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i Summary

Summary

Detailed knowledge of wind-flow patterns around buildings is essential for a complete
understanding of wind-induced ventilation, infiltration, pollutant dispersion, wind loads and
wind comfort and safety. Many traditional and contemporary building facades are
characterized by geometrical protrusions and recessions, such as balconies. Earlier studies
have demonstrated that the near-facade wind flow is strongly influenced by the facade
geometrical details, however, a systematic investigation of the impact of fagade geometrical
details on wind flow and pollutant dispersion around buildings has not yet been performed.
This PhD project aims to obtain fundamental knowledge about the impact of facade
geometrical details on the wind flow and pollutant dispersion around buildings using high-
fidelity computational fluid dynamics (CFD). The thesis consists of the following 7 chapters:

In Chapter 1 the relevance, the problem statement, research objectives and the
methodology of the current research are introduced.

Chapter 2 presents a comparative assessment of the performance of two turbulence
modeling approaches, Reynolds-averaged Navier-Stokes (RANS) and large-eddy simulation
(LES), in predicting near-facade airflow patterns and mean surface pressure distributions for
buildings with balconies. The evaluation is based on a detailed validation with wind-tunnel
measurements of wind-induced mean surface pressure for a high-rise building with
balconies. The results show that RANS and LES can accurately predict the mean pressure
coefficients (Cp) on the windward fagade with balconies when the approaching wind is
perpendicular to the fagade (6 = 0°). However, LES performs better than RANS for wind
directions 90° and 180° since RANS systematically underestimates the absolute Cp. Large
differences however are found in the computed flow fields on the balcony spaces. Because
RANS systematically underestimates the absolute values of both Cp and the mean wind
speed on the balconies, it is suggested that building design based on RANS might result in

excessive ventilation and in too high wind nuisance levels.
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Chapter 3 presents a detailed LES analysis of the impact of different geometrical
characteristics of building balconies on the mean surface pressure across building facades
and the mean wind speed on balcony spaces. The focus is on (i) the presence of balconies
on different fagades, (ii) balcony depth, (iii) balcony parapet walls, (iv) balcony partition
walls and (v) density of balconies. The results indicate that deeper balconies lead to higher
mean wind speed on windward balcony spaces. Adding partition walls can substantially
increase the absolute Cp on the windward fagade, reduce the absolute C, on the leeward
facade and reduce the mean wind speed on the balcony spaces.

In Chapter 4, guidelines for minimum domain size for LES simulations of wind flow and
pollutant dispersion in long street canyons are developed. The LES simulations are
conducted based on a detailed validation with wind-tunnel measurements of pollutant
dispersion in a long street canyon. It is shown that LES can accurately predict the mean wind
speed and mean pollutant concentration within long street canyons. However, the domain
size has a significant impact on the results. The minimum requirement for domain width is
2.5H and for domain height 7.5H is recommended, where H is the height of the street
canyon.

Chapter 5 presents a detailed LES analysis of the impact of building balconies on wind
flow and pollutant dispersion in long street canyons. Four cases are evaluated: (i) a street
canyon without facade balconies, (ii) a street canyon with balconies at both windward and
leeward fagades, (iii) a street canyon with balconies only at the windward fagade and (iv) a
street canyon with balconies only at the leeward fagade. The results show that the presence
of balconies can considerably reduce the mean wind speed and hence increase the mean
pollutant concentration within street canyons. The highest area-averaged mean pollutant
concentrations within the canyon in the vertical center plane are indeed observed for the
case with balconies on both facades.

Chapter 6 provides the limitations and recommendations for future work and a general
discussion. Finally, Chapter 7 summarizes the results of the previous chapters and provides

the conclusions.
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9 Chapter 1

Chapter 1

Introduction

1.1 Background

“Ventus autem est aeris fluens unda cum incerta motus redundantia.”?

(De Architectura, Book 1, by Vitruvius)

Vitruvius, the Roman architect during Caesar Augustus’ reign, knew the phenomenon of
morning breezes as well as the irregular winds which blow only during certain seasons of
the year (Nova, 2006). In his book, De Architectura, he pointed out the importance of the
relationship between wind and architecture, and how they might relate in good proportion
to each other (Morgan, 1914). He believed that wind plays an important role in creating
comfortable and healthy dwellings. At that time, in the 1%t century BC, the entire population
of the great city of Rome was slightly over one million.

Two thousand years later, urbanization is presenting major challenges to our living
environment. It has resulted in the unintended side-effects of air pollution (Chan and Yao,
2008), wind discomfort and danger (Kaseb et al., 2020), the urban heat island effect and
heat waves (Zhou et al., 2004) and huge growth in energy consumption (Al-Mulali et al.,
2012; Cai et al., 2009). For example, the global building sector accounts for over 30% of the
world's final energy consumption (International Energy Agency, 2018a) and nearly 30% of

the global carbon dioxide emissions (International Energy Agency, 2018b). Additionally,

1 English: Wind is a flowing wave of air, moving hither and thither indefinitely.
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poor air quality is a considerable threat to human health. Exposure to high levels of pollution
significantly increases the risk of respiratory, lung and cardiovascular diseases, cancer and
can cause chronic health effects (Brunekreef and Holgate, 2002). In 2016, over 80% of the
people living in urban areas that monitor air pollution were exposed to air quality levels
exceeding the limits specified by World Health Organization (World Health Organization,
2016). The rapid pace of urbanization “created” built environments with heterogeneous
physical characteristics. The construction of buildings inevitably changes the microclimate.
Wind speed, wind direction, air pollution, wind-driven rain, temperature and relative
humidity are all examples of physical aspects that make up the outdoor climate and are
changed by the presence of buildings (Blocken and Carmeliet, 2004). Changes of these
quantities depend on the density, arrangement, shape, size and orientation of buildings.
Today, science and engineering are strongly intertwined in urban physics, which can provide
guantitative guidelines regarding the developments taking place in a built environment,
from a large scale, i.e., urban planning to a small scale, i.e., architectural design (Blocken,
2015).

In architectural design, the facade is a very important aspect, as it sets the tone for the
rest of the building both from the aesthetical and the building physics point of view. Fagades
of historical as well as contemporary buildings can be characterized by protrusions and
recessions for functionality or aesthetics (Figs. 1). In the modern era, advanced construction
technologies offer architects a high degree of flexibility and a wide range of options in facade
design. For many contemporary buildings, the fagades are constituted with geometrical
details such as balconies, louvers, window sills, mullions and arcades (Fig. 2). These fagade
geometrical details are important due to their impact on environmental quality and energy

efficiency.
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Fig. 1 Palazzo Ducale (building on the left, constructed in 14th century AD) and Biblioteca Nazionale
Marciana (building on the right, constructed in 16t century AD), in Venice, photo by the author.

Fig. 2 (a) Unité d'habitation, in Marseille, and (b) Grattacielo Intesa Sanpaolo, in Turin, photos by the
author.

To enhance the environmental quality and the building energy efficiency, the ability to
accurately predict the microclimate and the building energy performance is important.
Building facade geometrical details can adversely affect the urban wind flow, modify the
urban microclimate and change the pollutant removal efficiency (Llaguno-Munitxa et al.,
2017). Building energy simulation (BES) programs are widely used for building design and
operation (Crawley et al., 2008). These programs combine many first-principle and empirical
models to describe the relevant energy flow processes in and around buildings (Clarke,
2001). For example, the exterior surface pressure coefficients are used as input parameters

for analyzing natural ventilation and infiltration flow rates (Ramponi et al.,, 2014). The


https://en.wikipedia.org/wiki/Turin
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accurate prediction of natural ventilation, therefore, depends on the uncertainty involved
in the pressure coefficient (Cp) data used in BES tools (Cdstola et al., 2009; Ramponi et al.,
2014). Existing studies have suggested that the presence of building facade geometrical
details like balconies can strongly modify the surface C, distribution (Montazeri and Blocken,
2013).

From this perspective, gaining a better understanding of the impact of facade
geometrical details on the wind flow pattern around buildings is crucial for the accurate
evaluation of wind-induced natural ventilation (Céstola et al., 2009; Ramponi et al., 2014),
infiltration airflow, pollutant dispersion (Cui et al., 2020), surface convective heat transfer
(Kahsay et al., 2019; Montazeri et al., 2015), wind comfort (Blocken and Carmeliet, 2008;
Montazeri et al., 2013; Murakami, 1990a) and wind loads on building facades and building

components (Stathopoulos, 1984).
1.2 Problem statement

To the best knowledge of the author, the first studies on wind flow around buildings with
facade geometrical details have been conducted since the 1980s. Experimental studies for
a building with balconies and a building with mullions were published in 1988 (Stathopoulos
and Zhu, 1988) and 1990 (Stathopoulos and Zhu, 1990), respectively. In these two
pioneering studies, the influence of balconies or mullions on building surface pressures was
measured in the atmospheric boundary layer open-circuit wind tunnel at the Concordia
University. In 1990, a pioneering numerical study was published (Murakami, 1990b). A very
remarkable part of that study was a detailed CFD simulation of the near-facade wind flow
field for a high-rise building with balconies (Blocken, 2014).

In subsequent years, the impact of the presence of facade details and their geometrical
characteristics on buildings were studied by several authors (Ai et al., 2013, 2011; Hui et al.,
2019; Maruta et al., 1998; Montazeri et al., 2013; Yuan et al., 2018). It was revealed that the
geometrical characteristics of the facade details can have a strong impact on the near-fagade
wind flow patterns (Fig. 3a), surface mean/peak pressure, air change rate, surface
convective heat transfer coefficient and building aerodynamic force.

The majority of previous studies on fagade geometrical details were performed for
isolated buildings. In recent years, urban street canyons with facade geometrical details

have gained attention. Studies on street canyons indicate that the facade geometrical
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details could modify the wind flow pattern (Fig. 3b) and pollutant concentration inside street
canyons (Cui et al., 2020; Karkoulias et al., 2019; Murena and Mele, 2016).
a b
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Fig. 3 Schematic representation of (a) wind flow around an isolated building with balconies and (b)
wind flow around a street canyon with balconies.

Investigations of the influence of facade geometrical details on buildings can be
conducted by full-scale on-site measurements, wind-tunnel measurements and
computational fluid dynamics (CFD) simulations. Each of these methods has specific
advantages and disadvantages.

Accurate and reliable on-site (field) measurements are highly valuable as they represent
the real conditions, although they are usually only performed at a limited number of points
in space and time. It is possible to conduct on-site measurements for a given real building
with facade geometrical details. However, to investigate the impact of the geometrical
characteristics of the fagade details, on-site measurements of real buildings with different
facade details are required and meanwhile, ideally the other parameters such as the main
building dimensions and the meteorological conditions should be similar to allow a good
comparison, which is very challenging and can even be impossible to achieve. As a result,
on-site measurements have only been performed for some case studies, where a single
specific geometrical configuration of facade details has been evaluated (Omrani et al., 2017).

Wind tunnel experiments allow detailed control over the experimental conditions.
Detailed analysis of the flow features can be performed using state-of-the-art flow
measurement techniques, such as Particle Image Velocimetry (PIV) and Laser Doppler
Anemometry (LDA). However, due to the shielding effect of the facade geometrical details,

it is challenging to capture the near-fagade flow field through PIV or LDA in the small spaces
in-between the facade geometrical details. Moreover, due to the limited size of the test

section in the wind tunnel, the building scale is usually smaller than 1/20. Scaling renders
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the facade surface elements very small, which can lead to incompatible similarity
requirements.

CFD is relatively cheaper than on-site measurements and wind tunnel experiments and
it does not suffer from potentially incompatible similarity constraints. CFD allows full control
over the boundary conditions and easily and efficiently allows parametric studies to be
performed (Ramponi and Blocken, 2012). Moreover, it is capable of providing all relevant
variables in the entire computational domain (Blocken, 2015). However, accuracy and
reliability are major concerns in CFD simulations and therefore, verification and validation
are imperative.

Among the aforementioned methods, CFD simulation is the preferred one for carrying
out extensive in-depth flow analyses for buildings with facade geometrical details. This is
because CFD simulations can be performed in full scale and high-resolution data of the wind
flow can be obtained. As the presence of facade geometrical details can generate local flow
separation, recirculation and reattachment near building surfaces, the high-resolution
results obtained from CFD can provide physical insights into these complex flow features in-
between or in the vicinity of these facade geometrical details (Montazeri and Blocken,
2013). Relevant variables such as static pressure, pollutant concentration and wind velocity
components can be obtained by CFD, which provides the possibility of conducting an in-
depth analysis of the mechanism of wind flow and pollutant transport. Additionally, to
explore the impact of geometrical characteristics of facade details, cases with different
configurations and geometrical parameters should be tested. CFD is a suitable tool that
easily allows such parametric studies.

Therefore, this thesis adopts the CFD approach to investigate the impact of fagade
geometrical details in general, and building balconies in specific, on the wind flow and
pollutant dispersion processes. In spite of some numerical studies on buildings with facade
geometrical details been performed in the past, the identified research gaps are as follows:

Research gap 1: Lack of information on the performance of RANS versus LES for
buildings with facade geometrical details.

Recent reviews of the literature indicate that the two most popular CFD approaches in
wind engineering and urban physics, by far, are Large-eddy simulation (LES) and steady
Reynolds-Averaged Navier-Stokes (RANS) (Blocken, 2018). CFD validation studies on

buildings with balconies show that the good performance of the RANS approach in
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predicting surface wind pressure is only observed on the windward side for perpendicular
(6 =0°) and oblique (6 = 45°) wind directions (Montazeri and Blocken, 2013). This is mainly
attributed to deficiencies of RANS in accurately reproducing flow separation, recirculation
and reattachment (Murakami, 1993) and its inability to capture vortex shedding in the wake.
The facade geometrical details introduce a multitude of areas with flow separation,
recirculation and reattachment which can amplify the detrimental impact of the steady
RANS deficiencies on the simulation results. Previous studies have compared the
performance of RANS and LES for the simulation of the mean and instantaneous flow field
around buildings without facade geometrical details and have consistently shown the
superior performance of LES (Blocken, 2018; Murakami et al., 1992, 1990; Rodi, 1997;
Stathopoulos, 1997). Therefore, validation studies with more advanced scale-resolving
turbulence modeling approaches, i.e. LES, are needed.

Research gap 2: Lack of knowledge of the impact of balcony geometrical characteristics
on near-fagade wind flow and surface pressure.

The geometrical characteristics of building balconies can strongly affect not only the
mean and peak surface pressures (Maruta et al., 1998) but also the wind speed on balcony
spaces (Montazeri et al., 2013). For instance, modifying balcony geometrical characteristics
on high-rise buildings can improve wind conditions on balcony spaces (Blocken and
Carmeliet, 2008; Montazeri et al., 2013; Murakami, 1990a). Previous CFD studies on
buildings with balconies have generally adopted the 3D steady RANS approach, while the
use of LES was limited. Moreover, the impact of the geometrical characteristics of balconies
has been investigated in a few studies with a focus on the balcony depth (Ai et al., 2011;
Izadyar et al., 2020; Omrani et al., 2017), the height of the parapet walls (Ai et al., 2011) and
the presence and the shape of partition walls (Mozaffari Ghadikolaei et al., 2020; Omrani et
al., 2017). However, in these studies, different boundary conditions and building dimensions
were considered and, therefore, the conclusions were not always consistent. From this
perspective, it is imperative to conduct a systematic parametric study on geometrical
characteristics for the optimal aerodynamic design of building balconies.

Research gap 3: Lack of guidelines for domain size for large-eddy simulation of
pollutant dispersion in generic urban street canyons.

Certain urban morphologies such as street canyons can lead to airflow complexity such

as additional recirculation and reattachment. Urban street canyons where long narrow
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streets are bordered by building walls on both sides are known to be susceptible to high air
pollution concentrations, certainly when the wind direction is perpendicular to the canyon
axis. Wind flow and dispersion fields inside and in the vicinity of urban street canyons are
important aspects of urban air quality studies. In the past, many studies have investigated
the pollutant dispersion in generic street canyons through CFD simulations with the RANS
approach (O’Neill et al.,, 2016; Zhong et al., 2015). Recently, there has been a growing
interest to employ LES to address the shortcomings of the RANS approach (Blocken, 2018;
Lateb et al., 2016). The results obtained through LES have been found to match closer to
experimental results (Antoniou et al., 2017; Salim et al., 2011; Tominaga and Stathopoulos,
2011). Even though LES is intrinsically superior over RANS, LES results tend to be more
sensitive to the many computational settings and parameters that have to be set by the
user, including the computational grid topology, computational domain size, and boundary
conditions. Previous LES simulations for generic street canyons adopted a wide range of
different domain sizes. Accurate LES simulations require a sufficient domain size to minimize
the effects of artificial boundary conditions on the results. However, the vast majority of
these guidelines on domain sizes are directed to RANS simulations. For saving numerical
resources without compromising accuracy, a systematic investigation is needed to provide
guidelines for the domain size of LES simulations on generic street canyons.

Research gap 4: Lack of investigation of pollutant dispersion in street canyons with
facade geometrical details using large-eddy simulations.

Many buildings in street canyons are characterized by fagade geometrical details such as
balconies. The residents on balcony spaces and pedestrians on streets might be exposed to
high levels of pollutants (Karkoulias et al., 2019; Murena and Mele, 2016). Past studies on
pollutant dispersion in street canyons with facade geometrical details have been conducted
with the RANS approach (Cui et al., 2020; Karkoulias et al., 2019). However, previous studies
have shown that CFD simulations using the RANS approach are deficient in capturing the
complexities of near-field pollutant dispersion. These deficiencies do not only result in
inaccuracies in the wind flow prediction, as stated earlier, but also in inaccuracies in
modeling turbulent mass transport. The turbulence-induced transport of pollutants in RANS
is almost exclusively computed based on the gradient diffusion hypothesis (Tominaga and
Stathopoulos, 2007). This hypothesis is not always valid and the turbulent transport can

perform differently, i.e., through the so-called counter-gradient (CG) turbulent diffusion
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shown in the past (Gousseau et al., 2011; Rossi et al., 2010; van Hooff et al., 2014), whereby
the turbulent mass flux is directed from a low-concentration area to a high-concentration
area. On the other hand, LES has superior performance in pollutant dispersion around
buildings, which can reproduce the CG turbulent diffusion (Gousseau et al., 2015). As
turbulence can act as the main mechanism controlling pollutant removal from urban
canopies (Antoniou et al., 2017; Kubilay et al., 2017; Liu and Wong, 2014), it is desirable to

use LES to investigate the pollutant dispersion process in street canyons.
1.3 Research objectives

The main objective of this research is to obtain fundamental knowledge about the
impact of facade geometrical details on the wind flow and pollutant dispersion around
buildings. This leads to the following sub-objectives:

e Compare and validate CFD models for buildings with facade geometrical details.

e Investigate the impact of balcony geometrical characteristics on wind speed on
balcony spaces and surface pressure for isolated buildings.

e Develop guidelines for LES simulations for wind flow and pollutant dispersion in
generic street canyons.

e Explore the impact of building balconies on wind flow and pollutant dispersion in

generic street canyons.
1.4 Methodology

Geometries of high-rise buildings and generic street canyons, and the types and
dimensions of balconies are selected for investigation. For the high-rise buildings, different
geometrical characteristics of building balconies are considered. In total, 12 cases are
examined. For all cases, a 12-story building with dimensions width x depth x height = 24 x
24 x 48 m3 (w:d:h = 1:1:2) is used. Based on the position and the geometrical characteristics
of the balconies, the cases are classified into five groups (Fig. 4a) to investigate (i) balconies
present or not, (ii) balcony depth, (iii) balcony parapet walls, (iv) balcony partition walls and
(v) density of balconies. The generic street canyons are composed of two 4-story buildings.
The height and depth of the buildings is 12 m. The distance between the two buildings or
canyon width is 12 m (aspect ratio H/W = 1). Four street canyon cases are considered (Fig.

4b): (i) a street canyon case without balcony, (ii) a street canyon case with balconies
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positioned at both windward and leeward fagades, (iii) a street canyon case with balconies
positioned only at the windward fagcade and (iv) a street canyon case with balconies
positioned only at the leeward facade.

CFD validation studies for a generic high-rise building and a generic street canyon using
data from wind tunnel measurements are conducted. The wind tunnel measurement of
mean surface pressures is conducted for a facade of a high-rise building model with facade
geometrical details under different approach-flow wind directions (Stathopoulos and Zhu,
1988). The dimensions of the reduced-scale building model is: width x depth x height =0.152
x 0.152 x 0.3 m? (1:400 scale, w:d:h = 1:1:2, 60.8 m x 60.8 m x 120 m in full scale). The
validation study is performed for the building with balconies of 0.01 m depth (4 m in full
scale) and 0.0025 m high (1 min full scale) parapet walls using LES and 3D steady RANS. The
performances on the prediction of mean surface pressure coefficient and mean wind speed
on balcony spaces between the two approaches are compared. In the validation study for
generic street canyons, the wind-tunnel measurement of the mean velocity field and the
mean concentration of tracer gas in long street canyons by Gromke and Ruck (2009) is used.
The street canyon model consisted of two parallel buildings with width x depth x height =
1.2 x0.12 x 0.12 m? (1:150 scale, 180 m x 18 m x 18 m in full scale). The width of the street
between the two parallel buildings was 0.12 m (18 m in full scale), yielding an aspect ratio
equal to 1. Large-eddy simulations (LES) approach is employed in the CFD validation.

The validated CFD models are adopted to evaluate the aforementioned cases (shown in
Fig. 4) and to explore the impact of fagade geometrical details on (i) wind flow and surface
static pressure for high-rise buildings and (ii) wind flow and pollutant dispersion for generic

street canyons.
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Fig. 4 Schematic representation of the CFD simulations to investigate: (a) the geometrical
characteristics of buildings balconies for isolated buildings and (b) street canyons without and with
balconies.

1.5 Thesis outline

This thesis is structured as follows:

Chapter 2: Comparative assessment of two turbulence modeling approaches, RANS and
LES in predicting the near-fagade airflow patterns and mean surface pressure for buildings
with balconies. The evaluation is based on a detailed validation with wind-tunnel
measurements of wind-induced mean surface pressure on the fagcade of a reduced-scale
high-rise building;

Chapter 3: LES analysis of the impact of different geometrical characteristics of building
balconies on mean surface pressure on the building facades and mean wind speed on
balcony spaces. The focus is on (i) balconies present or not, (ii) balcony depth, (iii) balcony
parapet walls, (iv) balcony partition walls and (v) density of balconies;

Chapter 4: Development of guidelines for minimum requirements of the domain size for

2.5D LES simulations of wind flow and pollutant dispersion in generic street canyons. The
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LES simulations are conducted based on a detailed validation with wind-tunnel
measurements of pollutant dispersion in a long street canyon;

Chapter 5: LES analysis of the impact of building balconies on wind flow and pollutant
dispersion in generic street canyons. Four cases are evaluated: (i) a street canyon without
balcony, (ii) a street canyon with balconies on both windward and leeward fagades, (iii) a
street canyon with balconies only on the windward facade and (iv) a street canyon with
balconies only on the leeward facade.

The contents and the results of these chapters are further discussed in Chapter 6
(Limitations, future work and discussion) and the conclusions are outlined in Chapter 7

(Conclusions).
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Chapter 2

CFD simulations of wind flow and mean surface
pressure for buildings with balconies: Comparison
of RANS and LES

This chapter has been published as a peer-reviewed journal paper:

CFD simulations of wind flow and mean surface pressure for buildings with balconies:
Comparison of RANS and LES

X. Zheng, H. Montazeri, B. Blocken

Building and Environment 173, 106747

Abstract: Facade geometrical details can substantially influence the near-fagade airflow
patterns and pressures. This is especially the case for building balconies as their presence
can lead to multiple separation and recirculation areas near the fagades and hence large
changes in surface pressure distribution. Computational fluid dynamics (CFD) has been
widely used to investigate the impact of building balconies, mainly based on the steady
Reynolds-averaged Navier-Stokes (RANS) approach. The objective of the present study is to
evaluate the performance of steady RANS versus large-eddy simulations (LES) in predicting
the near-fagade airflow patterns and mean surface pressure coefficients (Cp) for a building
with balconies for three wind directions 6 = 0°, 90°, 180°, where 0° is perpendicular to the
facade under study. The evaluation is based on validation with wind-tunnel measurements
of Cp. The results show that both RANS and LES can accurately predict C, on the windward
facade for 8 = 0° with average absolute deviations of 0.113 and 0.091 from the measured
data, respectively. For the other two wind directions, LES is clearly superior. For 8 = 90°, the
average absolute deviations for RANS and LES are 0.302 and 0.096, while these are 0.161
and 0.038 for 6 = 180°. Large differences are found in the computed flow fields on the
balcony spaces. Because RANS systematically underestimates the absolute values of both C,
and mean wind speed on the balconies, it is suggested that building design based on RANS

might result in excessive ventilation and in too high wind nuisance level.
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2.1 Introduction

Building facade geometrical details such as balconies can significantly affect the near-
facade airflow patterns and the surface pressure distributions on building facades [1-5]. For
example, the presence of balconies can change the local mean pressure coefficient (Cp) on
the windward fagade of a high-rise building by about 0.7 [2]. Similarly, it can lead to a
reduction of about 30% in the surface-averaged C, on the windward fagade of a low-rise
building [4]. Therefore, a better understanding of the impact of facade geometrical details
in general, and building balconies in particular on the near-fagade airflow patterns and the
pressure distributions on the fagade is essential for the accurate evaluation of wind-induced
natural ventilation [6,7], wind comfort on balcony spaces [8], pollutant dispersion [9], wind
loads on building walls and building components [10] and convective heat transfer at
building surfaces [11-13].

