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Abstract

A rapid increase in urbanisation and rising populations living in urban areas lead to
major problems including increased rate of air pollution and global warming. Assess-
ing the impact of buildings on wind flow, air temperature and pollution dispersion on
people at the pedestrian level in the urban design is therefore of crucial importance. In
this study, Computational Fluid Dynamics (CFD) simulations are carried out for a case
study, representing the East Village in the London Olympic park. Simulations are con-
ducted by the commercial software, STARCCM+ under steady state conditions with
the Reynolds Average Navier-Stokes (RANS) method. Following the determination of
areas of high velocity, appropriate tree planting is proposed to overcome the effect of
corner and downwash acceleration. Afterwards, improving the thermal environment
and air quality is evaluated using different forms of urban vegetation including green
roofs, green walls and trees. Thermal simulations using CFD are carried out for a se-
lected area of the East Village. This study indicates that adding a building increases air
temperature, pollution concentration, and velocity at the pedestrian level. A parametric
analysis is conducted to assess the impact of various key parameters on air tempera-
ture, pollution, and velocity at the pedestrian level. These variables include wind speed
which ranges from 4-8 m/s at a reference height of 10m, and vegetation cooling inten-
sity which varies from 250-500 W m™. Three scenarios are tested in which the streets
have no bottom heating, 2 °C bottom heating, and 10 °C bottom heating. Pollution is
simulated as a form of passive scalar with an emission rate of 100 ppb s!, consider-
ing NO; as the pollutant. In all cases, vegetation is found to reduce air velocity and
temperature, however, the presence of vegetation in various forms alter the pattern of
pollution dispersion differently. More specifically, the results indicate that planting
trees close to the edge of buildings can decrease the air temperature by up to 2-3 °C at
the pedestrian level. Increasing the cooling intensity of the vegetation from 250 to 500
W m3 results in significantly lower air temperature. In addition, lower wind speeds
result in increased pollution concentrations at the pedestrian level. Furthermore, it was
found that combining green walls and trees is the most effective strategy to improve
thermal environment and air quality. The results of this thesis provide useful clues for
the design of green solutions for improving air quality, outdoor pedestrian comfort,
and thermal environment.
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Chapter 1

Introduction

1.1 Background

The majority of the world’s population currently lives in cities, and the trend toward urbani-
sation continues to grow year after year. An increase in the number of people living in urban
areas causes severe issues such as pedestrian discomfort as a result of high-rise building con-
structions, global warming, urban heat islands (UHI) due to a lack of greenery, and pollution,
particularly of water, air, and noise, due to the high welfare of big cities [1, 2]. These are un-
avoidable changes, so steps must be taken to eliminate or at least lessen their consequences for
the sake of people’s comfort. Three significant topics are discussed in the following sections,

which are the study’s main focus.

1.1.1 Wind assessment and pedestrian discomfort

Evaluating wind flows around buildings is part of the planning application during the design
of new developments. Determination of wind flow pattern and wind speed at the pedestrian
level are conducted for pedestrian comfort to create a relaxing environment for human beings.
Wind microclimate assessment refers to combining the local wind data with various techniques
(e.g. CFD in this study) to predict the wind speeds at the pedestrian level and assess the

comfort based on the Lawson comfort scale [3, 4]. Following the determination of high velocity

20



CHAPTER 1. INTRODUCTION 21

areas which cause pedestrian discomfort, mitigation techniques are introduced to decrease the
wind speed. Various techniques have been used so far and planting vegetation is one that is

investigated in this study.

1.1.2 Urban Heat island effect (UHI)

The term "urban heat island" refers to a situation in which the temperature in a city is much
higher than in nearby rural areas. The first UHI study was carried out in 1800 by Yong et al.

[5]. The figure below depicts the usual profile of urban heat island.

32

30

28

26

Late Afternoon Temperature [°C]

| Suburban Commercial Downtown Urban  park  suburban  Rural

Residential Residential Residential Farmland

Rura

Figure 1.1: Typical profiles of UHI. Image Adapted from [6].

According to Oke et al. [7], urban heat islands can raise city temperatures by 2 to 8 °C. Ac-
cording to a 2013 study by Mohajerani et al. [8], the temperature rise will be between 5 and 15
°C. A survey conducted by Grimmond et al. [9] has shown that, by 2030, 61% of the world’s
population would be living in cities. This suggests that UHI will become more intense as a
result of deforestation and global warming. Appropriate actions must therefore be taken ahead

of time to prevent these issues.

Many factors contribute to these phenomena, including a lack of vegetation in cities, increased

anthropogenic heat, and the use of dark, low-albedo construction materials. This phenomena
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has a negative impact on people’s health, leading to an increase in morbidity and mortality. The
vast bulk of research in this area has been done to explain the phenomena, the methodology for
evaluating UHI (e.g. experimental, numerical works), and the mitigation strategies that have

been examined so far. The following chapter will go through these issues in greater depth.

1.1.3 Urban air pollution

One of the most critical environmental issues affecting urban environments is air pollution.
Pollution comes from a variety of sources, including cars, houses and industry. There are two
types of air pollutants: primary air pollutants and secondary air pollutants. Nitrogen oxides
(NOy), volatile organic compounds (VOCs) and carbon monoxide (CO) are the most common
primary air pollutants discharged directly into the atmosphere from emission sources [10]. In
urban areas, road transport is the primary source of NOx. The majority of NOy generated by
cars is in the form of nitric oxide (NO), with a little amount of nitrogen dioxide (NO,) [11].
NO; in excessive concentration can have negative consequences for human health, such as car-
diovascular disease, lung problems, respiratory symptoms, and allergies. High levels of NO
may have negative effects on plants and habitats leading to loss of biodiversity [12].

To protect human health, air quality standards and guidelines have been established. The air
quality limit and objective values that must be fulfilled by the UK National Air Quality Objec-

tives can be found by department for environment food & rural affairs in Ref. [13].

1.2 Study objectives

The major goal of this thesis is to provide methods for improving pedestrian comfort in urban
environments while minimizing UHI and pollution. Human health, air quality, and temperature
are all affected by dense populations in urban regions with high-rise structures. Buildings in
metropolitan areas obstruct the atmospheric flow and create high-velocity areas which is un-
comfortable for pedestrians. As a result, steps must be taken to address the challenges and

build pedestrian-friendly residential zones. One of the strategies considered in this study that
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can lead to pedestrian comfort is planting greenery in various types. In addition to reducing
wind speed through vegetation, which modifies the flow pattern and speed, the impact of green-
ery on air temperature and pollution at the pedestrian level must be assessed. To do so, a case
study was developed that represents the East Village in the London Olympic Park and depicts
a small part of the urban environment. This case study is subjected to CFD simulations. The
results consist of pedestrian velocity contours, which are followed by a new configuration with
the addition of trees. In each high-velocity zone, different tree configurations are planted, and
the optimal layout is chosen based on the reduction in wind speed magnitude. In addition to
the wind speed reduction, the impact of various forms of vegetation (e.g. green roofs, green
walls and trees) on air temperature and pollution are evaluated. For this part, the selected areas
of East Village is taken as a case study. The finding demonstrates how constructing a high-rise
building in the direction of the wind speed can increase UHI and degrade air quality. It also
shows how vegetation can help to mitigate the negative effects of high-rise structures. The
favourable effects of various vegetation scenarios are confirmed by contours of air tempera-
ture, pollution concentration, and velocity at the pedestrian level. The contours indicate the
magnitude of the reduction of air temperature, pollution and velocity as well as the radius of

the reductions to the buildings.

This study demonstrates a step-by-step approach to environmental design. This work contains
implications for the prediction of wind speed at the pedestrian level, practical guidance for
urban designers to achieve pedestrian comfort as well as sustainable cities with lower pollution
and temperature. Incorporating the present findings at the design stage of large developments
will allow engineers to create environmentally sustainable buildings, providing direct social

benefits to the local communities.

1.3 Outline of thesis

This thesis consists of 7 chapters. In chapter 1, the main aim of this project and the summary

of this work are explained. Chapter 2 of this work provides a comprehensive review of the
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UHI effect, pollution dispersion in urban environment and wind microclimate assessment. De-
tails are given about the causes and effect of UHI on the environment, existing approaches for
determining UHI, methods of abatement for pollution dispersion and wind speed mitigation
strategies. In chapter 3, the mathematical modelling models used to represent the thermal en-
vironment with pollution are classified into four sections: Turbulence, heat transfer, vegetation
and modelling of the pollution. The applicability of various turbulence models in urban design,
different modes of heat transfer available to model the thermal environment, and the simpli-
fied method that was used in this study, as well as the required equations in case of adding
vegetations in urban design, are discussed in this section. Furthermore, the model used for
pollutant dispersion is thoroughly described. Chapter 4 deals with the numerical procedure in
more detail. Two case studies are introduced in this chapter. Test case 2 is the main case study,
representing the East Village in London Olympic park which is followed by a validation test
(Test case 1) against an experimental data for a simpler urban configuration. Each test case
includes the information regarding the geometry, mesh, governing equations and the boundary
conditions. The evaluation of wind speed at the pedestrian level is the subject of Chapter 5.
Following the determination of high-velocity zones for Test case 2 in section 4.3.1, the use of
vegetation to reduce wind speed is proposed. In this chapter, Test case 3 is essentially Test
case 2 with vegetation. This section contains a variety of tree arrangements. The mitigation
of wind speed for various designs has been compared. Chapter 6 which investigates the effect
of vegetation in different forms (e.g. green roof, green walls and trees) on air temperature and
pollution at the pedestrian level. This chapter includes 4 test cases that are numbered from 4
to 7. Test case 4 and Test case 5 are the validation case studies. Test case 4, consists of several
street canyons to validate the effect of heat (namely bottom heating) on the air temperature in
the targeted street canyon. Test case 5 consists of 2 buildings and is validated against a nu-
merical work to see the effect of pollution dispersion. Test case 6 is the selected area of East
village which includes 7 buildings and the Test case 7 is the extension of Test case 6 with one
building more. The differences between Test Cases 6 and 7 show how adding a building affects

velocity, air temperature, and air quality. Test case 7 incorporates several types of vegetation
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under various conditions, and their impact on air quality, temperature, and wind speed has
been evaluated. The impact of wind speed, vegetation cooling intensity, and bottom heating on
greenery effectiveness in terms of velocity, air temperature, and pollution concentration was
analysed. Concluding remarks and recommendations for future work are included in the last
chapter. Figure 1.2 depicts the Beyer building at the University of Manchester as an example of
a sustainable architecture with green walls and trees surrounding it, which is this study’s main

focus.

rad

Figure 1.2: Beyer building: an example of sustainable building [14].



Chapter 2

Literature review

2.1 Preliminary remark

In this chapter, the outline of the key analysis of UHI, pollution dispersion and wind micro-
climate assessment is explained. This includes the main causes of UHI as well as its impact
on human’s health. In the following section, the main studies to determine UHI intensity are
described. Thereafter, the main mitigation methods are identified. Afterwards, Pollution dis-
persion analysis in urban environments is evaluated and followed by suggesting methods of
pollution reduction in urban areas. In the last section of this chapter, wind microclimate assess-

ment is discussed which is an essential step for pedestrian comfort in an urban areas.

2.2 The causes and impact of urban heat island effect

on the environment

As a result of local and global climate change, ambient temperatures are rising by several
degrees, with significant implications for energy use, health, and the economy. Increased urban

air temperatures have a wide range of impacts for people’s lives, including the following:

* Significant decline in city air quality. Increased urban temperature values contribute

26
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to higher levels of primary and secondary regional pollutants, such as nitrogen oxides
(NOy) and ozone (O3) as reported by Sarrat et al [15]. Furthermore, high wind speeds

can trap pollutants inside cities, providing a health risk to residents. [16].

* Detrimental effect on people’s health and well-being which increases the rate of death

and mortality significantly.

* The lack of indoor and outdoor thermal comfort: Numerous studies have linked an in-
crease in ambient urban temperature to a decrease in pedestrians’ summer outdoor ther-

mal comfort [17, 18]

» Raising the cooling and heating requirements of the building where the cooling and heat-
ing load is determined by the intensity of urban warming and the number of buildings in

the area.[19-21]

The causes of UHI are divided into several groups. Urbanisation and the construction of high-
rise buildings, which store more heat during the day and release it at night, are the main and
primary drivers of UHI. In addition, a lack of vegetation and deforestation as a result of hu-
man activities, as well as the use of land for building construction contribute to the rise in
city temperatures. Moreover, pavements and roofs with low albedo, anthropogenic activities
(e.g. traffic, industry) aggravate the UHI effect [8] . Possible causes of UHI have been shown

schematically in Figure 2.1.
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Figure 2.1: Illustration of possible causes of UHI. Image taken from [22].

2.3 Approaches for urban heat island evaluation

The vast majority of work has been done to combat UHI. Urban materials, urban geometry,
air pollution, and anthropogenic heat, which is released by humans (e.g. traffic, industry),
are the key characteristics of the urban region that distinguish it from its surrounding and rural

surroundings.

The intensity of the urban heat island is influenced by a variety of factors [23]. Climate features,
surface morphology, proximity to water, proximity to industrial site, urbanisation, vegetation
ratio in area, land use, street canyon structure, building density, heating and cooling energy

consumption, traffic, and air pollution are all aspects to consider.

The majority of the UHI investigations were done as part of a case study, and some of them
were validated locally. However, they all show a similar pattern, indicating that both urban and

rural temperatures are rising.

At different times of the day, the intensity of UHI varies. The effects of UHI are amplified
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at night can however, be seen during the day. During the night, the building’s stored heat is
released. In addition, There are a few days each year when the temperature is much higher
than other days, referred to as a heat wave, during which UHI is exacerbated in this period
[24]. According to Meehi and Tebaldi [25], the urban region will be subjected to more heat
waves in the future, with the intensity of these waves increasing as a result of global warming.

This issue is exacerbated in regions where UHI is already present.

There are several ways to model UHI. Observational and numerical methods are the two tech-
nical solutions. Computational fluid dynamics (CFD) and urban canopy modelling (UCM) are
two approaches to numerical analysis. The next sections discuss these strategies in further

depth.

2.3.1 Observational techniques

Observational techniques refers to the techniques which are conducted through measurements
including field measurement, thermal remote sensing such as using satellite imagery or small-
scale physical modelling such as wind tunnel testing [26]. Measurements can be used to fore-
cast UHI intensity by estimating thermal and airflow parameters [27]. The temporal and spatial
variance of UHI can be assessed using these methods. Stochastic techniques such as regression
modelling and neural network modelling can be used to represent data obtained through field

measurement.

Due to UHI, temperature in urban areas can fluctuate dramatically in different places. Re-
gardless of this heterogeneity, there is a simplified model in the literature that indicates the
relationship between UHI intensity and population, sky view factor, building aspect ratio, and
other factors. These models are used traditionally to estimate the UHI intensity. For instance,
Oke et al. [28] in the year 1973 developed a model that shows the relation of maximum tem-

perature to population. This relation is shown in Equation 2.1.

AT\~ pymax = AlogPo — B 2.1



CHAPTER 2. LITERATURE REVIEW 30

where Po stands for population for ideal calm and clear conditions. In North America and
Europe, the constants A and B in the equation above differ. To derive the equation above, Oke
measured the temperature with a thermistor probe mounted on one side of a car . Finally, this
equation was developed using regression modelling. Oke et al. [29] established another model
that shows the relationship between UHI intensity and the aspect ratio of buildings in his other

research. Equation 2.2 demonstrates this relationship.
H

Another equation that describes the relationship between UHI intensity and sky view factor is
as follows:

ATy rymax = 15.27 — 13.88ys (2.3)

The sky view factor is denoted by ys . Building height and width are represented by H and W,

respectively.

These types of models, as described above, are for the entire city, and one value cannot be
used to accurately assess the urban heat island for a single area. Artificial Neural Networks
(ANN) is another method of predicting UHI in this area . In this approach, different elements
that cause UHI will be used as inputs, and the air temperature will be evaluated using different
neural network designs. Based on the work of Gabokis et al. [30], time, ambient temperature,
global solar radiation were regarded as an input to the model and these variables were utilised
to train and evaluate different topologies of neural network. The input data for developing such
a model comes from the measurement. The ambient temperature is monitored at numerous
experimental sites, whereas global sun radiation is measured at the national observatory in this
study. There are several types of neural network structures, including feed forward, Elman, and
cascade neural networks. According to the findings of the study mentioned above, the intensity
of the urban heat island can be anticipated for a 24-hour period. This calculation is useful for
forecasting energy use during heat waves. In this context, another work conducted by Sherafati

et al. [31] shows a use of spatial variables such as: neighborhood development, distance to
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nearest road, digital elevation model, slope and aspect to anticipate the surface temperature.

Aside from these methods, wind tunnel testing can be used to assess airflow and temperature
around buildings. To apply this strategy, a scaled model of the genuine situation needs to
be created. The wind tunnel test conditions must resemble the actual site circumstances in
an urban region. This can be accomplished by employing the similarity law. Validation of

numerical simulation results is frequently done in a wind tunnel [26].

Following the introduction of the numerical system, the next section compares experimental

and numerical approaches.

2.3.2 Computational Fluid Dynamics(CFD)

With the advancement of computer capabilities in recent years, numerical simulation approaches
have received a lot of attention and are now widely employed at various scales. Nowadays,
computational fluid dynamics (CFD) is widely used as a numerical technique in a variety of
domains. CFD can resolve airflow, heat transfer, and their interactions with buildings and other
impediments in order to describe the thermal environment. The equations describing fluid flow

can be solved using CFD are: mass, energy, and momentum conservation [32].

The two scales of CFD analysis for the urban environment are meso-scale and micro-scale.
The mesoscale CFD analysis is valid for heights of 200 m to 2 km. These models are utilised
for parts of the planetary boundary layer, and they treat the urban area as a roughness layer,
whereas CFD at the microscale stays inside the surface layer. These layers, as well as various

scales, are depicted schematically in Figure 2.2 and 2.3.
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Figure 2.2: Atmospheric boundary layer. Image taken from [33].
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Figure 2.3: Representation of various scales in urban climate modelling. Image taken

from [32].

There are some advantages and disadvantages of using CFD for thermal environment studies. It
should be noted that with measurement, all places in space cannot be measured, and it depends
on where the sensor is positioned, according to the observational techniques described in sec-
tion 2.3.1. Besides, all points and variables in defined computational domains will be evaluated
using numerical simulation, whether CFD or UCM is used. (see section 2.3.3). At the same
time, all variables such as velocity, pressure, and temperature will be determined. Furthermore,

the measurement method is limited to a small area. Sensors are generally expensive, and have
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limited number of points in space, therefore, it is not possible to estimate future airflow or

temperature using experimental methods, but it is possible using numerical approaches [34].

2.3.3 Urban canopy modelling (UCM)

The urban canopy layer (UCL) is a layer that exists between the ground and the average height
of buildings and trees. Energy and mass exchange between specific surfaces and canyon air
determine its properties [35, 36]. Various computational models have been designed to examine
the energy exchange above cities, as well as the transfer of momentum and moisture between
the UCL and the overlying atmosphere. These models considers the effects of urban building

typology when computing the surface energy balance.

In the urban canopy model, CFD is separated from the energy balance modelling. In this nu-
merical method, energy balance equations are derived for a control volume which contains
at least two adjacent buildings. The model assumes the energy exchanges between surfaces
and the surrounding air is in urban canopy as it has been illustrated in Figure 2.4. This model
predicts air temperature, building surface temperatures, pavement temperatures, and street tem-
peratures. Airflow is an external input to the model that is decoupled from CFD. WRF (Weather
Research and Forecast), a mesoscale weather prediction model, can be combined with UCM.

This approach has been used in a variety of studies, including [36—40].

When comparing UCM to CFD, it is evident that CFD is capable of evaluating both flow and
heat transfer using an explicit mechanism for velocity and temperature coupling. However, if
a more detailed building simulation is necessary, CFD can be combined with building energy
simulation. In addition, this method can be used to assess humidity and pollution, whilst UCM
does not assess flow analysis in the vicinity of buildings [32, 41]. Furthermore, CFD analysis
may be used to analyse scales ranging from mesoscale to building and relatively smaller scales
such as human scale. Aside from the benefits of CFD over UCM and observational approaches,
there are several disadvantages to implementing it. One of the disadvantages of employing CFD

is the requirement for high resolution urban geometry, as well as adequate boundary constraints
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imposed on the calculation domain, such as velocity input or pressure outlet. To summarise,
CFD analysis is incorporated in this work while comparing different approaches because flow
analysis around buildings is important. In the following chapters, the numerical technique and

governing equations will be discussed in greater depth.
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Figure 2.4: Schematic diagram of urban canopy layer. Image taken from [41].

