different scenarios, the indoor wind speed conditions were different in each room. There was
no guarantee that planting vegetation in a courtyard would improve the indoor wind
environment in surrounding buildings, and it was also not indicated that the larger size of the
vegetation installed in the courtyard would improve the indoor wind environment. For
instance, on the ground floor, Case 2 exhibited the highest average indoor wind speed
(0.00854 m/s) for the eight rooms as compared with the other two cases. Furthermore, on the

first floor, the highest average indoor wind speed was reported in Case 1 (0.0183 m/s).
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Figure 5.30 Comparison of wind speed magnitude for Case 1, Case 2 and Case 3 in each

room.

5.3.6 Ventilation and temperature conditions inside the courtyard

In the present project, the vegetation of different sizes was set up in the courtyard. The
study primarily aimed to determine the effect of the mentioned elements on the indoor
thermal and wind environment, whereas the courtyard acted as a microclimate regulator, and
adding vegetation into the courtyard could impact the microclimate of the courtyard. One
slice (S1: X = 7500 mm) was selected to study the ventilation and temperature conditions
within the courtyard impacted by different sizes of trees. Figure 5.31 illustrates the locations

of the slices in the courtyard layout plan.
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L.

Figure 5.31 Position of the slice in the courtyard layout diagram.

Figure 5.32 presents the wind speed and temperature conditions for three different cases
in terms of the S1. For the courtyard in Case 1, no passive cooling technology was installed
in such a courtyard, so the airflow in the courtyard was relatively constant. Besides, the wind
velocity decreased from top to bottom, nearly 0.3 m/s in the parts close to the building,
accounting for the low air velocity in the indoor areas. However, the wind environment
within the courtyard changed with the addition of different sizes of vegetation, with a
reduction in wind speed around the vegetation, which was primarily attributed to the
sheltering effect of the vegetation on the wind. The height of the small trees in Case 2 was 1.5
m, and the height of the large trees in Case 3 reached 2 m, which clearly indicated that the

height of the vegetation could impact the overall wind environment of the courtyard. Besides,
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the thermal environment of the whole courtyard was significantly improved by the vegetation.
It could be found that the air temperature around the trees dropped significantly, the
temperature at the bottom of the 1.5 m small trees in Case 2 reached approximately 27.5 °C,
and the temperature at the bottom of the 2m large trees in Case 3 was only 26 °C. Moreover,
the larger the vegetation, the more pronounced the effect of transpiration on the surrounding
environment would be. Furthermore, the temperatures in the center of the courtyard were
inconsistent with Case 2 and Case 3, at 34 <C and 33.5 T, respectively, which also proved

that different sizes of vegetation could exert different cooling effects on the interior of the
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Figure 5.32 Contours for the wind speed magnitude and temperature within the

courtyard with small trees and large trees (S1: X=7500mm).
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5.4 Conclusion

In this study, an investigation was conducted on the effects of installing different heights
of vegetation in a closed courtyard on the indoor wind and thermal environment of the
surrounding buildings. In the present project, three different sets of cases were simulated in
CFD Fluent 18.1. In Case 1, the wind and thermal conditions in the baseline courtyard model
were simulated. Besides, in Case 2 and Case 3, four trees with heights of 1.5m and 2m were
set up in the courtyard, respectively, as a major attempt to explore the effect of different sizes
of vegetation on the courtyard and on the indoor wind and thermal environment. Throughout
the study, the parameters selected for the thermal and wind environments consisted of wind
speed magnitude (m/s) and temperature (<C). In addition, the effect of vegetation on indoor
thermal comfort and natural ventilation was determined by comparing the changes in wind
speed and temperature in the respective rooms of the different cases. The courtyard building
was set up on two floors, each with eight rooms in different orientations, and the windows
were set at 20% of the opening size. Furthermore, when different passive cooling techniques
were set up in the courtyard, differences were identified in the variation of air velocity and

temperature in the rooms at a range of locations.

For the indoor wind environment in the courtyard building, the comparison of the results
of three different cases indicated that the wind speed inside each room was significantly small,
which was essentially explained by the small window openings that affected the natural
ventilation in the rooms. When different sizes of vegetation were installed in the courtyard,
the wind speed in different rooms changed, with some rooms experiencing an increased wind
speed. The main reason for this phenomenon was that the addition of vegetation could change
the overall direction of airflow in the courtyard and, due to the transpiration effect of the

vegetation, decrease the temperature in the courtyard, thereby impacting the wind speed in
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the room. As revealed from the comparison of the wind speed in the eight rooms on the
ground floor with different tree sizes in the courtyard, the wind speed increased in five rooms
with both small 1.5 m and large 2 m trees in the courtyard, and the wind speed in the rooms
on the north and west sides increased. However, specific to the eight rooms on the first floor,
the indoor wind speed increased only in three rooms as impacted by the vegetation in the
courtyard. Both in the baseline courtyard model and the courtyard model with small trees or
large trees, the room with the highest indoor wind speed was found on the east side of the
first floor. According to the comparison of the indoor wind speeds in the respective room,
adding vegetation could decrease the maximum indoor wind speed and increase the minimum
indoor wind speed. After simulating the wind speed magnitude in each room in different
cases, the overall average indoor air speed magnitude was calculated for different cases. For
Casel, which was the baseline courtyard model with no passive cooling strategy, the average
indoor wind speed for the 16 rooms was 0.013 m/s; for Case 2 and Case 3, with four small
and large trees within the courtyard, respectively, the average indoor wind speed reached
0.0112 m/s and 0.0117 m/s, Different sizes of the vegetation in the courtyard exerted
different effects on the indoor wind performance. The larger the trees, the more pronounced

the transpiration effect will be, and the more it will increase the wind speed in the room.

After the analysis of the indoor temperature of different rooms by installing a range of
passive cooling strategies within the courtyard, the temperature of the baseline courtyard was
kept constant (35.85 <C). With vegetation added into the courtyard, the temperature in each
room dropped, but by different amounts. It could be suggested that when the vegetation was
installed in the courtyard, a significant cooling effect was exerted on the surrounding area due
to transpiration, which impacted the temperature of the rooms, especially on the first floor.

However, it was noticed that the rooms in Case 2 and Case 3 with the highest temperatures
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were located on the east side of the first floor, as impacted by the higher wind speed in these
two rooms. The rooms with the most significant cooling effect were those located on the
north and south sides close to the inlet. As revealed from the comparison of the temperatures
of the different rooms in three cases, Case 3, where there were four large trees in the
courtyard, had the lowest average indoor temperature, which demonstrated that planting large
trees in the courtyard could exert a significant cooling effect on the indoor temperature. The

most significant drop in temperature was 6.58 <C in the RSF1.

It is important to clarify that the vegetation and courtyard buildings in this chapter are
based on a hypothetical model, which differs from real-world conditions. Regarding
vegetation, this study does not fully simulate all properties of real vegetation. Instead, it
simulates some characteristics of vegetation, such as the ability to absorb heat from the
surrounding environment, acting as a heat sink. The model assumes the presence of real trees,
but accurately simulating trees and vegetation in CFD poses challenges. Therefore, the trees
and vegetation in this study are simplified assumptions and also, overly large vegetation that
limits space for social activities. This limitation highlights a direction for future research,
which will aim to simulate more specific vegetation characteristics within courtyard buildings

to provide more accurate results.

Subsequent research should continuously find different passive cooling techniques to
optimize the indoor wind and thermal environment of courtyard buildings. The optimal
solution to enhance indoor thermal comfort will be determined by investigating the
application of different passive cooling technologies in courtyard buildings. First, in this
study, only 20% of the window openings were provided. To improve the natural ventilation

within the room, different window opening sizes can be tested subsequently to determine the
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most suitable window opening sizes. Second, in this study, different sizes of vegetation were
set up in the courtyard, whereas the vegetation was set up on the four corners of the courtyard.
Moreover, the vegetation can be further set up in different locations and be simulated. Lastly,
a combination of several passive cooling techniques can be employed in the courtyard (e.g.,
by placing both vegetation and water jets in the courtyard) to explore the improvement in

indoor thermal performance.
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Chapter 6 Pollutant Cross-transmission within Courtyards

6.1 Introduction

Courtyards are crucial for facilitating social interaction, contributing to community
bonding, and improving the quality of urban life (Zheng, 2015; Gunasagaran et al., 2022).
They offer environmental benefits by enhancing natural lighting, supporting ventilation, and
aiding in passive cooling in residential areas (Aldawoud, 2008; Yang et al., 2014). However,
the aspect of pollutant accumulation and dispersion within these spaces remains
underexplored (Leng et al., 2020). Courtyard buildings, through their unique structural design,
create distinct airflow patterns that can inadvertently transport indoor pollutants across rooms
via the courtyard (Li et al., 2022; Rajapaksha et al., 2003; Sharples & Bensalem, 2001;

Zamani et al., 2018).

In considering the dynamic relationship between architectural form and environmental
flow in these semi-enclosed spaces, it becomes apparent that courtyards play a more active
role than previously understood. Unlike isolated structures, the design of courtyards creates a
unique microclimate. Here, air movement is primarily dictated by the courtyard's geometry,
rather than merely reacting to external wind conditions (Jamei et al., 2016). This complex
interaction between architecture and airflow is often underappreciated, yet crucial in

understanding how it may amplify or mitigate pollutant levels in these types of environments.

To contextualize the discussion, consider a practical scenario: an individual cooking on
the windward side of a courtyard. The process not only releases culinary aromas but also
potentially hazardous cooking emissions. These are not confined to the immediate vicinity;

rather, they are likely to be carried across the courtyard by prevailing winds, infiltrating
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neighbouring living spaces (see Figure 6.1). This situation leads us to ask some important
questions: When it comes to the design of courtyards, which side— the side sheltered from
the wind (leeward), or the side exposed to it (windward)—is less likely to facilitate the
transfer of pollutants from one unit to another through the courtyard? And conversely, which
side is more prone to unintentional pollutant exchange? Additionally, how does the height of
rooms within the courtyard affect the dispersion of pollutants? Which floors are most
impacted by such pollutant transfer? Gaining insight into the answers to these questions is
crucial for resolving the complexities of how pollutants disperse within architectural layouts
like courtyards. Furthermore, this understanding can guide design strategies aimed at
reducing the health risks that can inadvertently arise from an architectural style intended to

improve urban living conditions.