Apart from wind-tunnel testing [1-3,5,14,15], computational fluid dynamics (CFD) has
been used to investigate the impact of building facade geometrical details on the near-
facade airflow and the local and surface-averaged wind-induced pressure on the fagades.
An overview of CFD studies on buildings with facade geometrical details is given in Table 1.
It can be seen that the vast majority of these studies focused on buildings with balconies. In
addition, steady Reynolds-averaged Navier-Stokes (RANS) simulations have been widely
used in these studies, while the use of more advanced scale-resolving turbulence modeling
approaches is scarce, and limited to the studies by Ai and Mak [16], Llaguno-Munitxa et al.
[17] and Murena & Mele [18] in which large-eddy simulation (LES) and scale-adaptive
simulation (SAS) have been used. The good performance of RANS approach in predicting the
Cp on the windward facade of a building with balconies for both perpendicular (6 = 0°) and
oblique (6 = 45°) wind directions was shown in Ref. [5]. However, such good performance
could not be shown for the leeward facade, where steady RANS systematically
underestimated the absolute value of C, for the two wind directions [4]. This is mainly
attributed to the well-known deficiencies of steady RANS in accurately reproducing flow
separation, recirculation and reattachment, and its inability to capture vortex shedding in
the wake [19]. The additional fagade geometrical features introduce a multitude of areas
with flow separation, recirculation and reattachment which can amplify the impact of the

steady RANS deficiencies on the calculated C,. LES, on the other hand, can provide accurate
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descriptions of the mean and instantaneous flow field around isolated buildings [20—23] and
in complex urban areas [24-27], and the wind induced aerodynamic loads on building
surfaces [28-32]. For example, LES has been widely employed to obtain the mean and
fluctuating pressure on surfaces of low-rise buildings [33], buildings with wall openings [34],
super-tall buildings [35], building-like square cylinders [36—39], high-rise buildings with
elliptical shape [40], and standard tall buildings [41-47]. Several earlier studies have
compared the performance of RANS and LES and showed the superior performance of LES
[48-55], though it is usually achieved at the expense of rather large requirements in terms
of computational resources [26,48,56,57]. However, almost all these studies were
performed for buildings with smooth fagades. To the best knowledge of the authors, the
performance of RANS and LES for buildings with fagade geometrical details has not yet been
systematically investigated. Therefore, the objective of the present paper is to investigate
the ability of steady RANS and LES to reproduce wind flow and mean surface pressure
coefficients for buildings with balconies in order to gain insights into their performance for
CFD simulations for buildings with various types of facade geometrical details. The study is
performed for different approach-flow wind directions and based on validation with wind-

tunnel measurements of mean surface pressure coefficients by Stathopoulos and Zhu [2].
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Table 1. Overview of CFD studies on airflow around buildings with facade geometrical details.

Reference Building configuration  Fagade Turbulence Wind direction Validation Investigated
(building height) geometrical modeling approach parameter

details

(Murakami, 1990) [27] 19-story (-)! Balconies Steady RANS 0°2 No Vv

(Prianto & Depecker, 2002) [58] 2-story (8.5 m) Balconies Steady RANS 0° No Vv

(Ai et al., 2011) [59] 5-story (15 m) Balconies Steady RANS 0° Yes [1] V, Cp

(Ai et al., 2011) [60] 5-, 10- and 15-story Balconies Steady RANS 0°, 22.5°, 45°, 67.5°, Yes [1] Co

(15 m, 30 m and 45 m) 90°

(Ai et al., 2013) [61] 5-story (15 m) Balconies Steady RANS 0° Yes [1] V, ACH

(Montazeri et al., 2013) [8] 22-story (78 m) Double Steady RANS 0°-360° (30° Yes [1] Vv
skin/balconies intervals)

(Montazeri & Blocken, 2013) [4] 5-story (15 m) Balconies Steady RANS 0°, 45° Yes [1] Co

(Ai & Mak, 2016) [16] 5-story (13.5 m) Balconies LES 0°, 45°, 90° Yes [62] ACH, PC

(Murena & Mele, 2016) [18] 4-strory (18 m)3 Balconies SAS 0°4 No PC

(Llaguno-Munitxa et al., 2017) 5-strory (-)13 Balconies LES 0°4 Yes [17] Vv

[17]

(Omrani et al., 2017) [63] 36-story (-)! Balconies Steady RANS 0°, 45°,90°, 180° Yes [63] Vv

(Kahsay et al., 2019) [12] 30-story (100 m) Horizontal/vertical ~ Steady RANS 0°, 22.5°, 45°, 67.5°, Yes [64] CHTC
shadings 90°

(Karkoulias et al. 2019) [9] 7-story (28 m)3 Balconies RANS 0°4 Yes PC

V = Mean velocity, Cp, = Mean pressure coefficient, ACH = Air change rate per hour, PC = Pollutant concentration, CHTC = Convective heat transfer coefficient, SAS =

Scale-adaptive simulation

1 Building height was not reported.

2 Approximately 0°.

3 Cases were considered as street canyons.

4 Perpendicular to the long street canyon axis.
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In Section 2, the wind-tunnel experiments are briefly described. Section 3 presents the
computational settings and parameters. The validation of the CFD results is provided in
Section 4. Section 5 compares the results obtained by RANS and LES. A discussion on
limitations of this study and the main conclusions are presented in Sections 6 and 7,

respectively.
2.2  Description of the wind-tunnel experiment

Stathopoulos and Zhu [2] measured mean surface pressures on the facade of a reduced-
scale model of a high-rise building with different types of balconies and for different
approach-flow wind directions at a scale 1:400. The measurements were performed in the
atmospheric boundary layer open-circuit wind-tunnel of the Centre for Building Studies at
Concordia University. The wind-tunnel test section was 12.2 m long and had a cross-section
of 1.8 x 1.8 m? The approach-flow mean velocity and longitudinal turbulence intensity
profiles were measured at the center of the turntable in the empty tunnel (i.e. without
building model present) [2], and hence represent the so-called incident profiles [65]. The
profiles (shown in Fig. 1) reproduced an open country terrain exposure with aerodynamic
roughness length of 0.0001 m (model scale, corresponding to 0.04 m at full scale), and the
reference wind speed (Uref) of approximate 14 m/s at gradient height (Hg = 0.625 m,
corresponding to 250 m at full scale). The incident longitudinal turbulence intensity ranged

from 20% near ground level to about 7% at gradient height [2].
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Fig. 1. Measured profiles of (a) normalized mean wind speed U/Uys and (b) turbulence intensity |,
modified from [2].
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The 30-story isolated building model had dimensions W x D x H=0.152 x 0.152 x 0.3 m3

(60.8 x 60.8 x 120 m? at full scale). Balconies were provided only on one facade (Fig. 2).
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Fig. 2 (a) Geometry of building model and balconies; (b) Measurement points and lines used for CFD
validation. All dimensions are in meter at model scale.

Four types of balcony were tested: (i) balconies with 0.005 m depth (2 m at full scale)
without a parapet wall, (ii) balconies with 0.01 m depth (4 m at full scale) without a parapet
wall, (iii) balconies with 0.01 m depth and 0.0025 m (1 m at full scale) parapet walls, and (iv)
balconies with 0.01 m depth (4 m at full scale) and 0.005 m parapet walls (2 m at full scale).
The measurements were performed for 3 approach-flow wind directions relative to the
facade with the balconies: 0°, 90°, and 180°. In the present study, the focus will be on the
case with balconies of 0.01 m depth and with 0.0025 m parapet walls (Fig. 2). The pressure
measurements were performed along 7 vertical lines located on the facade with balconies.
In the present study, the measured data along two of these lines will be used. Note that the
measured data along the other five lines were not reported in Ref. [2]. In the remainder of

this paper, we will refer to the two lines as line A (located 0.0015 m (0.6 m in full scale) from
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the left edge of the fagade with balconies) and line B (located 0.061 m (24.4 m in full scale)
from the left edge of the facade with balconies). The measurements were performed using
a SETRA-237 pressure transducer. The overall uncertainty of the C, measurements was

estimated to be less than 5% [66].

2.3 CFD simulations: Computational settings and parameters

2.3.1 Computational domain and grid

The CFD simulations are performed at the reduced scale (wind-tunnel scale). For the
RANS simulations, the dimensions of the computational domain are based on the best
practice guidelines by Franke et al. [67] and Tominaga et al. [68]. The upstream and
downstream domain lengths are 5H and 15H, respectively, where H is the height of the
building model (= 0.3 m). The height of the domain is 5H. The computational grids are
generated using the surface-grid extrusion technique developed by van Hooff and Blocken
[69]. The RANS domain for 6 = 0° and 90° is shown in Fig. 3a, and the grid on the building
and ground surfaces is shown in Figs. 3b-d. The grid consists of 5,230,396 hexahedral cells.
31, 8, and 4 cells are used along the width and depth of the balconies and along the height
of parapet walls, respectively (Fig. 3c). The maximum stretching ratio of 1.2 controls the cells
in the whole computational domain, which is in line with the best practice guidelines [67,68].
The grid resolution is based on a grid-sensitivity analysis using three different grids
generated by coarsening and refining the basic grid. The details of the grid-sensitivity
analysis will be provided in Section 3.4. Note that the grid shown in Figs. 3a-d is also used

for 6 = 90°, while another grid with the same topology and resolution is made for 6 = 180°.
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Fig. 3. (a-d) Computational grid for RANS simulation (6= 0°): (a) Grid at the bottom and side faces of
the domain; (b) Grid at the building surfaces and part of ground surface; (c) Grid at the surfaces of
balconies near the roof and (d) near the ground. (e-h) Same for the computational grid for LES (0=

0°).

Figs. 3e-h display the domain and the grid for the LES simulation for 6 = 0°. The upstream
domain length is limited to 4H to reduce the extent of unintended streamwise gradients in
the approach-flow profiles [70-72]. The downstream domain length is 10H [67,68]. The
height of the domain is 4H, which is smaller than the one recommended by Franke et al. [67]
and Tominaga et al. [68], in order to reduce the total number of cells and the computational
time. The resulting blockage ratio is 1.4%, which is well below the maximum value of 3.0%
recommended by the aforementioned guidelines [67,68]. A non-conformal grid is employed,
where the whole domain is discretized into two subdomains: Qi (the inner grid) and Qo,
where subdomain Qi is extended up to a distance of approximately H/6 away from the
building surfaces (Fig. 3h). The grid refinement ratio between the adjacent subdomains is
1:2, which is in line with recommendations by lousef et al. [70]. Cubic cells (cells with the
same ¥, Y, z lengths) are applied in subdomain Qi, with 120, 8, and 2 cells along the width
and depth of the balconies and along the height of parapet walls, respectively (Fig. 3g). In
subdomain Q> hexahedral cells with a stretching ratio of 1.05 are used. In this case, the total
number of cells is 19,267,200. The quality of the LES grid is evaluated using LES index of
quality (LESia), which will be presented in Section 3.5. Note that additional grids with the

same topology and the same grid resolution are made for 6 = 90° and 6 = 180°.
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2.3.2  Boundary conditions

For 8 = 0°, in both Figs. 3a and e, plane 1 is the inlet plane, plane 4 is the outlet plane,
and planes 2 and 3 are the side planes. For the RANS simulation, for 8 = 90° (Fig. 3a), planes
3 and 2 are the inlet and the outlet planes, respectively, and planes 1 and 4 are the side
planes.

The inlet boundary conditions are based on the measured data (Fig. 1). Eq. (1) is
employed to fit the measured vertical profile of the mean wind speed U, where k is the von
Karman constant (= 0.41). Note that u*as. is estimated to be 0.7 m/s based on the measured
mean wind speed, while the aerodynamic roughness length zo = 0.0001 m has been reported
in Ref. [2]. The turbulent kinetic energy k is calculated according to Eq. (2), based on the
mean wind velocity U from Eq. (1) and the measured longitudinal turbulence intensity I, [2].
In Eq. (2), a =1 is chosen according to Tominaga et al. [68]. The turbulence dissipation rate
€ is calculated using Eq. (3). For LES, the vortex method [73,74] is adopted to impose a time-
dependent velocity profile at the inlet of the domain. It was shown that this method could
accurately reproduce the mean velocity field [75] and mean pressure coefficients on
building surfaces [47]. The number of vortices Nv is 8500, which is based on Nv = N/4 where

N is the number of grid cells at the inlet plane [76].

U = Saon (22 W
k z,
k(z) =a(L,(z)U(2)) @
— ujfBL
(7 =) °

For the RANS simulations, the standard wall functions by Launder and Spalding [77] with
roughness modification by Cebeci and Bradshaw [78] are applied at the ground surface. The
sand grain roughness height ks and the roughness constant Cs are determined according to
their consistent relationship with the aerodynamic roughness length zo (Eq. 4) derived by

Blocken et al. [79].
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For the LES, the Werner-Wengle wall functions are applied [80], which assumes either a
linear or 1/7 power law distribution of instantaneous velocity in the first cell [81]. Zero static
gauge pressure is applied at the outlet plane and symmetry boundary conditions (zero
normal gradients of all variables) are imposed at the top and lateral sides of the domains in

both RANS and LES simulations.

2.3.3  Solver settings

The commercial CFD code ANSYS Fluent 18.0 is employed to perform the simulations.
The RANS simulations are performed on the HPC cluster of the Unit Building Physics &
Services at the Department of the Built Environment of Eindhoven University of Technology.
The cluster has a 16-core node (Intel(R) Xeon(R) CPU - X5650 @ 2.7 GHz). The LES simulations
are performed on the Dutch national supercomputer SURFSARA, Cartesius (www.surfsara.nl)
with a 24-core node (Intel(R) Xeon(R) CPU - E5-2690 v3 @ 2.6 GHz).

For the RANS simulations, the realizable k-€ turbulence model is used for closure [82].
This turbulence model has been successfully used on many occasions in the past for CFD
simulations of wind flow around buildings and in urban areas [4,83—-87]. Second-order
discretization schemes are utilized for both the convection and the viscous terms of the
governing equations. The SIMPLE algorithm is used for the pressure-velocity coupling.
Convergence is assumed to be obtained when the scaled normalized residuals stabilize at a
minimum of 107* for continuity, 1077 for x, y and z momentum and 1076 for k and ¢. In
addition, values of the mean surface static pressures at all measurement points along lines
A and B (shown in Fig. 2b) are monitored to ensure that they remain constant throughout
the iterations near the end of the iterative process.

For the LES simulations, the wall-adapting local eddy viscosity subgrid-scale model
(WALE) is employed with the constant Cwale = 0.325. Pressure-velocity coupling is performed
using the fractional step method in combination with the non-iterative time advancement
scheme [81]. For pressure interpolation and time discretization, second-order schemes are
applied. The time step is At = 4x10° s. The resulting maximum and volume-averaged
Courant-Friedrichs-Lewy number (CFL) are 1.287 and 0.046, respectively. Note that the CFL
number larger than 1 occurs only in a few cells close to the leading edge of the building roof.
The LES simulations are initialized with the solution of steady RANS simulations. Then the

LES initializations run for Ti:= 1.52 s, corresponding to approximately 5 flow-through times
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(Triow-through = Lx/Uref, Where Ly is the length of the computational domain, Urer is the reference
wind speed that is taken at the gradient height). After the initialization, the statistical

sampling is conducted for T.., = 6.67 s, which is approximately 21 flow-through times.

2.3.4  Grid-sensitivity study for the RANS grid

The grid-sensitivity analysis for the RANS grid is performed for 8 = 0°. Two additional
grids are generated: a fine gird and a coarse grid, where the coarsening and refining is
performed with an overall linear factor of approximately 1.3. The fine and coarse grids have
8,421,600 and 2,310,016 cells, where 10 and 6 cells are used along the depth of each balcony,
respectively. Fig. 4 presents C, along line A (Figs. 4a and b) and line B (Fig. 4c) obtained from
the three grids. The average absolute difference between the Cp-coarse and the Cp-basic is 0.036,
while this is 0.016 between the Cpbasic grid and Cp-ine. The grid-convergence index (GCl)
proposed by Roache [88], given by Eq. (5), is also used to estimate the error in the Cpbasic

and Cp-coarse:

x100% (5)

E|(C,, -C DI
1-r°

GCL,(%) =

where r is the linear grid refinement factor, p is the formal order of accuracy, which in this
analysis is considered to be 2 since second-order discretization schemes are used for the
simulations. The safety factor Fs= 1.25 is taken, which is the recommended value when three
or more grids are considered [88]. Cp-2 is the mean pressure coefficient from a relatively
coarse grid and Cp1 is the mean pressure coefficient from a relatively fine grid. For the
windward facade, the surface-averaged GClyasic grid and GCleoarse are 2.35% and 3.42%,
respectively. It indicates that the basic grid provides nearly grid-independent results and it

is therefore used in the remainder of the study for the RANS simulations.
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Fig. 4. Results for RANS grid-sensitivity analysis: C, (a) along line A (b) detail view along line A and (c)
along line B for the three grids.

2.3.5 Index of quality for the LES grid

The LES index of quality (LESia) is used to measure the quality of the LES grid. This index
is defined as the ratio of the resolved turbulent kinetic energy to the total turbulent kinetic
energy, which will be examined with the equation by Celik et al. [89] involving the molecular
viscosity v and turbulent viscosity vsgs.

LES — kresolved — 1

Q
ktotal 1 + 005( v ngs )0.53 (6)
A%

According to Pope [90], in a well-resolved computation, at least 80% of the turbulent
kinetic energy is resolved. Fig. 5 shows profiles of LESiq along 5 vertical lines in the vertical
centerplane for 8 = 0°. The results indicate that the computation clearly resolves a large
portion of the total turbulent kinetic energy along the 5 lines, with the overall average and
minimum LESiq of 92.6% and 79.4%, respectively. For the whole domain, the volume-
averaged amount of total kinetic energy resolved is 92.9%. As a result, if the threshold of
80% is used, it may conclude that the LES computations resolve a sufficient amount of

turbulent kinetic energy.
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Fig. 5. Profiles of LESq in vertical centerplane for 8 = 0°: (a) x/D = 1, (b) x/D = 0.5, (c) x/D = 0.0033, (d)
x/D =-1.0033 and (e) x/D = -1.5.

2.4 CFD simulations: validation

The Cp predicted by RANS and LES are compared with the measured data [2] for the three
wind directions. Note that for 8 = 0° and 6 = 90°, the measured data at point 8 (the second
point on line B as shown in Fig. 2) was not reported in Ref. [2]. The Cp is computed as:

— P- Po

c -t ;
» 0.5pU2, v

where P is the mean static pressure on the building surface, Po is the reference static
pressure, p is the air density (1.225 kg/m3), and Uref is the reference wind speed that is taken
at the gradient height. Note that, according to the information provided in Ref. [66], the
Pitot-static tube was mounted at the gradient height above the test-section floor, while its
exact distance relative to the building model was not reported. This is because the wind-
tunnel at Concordia University has a test section roof that can be adjusted to enable a zero
longitudinal static pressure gradient, therefore the actual measurement location for the
reference pressure was not that important in the measurements. However, in the CFD
simulations, the top of the computational domain is a horizontal surface, which causes
streamwise gradients along the domain length. In the present study, the static pressure
obtained by the CFD simulations at the point 0.6 m upstream of the building and at the same
height of the Pitot-static tube in the measurements is taken as the reference pressure (Po).

Note that at this point, small streamwise static pressure gradients are observed in both
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RANS and LES results. The resulting Po values are 4.1 Pa and 3.5 Pa for RANS and LES,
respectively.

In order to quantify the agreement between the CFD (RANS and LES) results and the
wind-tunnel results, absolute deviations and two other validation metrics are used:
fractional bias (FB) and normalized mean square error (NMSE) [91]. The metrics are

calculated using Egs. (8) and (9):

NMSE = [(CP(WT) - Cp(CFD))Z] o

[Cp(WT) ][Cp(CFD) ]

= 2([CP(WT)] - [Cp(CFD)])
[Cp(WT)] + [Cp(CFD)]

FB 9)

where the square brackets indicate averaging over the data points.
Table 2 lists the values of the validation metrics and Fig. 6 compares the simulated and

measured Cp along lines A and B for the three approach-flow wind directions.

Table 2. Validation metrics for Cp.

Line A Line B Overall
Ideal value RANS  LES RANS LES RANS LES

6=0° Absolute deviation 0 0.172 0.133 0.026 0.027 0.113 0.091
6 =90° Absolute deviation 0 0.289 0.090 0.307 0.104 0.302 0.096
NMSE 0 0.313 0.023 0.363 0.028 0.371 0.025
FB 0 0.537 0.141 0.575 0.164 0.581 0.151
0 =180° Absolute deviation 0 0.175 0.036 0.147 0.041 0.161 0.038
NMSE 0 0.275 0.009 0.224 0.013 0.305 0.010
FB 0 0.501 0.086 0.455 0.110 0.525 0.096
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Fig. 6. Comparison between C, obtained by CFD (RANS and LES) and from wind-tunnel measurements,
along (a) line A and (b) line B at & = 0°; (c-d) same for & = 90° and (e-f) & =180°.

For 6 = 0°, the overall average absolute deviations (lines A and B combined) for RANS
and LES are 0.113 and 0.091, respectively. A fairly good agreement can be seen between
CFD and wind-tunnel along line B for both RANS and LES (Fig. 6b), with the average absolute
deviations of 0.026 and 0.027. For line A, these deviations increase to 0.172 and 0.133,
respectively (Fig. 6a). Note that FB and NMSE cannot be used for variables that have both
positive and negative values within the same set [70,91,92], hence, they are not reported
for 8 = 0° in Table 2. Fig. 6a shows large vertical Cp gradients along line A, which makes the
validation difficult. Therefore, in this study, a small sensitivity analysis is performed with as

parameter the vertical position of the measurement points along the two lines. Fig. 7 shows
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the results of the sensitivity analysis for points 2, 3, 4 and 5 on line A (as shown in Fig. 2). It
indicates a significant sensitivity of C, to the vertical location of the measurement points.
For example, if the measured point 5 in the wind-tunnel would shift upward by Az = 0.001
m, the absolute deviations between RANS and wind-tunnel would decrease from 0.129 to
0.046. For LES, this reduction would be from 0.132 to 0.004 (Fig. 7d). In the remainder of
this paper, all analyses will be performed based on the original reported position in the
measurements.

For 8 =90°, both steady RANS and LES tend to overpredict Cp along the vertical lines but
this overprediction is much more pronounced for steady RANS with an overall average
absolute deviation of 0.302, while this is 0.096 for LES. The overall agreement of LES remains
fairly good in terms of NMSE = 0.025 (Table 2), which is about one order of magnitude
smaller than RANS.

For 0 = 180°, the deficiency of RANS in reproducing C, can also be clearly observed,
where the overall absolute deviation goes up to 0.161, while this is 0.038 for LES. The
underprediction of the absolute value of Cp on the leeward facade by RANS is in line with

the results of previous studies (e.g. [4,93,94]).
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2.5 CFD simulations: Comparison between RANS and LES

The results provided in Section 4 clearly show the different performance of RANS and
LES in predicting the C, at the measurement points, especially for 6 = 90° and 180¢. In this
section, a detailed analysis of (i) Cp, (ii) mean wind speed ratio (K), and (iii) maximum mean
wind speed ratio (Kmax) is provided to better understand the performance of the two
approaches and to provide more insight into the distribution of Cp, K and Kmax on the balcony

areas. The analysis is performed for the three approach-flow wind directions.

2.5.1 RANS versus LES at 6 = 0°

Figs. 8a and b present C, on the windward fagade by RANS and LES, respectively. Fig. 8c
shows the difference between C, by the two approaches, i.e. ACp (tes-rans) = Cp (Les) - Cp (RANS).

It can be seen that strong suction acts on the top floor for both RANS and LES. The largest
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differences occur at this level where the maximum underestimation and overestimation of
the LES results by RANS occur in the middle (ACp (Les-rans) = 0.610) and near the edges (ACp
(Les-rans) = -0.461) of the fagade, respectively. For the other parts of the fagade, RANS and LES
perform fairly similar with local absolute ACp (Les-rans) lower than 0.150. For the entire
windward facade, the surface-averaged Cp values obtained by RANS and LES are 0.507 and
0.511, respectively (ACp (Les-rans) = 0.004), indicating a very close agreement between the two

approaches.