2.4 Approaches for mitigating urban heat island effect

2.4.1 Introduction

Advanced urban mitigation techniques help to reduce ambient temperatures and mitigate urban
heat islands. UHI is an unavoidable consequence of rising population and urbanisation. As a
result, major steps must be taken to address this problem and lessen its impact. Many studies
have been conducted on various mitigating measures. The effectiveness of these strategies is
determined by the weather and the geometry of the urban area. The following are the most
prevalent methodologies that have been used. The measurement steps based on the most recent
review in 2017 are schematically shown in Figure 2.5. The next sections will go over some of

the most frequent measurements in further depth including:
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* Planting and vegetation

* Green roof and cool roof

* Vertical greenery

* Cooling pavements
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* Improving in building design
* Roof pond

* Anthropogenic heat reduction

* Proper ventilation of the buildings

Sun
Shading

Open Green
Space

A | AR 2w [T
L0 [ cisrmonn |
. i e

‘ Sblarand
Rooftop Vegetation L aHexso

B I |

| Light Surfaces/ "“‘—: A

Water Surface l s Easy Public

| Transport Access |

Sufaces with Water |

Retention Capacity [

Air Corridors

High Albedo
i~ W =l Minimizing
| District Heating &gz —“®i.| Heat Loss
and Cooling  |a, i
Ny, B
S e L L
BRSS Energy [
Efficiency
by ¥
'1".., 1
i ~ TR AP LORBEE
u; 8 'q‘/ qul‘H:.-pu,
anwa: ‘fl | wesranonen:

W

A= F bbb n s b APA
TS Al e 2 e

Indoor
Ventilation

Wind Power|

Figure 2.5: Illustration of mitigation strategies. Image taken from [42].
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2.4.2 Planting and vegetation

Urban vegetation is the most widely used UHI mitigation strategy among the UHI mitigation
approaches, which can take the shape of trees and hedges, green roofs, grass, or a combination
of these [43]. According to Santamouris’ review report [44], urban trees have the greatest

potential for mitigation, followed by grass and green roofs.

Increasing the portion of green spaces can help to mitigate the rising temperature trend by
providing a cooling effect. This procedure has been tested for a long time [45]. Urban green
spaces can either be part of the city landscape in the form of parks, trees, grass or can be

incorporated onto the outer surface of buildings as green roofs or vertical green facades [44].

According to a mobile survey conducted by Wong and Yu [46] in Singapore to assess the
influence of green areas in tropical cities, there is a direct link between temperature reductions
and the appearance of green areas in cities. Temperatures for various land uses (e.g., industrial,
residential, forest, and airport) were measured in this study. The thermal and airflow conditions
were calculated based on the size of the green space, the vegetation species, the sky view
factor, and the density of urban texture. According to their study, the maximum temperature
difference between urban and rural areas in Singapore was 4.01 °C. In addition, the mapping
of temperature has shown a clear variation of temperature in green areas which confirms the

cooling effect of vegetation to diminish the UHI effect.

CFD modelling, in addition to observational methodologies, can analyse vegetation in UHI in-
tensity. In Chapter 3, the main governing equations of this method are explained. The vast ma-
jority of microclimate simulation studies that assess the cooling capability of plant techniques
focus on the performance of street trees and green roofs, or their combined use [34, 47-49].
The vegetation scenarios under consideration are based on different urban green coverage or
green elements with varying plant features, such as height, foliage density, and so on. Dimoudi

and Nikolopoulou [50] used numerical modelling to examine the influence of vegetation and
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demonstrated the thermal impact of vegetation in Athens. According to this study, vegeta-
tion can greatly influence the thermal microclimate in the urban texture which affects the area
within the park as well as the surrounding area, particularly at the leeward side of the green
area. Shashua [51] examined the impact of different tree species in different urban morpholo-
gies. His findings reveal that the cooling effect of trees on the urban microclimate is heavily
controlled by urban street geometry; the higher the aspect ratio of the streets, the greater the
relevance of shadowing by building volumes, and therefore the lower the cooling effect of trees.
As a result, increasing urban green covering and/or leaf area density (LAD) values is not nec-
essarily the optimal strategy for ambient air cooling. According to previous modelling studies
[52, 53], extra trees will act as additional obstacles to incoming longwave radiation, wind, and
wind movement, as well as increase shadowing. As a result, both longwave radiation loss and
heat removal via convection can be significantly inhibited, ultimately resulting in a rise of the
ambient air temperature. Wang and Akbari [54] employed ENVI-met (a spatial and tempo-
ral resolution micro-climate model) and three tree species with varying crown width, height,
and LAD in his research, and found that the greatest daily temperature drop ranged from 2 to
5.1 °C. Wu and Chen [55] also used ENVI-met to investigate the relationship between green
coverage ratio (e.g. tree and grass) and air temperature in high-solar-radiation locations. The
importance of various tree arrangements was investigated in this study, as well as their cool-
ing effects. Their findings demonstrate how different tree arrangements in urban environments
have different effects on sensible heat reduction and air temperature variation. According to
their finding, various tree configurations in Beijing with high-rise buildings resulted in a max-
imum difference of 14.84 x 108 J/ha in sensible heat reduction among the different scenarios.
This study shows that an optimized spatial design of greenspaces can both improve thermal en-
vironments and minimize UHI magnitude by reducing air temperature and sensible heat fluxes

into the atmosphere.
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2.4.3 Green roofs

The roof of any building receives the greatest amount of radiation. As a result, the roof is the
most significant portion of the building’s surface. A green roof is made up of a waterproofing
membrane, a growing medium, and a vegetation layer that covers the roof of a building in
various ratios [56]. By planting on the roof, a green roof enhances the rate of Evatranspiration.
The energy balance for a thin layer of roof at the roof-air interface is written with Equation
2.4 and 2.5 to fully comprehend the fundamental cause for minimising UHI intensity utilising
green roof [57].

R, = SWi,(1 — ) + LWy, — LW,y 2.4)

R,=H+LE+G (2.5)

R, stands for net radiation, H refers to sensible heat flux, LE is the latent heat flux from soil
evaporation and plant transpiration, G refers to the heat flux to the building. Short wave and
long wave radiation are denoted by SW and LW respectively and albedo is denoted by a.. Ac-
cording to the equations above, a green roof enhances LE while lowering sensible heat for a

given net radiation.

CFD approaches play an important role in examining the impact of green roofs on the thermal
environment for indoor and outdoor comfort. The impact of a green roof on the indoor environ-
ment has been assessed based on Himanshu’s work [56] in India. The results show a decrease
in heat movement through the roof, as seen by a drop in room temperature. The benefits of

utilising a green roof based on this work are shown in the Figure 2.6.
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Figure 2.6: Advantages of using green roof. Image taken from [56].

Other studies have looked at the impact of green facades on the surrounding environment for
outdoor thermal comfort [58]. Huang et al. [59] found the average drop in ambient air tem-
perature produced by green roofs in Tokyo is 0.3 °C whereas Chen et al. [60] gave an estimate
of 0.1 °C. Liu and Baskaran [61] conducted an experimental investigation to determine the
effect of a garden roof on air temperature reduction. According to their findings, garden roofs
are more effective in reducing heat gain in the summer than heat loss in the winter. Lin et al.
[62] investigated the effect of Seven models of different forms of green facades on the thermal
environment in their study and validated their model with field measurements. Green facade
application strategies and accompanying optimizations for thermal comfort in a hot-humid cli-
mate transitional location were the focus of their study. The results of field data show that
the green facades reduces average temperature by 2.54 °C and that three typologies among the

evaluated cases are more effective in regulating the thermal environment in the summer.

The ability of green roofs to mitigate climate change is found to diminish dramatically as a
function of building height [44]. As a result, green roof systems on high-rise buildings have a

minor influence on reducing UHI.
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In addition to the influence of various varieties of vegetation on UHI, several studies have in-
vestigate the effect of combining such methods [63]. Srivanit and Hokao [64] and Sodoudi et
al. [53] used numerical models to analyse the combined deployment of green roofs with extra
trees in Saga, Japan, and Tehran, Iran, respectively. In both investigations, the obtained simu-
lation results suggested a maximum air temperature reduction in a summer day near 2.30°C. In
contrast, Chen and Ng [17] discovered a smaller effect of combining green roofs and trees in

an urban area of Hong Kong, China, with a maximum air temperature reduction of 0.45 °C.

The maximum cooling effects of green roofs in various studies are represented in Table 2.1.
Some of these investigations are based on numerical simulations, while others are based on
measurement data. These studies differ in terms of location, urban morphology, vegetation
type, and green roof coverage. The findings indicate that green roofs can reduce average air

temperature from 0.5 °C in Germany [65] to 4 °C in Singapore [66].
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Table 2.1: Cooling effects of green roofs.

Maximum reduction in .
Author Location

average air temperature [°C]

Niachou et al. [67] 2 Loutraki, Greece
Pompeii et al. [68] 1.8 Chicago, USA

Wong et al. [66] 4 Singapore

Wong et al. [66] 0.8 Tokyo, Japan

Wau et al. [69] 1.32 Xingtai, China

Susca et al. [70] 2 New York, USA
Bass et al. [71] 2 Toronto, Canada
Meek et al. [72] 0.9 Melbourne, Australia
Chen et al. [73] 0.5 Melbourne, Australia
Sharma et al. [74] 0.6 Chicago, USA

Zolch et al. [75] 0.5 Munich, Germany
Alcazar et al. [65] 1 Madrid, Spain

2.4.4 Cool roofs

Considerable research has been conducted in the literature to determine the impact of cool
roofs on reducing UHI. Research conducted by Li et al. [57] on the effectiveness of cool
roofs using UCM has been well documented. According to the Equations 2.4 and 2.5, a cool
roof reduces UHI by increasing albedo and decreasing sensible heat. According to previous
research, the distinctive and well-designed application of cool materials on building roofs may
greatly reduce air temperature above the roof surfaces, but only has a moderate cooling ca-
pacity at the pedestrian level [76-79]. Huang et al. [59] used CFD methods to examine the
influence of cool roofs on reducing maximum air temperature in Tokyo, which resulted in a

0.4 °C reduction in air temperature. In the work of Georgakis et al. [80] for a case study in
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Athens, Greece, this value reaches 1 °C. However, in Zoras’ work [81] in Florina, Greece, the

maximum temperature reduction is 1.4 °C .

2.4.5 Cooling pavements

Cool materials have been extensively investigated as a means of enhancing the microclimate of
urban environments. Cool pavement applications involve the replacement of traditional asphalt

and concrete pavements with cool pavements on the ground.

Asphalt concrete is one of the most well-known pavement materials, and its low albedo and
high heat capacity contribute significantly to UHI reduction. As a result, one of the options
for mitigating UHI is to cool the pavement and use a lighter colour [42]. On the road, replac-
ing dark pavement with reflecting ones will improve solar radiation reflection as well as the
emissivity factor. This improvement will result in a decrease in surface temperature [34]. In
comparison to asphalt concrete, cool pavement refers to a pavement that is capable of over-
coming the maximum surface temperature. Based on the Equation 2.6, this definition is easily

understood.
(1-R)Io
PV

where I" is the ratio of thermal absorption to thermal conduction, R is the albedo, Iy refers

Tsmax =TI (26)

to solar irradiation, P is the thermal inertia of the pavement and ® is the angular frequency.
According to this equation, the maximum surface temperature can be lowered by reducing the
ratio of absorption to thermal conduction and increasing the thermal inertia of the pavement.
According to a CFD simulation conducted by Santamouris [82] in Athens using non-aged
asphalt, the ambient temperature and maximum surface temperature are reduced by 1.5 °C
and 11.5 °C respectively and thermal comfort is increased considerably. Other cool material

applications can be found in Tsoka’s review paper [63].
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2.4.6 Water mitigation methods

Pools and ponds are the most common and well-known water mitigation solutions. The ambient
temperature is lowered by two independent heat transfer mechanisms: evaporation of the water
through the pond surface and convective heat transfer between the ambient environment and
the pond [44]. Roof spray cooling is another means of reducing UHI, in addition to putting
pools and ponds around the structures. Roof modification is critical since buildings receive
the most radiation through their roofs. Roof spray cooling is a method of reducing heat flux
through a building’s roof by spraying a fine mist of water on the roof surface. This strategy
necessitates the use of periodic boundary conditions [83]. Experimental studies was conducted
using this concept are outlined n the work of Jain and Rao [84]. The results show that roof

spray cooling can successfully lower ceiling and indoor air temperatures.

2.4.7 Improving building design

To reduce UHI intensity, changes to the building design, such as the width-to-height ratio and
the sky view factor, can be made. There have been various studies done in this sector to see
how changing the building design affects UHI. According to the research of Urano et al. [85],
changing the width and height of buildings in combination with drag effects can change the
environment near the ground. The findings of this research reveal that the smaller the building
width, the lower the building drag. Furthermore, reducing the width of buildings will result
in an increase in temperature and a decrease in wind speed. Memon et al. [86] assessed the
effect of building aspect ratio and wind speed on air temperature. The improvement of the
sky view factor can also be considered as part of the design process. Experimentation will be
integrated with parametric modelling, programming, and optimization methods in this sector.
Hue et al. [87] published a paper on this method. In this study, the experiment took the
following structure: there was a predetermined total building gross floor area to be modelled
as physical urban geometry for a given urban area. The experiment’s goal was to determine
the urban design with the optimum sky view factor value (maximum or least) for a given total

building area constraint. The value of the maximum and minimum sky view factor defines the
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dimension of the heat island’s optimizable space.

2.5 Pollution dispersion in urban environment

2.5.1 Introduction

Pollution dispersion in street canyons can be influenced by both geometrical and meteorologi-
cal approaches [88]. Numerous factors including urban morphology modification and changing

the flow pattern affect the air quality in urban areas.

Two typical approaches of pollution modelling in urban design, namely reactive pollutant mod-
elling and non-reactive pollutant modelling, also known as passive scalar will be discussed in
the following sections. Furthermore, pollution dispersion mitigating measures will be pre-

sented.

2.5.2 Reactive pollutant

As mentioned in section 1.1.3, the reactive pollutant NO and NO, are taken into account while
modelling pollution dispersion emitted by cars. As a result, the chemical reactions in the

presence of ozone (O3) are as follows:

NO,+hv —NO+ O 2.7
0+0,+M— 03+ 0 (2.8)
NO+ 03— NO>+ 0O, (2.9)

where M (N, or O) is a molecule that absorbs surplus energy and so stabilises the Oz molecule.
In photochemical reactions, sv stands for sunlight [89]. The transport equation of NO-NO,-O3
is integrated with CFD methods to model reactive pollutant dispersion in metropolitan areas.

The reader is referred to [90] to learn more about these transport equations.
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Many studies, including field measurements, wind tunnel experiments, and numerical simula-
tions, have been conducted to model pollution in street canyons and urban environments. Baik
et al. [90] , for example, used CFD methods to model reactive pollution dispersion in an urban
street canyon with aspect ratio of one incorporating simple NO-NO,—0O3 photochemistry. The
findings of his research reveal that the magnitude of the advection or turbulent diffusion term
is much larger than that of the chemical reaction term and that the advection term is largely
balanced by the turbulent diffusion term. On the other hand, the budget analysis of O3 con-
centration shows that the magnitude of the chemical reaction term is comparable to that of the
advection or turbulent diffusion term. Baker et al. [91] employed CFD simulations using large
eddy techniques to examine the effect of dispersion and transport of reactive pollutants in and
above street canyons, in contrast to Baik’s work[90], which used RANS techniques. According
to this study, Spatial variation of pollutants within the canyon was found to be significant. The
impact of vegetation on reactive air pollutant dispersion in street canyons has been studied by
Moradpour et al. [92]. In this work, the photochemistry of NO-NO,-0Oj3 is combined with CFD.
The features of temperature and flow fields for various aspect ratios and leaf area densities of
trees were investigated in this study. In addition, the properties of reactive pollutant flow and
dispersion on street canyons in the presence of building-roof cooling were investigated. The
results reveal that the flow pattern has an impact on nitrogen oxide dispersion. Moradpour’s
other research [93] looks at the impact of green roofs on pollution dispersion in street canyons
with different aspect ratios, taking into account that pollutants are reactive. According to their
findings, roof greening caused the distribution of pollutants to vary for aspect ratios of 0.5 and
1, and averaged concentrations showed slight variations as LAD changed. Their findings show
that roof greening is a viable method for improving air quality and the thermal environment,
particularly in deep street canyons. Kotake and Sano [94] predicted air pollution in a complex
arrangement in their paper. Their findings display the relationship between street geometrical
configuration and non-linear dispersion behaviour of chemically reactive pollutants. The effect
of building-roof cooling on the flow and dispersion of reactive pollutants in an idealised urban

street canyon was investigated in a study undertaken by Park et al. [95]. According to the
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findings of this study, building-roof cooling reduces primary pollutant concentrations by about
2.4% when compared to non-cooling conditions. Building-roof cooling, on the other hand,
raises ozone concentrations by around 1.1% by lowering nitrogen oxide concentrations in the

street canyon as compared to non-cooling conditions.

2.5.3 Non-reactive pollutant

Despite the fact that vehicle emissions are chemically reactive, the majority of studies solely
looked at passive pollutants (i.e., non-reactive scalars). Together with experimental investi-
gations, computational fluid dynamics (CFD) are also employed to simulate scalar transport
mechanisms. For instance, in the work of Ouro et al. [96], pollution dispersion is described
as a passive scalar, which is an idealised non-reactive pollutants that is transported across a
fluid volume. The movement of active and passive scalar values within a flow domain is driven
by advective and diffusive processes, with turbulence playing a key role in their mixing and
dispersion. In Chapter 3 section 3.6, the mathematical modelling of this approach, which is the
primary emphasis of this work, will be discussed in greater depth. Most of these models that
were developed uses the Reynolds Averaged Navier—Stokes (RANS) equations, with k-€ and
k- as eddy viscoity variants for closure to the calculate Reynolds stress [97-100], as detailed
in detail in section 3.2.1. Other studies that used CFD methods to investigate the effect of
pollution dispersion as a passive model include the study of Baik et al. [101] where the impact
of buildings with green roofs on air quality in street canyons was evaluated. In another study,
Kim and Baik[88] investigated how ambient wind direction affects flow and dispersion in ur-
ban street canyons. In this study a renormalized k-€ turbulence model was employed and varied
flow patterns depending on the ambient wind direction were demonstrated. The other work of
Baik et al. [102] models urban flow and dispersion for three alternative building configurations:

infinitely long canyon, finitely long canyon, and orthogonality junction canyons.
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2.6 Approaches for mitigating pollution dispersion in

urban modelling

2.6.1 Introduction

Air quality is a serious health concern in cities, where the majority of people live [103]. Im-
provements in air quality are linked to the adsorption of pollution from the air by numerous
techniques, including diverse types of vegetation. Based on various research, different forms
of vegetation can alter the mean flow and turbulence in the vicinity of the buildings which can
deteriorate or improve the pollution dispersion at the pedestrian level [103—105]. Green spots
include street trees, green facades, living walls, green roof, grass and bushes. Vegetations act as
porous bodies that influence local dispersion patterns and aid in the deposition and removal of
pollutants in the air. Aside from the possible reduction in air pollution, urban green space has
other benefits, such as reducing urban heat islands, as addressed earlier in this chapter. It also

benefits the health and well-being of the people.

Apart from the impact of vegetation on pollution dispersion in cities, additional factors such
as urban morphology (e.g. building aspect ratios) and mechanical elements such as airflow
and wind speed (e.g. The magnitude of the wind speed, flows incoming turbulent structure) are
critical. Li et al. [104] summarise the effects of mechanical elements and urban morphology

on pollution dispersion.

Among different methods of pollution abatement, the works that have investigated the influence
of vegetations will be reviewed in the following sections, as the main focus of this study is

analysing the effect of green spaces on velocity, UHI, and pollutant dispersion.

2.6.2 Trees

Increasing the percentage of green infrastructures in cities in one of the methods of reducing

city air pollution. Trees are a type of vegetation that can be planted adjacent to traffic sources
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or buildings. The air quality can be influenced by a variety of elements in trees. Tree species
(e.g., evergreen or deciduous), tree age, tree height, tree location, and so on. Furthermore,
whether the vegetation is tall or short, dense or sparse has an impact on air pollution from
various sources and particle sizes. Moreover, the movement of pollutants is influenced by the
direction of the wind and the structure of the landscape. As a result, urban tree design and
selection are crucial [105]. Trees reduce pollutant dispersion by two mechanisms: first, they
provide shade, and second, they reduce heat and are well-known for their abilities to absorb
and deposit pollutants on their leaf surfaces [106]. When concentrated pollutants clash with
trees, they are dispersed out and diluted by the air. This is known as dispersion and deposition
occurs when contaminants are trapped in the leaves of trees. However, in this study the main
focus is on dispersion as the leaves of the trees are neglected in the modelling.