This study employs an idealized model to simulate the courtyard geometry and
environmental conditions. While the model provides a controlled framework to investigate
pollutant dispersion, it does not encompass all real-world complexities, such as simultaneous
pollutant-generating activities. Nevertheless, this analysis underscores the intricate dynamics
of pollutant dispersion in courtyard buildings and highlights the necessity of such studies for

practical applications.
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Courtyard area

Pollutant source: Smoking

Figure 6.1 Cross-transmission of pollutants between naturally ventilated courtyard units.

The objective of this research is to evaluate the courtyard design, aiming to mitigate
pollutant dissemination and enhance environmental health within urban habitats. This study
seeks to fill gaps in existing research by exploring how wind influences pollutant movement
in courtyard structures, utilizing a blend of wind tunnel testing and CFD simulations. Section
6.2 describes the wind tunnel experiment, while Section 6.3 presents the CFD approaches,
including the evaluation of different turbulence models, mesh refinement study, and
validation of the selected model. Section 6.4 presents the numerical simulation outcomes for
diverse pollutant sources under varying wind speeds and directions. Finally, Sections 6.5 and
6.6 discuss the study's results and limitations, provide a conclusion, and outline potential

future work.
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6.2 Experimental method

6.2.1 Physical model and wind tunnel experimental setup

The experimental study employed a courtyard model at a 1:50 scale. This model was
constructed from acrylic panels with a thickness of 3mm. As presented in Figure 6.2 (b), the
dimensions were 300 mm x 300 mm x 180 mm (L x W x H). The model comprises 4 three-
story buildings that face the courtyard, each measuring 100 mm x 100 mm x 60 mm. These
buildings are interconnected by peripheral walls, creating a closed courtyard structure. Each
room within these buildings features two windows measuring 20 mm x 15 mm to facilitate

crossflow ventilation, shown in Figure 6.2 (c) and Figure 6.2 (d).

As depicted in Figure 6.2 (a), the experiments were conducted in the ABL wind tunnel
laboratory within the Department of Civil Engineering at the University of Nottingham. The
test section of this wind tunnel has dimensions of 3.1 m in length, 2.4 m in width, and 1.9 m
in height. Preceding the 2 m diameter circular turntable is an 11.5 m long fetch. The wind
direction can be modified by rotating this turntable. Given the dimensions of the 1:50 model
and the wind tunnel section, the blockage ratio attributed to the scaled-down courtyard model
in the wind tunnel is 1.18%. No adjustments were made to the measurements derived from

these configurations as recommended by (Mercker, 1986).

In my wind tunnel experiments, similarity criteria are essential to ensure that our scaled
model accurately represents full scale conditions, particularly fluid dynamics. A key aspect of
these criteria is the establishment of dynamic similarity. In this study, we did not match the
Reynolds number because of the wind tunnel speed limitations, although we did exceed the

threshold highlighted by previous works. For our experiments, reference wind speeds were
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measured at the height of the building. Two different values were used: Uret =5 m/s and Urer
=10 m/s. At these speeds, the Reynolds numbers calculated using a characteristic length (the
height of the courtyard model) of 180 mm were 5.49 x 10* and 1.08 x 10°, respectively.
These values exceeded the threshold (Reynolds number = 3.3 x 10%) indicated by (Cui et al.,

2014) for achieving Reynolds number independence in similar studies.

This independence from the Reynolds number suggests that the flow characteristics
around the model are comparable to those in the actual environment, thus satisfying the
criteria for dynamic similarity. Cui et al. (2022) highlight the importance of Reynolds number
independence in indoor flow and pollutant dispersion studies. This research supports our
approach by showing that flow characteristics remain consistent within a specific Reynolds
number range, confirming our model's reliability. By achieving and verifying these Reynolds
numbers, our model under both wind conditions accurately represents full-scale scenarios,

adhering to the essential similarity criteria for modeling and analysis.
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Figure 6.2 Courtyard model in wind tunnel, overall dimensions, pressure tube
connections, window dimensions, and pressure measurement points. (a) The courtyard model
positioned on the turntable within the ABL wind tunnel. (b) Overall dimensions of the
courtyard building model. (c) Single building model and connection of pressure tubes. (d)
Dimensions of a single building and windows. (e) Arrangement of pressure measurement

points on the side wall within the indoor domain.

An ABL velocity profile was established utilizing a combination of spires and surface
roughness elements. Average velocity and turbulence intensity were precisely measured
using the Testo 450i thermal anemometer. The instrument has a measuring range from 0 to 30
m/s, coupled with a high-resolution capability of 0.01 m/s; It ensures accuracy of (0.1 m/s +

5% of mv) for speeds up to 2 m/s and %(0.3 m/s + 5% of mv) for speeds up to 15 m/s. The
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profiles of inlet velocity and turbulence intensity at the centre of the turntable in the absence
of the building models are shown in Figure 6.3 and Table 6.1 respectively. For the

measurement, the reference hight is Z = 0.18m.
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Figure 6.3 Relationship between Z/Zref , U/Uref and I/Iref.
Z (m) Z/Zref U (m/s) U/Uref I I/1ref
0.007 0.039 3.28 0.877 6.20% 1.036
0.01 0.056 3.37 0.901 7.13% 1.193
0.02 0.111 3.45 0.922 6.68% 1.118
0.04 0.222 3.61 0.965 6.44% 1.078
0.06 0.333 3.83 1.024 6.54% 1.093
0.08 0.444 3.96 1.059 7.38% 1.234
0.1 0.556 4.12 1.102 6.40% 1.071
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0.12 0.667 4.16 1.112 6.33% 1.058
0.14 0.778 4.34 1.160 6.15% 1.028
0.16 0.889 4.44 1.187 5.96% 0.998
0.18 1.000 451 1.206 5.98% 1.000
0.2 1.111 4.58 1.225 5.22% 0.874
0.22 1.222 4.67 1.249 5.15% 0.862
0.26 1.444 4.69 1.254 4.76% 0.795
0.3 1.667 4.71 1.259 4.69% 0.785
0.34 1.889 4.83 1.291 4.59% 0.767
0.38 2.111 4.98 1.332 4.07% 0.680
0.42 2.333 5.09 1.361 3.58% 0.599
0.46 2.556 5.3 1.417 3.16% 0.528
0.5 2.778 5.17 1.382 2.97% 0.497
0.54 3.000 5.35 1.430 2.62% 0.438
0.6 3.333 5.52 1.476 2.43% 0.407
0.66 3.667 5.61 1.500 1.74% 0.291
0.72 4.000 5.69 1.521 1.47% 0.247
0.78 4.333 5.73 1.532 0.92% 0.155
0.84 4.667 5.84 1.561 0.80% 0.134
0.9 5.000 5.95 1.591 0.69% 0.116

Table 6. 1 Measured average velocity and turbulence intensity of the wind profile for

different heights.
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6.2.2 Wind tunnel experimental setup for the pressure measurement

To assess the pressure distribution within the courtyard building, 2 pressure taps were
located inside each of the rooms, as illustrated in Figure 6.2 (). In total 48 pressure taps were
employed, which were designed to measure the indoor pressure coefficients. Pressure taps
were connected to a 64-channel Scanivalve MPS4264 digital pressure transducer using vinyl
tubing with an external diameter of 0.001 m and a length of 1.2 m. The digital sensor array
has a full-scale measurement range of 995.4 Pa with an accuracy of +0.06%FS. The backing
pressure was taken from the static port of a Pitot-static tube positioned at the reference height
of 180mm in line with the front of the model. The Pitot-static tube was also used to measure
the mean wind speed. Pressure data were collected for a duration of 200 seconds at a

sampling rate of 50 Hz.

6.2.3 Wind tunnel experimental setup for the CO, measurement

The study was not limited to the pressure measurements but also included CO:
measurements at the specified four test scenarios: the model was oriented at 0°with a wind
speed of 5 m/s; with the same orientation, the wind speed was increased to 10 m/s; when the
model was positioned at 45< the wind speed was set at 5 m/s; and finally, with the model still

at 45< the wind speed was adjusted to 10 m/s.

To simulate the dispersion of an indoor source of gaseous pollutants, the tracer gas CO>
was released from the CO2 cylinder. As shown in Figure 6.4 (a) and Figure 6.4 (b), CO2
concentration sensors were placed on the second floor of both the windward and leeward
sides of the model building. The CozIR®-LP CO: sensor, which employs NDIR solid-state

LED optics and has a measurement precision of 30 ppm, was employed to measure the CO>
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concentration. These sensors can monitor CO2 concentrations up to 5000 ppm and feature an
automatic calibration mechanism. A polyurethane tube, 6mm in outer diameter, was
positioned on the same floor of the windward building, and it was connected to a 1 L
aluminum COg2 cylinder under the wind tunnel. This cylinder was equipped with a control
valve to ensure a consistent release of CO2. Throughout the experiment, varying CO:
emission rates were established based on wind speeds and model orientations to guarantee
accurate readings by both sensors. Specifically, with the model at 0< a steady release rate of
2.8 ml/s was maintained for both 5 m/s and 10 m/s wind speeds. Conversely, when the model
was at 45< the release rates were set at 0.45 ml/s and 0.8 ml/s for wind speeds of 5 m/s and
10 m/s, respectively. Given that one of the CO2 sensors and the emission source were situated
in the same room, it was imperative to ensure that the emission rate was not excessively high.
The monitored concentration within the room should not exceed 5,000 ppm. Following the
sensors' calibration, a consistent CO> release was initiated, and data recording ceased once

readings from both sensors stabilized.
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Figure 6.4 Wind tunnel CO. dispersion measurement setup and courtyard model with
CO2 sensors. (a) Wind tunnel CO; dispersion measurement setup. (b) The courtyard model

with CO> sensors in the wind tunnel.
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6.3 CFD Method