Fig. 8. Distributions of C, on the facade with balconies at & = 0° obtained by (a) RANS and (b) LES, and
(c) ACy (1es-rans)-

Figs. 9a and b display contours of the mean wind speed ratio K in horizontal planes at
pedestrian height (1.75 m in full scale above balcony level) for levels 2, 11, 20 and 29
predicted by RANS and LES, respectively. K is defined as the local mean wind speed
normalized by Uambient (= 6.347 m/s), which is the “undisturbed” mean wind speed at
pedestrian height above ground level. Fig. 9c shows the difference AK (tes-rans) = K (Les) - K
(Rans). Both RANS and LES predict high wind-speed regions at the edges of the balconies,
while low wind-speed regions can be observed in the middle of the planes (Figs. 9a and b).
Compared to LES, RANS underestimates the local K for all levels (also those not shown in Fig.
9). The area-weighted average K for levels 2, 11, 20 and 29 by LES are 0.959, 0.815, 0.6667
and 1.038, respectively. They are underestimated by RANS by 34.9%, 33.3%, 17.4% and

38.9%, respectively.
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Fig. 9. Contours of mean wind speed ratio K in horizontal planes at pedestrian height (1.75 m at
equivalent full scale) on balconies for levels 2, 11, 20 and 29 for & = 0°, obtained by (a) RANS and (b)
LES, and (c) AK (ies-rans) for the same levels.

Fig. 10 presents the K distribution and 2D velocity vector fields in the vertical centerplane
near levels 2, 11, 19 and 29. Both RANS and LES predict the flow separation from the top-
edge of the parapet wall of the top floor that leads to a strong suction pressure on the fagade
(see Figs. 8a and b). The stagnation point occurs at around level 19. For balconies on levels
28 and 29, the interaction between the airflow directed from the stagnation region upward
leads to clockwise recirculation areas on the balcony spaces. These recirculation areas can
also be found for all balconies above level 21 (not shown in Fig. 10). Compared to LES, RANS
underestimates the mean velocity on the balcony spaces. For the stagnation region (near
level 19) where the wind speed is relatively low, RANS and LES predict fairly similar results.
For the levels between level 17 and level 1, the downwash flow separates at the balcony
parapet walls, leading to anticlockwise recirculation areas on each balcony space. Again,

compared to LES, steady RANS underestimates the mean velocity on these balcony spaces.
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Fig. 10. Distribution of mean wind speed ratio K and 2D velocity vector field in the vertical
centerplane near the balconies of levels 2, 11, 20, and 29 for 8 = 0° obtained by (a) RANS and (b) LES.

Fig. 11 presents Kmax taken from the horizontal planes at pedestrian height for all
balconies as obtained by RANS and LES. The maximum local mean wind speed ratio (Kmax)
that is sometimes used to evaluate the wind environment [95,96] is defined as Kmax =
Umax/ Uambient, Where Umax is the maximum local mean wind speed at pedestrian height on
each balcony space. Note that, as shown in Fig. 9, balconies on the high-rise building are
partly exposed to strong winds, which may cause wind discomfort and wind danger for
people on balcony spaces. It can be seen that, compared to LES, RANS predicts substantially
lower Kmax for all levels. In this case, the average absolute difference for all balconies is 0.249,

while the maximum absolute difference is 0.457, which occurs on level 28.
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Fig. 11. Maximum mean wind speed ratio Kmax in horizontal planes at pedestrian height (1.75 m at
equivalent full scale) from level 2 to level 29 for © = 0°.

2.5.2 RANS versus LES at 6 =90°

Fig. 12 presents the distribution of Cp across the facade at 6 = 90° by RANS and LES,

revealing large differences between the simulation results by the two approaches. RANS

clearly underestimates the absolute value of local C, across the entire facade except in a

small region close to the leading edge of the top floor (Fig. 12c). The surface-averaged Cp

obtained by RANS and LES are -0.369 and -0.578, respectively (ACp (Les-rans) =
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Fig. 12. Distribution of C, on the facade with balconies for & = 90° obtained by (a) RANS and (b) LES,
and (c) ACy (ies-rans)-

Fig. 13 illustrates the Kmax in the horizontal planes at pedestrian height for all balconies
obtained by RANS and LES. Compared to LES, RANS predicts substantially lower Kmax for all

levels. In this case, the average absolute difference for all balconies is about 0.542, while the

maximum absolute difference is 0.647 that occurs on level 6.
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Fig. 13. Maximum mean wind speed ratio Kmax in horizontal planes at pedestrian height (1.75 m at
equivalent full scale) from levels 2 to 29 for & = 90°.
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2.5.3 RANS versus LES at 6 = 180°

Fig. 14 presents the Cp distribution obtained by RANS and LES for 6 = 180°. Compared to
LES, RANS underpredicts the absolute value of C, across the entire facade. The maximum
and minimum underprediction occur in areas close to the facade edges and in the central
region of the facade, respectively (Fig. 14c). The surface-averaged C, by RANS and LES are -
0.251 and -0.357, respectively (ACp (tes-rans) = -0.106).

Concerning K in horizontal planes at pedestrian height for levels 2, 11, 20 and 29,
compared to LES, RANS mostly predicts lower local K for every level. The area-weighted
average K of levels 2, 11, 20 and 29 by LES are 0.313, 0.388, 0.380, and 0.229, which are
underestimated by RANS by 34.9%, 32.5%, 46.2% and 67.9%, respectively.
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Fig. 14. Distribution of C, on the facade with balconies for & = 180° obtained by (a) RANS and (b) LES,
and (c) ACy (es-rans)-

Fig. 15 provides the mean wind speed ratio (K) and the 2D velocity vector field in the
vertical centerplane. It can be seen that RANS significantly underestimates the wind speed
near level 29. This underestimation leads to the overestimation of Cy in this region (see Fig.
14c). A similar underestimation of the wind speed by RANS can be seen for levels 1 and 2,
which is in line with previous CFD studies of ground-level wind conditions in the wake of

buildings [56,97]. A likely reason for these discrepancies is the performance of RANS in
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overestimating the turbulent kinetic energy in separation and recirculation areas, which
generally leads to an underestimation of the mean wind speed in these areas [19,20].
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Fig. 15. Distributions of mean wind speed ratio K and 2D velocity vector field in vertical centerplane
on the balconies of level 2, 11, 20, and 29 at 8 = 180° (a) by RANS and (b) by LES.
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Fig. 16 shows Kmax in the horizontal planes at pedestrian height for all balconies obtained
by RANS and LES. RANS provides larger Kmax for levels 2, 3 and 4 than LES, where the
maximum absolute difference of 0.122 occurs on the second level. For all other levels, RANS
substantially underestimates Kmax, where the maximum absolute difference is 0.343 that can

be observed on level 18.
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Fig. 16. Maximum mean wind speed ratio Kmay in horizontal planes at pedestrian height (1.75 m
equivalent full scale) from level 2 to level 29 for ¢ = 180°.

2.6 Discussion ?

It is important to highlight the limitations of this study:

. In this study, the validation is performed based on mean pressure coefficients.
This is due to the lack of available high-resolution experimental data of wind
velocity for buildings with balconies. Further research is required to (i) perform
high-resolution wind-tunnel or on-site measurements of wind speed on balcony
spaces, and (ii) conduct additional detailed CFD validation studies where the focus

would be on wind speed on building balconies.

2 Note that the computational cost for the LES simulation is more than two orders of magnitude
larger than the steady RANS simulation. Assuming an HPC cluster with a 16-core node (Intel(R) Xeon(R)
CPU - X5650 @ 2.7 GHz) is used for both RANS and LES, the computational time for the RANS
simulations will be less than 8 hours, while the LES simulation will take more than 8 weeks. It is
recommended that the choice of the model (RANS vs. LES) should be made depending on which

parameter is the target parameter.
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e  The simulations are performed for only three approaching wind directions: 6 =
0°, 90° and 180°. This is due to the lack of available high-quality experimental
data for buildings with balconies under oblique wind directions. Further
research should focus on the performance of RANS and LES for oblique wind
directions.

. The focus of the present study is on the comparison between RANS and LES. As
RANS can only predict the mean pressure coefficients, the validation studies are
performed for mean pressure coefficients. Future work should focus on the
performance of LES in predicting surface r.m.s. and peak pressure coefficients for
buildings with balconies. It should be noted that there is still a lack of high-
resolution experimental data of surface r.m.s. and peak pressure coefficients for
buildings with balconies. Therefore, high-quality wind-tunnel measurements
should also be performed in the future.

e  This study only focuses on an isolated high-rise building with balconies. The
presence of surrounding buildings may lead to more airflow complexity such as
additional recirculation and reattachment [98], and would modify the mean and
r.m.s. surface pressure [45,99—-101] and wind speed on balcony spaces [102].
Therefore, the conclusions in this paper should be used with caution towards
buildings surrounded by other buildings. Further evaluation of the performance
of RANS and LES should be performed by considering the impact of building

surroundings.

2.7 Conclusions

This paper evaluates the performance of steady RANS and LES in predicting the near-
facade airflow patterns and mean surface pressure coefficient (Cp) for a building with
balconies. Three wind directions are considered: 8 = 0°, 90°, and 180°.

The evaluation is based on validation with wind-tunnel measurements of mean surface
pressure on the fagade with balconies. The results of the CFD validation show that LES can
accurately predict C, on the building fagade with balconies for 8 = 0°, 90°, and 180° with
average absolute deviations of 0.091, 0.096 and 0.038, respectively. RANS predicts a
satisfactory agreement with the experiments only for 8 = 0°, with an average absolute

deviation of 0.113. For 8 = 90° and 6 = 180°, however, RANS substantially underestimates
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the absolute value of the Cp, with average absolute deviations of 0.302 and 0.161,

respectively. Further detailed analysis is performed based on the RANS and LES results, and

the following conclusions are obtained:

For 8 = 0°, RANS and LES generally predict similar local C, except at the top floor.
The surface-averaged Cp, obtained by RANS and LES are 0.507 and 0.511,
respectively. Compared to LES, RANS generally underestimates the absolute value
of local C, on the fagade at 6 =90° and 6 = 180°. The surface-averaged C, obtained
by RANS and LES for 8 = 90° are -0.369 and -0.578, respectively, and for 8 = 180°
they are -0.251 and -0.357, respectively.

Compared to LES, RANS generally underestimates the mean wind speed ratio K in
horizontal planes at pedestrian height on all levels for 6 = 0° and 6 = 180°. For
example, the area-weighted average K at levels 2, 11, 20 and 29 for 6 = 0° is
underestimated by 34.9%, 33.3%, 17.4% and 38.9%, respectively, and for 6 = 180°
it is underestimated by 34.9%, 32.5%, 46.2% and 67.9%, respectively. For 6 = 90°,
compared to LES, RANS overestimates K in some regions, while providing
underestimations in others.

Compared to LES, RANS underestimates Kmax on all levels for 6 = 0° and 90°. For 6
= 180°, RANS predicts larger Kmax for levels 2, 3 and 4, and smaller Kmax for the

other levels.

These results suggest that for studies of natural ventilation of buildings and wind comfort

on building balconies, for which distributions of building facade Cp are required, using RANS

instead of LES can result in underestimated computed ventilation airflow rates and in

underestimated computed wind speed ratios. In other words, building design based on

RANS might result in too high actual ventilation flow rates and in too high actual wind speed,

resulting in too high wind nuisance level.
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Abstract: The presence of building balconies can significantly modify the near-fagade wind
flow pattern and surface pressures. The present study evaluates the impact of building
balcony geometry on mean wind speed on balcony spaces and wind-induced mean surface
pressure for generic high-rise buildings. The focus is on balconies that extend along the
entire width of the building fagade. Large-eddy simulations (LES), validated with wind tunnel
experiments, are conducted to investigate the impact of (i) balconies present or not, (ii)
balcony depth, (iii) balcony parapet walls, (iv) balcony partition walls, and (v) density of
balconies. The results indicate that the balcony geometry can greatly affect the mean wind
speed on balcony spaces and the local and fagcade-averaged mean pressure coefficient (Cp).
The presence of balconies can increase the fagade-averaged C, over the windward and
leeward fagades by 5.2% and 8.9%, respectively. These numbers rise to 23.5% and 23.3%
when two partition walls are added at the lateral edges of the fagcades. Adding five partition
walls can reduce the overall area-averaged wind speed on balcony spaces by 68.0%
compared to the case without partition walls. These findings can be useful in developing,
designing and constructing buildings with facade geometrical details that improve building

ventilation, air quality and wind comfort.
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3.1 Introduction

The presence of large-scale roughness on building facades can significantly influence the
near-fagade wind flow and surface pressure distributions [1,2]. For example, balconies on
the windward facade of a high-rise building can change the local mean surface pressure
coefficient (Cp) from -0.36 to 0.34 [3]. In addition, the geometrical characteristics of building
balconies can strongly affect not only the wind speed on balcony spaces [4], but also the
peak and mean surface pressures [3,5]. This is especially the case for high-rise buildings
where the high wind speed around the building can lead to wind discomfort or even wind
danger on building balcony space [4,6]. Therefore, knowledge on the impact of the
geometrical characteristics of building balconies on the near-fagade wind flow is crucial to
assess wind comfort and safety on balcony spaces [4,7,8], wind-induced natural ventilation
[9] and infiltration in buildings [10], local and fagcade-averaged convective heat transfer
coefficients on building fagcades [11-13], and wind loads on building surfaces [14].

Several studies have been performed to investigate the impact of the presence of
balconies and of their geometrical characteristics. Tables 1 and 2 provide overviews of wind
tunnel and computational fluid dynamics (CFD) studies on buildings with balconies,
respectively. They list the number of stories, the objective of the study, whether or not
different geometrical characteristics have been evaluated and if so, which ones, and the
wind directions and performance indicators used. For studies using CFD, additional
information about the turbulence modeling approach and building scale is also provided.
The following observations are made:

In these wind tunnel studies, the focus has been on either surface pressures (mean, rms
and peak) or aerodynamic forces. While the vast majority of CFD studies focused on either
the mean surface pressure or mean wind velocity, only a few studies have investigated mean
surface pressure and mean wind speed simultaneously.

The majority of CFD studies focused on the presence of balconies, which means that only
one specific balcony geometry was evaluated. The impact of the geometrical characteristics
of balconies for isolated buildings has been investigated only in a few studies [9,15-17], with
the focus on the balcony depth [9,15,16], the height of parapet walls [15] and the presence
and shape of partition walls [9,17]. Note that in these studies, different boundary conditions

and building dimensions were considered, and the conclusions were not always consistent.



65 Chapter 3

The CFD studies generally adopted the 3D steady Reynolds-Averaged Navier-Stokes
(RANS) approach, while the use of large-eddy simulation (LES) was limited to only a few
studies [18—20]. An earlier study on a building with balconies found that steady RANS can
accurately predict the mean pressure coefficient (Cp) on the windward fagade of a building
for both perpendicular (6 = 0°) and oblique (6 = 45°) wind directions, while it systematically
underestimates the absolute value of Cp on the leeward fagade for these two wind directions
(6=0°and 6 =45°) [1]. This is mainly because of the deficiencies of steady RANS in capturing
the complexities of the near-facade wind flow, which include multiple areas of flow
separation, recirculation and reattachment generated by the balconies [21-23]. LES, on the
other hand, is capable of predicting the inherently unsteady wind flow [24-27]. The superior
performance of LES compared to steady RANS and unsteady RANS has been shown for mean
and instantaneous flow fields around isolated buildings (e.g. [21-24,28-30]) and in urban
areas (e.g. [23,26,31-35]). LES can provide accurate descriptions of surface Cy, of a high-rise
building with balconies for both the windward and the leeward facades [18]. Therefore, it is

desirable to use LES for highly accurate CFD for buildings with balconies.
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Table 1. Overview of wind tunnel studies on wind flow around buildings with balconies.
Reference Building Research Geometrical Wind Performance
stories objective characteristic direction indicator
(height (m)) (°)
Stathopoulos &  30(120) GB Dep, PW 0, 90, 180 Mean/ r.m.s./
Zhu, 1988 [3] peak cp
Maruta et al., 26 (75) GB Dep, Par 0,5, 10, Mean/ r.m.s/
1998 [36] 13,15,20  peakc,
Chand et al., 5(15) PB N/A 0, 45 Mean c,
1998 [37]
Ludena et al., 15 (55) GB Par 0-1801 Mean/ peak c;
2016 [38]
Chowdhury et 15 (55) GB Par 0-180! Mean/ peak cp
al., 2017 [39]
Yuan et al., - (150)2 GB Con, Den, Dep 0- 45, (5 Mean/ peak cp
2018 [5] intervals)
Hui et al., 2019 - (150)2 GB Con, Den, Dep 0- 45, (5 AF
[40] intervals)

1 Information about wind direction intervals was not reported.

2 Information about building stories was not reported.

GB = Geometrical characteristic of balconies, Dep = Depth of balconies, PW = Parapet wall, ¢, =

Pressure coefficient, Par = Partition wall, PB = Presence of balconies (a specific balcony geometry was

considered), N/A = Not applicable, Con = Horizontal continuity of balconies, Den = Density of balconies,

AF = Aerodynamic forces.
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Table 2. Overview of CFD studies on wind flow around buildings with balconies.

Ref Building Building stories (height  Research Geometrical Turbulence modeling Wind direction Performance
eference
scale in full scale (m)) objective characteristic approach () indicator
Murakami, 1990 [41]  Full 19 () PB N/A RANS 02 v
Prianto & Depecker,
Full 2 (8.5) PB N/A RANS 0 Vv
2002 [42]
Blocken & Carmeliet, 0-360, (30
Full 8(26) GB N/A RANS ) v
2008 [8] intervals)
Aietal., 2011 [43] Reduced 5(15) PB N/A RANS 0 Mean cp, V
X 0-90, (22.5
Ai et al., 2011 [15] Reduced 5,10, 15 (15, 30, 45) GB Dep, PW RANS . Mean c,
intervals)
Ai et al., 2013 [44] Reduced 5 (15) PB N/A RANS 0 V, ACH
Montazeri et al., 2013 0-360, (30
Full 22 (78) GB DS RANS . Vv
[4] intervals)
Montazeri & Blocken,
Reduced 5(15) PB N/A RANS 0, 45 Mean ¢,
2013 [1]
Ai & Mak, 2016 [19] Reduced 5(13.5) PB N/A LES 0, 45, 90 ACH, PC
Murena & Mele, 2016
Full 4(18)3 GB Con, Dep SAS 04 PC
[45]
Laguno-Munitxa et
Reduced 5(-)13 PB N/A LES 04 \Y
al., 2017 [20]
Omrani et al., 2017
9] Full 36 (-)! GB Dep, Par RANS 0, 45, 90, 180 \Y
Karkoulias et al., 2019
Full 7 (28)3 GB BF RANS 0* PC
[46]
Cui et al., 2020 [47] Full 4(12)3 PB N/A RANS 0* V, PC
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Izadyar et al., 2020

Full 13 (42) GB
[16]
Ghadikolaei et al.,

Full 6 (20.4) GB
2020 [17]
Zheng et al., 2020 [18] Reduced 30 (120) PB

Dep

Par

N/A

RANS

RANS

LES, RANS

68
0 Vv
0, 45 V, ACH
0 V, Mean ¢,

1 Information about building height was not reported.
2 Approximately 0°.

3 The focus was on street canyons.

4 Perpendicular to the long street axis.

PB = Presence of balconies (a specific balcony geometry was considered), N/A = Not applicable, V = Mean velocity, GB = Geometrical characteristic of balconies, c, =

Pressure coefficient, Dep = Depth of balconies, ACH = Air exchange rate, DS = Double skin, Con = Horizontal continuity of balconies, SAS = Scale adaptive simulation,

PC = Pollutant concentration, Par = Partition wall, BF = Balconies on different fagades.
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This paper investigates the impact of the geometrical characteristic of building balconies
on the near-facade mean wind flow patterns and mean surface pressures. LES simulations
are performed to investigate the impact of (i) balconies present or not, (ii) balcony depth,
(iii) balcony parapet walls, (iv) balcony partition walls and (v) density of balconies.

This paper contains six sections. In Section 2, the wind tunnel experiments by
Stathopoulos and Zhu [3] and the validation study are briefly outlined. Section 3 describes
the computational settings and parameters for the CFD simulations. Section 4 presents the
CFD results. Finally, limitations and future work (Section 5) and conclusions (Section 6) are

provided.
3.2 CFD validation study

In this study, the wind tunnel experiments by Stathopoulos and Zhu [3] are used for the
CFD validation. Since this validation study has been published as a separate paper [18], only

the outline is briefly mentioned here.

3.2.1  Wind tunnel experiment

In the wind tunnel experiments, the surface pressure on the fagades of a reduced-scale
model of a high-rise building with balconies was measured in an open-circuit atmospheric
boundary layer wind tunnel. Fig. 1 illustrates the building model with dimensions: width x
depth x height =0.152 x 0.152 x 0.3 m3 (1:400 scale, w:d:h = 1:1:2, 60.8 m x 60.8 m x 120 m
in full scale). Balconies with 0.01 m depth (4 m in full scale) and 0.0025 m high (1 m in full
scale) parapet walls were installed on one of the building facades where the surface
pressures were measured along 7 vertical lines. In the present validation study, the
measured data along two of the lines will be used. They will be referred to as line A (located
0.061 m from the left edge of the building model) and line B (located 0.0015 m from the left
edge of the building model), as shown in Fig. 1. The overall uncertainty of the mean pressure

coefficient (Cp) measurements was estimated to be less than 5% [48].
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Fig. 1. The geometry of the building model, locations of balconies, and measurement points and lines
used for CFD validation. All dimensions are in meter in model scale.

3.2.2  CFD validation: computational settings and parameters

Two computational grids are made of the reduced-scale building model in the wind
tunnel measurements for approaching wind directions 8 = 0° (wind flow perpendicular to
the windward facade with balconies) and 6 = 180°. The computational domains and grids are
made based on the best practice guidelines [49-52]. The grids are generated with the
surface-grid extrusion technique [53]. Cubic cells are applied near the building, with 120 and
8 cells along the width and depth of the balconies, respectively. The total number of cells is
19,267,200. More information about the computational domain and grid can be found in

Ref. [18]. The boundary conditions are listed in Table 3.

Table 3. CFD validation: boundary conditions.

Boundary Boundary conditions
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Inlet Velocity inlet *
u zZ+z
U(z) =2 In(—2) (1)
K z,
2
k(z):a(lu (Z)U(Z)) (2)
*3
u
e(z)=—"=2— (3)
k(z+z,)
Outlet Pressure outlet Static gauge pressure = 0 Pa
Top and lateral sides Slip conditions Normal gradients of all variables = 0
Ground and building walls  No-slip conditions Werner-Wengle wall functions [54]

The inlet boundary conditions are based on the measured incident vertical profiles of
mean wind speed U and longitudinal turbulence intensity I, [3]. The mean wind velocity U is
given by Eq. (1), where the atmospheric boundary layer friction velocity, u*as. and
aerodynamic roughness length, zo, are 0.7 m/s and 0.0001 m, respectively. Kk is the von
Karman constant (= 0.41). The turbulent kinetic energy is computed using Eq. (2), where a =
1 is chosen according to Tominaga et al. [50], the longitudinal turbulence intensity |, takes
the measured value. The turbulence dissipation rate € is based on Eq. (3). The vortex method
[55] is adopted to impose a time-dependent velocity profile at the inlet of the domain. The
number of vortices Nv is 8500, which is based on the recommendation by Ref. [56], i.e., Nv
= N/4 where N is the number of grid cells at the inlet plane.

The commercial CFD code ANSYS/Fluent 18.0 is used to perform the simulations. The
simulations are isothermal. LES simulates the transient flow by solving the filtered Navier-
Stokes equations and modeling the turbulence of the sub-filter scales by a subgrid-scale

model. The filtered Navier-Stokes equations are:

%=0 (4a)
Ox,

our O —— 1ép o - . Ot

(i) = ———E o+ ——(2vs)) - ()
ot Ox p ox, Ox, ox

where the overbars indicate the filtered variables, and Sj; is the rate of strain tensor. The

subgrid-scale Reynolds stresses (1) appear due to the filter operation:

Ty, = UM, — Uil (5)
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Subgrid-scale (SGS) models used to provide closure usually adopt the Boussinesq hypothesis:

1

T Oy = =2 tsgs Sy (6)

where psas is the SGS turbulent viscosity. The isotropic part of the SGS stresses Tk is not
modeled but added to the filtered static pressure term. In the present study, the wall-

adapting local eddy viscosity (WALE) subgrid-scale (SGS) model [57] is used to obtain Hsas
(Eq. (7)):

(S:S: )3/2

— — \5/2 5/4
(Syng) +(S5S:)

where the WALE constant Cw = 0.325 [58]. Grid filter width A = VY3, where V is the volume

Hses = p(Cy A) (7)

of the computational cell. siq is defined as:

s =172y (a”"n 1135 (a””‘

]

)? (8)

Pressure-velocity coupling is performed using the fractional step method in combination
with the non-iterative time advancement scheme. Second-order schemes are applied for
pressure interpolation and time discretization. The time step At is 4x10° s. The maximum
Courant-Friedrichs-Lewy (CFL) number is 1.287 and the volume-averaged CFL number is
0.046. The simulations are initialized with the solution from 3D steady RANS simulations
with the realizable k-g turbulence model [59]. Then the LES initialization runs for Tinit = 1.52
s, corresponding to approximately 5 flow-through times (Tfiow-through = Lx/Umax, Where Ly is the
length of the computational domain). After the initialization, the LES simulation and
sampling are conducted for T,,= 6.67 s, which is approximately 21 flow-through times.