To model the pollution dispersion, CFD modelling is used to simulate the aerodynamic and
dispersion impacts of trees. The work of Abhijith et al. [103] examines the vegetation types
including trees in open-road and built-up street canyon situations in decreasing air pollution.
More complicated models, such as the work of Salmond et al. [107] on the effect of vegeta-
tion on the horizontal and vertical dispersion of pollutants in a roadway canyon, looked at the
impact of vegetation at different seasons by simulating trees with and without leaves. During
the summer, they discovered a huge variation in concentration, indicating that there was less

mixing among the foliated tree crowns.

Although many studies suggest that vegetation can reduce pollution dispersion, others show
that pollution dispersion can worsen owing to a variety of factors such as tree size, loca-
tion, building design, street’s aspect ratio, and so on [105]. According to BBC future team
[108], planting tall trees with wide canopies on tiny streets surrounded by tall structures can
exacerbate the problem by preventing pollution from dissipating. Hedges or green walls are
frequently preferred to trees in this scenario. However, where there are broad highways sur-
rounded by low-rise structures, air may travel more easily and pollutants are less likely to be
trapped, making trees and hedges viable options.

It’s worth noting that most street canyon models treat vegetation as a sink for turbulence and
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momentum (see section 3.5), but they don’t consider deposition. However, the effect of depo-
sition has been evaluated in two simulations by Vos et al. [109] and Wania et al. [110] where
higher pollutant concentrations were found due to vegetation in street canyons and between
buildings accounting for the effect of deposition using Envi-met. ENVI-met is a microclimate
and local air quality model based on CFD. It predicts the wind speed, air temperature, and
thermal comfort. Validating Envi-MET models is difficult due to the vast number of variables
and calculations required [111, 112]. Wania et al. [110] discovered that larger and denser trees
had a significant impact on dispersion, whereas smaller and sparser trees had a minor impact.
According to Vos et al. [109], planting vegetation near the source of traffic reduces pollution

transport and enhances deposition.

Wind tunnel tests, in addition to simulation, can provide a lot of information about pollutant
dispersion. However, downscaling of the vegetation adds a lot of ambiguity to these studies.

As a result, such investigations should be linked to on-site measurements [113].

2.6.3 Green Facades

Green walls and green roofs are currently employed for sustainability reasons, although green
walls were once only used for ornamental purposes [114]. This section provides an overview
of green facades and their behaviour in relation to air quality improvement and social effects.
Generally, Green facades are the addition of greenery to a building’s exterior surface, which
might take the shape of a green roof or a green wall (the traditional use of climbing plants
against a facade from the ground) [43, 115]. As described earlier in this chapter, the lack of
vegetation in urban areas contributes to the accumulation of carbon dioxide and other harmful
pollutants [116]. Plants have the potential to absorb pollutants and exhale oxygen, improving
air quality and providing environmental advantages [115]. Aside from pollutant absorption,

green fagade on buildings attract birds, insects, and other species, promoting diversity.

Green roofs can be divided into three categories: extensive, intensive, and semi-intensive roofs,

as indicated in Figure 2.7. Extensive roofs are light, thin roof systems with a planting media
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that is typically 6 to 20 cm deep, whereas intensive roofs are heavier, thicker green roofs with
a growth media that is 20 cm to 100 cm thick. Semi-intensive green roofs are a hybrid of the
two types of green roofs listed above. They have a thinner planting media than an intense roof
but a thicker planting media than an extensive roof, and the entire system is between 120 and
250 mm [117]. Intensive roofs are the most expensive of the three methods, whereas extensive
roofs are the least expensive. The report [115] presents further information on various types
and costs. It must be noted that different layers of green roofs (e.g., water proofing membrane,
growth substrate, and so on) are not taken into account in this study, and only the vegetation

layer is simulated as a cubical green area.

(a) (b) (©
Figure 2.7: Green roofs categories: (a) Extensive green roof; (b) Intensive green roof;

(¢) Semi-intensive green roof.

Green facades and living walls are two different types of vertical greenery systems. The struc-
tures of living walls are more intricate. Living walls differ from green facades in that they
support vegetation that is planted in a substrate attached to the wall itself, rather than at the
base of the wall. More information on living walls can be found in the study of Manso et al.
[118]. Vertical greenery system can be classified into 4 groups including, tree against wall,
wall climbing, hanging down and module type which are represented schematically in Figure

2.8. The reports [66, 119] present further information on various types and layers.
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Figure 2.8: Green wall categories: a) Tree-against wall; (b) Wall-Climbing; (c)

Hanging-wall; (d) Module-type. Images taken from [120].

There are numerous publications in the literature on the benefits of green fagcade in terms of air
quality improvement. A state-of-the-art review [121] is a comprehensive research that assesses
the environmental benefits of green roofs that are dedicated to reducing air pollution in a small
area. This study shows how green roofs can help to make buildings and towns more sustainable

by lowering energy consumption, reducing the urban heat island effect, improving air pollution,
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water management and preserving the environment. Raji et al. [117] evaluated the effect of
green roofs, green walls, green balconies on temperature, heat flux and on HVAC systems
where the main aim of his work was providing a literature review for all different greening
systems with respect to their energy impact. In addition the effect of indoor planting on indoor
air quality was discussed. According to his findings, the maximum efficiency of greenery
systems is reported during summer. Furthermore, the efficiency of greenery concepts depends
strongly on the climate factors such as temperature, relative humidity, solar radiation (sky
clearness and radiation angular distribution) and wind velocity. The effect of green roofs on
air pollution reduction was quantified using a dry deposition model by Yang et al. [122].
According to the research, green roofs in Chicago may be able to remove a considerable amount
of pollutants from the air. Theodosiou et al. [123] assessed major benefits of green roofs on
UHI mitigation and air quality improvement. According to this study, the reduction in surface
temperature caused by green roofs can result in reduced ozone pollution in the atmosphere.
Qin et al. [124] investigated the impact of green roofs and green walls on the reduction of
coarse PM g pollutants in urban street canyons. In this work a series of models were created
for various building aspect ratios, greenery coverage areas, and leaf area densities. According
to this study, Particle concentrations in green walls are lower than those in green roofs across

the entire spatial domain with equal greenery coverage area and aspect ratio.

Green walls and green roofs can be compared depending on how effective they are at reducing
UHI and improving air quality. A building’s vertical area is usually greater than its roof area.
This observation emphasizes the importance of vertical greening systems, especially for taller
structures. However, maintenance and installation costs, as well as operational costs of green
facades, are critical. Green facades cannot yet be used as a stand-alone solution in air pollu-
tion control due to their high cost. However, a close evaluation of its environmental benefits
suggests that it could be a feasible option for lowering air pollution and other environmental
problems [125, 126]. The cost of any vertical garden is determined by a variety of criteria,
including the location, plant species, height, irrigation requirements and so on. Green facades,

in whatever form, necessitate ongoing and long-term care. The benefits of green facades and
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their costs are summarised in Table 2.2 [118].

Table 2.2: Urban benefits and costs. Taken from [118].

53

Green roofs

Green walls

Extensi S Green facades  Living walls
100% Cooling 67% Cooling 84% Cooling
Ecosystem Building/ (Cfb N-Ins.) (Csa N-Ins.) (Csa N-Ins.) 34% Cooling 66% Cooling
Measurable Energy savings (Maximum values)
services local 73% Heating 68% Heating 71% Heating (Csa) (Csa)
(CsaIns.) (Csa N-Ins.) (Csa N-Ins.)
PV performance 1.35%-3.35% increase  (Avg = 2.6%) No data available
Sound transmission <5dB-20dB No data available
<80%-90%
TSS
<90% BOD
<30-50% TN
Greywater treatment No data available <15-30% TP
<30-70%
COD
<20-80%
E. coli
In service life 28 years—47 years (Avg = 40 years) Avg =50 years
Property value 16,2% (Avg = 8.24%) Avg =50 years
Risk of fire No data available
Incentive policies No data available
Urban UHIE 0.97 oC —2.29 oC (Avg = 1.34 oC) Avg =1.37 oC
0dB-10dB
Urban noise ~10dB No data available
Avg=5.5dB
<33% - <81%
(Avg <57%)
Avg =8% Cd
‘Water management Storm water
Avg =5% Pb <40% O3a
Runoff
Avg =80% NO3 <11,7-40% NO2
Rainwater
Air quality Avg = 68% PO4 <42%—-60% PM10
Retention No data available
(Maximum values) <49% - <90% <3,5% SO2a
(Avg <71%) <1,34% COa
Avg <20% O3 <1,34% PM2.5a
Peak runoff
Avg <29% NO2
Avg <79% PM10
Avg >37% SO2
Urban farming No data available
Intangible Health/well-being Use alternative methodologies of measurement as enquiries, multicriteria analysis, etc.
Biodiversity
Aesthetic value
Recreational value
67-128 (Avg = 112-148 156 - 627 (Avg  114-266 (Avg 408 - 1091
Installation (€ /m?)
Costs 99) (Avg = 130) =362) =190) (Avg = 750)
Operation/Maintenance (/ 0,84-9,16 (Avg 0.72-12.75 2.06-9.07
Avg =777 Avg = 18.98
year) =428) (Avg=5.64) (Avg=557)
No data 44 - 146 (Avg
Disposal (€/m?) Avg=12 Avg =26 Avg =239
available =95)
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2.7 Wind micro-climate assessment

2.7.1 Introduction

Wind microclimate is a predictive approach to assess the air flow patterns around the buildings.
CFD techniques are integrated with the local wind data in this assessment to determine wind
speed at the pedestrian level [127]. Understanding building aerodynamics and pedestrian-level
wind conditions is crucial in the design of new developments since high-rise buildings can sig-
nificantly increase pedestrian-level wind velocity [128]. Increased pedestrian-level wind speed
can be uncomfortable and should be minimised. As a result, the first step in addressing this
issue is measuring the flow around the buildings, followed by reducing the unfavourable wind
speed using the mitigation methods outlined in the next section. To do this, experimental and
numerical analyses of wind patterns in the surrounding area can be carried out. Wind tunnel
testing is one of the most widely used experimental procedures for determining wind flow pat-
terns in urban environments. To do so, a scaled-down model of the site is fitted inside a wind
tunnel. Wind tunnels must be used to recreate the turbulence typical of the wind. [129]. The nu-
merical approach assesses the wind pattern at the pedestrian level (2 m) using CFD techniques.
The wind patterns around buildings are defined by the corner effect, downwash effect, speed ef-
fect, flow separation and so on [130-136]. Some of the researches in microclimate assessment
study including the work of Van et al. [128] where he compared different building geometry
adjustments for lowering pedestrian-level wind speed around a single high-rise building. Wang
et al. [137] estimated the wind speed in urban areas based on the correlations between back-
ground wind speeds and morphological factors. These parameters include: volume fraction of
buildings, plane-area fraction of buildings and the average height of the buildings. According
to this study, the wind speeds and morphological parameters could be used to estimate 2D wind
speed distributions, and that the wind speeds estimated in the centre of the numerical domains
were influenced by the surrounding morphological parameters as well as the background wind
directions. The model in their work was created by performing CFD simulations for 32 inflow

directions to determine the rate of change in wind speed between the inflow boundary and the
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location of the weather station measurement. Multiple regression was used to examine the rela-
tionships between the rate of change in wind speed and the morphological factors for 32 inflow
directions in each target area. Arkon and Ozkol [138] investigated the impact of building ge-
ometry on pedestrian level wind speed. The effect of variables such as building height, various
building configurations (e.g. parallel, cross, t-shape, t-cross), upwind direction, and velocity
configurations on pedestrian-level wind speed was investigated in this work. The following are
some of the findings of the studies: When the aspect ratio is between 0 and 1, the canyon effect
can be perceived as reduced pedestrian-level wind speeds, while when the aspect ratio is 1, the
canyon effect can be seen as increased pedestrian-level wind speeds has a negative impact on
pedestrian wind speed. Furthermore, when the upwind is perpendicular to the canyon axis, the

angle of the upwind plays an important role.

2.7.2 Adaption measures for pedestrian level wind speed mitiga-
tion

Creating comfortable and functional outdoor areas is more vital now than it has ever been. This
necessitates the development of wind mitigating methods. Following the wind microclimate
assessment, the areas of high velocities due to high-rise buildings are identified. This can be
inconvenient for pedestrians, so positive measures must be taken to counteract the negative
effects of wind. Wind speed, wind direction, building morphology, street aspect ratio, building
aspect ratio, and many other elements influence wind speed at pedestrian levels, as mentioned
in the previous section. Wind speed can be reduced by modifying and optimising these factors.
There are also external objects, which are frequent strategies for reducing wind speed, which

are described below [63, 139, 140].
* Vegetations
* Canopy

¢ Porous screen
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Planting vegetation in urban areas contributes to urban heat island reduction, lower energy con-
sumption, wind speed mitigation, and air pollution mitigation, as indicated in sections 2.4.2 and
2.6.2. Trees and greenery systems, which mostly consist of green roofs and green walls, are
examples of vegetation. As a result, integrating greenery systems into buildings in urban areas
offers a lot of potential to improve urban environment quality. The review papers [63, 139] are
extensive studies that explain the research that has been undertaken so far to evaluate the influ-
ence of important methods such as the effect of trees in wind speed reduction. Additionally,
Salim et al. [141] analyses the dynamic effect of trees in numerical simulations of wind flow in
urban areas. It was found in this study that wind direction, leaf density, and urban configuration

all play a role in the efficiency of trees in reducing wind speed.

Canopies are solid materials that are effective at reducing down draught wind effects. The
influence of canopies and podiums on wind mitigation around a single building is investigated
in the study of Van et al. [128]. It has been discovered that a canopy can dramatically lower
pedestrian wind speed by up to 29%. It should be noted that the size and location of the canopy
will be influenced by the building’s location and size. They are usually unsuitable for direct

wind exposure, wind funnelling between buildings, or wind acceleration around corners [142].

Porous screens are most effective when they are located near building corners and entrance.
They provide protection by absorbing wind energy and are typically used for small, localised
areas [140]. Direct wind exposure and wind funnelling between buildings can both be reduced
by porous screening. When compared to solid screens, porous screens have been shown to

prolong the distance for which shelter is provided [143].

Other methods of lowering wind speed include the use of permeable intermediate floor which
allows upper-level wind to pass through the building before reaching ground level as it’s been
discussed in the work of Lam et al. [144]. The efficiency of corner modification of buildings
on wind speed reduction was studied by Uematsu et al. [145]. Four different corner shapes
including tapering and rounding corner were tested in this investigation. The findings of this

study showed that rounding corner improve the wind environment by limiting the extent of
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high wind speed zone near building corners due to less deviation of isolated flow. The effect
of various building heights and wind direction that provide the most critical wind velocity
condition was studied by Sathappoulos and Storms [146]. According to the findings of this
experiment, increasing building height results in increasing the wind velocity amplification
between passages. It’s also worth noting that for the azimuth of -90°, the velocity reduces and

turbulence increases substantially more than for the azimuth of 90°.

Apart from the measures listed above, windtech experts [142] suggest other options including:
baffle screens, balcony end screens, artwork, overhang shade, localised screening, public art,
and so on to lessen the influence of wind impacts. some popular mitigating approaches are

schematically shown in Figure 2.9.

2.8 Summary

The methods of UHI modelling, pollution dispersion, and wind-microclimate have all been re-
viewed in this chapter. Considering the advantages and limitation of various techniques, such
as observational technique, UCM, and CFD, CFD is thought to be capable of predicting wind
speed, air temperature and pollution concentration in urban areas. As a result, all simulations
in this thesis are based on CFD methods. In addition to introduction of the method of numer-
ical modelling of urban environments, several strategies for reducing UHI, air pollution, and
wind speed were also discussed. The comprehensive overview of these methods suggest that
vegetation, whether in the form of green facades or trees, is capable of providing pedestrian
comfort, lowering pollution levels, and air temperature in urban areas. Numerous research have
assessed and discussed the effectiveness of these strategies, which are discussed in this chap-
ter. However, a number of factors influence their effectiveness, including location, vegetation
type, green coverage ratio, urban morphology, and building height. The location and height of
the building however, are fixed in this study. The effects of the aforementioned strategies are

investigated in further depth in Chapters 5 and 6 of this thesis.
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(© (d)

Figure 2.9: Wind speed mitigation methods: a) Trees; (b) Porous screen; (¢) overhang

shading; (d) solid canopies; Images taken from [142].



Chapter 3

Mathematical modelling of thermal

environment

3.1 Preliminary remark

The comprehensive mathematical models that are required for simulation of the urban envi-
ronment are described in detail in this chapter. This includes the governing equations for flow,

turbulence modelling, heat transfer, vegetation and modelling of pollution.

3.2 Turbulence modelling

Turbulence modelling of flow around buildings can be done in a variety of ways. Reynolds Av-
eraged Navier-Stokes (RANS), Direct numerical simulation (DNS), and large eddy simulation
(LES) are three of the most common methods detailed in the following sections [32, 147-149].
All the simulations presented in this work are based on the RANS turbulence models, including

the standard k-€, realizable k-¢, standard k- and SST k-m.

59
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3.2.1 Reynolds Averaged Navier-Stokes(RANS)

The Reynolds averaged Navier-Stokes equations are derived by time-averaging the Navier-
Stokes equations. For incompressible flow, the Navier-Stokes momentum and continuity equa-

tions, expressed in tensor notation, are defined as Equation 3.1 and 3.2 respectively. [150, 151].

Ju; duj —1dp 0  udy;

o TYay, T p oo gj(agjﬂré’i (3.1)
Bui _
5o =0 3.2)

Equation 3.3 and 3.4 are used to define Reynolds-averaged quantities.

ui(xp,t) = i (xp, 1) +u' (xg, 1) (3.3)
1 T
ui(xg,t) = lim — [ w(xg,t)dt (3.4)
T—o0 0

The time-averaged momentum equation below is obtained by substituting the Reynolds de-

composition for velocities and pressure in the Navier-Stokes momentum equation.

%L;’Jrujgz:?$+£j(‘;§;’;)+£j(—u;u;)+gi (3.5)
Where u;, u; and u are the velocity component in direction i, mean (time-averaged) velocity
and the fluctuating velocity respectively. g; and P stand for the the i-the component of the ac-
celeration due to gravity and mean pressure field. Given transient data over a sufficiently large
time, the average of velocity can be numerically computed within some small error (Equation
3.4). The term Tgu’] is the specific Reynolds stress tensor, which must be expressed in terms

of averaged quantities. The net rate of momentum over a surface caused by turbulence in the

field is known as Reynolds stress and is defined by the Reynolds stress transport model.

The Boussinesq hypothesis is a type of turbulence modelling approach that uses the eddy vis-
cosity coefficient to relate the mean turbulence field to the mean velocity field in the RANS

method. Equation 3.6 shows this theory mathematically. Equation 3.7 shows the relationship
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between the strain tenor S;; and the velocity field.

- 2
Rij = —uul; = %SU (3.6)
1, 0u; du;
Sii=—~ i 3.7
J 2(axj axl- ( )

where u; refers to eddy viscosity which is a scalar variable in this approximation. R;; and
S;; stand for specific Reynolds stress tensor and strain tensor respectively. In Reynolds stress
modelling, effects of anisotropy are also considered. This method is more complex and com-
putationally expensive while, eddy viscosity modelling has a lower computational cost. There
are a number of transport equations that are added to RANS equations and enclose the prob-
lem when using eddy viscosity models. These models begin with a zero-equation model and

progress to a four-equation model.

Mixing length model and Spalart-Allmaras are two examples of zero equations. The k-model
is a one-equation turbulence model that can be used. Standard k-€, revised version of k-€ (e.g.
realizable k-€ [152, 153], k-® and revised k-o (SST k-®) [154] are well-known methods in
urban environment modelling among two equations models. Additional equations in the In k-¢
model are turbulent kinetic energy and turbulent dissipation energy, which will be discussed in
depth in the next sections. k-g-A is employed in three equations turbulence modelling. V2,
elliptic blending, and lag elliptic blending are common methods among 4-equation turbulence

models.