6.3.1 Numerical methods and solver settings

This research employs the control volume method, using the software ANSYS FLUENT
18.1, to conduct steady-state RANS calculations for flow and mass fraction equations. 3D
CFD simulations were run, assuming a fully turbulent and incompressible flow. The RANS
equations are closed using the k-epsilon Realizable model. The employed CFD program
adopts the Finite Volume Method (FVM) with a semi-implicit velocity-pressure coupling
algorithm (SIMPLE) for the second order windward discrete pressure correlation equations.
Solution convergence is established when the residuals for the mass, momentum, and species

transport equations are reduced to a threshold below 107,

This study evaluates the predictive capabilities of three turbulence models: the k-epsilon
standard model (Launder & Spalding, 1974), the k-epsilon RNG model (Yakhot et al., 1992),
and the k-epsilon Realizable model (Shih et al., 1995) for pressure distribution and CO:
dispersion in wind tunnels. Based on the results (refer to Figure 6.9), the k-epsilon Realizable
model was chosen for further in-depth analysis. The turbulent Schmidt number (Sq) is pivotal
in dispersion simulation. For all cases, an Sct value of 0.7 was adopted. Tominaga &
Stathopoulos (2007) found this value to align well with experimental results when comparing
experiments and simulations for air pollution dispersion around a building. This selection is
further supported by Spalding (1971), based on the comparison between wind tunnel and
CFD results. The governing equations, as defined by the (Ansys Fluent Theory Guide

2021R2 [Online], 2021), are as follows:
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Equation of continuity:

au,
axi

=0 (6.1)

Equation of momentum:

d(pmn;) op @ ( aai> a( aai> 2 0(pk)

N A (P IR i ) B 6.2

In the equations provided, the variables U; represent the velocity components in the
Cartesian directions and represent the mean speed of the fluid flow. The continuity equation
establishes that the velocity field is divergence-free, indicating incompressibility. The
momentum equation takes into account changes in momentum over time and space,
encompassing both mean flow and turbulence effects. Where p denotes the fluid density,

u; u; are mean velocities, and p is the mean pressure. u is the molecular viscosity, and the u,

represents the turbulent viscosity, k, is turbulent Kinetic energy. Kronecker delta is &;;.

Energy Equation:

o 9 aT
o, (W (pE +p)) = F (Keff ' 6_ul) + Sy (6.3)

Where E is the total energy, ks is the effective thermal conductivity, T is temperature,

and S, is the heat source term.

Transport equation for the turbulent kinetic energy k:

9 _ @ ue\ ok
Ej(pkuf)_ﬂj[(ﬂ-l_a_;)ﬁj + Gy + Gy — pe — Yy + Sk (6.4)
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The turbulent Kinetic energy equation parameters define the dynamics of turbulence in a
fluid flow: ¢ its isotropic dissipation, and G, and G, represent turbulence production from
mean velocity gradients and buoyancy, respectively, and the contribution of the fluctuating
dilatation in compressible turbulence to the overall dissipation rate is Y,,. The turbulent
Prandtl numbers o;, and o, adjust the dispersion of k and ¢. Model constants C;, =
1.44,C, = 1.9, 03, = 1.0, along with u,, the turbulence viscosity, close the system, reflecting

the balance between turbulence generation, transport, and dissipation.

Species transport equation:

0 )i + _(3 Y _6 — dj i,x aj i
[at (puxt?) at (pvy i) +5 (,DWZYi)] = _(W-l_a_yy
(6.8)

aji,z
6_2) +R; +S;

In the species transport equation, Y; is the mass fraction of species i, The velocity

components u,v,w represent the flow in the x,y,z directions. j;,, j;, and j;, are the
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respective dispersion flux components for species i. R; quantifies the net production rate of

species i from reactions, and S; includes additional source terms.

6.3.2 Courtyard geometry, computational domain, and boundary conditions

As demonstrated in Figure 6.5 (a), for both modelling and wind tunnel experiments, the
dimensions of the courtyard building model and the computational fluid domain were
replicated at a 1:1 scale. In the CFD context, the model's dimensions are 300 mm x 300 mm x
180 mm. Each floor comprises four test rooms, located in the east, west, north, and south
corners. Rooms adjacent to the courtyard were distinctly labelled based on floor and
orientation to facilitate the analysis across different rooms, as presented in Figure 6.5 (c).
Figure 6.5 (b) illustrates that nine sampling points were strategically positioned at the mid-
height of each test room, ensuring uniform distribution for the collection of CO:
concentration data. Fig. 6. Shows the fluid domain's dimensions, which mirror those of the
test section, measuring 2.4 m x 1.9 m x 3.1 m. In the computational domain, both side and top
walls were designated as symmetry walls. The spacing between the courtyard and the two
side symmetry walls was set at 1050 mm, while the distances from the courtyard to the
velocity inlet and pressure outlet were 950 mm and 1850 mm, respectively. The gap between
the courtyard and the domain's top wall was established at 1882 mm. In all CFD simulation
scenarios, the release rate of CO> is consistently set at 2.8 ml/s. For both the inlet and outlet,
the initial configurations are maintained with a CO> concentration of 400 ppm and a

temperature of 300K.
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Figure 6.5 Courtyard building model for CFD modelling, distribution of monitoring
points, and orientation and naming of test rooms. (a) The courtyard building model for the
CFD modelling. (b) Distribution of nine monitoring points inside the test room. (c)

Orientation and naming of each test room for analysis.

The inlet wind profile was consistent for all simulation scenarios. The average wind

speed was derived using the power law formula, the formula is given by:

w@) = wer () ©9)

Zyef
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where u(z) is the mean velocity at height z (m/s), « is the power law exponent found by
curve fitting the wind tunnel data, z.., = 180 mm is the reference height corresponding to the
height of the courtyard model, the u..¢ is the reference velocity at height H are 4.51 m/s
(corresponding to the 5m/s scenario) and 8.86 m/s (for the 10 m/s scenario). Given these
velocities, the Reynolds numbers were calculated to be approximately 5.49 x 10* and 1.08

x10°, respectively.
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Figure 6.6 The dimensions and boundary conditions of the computational domain.

6.3.3 Grid and sensitivity analysis

The accuracy of the numerical simulation and computation time is significantly
influenced by the quality of the mesh used in modelling. The mesh for the fluid domain was
generated as a tetrahedral mesh in ANSYS Meshing. Near the courtyard building's walls,
windows, and floors, a finer grid was employed, the mesh resolution for both window areas
and the COz source area were set to 1mm, and for building areas, it was set to 5mm. While a
coarser grid (50 mm) was chosen further from these areas. The expansion ratio between two

adjacent cells was kept below 1.2. To optimize computational efficiency and reduce
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processing time, the tetrahedral mesh in the fluid domain was transformed into a more
efficient polyhedral mesh within ANSYS Fluent. To ensure the accuracy of the numerical
model, a mesh sensitivity analysis was conducted to assess the results' variation across
different mesh sizes. The uncertainty arising from discretization was evaluated using the GCI
method, which was introduced by Roache (1994). The specifics and parameters of the

analysis are provided below:
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Figure 6.7 Simulated CO> concentration and grid sensitivity analysis with polyhedral
mesh around courtyard surfaces. (a) Simulated CO. concentration results along a horizontal
centre line of the courtyard model at the height of 90 mm for the grid sensitivity analysis. (b)
The grid sensitivity analysis by using the GCI method. (¢) The polyhedral mesh around the

courtyard surfaces.

The calculation first needs to define the grid size h, AV; is the volume, N is the total

number of cells used for the computations.
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h (6.10)

Frr, @]’

As shown in Figure 6.7 and Table 6.1, three distinct grid sizes—fine, medium, and
coarse—were selected. Simulations were conducted to ascertain the values of pivotal
variables (¢, ¢,, ¢3) pertinent to the study's objective. It is recommended that the grid
refinement factor, denoted as r = hcoarse/ hfine €xceeds 1.3 (Roache, 1994). Given the
conditions h1 < hy < hgs, the ratios are defined as r21= ha/h1, r32= halh,. Consequently, the
grid sizes were N1 (927,280), N2 (396,713), and N3 (178,630), resulting in r values of 1.327

and 1.305. The method's apparent order, p, can be derived using expressions from Eq. (6.11)

tO Eq (617), Where 832:¢3_¢2, 821:¢2_¢1.

1

P = nton IIn |e32/€21] + q(p)] (6.11)
P _
q(p) =1In (T) (6.12)
32
s =1-sgn(&32/€21) (6.13)

The extrapolated values based on Eq. (6.13):

g)%t = (r2p1¢1 - ¢2)/(r2p1 - 1) (6.14)

The approximate relative error, denoted as e2!, the extrapolated relative error, e2l;, the

extrapolated relative error, GCIZL. , can be determined using Eq. (6.15) to Eq. (6.17).
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o2l = |2i%z (6.15)
b1
el = @ (6.16)
21
ceizy, =225 (6.17)
r,, —1
CO,; Concentration | CO, Concentration | CO, Concentration
(ppm)atY =60 mm | (ppm) at Y = 120 | (ppm) atY =180 mm
mm
N1 927,280 927,280 927,280
N2 396,713 396,713 396,713
N3 178,630 178,630 178,630
Tyq 1.327 1.327 1.327
T35 1.305 1.305 1.305
b 1945.207 2405.236 2348.362
¢, 1964.026 2448.301 2399.195
b5 1990.212 2540.542 2469.876
p 1.433 3.014 1.430
2L 1907.567 2737.260 2246.481
e2! 0.967% 1.790% 2.165%
el 1.973% 1.347% 4.535%
GCIZL, 2.419% 1.662% 5.423%

Table 6.2 Sample discretization error calculation using GCI method.

In this study, grid sensitivity was examined by selecting the first floor with coordinates
X=150 mm, Z=90 mm, and Y ranging from 50 mm to 250 mm. A total of 21 points were
chosen to observe the CO2 concentration (ppm) under three different grid sizes, as depicted in
Figure 6.7 (a). Data presented in Table 6.2 specifically highlights Y = 60 mm, Y = 120 mm,
and Y = 180 mm. The grid convergence index for these points is 2.419%, 1.662%, and
5.423%, respectively. The medium mesh size was ultimately selected for this study, as its
results exhibited minimal error compared to the fine mesh size, and significant computational
cost savings were observed. Figure 6.7 (b) illustrates the medium grid convergence index and

discretization error bars for all 21 points, with the maximum GCIZ., being 5.63% and the
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average GCIZ!, across the 21 points, being 2.210%. Hence, the medium mesh size is well-

suited for subsequent simulations.