Further information about the other settings and parameters are reported in Ref. [18].

3.23 CFD validation: results

Fig. 2 compares the simulated and measured C;, along lines A and B for 8 = 0° and 6 = 180°.

Cp is computed as:
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P-Pp,

= ©)
7 0.5pU2,

where P is the mean pressure on the building surface, Po is the reference static pressure, p
is the air density (1.225 kg/m?3), and Uret is the mean wind speed at the gradient height in the
wind tunnel (Hg = 0.625 m). For 8 = 0°, a fairly good agreement can be observed between
the CFD and wind tunnel results along line A with an average absolute deviation of 0.027.
Note that the measured data at point 8 was not reported in Ref. [3]. The average absolute
deviation along line B is 0.133. The possible reason for this deviation could be due to the
measurement uncertainty associated with the exact location of the pressure taps given the
large vertical Cp, gradients on the balcony spaces. More detailed information on the
sensitivity of the absolute deviation of Cp to the vertical position of the measurement points
has been provided in Ref. [18]. For 8 = 180°, the agreement is good with the average

absolute deviations of 0.041 and 0.036 for lines A and B, respectively.
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Cl1 -05 F

-0.25
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Fig. 2. CFD validation: comparison between C, obtained by CFD and wind tunnel (a) for & = 0°, note
that the measured data at point 8 was not reported in Ref. [3], and (b) & = 180°.
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3.3.1

CFD simulations

List of cases

In this study, twelve cases are considered. For all the cases, a 12-story building with

dimensions width x depth x height = 24 x 24 x 48 m3 (w:d:h = 1:1:2) is used, inspired by the

building geometry in the wind tunnel measurements mentioned in subsection 2.1. In all the

cases the building is assumed to be perfectly airtight, hence ventilation and infiltration are

zero. Based on the position and geometrical characteristics of the balconies, the cases can

be classified into five groups (Fig. 3):

Group 1 (to investigate the impact of the presence of balconies): a reference case
without balconies (case Ref.) and case L-1. For case L-1, twelve balconies are
located at equidistant points on both windward and leeward fagades (Fig. 4a). The
balconies are 24 m wide and 3 m deep and have 1 m high parapet walls. Note that
the balcony on level 12 is roofed.

Group 2 (to investigate the impact of balcony depth): case D-1 (building with 1 m
deep balconies), case D-2 (2 m deep balconies), case L-1 (3 m deep balconies) and
case D-3 (4 m deep balconies). Note that for case D-3, the depth of the balconies is
larger than the values commonly used in real buildings. Nevertheless, in the
present study, a rather wide range is investigated to gain insight into the impact of
balcony depth on the near-fagade wind flow and surface pressure, which is in line
with previous studies on the impact of balcony depth [3,9,471].

Group 3 (to investigate the impact of the presence and height of parapet walls):
case W-1 (without parapet wall), case L-1 (1 m high parapet walls) and case W-2 (2
m high parapet walls). Note that in real buildings, balcony spaces are mostly
equipped with parapet walls with the height of about 1 m. Case W-1 represents the
balconies with parapet walls consisting of pipe railing [60], which allows airflow to
pass through. Some balconies on high-rise buildings are equipped with glass
parapet walls taller than an adult for safety reasons, which is represented by case

W-2.
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Group 4 (to investigate the impact of the presence and number of partition walls):
case L-1 (without partition walls), case P-1 (two partition walls on lateral edges of
the facades), case P-2 (three partition walls, two on the lateral edges and one in
the middle of the fagades) and case P-3 (five partition walls at equidistant locations).
Note that such partition walls in-between are commonly used to divide units for
residential buildings.

Group 5 (to investigate the impact of the density of balconies): case L-1 (balconies
onall 12 levels), case I-1 (balconies on levels 3, 5, 7,9 and 11) and case I-2 (balconies
only on levels 5 and 9). Note that cases like I-1 or I-2 can be found on split-level

apartments.
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Fig. 3. List of cases presented in the five groups (the arrows indicate the wind direction).

Computational domain and grid

3.3.2

The simulations are performed in full scale. Fig. 4a shows the building geometry of case

L-1. Fig. 4b displays the computational domain. The upstream domain length, lateral domain

length, downstream domain length, and domain height are 4h, 4h, 10h, and 5h (h, height of

the building), respectively (Fig. 4b). Note that the upstream domain length is limited to 4h
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to reduce the extent of unintended streamwise gradients in the inlet profiles [51,61]. The
domain height (5h) is smaller than the one recommended by Tominaga et al. [50], in order
to reduce the total number of cells and the computational time. The resulted blockage ratio
is 1.18%, which is well below the maximum value recommended by the above-mentioned
guidelines [50], i.e. 3%. A non-conformal grid is employed, where the whole domain is
discretized into two subdomains: Qi (the inner subdomain) and Q2 with a 1:2 grid refinement
ratio between the adjacent subdomains as suggested by Ref. [52]. Subdomain Qi consists of
cubic cells and it is extended up to a distance of h/6 away from the building surfaces (see
Fig. 4c and d), i.e. from the location where high velocity gradients are expected to occur.
The edge length of the cubic cells is h/192 (i.e. 16 cells per floor, and 4 cells along the height
of parapet walls for case L-1). In subdomain Qa, hexahedral cells with a stretching ratio of
about 1.04 are used. The same topology and resolution are used for all the cases. The total
number of cells is 16,566,528 for all cases, except for case D-3, where it is 17,543,792. The
adequacy of the grid resolution is confirmed by a grid-sensitivity study that will be provided

in subsection 3.5.
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b

inlet (inflow)

fop (slip conditions)

()"G{ig-t"(zero static gauge pressure)

Fig. 4. Case L-1: (a) building geometry, (b) computational domain and boundary conditions, (c) basic
computational grid (16.6 million cells) at building surfaces and part of the ground surface, and (d)
details of the basic grid near the bottom of the building. Details of grids for grid-sensitivity analysis:
(e) coarse grid (7.9 million cells) and (f) coarser grid (3.9 million cells).



79 Chapter 3

3.3.3  Boundary condition

At the inlet of the domain, the neutral atmospheric boundary layer inlet profiles of
mean wind speed (Eq. (1) and Fig. 5a), turbulent kinetic energy (Eq. (10) with empirical
constant Cy equal to 0.09 and Fig. 5b) and turbulence dissipation rate (Eq. (3) and Fig. 5c)
proposed by Richards and Hoxey [62] are imposed.

£ )
U,pL

k(z) =—== (10
JC.

It is assumed that the building is situated on a large grass-covered terrain with an
aerodynamic roughness length zo = 0.03 m [63] and an atmospheric boundary layer friction
velocity u*asL = 0.3 m/s. The corresponding mean wind velocity at 10 m height Ui = 4.15
m/s and the reference mean wind velocity at building roof height (48 m) Urer = 5.27 m/s. All
simulations are performed for 8 = 0° (approach flow perpendicular to the windward facade).
The vortex method [55,64] is adopted at the inlet of the domain to generate a time-
dependent velocity profile. The number of vortices Nv = 11426, following Ref. [56]. As shown
in Fig. 4b, zero static gauge pressure is applied at the outlet plane and slip conditions are
applied on the top and lateral sides. The building and ground surfaces are modeled as no-
slip conditions. The Werner-Wengle wall functions are applied for modeling flow parameters

in the near-wall regions [54].

a b o
5 5 5
4 4 4
=3 =3 =3
T T I
Ny Ny No
1 1 1
0 0 0 L
o 05 1 15 0 002 004 0 005 0.1
2 3
Ve KU2 1] cHILE [

Fig. 5. Inlet profiles of (a) dimensionless mean velocity (U/Ur), (b) dimensionless turbulent kinetic
energy (k/Urf) and (c) dimensionless turbulence dissipation rate (gH/Urf).
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3.3.4  Solver settings

Following the validation study reported in subsection 2.2, LES with the wall-adapting
local eddy viscosity (WALE) SGS model is employed for the simulations. The time step (At) is
0.02 s for all the cases. The maximum CFL number ranges from 0.957 to 1.255, which mainly
occurs close to the leading edge of the building roof. The other solver settings are identical
to those in the validation study. All the LES simulations are started from the solution of 3D
steady RANS simulations with the realizable k-€ turbulence model [59], and the computation
is run during 470 s (approximately 5 flow-through times) to remove the influence of the
initial condition before data sampling. Then, data are sampled and averaged over a period

of 1920 s (approximately 20 flow-through times).

3.3.5  Grid-sensitivity study

A grid-sensitivity analysis is carried out for case L-1. A basic (Fig. 4d), coarse (Fig. 4e) and
coarser (Fig. 4f) grid are made based on the same overall grid topology, For the basic, coarse
and coarser grid, 4, 3 and 2 cells are used along the height of parapet walls, respectively,
and the length of the cubic cells near the building is h/192, h/144 and h/96, respectively.
The total number of cells for the basic, coarse and coarser grid is 16.6, 7.9 and 3.9 million,
respectively. The corresponding time steps are 0.02, 0.025 and 0.042 s, respectively,
resulting in the maximum CFL number of 1.11, 0.99 and 1.00, respectively.

The results of the Cp along vertical lines (x/w = 0.125 and x/w = 0.5) on the windward
and leeward facades obtained by the three grids are compared in Fig. 6a-d. Only a limited
dependency of C, on the grid resolution is observed. The overall absolute difference (the
two lines combined) between the coarse grid and the basic grid is 0.016. This is 0.027
between the coarser grid and the basic grid. Therefore, the basic grid is adopted for the

remainder of this study.
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Fig. 6. Comparison of mean surface pressure coefficient (C,) obtained from the basic, coarse and
coarser grid along two vertical lines (a) x/w = 0.125, (b) x/w = 0.5 on the windward fagade, (c-d) same
on the leeward fagade.

3.4 Results

The following target parameters are selected:

. Mean wind speed ratio (K) in the vertical centerplane. It is defined as the

mean wind speed divided by Uambient (= 2.92 m/s, the “undisturbed” mean wind
speed at the inlet plane at 1.75 m above the ground level).

. Mean wind speed ratio (K) in horizontal planes at the pedestrian height (=

1.75 m) on balcony spaces. The focus will be on (i) the K distribution and (ii) the

maximum and area-averaged K, denoted as Kmax and Kavg, respectively.
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. Cp on the windward and leeward fagades. The Cy is calculated according to
Eqg. (9), where P is the mean pressure on the building surface, p is the air density
(1.225 kg/m?3), and Po is the reference static pressure = 0.5 Pa, taken 100 m
upstream of the building at the roof height where the streamwise static pressure
gradients are almost negligible. Uret is 5.27 m/s. The facade-averaged C, is denoted

as Cp,avg.

3.4.1 Impact of balconies present or not

The impact of the presence of balconies on K and Cp is investigated by comparing the
results of the reference case (building without balconies) and case L-1 (with balconies on
both fagades). The results are presented in Figs. 7, 8 and 9a. The following observations are

made:

] Level11

Level 3

Level 7 i Level7

Level 5

Level 3

] Level1

Fig. 7. Distributions of K and 2D velocity vector field in the vertical centerplane for (a) the reference
case and (b) case L-1.

e Fig. 7a and b illustrates the distributions of K and the velocity vector field in the
vertical centerplane. For the reference case without balconies, the stagnation point on
the windward fagade is located at about 0.7h (h is the building height). For case L-1,

multiple stagnation areas are found near the parapet walls, and at the upper part of
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the balcony spaces of levels 8-10 (Fig. 7b). On levels 9-12, the upwash flow separates
at the edges of the parapet walls and introduces a clockwise vortex on each balcony
space. For levels 6-8, two vortices are visible between the balconies: a
counterclockwise vortex in the upper part, and a clockwise vortex in the lower part
on each balcony space. For levels 1-5, the downwash flow leads to a primary
counterclockwise vortex in the higher part and a secondary clockwise vortex in the
lower part. For the balconies on the leeward facade, the interaction with the upward-
directed airflow leads to a counterclockwise vortex on all the balcony spaces. Note
that the presence of the balcony and its roof at level 12 significantly affects the
reattachment point on the roof. For the reference case, the reattachment occurs at
around 0.8d (d is the depth of the building) in relation to the leading edge of the

building (Fig. 7a), while for case L-1, it occurs at 0.6d (Fig. 7b).
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Fig. 8. Distributions of C, on windward facades of (a) the reference case, (b) case L-1, and (c) ACp -1 = Cp 1-1) - Co

(ref)- (d-f) Same for leeward fagades.
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e Fig. 8a and b displays C, on the windward facade of the reference case and case L-
1, respectively. Fig. 8c presents the Cp difference between the two cases, i.e. ACp (-
1) = Cp (1-1) - Cp (ref). Fig. 8a-c shows that the presence of balconies leads to high-
pressure areas close to the lateral edges of the facade behind the parapet walls,
which is due to the impingement of the accelerated wind flow towards the lateral
edges onto the lateral parapet walls yielding stagnation areas. This is in line with the
results in Ref. [3]. For level 12, C, increases at the upper part of the facade where
ACp reaches its maximum value (ACp = 1.63). In the lower part of the facade on level
12, however, Cp decreases to the extent that AC, experiences a local minimum of -
0.362. For the ground level, the presence of the balconies results in a mild reduction
of Coon a large part of the facade. For the entire windward facade, however, the
presence of balconies increases Cp,avg from 0.616 to 0.648 (about 5.2%, shown in Fig.
9a).

e Fig. 8d and e displays C, over the leeward facade of the two cases. ACp (1) = Cp (L-1) -
Cp (ref) i presented in Fig. 8f. By adding balconies on both fagades (case L-1), Cp
either increases (i.e. becomes less negative) or remains unchanged across the
leeward facade. The increase is more pronounced at the upper part of the facade.
The maximum ACpis 0.285, which occurs close to the edges behind the parapet walls
on level 7. The presence of balconies increases Cp,avg from -0.486 to -0.443 (about

8.9%, shown in Fig. 9a).
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Fig. 9. Cp,avg for windward and leeward fagades of buildings in groups 1-5 as presented in Fig. 3.

3.4.2 Impact of balconies depth

The impact of the balcony depth on K and C; is investigated based on the simulations for
the cases in group 2. Fig. 10 displays K in the vertical centerplane near the windward fagade
and in horizontal planes at a height of 1.75 m above each floor level (pedestrian height). Fig.
11a shows the Kavg and Kmax for the same horizontal planes on balcony spaces. The following
observations are made:
e Fig. 103, ¢, e and g indicates that by increasing the depth of balconies, larger
recirculation zones with larger velocity are formed on all balcony spaces. In this case,
Kavg increases for all levels, except level 12 (Fig. 11a).

e By increasing the depth from 1 m to 2, 3 and 4 m, the overall Kay (all balconies
combined) increases from 0.62 to 0.77 (by 23.7%), 0.97 (by 56.0%) and 1.09 (by
75.6%), respectively.
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Fig. 10. Impact of balcony depth: K distributions in vertical centerplane near windward facades for (a)
D-1(D=1m), (c) case D-2 (D =2 m), (e) case L-1 (D =3 m), and (g) case D-3 (D=4 m). (b, d, fand h) K
distributions in horizontal planes at the pedestrian height on windward balconies for the same cases.
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Fig. 11. Kavg (shown by color bars) and Knax (shown by vertical lines with cap) in horizontal planes at
the pedestrian height for buildings in (a) group 2, (b) group 3, (c) group 4 and (d) group 5.

Fig. 12 shows Cp and AC, (relative to the reference case) distributions across the

windward and leeward facades of case D-1 (D =1 m), case D-2 (D =2 m), case L-1 (D=3 m)

and case D-3 (D =4 m). Fig. 9b presents Cp,ave. The following observations are made:
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e Fig. 12e-g (windward facade) shows that similar AC, distributions are observed
across the windward facades of cases D-1 (D=1m), D-2 (D=2 m) and L-1 (D =3 m).
In this case, Cpavg is 0.660, 0.643 and 0.648, respectively (see Fig. 9b), i.e. 7.1%, 4.4%
and 5.2% larger than that for the reference case. For the case with D =4 m (case D-
3), a stronger impact on the C, occurs in the region between levels 1 and 9, where
the pressure decreases (Fig. 12h) because of the relatively larger wind speed on the
balcony spaces (see Fig. 10g). In this case, Cp,avg is 0.609 (see Fig. 9b), which is only
1.1% smaller than the reference case.

e  Fig. 12i-p (leeward fagade) shows that by increasing the depth of the balconies, Cp,avg
increases, i.e. becomes less negative (Fig. 9b). For D=1, 2, 3 and 4 m, Cp,avg is -0.470,
-0.460, -0.443, and -0.430, i.e. 3.3%, 5.4%, 8.9%, and 11.5% larger than the reference

case, respectively.
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Fig. 12. Impact of balcony depth: C, distributions on windward facades of (a) case D-1 (D = 1m), (b)
case D-2 (D =2 m), (c) case L-1 (D =3 m), and (d) case D-3 (D =4 m), and (e-h) AC, (pressure
difference relative to the reference case) for the same cases. (i-p) Same for leeward fagades.

3.4.3 Impact of balcony parapet wall

The impact of the presence and the height of parapet walls on K and C, is investigated

for the three cases in group 3: case W-1 (W =0 m), case L-1 (W =1 m) and case W-2 (W =2
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m). Fig. 13 displays the K distributions in the vertical centerplane near the windward facade

and in the horizontal planes at 1.75 m above each floor level. Fig. 11b provides the Kmax and

Kavg in the same horizontal planes. The following observations are made:

For level 12, the largest Kavg is obtained for case W-1 (W = 0 m), followed by case L-
1 (W =1m)and case W-2 (W =2 m), with values of 1.49, 1.26 and 1.18, respectively.
In this case, Kmax is 2.12, 1.91 and 1.96, respectively.

For levels 5-11, compared to the other two cases, case W-2 (W= 2 m) experiences
higher local K on balcony spaces in the vertical centerplane (Fig. 13e). This is because
of the airflow is forced to enter the balcony spaces through the small openings and
is more confined by the parapet walls, which results in a strong flow recirculation
on the balcony spaces. For balconies with higher parapet walls on levels 5-11, larger
local K in the middle of the horizontal planes (Fig. 13b, d and f) and larger Kav (Fig.
11b) is observed. It should be noted that Kmax occurs near the lateral edges of the
facade for all the cases on levels 5-11, and 2 m parapet walls can significantly reduce
the local K close to the lateral edges, resulting in the smallest local Kmax values (Fig.

11b).
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Fig. 13. Impact of balcony parapet walls: K distributions in the vertical centerplane near windward
fagades for (a) case W-1 (W =0m), (c) case L-1 (W =1 m), and (e) case W-2 (W =2 m). (b, d and f) K
distributions in horizontal planes at the pedestrian height on windward balconies for the same cases.

For levels 1-4, unlike the other two cases, case W-2 experiences a relatively uniform
K distribution. This leads to lower Kavg and Kmax compared to cases W-1 and L-1 (Fig.

11b).
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Fig. 14. Impact of balcony parapet wall: C, distributions on windward fagades for buildings with
balconies: (a) case W-1 (W =0 m), (b) case L-1 (W =1 m), and (c) case W-2 (W =2 m), and (d-f) AC,
(pressure difference relative to the reference case) for the same cases. (g-) Same for leeward

fagades.
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Fig. 14 shows the C, and AC; (relative to the reference case) distributions for the three
cases. Fig. 9c presents Cpavg. The following observations are made:

e  Fig. 14a-f (windward facade): compared to the case without parapet wall (case W-

1), the presence of 1 m high parapet walls (case L-1) leads to higher-pressure areas

near the lateral edges of the windward facade (see Fig. 14d and e), and Cpaw

increases from 0.599 to 0.648. By adding the 2 m high parapet walls (case W-2), the

local Cp reduces significantly (Fig. 14c and f), and Cp,avg reduces to 0.595 (see Fig. 9c).

Fig. 14g-l (leeward facade): by increasing W, C, increases across the facade. As shown in Fig.

9c¢, for case W-1 (W =0 m), case L-1 (W =1 m) and case W-2 (W =2 m), Cpavg is —0.464, —

0.443, and -0.423, i.e. 4.5%, 8.2% and 13.0% larger than the reference case, respectively.

3.4.4 Impact of partition wall

The impact of partition walls is investigated based on the simulations for group 4. Fig. 15
displays the K distributions in horizontal planes at the 1.75 m above each floor level on the
windward balconies for case L-1 (without partition walls), case P-1 (with two partition walls
on lateral edges of the fagades), case P-2 (with three partition walls, two on the lateral edges
and one in the middle of the facades), and case P-3 (with five partition walls at equidistant
locations, two of which are located on the lateral edges of the facades). Fig. 11c shows Kmax
and Kayg in the same horizontal planes. The following observations are made:

e For case L-1, without partition walls, a rather large stagnation region is formed
upstream of the windward facade. The stagnation pressure forces the impinging
wind flow to deviate horizontally, towards the lateral edges, which leads to higher
wind speed near these edges. However, the presence of partition walls at the
lateral edges of the facade (case P-1) impedes this horizontal flow and leads to
small lateral pressure gradients on each balcony space (Fig. 16b), in turn yielding a
significant reduction in both Kmax and Kavg in the horizontal planes (Fig. 15b).

e By increasing the number of partition walls, Kmax and Kavg decrease monotonically.
The overall Kavg (all the balconies combined) for cases P-1, P-2 and P-3is 0.51, 0.47
and 0.31, i.e. 47.4%, 51.6% and 68.0% smaller than case L-1, respectively.
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Fig. 15. Impact of balcony partition wall: K distributions in horizontal planes at the pedestrian height
of (a) case L-1, (b) case P-1, (c) case P-2 and (d) case P-3.

Fig. 16 shows the Cp and AC, (relative to the reference case) distributions for the four

cases. Fig. 9d presents Cp,avg. The following observations are made:

e Fig. 16a-h displays the impact of partition walls on the C, distributions across the
windward facade. The presence of partition walls on both lateral edges (case P-1)
reduces the spanwise pressure gradients across the facade (Fig. 16b). A similar
pressure distribution can also be observed for case P-2 (Fig. 16c) when additional
partition walls are used in the middle. For case P-3 when three additional partition
walls are used, larger spanwise pressure gradients are observed across the middle
and side partitions (Fig. 16d).

e Adding only two partition walls (at the lateral edges) strongly increases Cp,avg On the
windward facade, from 0.648 to 0.761 (an increase by 17.4%, i.e. 23.5% larger than
the reference case). However, by further increasing the number of partition walls,
Cp,avg On the windward facade decreases (Fig. 16g and h). For cases P-2 and P-3, Cp,avg
is 0.759 and 0.699, i.e. 23.2% and 13.5% larger than the reference case, respectively
(Fig. 9d). Still, every case with partition walls has a much higher windward Cp,avg than

the reference case.
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e Fig. 16i-p displays the impact of partition walls on the C, distributions across the
leeward facade. The presence of partition walls on both lateral edges (case P-1)
strongly increases the local Cp across the fagade (see Fig. 16n). In this case, Cpavg
increases from -0.443 to -0.373 (by about 15.8%, i.e. 23.3% larger than the reference
case).

e Byincreasing the number of partition walls, on each balcony space, rather uniform-
pressure regions are formed between consecutive partition walls on the leeward
facade (Fig. 16k and I). Nevertheless, this has an insignificant impact on Cpavg. For
cases P-2 and P-3, Cpavg is -0.379 and -0.376, i.e. 22.0% and 22.6% larger than the

reference case, respectively (Fig. 9d).
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Fig. 16. Impact of balcony partition walls: C, distributions on windward facades for buildings with
balconies: (a) without a partition wall (case L-1), (b) with two partition walls (case P-1), (c) with three
partition walls (case P-2) and (d) with five partition walls (case P-3), and (e-h) AC, (pressure
difference relative to the reference case) for the same cases. (i-p) Same for leeward fagades.
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3.4.5 Impact of density of balconies

The impact of the density of balconies is investigated based on the simulations for group
5: case L-1 (balconies on all levels), case I-1 (balconies on levels 3, 5, 7, 9 and 11), and case
I-2 (balconies on levels 5 and 9). Fig. 17 displays the distributions of the mean wind speed
ratio (K) in the vertical centerplane near the windward fagade (Fig. 17a, ¢ and e) and
horizontal planes at a height of 1.75 m above each floor level (Fig. 17b, d and f). Fig. 11d
shows Kmax and Kavg in the horizontal plane of each level. The density of balconies can
significantly affect the flow pattern near the windward fagade, and also on the balcony
spaces. For the three cases, for balconies below level 8, the downwash flow separates at the
edge of the balconies, and a counter-clockwise vortex with relatively high wind speed is
formed below each balcony floor (Fig. 17a, c and e). For these balconies, by decreasing the
density of balconies, the local K and Kmax in the horizontal plane at the pedestrian height
decreases (Fig. 11d). The overall Kavg (all the balconies combined) for cases I-1 and [-2 is 0.75

and 0.68, i.e. 22.7% and 29.9% smaller than that for case L-1, respectively.
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Fig. 17. K distributions in the vertical centerplane near windward fagades for (a) case L-1, (c) case I-1
and (e) case I-2. (b, d and f) K distributions in horizontal planes at the pedestrian height on windward
balconies for the same cases.