Eddy viscosity methods work well in many CFD simulations for urban environments, and the
additional computational cost of the Reynolds stress model to characterise anisotropy is not
justified [154, 155]. In the context of urban climate simulation, the number of urban environ-
ment studies which employed turbulence models based on the RANS approach were given in

a review study published in 2017 [32]. This distribution rate is depicted in the Figure 3.1.
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YMEE
49%

Figure 3.1: Distribution of turbulence model with RANS: Others are studies with
SSTKW, MEE, ED, DKE, LRNKE, AKNKE and CKEKE. abbreviation: MDKE
(modified k-¢, RKE (realizable k-g£), SSTKW (SST k-w), RNGKE (RNG k-¢),
STKE(standard k-g£), YMEE(Yamada and Mellor E-€), LRNE(Low Reynolds number
k-g), ED(eddy viscosity), CKEKE (Chen-Kim Extended k-&¢ model), AKNKE (AKN

k-g). Image taken from [32].

Standard K-¢

The k-¢ turbulence model is a two-equation model that determines turbulent eddy viscosity
by solving transport equations for turbulent kinetic energy and turbulent dissipation rate. The
standard k-€¢ model contains 5 unknown constants and is defined with turbulent kinetic and
dissipation energy. The kinetic energy equation for incompressible flow is defined by equation

3.8.
a e T oY

d0 .1
2_ —_—— —
s s+axj[p+(u+6k o,
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Turbulent dissipation energy is defined by:

oe Je € 0
*(018%52 - 028) +

__de 1 Us . O
g"‘l/ljgj—k 7)

an[B+(u+ G aixj]-i‘Sg (39)

The eddy viscosity correlation in STARCCM+ is defined based on equations 3.10 and 3.11
respectively.

= pc,,KT’ (3.10)

K
T':max(e,c,\/Z) (3.11)

St and S¢ in Equations 3.8 and 3.9 are turbulent source terms. ¢ is the time scale coefficient,
which has a default value to 0.6 and \/g is Kolmogorov scale. Away from a wall 7’ = % [151].

The default value of the required constants used in standard ke model is in Table 3.1.

Table 3.1: Variables in standard k-€ model
Cle Coe Cu ¢t O Og¢

144 192 009 06 1 1

Revised k-€ model such as Launder-Kato (LK), MMK k-& models are also recommended for
prediction of wind flow at pedestrian level. The difference of these models with standard k-¢
model is in the production term of kinetic energy. More information on these equations can
be found here [132]. It has been determined that the computational stability of this model
are better than nonlinear k-€ model. Thus, revised k-€ model is suggested for simulating flow

around bluff bodies [156].

Realizable k-¢

The realizable k-€ model consists of new transport equation for turbulent dissipation rate (€)
and turbulent viscosity. In contrast to standard k-€ , ¢, is not constant and is a function of mean

flow and turbulence properties.
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The transport equation of € for incompressible flow in this model are defined as below:

de 9 19 y,)a

o 1 ¢
g—l—aix](euj)—gaixj(lu o, a + Cli—: CSSGb (312)

CiS,
1%~ k+\F

In this equation, G;, represents the generation of turbulence kinetic energy due to buoyancy.

More information on the formulation of ¢, and € equation can be found in refs. [153, 157].

Standard k-o

K-m models are similar to k-¢ in that two transport equations are solved, but differ in the choice
of the second transported turbulence variable. This model allows for a more accurate near wall
treatment. To determine the turbulent eddy viscosity, this model uses the dissipation rate per
unit turbulent kinetic energy (o o< 7). The k and ® equations are defined as Equations 3.13
and 3.14 [158-160]. The model does not employ damping functions and has straightforward
Dirichlet boundary conditions, which leads to significant advantages in numerical stability.

However, this model underestimates the amount of separation for severe adverse pressure gra-

dient flows.
0 0 0 oK
g(PK) (%ZJ ) 87[( "‘Gkﬂt)g]+Pk_pB*f]3*((’)k_0)Ok0)+Sk (3.13)
J J
d o(pu; d B0}
00+ ST — (o) S p B0 ) +50 G
J

where u stands for the mean velocity, u for the dynamic viscosity. 6, G, are model coefficient.
pk and pg are production terms. fg and fg-are vortex-stretching modification and free-shear
modification factors respectively. Si and S, are source terms. The default value of the required

constants in the present simulation is in Table 3.2 [151].

Table 3.2: Variables in standard k- model
Cr Og B B*

0.5 05 0.072 0.09
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SST k-0

Development of the SST k- (shear stress transport k-m) arose due to the fact that the k-€
model is restricted to use of near-wall treatments without wall damping functions. The SST
k-® model uses k- model close to walls and alters to k-€ model away from walls. These two
models are combined together with blending functions (functions of wall distance), meaning
that cross diffusion term will be used far from the wall and not near the wall. The k-& model
has sensitivity to free stream/inlet conditions because of € transport equations from the standard
k-€ model. This way, € can be transformed to ® equations. The k and ® model is defined by

equations 3.15 and 3.16 respectively.

oK K 5 oK
o _Jdo , 0 0w 1 0 do

where v and v, refer to eddy viscosity and kinematic eddy viscosity and F; is the blending
function. In the boundary layer’s sublayer and logarithmic region, Fj is supposed to be 1, but
it changes to zero in the wake region. SST k- formulation, is basically the Wilcox model
[159] active in the near wall region and the standard k-& model active in the outer wake region
and free shear layers. The more details of this model are found in Ref. [154]. a is the model

coefficient and is 0.52.

3.2.2 Direct Numerical Simulation (DNS)

The objective of this approach is to solve the time dependent Navier-Stokes equations for all
eddies (small and large) for a specific time step so that the fluid properties reach equilibrium
[161]. In this method, there is no turbulence modelling and the whole spatial and temporal
scales of turbulence must be resolved. A high resolution of grid is required which leads to
huge computational cost. Due to the fact that in wind engineering and city simulation, large

computational domain is required, the use of DNS is restricted and is not cost effective [162].
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This approach is more suitable for low Reynolds number flows and simple geometries.

3.2.3 Large Eddy Simulation (LES)

This turbulence modelling is required for geometry dependent problems. In contrast to the
RANS equations, the LES equations are derived by a spatial filtering process rather than an
averaging technique where the large eddies are explicitly calculated and the small scales are
modelled. This methods use filters for Navier-Stokes equations to take out small scales from
the solution and resolve the large scales [161, 163].

The filtering process that is applied to the Navier-Stokes equations to distinguish the resolved
from the unresolved scales are desribed by Equation 3.17. The following is the definition of a

filtered quantity of f.
/ f(x)G(x, X ;A)dx 3.17)

where D is the entire domain, G is the filter function and A is the filter width to distinguish
between small and large eddy. The scales larger than A is retained in the equation and smaller
than which is called subgrid scales (SGS) will be modelled. The reason is because SGS are too
small and cannot be resolved. The reader is referred to [164] for further information on these
equations.

The mathematical representation equation of continuity and motion with LES for incompress-
ible flow are shown by the equations below [165]. The large eddies which will be resolved are

shown with ~.
ou;
) (3.18)
ax,-

i o) _ 1o | o

ot ox; - pox; ox;0x;  Ox;

(3.19)

where u and p are filtered velocity and pressure. T; ; stands for the residual stress tensor. The

effect of smaller unresolved scales is contained in the SGS stress tensor (T;;) and are modelled
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using the Bossinesq approximation as below:

~

i 2 au,-
Tij = 2w Sij — g(.uzgj +pKscs) (3.20)

Where S:,- is the resolved or filtered strain rate tensor and will be computed through resolved
velocity field, p is the density and Ksgs is the subgrid scale turbulent kinetic energy. y, stands
for the subgrid turbulent viscosity and are described by the subgrid scale model and explains
the effect of small eddies on the resolved flow. The subgrid scale model consists of a model
which accounts for subgrid scale viscosity and stress tensor. These models are named as:
Smagorinsky Subgrid Scale, Dynamic Smagorinsky Subgrid Scale and WALE Subgrid Scale.
The most common method of SGS models is Smagorinsky-Lilly method. More details of this

approach is found in Ref. [151, 166, 167].

Among the three turbulence modelling methods described, LES is faster than DNS but slower
than RANS models. In addition, in comparison to RANS [168], the simulation time takes
more than two orders of magnitude longer. RANS has the advantage of requiring less com-
puter memory for high Reynolds numbers and is therefore preferred over others in the thermal
simulation of urban environments due to high wind speed and complicated geometry. However,
there are some works that have used LES for CFD simulation of urban environment including

[169-172].

3.3 Wall function for rough surfaces

Because of the strong near wall gradients, obtaining the velocity profile is a critical task. The
RANS turbulence model can be used to model boundary layers at walls in two ways. The first
method is to resolve the boundary layers in the near wall region using low Reynolds number
modelling (LRNM). The computational cost of LRNM is high as it requires a highly refined
mesh. As a result, wall functions, which simulate a portion of the boundary layer with empir-

ical equations, are employed in a wide range of applications [151]. The employment of wall
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functions allows for a coarser mesh near the wall, which is computationally less expensive.
Standard wall functions, on the other hand, may have significant inaccuracies in estimating
heat fluxes. The viscous sublayer, buffer layer, and log-law layer are the three components of
the boundary layer. In the viscous sublayer, The non-dimensional wall distance (Y*) value is
less than 1, whereas in the buffer layer, it is between 1 and 30. The Y™ value of the log-law
layer is more than 30. Y* should be less than 1 to employ a low Reynolds number strategy.
This method is used to compute the velocity near the walls. While, Y* lies in the log-law layer
using wall functions . The velocity can be estimated this way. Estimation is obviously less
accurate than computation. However, due to the size of the computational domain, it is not
always feasible to refine the mesh to attain Y*<1. As a result, in this case, wall functions are

used. The regions at the wall boundary layer are depicted schematically in Figure 3.2.

=
+

e e el
%+

ut=1/K In(E'y"

: y*
yt= yt=30 y* = 500
viscous sublayer buffer sublayer  log-law sublayer
inner region outer region

Figure 3.2: Regions in boundary layer. Image adapted from [151] .

The following equation is used to determine the Y™:

uty
yt=-—= 3.21
y (3.21)
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The distance from the wall is given by y, the kinematic viscosity is given by v, and the reference

velocity is given by u*. The reference velocity («*) is determined using the following equations:

T
= 3.22
u' =/ ) (3.22)

where T,, is the wall shear stress and p is the fluid density.

Roughness height and roughness parameters must be defined in order to model the rough wall
in the simulation. Rough walls have a different formulation of wall functions for the boundary
layer than smooth walls. Aerodynamic roughness length is the added term for rough wall

formulation.

x 1. y+zo
Ugrr = 7 In( %

) (3.23)

The aerodynamic roughness length is zg, and the normal distance from the wall to the centroid
of the wall cell is y. The flows in the atmospheric boundary layer are turbulent, and the velocity

distributions are estimated using the following formula:

1 :

uy, = Eln(E Yt (3.24)
, E

E =- (3.25)
f

E is set to 9 by default in STARCCM+. The value of the roughness function f for a smooth
wall is unity, whereas it is equal to CR™ for rough functions. In STARCCM+, the roughness

functions are defined using the equation below.

,

1, Hydrodynamically smooth if k; > 2.25
f(r) =4 (BEZE 4 Ckf)?,  Transitional if 2.25 < kf < 90 (3.26)
B+ Csk, Fully rough if k™ > 90

o n(k/2.25)
a= SIH(E.W) (327)
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C,=0.253 and B=0 are the default values in STAR-CCM+. The following correlation is used to

calculate roughness height:

uru®

P

RT = (3.28)

Where r is the corresponding sand-grain roughness height and u* is the wall-function reference

velocity.
, E

The equation below is obtained by equating the two velocities in equations 3.23 and 3.24 and

substituting into equation 3.29.

+z0 EYT
T (330
Combining equations 3.29 and 3.30 gives:
E
Y eron =2 (3.31)

If y>z¢ is assumed, the following equation is obtained, which is the basic equation for a wall
function with roughness:

r=— (3.32)

The aerodynamic roughness length can be used to calculate the roughness height, represented
by r. The default values for E and C in STAR-CCM+ are 9 and 0.253, respectively. To achieve
the desired roughness height, default values can be modified.

In the case of a rough wall, the effect of wall roughness is approximated by bringing the bound-
ary layer’s logarithmic region closer to the wall, as shown in Figure 3.3. This indicates that
refining the mesh (initial cells from the wall) to a value less than 50% roughness is futile. It

follows that y,>2r, where y,, is the prism layer’s initial height.
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ut= 1/K In(E'y")

increasing roughness R*
decreasing E’

Figure 3.3: Wall treatment of rough walls. Image adapted from [151] .

All of the equations shown above are based on the use of common wall functions. When the
blending function is employed, the reference velocity is calculated in a different way, which

are shown below. Equation 3.33 is then used to define the blending function (g).

—Re
g=exp(—7) (3.33)
The equation below is used to determine u™ in the low, high, and all Y* procedures.
(
ek, high ¥+
u’ = \/gw/y+ (1 —g)cf/zk, low Y+ (3.34)
1/2 .
gvu/y+(1—g)c,/ k, ally
\

3.4 Heat transfer modelling

Conduction, convection, and radiation are three different heat transfer methods that occur

around buildings. Figure 3.4 simply displays several heat transfer mechanisms on buildings.



CHAPTER 3. MATHEMATICAL MODELLING OF THERMAL... 72
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Figure 3.4: Heat transfer mechanisms on buildings.

Internal heat transfer is not depicted in the figure above. The equations describing external con-

duction, convection and radiation are mathematically shown from Equation 3.35 to Equation

3.37 [151].
T ext — Tsin
Geond = —kVT = SIT (3.35)
qconv = hoO(Too - TSext) (3.36)
Graa = €6(Tgpy — T) (3.37)

Conductive, convective, and radiative heat transfer are represented by Gconds Gcony a0d Graq
respectively. The object’s thermal conductivity is k and the temperatures of the building’s
outside and inner surfaces are Ts,,, and Tg;, respectively. The ambient temperature is 7., and

the thickness of the object is d.

Heat conduction is the transfer of internal energy from a hotter region to a cooler region through
the contact of nearby particles. The transfer of thermal energy through the flow of a fluid is
known as convective heat transfer and is usually classified as either natural or forced. Natural
convection occurs in a gravitational field due to temperature changes that affect the density of
the fluid and consequently its relative buoyancy. As a result, lighter components rise, while

denser components descend [151]. This mode of heat transfer is the main focus of this study.
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The emission of electromagnetic waves from all matter with a temperature greater than absolute
zero is known as thermal radiation, and it symbolises the conversion of thermal energy into
electromagnetic energy. Modelling the radiation can be done in a variety of ways. One of
the most difficult aspects of a radiation model is determining how surfaces interact with one
another and with the sky. Therefore, surface to surface schemes are very popular methods in
radiation modelling. In this method, the effect of air as a medium is neglected. While, many
studies show that scattering cause by pollution and particulates is a significant factor [7]. More

information on surface to surface radiation model can be found here [173, 174].

Besides these 3 mechanisms on buildings, there are other sources of heat which exist in mod-

elling of UHI. The surface energy balance is defined as equation 3.38 [175]:

0"+ Q0r = Qn+ Qr +AQs +AQ4 (3.38)

The net all-wave radiation is denoted by the symbol Q*. QO stands for anthropogenic heat,
Qp for sensible heat, QO for the latent heat, AQ; for net heat storage, and AQ4 for net heat
advection via the lateral side of the buildings. The left hand side represents the system’s inputs,
while the right hand side represents the system’s output.

Convection and evapotranspiration processes at the surface are accounted by the sensible and
latent heating factors, respectively [176]. More information on mathematical formulation of
each term in Equation 3.38 can be found in Ref. [26]. Part of the source heat is transferred via
the ground, building walls, and roof, while the other part is stored in the soil and ambient air,
raising the temperature which is known as a heat storage. The most difficult term contained
in the energy balance is the anthropogenic heat [177]. There are some estimations suggested
by Grimmond et al. [178] which can give a rough idea of this term . Anthropogenic heat is
made up of three components. The first term is a function of the kind and amount of gasoline
used and corresponds to the number of vehicles in an area, the distance they travel, and their
fuel efficiency (distance travelled per unit of gasoline). Electricity and gas are referred to as the

second term. Residential properties (schools, churches, hospitals, and individual flats) as well
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as industrial units can provide data. The third term is metabolic rates, which is defined as the
ratio of the number of animals to the number of people, as well as the ratio of their metabolic
rates. More information on anthropogenic heat mathematical modelling can be found in Ref.

[178].

It must be noted that in the simulations in chapter 6, the heat source from the sun is represented
in a simplified manner as bottom heating. Heat source from the sun affects the bottom tem-
perature of the urban area as the sun warms the earth’s surface. Other heat sources including

anthropogenic was neglected [179].

3.5 Modelling of vegetation in urban areas

At computational cells that contain vegetation, variables are added to the transport equations
of momentum (eq. 3.39), turbulence kinetic energy (eq. 3.40), and turbulence dissipation rate
(eq. 3.41) to account for the impacts of vegetation on air flow (the terms in the boxes indicate

the sink and source terms on vegetations) [180-183]:

Jdu; __du; 9 ou; du;. . 1oP
o T, E[V(&Txi + E) — ] = S5 ~| Cpalulu; | (3.39)

ok __ dk ) v, ok

T, = 3 [V g5 1P| CoaBolul’ — Bl (3.40)
de _de  d V, . O€ 5 €
E +Mjaixj == aixj[(v—’_ Gie)aixj] ‘l—Pk —€&€— CDCl(BpC€4|M| % - BngS|M|8) (341)

where Cp is the drag coefficient and a is the leaf area density, lul refers to the velocity magnitude
and u; is the velocity component in direction i. Given many trees in the UK are deciduous,
the average value for leaf area density is fixed as 1.6. The average leaf area densities for
deciduous trees are approximated between 1.06 and 2.18 m*m™3 [184]. The drag coefficients
for most types of vegetation are between 0.1 and 0.3. The constant parameters for modelling of
vegetations are defined in Table 3.3. B, is the fraction of mean kinetic energy that is converted

to the wake turbulence, B, is the coefficient that accounts for short-circuiting of eddy cascade
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and cg4 and ces5 are empirical coefficients [141]. These parameters can be slightly different for

various types of vegetation [185].

Table 3.3: Constant parameters for tree modelling.

Constants c¢; B, Bs cea cCes

Value 02 1 4 15 04

To account for the impact of vegetation on air temperature, a volumetric cooling power is
assigned to vegetation per unit volume which is a function of the leaf area density (LAD). The
essential concept is that as air passes through vegetation, it is cooled through transpiration,
which occurs mostly on the leaf surfaces. The heat required to change an object’s temperature

can be estimated using the equation 3.42 [180].
_ 1
P.= mcpATv (3.42)

where P, refers to volumetric cooling power which is a transfer of heat per volume per time, C,,
is the specific heat capacity, AT the change in temperature where air flows through vegetation
and V is the volume, 7z is the mass flowrate. Based on the work of Gromke [180], volumet-
ric cooling power can be estimated as 250 W m~3 per LAD unity. This value is used in all

simulations of chapter 6.

3.6 Modelling of air pollution within street canyons

A passive, non-scalar model is used to model traffic emissions in this study. Passive scalars are
arbitrary-valued user-defined variables allocated to fluid phases or individual particles. They
are passive because they have no effect on the simulation’s physical properties. The CFD
method is used in the modelling of air pollution in urban areas, as well as a passive scalar
that is transported through a fluid volume in an idealised non-reactive medium. Transport

equations consisting of convective and diffusive flow are included in passive scalar models
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(see Equation 3.43 and 3.44) [151]. The movement of passive scalar values within a flow
domain is driven by advective and diffusive processes, with turbulence playing a key role in
their mixing and distribution [96]. The passive scalar model, which comprises of convection
and diffusion terms, is chosen with an arbitrary passive scalar model to build up passive scalar
tracking (here pollutant concentration). The passive scalar’s transport equation is specified by

the equation below.

;t/qu)dV—kfi‘p(b(v—vg)da:Z{L‘J.da-i-/ASq,dV (3.43)

where ¢ is the passive scalar and refers to the concentration of the pollutant in this work. S,
is the pollutant’s source term. The diffusion flux is denoted by J . The linear eddy-diffusivity
model or the Generalized Gradient Diffusion Hypothesis model can both be used to express
the diffusion flux J. The diffusion is modelled in this study using a linear eddy-diffusivity
model specified by equation 3.44. Equations 3.45 and 3.46 calculate the turbulent viscosity

and turbulent Schmidt number, which are essential variables for diffusion transport.

aoH
J=(=+—)V 3.44
(E+)vo (3.44)

c k?
pr =~ (3.45)

€

Hy
SCG = — 3.46
"= oD, (3.46)

where SC; is the turbulent Schmidt number, D; is the turbulent diffusivity, u is the viscosity, u;
is the turbulent viscosity, ¢ is a molecular Schmidt number which is a material property, and

o; is a turbulent Schmidt number.