6.3.4 Validation of the numerical model

This section compares wind tunnel experimental data with CFD simulations, focusing on
two key areas: the internal air pressure distribution and CO2 dispersion in courtyard buildings.
This comparison is crucial for verifying the precision and reliability of the computational

models used.

6.3.4.1 Validation of internal room pressure distribution

The outcomes of the wind tunnel test and CFD simulations have been evaluated with a

focus on the pressure coefficient (C,), as defined by Eq. (6.18). In this context, 'P' denotes the

observed pressure, while 'P.¢' and 'U..s' represent the reference pressure and velocity,

respectively. Additionally, 'p' signifies the air density.

P—-P
Cp — r2ef
O.SpUTef

(6.18)

In the wind tunnel experiments, the MPS4264 Scanivalve digital pressure transducer
was employed to gather data on the pressure coefficient (C,) at 48 monitoring points located
inside courtyard buildings. This data was then compared and validated against the results
from CFD simulations. As indicated in Table 6.2, the study utilized two different wind speeds
(5 m/s and 10 m/s) and two wind directions (f = 0 and B = 45). Five commonly used RANS

models were selected for this research: k-epsilon standard, k-epsilon RNG, k-epsilon
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Realizable, k-Omega standard, and k-Omega SST. Three validation metrics were applied: the
normalized mean squared error (NMSE), the fractional bias (FB), and the fraction of
predictions within a factor of two of the observations (FAC2). These metrics were employed
to conduct a comprehensive and quantitative evaluation of the performance of all five RANS

turbulence models, using Eq. (6.19) to Eq. (6.21).

_ _[o]-[P]

"~ 0.5([0]+[P]) (6.19)
[(0; — P)?]
= < - 6.20
N (AT (620
1% il
i=1 0 else
Model NMSE FB FAC2
. . k-epsilon standard 1.543 0.305 0.75
Wind df%“mn p k-epsilon RNG 1.529 0.099 0.750
Wind vglo;:ity _s k-epsilon Realizable 1.031 0.130 0.750
m/s k-omega standard 1.573 0.073 0.750
k-omega SST 1.946 0.135 0.750
Wind direction p k-epsilc_m standard 1.008 0.111 0.750
-0 k-epsilon RNG 1.766 -0.009 0.750
Wind vel(;city _ k-epsilon Realizable 1.255 -0.063 0.750
10 m/s k-omega standard 2.074 -0.138 0.750
k-omega SST 1.774 -0.035 0.750
Wind direction p k-epsilc_Jn standard 0.280 0.002 0.854
_ 45 k—e_psﬂon Rl_\IG 0.358 0.260 0.521
Wind veloc'ity _s k-epsilon Realizable 0.292 0.068 0.813
m/s k-omega standard 0.643 0.242 0.542
k-omega SST 0.351 0.153 0.542
Wind direction p k-epsilc_Jn standard 0.256 0.049 0.875
_ 45 k-epsilon RNG 0.413 0.274 0.500
Wind velolcity _ k-epsilon Realizable 0.218 0.177 0.625
10 m/s k-omega standard 0.796 0.414 0.500
k-omega SST 0.519 0.321 0.500
Target, 0, 0, 1,

Acceptance criteria <15 [-0.3,0.3] >0.3

Table 6.3 Validation metrics for the internal pressure coefficient.
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According to the results presented in Table 6.3, the RANS models demonstrate effective
predictive capabilities for the flow characteristics around buildings, particularly in accounting
for the influence of wind direction and speed on wind pressure distribution. The performance
of various turbulence models varies with wind directions at 0 and 45 degrees. Under 0-degree
wind direction, the k-epsilon Realizable model exhibits lower NMSE values (1.031 and 1.255
for wind speeds of 5 m/s and 10 m/s, respectively), acceptable FB values (0.13 and -0.063
respectively), and satisfactory FAC2 values (both 0.75). This indicates its accuracy in
capturing pressure variations on the windward (west) and leeward (east) sides. In the case of
a 45-degree wind direction, the k-epsilon Realizable model particularly stands out. At a wind
speed of 5 m/s, it achieves an NMSE value of 0.292, an FB value of 0.068, and a FAC2 value
of 0.813; at 10 m/s, these values are 0.218, 0.177, and 0.625, respectively, significantly
outperforming other models like k-epsilon standard and k-Omega SST. These findings
suggest that the RANS models, especially the k-epsilon Realizable variant, are highly
effective in predicting wind pressure distribution around courtyard buildings. They provide
accurate predictions under various wind directions and speeds. Therefore, due to its
superiority across all key evaluation metrics, the k-epsilon Realizable model has been chosen

for subsequent CFD simulations.
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Figure 6.8 Comparison of pressure coefficient values between the experiment and CFD
simulations. (a) Wind direction at 0 degrees and wind speed at 5 m/s. (b) Wind direction at 0
degrees and wind speed at 10m/s. (c) Wind direction at 45 degrees and wind speed at 5 m/s.

(d) Wind direction at 45 degrees and wind speed at 10 m/s.

Figure 6.8 shows the distribution of pressure coefficients at various measurement points
within a courtyard building, with experimental data (red dots) compared with the predictions
from the k-epsilon Realizable model (blue dots). These points cover the building's east, west,
north, and south orientations, under wind conditions of 0 and 45 degrees and wind speeds of
5 m/s and 10 m/s. The comparison of the red and blue dots for each scenario allows an
evaluation of the model's alignment with the experimental data. The k-epsilon Realizable
model results generally follow the experimental data well, particularly in capturing the wind

pressure trends on both windward (e.g., west side at O degrees wind direction) and leeward
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(e.g., east side at O degrees) aspects. It also shows commendable predictive accuracy for
crosswind conditions (e.g., north, and south sides at 45 degrees). The discrepancies between
wind tunnel data and CFD predictions, notably on the west building's windward side at 0
degrees, could be influenced by factors like local turbulence at internal test points near
openings and the inherent differences in turbulence model approaches. These factors can
impact the precision of pressure coefficient measurements and the accuracy of simulation
results. The fixed boundary conditions in CFD simulations also play a role, as they represent
an averaged state of flow under specific wind conditions, contrasting with the more variable
and transient nature of actual wind fields. Despite these nuances, the k-epsilon Realizable
model proves effective in predicting the pressure coefficient in courtyard building interiors

under varying wind conditions.

6.3.4.2 Validation of CO> dispersion in the courtyard buildings

In this study, CO: is used as the pollutant in wind tunnel testing to investigate the cross-
transmission of pollutants in the courtyard building through crossflow natural ventilation. The
choice of CO:y is driven by its availability and cost-effectiveness, along with its suitable
sensitivity range, which makes it ideal for this study. Additionally, the safety profile of CO,,
particularly its non-toxic nature at concentrations under 5000 ppm (Azuma et al., 2018),
makes it a viable option for our controlled experimental studies. Although it doesn’t mimic
the heavier molecular weight of SFe or the reactivity of CoHs, CO2’s properties closely
resemble those of many indoor pollutants (Graham et al., 2004; Zhang et al., 2017), making it
relevant for studying airflow in buildings (Bartzanas et al., 2007; Van & Blocken, 2013;

Zhang et al., 2015). Despite the limitations of not encompassing all pollutants' properties, this
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research will maintain methodological through frequent calibration and multiple test runs,

ensuring the reliability of findings.

Figure 6.9 shows a comparison between CO: dispersion predictions from wind tunnel
experiments and those from CFD simulations. This figure illustrates the dynamic evolution of
CO- concentration in two test rooms, REF and RWF, as recorded by sensors. The observation
period encompasses the entire duration from the initial release of CO, to its eventual
stabilization. It's important to note that the experimental measurements were concluded only
once the CO> concentration in these rooms reached a stable state. The data derived from three
distinct turbulence models—xk-epsilon standard model, k-epsilon RNG model, and k-epsilon
Realizable model—are evaluated against the experimental measurements. Notably, the
simulation parameters were aligned with the wind tunnel experimental setup. In the RWF
room, both a CO> release source and a sensor were installed, whereas the REF room was
equipped with a similar sensor. The results for the courtyard model at 0°wind speeds of 5m/s
and 10m/s are detailed in Figure 6.9 (a) and Figure 6.9 (b), respectively, while Figure 6.9 (c)
and Figure 6.9 (d) present findings at a 45< As anticipated, the CO2 concentration in the
room diminishes with increasing wind speed, demonstrating the capability of natural

ventilation to remove pollutants from indoor spaces.

The CFD simulations closely matched the experimental data, confirming a decrease in
indoor CO2 concentration as wind speeds increased, which was in line with general
expectations. In terms of accuracy, while all turbulence models provided reliable predictions
for the REF room, the k-epsilon Realizable model stood out for its precision in the RWF
room. The k- epsilon standard model, despite slight deviations, remained largely accurate.

However, the k-epsilon RNG model, especially at 45<and 10m/s, showed notable divergence,
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even though its other predictions were consistent. This aligns with previous research that
often favoured the k-epsilon Realizable model and k-epsilon RNG models for pollutant
dispersion predictions. In these four tested scenarios, the k-epsilon Realizable model, the k-
epsilon Standard model, and the k-epsilon RNG model demonstrated impressive accuracies of
approximately 93.51%, 88.99%, and 92.27%, respectively, in predicting CO2 concentrations
within the two rooms of the experiment. Overall, the numerical model accurately simulated

CO. dispersion within the courtyard building.
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Figure 6.9 Comparison of CO2 concentration between the experiment and CFD
simulations with three turbulence models. (a) Wind direction at 0 degrees and wind speed at 5
m/s. (b) Wind direction at 0 degrees and wind speed at 10 m/s. (c) Wind direction at 45

degrees and wind speed at 5 m/s. (d) Wind direction at 45 degrees and wind speed at 10m/s.

6.4 Results of this chapter
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In line with the wind tunnel experiments, CFD simulations were carried out to model
pollutant dispersion from various rooms under different wind directions and speeds. The two
column heights represent wind speeds of 5 m/s and 10 m/s. A total of 48 scenarios are
presented, as shown in Figure 6.10. Cases 1-24 correspond to a wind direction of 0< while
Cases 25-48 are set at 45< It is worth noting that in all simulation scenarios, the release rate

of CO2 is maintained at 2.8 m/I.

