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ABSTRACT

Large-eddy simulation (LES) is used to study the turbulent flow and the pollutant dispersion
over urban-like arrays, where an area source was placed on the ground. Three different
geometries are considered: two staggered building arrays, one with uniform building height and
another with non-uniform building heights, and an aligned array with random height buildings.
The spatial and temporal average of the streamwise velocity and time-averaged concentration
are compared with measurements from a wind tunnel experiment in order to assess the accuracy
of the results (CHENG; CASTRO, 2002a; PASCHEKE; BARLOW:; ROBINS, 2008). These
comparisons indicate that LES is adequate to capture the turbulent flow and the pollutant
dispersion over the assessed configurations. The results obtained in the present study show that
the height variability of the buildings is an important parameter to study the flow and dispersion
phenomena in urban areas. Besides the building height variability, local geometrical features
proved to be relevant to determine the dispersion behaviour such as the presence of a taller
building upwind the approaching flow. It is shown that the turbulent motions are responsible
for the vertical turbulent flux of pollutant leaving/entering the urban canopy. The intensity of
the turbulent structures seems to be related to the building height variation, since the higher the
building height, the greater is the layer in which the flow has larger vertical velocity
fluctuations. Results also show that the vertical scalar flux close to the area source can affect
downwind clean zones. The vertical advective scalar flux was found to have an effect on
dispersion in the vicinity of the building (a local effect), while the vertical turbulent fluxes are
associated with pollutant transportation downwind above the smaller buildings (a non-local
effect).

Keywords: Urban areas, Large-eddy simulation, Pollutant dispersion, Random building

heights, Vertical scalar fluxes
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RESUMO

A simulacéo das grandes escalas (LES) € utilizada para simular o fluxo turbulento e a disperséo
de poluentes sobre configuracGes urbanas, onde uma fonte area foi inserida no chdo. Trés
diferentes geometrias sdo consideradas: dois arranjos escalonados, um com predios de alturas
uniformes e um com prédios de alturas ndo-uniformes, e um arranjo alinhado com prédios de
alturas aleatdrias. A média espacial e temporal da velocidade média e a média temporal da
concentracdo sdo comparadas com as medidas experimentais de um experimento em tdnel de
vento para avaliar a precisdo dos resultados (CHENG; CASTRO, 2002a; PASCHEKE;
BARLOW,; ROBINS, 2008). As comparac@es indicam que LES é adequado para capturar o
fluxo turbulento e a dispersao de poluentes nas configuracdes analisadas. Os resultados obtidos
no presente estudo mostram que a variabilidade da altura dos prédios € um importante
parametro para estudar os fenémenos do escoamento e a dispersdo em areas urbanas. Além da
variabilidade da altura dos prédios, caracteristicas locais da geometria provaram serem
relevantes para determinar o comportamento da dispersdo como, por exemplo, a presenca de
um prédio mais alto & montante do escoamento principal. E mostrado que os movimentos de
ordem turbulenta sdo responsaveis pelo fluxo vertical turbulento de polui¢do entrando e saindo
do dossel. A intensidade das estruturas turbulentas parece ter ligacdo com a variagdo da altura
dos prédios, uma vez que quanto maior altura do prédio, maior serd a camada na qual o
escoamento tera maiores flutuacdes da velocidade vertical. Os resultados também mostram que
o fluxo vertical de escalar proximo a fonte area pode afetar areas limpas mais afastadas. O fluxo
vertical advectivo de escalar possui um efeito sobre a dispersdo nas proximidades do prédio
(um efeito local), enquanto os fluxos verticais turbulentos estdo associados com o transporte de
poluentes na direcdo do escoamento principal acima dos edificios menores (um efeito nédo-

local).

Palavras-chave: Areas urbanas, Simulacdo das grandes escalas, Dispersdo de poluentes,

Prédios com alturas aleatorias, Fluxos verticais de escalar
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1 INTRODUCTION

Air pollution in urban areas is a current issue and every day becomes more relevant due to short
and long-term effects on population health, mainly affecting people who live in high-density
populated cities (YUAN; NG; NORFORD, 2014). Urban pollution such as vehicular exhausts,
particles resuspension and industrial emissions are often toxic and odorous. These are
responsible to cause discomfort and harm to humans and other living organisms (LATEB et al.,
2016). Many studies have found important relationship between the increasing of pollutants
concentration and human morbidity/mortality (HUANG et al., 2018; KAMPA; CASTANAS,
2007).

Rapid urbanization and the evident impact associated with atmospheric pollution encouraged
several researchers around the world to study airflow and dispersion patterns in urban areas.
This is affected not only by micro-scale meteorological phenomena but also by the presence of
buildings and other urban elements. Field measurements in full and reduced scale, laboratory-
scale physical experimental measurements (e.g. wind tunnel or water tank analyses) and
computational fluid dynamics (CFD) approaches are tools commonly used in the study of

pollution dispersion (LI et al., 2006).