In the simulation of contaminants in urban environments, the turbulent Schmidt number plays
a key role. The Schmidt number was varied between 0.2 and 1 in the work of Gromke et
al. [186] and its effect on computed concentration was studied. While this is defined as a
value of 0.9 in Kim’s study [187] utilising the RNG k-& model. The value of 0.5 for turbulent

Schmidt number was employed in the work of Jeanjean et al. [188], which was validated
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against the wind tunnel data [184]. Jiang et al. [189] investigated the effect of Schmidt number
on the projected concentration field in this study. He demonstrated that using the standard k-¢
model, a Schmidt number of 0.4 produces the best results, and that a larger value leads to an
overestimation of the concentration field. Since in this study, the standard k-€ is chosen for
the simulations (see chapter 4) and based on the references mentioned here, the value of 0.4 is

specified for turbulent Schmidt number in chapter 6 of this thesis.

The pollutant concentration is represented as a passive scalar, and the pollutant emission source
is represented as a source term in the scalar transport equation, as previously stated. A volume
source is used to represent traffic emissions. This indicates that at the required discharge lo-
cation, the source terms are applied to the separated volume in the geometry. In chapter 6,
the specific location of the source term is shown. The emission rate is set to 100 ppb s™!, as
suggested by Baik et al. [101], and used by Moradpour et al. [92]. This number represents the
average traffic volume of 930 vehicles per hour [190]. The traffic emission’s source can also
be represented as a line or area source . The reader is referred to [91] for further information

on the line or area sources of pollution.



Chapter 4

Numerical procedure of urban

modelling

4.1 Preliminary remark

This chapter starts with the CFD analysis of wind speed for a generic configuration consisting
of two parallel buildings (Test case 1). The input parameters (e.g., boundary conditions), mesh
information (e.g., ratio of prism layer thickness to core cell size, number of prism layers),
turbulence model and solver settings including velocity-pressure coupling are the same for this
test case and for the East Village (i.e., Test Case 2, to be discussed in section 4.3.1). The results
of this test case are validated with the experimental data reported in Blocken [191]. In the
present work, a cylindrical domain is used as the computational domain in contrast to the work
of Blocken where a block was used. The cylindrical domain was chosen to directly link and
relate the numerical procedures in Test Case 1 to those in Test Case 2, where in the latter a

circular domain was adopted to ensure adaptability to various wind directions.

78
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4.2 Test case 1: CFD simulation of wind speed between

parallel buildings

4.2.1 Computational domain and mesh

To make the application of wind direction easier, the computational domain used in this study
is a cylinder with a circular subdomain. While there is only one inlet (i.e., the wind is blowing
from one direction) when two buildings are used, in reality, and for a true urban geometry, the
wind might be blowing from various directions. The computational domain, which consists
of two buildings, is depicted in Figure 4.1. The size of computational domain is based on the
guidelines for CFD simulations for pedestrian comfort [113, 192]. Based on that, the outflow
boundaries must be 15 Hy,.x at least, where Hyy,x is the height of the tallest building. The
top and inlet boundaries must be at least 5 Hy,ox from the target area (vicinity of buildings).
Buildings have a height of 10 m. As a result, the chosen cylindrical computational domain’s
radius and height are given as 150 m and 50 m, respectively. The building blocks are located
within a smaller circular subdomain to distinguish between mesh sizes near and far from the
area of interest. SolidWorks V.2019 was used to construct the CAD model in Figure 4.1a. Fig-
ure 4.2 shows how the computational mesh was constructed in STARCCM+ using unstructured

tetrahedral and polyhedral meshes.

The grid resolution must meet the CFD standards. The grid resolution must be set to % of
the building scale as a minimum. The expansion ratio should not exceed 1.2. For parts that
are far away from the target area, a coarser mesh is used. Close to the walls, prism layers are
generated. The cell size on the building fagade is 0.5 m, whereas the green interior part in
Figure 4.1b is 1 m and the grey region is 8 m. To avoid an excessive volume ratio for adjacent
cells, there should be a reasonable growth rate between the outer prism layer and the first core
cell. To ensure this, the thickness of the prism layers adjacent to the wall is defined as 10%,
20% and 30% of the cell size of each section. The number of prism layers ranges from 2 to 5.

With this size, around 1.4 million polyhedral cells are produced. The simulation results were



CHAPTER 4. NUMERICAL PROCEDURE OF URBAN MODELLING 80

compared to the wind tunnel measurement data using the aforementioned grid size settings.

Figure 4.1: Computational domain for Test case 1.
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Figure 4.2: (a) Computational mesh for Test case 1: (a) Polyhedral mesh; (b) Tetrahe-
dral mesh.
4.2.2 Governing equations and boundary conditions

Using RANS techniques, the equations that must be linked to resolve are continuity and mo-

mentum. Additional terms are required for closure of the mentioned equations to compute
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the eddy viscosity model, which changes based on the type of turbulence model. The turbu-
lent kinetic energy and turbulent dissipation energy are solved along with the continuity and
momentum equations in the standard and realizable k-€ model. Specific dissipation rates are
calculated when employing standard and SST (shear stress transport) k- [159, 160]. The SST
k-® model uses the k- model close to the walls and switches to k-€ model away from walls
[154]. These two are combined with blending functions. The model was developed due to
restrictions of the k-€ model in the treatment of the near-wall without a damping function. The
formulation of these equations are discussed in section 3.2.1. All four models were used for a
case study consisting of two buildings and a real-life case study in the East Village. After that,

the accuracy of all the models was compared.

In terms of boundary conditions, the computational domain is divided into two sections of inlet
and outlet. The velocity boundary condition is imposed on the flow at the inlet, while zero
static pressure is applied at the outlet. [193]. A log-law profile is applied at the inlet shown in
Figure 4.3 and Equation 4.1. The friction-free velocity (u”) must be calculated based on the
reference velocity. When the reference wind speed is 5.9 m/s at a pedestrian level of 2 m, u” is
determined as 0.587 m/s [194]. To specify turbulence parameters at the boundary, this velocity
is essential. It must be noted that in this equation the effect of zero displacement (term ’d’ in
Figure 4.3) is neglected. For wind speed profiles over rough terrains such as forests, the concept
of zero displacement is of importance [195, 196]. Since there is no accurate method that can be
applied to determine the displacement length, the knowledge of u” and z, completely defines
the state of the wind. Thus, the effect of vegetation in Section 5.2 is expressed as a drag exerted
on the surface, which is similar to the concept of zero-plane displacement [197].

u* 7420
u(z) = Iln( -

) 4.1

In the case of using k-¢, turbulent kinetic energy and dissipation energy are defined as follows
[198]:

Turbulent kinetic energy:
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u*? \/ z+20
k(z) = C! +C 4.2
(z) N 1n( = )+Co (4.2)
Turbulent dissipation energy:
8(Z)““\/c (3220 4 e 4.3)
k(z+z0) ! 20 2 '

In the case of using the k- model, specific dissipation rate is given by Equation (4.4) [154]:

w3 7+20

- Cil
ky/Cu i 20

In the equations for inlet boundary conditions, & is the von Karman constant, which has the

0(2) )+C 4.4)

value of 0.41. Cu is a constant parameter set to 0.09 for the standard k-€ model. zg is the
aerodynamic roughness length. C; and C; are 1.99 and 1.44 in the case of using the k-€
turbulence model. C;, which is required for the eddy viscosity model in k-¢, is 1. The boundary
condition at the top wall is a free slip wall. For solving the boundary layer close to the walls,
the standard wall functions in combination with the sand-grain roughness modification are used
[22]. The building walls and roofs are defined as smooth walls, while the ground is described

as a rough wall.

The roughness function for the rough surfaces in STARCCM+ is defined by Equation 3.32
in section 3.3. The roughness parameters are given to all the walls. For building walls and
roofs, the aerodynamic roughness length is zero and for the ground, has the value of 0.3. The
roughness height should be min of (30z, 1/2yp). [194], where y,, is the distance between the
centre point of the wall-adjacent cell to the wall.

The pressure—velocity coupling is combined with a segregated flow solver using a SIMPLE-

type algorithm. Second-order discretisation schemes are used for all convection terms.
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Figure 4.3: Logarithmic and exponential wind profile in surface layer. Image adapted

from [199].

4.3 Test case 2: CFD simulation of East Village of Lon-

don Olympic Park

4.3.1 Computational domain and grid

In this section, the wind assessment is carried out on a 3D model representing part of the
development in the East Village in the London Olympic Park. The schematic of the CAD model
and the location of this development are shown in Figure 4.4. A 3D model of this geometry was
constructed using SolidWorks V.2019 software. The surface of the cylindrical computational
domain is divided into 12 equal segments. The height of buildings varies between 17m and 102
m. The diameter and the height of the computational domain are 3 km and 500 m, respectively,
which meet the criteria of the CFD guidelines and are large enough to avoid reverse flow
pressure. The results using a polyhedral mesh type are closer to the measurement data than

a tetrahedral mesh, according to the simulation of two buildings (Test case 1). As a result,
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the same mesh type is employed in this case too. Buildings, internal subdomain, and far from
buildings have cell sizes of 1.5, 3, and 24 m, respectively. The total number of cells generated
is estimated to be around 6 million. The number of cells generated is fine enough as indicated

by mesh independence test in Figure A.2 in Appendix A.
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(b)

Figure 4.4: (a) The East Village location within the London Olympic Park; (b) The

CAD model generated for the East Village.
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4.3.2 Wind data analysis

A wind rose, shown in Figure 4.5b, is used to show wind speed in different directions at 10
m above ground level. Where segment 1 to 12 in the figure are mean wind directions with
15 degree intervals. The frequency of mean wind speed in each direction is represented by
the numbers 0 to 15000. The cumulative wind speed at various frequencies was averaged
over a ten-year period from 2001-2010. This value was determined as 8 m/s and was used
as a reference velocity throughout the simulation. The surface of the cylinder in the computa-
tional domain is divided into 12 segments based on wind data analysis, displaying various wind
speeds in different directions. Six portions are designated as inlets in each simulation, while the
remaining sections are assigned as outlets. The velocity data obtained from the UK Met Office
for the closest weather station is used as the boundary condition at the computational domain’s
inlet. The wind rose in Figure 4.5b shows that velocity is prominent in the south-west (SW)
direction, and it reaches its maximum at an angle of 240°. The inlet boundary is then defined in
the range of SW — 90 °< Inlet < SW + 90. This is shown schematically in Figure 4.5a. Half of
the circle is specified as an inlet, while the other half is defined as an outflow, as can be seen.
The inlet, outflow, top of the computational domain, building walls, and roof have the same
boundary conditions as the validation case. The weather station data is provided for a height of
10 m. For all wind directions, the aerodynamic roughness length is set to 0.3, which is an es-
timated value for suburban or industrial locations [200, 201]. With an aerodynamic roughness
length of 0.3 and a velocity of 8 m/s at a height of 10 m, the friction-free velocity is computed
to be 1.078 m/s. This value of friction-free velocity is used in turbulent kinetic and dissipation

energy for the inlet.
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Figure 4.5: (a) Computational domain for East Village; (b) Wind data analysis.
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4.4 Results

4.4.1 Preliminary remark

4.4.2 Test case 1

The results of the simulations are presented in terms of velocity profiles at the pedestrian level
of 2 m in Figure 4.6.

The simulation results are for the case with the polyhedral mesh, using a prism layer thickness
of 20% of the core cell size and the number of prism layers as 2. Polyhedral mesh produces
more accurate results than tetrahedral mesh, according to the findings. The key reason for
this is that each individual cell in a polyhedral mesh has many neighbours, allowing gradi-
ents to be well approximated [202]. In addition, faster convergence with fewer iteration can
be achieved using polyhedral mesh. To create the core mesh, the polyhedral meshing model
uses an arbitrary polyhedral cell shape which is created from an underlying tetrahedral mesh
using a specific dualisation process [151]. This technique enhances mesh quality by reducing
skewness. Furthermore, because more than one or two tetrahedral cells join to form polyhedral
cells, a reduction in mesh count is always feasible, and thus the simulation time is also reduced.
The results also show that changing the number of prism layers from 2 to 5 does not affect the
simulation. So, to reduce the computational cost for a complex urban geometry it is reason-
able to use 2 layers. These inputs indicate more accurate results as they fit the measurement
data better. Simulation results using different turbulence models are fully converged and the
residuals reach below 1074,

For comparing the results of this simulation quantitatively, 5 points within the building passages

are taken along the wind direction, as shown in the inset of Figure 4.6.
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Figure 4.6: Comparison of amplification factors (u/ug): ug: 5.9 (m/s) using different

turbulence model (same cell size); building width: 6 m.

It can be seen that overall, the standard k-€ model fits the experimental results better compared
to other models. Nearly all models tend to over-predict the velocity. The standard and SST
k- models tend to under-predict the velocity further downstream, therefore predicting a much
steeper gradient in the velocity levels with respect to y/D. All the numerical settings used in
this simple case study provide great insight for the much more complicated case of the East

Village, which is presented below.

4.4.3 Test case 2

Colour contours of velocity at the pedestrian level of 2 m are shown in Figure 4.7. The area
of high velocity is clearly observed from the velocity contours, which are due to corner effects
as well as downwash and funnelling effects (this will be discussed further in conjunction with

Figure 4.9).
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(b)

(c) (d)

Figure 4.7: Contours of the velocity magnitude: (a) standard k-€; (b) realizable k-¢;

(¢) k-m; (d) SST k-o.

Based on the velocity contours shown in Figure 4.7, no significant difference between different
models can be observed. To further investigate this, the variation of the predicted velocity
should be monitored at different heights. To do so, the velocity profiles across three vertical

lines are shown in Figure 4.8 for different turbulence models.
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Line 1 is located very close to buildings, just before the wind impinges on the bluff bodies.
Along this line, all turbulence models show the most similar trends and the buildings behind
them have similar heights. Line 2 is located in the area with the highest velocity magnitudes.
The buildings in front of them have heights varying between 30 and 100 m. As can be observed
from Figure 4.8b, velocity variation with height along line 2 and above the height of 30 m are
increasingly similar with a very small variation for all models. Beyond the height of 30 m,
the main obstacle is a tall structure and the results appear to exhibit the same trend for four
turbulence models. Line 3 is located where the streamlines have passed the bluff bodies. From
this line, it is clearly recognised that the k- does not obey the logarithmic trend as the velocity
decreases up to the height of 30 m, and then it follows an increasing trend. In the work carried
out by Tominaga et al. [203], which assessed the accuracy of various turbulence models around
one high rise building, it was mentioned that SST k-m underestimates the turbulent kinetic
energy around buildings and as a result, flow separation is expected around the corners of the
buildings. Overall, their finding indicated that k-€ models are more accurate in the prediction

of flow around the buildings for both steady and unsteady state RANS simulations.
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Figure 4.8: Comparison of various turbulent models at different heights for 3 distinct

sections of the geometry: (b) line 1; (¢) line 2; (d) line 3.

Despite indicating the velocity contours at pedestrian level, different wind patterns including

corner, downwash and funnelling effects are also shown graphically in this section. In Figure

4.9a, the effect of interaction flow is illustrated. As has been mentioned by Blocken [191],
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building influence scale is the factor used to determine different patterns of flow (e.g., resis-

tance, interaction and isolated flow). This factor is calculated based on Equation (4.5).

S = (B.By)? 4.5)

where S is the building influence scale, and By, and B; refer to the larger and smaller dimensions
of windward faces. In Figure 4.9a, the distance between buildings is 6 m and the ratio of width
to building influence scale (W/S) is in the range of 0.125 < W/S < 1.25, which is in the category
of interaction flow. This factor indicates that the streams at the corner entrance separate and
subsequently merge into one single stream. In addition, flow separation, corner and downwash

effects are illustrated with streamlines in Figure 4.9b—d, representing areas of high velocity.
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Figure 4.9: Velocity streamlines: (a) interaction flow; (b) flow separation; (¢) corner

effect; (d) downwash effect.

Streamlines in Figure 4.9b show the flow separation. Where the flow is separated from the
surface of the buildings after hitting them it forms a recirculation zone after passing them.
Streamlines in Figure 4.9c demonstrate the corner effect where the wind is accelerating around

the corners of the buildings. The high-velocity area near the ground is due to corner effects
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and this can lead to pedestrian discomfort, while calmer stagnation regions are at the sides of
the buildings. In addition, high-velocity areas can occur due to the funnelling effect, where the
flow accelerates through narrow passages between buildings. Figure 4.9d shows the downwash
effect. When the wind strikes a tall building, it can flow above or around it and can be partly
detached towards the ground, and its intensity depends on the height of buildings. This effect

also amplifies the wind speed towards the ground and the pedestrian level.

It is worth noting that a standard wall function was used in Test cases 1 and 2 in contrast to
the work of Blocken [191], where the wall function roughness was modified. However, further
work is required to eliminate the effect of horizontal inhomogeneity such as using periodic
boundary conditions instead of Richard and Hoxey [198], including boundary conditions for the
velocity profile, turbulent kinetic and dissipation energy. A structured mesh could also improve
the efficiency of CFD simulations. However, to reduce the computational cost, a structured
mesh in the area of interest and unstructured far from buildings is more desirable. Unsteady-
state RANS simulation for this case may also lead to improved prediction of the wind speed
[203]. For reducing uncertainty, higher fidelity CFD techniques can be used (e.g., LES versus
RANS) [169, 204]. However, using an expensive method of LES might not be very feasible
for complex urban geometries such as the ones tested here due to significant computational
cost [168]. Therefore, RANS still appears to be a preferred choice and a compromise between

accuracy and cost in simulating complicated and/or large urban models [205].

It should also be mentioned that the turbulence model used is based on those found in STAR-
CCM+ for high Reynolds numbers. Other works, however, have compared other variants of
the k-€ model [206]. Santiago [207] and Tominaga [208] , for example, found that a RNG k-¢
model agrees better with wind flow around buildings than standard k-€ and realizable k-€ mod-
els. In addition, Liu et al. [209] compared the wind velocity data from the RNG k-& model and
a wind tunnel experiment, finding a satisfactory agreement. Despite the fact that other research
have found modified k-€ models to be more efficient, standard k-€ is the turbulence model used

in other test cases in this thesis.
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4.5 Summary

In this chapter, numerical simulations of the flow were conducted for two different test cases.
first case was a simple model for sensitivity analysis and validation of the CFD methodology.
Subsequently, the second case involved a large and detailed 3D model representing the East
Village in the London Olympic Park. Various input parameters for mesh considered including
two unstructured types of the mesh, ratio of prism layer thickness to core cell size and number
of prism layers. According to the finding of this chapter, an unstructured polyhedral mesh
produces more accurate results than a tetrahedral mesh with the same base size. Furthermore,
increasing the number of prism layers from 2 to 5 had no significant effect on the results. To
predict the velocity around buildings by using wall functions, there should be a reasonable
growth rate between the outer prism layer and the first core cell. The results of the simulation
of Test case 1 reveal that more accurate results are produced if the prism layer total thickness
is 20% of the core cell size. The simulations of this study were performed using four different
turbulence models including standard k-g, realizable k-€, standard k- and SST k-». Based on
a comparison of simulation results and measurement data in Test case 1 and other references,
including the work of Tominaga [203], it is believed that the simulation of wind on an urban

scale works more effectively with the derivatives of the k-€ model.



Chapter 5

Effect of vegetation on flow field

5.1 Preliminary remark

Following the determination of areas of high velocities for Test case 2 from chapter 4, which
result from the corner and downwash effects, appropriate tree planting is proposed to overcome
these effects and mitigate the velocities for pedestrian comfort. As it was explained earlier in
chapter 2, planting trees in urban areas contributes to urban heat island mitigation and can
reduce energy use, wind speed and air pollution [141]. Urban trees are modelled through
implicit and explicit approaches. Using implicit approaches, trees are considered in surface
parameterisation with the value of aerodynamic roughness length zg, which is applied in wall
function. However, in the explicit approach, the aerodynamic effects of trees are modelled by
adding source and sink terms to momentum, turbulent kinetic energy and turbulent dissipation
energy [141]. Extra terms in the equation of turbulence kinetic and dissipation energy account
for the enhanced production of turbulence, i.e., wake turbulence due to its smaller scale than
shear turbulence, which is subjected to faster dissipation. Thus, vegetation acts as a net sink

for turbulent kinetic energy [180, 210].