45°
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3
~
-
&
w
“

Figure 6.10 48 CFD simulation scenarios for evaluating the impact of different pollutant

sources, wind speeds and directions.
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6.4.1 Airflow movement and pollutant dispersion at 0 “wind direction

6.4.1.1 Air flow velocity and pressure distribution

Figure 6.11 (a) depicts the airflow patterns within the courtyard building based on
average results from CFD simulations. The wind approaches from the inlet, impacting the
windward side and causing turbulence at the leeward side. These patterns demonstrate the
flow from the west side rooms into the courtyard and then into the north and south side rooms,
with the east-facing rooms receiving wind from the leeward side. The airflow patterns are

consistent at both 5 m/s and 10 m/s wind speeds when aligned at 0<

Figure 6.11 (b) to (e) presents the velocity and pressure distribution in the vertical and
horizontal sections. As can be seen clearly from Figure 6.11 (c) and Figure 6.11 (e), positive
pressure develops in the rooms located on the windward side of the courtyard with cross
airflow. In contrast, negative pressure forms in the rooms on the leeward side and both lateral
sides of the building. Figure 6.11 (b) shows airflow jets from the windward facade to the
interior rooms, inclined due to pressure differences. Figure 6.11 (b) and Figure 6.11 (c)
further reveal jets moving from these rooms into the courtyard. Similarly, smaller jets are
observed from the leeward rooms to the courtyard, all influenced by varying pressure

gradients.

Conversely, negative pressure arises in the rooms on the leeward side and both lateral
sides of the building. The airflow from the windward rooms is directed into the courtyard.
Additionally, a portion of the incoming wind from the inlet, which does not enter the
windward rooms, generates a noticeable vortex on the leeward side as it traverses the
courtyard. This vortex redirects a portion of the airflow back towards the courtyard on the

leeward side. Figure 6.11 (e) indicates a low-pressure zone in the courtyard, with the pressure
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reaching an average of -4.23 Pa in the lower region. As observed in Figure 6.11 (b) and
Figure 6.11 (d), the wind speed within the courtyard is higher (0.75 m/s in the lower region
and 0.96 m/s in the upper region) compared to the rooms. This is because the wind from the
windward direction and that in the leeward direction converge within the courtyard. However,
due to the lower pressure in the RN and RS rooms, the air in the courtyard flows towards
them. The airflow speed in the ground-floor rooms of both RNG and RSG averages a modest
0.01 m/s, compared to the RWG and REG rooms, where the wind speeds are notably higher

at 0.31 m/s and 0.49 m/s, respectively.
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Figure 6.11 Observed airflow patterns, wind velocity, and pressure distribution around
the courtyard building in vertical and horizontal orientations. (a) Observed airflow patterns in
and around the courtyard building at 0 degrees wind. (b) Cross-sectional contours of wind

velocity in vertical orientation around the courtyard building. (c) Pressure distribution in
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vertical orientation around the courtyard building. (d) Wind velocity in horizontal orientation
around the courtyard building. (e) Pressure distribution in horizontal orientation around the

courtyard building.

6.4.1.2 CO- concentration and dispersion for the courtyard at O degrees wind

Figure 6.12 presents the predicted average concentrations of CO; in different rooms
under two wind speeds, with a constant release rate of 2.8 m/l from different rooms or
sources. It is evident that as wind speed increases, the rooms become less effective at
retaining COg, but the observed trend remains similar under both wind speeds. When the
source of pollution is located on either the windward (west rooms) or leeward (east rooms)
side rooms, in particular the ground and first floor, there is noticeable cross-transmission of
CO: into the adjacent side rooms (RN and RS), aligning with the distribution of airflow in the
courtyard as depicted in Figure 11. For instance, at a wind speed of 5 m/s, the highest
concentration is observed in the south-facing room RSG (2797 ppm) when pollutants are
released on the windward ground floor RWG, where the indoor wind speed averages 0.1 m/s.
The slower indoor wind speed leads to greater CO- retention within the space. The second-
highest concentration is found in the north-facing room RNG on the same floor, reaching
2575 ppm. Furthermore, pollutants that diffuse from the RWG room on the ground floor to
the courtyard also migrate to higher floors. As the elevation increases, the concentration of

pollutants in the rooms progressively decreases.

However, when the source of pollutants originates from the side rooms (RN and RS),
there is limited to almost no concentration of pollutants detected in any of the rooms. This
aligns with the observed airflow patterns, which indicate that air flows from the courtyard

into the side rooms and then exits outdoors. Consequently, the pollutants are effectively
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exhausted into the outdoor environment. When the source of the pollutant is on the second
floor, cross-transmission of pollutants was mainly observed when the source was the
windward side room (RWS). This resulted in CO2 concentrations of 942 ppm and 1064 ppm
being detected in adjacent side rooms on the same floor. Notably, the pollutants released from
the second-floor rooms did not disperse towards the lower floors. Additionally, when the
source was the leeward side room (RES), the pollutant almost did not disperse towards the
side rooms, in contrast to what was observed for the ground and first-floor rooms as sources.
Pollutant concentrations are higher in some side rooms from releases in the leeward room due
to the courtyard's airflow. The results suggest a downwash effect on the leeward side, causing
pollutants to remain in the courtyard longer than those from windward rooms. Comparing
values in Figure 6.12 with airflow in Figure 6.11 (b) reveals a clear difference: airflow from
windward rooms moves up, while from leeward rooms, it moves down, which matches the

seen pollutant behaviour in the courtyard.
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Figure 6.12 Average CO> concentrations in different rooms at wind speeds of 5 m/s and

10 m/s, based on different source locations. (a) 5 m/s and (b) 10 m/s.

In Figure 6.13 (a), the red lines indicate the pathway of dispersion for CO2 on the
windward side of the ground floor at a wind speed of 5m/s for Case 1. To better illustrate the
pathway of dispersion and the concentrations in the adjoining rooms, an enlarged view of the
courtyard is presented in Figure 6.13 (b), in which the average CO2 concentration in each
room is detailed. Evidently, the primary pathway of dispersion is on the immediate adjacent
sides when the source of pollution is on the windward side. Notably, there is no dispersion at
the other two levels on the same windward side and no dispersion into the rooms on the
leeward side. As demonstrated in Figure 6.13 (c) and Figure 6.13 (d), the pathway of
dispersion changes when pollutants originate from the leeward side of the ground floor under
the same wind conditions. The pollutants diffuse into adjacent rooms on both sides and exist
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in the rooms on the leeward side of both the first and second floors. Notably, as the number
of floors rises, pollutant concentration is significantly reduced. This decrease is attributed to a

rise in wind speed observed at higher floors, which reduces the indoor retention of pollutants.
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Figure 6.13 CO: dispersion pathways and indoor concentration levels from the
windward side for Case 1 and Case 13. (a) Dispersion pathways for Case 1. (b) Enlarged
view of the dispersion pathways and indoor concentration levels for Case 1. (c) Dispersion
pathways of Case 13. (d) Enlarged view of the dispersion pathways and indoor concentration

levels for Case 13.

6.4.2 Airflow movement and pollutant dispersion at 45<wind direction

6.4.2.1 Air flow velocity and pressure distribution

Figure 6.14 (a) illustrates the dynamics of airflow around the modelled courtyard with a
45<angle. The model indicates that the prevailing wind that blows from the inlet is split into

two parts. One brings the airflow towards the periphery of the model, and the other directs the
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airflow through the interior. In the rooms located on the RW and RS (windward) side, a large
volume of incoming air subsequently flows into the central courtyard. Due to the pressure
gradient, most of the air flows into the rooms on the leeward side (RE, RN), thus creating a

system of "windward-courtyard-leeward" flow.

As shown in Figure 6.14 (b), the velocity distribution reveals that the average wind
speed is 0.59 m/s in the rooms on the windward side, while the average wind speed is 0.86
m/s in one room on the leeward side. The average wind speed in the courtyard is 0.51 m/s.
Figure 6.14 (c) shows the pattern of pressure distribution. In the windward rooms, the
pressure is positive, while it is negative in the leeward rooms, reaching -3.73 pa and -2.38 pa.
In the courtyard, there is a low-pressure zone where the pressure is approximately -1.48 pa.
This pressure gradient plays a major role in directing the airflow from the courtyard towards
the room RNG with a pressure of -3.73 pa. Conversely, the secondary airflow is directed to

the room REG with a pressure of -2.38 pa.
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Figure 6.14 Airflow patterns, wind velocity, and pressure distribution around the
courtyard building at 45 degrees wind. (a) Observed airflow pattern in and around the
courtyard building at 45 degrees wind. (b) Cross-sectional contours of wind velocity in
horizontal orientation around the courtyard building. (c) Pressure distribution in horizontal

orientation around the courtyard building.

6.4.2.2 CO- concentration and dispersion for the courtyard at 45 degrees wind

Figure 6.15 demonstrates the average concentrations of CO; in different rooms when the
wind blows at a 45-degree angle towards the building, with the release rate maintained at 2.8
ml/s. Comparing Figure 6.15 (a) and (b), which present the results for wind speeds of 5 m/s
and 10 m/s respectively, an increase in wind speed reduces CO> retention within the rooms. It
can be observed that the pollutants on the windward side diffuse to the rooms on the leeward

side. For instance, when CO: is present in the RWG room on the windward side, the CO>
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dispersing from the RWG room is detected only in the rooms on the leeward side. The
concentration of CO> is higher on the same floor as its source, diminishing with elevation.
Moreover, when the release source is in the rooms with a greater elevation, there is a
decreasing trend shown by the peak concentration in any room. For example, at a wind speed
of 5 m/s, the concentration of CO; originating from the RSG room peaks at 2264 ppm in the
RNG room. However, when the source of pollution is in the RSF and RSS rooms, the highest
concentrations detected in the monitored rooms are 1579 ppm and 1290 ppm, respectively. In
contrast to the scenario with a wind direction of O degrees, when the source of pollutants is
the leeward side rooms, there is limited to almost no cross-transmission of pollutants to the
other rooms. This aligns with the airflow and pressure results, where the air in these rooms is

expelled towards the outdoor environment.
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Figure 6.15 Average CO> concentrations in different rooms at wind speeds of 5 m/s and

10 m/s, based on different source locations. (a) 5 m/s and (b) 10 m/s.