Fig. 18 shows Cp and AC, distributions (relative to the reference case) for the three cases.

Fig. 9e presents Cp,avg. The following observations are made:
e  Fig. 18a-f shows that the impact of the density of balconies on Cp on the windward
facade on levels 7-10 is rather insignificant. For the balconies located below level 7,

however, a clear increase in Cp can be observed close to the lateral edges of the
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facade behind the parapet walls while a reduction of C, can be observed below each
balcony. This C, reduction effect is due to the counter-clockwise vortex with
relatively high wind speed below each balcony floor (see Fig. 17a, c and e). Cp,avg ON
the windward fagade of cases L-1, I-1, I-2 is 0.648, 0.660 and 0.636 (Fig. 9e), i.e. 5.2%,
7.5% and 3.2% larger than the reference case, respectively.

Fig. 18g-I shows that for the leeward fagades of all the cases, the presence of
balconies increases the local C, close to the lateral edges of the fagade behind the
parapet wall and below each balcony floor. For cases L-1, I-1 and I-2, Cpavg is -0.443,
-0.446, and -0.454, i.e. 8.9%, 8.2% and 6.6% larger than the reference case,

respectively.
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Fig. 18. Impact of density of balconies: C, distributions on windward fagades for buildings with: (a)
balconies on every level (case L-1), (b) balconies on levels 3, 5, 7, 9 and 11 (case I-1), and (c) balconies
on levels 5 and 9 (case I-2), and (d-f) AC, (pressure difference relative to the reference case) for the
same cases. (g-1) Same for leeward fagades.
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35

Limitations and future work

Although this study has performed a systematic sensitivity analysis based on a large

number of parameters and CFD simulations, there are still a number of limitations that

provide opportunities for future work:

In the present study, the focus is on the mean surface pressure coefficient and the
mean wind speed. It should be noted that research on building ventilation and
infiltration is mostly performed based on mean surface pressure coefficients [65—
67]. In addition, also studies on pedestrian-level wind comfort and wind safety
assessment are generally performed based on the mean wind speed [6,23,28,68—
70]. Given the importance of peak pressures for wind loads [71-73], future work
should consider the impact of balcony geometry on peak surface pressures.

In this study, all the cases are assumed to be fully closed, i.e. airtight buildings
without any openings. The exterior surface pressure coefficients of enclosed
buildings are widely used as input parameters in building energy simulation tools to
predict ventilation and infiltration [65—67]. It should be noted however that earlier
studies have shown that the presence of open windows (or doors) on building
facades can affect the near-fagade wind flow and the local and surface-averaged
static pressure [74]. Therefore, future studies should consider cases for which
building balconies coexist with open windows (or doors).

This study is only performed for one inflow wind speed and for perpendicular wind
directions (6 =0° and 180°). For low wind speeds, natural or mixed (combined forced
and natural) convection heat transfer may be dominant that can significantly affect
the near-facade wind flow. Previous studies have indicated that balconies can also
significantly affect the mean surface pressure under oblique wind directions [3,4].
Future work should focus on the impact of wind speed and wind direction.

This study only focuses on an isolated high-rise building with balconies. The
presence of surrounding buildings may lead to complexities of wind flow and would
modify the surface pressure and near-facades flow field [75-78].

This study focuses on balconies that extend along the entire width of the building
facade. Future work should focus on other types of building balcony such as

discontinuous balconies. Earlier studies have shown that facade and roof
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geometrical details can also significantly affect the near-facade airflow patterns [79—
83]. The focus of this study is on building balconies, which are generally the most
prominent facade elements. This work can be extended to include other types of

building surface geometrical details.

3.6 Conclusions

In this study, the impact of geometrical characteristics of building balconies on the near-
facade wind flow field, mean wind speed on balcony spaces, and wind-induced mean surface
pressure for a high-rise building is investigated. The target parameters are the mean wind
speed ratio at the pedestrian height on the balconies (local: K, area-averaged: Kavg, maximum:
Kmax) and the mean surface pressure coefficient (local: Cp, facade-averaged: Cpavg). LES
simulations are performed to investigate the impact of (i) balconies present or not, (ii)
balcony depth, (iii) balcony parapet walls, (iv) balcony partition walls, and (v) density of
balconies. Within the range of parameters evaluated in the present study, the following
conclusions are made:

a. Balconies present or not

e The presence of balconies increases Cpayg on both windward fagade and
leeward facade by 5.2% and 8.9%, respectively. Note that for negative Cp
values, the term “increase” refers to a less negative value and hence a lower
absolute value of Cp.

b. Impact of balcony depth

e Increasing the depth of balconies leads to larger recirculation zones with higher
mean wind speed on windward balcony spaces, resulting in a larger Kav. For
example, by increasing the depth of balconies from 1 m to 4 m, the overall Kavg
(all balconies combined) increases by 75.6%.

e In general, increasing the depth of balconies from 1 m to 2, 3 and 4 m reduces
Cp,avgon windward facade. From 1 m to 4 m, Cp,avg reduces from 0.660 to 0.609.

e Forthe leeward facade, increasing the depth of balconies from 1 m to 4 m can
increase Cp,avg from -0.470 to -0.430.

c. Impact of balcony parapet walls
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e Adding 1 m high parapet walls has an insignificant impact on Kawg and Kmax on
the windward balconies.

e By increasing the height of the parapet walls from 1 m to 2 m, Kmax on the
windward balconies decreases substantially.

e For the windward facade, the presence of 1 m high parapet walls increases
Cp,avg from 0.599 to 0.648. By increasing the height of the parapet walls from 1
m to 2 m, Cp,avg reduces from 0.648 to 0.595.

e For the leeward fagade, the presence of 1 m high parapet walls increases the
Cp,avg from -0.464 to -0.443. As the height increases from 1 m to 2 m, Cpayg
increases further to -0.423.

d. Impact of balcony partition walls

e Adding partition walls can significantly reduce the Kayg and Kmax on the
windward balconies. The maximum reduction in the overall Kayg (68.0%) is
achieved when five partition walls are used. This is about 51.6% and 47.4%
when only three and two partition walls are implemented, respectively.

e Adding partition walls can significantly increase Cp,avg. For example, by adding
two partition walls at the lateral edges of the fagades, Cp,avg increases from
0.648 to 0.761, and from -0.443 to -0.373 for the windward and leeward
facades, respectively.

e. Impact of density of balconies

e For the windward facade, by decreasing the density of balconies, Kayg
substantially reduces for balconies located below the stagnation area.

e Forthethree cases tested, no correlation between the density of the balconies
and Cpavg is observed for both windward and leeward fagades. For the
windward facade, the case with 5 balconies (on levels 3, 5, 7, 9 and 11) shows
the largest Cp,avg (= 0.660). For the leeward facade, the largest Cp,avg is obtained
for the case with 12 balconies (= -0.443).

The present findings can be useful in developing, designing and constructing buildings

with facade details that improve ventilation, air quality and wind comfort.
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Chapter 4

Large-eddy simulation of pollutant dispersion in
generic urban street canyons: Guidelines for
domain size

This chapter has been published as a peer-reviewed journal paper:

Large-eddy simulation of pollutant dispersion in generic urban street canyons:
Guidelines for domain size

X. Zheng, H. Montazeri, B. Blocken

Journal of Wind Engineering and Industrial Aerodynamics 211, 104527

Abstract: Pollutant dispersion in urban street canyons has been widely investigated by large-
eddy simulation (LES). Many LES studies focused on generic street canyons under a wind
direction perpendicular to the street axis. Accurate LES simulations require a sufficiently
large domain size to minimize the effects of the artificial boundary conditions at the domain
faces on the results. As opposed to RANS simulations, there is a lack of guidelines for an
appropriate domain size for LES simulations of wind flow and pollutant dispersion in street
canyons. The present study systematically investigates the effect of the domain width,
domain height and upstream and downstream domain lengths on the wind flow and
pollutant dispersion within a generic 2.5D street canyon with spanwise periodic boundary
conditions. Following a validation study, 16 LES simulations are performed for different
domain sizes. The results show that the minimum requirement for the domain width is 2.5H,
where H is the roof height of the street canyon. For the domain height, upstream domain
length and downstream domain length, 7.5H, 5H and 10H are recommended, respectively.
These guidelines should help to reduce the computational costs of this type of simulation

without significantly compromising the accuracy.
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4.1 Introduction

Air pollution is a world-wide problem. The World Health Organization (WHO) reported
in 2016 that more than 80% of people living in urban areas are exposed to levels of air
pollution higher than the limits recommended for health reasons (World Health
Organization, 2016). For a better prediction and understanding of the air quality and
pollutant dispersion in the urban canopy, knowledge about the interactions between urban-
canopy elements and the atmosphere is important (Kastner-Klein and Plate, 1999; Vervoort
et al., 2019). Urban street canyons are basic urban-canopy elements where long narrow
streets are bordered by building walls on both sides. They are known to be susceptible to
high air pollution concentrations, certainly when the wind direction is perpendicular to the
street axis (Kastner-Klein et al., 2004; Oke, 1988). Flow and dispersion fields inside and in
the vicinity of urban street canyons are important aspects of urban air-quality studies
(Antoniou et al., 2019; Ricci et al., 2019; Scungio et al., 2018). Apart from wind/water tunnel
testing (Baratian-Ghorghi and Kaye, 2013; Gromke and Ruck, 2009, 2007; Kastner-Klein and
Plate, 1999; Li et al., 2008a; Meroney et al., 1996; Nosek et al., 2017; Stabile et al., 2015),
computational fluid dynamics (CFD) has been used to investigate pollutant dispersion in
street canyons under the perpendicular wind. Many CFD studies have adopted the
Reynolds-averaged Navier—Stokes (RANS) approach (Ding et al., 2019; He et al., 2017; Huang
et al., 2016; Mei et al., 2016; Vranckx et al., 2015; Wen and Malki-Epshtein, 2018; Xie et al.,
2020; Zhang et al., 2019). In the past decades, an increasing number of studies have been
performed with large-eddy simulation (LES) (Antoniou et al., 2017; Blocken, 2018; Lateb et
al., 2016; Salim et al., 2011a; Tominaga and Stathopoulos, 2011). LES resolves the large-scale
unsteady motions and allows the reproduction of the highly transient nature of wind
velocity and pollutant concentration in street canyons (Tominaga and Stathopoulos, 2013),
which can lead to strongly improved accuracy (Tominaga and Stathopoulos, 2011).

Even though LES is intrinsically superior over RANS, LES results tend to be more sensitive
to the many computational settings and parameters that have to be set by the user (Blocken,
2018), including the size of the computational domain, the computational grid topology, and
the boundary conditions. A non-exhaustive overview of LES studies on generic street
canyons under a perpendicular wind is provided in Table 1. These generic street canyons are

categorized into type A (Fig. 1a), where the buildings are represented by protrusions above
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the bottom of the domain, and type B, where the canyon cavity is represented by a recession
in the bottom of the domain (Fig. 1b). Table 1 indicates that most studies focused on typical
street canyons that have the aspect ratio (= building roof height H divided by street width
W) equal to 1. Moreover, generic street canyons have been commonly simulated in full scale
and treated as spanwise homogeneous 3D geometries, namely 2.5D (Geng et al., 2018) or
quasi-2D (Chatzimichailidis et al., 2019) simulations. Periodic boundary conditions have
generally been applied in the spanwise direction to reduce the size of the computational
domain. From Table 1, it can be observed that a wide range of different values of domain
width, ranging from H to 15H have been used for 2.5D street canyons. This is also the case

for the domain height, which ranged from 5H to 8H for canyon type A and 1.5H to 6H for

type B.
a b
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Fig. 1. (a) Configuration of street canyon type A and (b) same for type B.
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Table 1. Overview of studies on wind flow and associated processes in generic street canyons using LES.

Spanwise boundary

Ref. Type Aspect ratio (= H/W)  2.5D (if yes, domain width (Wy)) Domain height (Hg) Scale
conditions

(Walton and Cheng, 2002) B 1.2 Yes (1.25H) Periodic 3.1H Full

(Liu et al., 2004) B 0.5,1.0,2.0 Yes (1H)! Periodic - Reduced

(Baker et al., 2004) B 1 Yes (2.2H) Periodic 5.2H Full

(Li et al., 2008b) B 1.0, 2.0, 3.0, 5.0 Yes (-) Periodic 2H1 Reduced

(Hu et al., 2009) B 1 Yes (2.2H) - 2.2H Full

(Li et al., 2010) B 1 Yes (-) Periodic 2H Reduced

(Salim et al., 2011a) A 1 No Symmetry 8H Reduced

(Salim et al., 2011b) A 1 No Symmetry 8H Reduced

(Moonen et al., 2011) B 1 No Periodic 9H Full

(Zhang et al., 2011) B 1 Yes (2H) Periodic 2H Full

(Cheng and Liu, 2011) B 1 Yes (5H) Periodic 6H -

(Park et al., 2012) B 1 Yes (2H) Periodic 5.5H Full

(Kikumoto and Ooka, 2012a) A 1 Yes (3H) Periodic 8H Full

(Kikumoto and Ooka, 2012b) A 1.0,2.0 Yes (3H)! Periodic 8H! Full

(Moonen et al., 2013) A 1 No Symmetry 8.3H Reduced

(Bright et al., 2013) B 1 Yes (1.7H) Periodic 5.2H Full

(Lo and Ngan, 2015) B 1 Yes (2H) Periodic 3H Full

(Zhong et al., 2015) B 2 Yes (1.1H) Periodic 3.1H Full

(O’Neill et al., 2016) B 1 Yes (2.2H) Periodic 5.2H Full

(Zhong et al., 2017) (2017) B 2 Yes (1.1H) Periodic 3.1H Full

(Llaguno-Munitxa et al., 2017) A 1 Yes (12H) Wall 8H Reduced
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(Llaguno-Munitxa and Bou-

Zeid, 2018) 1 Yes (12H) Wall 8H Reduced
(Merlier et al., 2018) A 1 No Wwall 8.3H Reduced
(Wang et al., 2018) A 0.2,1.0,0.5,5.0 Yes (15H)! Periodic S5H? Full
(Han et al., 2018) A 1 Yes (1.5H) Periodic 5H Full
(Duan and Ngan, 2018) B 1 Yes (1.92H) Periodic 3H Full
(Chew et al., 2018) B 1 Yes (1H) Periodic 6H Reduced
(Gallagher and Lago, 2019) B 1 Yes (10H) - 1.5H Full
(Chatzimichailidis et al., 2019) B 1 Yes (0.5H) Periodic 3,4,5, 6H Full

- = information has not been provided, Symmetry = zero normal gradients of all variables and zero normal velocity.

1 For the studies considering more than one aspect ratio, H is the height of the case with an aspect ratio of 1.



Chapter 4 116

In CFD simulation of 2.5D street canyons, a small domain height inevitably leads to a
large blockage ratio, which can artificially accelerate the airflow and affect the simulation
(Franke et al., 2007; Tominaga et al., 2008). A recent study (Chatzimichailidis et al., 2019)
has examined the influence of domain height for a 2.5D street canyon of type B. The mean
concentrations obtained with domain heights of 3H, 4H, 5H and 6H were compared. The
results showed that the smaller the height of the domain, the lower the mean concentration
at the windward side. The results with Hs = 6H were found to be marginally closer to the
experimental data than the other domain heights (Chatzimichailidis et al., 2019). For 2.5D
street canyons, although periodic boundary conditions are used in the spanwise direction,
also a sufficient domain width is necessary to ensure the resolving of the largest coherent
eddies occurring within the canyon. To the best of our knowledge, a sensitivity analysis on
the minimum requirement for the domain width has not yet been performed.

Several documents providing best practice guidelines — albeit mainly for RANS
simulations — have been provided in the past two decades. These include requirements for
the size of the computational domain and the topology of the grid (Ai and Mak, 2017;
Blocken, 2015; Franke et al., 2011, 2007; Meroney et al., 2016; Ramponi and Blocken, 2012;
Tominaga et al., 2008). For example, guidelines (Franke et al., 2011) suggested that the inlet,
lateral and top boundaries should be at least 5Hmax (Where Hmax is the height of the tallest
building) away from the building group. The full blockage ratio is defined as the ratio of the
projected frontal (windward) area of the obstacles to the cross-sectional area of the
computational domain, which should not be larger than 3%. The guidelines by Tominaga et
al. (2008) also recommended a maximum full blockage ratio of 3%. They demanded the
outflow boundary to be at least 10Hmax away from the building group. Blocken (2015)
proposed the concept of two directional blockage ratios, one in the horizontal and one in
the vertical direction, which consists of the decomposition of the full blockage ratio, i.e. 17%
(square root of 3%). This is to avoid unwanted artificial acceleration in some exceptional
situations, e.g. for very wide buildings or for urban models with horizontal dimensions that
are much larger than vertical dimensions. However, as mentioned earlier, the vast majority
of these guidelines are directed to RANS simulations. Only a few best practice guidelines for
building and urban aerodynamics simulations have been developed for LES (Ai and Mak,
2015; Gousseau et al., 2013; lousef et al., 2017; Vasaturo et al., 2018). It has been argued

that this is one of the reasons why LES is not applied more frequently for such applications
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(Blocken, 2018). Another reason is that the establishment of guidelines has to be based on
many LES simulations in extensive sensitivity studies (Blocken, 2018; Hanjalic, 2005). The
present study aims to provide some guidelines on the domain size for LES. The focus will be
on street canyons of type A (Fig. 1a), which is considered a more common and more realistic
representation of a street canyon than type B.

The outline of the paper is as follows: Section 2 presents the CFD validation study.
Section 3 introduces the reference case, the test matrix for the sensitivity study of the
domain size, the boundary conditions, and the other computational settings for the LES
simulations. The results of the sensitivity study on the domain width, domain height and
domain lengths are presented in Sections 4, 5 and 6, respectively. Finally, discussion (Section

7) and conclusions and recommendations (Section 8) are provided.

4.2 Validation study

4.2.1 Description of the wind-tunnel experiment

In the wind-tunnel measurement by Gromke and Ruck (2009), the mean velocity field
and the mean concentration of the tracer gas in a long street canyon model were measured
in an open-circuit atmospheric boundary layer wind-tunnel at the Karlsruhe Institute of
Technology. Note that in this experiment, different cases were considered with and without
trees. In the present validation study, the results of the 1:1 aspect ratio street canyon
without trees were used. The street canyon model, at the scale of 1:150, consisted of two
parallel buildings of 0.12 m x 0.12 m x 1.2 m each (streamwise (x) x vertical (z) x spanwise
(y) dimensions). The width of the street between the two parallel buildings was 0.12 m,
yielding an aspect ratio equal to 1. The approach-flow wind was perpendicular to the street
axis. The approach-flow profiles represented a turbulent boundary layer flow with power-
law exponent a = 0.30 for the mean velocity and ai = 0.36 for the turbulence intensity, with
values of mean velocity (Urerf) and turbulence intensity at the roof height equal to 4.65 m/s
and 16.20%, respectively (Gromke, 2008a). The streamwise pressure gradient was reduced
by adjusting the wind-tunnel ceiling when the street canyon model was set up in the test
section (Gromke and Ruck, 2009).

Sulfur hexafluoride (SFs) was used as a tracer gas. The release of traffic exhausts was

modeled by a tracer gas mixture that was emitted from four line sources mounted at the
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bottom of the model. The line source strength was controlled and monitored by a flow
controller of type 1259B from MKS instruments and flow meter of type 1258B, ensuring a
constant tracer gas supply during the measurements (Gromke and Ruck, 2009). To sample
the near-wall canyon air, each wall facing the street was equipped with concentration
measurement taps protruding 5 mm out of the wall. An electron capture detector (model:
Meltron LH 108) was used to analyze the mean concentration (Buccolieri et al., 2009;
Gromke et al., 2008). The mean concentration of SFs was expressed in dimensionless as

follows:

. _CUH
ST W

where C is the measured mean concentration, Uref is the undisturbed approach-flow mean
wind velocity at the building roof height H, and Q/I is the emission rate of the tracer gas per
unit length. According to Gromke (2008b), the uncertainty of the measurement depended
on the measured mean concentration. The smaller mean concentrations led to larger
percentage errors that could go up to 14.0%, while the larger mean concentrations led to
lower percentage errors that less than 2.5%.

Velocity measurements were performed using Laser-doppler Velocimetry (LDV). The
LDV-system incorporated a 4 Watt argon-ion laser and an optical system. The mean vertical
velocity component (W) was measured in a vertical plane perpendicular to the street axis

near the center of the canyon (Gromke and Ruck, 2009).

4.2.2 Computational domain and grid

A computational domain is made of the street canyon in the wind-tunnel. The geometry
is reproduced at the wind-tunnel scale. Fig. 2 illustrates the computational domain and grid.
The width and height of the computational domain are equal to the width and height of the
wind-tunnel, i.e. 2 m and 1 m, respectively. The upstream and downstream domain lengths

are 1.2 m (10H) and 1.8 m (15H), respectively.
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Lateral

Fig. 2. Computational domain, grid, and boundary conditions of the basic grid (11.9 million cells).

A non-conformal grid is generated. The entire domain is divided into two subdomains,
an inner domain Qi and an outer domain Q2. Subdomain Qi is extended up to a distance of
1H away from the model (see Fig. 2). Cubic cells with an edge length of 0.003 m (H/40) are
applied in subdomain Qi. As recommended in Ref. (lousef et al., 2017), a grid refinement
ratio of 1:2 is applied between the adjacent subdomains. Subdomain Q is discretized with
hexahedral cells with a stretching ratio of 1.05. The total number of cells is 11.9 million. The
grid resolution is based on a grid-sensitivity analysis. Further information about the grid-

sensitivity analysis will be provided in Subsection 2.4.

4.2.3 Boundary conditions and solver settings

No-slip walls are used for the top, bottom and lateral boundary conditions to reproduce
the test section ceiling, ground and side walls in the experiment, respectively. No-slip walls
are also applied on the surfaces of the canyon model. All walls are considered impermeable
for species transport. For the inlet boundary conditions, the measured profiles of mean wind
speed and turbulent kinetic energy (Gromke, 2008a) are used. The turbulence dissipation

rate € is calculated using Eq. (2) (Richards and Hoxey, 1993).
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e(z) = 2tz 2)
where the friction velocity u*as. =0.59 m/s and the roughness length zo = 0.004 m (wind-
tunnel scale, obtained from logarithmic law curve fitting of the mean velocity profile in the
wind-tunnel (Gromke, 2008a)). The von Karman constant k is 0.42. Time-dependent inlet
conditions are generated by the vortex method (Mathey et al., 2006; Sergent, 2002). The
number of vortices Nv takes 6700, which is estimated by Nv = N/4 (where N = number of
inlet grid cells) (Gerasimov, 2016). Four line sources with 1.42 m x 0.003 m (reduced-scale
values) are created on the domain bottom boundary (Fig. 3). According to the wind-tunnel
experiment (Gromke, 2008a), the lines are located at about 0.23H, 0.35H, 0.65H and 0.77H
from the leeward wall. The exhaust faces are velocity inlets injecting pure SFe in the domain
with a constant velocity of 0.096 m/s. This results in an emission rate of Q = 10 g/s (Gromke
et al.,, 2008).

The commercial CFD code ANSYS Fluent 18.0 is employed (ANSYS Inc., 2017). The LES
simulation is started from the solution of a 3D steady RANS simulation. For the steady RANS
simulation, the realizable k- turbulence model is used with turbulent Schmidt number of
0.7 (Tominaga and Stathopoulos, 2007). For pressure-velocity coupling, the SIMPLE
algorithm is used. Pressure interpolation is second order and second-order discretization
schemes are applied for both the convection and viscous terms of the governing equations.

LES simulations are conducted with the wall-adapting local eddy viscosity model (WALE)
(Ducros et al., 1998) with the constant Cwale = 0.325. Pressure-velocity coupling is performed
using the fractional step method in combination with the non-iterative time advancement
(NITA) scheme. For pressure interpolation and time discretization, second-order schemes
are applied. A second-order upwind scheme is used for the energy and SFs concentration
equations. Werner-Wengle wall functions that assume either a linear or 1/7 power-law
distribution of instantaneous velocity in the first cell, are applied (ANSYS Inc., 2017; Werner
and Wengle, 1993). The time step (At) is 0.00019 s, and the resulting maximum and volume-
averaged Courant-Friedrichs-Lewy (CFL) numbers are 0.98 and 0.11, respectively. Before the
start of data averaging, the LES simulation runs during 7.3 s, corresponding to approximately

10 flow-through times (Tfiow-through = Lx/Urer, Where Lx is the length of the computational
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domain and Uref = 4.65 m/s). After this LES initialization step, data are averaged over a period

of 25 s (approximately 35 flow-through times) (Salim et al., 2011a, 2011b).