98
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5.2 Test case 3: East Village of London Olympic Park

with Vegetation

In the present work, trees were added to the case of the East Village with 14 different ar-
rangements. The distance between trees, the proximity to building edges and the type of trees
(evergreen or deciduous) will all affect the results. These critical parameters are shown in Fig-
ure 5.1. In this study, the trees were modelled using the explicit approach and were considered
as porous media. The source and sink terms in the momentum, turbulent kinetic energy and
turbulent dissipation energy are activated when the flow reaches the porous media zone accord-

ing to Equations (3.39)—(3.41) in section 3.5 [180].

Building

Figure 5.1: Critical parameters affecting the wind speed.

In this work, tree stems are not considered in the modelling due to their small size and thickness.
The tree stem must be considered as a wall in case of existence, which creates a limitation for

meshing. Only the tree crown is set as the porous media and it is elevated from the ground.
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Depending on the type of tree and its age, tree height, crown width and crown height will vary.
To estimate the elevation of porous media from the ground, the tree size must be estimated
from empirical correlations. In this study, birch trees were chosen for wind mitigation, which
are common trees in urban areas and in the UK [211] (Figure 5.2a). The crown height and

width for this tree are estimated by Equations 5.1 and 5.2, respectively.

Crownheight = exp(bo + b1 HG + byBHD + bstreeage + B+ ) (5.1
Crownwidth = exp(co + ¢;BHD + byBHD + ctreeage + Y+ Ypr ) (5.2)

where HG and BHD refer to the height growth and the breast height diameter. The coefficients
of empirical equations are taken from [211]. With the total tree height of 15 m, 2 mm/year
height growth at the age of 20 years, the crown height and tree stem height are estimated as
9 m and 6 m, respectively. Applying these coefficients, the crown width is estimated around
4.5 m. Thus, in the CAD model, trees are elevated 6 m above the ground and the tree crown
is shown as a rectangular cube with a height of 9 m and a width of 4.5 m in Figure 5.2. The

required constant parameters to find out the tree dimensions are shown in Table 5.1.

Table 5.1: Constant parameters for estimation of the tree height and crown width.

Constants b by by bs co 1l
Value 1.2603 0.0468 -0.0111 0.0060 0.554 0.1596
Constants ¢ b by Y Ypr

Value -0.0141 0.02226 4.0055 0.3156 0.8125
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(a) (b)

Figure 5.2: (a) Birch trees; (b) Schematic of birch trees implemented in the CAD

model.

The wind comfort level depends on individual activity [4]. For this reason, Table 5.2 defines the
wind threshold for separate activities. The main objective of using vegetation around buildings
is to eliminate A1 regions in the outer boundary of the model for pedestrian comfort, which
is presented in Figure 5.3. In order to remove the Al regions, which are uncomfortable for
pedestrians walking and cycling, the different arrangement of trees with heights of 12 and 15
m are assessed in this test case. Many factors in tree modelling in urban simulations can affect
wind mitigation. Examples include wind direction, tree type (e.g., deciduous, evergreen), tree
age, stem height, tree height, crown height, crown width, diameter at breast height, distance
between trees and distance of buildings to the trees [141, 180, 212]. Considering all these
parameters simultaneously to find the optimised type of tree and arrangement is beyond the
scope of this study. Thus our study deals with optimizing the arrangement of trees after tree
selection (e.g., based on price, weather condition). Regions 1-3 in Figure 5.3 show the main

areas in need of mitigation. Trees with a height of 15 m represent a birch type. The description
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of different tree arrangements tested here is shown in Table 5.3. [3, 4].

Table 5.2: Lawson comfort scale.

Uncomfortable for pedestrians in the
4 vicinity of entrance door or sitting outside
for long period of time.

Uncomfortable for pedestrians standing or
sitting for shorter periods of time.
Uncomfortable for pedestrians ’leisure
walking’ e.g. strolling and sightseeing
Uncomfortable for pedestrian walking

10 quickly e.g. walking to a destination and
cycling
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Figure 5.3: A1 region inside the boundary: Targeted area for wind speed mitigation.
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Table 5.3: Description of different tree arrangements tested.
Case Tree Height (H) Minimum Distance Distance to Other
Arrangement
Number [m] to Buildings Trees
Arrangement 1 12 2/3H 2H Individual trees
Arrangement 2 12 H/2 H Individual trees
Arrangement 3 12 H/2 2H Individual trees
Arrangement 4 12 H/4 H Individual trees
Arrangement 5 15 H/2 2H Individual trees
Arrangement 6 15 H/2 H Individual trees
Arrangement 7 15 H/4 2H Individual trees
Arrangement 8 15 H/4 H Individual trees
Arrangement 9 15 H/4 Adjacent Block
Arrangement 10 15 H/4 Adjacent Block
Arrangement 11 15 H/4 Adjacent Block
Arrangement 12 15 H/4 Adjacent Block
Arrangement 13 15 H/4 H/4 Block
Arrangement 14 15 H/4 H/4 Block
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5.3 Results

The velocity contours at the pedestrian level for the 12 m tree for different tree arrangements
are shown in Figure 5.4 (arrangements 1-4). The crowns of these trees are modelled as a cube
with 5 m width and 8 m height and are elevated 4 m above the ground. The tree crown is closer
to the ground in comparison to birch trees (arrangements 5—8). By looking at Cases 1 to 4, it is
evident that the A1 region is smaller when the distance between the trees is reduced. However,
the minimum distance between trees and buildings is not large enough to overcome the corner
acceleration that leads to the Al region. The minimum gaps between trees and buildings for
trees with a 12 m height are set as 3, 6 and 8 m. Changing the type of trees to one with a larger
crown width and higher leaf area intensity can lead to improved performance.

The velocity contours for birch trees are shown in arrangements 5-8. By comparing arrange-
ments 5 and 6, no significant difference can be observed, despite the trees in arrangement 6
being denser. The results suggest that the porous media that is closer to the ground works
more effectively by comparing arrangements 2 and 6 for tree heights of 12 and 15 m. Both
configurations have the same density for trees and the same minimum distance to buildings.
Even though the crown height is bigger for the 15 m tree, due to the proximity of porous media
to the ground, 12 m trees are more effective at decreasing the wind velocity. In general, 15
m trees work less effectively than 12 m trees for all the cases assessed here because the tree
crown is located higher above the ground. In Figure 5.5, various blocks have been defined as a
representation of adjacent trees, an approach which is very efficient in terms of computational
time [180, 186]. By comparing 14 cases of wind mitigation in this study, it appears that tree
arrangements from Cases 9 to 14 act more effectively in terms of wind velocity mitigation at
the pedestrian level. However, to compare the effectiveness of arrangements 9 to 14, the area-
weighted averages of velocity are taken for regions 1-3 and are presented in Table 5.4.

The results in Table 5.4 demonstrate that the most effective arrangement for wind speed re-
duction at the pedestrian level for region 1 is arrangement 14, leading to approximately 25%

reduction. For regions 2 and 3, arrangement 12 leads to 66% and 3% reductions, respectively.
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As can be observed from the results, in region 3, despite inserting blocks all around the build-
ings, the wind velocity cannot be decreased significantly. This suggests that in this region,

other types of trees with perhaps wider crowns should be considered.

5.4 Summary

The impact of various tree arrangements on pedestrian comfort has been investigated in this
chapter. The results of this section focus on the importance of trees height, their distance from
buildings and other trees. Trees that are closer to the edge of the buildings are more efficient
in decreasing wind speed when compared to alternative layouts evaluated in this chapter. Fur-
thermore, the impact of tree age is demonstrated by the elevation of the tree crown from the
ground. This illustrates that the crowns of younger trees are more effective at lowering wind
speed since they are closer to the ground. The quantitative evaluation of several tree arrange-
ments shows that with the optimised arrangement of trees in Test Case 3 using a specific type
of trees (e.g., birch), the wind speed at the pedestrian level is reduced by 25% in region 1, 66%

in region 2 and 3.5% in region 3.
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Figure 5.4: Velocity contours at the pedestrian level (2 m) with various tree arrange-

ments (Arrangements 1-8).
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Figure 5.5: Velocity contours at the pedestrian level (2 m) with various tree arrange-

ments (Arrangements 9—14).
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Table 5.4: Area weighted average of velocity for regions 1, 2 and 3.

Case Number

Area weighted Average of Velocity (m/s)

Region 1 Region 2 Region 3
East Village without trees 8.05 8.80 5.40
Arrangement 9 7.06 2.83 5.28
Arrangement 10 7.04 2.88 5.33
Arrangement 11 6.84 2.84 5.51
Arrangement 12 6.71 2.68 5.24
Arrangement 13 6.68 2.93 5.64
Arrangement 14 6.03 3.12 5.61
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Chapter 6

Effect of vegetation on air quality,

temperature and velocity

6.1 Preliminary remark

This chapter includes four case studies: Test cases 4, 5, 6 and 7. Table 6.1 summarises the
descriptions of these case studies as well as their findings. A CFD analysis of street canyons
with bottom heating is used in Test case 4. The current simulation has been compared to the
work of Kim and Baik [179], as well as the wind tunnel data of Uehara et al. [213]. Test case
4 is used to validate Test cases 6 and 7, which assess various bottom heating circumstances.
The effect of building roof greening on air quality in street canyons is investigated in Test case
5, which is a replication of Baik et al’s study [101]. The concept of a pollution source term
in street canyons that was used in this study is implemented for Test cases 6 and 7. Test case
6 represents the selected areas of East village (Figure 6.3) consisting of 7 buildings where the
CFD analysis of wind around these buildings with bottom heating of 10 °C on air temperature,
quality, and wind speed at the pedestrian level is assessed. Test case 7, on the other hand, is
identical to Test case 6, except with the addition of one building. The comparison of Test case 6
and 7 data demonstrates how the addition of buildings can aggravate the UHI impact, degrade

air quality, and create pedestrian discomfort. As a result, alternative mitigation approaches
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are applied on this test case, as discussed in chapter 2. Mitigation methods which take into
account the impact of vegetation with various layouts are green roofs, green walls and trees.
The influence of trees on pedestrian wind speed has been assessed by Test case 3 in section
5.2, whereas their effect on air quality and temperature has been evaluated in this chapter.
Furthermore, a parametric study is carried out to evaluate the impact of some key parameters
on air temperature, pollution, and velocity at the pedestrian level. These parameters include
wind speed (8 and 4 m/s at the reference height of 10 m), cooling intensity of the vegetation
(250 and 500 W m®) and three cases where the streets have no bottom heating, bottom heating
of 2 °C and 10 °C. Pollution is simulated as a form of passive scalar with an emission rate of

100 ppb s°!, considering NO; as the pollutant.

Table 6.1: Evaluated case studies in this chapter.

Case number Description of the case Findings

Test case 4 2D idealised street canyons Prediction of the air temperature

2D model representing 2 o .
L ] Prediction of the air temperature
Test case 5 buildings in street canyon )
. . and pollutant concentration
with the source of pollution

3D model representing . i
Prediction of the air temperature,
Test case 6 selected areas of East

] ) . pollutant concentration and velocity
Village with 7 buildings

3D model representing o .
Prediction of the air temperature,
Test case 7 selected areas of East

] ) L pollutant concentration and velocity
Village with 8 buildings

6.2 Test case 4: Street canyon with bottom heating

In this section, a CFD model is used to predict the air temperature in idealised street canyons.
The results of the present simulation are compared against wind tunnel data from Uehara et al.
[213] and the simulation results of Baik et al. [90]. It is worth mentioning that this case study

has also been validated by other studies [86, 214, 215].
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6.2.1 Computational domain and mesh

In this case study, there are seven street canyons. The building’s height, H, and width, W,
are both 1 m, as illustrated in Figure 6.1.For the discretization of this 2D model, a structured
(trimmed cell) mesh was used. Using a 0.02m cell size, with a stretching ratio of 1.2, approx-
imately 420,000 rectangular elements were generated. The target street canyon with bottom
heating is the middle canyon in Figure 6.1. Bottom heating is defined as the temperature dif-
ference between the ground’s surface and the ambient air temperature and represents the effect
of the sun warming the earth. The estimated normalised potential temperature and horizontal

velocity are acquired at the centerline of the target street canyon.

— Symmetry

—— Inflow 3 H Outflow

Street with
ground heating

Figure 6.1: 7 street canyons with bottom heating in the middle street.

6.2.2 Governing equations and boundary conditions

In this case study, the temperature and velocity variations are computed using coupled flow
and energy equations. The flow models are based on the RANS equations and standard k-€
turbulence model, as described in in Chapters 4 and 5. The segregated fluid temperature energy
model is employed in this simulation. The energy equation is solved using the Segregated Fluid
model in STARCCM+, with temperature as the solution variable. The equation of state is then
used to calculate enthalpy from temperature [151]. The wind speed and temperature at the

boundaries are given based on the bulk Richardson number (Rb) which is defined by equation
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6.1.

Rb = gH (T, — T,/ (T, +273)uj, (6.1)

where g is the gravitational acceleration, H denotes building height, 7;, and T, stand for the
ambient air and the ground temperature respectively. The velocity at the building height is
denoted by u;,. The simulated case has a bulk Richardson number of -0.27 and a ground heating
of 2 °C. Wind speed at the inlet is set 0.5 m/s.. The ambient air temperature at the inlet and
outlet set as 20 °C. The outflow boundary has zero static pressure and the top of domain is

symmetric. Table 6.2 represents a summary of the boundary conditions for Test case 4.

Table 6.2: Boundary conditions for Test case 4

Boundary conditions Value/Definition
Inflow wind speed [m/s] 0.5
Width of street canyons [m] 1

Height of buildings [m] 1

Air temperature [°C] 20

Ground temperature [°C] 22

Richardson number -0.27

Outflow Zero static pressure
Top of the domain Symmetry

6.3 Test case 5: Street canyon with the source of pollu-
tion

The model in this section is used to predict air temperature and pollutant concentration in the
street canyon surrounded by two buildings. The results of the present simulation is compared
against the simulation results by Baik et al. [101]. The street canyon is simulated with the
bottom heating of 6 °C. The green roof is applied on building 1 in Figure 6.2 and is not shown
as a vegetation block, but as a wall with a 2 °C cooling intensity. In addition, the traffic emission

was modelled using the passive scalar model and is explained in section 6.3.2.
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6.3.1 Computational domain and mesh

Figure 6.2 shows the 2D computational domain and mesh for this test case. The height of the
buildings represented as wall 1 and 2 in this figure, as well as the width of the street canyon,
are 20 m. The computational domain is 50 m long in the x direction, which means that roof 1
and roof 2 are 20 and 10 m wide respectively. The computational domain is 60.8 m tall. For
this case study, this dimension was chosen to be compatible with experimental data. Because
of the geometry’s simplicity, a structured grid was employed to discretize the domain, as in the
preceding section. The domain is split into two parts: upper and lower. The cell size in the
lower domain, which is shown in a darker colour in Figure 6.2, is 0.025 m, whereas the cell
size in the upper domain is 2.5 m. Around 100000 trimmed cells were generated using these

values.

Symmetry

Inflow Outflow

Roof 1 Roof 2

Wall 1 Wall 2

Source of pollution#

-1.5 X/H 1

v

Figure 6.2: Street canyon with pollution.
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6.3.2 Governing equations and boundary conditions

The flow and energy equations included in the CFD simulations of this test case are the same
as those for Test case 4 in section 6.2.2. To model traffic emissions at the bottom of the street
canyon, additional equations are required. A passive scalar model is used to model pollution
[96, 189]. The mathematical equations for this model, as well as constants and model parame-
ters such as the turbulent Schmidt number and turbulent diffusivity, are detailed in chapter 3 in
section 3.6. Figure 6.2 shows the exact location for applying the pollution source term, which is
from the ground up to a height of 0.5 m. Regarding NO, as a pollutant, the emission rate is 100
ppb s~ For this test case, the CFD simulations were run in unsteady state mode and integrated
for 2 hours with a time step of 0.1 s. For the first 30 minutes, there is no traffic or pollution,
and the source term is active from t=30 minutes to t=2 hours. he initial air temperature is fixed
at the 30 °C. The temperature at the ground, wall 1, wall 2 and roof 2 are also set as 30 °C. The
temperature at roof 1 is given as 28 °C to represent green roofs with cooling intensity of 2 °C.
The inflow wind profile is logarithmic with wind speed of 2 m/s at the height of buildings. The
outflow has a zero static pressure, and the top of the domain has a symmetric boundary. Table

6.3 represents a summary of the boundary conditions.

Table 6.3: Boundary conditions for Test case 5

Boundary conditions Value/Definition
Air temperature [°C] 30
Temperature at roof 1 [°C] 28

Pollution’s emission rate [ppb s™!] 100
Logarithmic velocity with the wind speed of 2 m/s
at the height of 20 m

Inflow

Outflow Zero static pressure

Top of the domain Symmetry




CHAPTER 6. EFFECT OF VEGETATION ON AIR QUALITY... 116

6.4 Test cases 6 and 7: Selected areas of East Village

In this section, areas of East Village from Figure 4.4 are selected and presented in Figure 6.3
and 6.4. Test case 6 is represented by the first, whereas Test case 7 is represented by the latter.
Test case 6 consists of 7 buildings, while Test case 7 is the same as Test case 6 but with one
additional building. For these test cases, CFD simulations of flow, energy, and pollution are
conducted. The comparison between these two scenarios shows how adding a building to an
urban design can increase UHI, deteriorate air quality, and create pedestrian discomfort. As a
result, mitigation solutions to counteract these effects must be provided as buildings are added.
As a result, the main focus of this section is on adding vegetation to Test case 7. The influence
of vegetation in the form of trees for pedestrian comfort was clearly established in chapter 4.
Therefore this chapter will focus on their impact on air temperature and pollution dispersion
in urban areas. Furthermore, the impact of vegetation in other forms on building fag, such as
green roofs and green walls, on air quality, temperature, and velocity in various conditions is
compared. The efficacy of different mitigation measures is quantified and compared in terms

of area- weighted average of temperature, pollutant concentration and velocity magnitude.

6.4.1 Computational domain and mesh

The computational domain for all test cases in this section is the same size as in Figure 4.4 for
East Village. Building heights for Test case 6 range from 30 to 80 m, while those for Test case
7 range from 30 to 102 m. In this part of East Village, the additional building in Test case 7
is the tallest building. In Test case 6, there is no vegetation, however in Test case 7, there are

numerous types of vegetation that are defined in Table 6.4.
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Table 6.4: Test case 7 with various forms of vegetation.

Case number Description

Test case 7-a  Without vegetation

Test case 7-b  With green roofs

Test case 7-c ~ With green walls

Test case 7-d  With trees

Test case 7-e ~ With combination of green roofs and green wall

Test case 7-f ~ With combination of green roofs and trees

Test case 7-g ~ With combination of green roofs and more trees

With combination of green roofs and more trees:
Test case 7-h

trees 2 m closer to the ground

Test case 7-1  With targeted combination of green walls and trees

Test case 7-j ~ With targeted combination of green walls and trees

The size, type and location of trees are chosen based on the optimal layout of trees in chapter
5. The thickness of green walls and roofs is 1 m. Green roofs and green walls are represented
in this study by a block with a thickness of 1 m, as opposed to Figure 2.7, where green roofs
contain numerous layers. According to Figure 5.2, the birch trees are elevated 6 m above the
ground, thus the green walls are similarly lifted 6 m. In Test cases 7a and 7b, green walls
and roofs are found on all of the building surfaces which are depicted by numbers 2 and 3 in
in Figure 6.4. Apart from the influence of individual vegetations, the efficacy of combination
strategies was also assessed. Figure 6.6 from cases e-h shows the combination of greenery.
Cases ’g’ and ’h’ have similar arrangement while trees in case "h’ are 2 m closer to the ground.
The difference between cases ’f’ and ’g’ are more observable in Figure 6.7. Cases ’i’ and ’j’
are targeted mitigation choices, and the reason for this configuration will be detailed in section
6.5.6.

The domain is discretised, and the computational mesh is the same size as in Test case 3. As

demonstrated in Figure 6.5, a thin mesh with two layers was adopted for meshing green roofs



CHAPTER 6. EFFECT OF VEGETATION ON AIR QUALITY... 118

and green walls.