Figure 6.16 (a) and Figure 6.16 (b) depict the dispersion of CO. in the RWG room on
the windward side when the wind speed is 5 m/s, which is denoted as Case 25. The right
panel in the figure shows an enlarged view of the courtyard, detailing the pathway of
dispersion and the level of concentrations in nearby rooms. Notably, when the source of
pollution is on one of the windward sides, the pollutants diffuse mainly into the two buildings
on the leeward side, with no clear sign of dispersion into both windward facades. As the
difference in pressure becomes more significant between the courtyard and the northern room,
the airflow becomes faster in the north-facing room than in its east counterpart. In this case,

there are more pollutants flowing from the courtyard to the northern room. Consequently, the
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indoor concentration of pollutants in the north-facing RNG room reaches 2481 ppm,

indicating a difference of approximately 400 ppm compared to the east-facing REG room.

As illustrated in Figure 6.16 (c) and Figure 6.16 (d), the pattern of dispersion when the
source of pollution is on the southern side, which is opposite to the windward direction. The
pollutants flow to the courtyard and then to the rooms on the leeward side. When the
concentration of pollutants remains higher in the north-facing room than in the east-facing
room, the overall trend of dispersion remains unchanged. This is consistent with Case 43

when the wind speed is 5 m/s. A similar trend has been observed at a wind speed of 10 m/s.
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Figure 6.16 CO: dispersion pathways and indoor concentration levels from the
windward side for Case 25 and Case 43. (a) Dispersion pathways for Case 25. (b) Enlarged
view of the dispersion pathways and indoor concentration evels for Case 25. (c) Dispersion
pathways of Case 43. (d) Enlarged view of the dispersion pathways and indoor concentration

levels for Case 43.
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6.5 Discussion

This section provides an analysis of the optimal and least favourable scenarios among
the simulated 48 pollutant dispersion scenarios. Additionally, it will compare the results of
wind tunnel experiments and CFD simulations with previous related studies, further

identifying potential areas for improvement in this research.

6.5.1 Comparative analysis of optimal and adverse scenarios

As shown in Table 6.4, at a wind direction of 0< the dispersion of pollutants in the first
24 scenarios is analysed at a wind speed of 5 m/s and 10 m/s, respectively. Then, the most
and least favourable conditions are determined. At a wind speed of 5 m/s or 10 m/s, the
optimal conditions of dispersion are met when the source of pollution is in the rooms facing
north or south. Table 6.3 provides a detailed view of Cases 9, 10, 23, and 24, offering in-
depth insights into RNF and RSG metrics. However, pollutants remain confined in any room
on the non-windward or leeward side of all floors. This is attributed to the lower pressure in
those rooms on these sides compared to the courtyard, which impedes the airflow from the
courtyard into the room as the source of pollution. Thus, the dispersion of pollutants to other
rooms is limited. Such confinement is considered optimal, as the aim is to minimize the
widespread dispersion of pollutants across multiple rooms. Regarding the least favourable
scenarios, the pollutants first diffuse from the room as the source of pollution to the courtyard

and then to the other rooms, which increases the concentrations of CO».
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Carbon Dioxide Concentration
(ppm)
>3000 (Source)

3000
2800
2600
-~ 2400
2200
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- 1800

l 1600
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Optimal Conditions
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Case 9 & Case 23
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Case 10 & Case 24

Wind (§ = 0°)\

&

Wind (p = 00) -
Wind (p = 0°) Wind (p = 0 IJ I

Table 6.4 Comparative analysis of optimal conditions across the first 24 scenarios under

a wind direction of 0 degrees.
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Carbon Dioxide Concentration
(ppm) Adverse Conditions

>3000 (Source)

3000 5 m/s 10 m/s

Case 1 & Case 13 Case 2 & Case 14
2800

2600
2400
[~ 2200

2000

1800

1600

1400

1200

1000

800 A

Wind (B=0°)
600 s @/

400

Table 6.5 Comparative analysis of adverse conditions across the first 24 scenarios under

a wind direction of 0 degrees.

Table 6.5 illustrates four distinct scenarios at two different wind speeds. One is that the
release source is on the windward side (Case 1 and Case 2) and the other is that it's on the
leeward side (Case 13 and Case 14). It is evident that the pollutants disperse into adjacent
rooms when the source of pollution is in the rooms either in or opposite the wind direction,
especially the rooms facing north or south on the same floor. Additionally, the vertical
dispersion into those rooms not directly facing or opposing the wind occurs, despite a decline
in height. At a wind speed of 5 m/s, the highest CO, concentrations are measured to be 3212
ppm (with the source on the leeward side in REG) and 2797 ppm (with the source on the
windward side in RWG). When the wind speed reaches 10 m/s, CO, concentration exceeds

1600 ppm in some monitored rooms. Judging from Table 3 and Table 4, the optimal scenario
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is that the source of pollution is located in the rooms facing the north or the south (neither on
the windward nor leeward sides), whereas the least favourable condition is that the source is
in the rooms facing the east or the west, corresponding to the windward or leeward side,

respectively.

Carbon Dioxide Concentration

(ppm) Optimal Conditions
>3000 (Source)
3000 5 m/s 10 m/s
- Case 33 & Case 41 Case 34 & Case 42
2800
2400 A
- 2200 — — N
- 2000 Wind (B=45°) = Wind (B=45°) >
! 1600
i A A
1400 - § g \
K [ P>
- 1200 ~ : <

- 1000

[ ois Wind (p = 45° Wind ( = 45°)
E -
| 400

Table 6.6 Comparative analysis of optimal conditions across the later 24 scenarios under

a wind direction of 45 degrees.
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Carbon Dioxide Concentration
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Table 6.7 Comparative analysis of adverse conditions across the later 24 scenarios under

a wind direction of 45 degrees.

As shown in Table 6.6 and Table 6.7, at a wind direction of 45< the patterns of
dispersion of pollutants are evaluated at two different wind speeds under 24 different
scenarios: 5 m/s and 10 m/s. According to the results, the best and the worst conditions for
the dispersion of pollutants are identified. When the wind speed is 5 m/s or 10 m/s, the most
conducive dispersion is observed when the pollutants originate from the rooms located on the
north or east, suggesting the leeward side in the context of the wind direction. The pollutants
tend to be trapped within the rooms on the leeward side without extensive dispersion to the
courtyard or adjacent rooms. To a large extent, this is because the rooms on the leeward side
show a decline in pressure relative to the courtyard, restricting airflow. Consequently, the

pollutants flow to the nearby rooms. Such behaviour is deemed optimal as it is aligned with
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the objective of limiting the dispersion of pollutants across different rooms. In contrast, the
least favourable dispersion is characterized by the pollutants diffusing to the courtyard and
then to other rooms, which increases the concentration of CO>. In Table 6.6, this is evident
when the release source is on the windward side (Cases 25 and 26) and in the rooms directly
facing the wind (Cases 43 and 44). The trend suggests a more pronounced dispersion of
pollutants into the courtyard and subsequently into leeward rooms, with a noticeable decrease
in concentration at higher elevations. At a wind speed of 5 m/s, the peak CO> concentrations
reach 2418 ppm and 2264 ppm when the source of pollution is in the west and south on the
windward side, respectively. At a wind speed of 10m/s, the concentrations exceed 1200 ppm
in some rooms. It is underscored that the most effective dispersion occurs when the pollutants
enter the northeast ward rooms on the leeward side, whereas the most adverse dispersion and
the highest pollutant concentrations are observed when the source of pollution is in the

northwest-facing rooms, which is aligned with the wind direction.

6.5.2 Comparison with other studies

In 48 different pollutant dispersion simulation scenarios, the dispersion of pollutants
within crossflow ventilated courtyard buildings is related to the location of the pollution
source and the changes in airflow patterns caused by wind direction. When the wind blows
perpendicularly towards the courtyard building, if the pollution source is on the windward or
leeward side room, pollutants will disperse to the adjacent buildings on both sides. However,
when the pollution source is in a room that is neither windward nor leeward, the pollutants
mainly concentrate in the room where they are released. The dispersion path of pollutants
generally follows the trajectory of air movement within the courtyard. Even when the wind is
at an oblique angle, the trajectory of pollutant movement still follows the airflow paths within

the courtyard. This dispersion characteristic is unique to courtyard architecture, as its special
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architectural form results in different directions and trajectories of airflow movement. In the
study by Cui et al. (2021), they found that different pollution source locations and wind
directions significantly affect the dispersion characteristics of pollutants. Compared to
courtyard buildings, the pollutant dispersion in building complexes is characterized by
concentration in street canyons and downstream dispersion when the wind is perpendicular,
and a more extensive polluted area when the wind is at an oblique angle (Cui et al., 2021).
When the wind blows perpendicularly towards the cross ventilated courtyard building, the
reason pollutants do not disperse downstream is due to the formation of vortices on the
leeward side of the building, leading to a significant influx of wind into the leeward rooms

and subsequent dispersion to the courtyard and surrounding rooms.

As the location of the pollution source changes, this study has found that regardless of
wind direction or speed, pollutants primarily disperse to surrounding rooms on the same floor.
Changes in floor levels mean that the impact of pollution on floors farther from the source
diminishes with distance. Moreover, pollutants primarily diffuse to adjacent floors, with other
rooms in the same building being less affected. This finding is consistent with a study by Liu
et al. (2010) on indoor air pollution dispersion in high-rise buildings in Hong Kong, which
noted the potential risk of cross-contamination between adjacent apartments and possible
inter-unit spread of pollutants. Similarly, Wang et al. (2020) found that when the pollution
source is located on a central floor, the floors closest to the source have the highest risk of
contamination. The innovation of this study lies in its examination of pollution sources
located indoors. Through wind tunnel experiments and CFD simulations, | found that natural
ventilation can remove some indoor particulate pollutants, but it may also introduce outdoor

pollutants indoors, thereby affecting indoor air quality. This is in line with the findings of the
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study by Chu & Yang (2022), which investigated how outdoor particulate matter affects

indoor air quality through natural ventilation.