4.2.4  Grid sensitivity study

In order to assess the grid dependence, a fine, basic and coarse grid are made based on
the same overall grid topology. Table 2 describes the characteristics of the three grids. The
fine and coarse grid have 20.4 million and 5.5 million cells, respectively. For subdomain Q;,
the edge lengths of the cubic cells are H/48 and H/30 for the fine and coarse grid,
respectively (Fig. 3). The time steps of 0.00017 s and 0.00025 s are set for the fine and coarse

grid, respectively, to ensure the maximum Courant-Friedrichs-Lewy number lower than 1.

Table 2. Characteristics of the grids for the grid-sensitivity analysis and the associated time steps.

Grid size in Oy Time step At # cells (million)
Grid 1 (Coarse) 0.0040 m (H/30) 0.00025 s 5.5
Grid 2 (Basic)  0.0030 m (H/40) 0.00019 s 11.9
Grid 3 (Fine) 0.0025 m (H/48) 0.00017 s 20.4

Fig. 3. LES computational grids near bottom of domain: (a) coarse grid (5.5 million cells); (b) basic
grid (11.9 million cells) and (c) fine grid (20.4 million cells). The four black lines indicate the line
sources.

Fig. 4a-d compares the profiles of C* obtained by the three grids along four vertical lines
near the leeward wall: y/H = 4.92, 3.75, 1.25 and 0, respectively. The profiles along the four
vertical lines near the windward wall: y/H = 4.92, 3.75, 1.25 and 0 are compared in Fig. 4e-
h, respectively. Note that the lines are 5 mm away from the walls. Significant differences
between the results obtained by the coarse grid and basic grid are observed. The average

percentage differences between the results obtained by the coarse grid and basic grid are
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16.40% and 16.01% for the lines near the leeward wall and windward wall, respectively. Less

differences are found between the results obtained by the fine grid and the basic grid. In
this case, the average percentage differences are 8.62% and 5.40%, for the lines near the

leeward wall and windward wall, respectively. It is, therefore, concluded that the basic grid
can be retained for the validation study.
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Fig. 4. Results of grid-sensitivity study along four vertical lines near (a-d) the leeward wall: (a) y/H =
4.92; (b) y/H = 3.75; (c) y/H = 1.25; (d) y/H = 0; (e-h) same near the windward wall.

4.2.5 Results
The CFD results are compared with the wind-tunnel data in terms of the dimensionless
mean vertical velocity component (W/Urer) and C* (Gromke and Ruck, 2009, 2007).
Fig. 5 shows a comparison between the simulated and measured W/Ures along four
vertical lines in the vertical plane near the canyon center (y/H = 0.5): x/H = 0.083, 0.250,
0.750 and 0.917. The agreement between CFD and measurements is good, especially for the

points with relatively high wind speeds. The average absolute differences of W/Urer along
the four lines are 0.03, 0.03, 0.04 and 0.01, respectively.
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Fig. 5. Comparisons between the measured and simulated dimensionless mean vertical velocity
component (W/U,es) along four vertical lines in the vertical plane near the canyon center (y/H = 0.5):
(a) x/H = 0.083; (b) x/H = 0.25; (c) x/H = 0.75; (d) x/H = 0.917.

Fig. 6 depicts the comparison between the simulated and measured C* along vertical
lines: y/H = 4.92, 3.75, 1.25 and 0 near the leeward and windward walls. For the four lines
near the leeward wall, the average absolute differences of C*are 1.38, 3.37, 1.50 and 1.46,
respectively (Fig. 6a-d). For the windward wall, the average absolute differences along lines
y/H =4.92 and 3.75 are 1.07 and 1.01, respectively (Fig. 6e and f). The possible reason of
these relatively large differences is the underestimation of wind speed near the corner of
the canyon. For the other two lines closer to the center of the canyon, y/H = 1.25 and 0,
good agreements are observed with average absolute differences of 0.14 and 0.53,
respectively (Fig. 6g and h). This validation study shows that the LES simulation in
combination with high-resolution grids, Werner-Wengle wall functions, and other solver
settings can provide a satisfactory agreement of the mean wind velocity and mean
concentration for a long street canyon, especially near the center of the canyon. Therefore,
LES with the same grid resolution, sub-grid scale model, wall functions, and solver settings

will be used for the sensitivity analysis with a focus on the center region of the canyon.
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Fig. 6. Comparisons between the measured and simulated C* along four vertical lines near the
leeward wall: (a) y/H = 4.92; (b) y/H = 3.75; (c) y/H = 1.25; (d) y/H = 0; (e-h) same for the windward
wall. The error bar is added according to the measurement uncertainty reported by Gromke, (2008b).

4.3 Sensitivity analysis: reference case

43.1 Computational domain and grid

A reference case is defined as a starting point for the domain size sensitivity analysis.

The simulations are performed at full scale. The 2.5D street canyon has a building height of
12 m and a street width of 12 m. A computational domain is made of the generic street
canyon of type A (Fig. 7). It includes an initial domain width (W4) of 5H, domain height (Hd)
of 11H, upstream domain length (U4) of 10H and downstream domain length (D4) of 10H.
Through a systematic variation of W, Hy, Ug and Dg, the effect of these four parameters on
the simulation results is investigated. In total, 16 LES simulations are performed and the
details are given in Table 3. Note that the values of W4 and Hq cover the ranges of those used
in previous studies (as listed in Table 1), while those of U4 and Dg include extensions based
on the validation study and guidelines (Tominaga et al., 2008). Non-conformal grids (lousef

et al., 2017) are generated. They consist of two subdomains and subgrids (Q: and Q»), with



125

Chapter 4

a grid refinement ratio of 1:2 between the adjacent subgrids. Subdomain Q1 is composed of

cubic cells with edge length H/40, similar to the grid for the validation study in Subsection

2.2. Subdomain Qi extends up to a distance of H away from the building surfaces.

Subdomain Q2 uses hexahedral cells with a stretching ratio of less than 1.05.

Table 3. Test matrix for the sensitivity analysis. All sizes are given in the roof height of the street canyon

(H). Note that for clarity the reference domain (marked as *) is listed four times (once for each

parameter).

Parameter Wy Hg Blockage ratio Uy Dy # cells (million)

Domain width (Wg) 1.25 11.0 9.1% 10 10 0.97

2.00 1.55

2.50 1.94

3.75 2.91

5.00* 3.89

7.50 5.82

Domain height (Hq) 5.00 3.0 33.3% 3.28

5.0 20.0% 3.51

6.0 16.7% 3.59

7.5 13.3% 3.71

11.0* 9.1% 3.89

21.0 4.7% 4.16

Upstream domain length (Ug) 5.00 11.0 9.1% 10* 10 3.89

7.5 3.77

5 3.63

2.5 3.61

Downstream domain length (Dg) 5.00 11.0 9.1% 10 10* 3.89

6 3.63

3 3.61
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Line sources

Fig. 7. Schematic of the computational domain: Wy, domain width; Uq, upstream domain length; Dy
downstream domain length; and Hy, domain height.

4.3.2 Boundary conditions and solver settings

The inlet mean wind speed profile is the logarithmic law (Eq. (3)) with zo = 0.03 m and
u“asL = 0.3 m/s. The corresponding Ure at the roof height is 4.28 m/s. Turbulent kinetic
energy (k) and turbulence dissipation rate (g) are given by Eq. (4) and (2), respectively
(Richards and Hoxey, 1993). Periodic boundary conditions are applied at the lateral domain
sides. At the outlet plane, zero static gauge pressure is applied. At the top of the domain,
symmetry conditions are imposed, i.e. zero normal velocity and zero normal gradients of all
variables. Tracer gas SFs representing the traffic exhaust is released from two continuous
line sources that are parallel to the street axis and embedded at the street bottom surface.
The width of each line source is 0.9 m and the center of each line is at a distance of 3.45 m
to the nearest building wall (Fig. 7). The emission rate of tracer gas source per unit length is

setasQ/I=10g-s'm™.

’ +
U(z) = uA%ln(ﬂ) @)
Z

K(z) = 2o (@
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For the LES simulations, the WALE model is used. The vortex method is adopted to
impose a time-dependent velocity profile at the inlet of the domain. The number of vortices
is estimated in the same way as in the validation study. The other computational settings
are identical to those in the validation study in Subsection 2.3. The time step (At) is 0.024 s.
For the reference case, the maximum and volume-averaged Courant-Friedrichs-Lewy (CFL)
numbers are 0.84 and 0.10, respectively. For the other cases, the maximum CFL number is
below 1. The LES simulations are initialized from the solution of RANS simulations. Before
averaging, the simulations are run during 650 s (approximately 10 flow-through times) to
remove the influence of the initial condition. Then, data are averaged over a period of 1920

s (80,000 time steps, approximately 30 flow-through times).

4.3.3  Monitoring of statistical convergence

Fig. 8 shows the evolution of the moving average of dimensionless SFs concentration and
dimensionless velocity magnitude as a function of time at five monitoring points inside the
street canyon. It should be noted that to evaluate the statistical convergence of the
simulation, the results are provided for approximately 45 flow-through times. It appears that
the variations of the mean concentration and velocity magnitude are relatively low after
about 60,000 time steps. Small variations are observed in the second half of the averaging
period, which could be due to the instability of the re-circulation vortex inside the street
canyon induced by the shear layer shed from the upstream roof (Louka et al., 2000; Perret
and Savory, 2013; Zhang et al.,, 2011). The convergence of the mean value is further

quantified by econv (%) defined for a given range of time steps | as follows:

|Qmax Qmin

end

€. (D) = x100% (5)

where Qmax and Qmin are the maximum and minimum values, respectively, of a flow variable
obtained within an interval | of time steps in the averaging period. Qend is the value of a flow
variable at the end of interval I. The 120,000 time steps of the averaging period are divided
into twelve equal intervals for which the values of econv are calculated for both the
dimensionless mean concentration (C*) and dimensionless mean velocity magnitude
(Usp/Uref). Table 4 shows the results for the five monitoring points. A strong influence of the

instantaneous flow patterns on the mean concentration can be observed at the beginning
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of the averaging period (I = 1). In this case, the value of econv goes up to 141.62%. The
maximum econv reduces to 1.73% for the interval | =12 (after approximately 45 flow-through
times). Note that for interval | = 8, econv is equal to or smaller than 5.54%, which indicates a

good statistical convergence of the simulation.
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Fig. 8. Convergence monitoring for the reference case: (a) C* and (b) Usp/Ures at five points as a
function of time step.
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Table 4. Convergence monitoring: econv (%) of Ct and Usp/U s at the five points in the vertical centerplane (y/H = 0) for 12 equidistant intervals in the averaging period.

(z/H, x/H) = (0.25,0.25)  (z/H, x/H) = (0.25,0.75)  (z/H, x/H) = (0.75,0.25)  (z/H, x/H) = (0.5, 0.5) (z/H, x/H) = (0.75, 0.75)
Range of time €conv €conv €conv €conv €conv €conv €conv €conv €conv €conv
step (c) (Usp/Urer) (€) (Usp/Urer) (€) (Usp/Urer) (€) (Usp/Urer) (€) (Usp/Urer)
1 1-10000 141.62 29.57 23.92 15.93 79.46 17.50 36.80 74.36 36.86 16.49
2 10001-20000 15.18 6.63 12.62 9.31 6.42 3.83 6.24 22.56 11.33 11.25
3 20001-30000 9.77 3.68 3.44 6.42 7.01 3.90 4.99 8.65 7.69 6.00
4 30001-40000 2.39 2.26 4.52 3.13 2.88 3.80 5.08 9.24 6.80 3.38
5 40001-50000 3.84 1.69 1.49 2.80 4.18 1.89 2.48 10.16 4.12 3.05
6 50001-60000 2.36 1.34 1.89 1.11 2.29 1.43 1.66 8.61 2.20 3.64
7 60001-70000 2.01 1.16 2.07 2.33 1.48 1.84 2.93 5.32 2.48 2.81
8 70001-80000 1.44 2.57 1.33 2.05 0.95 2.59 1.16 5.54 1.89 1.84
9 80001-90000 2.61 1.55 0.71 1.97 1.39 1.39 1.61 4.06 1.30 1.41
10 90001-100000 3.20 1.34 1.15 2.71 1.88 1.04 1.03 3.08 1.53 2.46
11 100001-110000 0.95 0.97 0.60 1.88 0.79 0.92 1.81 2.05 1.28 1.93

12 110001-120000 1.17 0.43 0.41 1.27 1.14 1.38 0.84 1.73 0.97 1.37
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4.4 Sensitivity analysis: impact of domain width

Fig. 9 compares the dimensionless mean vertical (W/Uref) and streamwise (U/Uref)
velocity components along the three horizontal and three vertical lines. The domain with
W.d/H = 1.25 clearly yields lower values than the others. The domain with Wq¢/H = 2.0 predicts
slightly lower mean velocity components than the wider domains. Compared to the domain
with Wq¢/H = 7.5 (the largest domain width), the average absolute differences of the
dimensionless mean velocity magnitude (Usp/Urer) along the sampling lines are 0.091, 0.043,

0.020, 0.028 and 0.020 for domains with Wq/H = 1.25, 2.0, 2.5, 3.75 and 5, respectively.
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Fig. 9. Comparison of dimensionless mean velocity components obtained from six different domain
widths: W/U,.f along three horizontal lines in the vertical centerplane: (a) z/H = 0.25; (b) z/H = 0.5; (c)
z/H =0.75, and U/Uyes along three vertical lines in the vertical centerplane: (d) x/H = 0.25; (e) x/H =
0.5; (f) x/H = 0.75.

Fig. 10 compares C* along the same vertical and horizontal lines, as obtained by the
domains with different W4. The domain with Wa/H = 1.25 predicts larger C* values than the

other domains near the leeward wall (see Fig. 10d). For the C* along the horizontal lines, a
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different trend is predicted by the domain with W4/H = 1.25 compared to the other domains
(Fig. 10a-c). The domains with W¢/H =2, 2.5, 3.75, 5 and 7.5 generally predict similar values
for C*. Compared to the results from the domain with the largest Wg, i.e. W¢/H = 7.5, the
average absolute differences of the C* along all the lines are 0.441, 0.197, 0.119, 0.122 and
0.130 for the domains with W¢/H = 1.25, 2.0, 2.5, 3.75 and 5, respectively.
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Fig. 10. Comparison of C* obtained from six different domain widths along three horizontal lines in
the vertical centerplane: (a) z/H = 0.25; (b) z/H = 0.5; (c) z/H = 0.75; and three vertical lines in the
vertical centerplane: (d) x/H = 0.25; (e) x/H = 0.5; (f) x/H = 0.75.

These results indicate that when the domain width is equal to or greater than 2.5H, the
results in terms of mean velocity components and mean concentration within the street
canyon become similar.

Fig. 11 displays the distribution of the dimensionless mean velocity magnitude (Usp/Uref)
and the 2D velocity vector field, the mean concentration (C*) and the dimensionless root
mean square error concentration (c*:ms) in the vertical centerplane by the domains with

Woa/H = 1.25, 2.5 and 7.5. It is obvious that the domain with Wa/H = 1.25 predicts a lower
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mean wind velocity and weaker vortex flow within the street canyon than the other two
cases. This is because the domain width is too small to include the important coherent
eddies occurring in the spanwise direction, which will be evaluated later. It leads to a higher
C* near the leeward side than the other two domains. Small differences of the C* between
the domains with W¢/H = 2.5 and 7.5 are found. In terms of c*mms, the domains with Wq/H =

2.5 and 7.5 also yield similar results, while Wq¢/H =1.25 predicts much higher c*ims near the

leeward side.

W,=7.5H Wy=7.5H

W, =7.5H

Fig. 11. (a) Distribution of Usp/Urer and 2D velocity vector field, (b) C*, and (c) c*ms by the domains
with Wy = 1.25, (d-f) Wy = 2.5H, and (g-i) Wq = 7.5H in the vertical centerplane.

Earlier studies have indicated that the domain width needs to be large enough to include
the important and largest coherent eddies occurring in the spanwise direction (Moin and
Kim, 1982; Walton and Cheng, 2002). We adopted the approach of computing the temporal
correlations between two probe points on the same spanwise-oriented line to evaluate the
adequacy of the domain width (Kitsios et al., 2011; Moin and Kim, 1982). Following the past
study (Kitsios et al., 2011), the correlation coefficient of the fluctuation of the spanwise

velocity component (y-direction), v, between the two points is:
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1 1 +
£ (Ay) = Vi(y, ) Vi(y + Ay, t) "
Vi V) Vi (v + Ay)

where the overbar denotes temporal averaging, Ay is the spanwise separation distance
between the two points on the same line, and v'ims is the root mean square error of the
spanwise velocity component. The correlation coefficients rvv are averaged over the
combinations of two points on the same line with the same value of Ay. If the velocity
components in the periodic direction (v) become uncorrelated (e.g. the correlation
coefficient decays to zero) within a separation distance of half the domain size in that
direction, then the domain size can be considered to be sufficiently large (Frohlich et al.,
2005).

Based on the result from the reference domain (W¢/H =5, Ho/H = 11, Ug/H = 10 and Dg¢/H
=10), the two-point correlation along the four lines in the spanwise direction (y) is shown in
Fig. 12. The slow decay of rvv with Ay along the line of (z/H, x/H) = (0.75, 0.25) indicates that
eddies close to the top and leeward region are highly elongated in the spanwise direction.
The result along the line of (z/H, x/H) = (0.25, 0.75) shows that the spanwise extent of
turbulence structures near the leeward wall close to the ground is much smaller than the
others. All correlation coefficients decay to zero when Ay/H reaches about 1.2, which means
that Wa/H should be larger than 2.4. Considering that the domains with W4/H > 2.5 yield
similar mean concentration and mean velocity components, W4/H = 2.5 can be considered

as the minimum requirement of the domain width.
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Fig. 12. Spanwise two-point correlation coefficient r,, along four lines.
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4.5 Sensitivity analysis: impact of domain height

Fig. 13 displays W/Uref and U/Uref along the three horizontal lines and three vertical lines
in the vertical centerplane obtained using six different domain heights. It shows that the
blockage due to the presence of the building in the domain results in an artificial
acceleration of the flow within the canyon. A monotonic and asymptotic increase of mean
velocity components is found with a decrease of domain height. Compared to the domain
with He/H = 21 (the largest domain height), the average absolute differences of the
dimensionless mean velocity magnitude (Usp/Urer) along the sampling lines are 0.196, 0.052,
0.030, 0.014 and 0.007 for domains with Hg/H =3, 5, 6, 7.5 and 11, respectively.
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Fig. 13. Comparison of dimensionless mean velocity components obtained from six different domain
heights: W/Uyes along three horizontal lines in the vertical centerplane (a) z/H = 0.25; (b) z/H = 0.5;
and (c) z/H = 0.75, and U/U,¢s along three vertical lines in the vertical centerplane (d) x/H = 0.25; (e)
x/H = 0.5; and (f) x/H = 0.75.

Fig. 14 compares the profiles of C* along the same horizontal and vertical lines for the six

domain heights. For the domains with Ha/H = 7.5, 11 and 21, negligible differences are
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observed for the predicted C*, while for the domains with H¢/H = 3, 5 and 6 C' is
systematically underpredicted. Compared to the domain with H¢/H = 21 (the largest domain
height), the average absolute differences of C* along all sampling lines for the domains with

Hd¢/H=3,5,6,7.5and 11 are 0.546, 0.218, 0.141, 0.047 and 0.042, respectively.
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Fig. 14. Comparison of C* obtained from six different domain heights along three horizontal lines in
the vertical centerplane: (a) z/H = 0.25; (b) z/H = 0.5; (c) z/H = 0.75; and three vertical lines in the
vertical centerplane: (d) x/H = 0.25; (e) x/H = 0.5; (f) x/H = 0.75.

Fig. 15 shows the dimensionless mean velocity magnitude (Usp/Urer) and dimensionless
mean concentration (C*) along five vertical lines above the canyon in the vertical
centerplane, as obtained from the six different domain heights. It is observed that the shear
layer thickness increases when moving downstream. For the mean velocity within and below
the shear layer, the largest value is achieved for the domain with Hq/H = 3 (Figs. 15a-e). For
the mean wind velocity in the free stream flow, a monotonic increase is found with the
decrease of the domain height. For C* within and below the shear layer, the domain with

Ha/H = 3 predicts lower C* than the other five domains (see Fig. 15i and j).
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Fig. 15. Comparison of Usp/Urs obtained from six different domain heights along five vertical lines
above the canyon in the vertical centerplane: (a) x/H = -0.5; (b) x/H = 0; (c) x/H = 0.5, (d) x/H = 1, and
(e) x/H = 1.5; (f-j) same for C*.

The effect of the domain height on the mean wind velocity inside and in the vicinity of
the street canyon is negligible when Hd/H is equal to or greater than 7.5 (Figs. 13 and 15).
The results of C* also indicate that the domain with Ha/H equal to or larger than 7.5 shows
relatively similar results, and the smaller domain height (Hq) clearly yields larger C* (Figs. 14
and 15). These imply that a blockage ratio of 13.3% is sufficient to avoid the impact of flow

acceleration on the results inside and around the street canyon.
4.6 Sensitivity analysis: impact of domain lengths

Fig. 16 shows W/Uref and U/Urer along the three horizontal lines and three vertical lines
in the vertical centerplane obtained using four different upstream domain lengths. Fig. 17
displays C* along the same lines. It indicates that domain with Ug/H = 2.5 clearly yields lower
values of W/Urer, U/Urer, and C* compared with the other domains, while U¢/H =5, 7.5 and

10 show relatively similar results. Based on the large discrepancies, the use of Ud¢/H below 5
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is not recommended. This is consistent with the guidelines (Franke et al., 2011) that the inlet

boundary should be at least 5Hmax to the building.
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Fig. 16. Comparison of dimensionless mean velocity components obtained by four different upstream
domain lengths: W/U,f along three horizontal lines in the vertical centerplane (a) z/H = 0.25; (b) z/H
=0.5; (c) z/H = 0.75, and U/Ue along three vertical lines in the vertical centerplane (d) x/H = 0.25; (e)

x/H =0.5; (f) x/H = 0.75.
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Fig. 17. Comparison of C* obtained from four different upstream domain lengths along three
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Fig. 18 displays W/Uref and U/Uref along the three horizontal lines and three vertical lines,
as obtained using three different downstream domain lengths. The mean velocity
components predicted by the domain with U¢/H = 3 are smaller than those by the other
domains.

Fig. 19 displays C* along the same lines. Relatively large differences between the three
domains are observed. During the simulation for domains with D¢/H = 3 and 6, reversed flow
in large numbers of faces is reported in the outlet plane, which is not in line with
recommendations by the best practice guidelines for CFD simulations of wind flow in urban
areas (Franke et al., 2007). Guidelines for all applications of urban flow (Tominaga et al.,
2008) indicated that the outflow boundary is recommended to be at least 10Hmax away from

the building group. Therefore, we also recommend 10H for this type of simulation.
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4.7 Discussion

The present finding of the blockage ratio is smaller than the recommended directional
blockage ratio (Blocken, 2015) (i.e. about 17%). However, when compared with the full
blockage ratio by best practice guidelines for urban flows (Blocken, 2015; Franke et al., 2011;
Tominaga et al., 2008), i.e. maximum blockage ratio of 3%, the present finding of the
blockage ratio is much larger. The possible reason for these differences is that best practice
guidelines for urban flows were developed to avoid artificial accelerations occurring at both
the top and sides of buildings. In the present study, the street canyon is simulated as 2.5D
without considering the airflow near the sides of buildings but only focusing on the airflow

and concentration inside the canyon.
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The case evaluated in the present study is limited to a simple street canyon with the
aspect ratio (= H/W) of 1, which is the common generic street canyon found in the literature
(Table 1). As shown by the two-point correlation and the comparison of the mean velocity
components and mean concentration in Section 4, the domain width needs to be large
enough to include the important coherent eddies occurring in the spanwise direction. In this
perspective, the spanwise extent of turbulence structures within street canyons is
important. A recent experimental study investigated the effect of the upstream roughness
and aspect ratio on the spanwise structure of the roof-level turbulence in long uniform
street canyons (Jaroslawski et al., 2019a, 2019b). The results indicated that canyons with a
large aspect ratio have large-scale vortex organization in the spanwise direction (Jaroslawski
et al., 2019a). It also demonstrated that the upstream roughness and the aspect ratio have
significant effects on the spanwise turbulence integral length at the roof-level (Jaroslawski
et al., 2019b). The turbulence at the roof level may affect the spanwise turbulence within
the canyon. Therefore, it is important to highlight that the aforementioned minimum
domain size in Section 4 is recommended for 1:1 single street canyon cases exposed to an
atmospheric boundary layer, which may not be valid for other cases.