Wind direction : Dominant
wind speed: 240°

Figure 6.3: Computational domain for Test case 6.
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Outlet
North /

Wind direction : Dominant I

wind speed: 240° @

Figure 6.4: Computational domain with green wall, green roof and trees for Test case

7.
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(©) (d)

Figure 6.5: Computational mesh for Test case 7: (a) without vegetation; (b) with green

roofs; (¢) with green walls; (d) with trees.
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(e) ®

(2 (h)
(i) )

Figure 6.6: Geometry for Test case 7: description of sub-figures can be found in Table

6.4.
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(h)

Figure 6.7: Geometry for Test case 7: (f) with combination of green roofs and trees;

(h) with combination of green roofs and more trees.

6.4.2 Governing equations and boundary conditions

The flow equations and boundary conditions are identical to those in Test case 3. The energy
and pollution equations are coupled in the same way as in Test cases 4 and 5. Heat conduction
is neglected, and the walls are considered thin. The simulations are all run in steady state mode
in order to maintain consistency with the preceding chapters. As noted in Chapter 4, unsteady-
state simulations may improve wind speed prediction [203], however the author employed
steady state simulations to lower the computing cost for a complex urban layout. The flow and
surface roughness boundary conditions are the same as in Test case 2. For all test situations,
the air temperature is set to 20 °C. Different ground temperatures were used to generate various
heating intensities, which represents as bottom heating, the difference between air and ground
temperatures. The earth is warmed by the sun, which is represented by bottom heating.

To evaluate the effect of vegetations (green roofs, green walls and trees) the source terms
are added to the equations of momentum, turbulent kinetic energy and energy dissipation. In
chapter 3 and section 3.5, these equations and parameters are described in depth.

The exact location of pollution is the internal circular subdomain in Figure 6.4 up to the height
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of 1 m. Different scenarios are investigated in order to assess the impact of various types of

vegetation under different conditions. These are as follows in Table 6.5

Table 6.5: Different scenarios for Test case 7

Bottom heating Cooling intensity Wind speed at the height

[°C] [Wm™] of 10 m: [m/s]
Scenario 1 0 250 8
Scenario 2 2 250 8
Scenario 3 10 250 8
Scenario 4 10 500 8
Scenario 5 10 250 4

6.5 Results

6.5.1 Test case 4

The results of this test case consist of the normalised temperature and velocity distributions in
the middle of the street canyon. As shown in Figure 6.8, the accuracy of this model is validated
by Uehara’s experimental work [213] and the numerical study conducted by Baik et al. [90].
The estimated normalised temperature correlates well with the wind tunnel study, as shown in
this figure. Furthermore, when compared to the other simulation, it is obvious that the cal-
culated temperature near the ground is very similar to the measured data. Near the ground,
the normalised velocity is overestimated, while the normalised velocity derived by this model
matched the wind tunnel data better than the simulation results, especially at heights beyond
the roof level (Z/H>1). Because of changes in simulated settings and experimental setup, the
results of this simulation and the wind tunnel data may differ. For example, no roughness was
applied to the ground when roughness elements were present in the experimental setup. More-

over, a 3D configuration was employed in the wind tunnel experiment, with buildings displayed



Z/H

CHAPTER 6. EFFECT OF VEGETATION ON AIR QUALITY... 124

as blocks, but the model developed in this study was in 2D. Additionally, the Richardson num-
ber in the experiment is -0.21, whereas it is -0.27 in this work. Despite a few minor differences,
the overall findings closely matched the wind tunnel data. Based on the results of this valida-
tion study, the same strategy for modelling of energy in urban areas with bottom heating will

be used in the subsequent sections of this chapter for Test cases 6 and 7.

2.5
—e— Present Simulation 2+ |=—e—Present Simulation 4
ol —e— Kim and Baik 2001 | —e—Kim and Baik 2001 Y.
* Uehara et al.2000 % Uehara et al.2000 ;

7/H

T

0.5 1 1.5
T~ Tg/ATsfa

(a)

Figure 6.8: Variation of normalized velocity and temperature with the height in the
middle of target street canyon with bottom heating (a) normalized temperature, (b)

normalized velocity.

6.5.2 Test case 5

Figure 6.9 illustrates the findings of this test case, which include streamlines of velocity, pol-
lutants, and temperature. The pollution streamlines are shown up to 1000 ppb with 100 ppb
interval in Figures 6.9a and 6.9b. The temperature variations are represented in Figures 6.9¢
6.9f for the presented simulation and Baik et al’s study [101]. This demonstrates the cool air
distribution in the street canyon. The rotating vortex in the street canyon is depicted in Figures
6.9c and 6.9d.

There are some discrepancies in the streamlines between the current simulation and Baik et
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al’s validation scenario, despite the fact that the variation of pollutant concentration and tem-
perature are similar in both. The differences between the current simulation and Baik et al’s
study could be related to a variety of factors. For example, in Baik et al’s study, the applied tur-
bulence model is RNG k-g, however in our simulation, the standard k-& model was used. The
value of the turbulent Schmidt number varies depending on the type of turbulence model, as
indicated in section 3.6. The applied value for turbulent Schmidt number was not mentioned in
Baik et al’s paper. Because the standard k-€ model has the greatest performance in CFD mod-
elling of urban microclimate among the evaluated models (see chapter 4), it is used throughout
this work for consistency. Furthermore, this study used a 2D simulation as opposed to Baik et
al’s work, which used a 3D domain to simulate temperature and pollutants in the street canyon.
Furthermore, the precise value of the aerodynamic roughness length was not provided, which
could be another cause of discrepancy when comparing two simulations. Additionally, in the
current simulation, a cooling intensity of 2 °C is applied to the roof, but in Baik et al’s study,
this value is applied to 0.25 m above the roof level. Also, the results of this simulation are
compared against another simulation rather than field or wind tunnel data. As a result, the
minor discrepancy between two simulations can be justified. Despite a few small changes, the
findings were nearly identical to Baik et al’s. Based on the findings of this validation research,
the same technique for modelling pollution in urban areas will be employed for Test cases 6

and 7 in the following sections of this chapter.
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Figure 6.9: Variation of pollution, velocity and temperature in the middle of the canyon

with height:
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6.5.3 Test cases 6 and 7 without vegetation

The simulation conditions for the cases in this section are based on scenario 3 in section 6.4.2,
with a bottom heating temperature of 10 °C, cooling intensity of 250 Wm™ and an inlet wind
speed of 8 m/s.

The results of this section consist of contours of temperature, pollution and velocity at the
pedestrian level for Test cases 6 and 7 as shown in Figure 6.10. In addition, the area weighted
average of these variables is taken in three regions of interest, S1, S2, and S3, as shown in
Figure 6.20. S1 is the largest region and it contains all of the buildings. S2 is the street that is
surrounded by all of the buildings and S3 is behind building 2. S1, S2 and S3 have surface areas
of 4.4 km?, 4500 m? and 640 m? respectively. Based on the results of the following sections,
these regions were identified as areas of interest. By comparing the contours of the left and
right sides of Figure 6.10 , it is evident that adding a 102 m high-rise building in the direction
of the wind can increase the UHI impact, degrade air quality, and create pedestrian discomfort.
The results of area weighted averages for this section are provided in Tables 6.6, 6.7 and 6.8
at the end of this chapter. In all of these tables, Test case 7-a refers to the Test case 7 without
vegetation, which is the section’s evaluated case. The results showed that adding building 1
to Test case 6 increased the average temperature in the S1, S2, and S3 regions by 0.32 °C,
0.13 °C, and 0.22 °C, respectively, while increasing the pollutant concentrations by 117, 93,
and 132 ppb in the same areas. The S3 region has the lowest velocity magnitude, which is
the recirculation zone, and causes the most pollution because pollutants are trapped and do not
move in low velocity areas. The average velocity in the large S1 region also increased by 6%.
Although this is only a marginal increase, the addition of a building resulted in high-velocity
areas in some regions due to corner and downwash effect. When comparing Test Cases 6 and
7, it appears that the red areas which cause pedestrian discomfort (see chapter 5, Table 5.2)
have increased in size dramatically.

The quantitative comparison of these two scenarios necessitates the use of mitigation methods
(e.g. vegetations) on Test case 7 to offset the increases in temperature, pollutant concentration,

and velocity magnitude. In the next sections, the efficacy of different approaches under various
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conditions is discussed.
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Figure 6.10: Comparison of temperature, velocity, and pollution contours for Test
cases 6 and 7 at the pedestrian level (2 m), bottom heating: 10 °C, cooling intensity:

250 W m™, wind speed at the inlet: 8 m/s.
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6.5.4 Test case 7 with mitigation strategies

This section explores how different vegetation layouts such as green roofs, green walls, and
trees affect microclimate air temperature, pollution dispersion, and velocity at the pedestrian
level. In order to do so, five scenarios are examined, as discussed in section 6.4.2.

First, in scenario 1, the mean flow, temperature, and pollutant characteristics are provided in
the absence of ground heating. The results of the cases with street bottom heating, referred to
as scenarios 2 and 3, are then presented. The difference between scenarios 3 and 4 is that the
cooling intensity in the latter is doubled. The difference between the third and fifth cases is that
the velocity in the latter is half.

In all of the circumstances investigated, the average of temperature, pollution, and velocity
magnitudes in the region of S1 are decreased by all vegetations. However, the extent of this re-
duction depends on street bottom heating, vegetation cooling intensity and wind speed. In chap-
ter 5, the influence of vegetation on velocity reduction was discussed. The cooling mechanisms
involved in vegetations (e.g. shade and evapotranspiration) are discussed here [180, 206, 216].
Several authors explained the reduction of pollution by trees, with wind tunnel experiments
or CFD models (RANS or LES) validating their findings [103, 105]. The presence of trees in
street canyons is understood to alter airflow and, as a result, pollutant dispersion. Trees act as
impediments to flow due to the reduction in air ventilation imposed by them, and hence larger
concentrations are produced in places where trees are present. Furthermore, below the tree
crown, the wind direction changes which acts as a source of turbulence and increases turbulent
diffusion, which aids in the dilution of contaminants [217]. Despite the fact that all simulations
in this paper were performed with RANS, Salim et al. [217] discovered that LES simulations
are better than RANS simulations in the presence of pollution because LES predicts horizontal
diffusion of concentration better.

It must be noted that although the presence of vegetation reduces the average amount of pollu-
tion surrounding all buildings (region S1), it might change the pattern of pollution dispersion
in different areas, which will be explored in this section. Despite the fact that walls and green

roofs are on all buildings facades, and trees are only located in high velocity areas, the greatest
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average temperature reduction is achieved by trees in all tested scenarios, as quantified in Ta-
bles 6.9, 6.10 and 6.11. It was also shown that green walls and green roofs are more effective
at reducing pollution than trees.

When the ground temperature rises, the average velocity magnitude at the pedestrian level
goes up, especially in the S1 zone, but a comparison of Scenario 1 to 3 for the case with
no vegetation in Figure 6.13 shows no significant variation in the mean flow pattern between
cases with different bottom heating situations. The results of earlier studies [218, 219] show
that increasing ground heating improves mean flow inside street canyons. According to these
findings, the mean wind speed increased under unstable conditions while decreasing in calm
conditions. The Richardson number (see equation 6.1) is used to classify stable and unstable
conditions [220]. This indicates that -0.03< Ry, <0 is in an unstable region, which corresponds
to bottom heating cases in this study. An unstable zone is a time of day when the earth’s surface
is heated and is normally throughout the day, and a neutral situation is when there is no heating
on the ground. Mechanical turbulence and convection are prominent in unstable environments.
As the temperature of the ground increases further, the region becomes more unstable. This
demonstrates that the air above the surface heats up and expands. As a result of its lighter
weight, it begins to rise, causing vertical movement in the atmosphere.

As expected, the average air temperature drops as the cooling intensity increases, and cooler
air flows into the street canyon as the cooling effect becomes stronger. This can be seen by
comparing scenario 3 and 4 in Figure 6.11, where the only variation is the cooling intensity.
Green walls and trees are the most effective solutions for lowering air temperature in the S1
zone, with a drop of 0.5 °C to 0.7 °C when cooling intensity is doubled. Because no trees are
planted at the back of building 2, the comparison for region S3 is unnecessary. In scenario 3,
trees reduce the temperature in region S2 by 0.95 °C, while green walls reduce temperature by
1.43 °C in scenario 4. It’s worth noting that green walls are on the facades of buildings, and
trees are only found in specific regions of high velocities. In comparison to trees, increasing
the cooling effects of green walls results in a greater temperature drop.

In scenario 5, lowering the wind speed increases the temperature gradient on vegetations, as
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shown in Figure 6.14. This observation was confirmed by the results of Fu et al. [221], who
found that the temperature gradient on porous material is lower at higher Reynolds. In this
simulation, the vegetation acts as a porous medium. As velocity increases, the fluid’s inertial
forces become more important. The disturbance of the flow flowing process grows along with
the increase in heat exchange. Thus, the temperature gradient of the vegetation and, as a result,
the entire domain diminishes.

Increasing the cooling intensity of the vegetation and decreasing the wind speed in scenarios
4 and 5 reduces the temperature the most in all test case circumstances. When comparing
doubling the cooling intensity with halving the wind speed, halving the wind speed is more
effective in lowering the average air temperature, as shown in scenario 5 in Figure 6.11. Where
the temperature reduction by green walls and trees in S1 region is 0.9 and 0.8 °C, respectively.
Because the trees are not planted at the back of buildings 2 and 3, the best comparison may
be made in region S2. In scenario 4, temperature reductions by green walls and trees are 2.15
°C and 2.20 °C, respectively. In all test case scenarios and in all regions, green roofs reduce
temperature by 0.1-0.4 °C .

Under neutral conditions, trees reduce temperature by 0.16 °C. In unstable situations, this is
0.25 °C and 0.51 °C. Meaning that as the bottom heating rises, vegetations become more ef-
fective at reducing temperature. Green roofs and green walls are following the same trend.

A slight drop in the average of pollutant concentration at the pedestrian level can be detected
as the ground temperature rises. One cause could be that earth heating encourages the top layer
to move downhill. The study of Jiang et al. [189] for a basic case has proved this. Accord-
ing to Kim and Baik [88, 214, 222] it was found out that the buoyancy force due to the street
bottom heating strengthens vortices by reinforcing mechanically induced upward motion. Fur-
thermore, in all circumstances, lowering the wind speed at the inlet resulted in higher pollution
concentrations. As a result, more windy weather leads to improved air quality. Cichowicz et
al. [223] has also confirmed this. Maerschalck et al. [106] also believes that porous nature
of the vegetation can produce more mechanical turbulence and absorb more turbulent kinetic

energy. Reduced wind speed and recirculation flow (wake region) result in increased shear
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stress and turbulence which subsequently increased dispersion of pollutants. As a result, in
the test cases studied in this section, the largest concentrations are found in the recirculation
zones inside buildings 3 and in the rear of building 2.

As shown in Figure 6.12, pollution reduction by all vegetations in neutral and unstable situa-
tions is nearly identical. The highest levels of pollution are found in the back of buildings 2
with a height of 80 m, where the lowest velocity recirculation zones are located. For scenarios
1 to 3, green roofs and green walls reduce pollution by about 41%, while trees reduce pollution
by 26%. While the velocity reduction has slowed the greatest with the use of trees, pollution
dispersed the most in those areas with the lowest velocity. When comparing the case without
vegetation in scenario 3 and 5 in Figure 6.12, it can be shown that halving the wind speed can
result in a 67 % increase in pollution in urban areas. Green roofs reduce pollution by 52 % in
scenario 5, while green walls and trees reduce pollution by 44 %. This indicates that when the
velocity at the inlet is lower, or when the weather is calmer, the efficiency of all forms of vege-
tation in reducing pollution is better. Green roofs are more effective in reducing pollution than
green walls at lower speeds. Although the average pollution reduction from green walls and
green roofs is similar, a comparison between scenario 3 and 5 in Figure 6.12, where the only
difference is velocity, reveals that green roofs are more effective than green walls. In general,
green roofs appear to be more effective at reducing pollution than other alternatives.

Despite the fact that the contours are given at the pedestrian level, the temperature difference is
shown in two separate planes (Figures 6.15 and 6.16). These diagrams depict how convection
in the atmosphere distributes heat energy from warmer places near the Earth’s surface to higher
altitudes in the atmosphere. This graph indicates that the comparison should not be limited
at the pedestrian level. When comparing case ’a’ with case ’c’, as well as case ’d’ with case
’b’ in this figure, it can be seen that, while trees are able to reduce temperature in more areas at
the pedestrian level, green walls are better in general in reducing air temperature if the vertical
comparison is also made.

By looking at the contours and the area weighted average velocity, it is clear that the trees are

the best in reducing velocity among all the tested test cases. However, trees are not as effective
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as green walls and green roofs in reducing pollution dispersion. In comparison to green walls
and trees, the outcomes of this study demonstrate that planting green roofs on tall buildings

may not be a cost-effective solution for reducing UHI.
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Figure 6.11: Contours of temperature at pedestrian level
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Figure 6.12: Contours of pollutant concentration at pedestrian level
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Figure 6.13: Contours of velocity at pedestrian level
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Figure 6.14: Contours of temperature at the surface of green roofs, green walls and

trees
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Figure 6.15: plane lines.
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Figure 6.16: Contours of temperature at different planes, bottom heating: 10 °C, cool-

ing intensity: 500 W.m3, wind speed at the inlet: 8 m/s: (a) green walls plane 1; (b)
green walls plane 2; (c) tree plane 1; (d) tree plane 2; (e) green roofs plane 1; (f) green

roofs plane 2.

6.5.5 Test case 7 with combination of mitigation strategies

The simulation conditions for the cases in this section are based on scenario 3. where the
bottom heating for all cases is 10 °C. The cooling intensity is 250 W m™ and the wind speed
at the reference height at the inlet is 8 m/s. In contrast to the previous section, which looked at

the effectiveness of green roofs, green walls, and trees individually, this section looks at how
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these measures perform when they are combined. The contours of temperature, pollution and
velocity are presented in Figure 6.17. Case ’e’ is a combination of green roofs and green walls,
case ’f’ is a combination of green roofs and trees, case g’ is a combination of green roofs and
additional trees (trees all around buildings) and case ’h’ is the same as case ’g’ but with the tree
crowns 2 m closer to the ground. The findings of this section are compared to Test case 7-a in
scenario 3, which is a case with no vegetation.

The average temperature drop in cases ’e’, 'f’, ’g’, ’h’ for region S1 is 0.5, 0.51, 0.67, and
0.77 °C, according to the findings of this section. While pollution levels decreased by 49%,
47%, 43%, and 42%, respectively. The average quantity of pollutant is reduced in the S1
region, but not in all sections of the domain, as in the other situations reviewed in the previous
section. Trees are added around all buildings in cases *g’” and "h.” The back of buildings have
a lower velocity and as a result, a larger level of pollution are observed than in the absence of
vegetation. It should be emphasized that, according to the Lawson comfort scale, the backs of
buildings are not high-velocity zones (See table 5.2), so planting trees in those areas to lower
velocity is unnecessary. The area weighted average of velocity in the region S3 is 1.96 m/s in
the absence of vegetation, but this number drops by half when trees are added. This is not only
inconvenient for pedestrians, but it also increased pollutants by 2% and 12% in cases ’g’ and
"h’, respectively. It can be seen that moving the tree crown 2 m closer to the ground reduced
the average velocity by 2% more, while by comparing velocity contours of cases g and h in
Figure 6.17, it can be seen that both cases were able to reduce the red areas due to the corner
and acceleration effect, as discussed in chapter 4. Furthermore, when comparing examples ’f’
and ’g,” where the difference is the number of trees, the average velocity reduction for both
cases is almost similar, the uncomfortable pedestrian zone (red areas in the velocity contours)
is nearly removed. The worst case scenario is combining green walls and green roofs (case e),
which failed to reduce high-velocity zones and only reduced velocity by 5% on average for the
S1 region.

In comparison to the individual options (Cases a, b, ¢ and d in section 6.5.4), case g’ and "h’

decrease the temperature more than case 'd’ by 0.16°C and 0.26°C, respectively, while the
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pollution level increases slightly. Moreover, whether trees are used alone or in conjunction
with green roofs and trees, there is no noticeable difference in the reduction of high-velocity
zones. Although combining solutions can combat UHI effect better than individual options, the
economic evaluation must also take into account the operational costs, maintenance, and other

aspects mentioned in Table 2.2.