6.5.3 Limitations and recommendations for future works

This study is based on an idealized model designed to investigate pollutant dispersion in
courtyard buildings, and while it provides foundational insights, it does not encompass all
real-world complexities such as simultaneous indoor pollutant-generating activities and the
influence of surrounding structures. Firstly, one limitation of this study is the need to vary
CO:- release rates based on wind angles and speeds to avoid exceeding the sensor's maximum
detection limit. Future research could address this by using sensors with higher detection
limits or by employing additional methods to normalize emission rates across different
scenarios. Additionally, further studies should consider more complex pollutant generation
scenarios, including simultaneous activities and full scaled model analyses, to better reflect
real-world conditions and enhance the applicability of the findings to practical architectural
design.it should be noted that this study focuses on the dispersion of pollutants within
courtyard architecture and solely considers cross ventilation as the ventilation strategy.
However, there are significant differences in the wind environment of courtyards under
single-sided ventilation compared to cross ventilation, which this paper does not investigate.
Additionally, in this study, the size of window openings was set uniformly, without
considering the potential impact of their variation on pollutant dispersion. For future research
directions, exploring pollutant dispersion in courtyard architecture under single-sided
ventilation conditions, as well as examining the impact of different opening sizes and
orientations on pollutant dispersion, will be of significant value. This will not only provide
more comprehensive guidance for ventilation strategies in courtyard architecture but also

contribute to a deeper understanding of the impact of architectural design on indoor air
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quality. Furthermore, while this study mainly focuses on the exploration of pollutant
concentrations and dispersion paths, future research on factors such as air change rate in
different rooms will also be extremely valuable, further promoting understanding and
innovation in controlling and improving air quality within buildings. The use of exhaust
hoods has a significant effect on eliminating pollutants generated by cooking. Studying the
transmission path from the exhaust outlet to the indoor environment is also an important
direction for future research. Investigating the transmission of pollutants from the exhaust
outlet to indoors can design more effective ventilation systems that reduce the spread of

pollutants at the source.

For the validation and simulation of CFD, | selected the commonly used RANS models
for comparison and application. RANS models are chosen for their ability to successfully
predict airflow movement and pollutant dispersion in courtyard architecture, as well as their
relatively lower computational cost. In this study, the K-epsilon Realizable model was
selected based on the validation of wind tunnel experiments. Nevertheless, the study did not
adopt LES models, based on considerations of computational resources and time efficiency.
However, LES models are renowned for their high-precision description of complex flows,
making them an important direction for future research. Therefore, in future work, comparing
the differences and advantages of RANS and LES models in predicting pollutant dispersion
in courtyard architecture will be an important research area. This will not only help us gain a
deeper understanding of the applicability and accuracy of different models in specific
architectural environments but also promote the development of more efficient and precise
methods for simulating pollutant dispersion, providing stronger scientific support for

courtyard architecture design.
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6.6 Conclusion

This chapter conducts an in-depth investigation of the characteristics of pollutant
dispersion in a crossflow ventilated courtyard architecture, employing a systematic approach
through the integration of wind tunnel experiments and CFD simulations. Compared to
previous studies, this research for the first time provides a detailed analysis of the dynamic
process by which pollutants are transferred from indoors to outdoors and then recirculated

back to other indoor areas through natural ventilation, filling a research gap in this field.

Through wind tunnel experiments, this study conducted detailed measurements of the
wind environment within courtyard buildings, particularly assessing wind pressure
distribution by measuring the pressure coefficient (C,). Additionally, CO concentrations in
the source room and other rooms were monitored using CO. sensors. Two different wind
speeds (5 m/s and 10 m/s) and directions (0<and 45<) were selected for the experiments. The
results of the wind tunnel experiments were validated using CFD simulations, comparing
three different RANS models with the K-epsilon Realizable model, which was ultimately

chosen as the turbulence model for subsequent research.

In the CFD model, 48 different scenarios of pollutant dispersion with varying wind
speeds and directions were set up to analyse the dispersion effects when pollutants are placed

in different rooms. The study found that:

(1) Cross ventilation in the courtyard building significantly influences the dispersion of
indoor pollutants to the outside, especially as the unique structural form of courtyard
buildings causes airflow movement to differ from other buildings. For instance, when the

wind direction is 0< pollutants disperse from windward or leeward side rooms to adjacent
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side rooms; while at a 45° wind direction, they disperse to the opposite rooms at the
windward corner.

(2) Changes in wind speed primarily affect the concentration of indoor pollutants, with
high wind speeds aiding in reducing accumulation and low wind speeds leading to more, but
not altering the direction of pollutant dispersion.

(3) The circulation of pollutants from indoors to the courtyard and back indoors caused
by natural ventilation has a significant impact on rooms on the same floor, while as the floors

change, the impact gradually diminishes on floors further away from the pollution source.

This study, through the combination of wind tunnel experiments and CFD modelling,
has revealed the patterns of pollutant dispersion in courtyard architecture and identified the
optimal scenarios where pollutants do not disperse to the courtyard and surrounding rooms,
as well as the worst scenarios where pollutants extensively disperse to other rooms through
natural ventilation. These findings not only deepen the understanding of natural ventilation
patterns in courtyard architecture and the resultant pollutant dispersion but also provide
valuable guidance to architects aiming to create safer and more comfortable living

environments.
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Chapter 7 Conclusions and Future works

7.1 Conclusions

This research primarily investigates the interactions between courtyards and their
adjacent indoor spaces. It focuses on the impact of various passive technologies such as
different roof designs, vegetation, and water sprayers on the aerothermal conditions and
pollutant dispersion within courtyard buildings. Previous studies mainly concentrated on the
microclimate within the courtyards themselves. To fill this research gap, | utilized CFD
simulations to explore natural ventilation, temperature control, and pollutant dispersion in
courtyard buildings. | validated various courtyard models derived from wind tunnel
experiments, comparing different turbulence models, especially the RANS models to ensure
robust CFD model validation. This study examined the effects of ten different roof designs on
natural ventilation and passive cooling in courtyard buildings. The results showed that dome
roofs, compared to flat roofs, enhanced ventilation, increasing indoor wind speed by 80% and
reducing temperature by up to 2.1<C. The arrangement of vegetation in the courtyard,
particularly large trees, significantly improved the indoor thermal comfort of surrounding
buildings. Additionally, water misting in single-sided ventilated courtyards improved indoor
thermal conditions, reducing temperature by 2.06<C and increasing humidity by 4.29%.
Pollutant dispersion analysis indicated that structure, orientation, and external wind patterns
significantly influence pollutant spread, primarily affecting adjacent rooms on the same floor.
This multidimensional analysis focuses on courtyard design features and their impact on
indoor environments, evaluating roof designs and common natural elements in courtyards as
passive technologies to regulate the microclimate and improve the indoor wind and thermal

environment of surrounding buildings. It provides insights into design choices and air quality,
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promoting sustainable building practices to address climate change and create healthier urban

living spaces.

The study achieved its set objectives as defined in Chapter 1 (see Section 1.2 for details)
through the comprehensive use of numerical analysis and experimental research methods.

The main findings are summarized as follows:

1. The courtyard’s shape significantly impacts the ventilation and passive cooling. The
results showed that the streamlined design of the dome roof courtyard facilitates
closer airflow along the roof surface, significantly enhancing natural ventilation
compared to other styles. Specifically, the average indoor wind speed under a dome
roof was found to be 80% higher than that of the baseline model (flat roof), and the
finding suggests a linear relationship between indoor wind speed and passive cooling,
higher wind speeds result in greater heat dissipation. Notably, courtyards with dome-
shaped roofs achieved the lowest indoor temperature, 2.1 T lower than that of the
baseline model. In contrast, the parapet roof exhibits the least effective ventilation,
with the highest average indoor temperature of 26.4<C and the lowest average wind

speed.

2. The application of evaporative cooling systems in courtyards has been found to
significantly impact the wind and thermal environment within courtyard buildings
and the surrounding indoor spaces, capable of effectively reducing temperatures and
increasing relative humidity. Deploying water sprayers in single-side ventilated
courtyard buildings markedly transformed the indoor wind patterns, largely by

blocking the inflow of wind and altering airflow directions due to shifts in
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temperature and humidity. The introduction of sprayers led to a pronounced cooling
effect, with the ground-floor rooms on the west side experiencing the most
substantial decrease in temperature, up to 8.25 <C, and a humidity rise of 20.27%.
Across the 16 evaluated rooms, there was an average temperature drop of 2.06 <C
and a 4.29% increase in humidity. This cooling effect was most evident in rooms
facing west and lessened with higher floor levels. Additionally, the study
investigated how varying water flow rates, from 0.5 I/min, I/min to 12 I/min,
influenced thermal regulation indoors in these courtyard buildings. A distinct
reduction in room temperature became noticeable as the water flow rate was adjusted
from 5 I/min to 6 I/min, with further increases in flow rate reaching a point beyond

which no additional cooling benefits were observed.

In this study on the impact of vegetation arrangement in courtyards on the indoor
wind and thermal environment of surrounding buildings, | found that introducing
vegetation of various sizes into the courtyard significantly altered the wind speed
within rooms, with a noticeable increase in some rooms. This change is primarily
attributed to the vegetation's adjustment of airflow direction and its transpiration
effect, which lowers the temperature in the courtyard, thereby affecting indoor wind
conditions. Notably, whether it was small trees of 1.5 m or large trees of 2 m, their
presence increased the wind speed in five rooms, especially on the north and west
sides of the courtyard. Moreover, the addition of vegetation not only effectively
reduced the highest indoor wind speeds but also increased the lowest wind speed
levels. Regarding indoor temperature, the introduction of vegetation into the
courtyard led to a noticeable cooling effect, and the size of the vegetation had a

significant impact: the larger the trees, the more substantial their contribution to
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cooling the courtyard and the indoor environment of surrounding buildings.
Particularly, in courtyards with large trees, the maximum cooling effect observed in

one of the indoor rooms reached up to 6.58<C.