As shown by past studies (Montazeri and Blocken, 2013; Montazeri et al.,, 2013;
Stathopoulos and Zhu, 1988; Zheng et al., 2020), the presence of building facade geometrical
details such as balconies may introduce a high level of complexity in the airflow. Therefore,
the domain width obtained in the present study may not be valid for cases with facade
geometrical details. Further studies should focus on cases with upstream obstacles, with
multiple street canyons in sequence, with other aspect ratios, and with facade geometrical

details.
4.8 Conclusions

The current study evaluated the influence of the domain width, domain height, and
upstream and downstream domain lengths on the prediction of the wind field and pollutant
dispersion in generic single street canyons. The study has led to a set of conclusions and
recommendations towards the application of LES simulation for a 2.5D street canyon with
spanwise periodic boundary conditions. The following conclusions aim at reducing the size

of the computational domain without significantly compromising the accuracy:



Chapter 4 142

Compared to the domain with W¢/H = 7.5 (the largest domain width), the average
absolute differences between the dimensionless mean velocity magnitude (Usp/Uref) along
the sampling lines by domains with Wq/H = 1.25, 2.0, 2.5, 3.75 and 5 are 0.091, 0.043, 0.020,
0.028 and 0.020, respectively. The differences for the C* are 0.441, 0.197, 0.119, 0.122 and
0.130, respectively. It indicates that when the domain width is equal to or greater than 2.5H,
a similarity of results in terms of mean velocity and mean concentration within the street
canyon is obtained. The two-point correlation analysis indicates that the domain width
should be larger than 2.4H. As a result, this study recommends the minimum safe value of
Waq = 2.5H.

Compared to the domain with Ha/H = 21 (the largest domain height), the average
absolute differences of the dimensionless mean velocity magnitude along the sampling lines
for domains with H4/H = 3, 5, 6, 7.5 and 11 are 0.196, 0.052, 0.030, 0.014 and 0.007,
respectively. These differences for the C* are 0.546, 0.218, 0.141, 0.047 and 0.042,
respectively. The domain height of 7.5H is recommended to minimize the effect of the
blockage effect. This is equivalent to a blockage ratio of 13.3%. Smaller domain height can
result in the overprediction of mean velocity and underprediction of mean concentration.

For the upstream domain length (Ud) and downstream domain length (Dad), the present
findings are consistent with the existing guidelines for RANS simulations, with minimum

values for Udq and D4 equal to 5H and 10H, respectively.
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Abstract: The present study investigates the impact of building facade geometrical details
on the pollutant transport mechanism in long street canyons. Large-eddy simulations (LES),
extensively validated with experiments, are performed for four cases: (i) street canyon
without facade balconies, (ii) street canyon with balconies at both windward and leeward
facades, (ii) street canyon with balconies only at the windward facade and (iv) street canyon
with balconies only at the leeward fagade. The results show that the building balconies can
strongly affect the wind flow field and pollutant dispersion in street canyons. The most
significant impact is observed for the two street canyon cases with balconies at the
windward facade, which strongly obstruct the airflow from penetrating deep into the
bottom of the canyon. The presence of balconies only at the windward facade and at both
facades can increase the area-weighted mean pollutant concentration in the vertical center
plane inside the canyon by 80% and 106%, respectively, and reduce the mean pollutant
exchange velocity (Ue) by 46% and 54%, respectively. The analysis of the vertical mean
convective and turbulent mass fluxes indicates that the presence of balconies mainly
decreases the convective contribution to Ue, while the impact on the turbulent contribution

is smaller.
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5.1 Introduction

Air quality in urban areas is an important environmental issue worldwide as it contributes
to human morbidity and mortality [1-3]. Street canyons are typical elements in urban
environments that can represent highly polluted spaces near buildings, due to the low wind
speed and accumulation of vehicular pollution inside the canyon. Air pollutants in street
canyons can enter the indoor space via window and door openings, ventilation openings
and infiltration, this way contributing to indoor air pollution [4,5]. In addition, high localized
pollutant concentrations might cause continuous damage to historic buildings [6,7].

Computational fluid dynamics (CFD) can be used to predict the wind flow and pollutant
dispersion in urban street canyons. Previous studies have shown that CFD simulations using
the steady Reynolds-Averaged Navier-Stokes (RANS) approach are deficient in modeling the
complexities of the wind flow and near-field pollutant dispersion, which motivates the use
of large-eddy simulations (LES) [8—12]. Pollutants emitted in urban areas are transported by
the interaction between the incoming atmospheric boundary layer and the turbulent flow
around buildings, both of which are highly unsteady. The pollutant dispersion process can
be seen as the combination of convection, molecular diffusion and turbulent diffusion. In
turbulent flows, the molecular mass fluxes are generally negligibly small compared with the
turbulent mass fluxes. The accurate reproduction of pollutant dispersion using steady RANS
is generally not only limited by the inaccuracies of wind flow prediction, but also by the
inaccuracies in modeling turbulent mass transport. With RANS, the turbulent mass transfer
is generally computed based on the gradient of the mean concentration, i.e. the gradient-
diffusion hypothesis. However, previous studies [13—15] showed that counter-gradient (CG)
diffusion can occur, i.e. a turbulent mass flux from low to high concentration areas,
contradicting the gradient-diffusion hypothesis. LES on the other hand can predict the
turbulent mass transport process more accurately as it captures the large turbulent
structures associated with the inherently unsteady wind flow [16,17]. Previous studies on
pollutant dispersion around buildings have indicated that LES can reproduce the above-
mentioned CG turbulent transport, while steady RANS with the gradient-diffusion
hypothesis evidently fails to do so [14,18].

Earlier studies on pollution dispersion in urban street canyons have investigated the

impact of canyon aspect ratios [19,20], building packing densities [21], building morphology
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[22] and roof shape [23—-26]. However, the vast majority of these studies focused on street
canyons with smooth fagades without protrusions or recessions. The presence of building
facade roughness details like balconies can strongly change the near-building wind flow
pattern [27,28], surface pressure [29-33], and indoor and outdoor air quality [34,35], as
shown by previous studies on isolated buildings. On the other hand, studies on street
canyons with facade geometrical details are scarce [36—39] and focused on street canyons
exposed to wind perpendicular to the canyon axis (8 = 0°). In these studies that considered
pollutant dispersion, the 3D steady RANS approach [37,38,40] or scale-adaptive simulations
[39] were adopted. To the best knowledge of the authors, a systematical investigation of
the impact of balconies at the windward facade, leeward facade or both facades on the
pollutant dispersion process in street canyons using LES has not yet been performed.

This study aims to provide more insight into the impact of facade geometrical details on
the transport process of pollutants in street canyons based on LES simulations. The effective
pollutant removal capacity has been evaluated and the contributions of the two main
pollutant removal mechanisms, i.e., convection and turbulent diffusion, on the pollutant
removal have been quantified. The focus is on street canyons with balconies.

Section 2 describes the CFD validation study. The computational settings are presented
in Section 3. Section 4 provides the results of the simulations. Finally, discussion and

conclusions are given in Section 5 and Section 6, respectively.

5.2 CFD validation study

Two sets of CFD validations are conducted in the present study.

5.2.1 Validation I: Mean pressure coefficients on a building with balconies

For the first part of the CFD validation, atmospheric boundary-layer (ABL) wind-tunnel
(WT) measurements of mean surface pressure coefficients on a building with balconies
[31,41] are used. As this validation study has been published as a separate paper [42], the
outline is only briefly mentioned here.

The building dimensions were 0.152 x 0.152 x 0.3 m3 (width x depth x height, at 1:400
scale). Balconies were present on one of the facades and extended along the entire width

of the facade. The reduced-scale balcony depth was 0.01 m and the height of the balcony
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parapet walls was 0.0025 m. For the fagade with balconies, pressure taps were placed along
vertical lines to measure the wind-induced surface pressure. The mean pressure coefficients
(Cp) were calculated as:

P-P,

C =— "o
’ 05U W

where P is the mean surface pressure, Po is the reference static pressure (= 3.5 Pa) and p is
the air density (1.225 kg/m3). Ug is the reference mean wind speed taken at gradient height
(14 m/s at the reduced-scale height of 0.625 m). Three approach-flow wind directions were
considered: 8 = 0° (wind direction perpendicular to the fagade with balconies), 90°, and 180°.
The overall uncertainty of the C, measurements was below 5% [41].

In this validation study, the wind directions 8 = 0° and 180° are examined. The quality
of the grid is measured by the LES index of quality. The result shows that the volume-
averaged amount of total kinetic energy resolved is 92.9%, which is larger than the threshold
of 80%, indicating a well-resolved computation [42]. LES simulations are performed using
the commercial CFD code ANSYS Fluent 18.0 [43]. The wall-adapting local eddy viscosity
(WALE) subgrid-scale (SGS) model [44] with the constant Cwale = 0.325 is used. The fractional
step method is used for non-iterative time advancement. Time discretization and pressure
interpolation are second-order. The Werner-Wengle wall functions are employed [45]. More
detailed information about the computational grids, boundary conditions, and the
numerical procedure can be found in Ref. [42].

Fig. 1 shows the measured and simulated mean surface pressure coefficients along two
lines located at reduced-scale distances of 0.061 m and 0.0015 m from the edge of the
facade with balconies. For 8 = 0°, the agreement between the WT and CFD results along the
center line is fair, with an average absolute deviation of 0.027. This deviation is 0.133 for the
edge line. For © = 180°, a good agreement between the WT and CFD results is observed for
both lines. In this case, the average absolute deviations are about 0.041 and 0.036 for the
center line and edge line, respectively. Possible reasons for the small deviations are

discussed in detail in Ref. [42].
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Fig. 1. Validation I: Comparisons between measured and simulated C, on (a) edge line and (b) center
line on the windward fagade. (c-d) Same on the leeward fagade. Error bars represent the
measurement uncertainty reported in Ref. [41].

5.2.2  Validation Il: Mean velocities and pollutant concentrations in a street canyon

For the second part of the CFD validation, ABL wind-tunnel measurements of mean
velocity and mean tracer gas concentrations for generic street canyons [46,47] are used. As
this validation study has been published as a separate paper [48], the outline is only briefly
mentioned here.

The street canyon model was composed of two parallel buildings with width x depth x
height = 1.2 x 0.12 x 0.12 m? each (at scale 1:150). The reduced-scale distance between the
two buildings was 0.12 m. The approach-flow was perpendicular to the canyon axis. The
tracer gas, i.e., sulfur hexafluoride (SFs), was emitted constantly from four line-like sources
embedded in the street at ground level [46]. Concentration measurement taps were placed
along vertical lines at a reduced-scale distance of 5 mm from each of the canyon building
facades to sample the local concentration of tracer gas [49]. The dimensionless mean SFs

concentration was calculated using Eq. (2):
CU, H
0/1

where C is the mean SFs concentration, Uret ( = 4.65 m/s) is the mean wind speed of the

+ —_—

()

approaching flow at the roof height H (= 0.12 m), and Q/I is the SFs emission rate per unit
length of the line source. The mean vertical velocity components (W) were measured along
four vertical lines (reduced scale: x/H = 0.083, 0.25, 0.75 and 0.917) in the xz-plane that

perpendicular to the canyon axis (y/H = 0.5) using laser-Doppler velocimetry [46] (Fig. 2).
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In the CFD simulations, four line-like sources are embedded at the street ground
according to their locations in the experiment. The emission rate is assumed to be Q = 10
g/s, as recommended in Ref. [50]. The grid resolution is adopted based on a grid-sensitivity
analysis reported in Ref. [48]. The resulting LES index of quality indicates that the volume-
averaged amount of total kinetic energy resolved is 92.8% for the whole volume. LES
simulations are performed using the commercial CFD code ANSYS Fluent 18.0 [43] and the
WALE SGS model [44] is employed. Second-order discretization schemes are selected for the
energy and SFs concentration equations. The other computational settings are the same as
in the first validation study (see Section 2.1). More details about the computational grids,
settings and parameters can be found in Ref. [48].

Fig. 2 compares the WT and CFD results of the dimensionless mean vertical velocity
component (W/Urer) along the four vertical lines. The agreement between the WT and CFD
is considered to be good. The average absolute differences between measurements and CFD

along lines x/H = 0.083, 0.25, 0.75 and 0.917 are 0.03, 0.03, 0.04 and 0.01, respectively.
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Fig. 2. Validation Il: Comparisons between measured and simulated W/U,es along 4 vertical lines in a
vertical plane at y/H = 0.5 (a) x/H = 0.083, (b) x/H = 0.25, (c) x/H = 0.75 and (d) x/H = 0.917.

Fig. 3 compares the WT results and CFD results of C* along four vertical lines at y/H = 0
and 1.25 near the windward and leeward fagades, indicating a close agreement. The average
absolute deviations of C* along the lines at y/H = 0 and 1.25 near the leeward facade are
1.46 and 1.50, respectively. These deviations are 0.53 and 0.14 for these two lines near the

windward fagade.
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Fig. 3. Validation II: Comparisons between measured and simulated C* along two vertical lines near
the leeward fagade: (a) y/H = 0 and (b) y/H = 1.25. (c-d) Same for two vertical lines near the
windward fagade. Error bars represent the measurement uncertainty reported in Ref. [47].

5.3 CFD simulations

5.3.1 List of cases

Four cases are considered (Fig. 4):

1) Case NB: street canyon without balconies (smooth walls);

2) Case BWL: street canyon with balconies positioned at both windward and leeward
facades;

3) Case BW: street canyon with balconies positioned only at the windward fagade;

4) Case BL: street canyon with balconies positioned only at the leeward facade;

a m b BWL

12m

12m

T
C

T

Fig. 4. Schematic of four cases (vertical center plane): (a) street canyon without balconies, (b) street
canyon with balconies on both windward and leeward fagades, (c) street canyon with balconies only
on windward fagade, and (d) street canyon with balconies only on leeward fagade.
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5.3.2 Computational domain and grid

For all balconies, the depth is 1 m and the parapet wall height is 1 m. In all cases, the
street canyons are formed by two 4-story buildings, with a floor height of 3 m. The height
and depth of the buildings are 12 m and the distance in between is 12 m (aspect ratio W/H
= 1). Two continuous line-like sources of tracer gas are embedded in the street at ground
level parallel to the canyon axis. The width of each source is 1 m and the distance between

the center of the source and the building fagade is 3.5 m (see Fig 5b and Fig. 6b).
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Fig. 5. Computational domain for the case with balconies at both windward and leeward fagades
(case BWL): (a) computational domain and (b) detail near the street canyon.

The upwind domain distance (Ud), the downwind domain distance (D4), the domain
height (Hd) and domain width (W4) are 10H, 10H, 8.5H and 6.7H (Fig. 5a), respectively, where
H is the building height. These dimensions are in line with the recommendations for LES
simulations of generic street canyons [48]. Block-structured grids are generated for the four
cases using the surface-grid extrusion technique [51,52]. Fig. 6 shows the computational grid
for case BWL. The grid consists of three blocks (Q1, Q2 and Qs). The grid refinement ratio
between each adjacent block is 1:2, following the recommendations provided in Ref. [53].
Block Q1 uses cubic cells (Ax = Ay = Az = H/96, i.e., 8 cells are applied along the depth of the
balcony). Block Qi refers to the domain inside the street canyon, extending from the ground
to the roof height. Block Q> consists of cubic cells (Ax = Ay = Az = H/48), extended up to a

distance of H out of the building surfaces. Block Qs consists of hexahedral cells with



Chapter 5 160

stretching ratios below 1.05. The grid resolution is determined based on a grid-sensitivity

study (detailed in Section 3.6).

g,

. Line source

Line source

Fig. 6. Computational grid for the case with balconies at both windward and leeward fagades (case
BWL): (a) Grid at street canyon ground surfaces and (b) detail of grid at building balconies and
ground surface.

5.3.3  Boundary condition

The street canyons are simulated as spanwise homogeneous 3D geometries. At the inlet
plane, neutral ABL approach-flow profiles of mean wind speed (U, Eqg. (3)), turbulent kinetic
energy (k, Eq. (4)) and turbulence dissipation rate (g, Eq. (5)) are imposed [54], where z0 =
0.03 m is the aerodynamic roughness length, u”as. = 0.3 m/s is the ABL friction velocity, k =
0.41 is the von Karman constant, C, = 0.09 is the empirical constant, and Uref = 4.28 m/s is

the wind speed at the roof height.

z+z
—) (3)

U(z) = u"%ln(

Zp

Z'{ABL

k(z) = (¥ ) (@

i

*3
< (Z) _ U pt (5)
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The vortex method [55] is used to generate the fluctuations of the inflow profile. The
number of vortices Nvor is 3720, obtained from Nvor = Nin/4 where Nin is the number of cells
at the inlet plane [56]. Periodic boundary conditions are used at the lateral domain sides
(Fig. 5a). A constant static gauge pressure of 0 Pa is used at the outlet plane. The upper
boundary of the domain is set as a slip wall, which implies that the normal velocity
component and the normal gradients of all variables at this boundary are zero. Tracer gas
SFe that represents the vehicular exhausts is discharged from the two continuous line-like

sources with the total emission rate per unit length (Q/1) of 10 g-s*m™.

5.3.4  Turbulence and dispersion modeling

The isothermal LES simulations are conducted with the WALE SGS model with constant
Cw = 0.325 [43]. The instantaneous pollutant concentration is treated as a scalar whose
transport is described by an Eulerian advection-diffusion equation. The time-averaged

(mean) convective mass flux Q¢ is defined as follows:

0., = )c) @

where i indicates the coordinate (ux, uy, U; = u, v, w), the angle brackets denote the time
averaging operator and the overbar denotes the filtering operation. The total mean

turbulent mass flux Qs in LES is defined as follows:
0, = <uic >+ <qSGS,i> (7)

where ui’ and ¢’ are the fluctuating components of velocity and concentration and gsas is the
modeled SGS mass flux representing the effect of the unresolved small-scale eddies on the
larger-scale dispersion. The instantaneous SGS mass flux is assumed proportional to the

gradient of resolved concentration:

— —- oc
Gsgs; = Uc —uic =—Dyso — (8)

Oox

i

where c is the instantaneous SFe concentration, ui represents the instantaneous velocity
components and Dsgs is the SGS mass diffusivity that links the SGS Schmidt number (Scsas)

and the SGS viscosity (vsas):
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(9)

SGS

Q

SCegs =

ical procedure

Numer

5.3.5

The solver settings are similar to those used in the validation studies. The LES simulations

are initialized with solutions from 3D steady RANS simulations. For the RANS simulations,

€ turbulence model [57] is used. For the LES simulations of the four cases,

the realizable k

Lewy (CFL) number

the time step At is set to be 0.0095 s. The maximum Courant-Friedrichs

which occurs in a small area above the canyon. Ahead of the data

2

ranges from 0.91 to 1.04

sampling, the LES simulation run for an initialization period of 640 s, i.e. about 10 flow-

This period allows

).
removing the dependence on the non-physical initial state. After this initialization period,

L/Urefr, where L is the total streamwise domain length

through times (T

the data are sampled and averaged for 2560 s (about 40 Ts).

Grid-sensitivity study

5.3.6

A detailed grid-sensitivity study is conducted for case BWL. A coarse, basic and fine grid

(shown in Fig. 7) are generated in which 6, 8 and 10 cells are applied along the depth of the

balcony, respectively. Time steps of 0.018, 0.012 and 0.0095 are set for these grids of case

BWL, ensuring the maximum CFL number to be lower than 1.
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Fig. 7. Detail of the computational grids near the windward fagade for the grid-sensitivity analysis: (a)

coarse, (b) basic and (c) fine grids.
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Fig. 8 displays the profiles of the dimensionless mean concentration (C*) from the three
grids along 5 vertical lines in the street canyon: x/H = 0.04, 0.25, 0.50, 0.75 and 0.96. Note
that in LES with implicit filtering, as used here, the local filter width equals the computational
cell size. Therefore, strictly, a grid-independent solution cannot be achieved [58]. It appears
that the C* obtained by the coarse grid is significantly lower than that by the basic and fine
grids (Fig. 8). Compared to the basic grid, the average absolute differences of the coarse grid
and fine grid are 0.96 and 0.40, respectively. The relatively small differences between the
basic and fine grids do not appear to justify the large increase in the computational time by

the fine grid. Therefore, the resolution of the basic grid is retained for all the simulations.

a X/H =0.04 b xm=o02s C  xM=050 d  xmH=o07s e xM=09
L —Coarse —Coarse —Coarse —Coarse —Coarse
U Basic Basic Basic 1 Basic 1 Basic
~Fine ~Fine ~Fine ~Fine ~Fine
osf 0.8 08
To6f § 06 0.6
I H I I
b B b
04 04 04
02 02ff 02
. o N oL
o 10 20 30 0 20 40 60 10 20 30 0 10 20 30 40 0 10 20
c'H c'r c'rl c'H c'H

Fig. 8. Grid-sensitivity study: C* for three grids along vertical lines in vertical center plane: (a) x/H =
0.04; (b) x/H = 0.25; (c) x/H = 0.5, (d) x/H = 0.75; and (e) x/H = 0.96 (Grey lines in parts a and e
indicate the location of each balcony floor and the roof).

5.4 Results

The following target parameters are evaluated:
e Mean wind velocity and mean concentration field:

The dimensionless mean velocity magnitude (U/Uref) is defined as the local
mean wind velocity magnitude divided by the “undisturbed” mean approach-flow
wind speed at building roof height Urer (= 4.28 m/s). The mean concentrations are
expressed in the dimensionless form (C*) using Eq. (2), where H is the building roof
height (12 m) and Q/I (= 10 g-sm™) is the SF¢ emission rate per unit length.

e Mean mass flux:

Since the street canyons are simulated as 2.5D geometry, all the pollutants are

released at the bottom and dispersed through the top horizontal surface of the

canyon. Therefore, the vertical dimensionless mean convective mass flux (Qc,./Qo)
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54.1

and turbulent mass flux (Qtz/Qo) of the tracer gas are systematically investigated.

Note that Qo is the reference mass flux (g:-m2-s?) given by:

0, = ©Q//H (10)

Mean pollutant exchange velocity:

The dimensionless mean pollutant exchange velocity (Ue/Uref) is a direct
indicator for the actual exchange rate of the pollutants between the street canyon
and the overlying atmosphere. The definition of Ue (m/s) follows Refs. [59,60] and
is composed of the convective part (the first term on the right-hand side of Eq. (11))

and the turbulent part (second term on the right-hand side of Eq. (11)):

[o.d4 [0.d4

Ue = Ue,c +Ue,t =4 ()

44
A[c] - 4[c]
where the numerators denote the pollutant fluxes across the exchange surface A
(m?), i.e., the mean vertical convective (Qc.) and turbulent mass fluxes (Qt.)
through the top horizontal surface of the canyon. [C] is the spatially-averaged
pollutant concentration (g/m3) over the control volume, i.e., the volume of the

entire street canyon extending up to the roof height.

Mean wind velocity and mean concentration field

Fig. 9 shows the distributions of the mean velocity vector field and contours of U/Urer in

the vertical center plane and C* distributions in the same plane for the four cases.
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Fig. 9. Distributions of U/U,er and 2D velocity vector field in vertical center plane (a) inside the canyon
(e) near leeward fagade, (f) near windward facade of case NB; (m) distributions of C*in vertical center

plane inside the canyon of case NB. (b, g, h and n): same for case BWL; (c, i, j and o): same for case
BW; (d, k, | and p): same for case BL.
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For the case without balconies (NB), the wind flow is directed downwards along the
windward facade and is slightly decelerated towards the street surface (Fig. 9f). A primary
recirculation vortex is formed between the two buildings, with the core at a height of about
0.78H (Fig. 9a). Relatively high pollutant concentrations are observed near street level at the
leeward side and near the pollutant sources. This is in line with previous studies on pollutant
dispersion in 1:1 long street canyons [61,62].

For the case with balconies at both windward and leeward fagades (case BWL), the

incoming wind flow separates at the roof above the windward balcony at level 4 and is
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directed downwards, leading to two small counter-rotating vortices on each balcony space
at the windward fagade: a counter-clockwise vortex at the higher half and a clockwise vortex
at the lower half (Fig. 9h). The flow also separates at the lower edge of the lowest balcony,
i.e. the one at level 2. Consequently, a secondary vortex forms at the street level (level 1)
close to the windward corner due to the presence of this balcony. The core of the primary
recirculation is located at the height of 0.83H, which is higher than case NB (Fig. 9b). For the
leeward side, the upward flow induces a counterclockwise vortex on each balcony space
(Fig. 9g). The area-weighted average mean velocity within the canyon (below the roof
height) in the vertical center plane is 54% lower than case NB. Fig. 9n indicates that higher
C* values appear especially in regions near the leeward side of the canyon. The balconies
not only obstruct the canyon flow but also act as compartments that yield nearly constant
concentration within the balcony spaces. The area-weighted average dimensionless mean
concentration (C*avg) within the canyon in the vertical center planeis 106% higher than case
NB.

For the case with balconies only at the windward fagade (case BW), the incoming airflow
also separates at the roof at level 4 (Fig. 9j). The vortices on the balcony spaces and in the
windward corner near the street level are similar to those in case BWL. The core of the
primary recirculation is located at a height of about 0.92H (Fig. 9¢c). The area-weighted
average mean velocity within the canyon in the vertical center plane of case BW is 51% lower
than case NB. Similar to case BWL, pollutants accumulate near the leeward side and the
ground (Fig. 90). The C*ag within case BW in the vertical center plane is 80% higher than
case NB. The results of the aforementioned cases indicate that every street canyon with
balconies at the windward facade has a much lower mean velocity and higher C* than case
NB. It can be concluded that the presence of windward balconies strongly resists the airflow
from penetrating strongly and deeply into the canyon, resulting in a much lower wind speed
at the street level and higher pollutant concentrations.