CHAPTER 6. EFFECT OF VEGETATION ON AIR QUALITY... 142

Case (g) Case (h)

Temperature [°C]

18 18.2518.518.75 19 19.2519.519.75 20 20.2520.520.75 21 21.2521.521.75 22

Concentration [ppb]

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Velocity [m/s]

0123456738910

Figure 6.17: Contours of temperature, pollutant concentration and velocity at the
pedestrian level for scenario 3 with combination of: (e) green roofs and green walls;
(f) green roofs and trees; (g) green roofs and more trees; (h) green roofs and trees with

trees 2 m closer to the ground.
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6.5.6 Test case 7 with targeted mitigation strategy

The simulation conditions for the cases in this section are based on scenario 3. According to
the results obtained in the section 6.5.4, green roofs are less effective in temperature reduction,
green facades (green roofs and green walls) are better at pollution reduction, and trees are the
best in reducing velocity at the pedestrian level. Green walls and trees were discovered to
be the most effective ways to reduce urban air temperature. While temperature reduction at
pedestrian levels with trees is more observable, based on the temperature gradient at different
planes in Figure 6.16, it is observed that with using green walls the intensity of the temperature
reduction at higher levels is clearer. It was discovered in section 6.5.5 that a combination of
green roofs and green walls is not a viable option for velocity reduction in comparison to the
other approaches tested there. As a result of the findings mentioned in the preceding sections,
it appears that combining green walls and trees is a viable alternative which is the main focus
of this section.

As can be observed in Figure 6.18, the walls facing the wind have a lower temperature gradient
than the other walls in these cases. The walls are labelled with numbers ranging from 1 to 5.
The temperature gradient on walls 1,2 and 3 is clearly the lowest. As a result, the green walls
on this surface have been removed. Although the temperature gradient in wall 5 is greater than
on the other labelled surfaces, trees are chosen to be planted in front of this wall because the
region in front of it is high-velocity zones (see Figure 6.13). As a result, the green walls on this
surface have been removed as well. Face 4 is a smaller wall with a colder surface than Faces
1, 2, and 3. So, in this part, the targeted choices are a case where green walls are removed
from all 5 numbered surfaces (case ’i’) and a situation where green walls are removed from all
numbered faces except face 4 (case ’j’). Since there are no high-velocity areas at the back of the
buildings, trees were not planted in these regions. Planting trees close to the edge of buildings
reduces velocity and increases pollution, thus it is not required to plant them in regions where
pedestrians are not disturbed. The studied cases in this section are presented in Figure 6.6.
The results of this section are compared to the Test case 7 (cases a, b and ¢) for scenario 3. The

reduction of the area weighted average of temperature in region S1, S2, and S3 for case ’i’ is
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0.54 °C, 0.78 °C, and 0.71 °C, respectively, whereas for case ’j,’ it is 0.55 °C, 0.7 °C, and 1.03
°C. These findings reveal that the presence of green walls on wall 4 has an impact on regions
S2 and S3 and that they are more effective at temperature reduction in area S3 but less effective
in region S2. The total performance of this configuration, however, is not much different from
that of case ’i’. When compared to Test case 7-d (with only trees), this combination performs
better in terms of temperature reduction in the S1 (largest region) and S3 regions. Trees are
better in the S2 (street with buildings around it) area. For region S1, the pollution reduction
is very similar to the situations with green walls, green roofs, and trees individually, but it
performs better in regions S2 and S3. The average of velocity reduction is also comparable to
the trees.

In comparison to the application of vegetation alone or other combination strategies explored,
the combination of green walls and trees proved to be a better option. The ideal placement for
trees to improve pedestrian comfort, as well as placing green walls on the faces that can produce
the highest temperature gradient, are all factors in the optimal combination of green walls and
trees. The direction and magnitude of the wind are the most important criteria in determining
which walls should be green. Green walls on tall buildings can assist reduce temperature not

only at the pedestrian level, but also at higher altitudes by creating cooler air.

6.6 Summary

In this chapter, the impact of various vegetation layouts such as green roofs, green walls and
trees on air temperature, pollution dispersion, and velocity has been evaluated. In addition
to its impact of individual vegetations, the effectiveness of combination strategies was also
investigated. Different scenarios were examined in order to analyse the impact of various types
of vegetation under different situations, including wind speed which ranges from 4-8 m/s at a
reference height of 10m, and vegetation cooling intensity which varies from 250-500 W m?.
Three scenarios were also tested in which the streets have no bottom heating, 2 °C bottom

heating, and 10 °C bottom heating. Based on the results presented in this chapter, the following



CHAPTER 6. EFFECT OF VEGETATION ON AIR QUALITY... 145

main conclusions can be drawn.

* Adding a building to Test case 6 with a 10 °C bottom heating can raise the average
temperature by 0.32 °C and increase pollution concentration and velocity by 71% and

6%, respectively.

* In comparison to green walls and trees, green roofs on tall buildings are less effective at
reducing temperature. For all situations studied on Test case 7, the average temperature

reduction employing green roofs is between 0.1 and 0.4 °C.

* With increased bottom heating, vegetation is more effective at lowering temperature.
The average temperature reduction by trees on Test case 7 is 0.16 °C in neutral condi-
tions (no ground heating), and 0.25 °C and 0.51 °C in unstable situations (cases with

bottom heating).

* Pollution concentration rises as wind speed decreases. In Test case 7, halving the wind
speed results in a 67% increase in pollution. The places with the highest levels of pollu-

tion are those areas with recirculation flow.

* In Test case 7, walls facing the wind have a lower temperature gradient, hence removing
green walls from those surfaces has no substantial impact on UHI, pollution, or velocity

reduction.
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Figure 6.18: Temperature gradient on walls using green walls as a mitigation strategies
with bottom heating: 10 °C (a) wind speed at the inlet: 8m/s, cooling intensity: 250
W m3; (b) wind speed at the inlet: 8 m/s, cooling intensity: 500 W m™; (¢) wind speed

at the inlet: 4 m/s, cooling intensity: 250 W m™.
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Figure 6.19: Contours of temperature, pollution and velocity at the pedestrian level
(2 m), bottom heating: 10 °C, cooling intensity: 250 Wm™, wind speed at the in-
let: 8 m/s: (i) first targeted combination of green walls and tree; (j) second targeted

combination of green walls and tree.
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Figure 6.20: Regions S1, S2 and S3: Area weighted average for temperature, concen-

tration and velocity.



CHAPTER 6. EFFECT OF VEGETATION ON AIR QUALITY...

149

Table 6.6: Area weighted average of temperature, concentration and velocity for region

S1, all test cases with bottom heating: 10 °C, cooling intensity: 250 W m™3, Wind speed

at the inlet: 8m/s.

Temperature Concentration Velocity

Test cases

[°C] [ppb] [m/s]
Test case 6 20.48 163.50 4.80
Test case 7-a 20.80 280.68 5.13
Test case 7-b 20.47 147.79 5.07
Test case 7-c 20.31 141.41 5.04
Test case 7-d 20.29 152.14 4.61
Test case 7-¢ 20.30 144.84 4.92
Test case 7-f 20.29 149.26 4.58
Test case 7-g 20.13 159.67 4.50
Test case 7-h 20.027 163.16 4.43
Test case 7-1 20.26 146.62 4.65
Test case 7-j 20.25 146.55 4.69
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Table 6.7: Area weighted average of temperature, concentration and velocity for region

S2, all test cases with bottom heating: 10 °C, cooling intensity: 250 W m™3, Wind speed

at the inlet: 8m/s.

Temperature Concentration Velocity

Test cases

[°C] [ppb] [m/s]
Test case 6 20.64 207.93 5.67
Test case 7-a 20.77 300.45 541
Test case 7-b 20.48 159.92 5.58
Test case 7-c 20.15 166.54 5.31
Test case 7-d 19.82 214.43 3.06
Test case 7-¢ 20.00 170.93 5.13
Test case 7-f 20.06 178.05 3.49
Test case 7-g 19.94 177.74 3.59
Test case 7-h 19.81 196.22 3.49
Test case 7-1 19.99 167.25 3.64
Test case 7-j 20.06 170.98 3.65
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Table 6.8: Area weighted average of temperature, concentration and velocity for region
S3, all test cases with bottom heating: 10 °C, cooling intensity: 250 W m™3, Wind speed

at the inlet: 8m/s.

Temperature Concentration Velocity

Test cases

[°C] [ppb] [m/s]
Test case 6 20.70 249.88 1.40
Test case 7-a 20.92 381.85 1.96
Test case 7-b 20.73 312.40 1.46
Test case 7-c 19.47 219.09 1.48
Test case 7-d 20.45 205.60 1.67
Test case 7-¢ 19.47 191.32 1.23
Test case 7-f 20.46 196.36 1.61
Test case 7-g 18.57 392.29 0.88
Test case 7-h 18.57 425.11 0.81
Test case 7-1 20.03 164.89 1.45

Test case 7-j 19.70 215.85 1.33
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Table 6.9: Area weighted average of temperature, concentration and velocity for region

S1

Temperature Concentration Velocity

Scenarios  Test cases
[°C] [ppb] [m/s]
Test case 7-a 20.02 301.40 4.97
Scenario 1  1estcase 7-b 20.01 157.33 4.92
Test case 7-c 19.89 150.38 491
Test case 7-d 19.86 162.03 4.55
Test case 7-a 20.19 300.55 4.99
Scenario 2 1estcase 7-b 20.10 154.90 4.89
Test case 7-c 19.97 148.88 4.89
Test case 7-d 19.94 158.68 4.55
Test case 7-a 20.80 280.68 5.13
Scenario 3  lestcase 7-b 20.47 147.79 5.07
Test case 7-c 20.31 141.41 5.04
Test case 7-d 20.29 152.14 4.61
Test case 7-a 20.80 280.68 5.13
Scenario 4 lestcase 7-b 20.44 147.00 4.93
Test case 7-c 20.11 146.97 4.80
Test case 7-d 20.13 152.10 4.63
Test case 7-a 20.79 474.26 2.61
Scenario 5 1estcase 7-b 20.43 229.96 2.51
Test case 7-c 19.91 269.59 2.24
Test case 7-d 20.00 264.71 2.42
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Table 6.10: Area weighted average of temperature, concentration and velocity for re-

gion S2

Scenarios  Test cases Temperature Concentration Velocity

[°C] [ppb] [m/s]

Test case 7-a 20.04 324.51 5.01

Scenario 1  1estcase 7-b 20.01 187.29 4.90

Test case 7-c 19.62 188.77 4.88

Test case 7-d 19.26 239.12 2.97

Test case 7-a 20.21 321.53 5.19

Scenario 2 1estcase 7-b 20.11 183.54 4.92

Test case 7-c 19.73 181.02 4.95

Test case 7-d 19.35 231.80 2.99

Test case 7-a 20.77 300.45 5.41

Scenario 3  1estcase 7-b 20.48 159.92 5.58

Test case 7-c 20.15 166.54 5.31

Test case 7-d 19.82 214.43 3.06

Test case 7-a 20.77 170.93 5.13

Scenario 4 lestcase 7-b 20.44 173.59 5.00

Test case 7-c 19.34 191.04 4.47

Test case 7-d 19.52 221.21 3.22

Test case 7-a 20.78 518.32 2.51

Scenario 5 1est case 7-b 20.46 283.72 2.23

Test case 7-c 18.63 389.60 1.15

Test case 7-d 18.58 335.32 1.36
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Table 6.11: Area weighted average of temperature, concentration and velocity for re-

gion S3

Scenarios  Test cases Temperature Concentration Velocity

[C] [ppb] [m/s]

Test case 7-a 20.06 490.42 2.61

Scenario 1  1estcase 7-b 20.03 371.66 1.77

Test case 7-c 18.97 243.54 1.07

Test case 7-d 19.92 300.53 1.16

Test case 7-a 20.36 507.13 2.63

Scenario 2 1estcase 7-b 20.22 332.85 1.77

Test case 7-c 19.05 206.19 1.26

Test case 7-d 20.09 262.89 1.12

Test case 7-a 20.92 381.85 1.96

Scenario 3  1estcase 7-b 20.73 312.40 1.46

Test case 7-c 19.47 219.09 1.48

Test case 7-d 20.45 205.60 1.67

Test case 7-a 20.92 191.32 1.23

Scenario 4 lestcase 7-b 20.66 311.45 1.45

Test case 7-c 18.17 199.91 1.24

Test case 7-d 20.29 254.02 1.44

Test case 7-a 20.34 937.76 1.15

Scenario 5 1est case 7-b 20.54 393.68 0.73

Test case 7-c 18.06 471.53 0.83

Test case 7-d 19.76 646.50 0.82




Chapter 7

Conclusion and Future Work

7.1 Discussion and conclusion

In the present study, CFD simulations were conducted for seven different test cases. The first
case was a simple model to conduct sensitivity analysis and validate the CFD methodology. The
second case involved a large and detailed 3D model representing the East Village in the Lon-
don Olympic Park. Finally, the third case focused on assessing the effects of mitigating wind
by planting trees. Many factors can affect wind mitigation including direction, tree type (e.g.,
deciduous, evergreen), tree age, stem height, tree height, crown height, crown width, diameter
at breast height, distance between trees and distance of buildings to the trees [141, 180]. Con-
sidering all these parameters simultaneously to find the optimised type of tree and arrangement
formed the scope of a parametric study. Thus, this section of this study dealt with optimis-
ing the arrangement of trees after the tree selection (e.g., based on price, weather condition,
etc). The simulations were performed using four turbulence models including standard k-g,
realizable k-€, standard k-m and SST k-, building on the previous track-record of the authors
in the field [224-226]. By making a comparison between simulation results and experimental
data in Test case 1 and other references, including the work of Tominaga et al. [203], it is
believed that the k-€ model is appropriate for the simulation of wind in urban areas. However,

other renormalized groups of k-€ might show more accurate results, but in this work, only the

155
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available turbulence models in STARCCM+ were tested, which can be used with wall function
methods. Test case 4 is the 2D model in an idealised street canyon for prediction of the air
temperature with bottom heating. The same model and solution approach were used to model
energy in urban areas with bottom heating as in Test case 4. Test case 5 is a basic model for
predicting air temperature and pollution dispersion in street canyon with two buildings. The
simulation work of Baik et al. [101] was used to validate this case. Based on the findings
of this validation research, the same technique for modelling the pollution in urban areas was
employed for Test cases 6 and 7. Two additional case studies were considered: Test Case 6,
representing a selected area of the East Village in London with seven buildings; and Test Case
7, representing the same area as Test case 6 but with one more building. CFD simulations
of flow, energy, and pollution were performed, and the comparison between Test Cases 6 and
7 demonstrated how including a building into an urban design can aggravate the urban heat
island effect (UHI), degrade air quality, and cause pedestrian discomfort. As a result, as new
buildings are constructed, mitigation strategies to minimise these effects must be offered. The
impact of vegetation (such as green roofs, green walls, and trees) on pedestrian comfort, air
quality, and UHI was studied for Test Case 7. In order to measure the impact of various types
of vegetation under different situations, five scenarios were examined. These scenarios differ
in terms of bottom heating, vegetation cooling intensity and the magnitude of the wind speed
at the inlet. The results for Test Case 7 showed that all vegetations reduced the average tem-
perature, pollution dispersion, and velocity magnitude at the pedestrian level. In addition to
evaluating vegetations individually, the effects of combining these measures were studied.

Overall, based on the results presented thus far, the following main conclusions can be drawn:

* An unstructured polyhedral mesh gives more accurate results compared to a tetrahedral
mesh for the same base size and increasing the number of prism layers from 2 to 5 does
not change the results significantly. By using a wall function to predict the velocity
around buildings, there should be a reasonable growth rate between the outer prism
layer and the first core cell. The results of the simulation of Test case 1 show that more

accurate results are obtained if the prism layer total thickness is 20% of the core cell
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size.

» The validation study in Test case 1 revealed that the standard and realizable k-¢ turbu-
lence models produce more accurate results, while the results of the standard k-& were
slightly closer to the measurement data. The commonly used SST k- model underes-
timates the turbulent kinetic energy around buildings and as a result, flow separation is
expected around the building and therefore it was found to be less accurate compared to

standard and realizable k-& models for this application.

* The results of Test case 3 show that when employing birch trees, denser trees are needed
to overcome high-velocity zones caused by the corner effect. If the tree crown is closer
to the ground, fewer trees can be planted there. The effect of tree age can be seen in
this conclusion. Wind is better mitigated by younger trees with crowns closer to the
ground. Older trees with larger crowns, on the other hand, are better at reducing wind
speed. More investigation is required to assess the impact of tree age. In certain regions
with high-velocity wind, using trees with a wider crown, or locating trees closer to the
edge of buildings are likely to mitigate the corner and downwash effects more efficiently.

Further work is required to assess the impact of evergreen trees with wider crown.

* In comparison to green fagades, trees are the most effective type of vegetation for low-
ering velocity due to the corner and downwash effects. Because it has a broader crown
and can be planted anywhere on the street, it is the ideal option for pedestrian comfort.

Green walls and roofs, on the other hand, are solely on the exteriors of buildings.

* Decreasing wind speed increases the temperature gradient on vegetation, resulting in a
greater drop in air temperature at the pedestrian level. However, pollution concentration
rises as wind speed decreases. The places with the highest levels of pollution are those

areas with recirculation flow.

* Increasing the vegetation’s cooling intensity and leaf area density reduces the UHI effect,

but has little effect on changing the pattern of pollutant dispersion at the pedestrian level.
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* In comparison to green walls and trees, green roofs on tall buildings are less effective
at reducing temperature. Green walls reduce temperature more at higher heights, in

contrast to trees, which are generally at the pedestrian level.

* As the ground temperature rises, a slight decrease in the average pollutant concentration
at the pedestrian level can be detected. In both neutral and unstable conditions, pollution
reduction by all means of vegetation is relatively similar. In addition, with increased

bottom heating, vegetation is more effective at lowering temperature.

* Overall, when considering the effects of velocity, temperature, and pollution, a combi-

nation of green walls and trees on high-speed wind and tall buildings is the best.

7.2 Recommendation for future work

The results of this study can be improved in a number of ways, some of which are given below:

* Accurate modelling of radiation provides more realistic results. In order to provide
a more reliable predictions of air temperature, radiation parameters such as radiation
flux, emission angle, wavelength of radiation, surface absorptivity, reflectivity, and trans-
missivity, must be taken into account. However, bottom heating is used in this study to
represent how the sun warms the earth. In addition, the strength of bottom heating varies
depending on the time of day.whereas in this study, it was fixed, and the simulations were

run in steady-state mode.

» Taking into account other heat sources, such as anthropogenic heat (traffic, industry, and

people), yields more accurate results.

* The pollutant emission rate is determined using traffic data, however pollution can also
be caused by industry. Furthermore, unlike the non-reactive pollutant suggested in this

study, the pollutant in a real case study would be reactive.

* [tis necessary to assess the impact of vegetation on air temperature, pollution dispersion,

and velocity at various times of the day. The pollution source term, which represents the
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average number of cars per hour as well as temperature variations during the day, is
not constant. As a result, using unsteady state simulation to assess the impact of these

time-varying variables can yield more precise results.

* This research looks at the constant drag coefficient for deciduous trees. Porosity, on the

other hand, changes with high wind speeds, reducing the drag effects on trees [105, 186].

* It is also recommended that the impact of pollution deposition on vegetation be con-
sidered. Only dispersion was examined in this study. The pattern of pollution created
by green roofs, green walls, and trees will be more accurate if deposition is taken into

account.

* When the various layers of green roofs or a green wall are modelled, more realistic
simulation can be accomplished. Green fagades were modelled as a green cube derived
from the roof and walls in this research. Planting vegetation on building surfaces, on the

other hand, requires numerous layers.

* This study only considered a fixed thickness for green walls and green roofs, but differ-
ent thicknesses can be modelled. Modifying the thickness of green walls and roofs, on
the other hand, can alter their efficiency in terms of changing pollutant dispersion, wind

speed, and air temperature.

* To choose optimal measures for improving thermal environment, an economic study
must be undertaken, which includes a comparison of the costs of trees, green roofs, and
green walls. Greenery’s environmental effectiveness can be improved if different types
of vegetation are combined, but the viability of these combinations, as well as their

maintenance time and cost, must be assessed.
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Appendix A

Mesh independence test

Mesh independence has been tested for the accuracy of the results in Figure 4.6 and 4.7 using
polyhedral grids with different mesh refinements. The velocity data for three different grid size
were extracted from the middle of building passages for Test case 1 and across three vertical
line for Test case 2. It must be noted that the results of Figure A.2 are for the standard k-¢

turbulence model.

A.1 Test case 1
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Figure A.1: (a) Computational domain for East Village. (b) Wind data analysis.
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A.2 Test case 2
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Figure A.2: Comparison of various turbulent models at different heights for 3 distinct

sections of the geometry: (b) line 1, (¢) line 2, (d) line 3.
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