. This study investigates the characteristics of pollutant dispersion within cross-
ventilated courtyard buildings. Wind tunnel experiments were conducted to
thoroughly examine the wind environment inside courtyard buildings, with CO>
concentrations in the source room and other rooms monitored using carbon dioxide
sensors. The experiments considered two different wind speeds (5 m/s and 10 m/s)
and directions (0°and 45, with CFD simulation employed to validate the results of
the wind tunnel experiments. Among three different RANS models compared, the k-
epsilon Realized model accurately simulated the pressure distribution and pollutant
dispersion within the courtyard building. In the CFD model, scenarios of pollutant
dispersion were set up for 48 different wind speeds and directions to analyze the
dispersion effects when pollutants were placed in various rooms. The research
revealed that cross-ventilation in courtyard buildings significantly impacts the
dispersion of indoor pollutants to the outdoors, especially as the unique structural
form of courtyard buildings leads to different airflow movement patterns compared
to other buildings. For instance, at a 0°wind direction, pollutants could spread from
windward or leeward side rooms to adjacent rooms; at a 45< wind direction,
pollutants dispersed to rooms at the windward corner. Variations in wind speed
mainly affected the concentration of indoor pollutants, with higher wind speeds
helping to reduce the accumulation of pollutants, while lower speeds increased
indoor pollutant concentrations but did not change the direction of pollutant

dispersion. The pollutants moving from indoors to the courtyard and back indoors
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due to natural ventilation significantly affected rooms on the same floor, but the
impact gradually decreased with distance from the pollution source and with higher
floor levels. Under adverse conditions, a notable propagation of pollutants to non-
source rooms was observed, with a particularly unfavourable scenario identified
where a room, not the initial source of pollutants, experienced an increase in

pollutant concentration from a baseline of 400 ppm to 3,211 ppm.

Common ventilation modes in courtyard architecture primarily include single-sided
and cross-ventilation. Compared to courtyard buildings with cross-ventilation, those
utilizing single-sided ventilation more effectively demonstrate the courtyard's role in
regulating the indoor wind and thermal environment, significantly reducing the
impact of external disturbances. Particularly, when deploying various passive control
technologies within the courtyard, single-sided ventilation, as opposed to cross-
ventilation, can more significantly utilize methods such as vegetation and water
sprayers to improve the courtyard's wind and thermal environment, thereby affecting
the indoor wind and thermal environment of surrounding buildings. For instance, by
installing evaporative cooling systems in the courtyard, it can be observed that in
courtyard buildings with cross-ventilation, the impact of water sprayers on the
indoor thermal environment is relatively limited, only causing minor changes in the
indoor wind environment and cooling-humidifying effects. The single-sided
ventilation strategy particularly highlights how changes in courtyard design can
improve the microclimate of the courtyard, thus affecting the indoor environment of

adjacent buildings.
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7.2 Contribution to knowledge

This study applies simulation and experimental methodologies outlined in the literature
review to bridge the research gap detailed in Chapter 2. Specifically, it enhances the
understanding of how various passive technologies affect the microclimate of courtyards,
with a focus on the indoor wind and thermal environment of courtyard buildings and the
dispersion of pollutants within these settings. Herein, the contributions made to the field of

courtyard buildings are summarized:

1. Extensive numerical simulation data have been provided on the application of various
passive techniques and courtyard design to the study of the indoor aerothermal performance
of courtyards, as well as experimental data from wind tunnel experiments on courtyard

buildings.

2. Numerical studies have demonstrated the impact of different roof styles on the wind
environment within courtyards and the indoor wind environment of surrounding buildings, as
well as the effect of natural ventilation on cooling indoor spaces of courtyard architecture.
Furthermore, the primary factors affecting the indoor wind environment of courtyard

buildings are discussed (Chapter 3).

3. CFD numerical studies have indicated the impact of water sprayers on the wind speed,
temperature, and relative humidity inside courtyard buildings with single-sided and cross-
ventilation. Additionally, the effect of different water flow rates on indoor cooling efficiency

is analysed (Chapter 4).
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4. Numerical studies have explored the impact of arranging vegetation of different sizes
within courtyards on the wind and thermal environment of both the courtyard and the indoor
spaces of surrounding buildings, examining the effect of vegetation size on the microclimate

of courtyard architecture (Chapter 5).

5. Research involving wind tunnel experiments and CFD simulations has revealed patterns
of pollutant dispersion in courtyard architecture, presenting results under various wind speeds
and directions. Additionally, CFD has validated the indoor airflow and CO: dispersion

conditions observed in wind tunnel experiments of courtyard buildings (Chapter 6).

7.3 Limitations of the thesis

1. One of the limitations of this thesis is the use of three different courtyard building
models. These models are derived from two separate wind tunnel studies of
courtyard buildings, scaled and adapted for use in different chapters. Additionally,
| conducted my own wind tunnel experiments using a specific courtyard building
model. This resulted in the presence of three distinct courtyard models throughout
the thesis. While this approach allowed for a comprehensive analysis of various
aspects of courtyard design, it also introduced variability that could affect the
consistency of the results. Furthermore, there were inconsistencies in the size and
height of the buildings, as well as the location and size of the windows, such as
openings facing the internal courtyard or both the internal courtyard and external
facing. These variations impact the direct comparison of the passive strategies

explored in the research.
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Another limitation of this thesis is the use of different turbulence models in various
chapters. The selection of turbulence models was primarily based on two key
factors: the simulation results of wind tunnel experiments and the turbulence
models commonly used in previous related research. This approach, while
necessary, introduces variability that could affect the consistency of the results.
Chapter 3 focuses on the airflow patterns within courtyard buildings with various
roof styles. The k - o standard model was chosen based on validated CFD results
from prior wind tunnel experiments using a similar courtyard model. This model is
known for its accuracy in capturing detailed flow structures in such configurations.
Chapter 4, which studies courtyard buildings with evaporative cooling systems
(spray devices), and Chapter 5, which examines courtyard buildings with
vegetation, used the k- realizable model and the k-¢ standard model, respectively.
These models were chosen because most previous studies on spray devices and
vegetation utilized these turbulence models. In Chapter 6, the k- realizable model
was used to simulate pollutant dispersion in courtyard buildings. This choice was
based on wind tunnel experiments and subsequent CFD validation, which
demonstrated that the k-e¢ realizable model more accurately reflects the

experimental results for both the courtyard building and pollutant dispersion.

In the case of courtyard buildings with single-sided ventilation, the airflow
primarily circulates within the courtyard, resulting in very low wind speeds indoors.
Additionally, when windows are only 20% open, it further exacerbates the
situation. This leads to the turbulence model being unable to accurately simulate
the indoor conditions, as the airflow patterns indoors become highly complex.

Therefore, it is crucial to use a laminar model for low wind speed conditions
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indoors, in contrast to the turbulence model used for outdoor simulations. This
distinction is necessary to accurately capture the differing airflow dynamics
between the indoor and outdoor environments. Future research can address this
issue by establishing separate fluid domains for indoor and outdoor areas, allowing

for more accurate simulations of both environments.

4. Several settings related to courtyard buildings and certain passive technologies are
based on hypothetical models, which differ from real-world conditions. For
instance, the vegetation is modelled to act as a heat sink, absorbing surrounding
heat, which is a simplification that cannot fully capture the complexities of actual
vegetation. Similarly, various other elements, such as water spraying devices, roof
styles, and pollutant dispersion models, involve idealized assumptions. These
assumptions lead to discrepancies between the simulation results and real-life
scenarios, such as unrealistic cooling effects of vegetation and very low indoor
wind speeds. These limitations highlight the need for future research to incorporate
more realistic settings and models to enhance the reliability and applicability of the

findings.

7.4 Recommendations for further work

The following areas that require further investigation have been identified:

1. Future research should aim to use a standardized courtyard building model and a
consistent turbulence model across all studies. This approach would minimize
variability and enhance the comparability of results, providing a more cohesive

understanding of the effects being studied. By standardizing these aspects,
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researchers can ensure that their findings are more robust and universally

applicable.

Future research on different roof designs for the courtyard has overlooked the
specific impact of roof height and slope on airflow. Some suggest that increasing
the roof slope could enhance wind speed at windows and roof openings, with
airflow behaviour and characteristics largely influenced by the roof slope. These
findings indicate a significant direction for future research. Moreover, the research
set wind direction to 0< neglecting the impact of other wind directions, which also

marks an area for improvement in future studies.

Future work on the integration of water sprayers with courtyards will include
adjusting the position, height, and water temperature of the sprayers to further
investigate their impact on the indoor thermal environment. Moreover, my
previous research indicated that evaporative cooling technologies in single-sided
ventilated courtyard buildings have a significant impact only on specific areas. In
contrast, courtyard buildings with cross-ventilation did not improve the indoor
thermal and humidity conditions in all rooms. Future studies aim to extend these

cooling and humidifying effects to a broader range of rooms.

In the current research, vegetation of different sizes is placed within courtyards,
and the vegetation is positioned at the four corners of the courtyard. Future studies
could explore the impact of vegetation located in different positions and even
combine this with research on green roofs. Additionally, the effect of different

types of vegetation on the indoor wind and thermal environment of courtyard
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buildings could also be examined. Furthermore, future research on courtyard
architecture could involve comparing different passive technologies in
combination and contrasting their effects under specific climate conditions to

provide recommendations for future courtyard building design.

In future research on pollutant dispersion in courtyard architecture, it would be
valuable to explore pollutant dispersion under single-sided ventilation conditions,
as well as to examine the effects of different opening sizes and directions on
pollutant dispersion. Furthermore, although this study primarily focused on
exploring pollutant concentrations and dispersion paths, future research on factors
such as ventilation rates in different rooms will also be very valuable, further
advancing the understanding and innovation in controlling and improving indoor

air quality in buildings.

To validate and simulate using CFD, | chose to compare and apply the commonly
used RANS models. The selection of RANS models was based on their ability to
successfully predict vegetation, water sprayers, natural ventilation, airflow
movement, and pollutant dispersion in courtyard architecture while also being
relatively low in computational cost. However, due to considerations of
computational resources and time efficiency, this study did not employ LES
models. Nonetheless, LES models are renowned for their high-precision
descriptions of complex flows, making them an important direction for future
research. Therefore, comparing the differences and advantages of RANS and LES
models in predicting pollutant dispersion in courtyard architecture will be an

important research area in future work.
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