For the case with balconies only at the leeward facade (case BL), the flow field in the
downstream half of the canyon is similar to case NB. The core of the primary recirculation
vortex is located at a height of about 0.65H (Fig. 9d). The interaction between the upward
flow and balconies at the leeward fagade leads to a counter-clockwise vortex with low wind
speed on these balcony spaces (Fig. 9k), which is similar to case BWL. However, for the

region outside the balcony spaces near the leeward fagade, the wind velocity is much higher
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than case BWL. The area-weighted average mean velocity within the canyon in the vertical
center plane is only 21% lower than case NB. Fig. 9p indicates that pollutants accumulate in
the leeward corner near the ground, with a concentration slightly higher than case NB. The
C*avg Within the canyon in the vertical center plane is only 28% higher than case NB.

To investigate the pollutant concentration in the area where residents and pedestrians
may be present, eight zones in the vertical center plane inside the canyon are considered,
i.e. four at the windward side and four at the leeward side (see Fig. 10): (i) street sidewalk
space (S1); (ii) balcony space on level 2 (B2); (iii) balcony space on level 3 (B3), and (iv)
balcony space on level 4 (B4). Note that the width of the street sidewalk space is considered
to be 2.5 m, which is in line with a typical sidewalk that allows four adults to walk
comfortably next to each other [63]. Fig. 10a and b displays the C*ay for these zones in the
leeward side and windward side, respectively. Note that the results of the zones where no
balcony is present are also displayed in the figure. It can be seen that for all cases, the
concertation decreases with increasing elevation. In addition, higher concentrations are
observed for zones at the leeward side than at the windward side. The following
observations are made for the zones at the leeward side (Fig. 10a):

e  For zone S1, the highest C*aygis observed for case BWL, which is 94% higher than
that for case NB. It is followed by case BW and case BL with about 61% and 21%
higher C*avg than case NB.

e For zones B2, B3 and B4, the highest C*ayg is observed for case BW, although
balconies are not present in these leeward zones. This is followed by case BWL,
case BL and case NB.

For the zones at the windward side (Fig. 10b), the following observations are made:

e  For zone S1, the C*ayg of cases BW, BWL and BLis 211%, 202% and 21% higher than
that for case NB, respectively. These rather high pollutant concentrations in zone
S1 of cases BW and BWL can be attributed to the counter-clockwise vortex inside
this zone, which exacerbates the accumulation of pollutants (see Fig. 9j and f).

e  For zones B2, B3 and B4, case BWL has the highest C*avg, followed by case BW, case
BL and case NB.
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Fig. 10. Area-weighted average dimensionless mean concentration (C*a,,) of street sidewalk space
(zone S1) and balcony spaces on levels 2-4 (zones B2-4) in the vertical center plane of the four cases:
(a) zones near leeward facade and (b) near windward side.

5.4.2  Mean mass fluxes and mean pollutant exchange velocity

In LES simulations of the highly turbulent pollutant dispersion in the built environment,
the proportion of the turbulent mass fluxes modeled by the SGS model to the total turbulent
mass fluxes is usually negligible [64]. Fig. 11 shows the ratio of the mean vertical SGS mass
flux to the total mean vertical turbulent mass flux (|Qsss./Q:.|) in the vertical center plane of
the case with balconies at both windward and leeward fagades (case BWL). The analysis is
performed only for case BWL because the grid resolutions of the four cases are identical.
This ratio is smaller than 0.01 in a large part of the canyon. An exception is the area near

ground level near the leeward facade, where the ratio is mostly smaller than 0.1.
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Fig. 11. The relative contribution of the mean vertical SGS mass flux to the total mean vertical
turbulent mass flux (| Qscs../Q:..|) for case BWL in the vertical center plane.

Fig. 12 displays the distribution of the dimensionless mean vertical convective (Qcz/Qo)
and vertical turbulent (Q:./Qo) mass fluxes in the vertical center plane for the four cases.
Overall, the convective fluxes are much larger than the turbulent fluxes, up to a factor 8,
while the former occur mainly near the windward and leeward facades while the latter occur
throughout most of the canyon volume with two clear maxima near the top of the leeward
facade and near the windward pollutant source. The following observations can be made

for the four cases:

Fig. 12. Contours of dimensionless mean vertical convective mass flux (Q../Qo) in vertical center plane
for (a) case NB, (b) case BWL, (c) case BW and (d) case BL. (e-h) Same for dimensionless mean vertical
turbulent mass flux (Q:./Qo). Isolines of C* are also shown.
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e Case NB (Fig. 12a and e): Q.. dominates the vertical pollutant exchanges within the
largest part of the canyon. A high positive Qc,/Qo with value up to 1.56 is observed
near the leeward facade and a negative Qc./Qowith value down to -0.60 is observed
near the windward facade. This implies that fresh air with low pollutant
concentration is convected into the street canyon along the windward side, while
the highly polluted air is convected upwards and partly out of the canyon along the
leeward side. Concerning the turbulent mass fluxes, high positive values of Q:./Qo
occur close to the windward pollutant source and also above the roof level of the
leeward fagade (see Fig. 12e). This is in line with an observation of a long street
canyon in Ref. [62]. Negative Q:./Qo values occur in a small area near the leeward
facade. Note that the isolines of C* in Fig. 12e indicate negative vertical gradients of
concentration in this region. This implies that the vertical turbulent mass fluxes are
directed from a low-concentration region to a high-concentration region, i.e., the
so-called CG mechanism. [65]. The region with CG mechanism observed here is in
line with a previous study on a cubic enclosure ventilated by a wall jet, in which the
CG area is observed at the bottom leeward corner [14].

e Case BWL (Fig. 12b and f): Compared to case NB, the absolute values of Qc./Qo of
case BWL are substantially smaller (Fig. 12b). The maximum and minimum Qc./Qo
near the leeward and windward fagade of the canyon are 1.24 and -0.56,
respectively, the absolute value of which is 21% and 7% lower than in case NB,
respectively. This is attributed to the obstruction of the flow within the canyon due
to the presence of the balconies (see Fig. 9). The CG mechanism is observed in a
small area near the leeward fagade and in the windward street sidewalk space (Fig.
12f).

e (Case BW (Fig. 12c and g): Also here the absolute values of Qc./Qo of case BW are
substantially smaller than case NB (Fig. 12c). The maximum and minimum value of
Qc./Qoare 1.31 and -0.51, respectively, the absolute value of which is 16% and 15%
lower than in case NB. Compared to other cases, higher positive values of Q:2/Qo are
observed in a large part of the canyon, including the area close to the leeward fagade.

e (Case BL (Fig. 12d and h): A relatively large positive Qc,./Qo is found near the leeward

facade, and large negative values near the windward fagade, which contribute
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considerably to the pollutant removal. The maximum and minimum values of Qcz/Qo
are 1.41 and -0.54, respectively, the absolute value of which is 10% and 10% lower
compared to case NB. Fig. 12h shows a pattern resembling that of case NB, apart
from the details near the balconies. Negative Qi./Qo with the CG mechanism is
observed close to the balconies at the leeward fagade.

Fig. 13a and b show the area-weighted average dimensionless mean vertical outflow and
inflow mass fluxes at the top horizontal surface (z/H =1) of the four canyon cases. It can be
observed that case NB has the largest mean inflow and outflow mass fluxes, followed by
cases BL, BW and BWL. The largest component in the outflow mass flux is the convective

component, while the inflow mean turbulent mass fluxes are always zero for all the cases.
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Fig. 13. Area-weighted average (a) outflow and (b) inflow dimensionless mean vertical convective

mass flux (Q../Qo) and mean turbulent mass flux (Q:./Qo) and (c) dimensionless mean pollutant-

exchange velocity (Ue/Urf) at the top boundary surface of the canyon for four cases, displaying in
convective (Ue,/Ures) and turbulent parts (Ue,i/Uref).

Fig. 13c presents the mean pollutant exchange velocity (Ue/Ure). The highest total Ue/Urer
of 0.083 is observed for case NB, while this number is 0.052, 0.044 and 0.037 for case BL,
BW and BWL, respectively, i.e. 37%, 46% and 54% smaller than that for case NB. The Ue/Urer
is displayed in two parts: the convective part (Ue,c/Urer, obtained from the first term on the
right-hand side of Eq. (11)) and the turbulent part (Ue,:/Uref, obtained from the second term
on the right-hand side of Eq. (11)). The relative importance of mean convective and
turbulent mass fluxes as pollutant removal mechanism depends on the presence and
location of balconies. The ratio of convective contribution to the total pollutant exchange
velocity is 68% for case NB. This ratio reduces to 65%, 65% and 47% for case BW, case BL

and case BWL, respectively. It can be concluded that the presence of balconies at both
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fagades can strongly reduce the Ue, mainly by decreasing the inflow and outflow convective

mass fluxes.

5.5 Discussion

The focus of the present study is on long street canyons with an aspect ratio (canyon
width/height) of 1. As a change in aspect ratio will impact the wind flow pattern in the
canyon [66], future work can extend this study towards other aspect ratios. It is expected
that large differences in conclusions compared to the present study will only emerge when
the aspect ratio becomes so larger that the skimming flow regime is abandoned and the
interaction flow regime sets in [67].

Balconies with 1 m depth and 1 m parapet wall are evaluated in this study. Previous
studies have demonstrated that the balcony dimensions can affect the wind flow around
isolated buildings [68,69]. Thus, the impacts of balcony dimensions for street canyons are
therefore identified as a topic for further research. Recent studies have shown that facade
and roof roughness details can strongly modify the near-building flow structures [70-74].
This study focuses on balconies as one of the most common fagade details. Other forms of
building surface and roof roughness details can be evaluated in the future.

This study focuses on the perpendicular wind direction. Previous studies have shown
that street-level pollutant concentrations significantly depend on the wind direction [75-77].
The impact of balconies on street canyons under other wind directions can be evaluated in

the future.

5.6 Conclusions

This paper presents a systematic evaluation of the impact of balconies on the wind flow
and pollutant dispersion in long street canyons with an aspect ratio of 1. The large-eddy
simulation (LES) approach, validated with wind-tunnel measurements, is employed. The
main conclusions of this study are:

The presence of building balconies can strongly modify the wind flow pattern within
street canyons, especially for balconies at the windward fagade. The presence of windward

balconies prevents the airflow from penetrating deep into the canyon, resulting in low wind
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speed inside the canyon and therefore also at the street level. Compared to the case without
balconies (case NB), the area-weighted average mean velocity in the vertical center plane
within the canyons with balconies at both windward and leeward fagades (case BWL),
balconies at the windward fagade (case BW), and balconies at the leeward fagade (case BL)
are reduced by 54%, 51% and 21%, respectively. The area-weighted average dimensionless
mean concentration (C*avyg) in the same plane for cases BWL, BW, and BL are 106%, 80% and
28% higher than case NB, respectively. The presence of windward balconies (case BWL and
case BW) can strongly increase the pollution exposure for pedestrians and residents on
balcony spaces. For example, compared to case NB, the C*ay in the windward and leeward
street sidewalk spaces of case BWL is 94% and 211% higher, respectively. These are 61% and
202% for case BWL, respectively. While the presence of balconies only at the leeward fagade
(case BL) has less impact on the pollutant concentration.

The rate of pollutant removal from street canyons, expressed by the dimensionless
mean pollutant exchange velocity (Ue/Urer), is strongly reduced by the presence of balconies.
The Ue/Urer of case BL, case BW and case BWL is 54%, 46% and 37% smaller than that for
case NB, respectively. The relative importance of mean convective and turbulent mass fluxes
as pollutant removal mechanism depends on the presence and location of balconies. The
results indicate that the presence of balconies has a crucial influence on the pollutant
transport mechanism. The ratio of convective contribution to the total pollutant exchange
velocity is 68% for case NB. This ratio decreases to 65%, 65% and 47% for case BW, case BL
and case BWL, respectively.

The results above also suggest that in studies of urban ventilation and outdoor air quality,
the presence of facade geometrical details need to be taken into account to avoid the
overestimation of wind velocity and underestimation of pollutant concentrations within

urban street canyons.
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Chapter 6

Limitations, future work and discussion

The main limitations of the thesis and, accordingly, recommendations for future
research are provided in this Chapter. A discussion on the main contributions of this thesis

concludes this Chapter.
6.1 Limitations and future work

The CFD validation for a building with balconies, presented in Chapter 2, is performed
based on mean surface pressure coefficients. Future research can explore the possibility of
performing Particle Image Velocimetry wind tunnel tests to capture the wind velocity field
on balcony spaces, and compare the wind tunnel data with CFD results. Moreover, given the
importance of peak pressures for wind loads (Etheridge, 2000; Le Roux et al., 2012; Wang et
al., 2020), further analysis can focus on the performance of LES in predicting peak surface
pressure for buildings with balconies. Note that the existing experimental data pertaining to
peak surface pressure for buildings with facade geometrical details were obtained at scales
of 1:400 (Yuan et al., 2018) or 1:300 (Liu et al., 2021). A recent study showed that the peak
loads of buildings with surface protrusions such as solar panels measured in wind tunnels
are sensitive to geometric scaling. (Alrawashdeh and Stathopoulos, 2020). Also wind tunnel
testing of peak pressures for buildings with facade geometrical details such as balconies
could be sensitive to the geometric scaling. In this case, CFD simulation with the LES
approach is an option since the simulation can be conducted in full scale.

The parametric investigation presented in Chapter 3 focused on the mean wind speed
on balcony spaces and the mean surface pressure for generic high-rise buildings. In addition
to the mean wind speed, wind gusts also contribute to pedestrian wind discomfort and
especially wind danger. Besides, peak pressure is important for wind loads, as stated earlier.

Future studies can focus on the impact of geometrical characteristics of balconies on the
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peak surface pressure and peak wind speed on balcony spaces. The study in Chapter 3
considered buildings with balconies for two perpendicular wind directions (8 = 0° and 6 =
180°). This work can also be extended to buildings with other dimensions, with other types
of surface geometrical details and buildings under oblique wind directions. All the studies in
Chapter 2 and Chapter 3 only considered isolated buildings with balconies. The presence of
surrounding buildings is expected to increase the complexity of wind flow such as additional
flow recirculation and reattachment, and to modify the mean surface pressure and wind
speed on balcony spaces (Blocken and Carmeliet, 2008; Chang and Meroney, 2003; Nozu et
al., 2015). Further studies can include the impact of fagcade geometrical details considering
building surroundings.

The two-point correlation and the comparison of the mean velocity components and
mean concentration in Chapter 4 indicated that the domain width needs to be large enough
toinclude the important coherent eddies occurring in the spanwise direction. In this Chapter,
the sensitivity studies of domain size for LES simulations were conducted for a generic single
street canyon with an aspect ratio (H/W) of 1, which has been widely investigated in the
past. Note that recent experimental studies have shown that the aspect ratio and upstream
roughness have significant effects on the spanwise turbulence integral length scale at the
roof level of street canyons (Jaroslawski et al., 2019a, 2019b). Therefore, the minimum
domain width of 2.5H is recommended for single street canyon cases with an aspect ratio of
1. This work can be extended to cases with upstream obstacles, multiple street canyons in
sequence, and other aspect ratios. Two-point correlation measurements are suggested to
explore the spanwise extent of turbulence structures inside street canyons.

In Chapter 5, the focus was on a long street canyon. The results represent the flow and
pollutant dispersion in the region where the canyon vortex is dominating the flow pattern.
In real cities, street canyons can be short. In such a scenario, the flow field near the lateral
ends of the canyon is the result of the superposition of the corner eddy and the canyon
vortex, which render the flow pattern much more 3-dimensional and complex. Future
studies can evaluate the impact of the vertical and horizontal fagade geometrical details on
the wind flow and pollutant dispersion in short street canyons. This Chapter focused on
street canyons with an aspect ratio (H/W) of 1 and balconies with 1 m depth and 1 m parapet
walls. This study can be extended to facade geometrical details with other dimensions and

other types of building fagade geometrical details. Street canyons with other aspect ratios
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can be considered in the future. Given that modeling fagade geometrical details requires
additional efforts and would increase the number of cells, CFD studies for wind flow and air
quality at the urban microscale usually do not take these facade geometrical details into
account. However, the work in this thesis in Chapters 3 and 5 showed that the large-scale
facade geometrical details can considerably change the near-building wind flow pattern and
pollutant concentration. Neglecting these large-scale fagade geometrical details can result
in an overestimation of the ventilation rate and an underestimation of the pollutant
concentration in street canyons. Future studies can explore the size and relative scale of
building fagcade geometrical details that are needed to be considered in CFD simulations of
urban microclimate. Regarding the non-negligible facade geometrical details, it would be
very interesting to see more research being conducted to develop a feasible correction
methodology without exactly modeling the details. The simulations in the present study
were isothermal. The solar-radiation induced thermal effects on facades and ground
surfaces can alter the airflow pattern and pollutant dispersion in street canyons, especially
when low wind velocities are present (Allegrini et al., 2013). Future studies can focus on the
combined effects of wind and buoyancy for street canyons considering heated facade
geometrical details and surfaces. Note that there is still a lack of experimental data on street
canyons with fagade geometrical details for flows with thermally induced buoyancy.
Therefore, high-quality wind-tunnel or full-scale measurements for such configurations and

conditions should also be performed in the future.
6.2 Discussion

First, previous CFD validation studies for buildings with facade geometrical details have
revealed that the good performance of RANS approach in predicting mean surface
pressure was only observed on the windward side (Montazeri and Blocken, 2013). The
validation study for a high-rise building with balconies (Chapter 2) provided a quantitative
comparison between the RANS and LES approaches for three wind directions: 6 = 0°, 90°,
and 180°. Recommendations were given with respect to the performance of the two
approaches for the reproduction of mean surface pressure and mean wind speed. These
recommendations can be relevant, for instance, in practical applications for the prediction

of building ventilation flow rates and wind nuisance levels on balcony spaces.
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Second, the majority of previous CFD studies on buildings with balconies were case-
specific and the focus was on either the surface pressure or the wind speed. The parametric
investigation with LES simulations (Chapter 3) provided an insight into the impact of five
geometrical characteristics of building balconies on the near-facade wind flow and surface
pressures. The balcony geometry were shown to have significant impacts on the mean wind
speed on balcony spaces and the local and fagcade-averaged mean pressure coefficient. It is
recommended that the design of balconies should consider aerodynamic optimization. The
findings in Chapter 3 can help architects choose the optimal strategy in the earlier stages of
architecture design. For instance, to reduce the wind speed on balcony spaces, using
partition walls is the most effective strategy. For civil engineers and building services
engineers, the findings provide quantitative information for developing, designing and
constructing buildings with facade geometrical details aimed at improving ventilation and
wind comfort.

Third, in previous LES simulations of wind flow and pollutant dispersion in long street
canyons, a wide range of different values of domain width or domain height were used
because there is a clear lack of guidelines for domain size. The sensitivity study of domain
size performed in Chapter 4 revealed that special attention needs to be paid to select the
appropriate computational domain size for 2.5D LES simulations for long street canyons. Too
small domain sizes lead to inaccurate results, while too large domain sizes would increase
the computational cost. Based on the sensitivity study, guidelines for domain size of LES
simulations for wind flow and pollutant dispersion in 1:1 generic long street canyons were
provided. A comparison was given between the existing best practice guidelines for all
applications of urban flow (Franke et al., 2011; Tominaga et al., 2008) and the present
guidelines for generic street canyons. The presented guidelines can help to reduce the size
of the computational domain of LES simulations for generic street canyons, therefore,
reduce the computational cost without significantly compromising the accuracy.

Finally, a literature study suggested that studies on pollutant dispersion in long street
canyons with facade geometrical details are scarce and mostly performed with the RANS
approach. The analysis based on LES simulations in Chapter 5 provides insight into the
impact of building balconies on the mechanism of pollutant removal from generic long street
canyons. The results demonstrated that the fagcade geometrical details can significantly

influence the ventilation and air quality in street canyons. Researchers and professionals
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focusing on microclimate simulations are advised to take into account the influence of large-
scale fagcade geometrical details. On the practical side, in certain areas, the construction of
buildings with facade geometrical details might have a negative impact on air quality in
surrounding areas. Such negative consequences can be analyzed by CFD simulations, thus,
relevant measures can be taken in the early phases of the design process. In regions
expected to have high air pollution, it is recommended that project developers request wind
tunnel tests or CFD simulations from relevant professionals to demonstrate that the facade
design will not deteriorate urban ventilation and air quality. CFD setups such as those in
Chapter 5 can be used as a predictive tool to identify the potential impact of building fagade
geometrical details and thus provide guidelines to policymakers and designers for
developing and designing buildings in urban street canyons with the aim of improving air

quality for residents and pedestrians.
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Chapter 7

Conclusions

This thesis aimed to analyze the impact of facade geometrical details on the wind flow
and pollutant dispersion around buildings and adjacent streets using high-fidelity numerical
simulations with computational fluid dynamics (CFD).

Chapter 2 evaluated the performance of steady RANS and LES in predicting the near-
facade mean airflow patterns and mean surface pressure coefficient (Cp) for a building with
balconies. Three wind directions were considered: 6 = 0°, 90°, and 180°. The evaluation was
based on validation with wind tunnel measurements of C, on the fagade with balconies. The
results showed that LES can predict C, more accurately compared to RANS. For 6 = 0°, both
RANS and LES can accurately predict Cp on the windward facade with average absolute
deviations of 0.113 and 0.091 from the measured data, respectively. For the other two wind
directions, LES is clearly superior. For 8 = 90°, the average absolute deviations for RANS and
LES are 0.302 and 0.096, while these are 0.161 and 0.038 for 8 = 180°, respectively. A further
detailed analysis was performed based on the comparison between RANS and LES. It was
concluded that in studies of natural ventilation of buildings and wind comfort on building
balconies, for which distributions of building facade C;, are required, using RANS instead of
LES can result in underestimated computed ventilation airflow rates and in underestimated
computed wind speed ratios. Building design based on RANS might result in too high actual
ventilation flow rates and in too high actual wind speed, resulting in too high wind nuisance
levels.

In Chapter 3, the focus was on the impact of various geometrical characteristics of
building balconies on the near-facade mean wind flow field, the mean wind speed on
balcony spaces and the wind-induced C, for a high-rise building. LES simulations were
performed to investigate the impact of (i) balconies present or not, (ii) balcony depth, (iii)

balcony parapet walls, (iv) balcony partition walls and (v) density of balconies. The results
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showed that the presence of balconies increases the facade-averaged C, on both the
windward fagade and the leeward fagade by 5.2% and 8.9%, respectively. These numbers
rose to 23.5% and 23.3% when two partition walls were added at the lateral edges of the
facades. Adding five partition walls can reduce the overall area-averaged wind speed on
balcony spaces by 68.0% compared to the case without partition walls. Increasing the depth
of balconies led to larger recirculation zones with higher mean wind speed on windward
balcony spaces. For example, by increasing the depth of balconies from 1 m to 4 m, the
overall area-averaged wind speed increased by 75.6%. Increasing the height of the parapet
walls from 1 m to 2 m can substantially reduce the maximum mean wind speed at pedestrian
height on windward balconies. By decreasing the balcony density, the mean wind speed on
windward balconies below the stagnation area substantially reduce.

Chapter 4 evaluated the effect of the domain width, domain height and upstream and
downstream domain lengths on the prediction of the wind field and pollutant dispersion in
long street canyons. The sensitivity analysis led to a set of recommendations towards the
application of 2.5D LES simulation for long street canyons with spanwise periodic boundary
conditions. The minimum requirement for the domain width of 2.5H was recommended.
For the domain height, 7.5H was recommended, which was equivalent to a blockage ratio
of 13.3%. Concerning the upstream domain length and downstream domain length, the
findings were consistent with best practice guidelines for CFD simulations of wind flow in
urban areas (Franke et al., 2011; Tominaga et al., 2008), which should be at least 5H and
10H, respectively.

Chapter 5 presented an evaluation of the impact of balconies on the wind flow and
pollutant dispersion in long street canyons. Four street canyon cases: (i) the street canyon
without balcony, (ii) the street canyon with balconies positioned on both windward and
leeward facades, (iii) the street canyon with balconies positioned only on the windward
fagade, and (iv) the street canyon with balconies positioned only on the leeward fagade have
been evaluated with LES simulations. The results showed that the wind flow field and
pollutant dispersion in street canyons can be strongly affected by the location of building
facade geometrical details. Significant impact was observed in the two canyon cases with
balconies at the windward fagade, which strongly resisted the airflow from penetrating deep
into the bottom of the canyon. The presence of balconies at both facades and only at the

windward facade can reduce the area-weighted mean wind velocity by 54% and 51% and
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increase the area-weighted mean pollutant concentration by 106% and 80%, respectively,
in the vertical center plane of the street canyon. The pollutant removal efficiency was
significantly reduced by the balconies, as quantified by the pollutant exchange velocity (Ue).
The presence of balconies at both facades reduced Ue by 54%. The analysis of the vertical
convective and turbulent mass fluxes indicated that the presence of balconies increased the

contribution of turbulence to Ue.
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