The main advantage of CFD simulations is cost and the possibility of providing information
throughout the entire computational domain, while observational techniques are more
expensive and often provide information at limited discrete points in space (TOPARLAR et al.,
2017). The growth in spatial and temporal resolution with ever-increasing computational power
has guaranteed greater reliability for CFD-based models to provide more accurate information
of transport phenomena. The most commonly utilized turbulence models are based on large-
eddy simulation — LES and Reynolds averaged Navier-Stokes — RANS, since the use of direct

numerical simulation — DNS is highly costly in terms of computational resources.
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The use of large-eddy simulation to acquire data of turbulent flows and pollutant dispersion has
become ever more relevant in environmental studies. The strategy is to solve explicitly only the
large-scale structures of motion, and model the effects of the smaller and more universal scales.
One of the main reasons for the growth in its use is the availability of required computational
power in academic and industrial high-performance computing laboratories and the well-known
recognition that RANS models are not able to adequately predict fundamental physical
concepts, such as transient vortices, periodic fluctuations, reverse flow intensity behind
obstacles and other refined details. (XIE; CASTRO, 2006).

Naturally turbulent, the atmospheric flow is strongly influenced by urban morphology, which
comprises some characteristics such as size, shape and how arranged the buildings are in space.
However, the vast majority of the studies still treat urban morphology in a generic and idealized
way. Urban configurations are commonly represented by a single or a group of buildings
(COCEAL etal., 2006, 2007; GOULART et al., 2016), street canyons (KUBILAY et al., 2017,
NEOPHYTOU; MARKIDES; FOKAIDES, 2014) or, in more recent works, courtyards-type
buildings, representing a set of street urban canyons (NOSEK et al., 2016, 2017, 2018), as
demonstrated in Figure 1.

& QL

(2) Group of Buildings (b) Street Canyon (¢) Courtyard

Figure 1. Urban-type configurations commonly used in CFD studies: (a) group of buildings, (b) street canyon and
(c) courtyard. Adapted from Toparlar et al. (2017)

Nevertheless, some authors consider slightly more complex urban configurations in their
studies, seeking to assess the influence of different building heights in the airflow and pollutant
dispersion (BOPPANA,; XIE; CASTRO, 2010; CHENG; CASTRO, 2002b; PHILIPS; ROSSI;
IACCARINO, 2013). Other researchers have studied what they call “real urban areas” that
cover a small portion of real sites in order to analyse the complexity of irregular urban
configurations in a more detailed way (SANCHEZ et al., 2017; SANTIAGO et al., 2017,
SHEN; CUI; ZHANG, 2017). However, an accurate comparison between experiments

measurements and numerical data for those attempts becomes more intricate.
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Regarding how pollutant spreads in urban areas, two main processes are responsible to
determine the pollutant plume behaviour. Both are related to the interaction between the mean
flows with the roughness elements that constitute the urban environment, which carries the
pollutant away from any source emission. In a general way, the mean flow is responsible for
the horizontal advection through the urban canopy and the buildings are responsible for
promoting great turbulence levels. The increasing of turbulence enhances vertical exchanges
with the clean air above it (PASCHEKE; BARLOW,; ROBINS, 2008). In this way, the

characteristics of the pollutants plume will be given by a balance between the turbulent and

advective contributions as can be seen in Figure 2.

Figure 2. A view of (a) vertical and (b) horizontal plume dispersion in a staggered buildings array (BELCHER,
2005)

Recently, Goulart, Coceal and Belcher (2018) investigated the interaction of pollutant
dispersion between the interior and exterior zones over an aligned urban canopy by means of
DNS data and demonstrated that the vertical pollutant mass flux is dominated by the turbulent
component at the building height. On the other hand, Carpentieri et al. (2018), in their wind
tunnel experiment of two rectangular building arrays, were able to conclude that both advective
and turbulent vertical scalar fluxes have a similar order of magnitude at the same height. In
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addition, the advective component was found to have a leading role on horizontal scalar flux
below the canopy, in both studies.

Carpentieri et al. (2018) results evidenced a significant effect over the vertical scalar transfer
due to the presence of a taller and isolated building upwind of measurements. Similar
characteristics were found by Fuka et al. (2018), which demonstrated that the presence of taller
buildings alters significantly the flow field and it is responsible for the decrease or increase of
the vertical scalar transfer depending on the location of the source relative to the tall building.

The present dissertation aims to investigate and understand the dispersion in urban
configurations focusing on the effects of different building heights on pollutant mass transfer
mechanisms by means of large-eddy simulation. Three urban-like configurations will be
evaluated, two staggered arrays (uniform and random height buildings), consisting of the same
geometric features studied by Cheng and Castro (2002) and one aligned array with random
building heights, in which an area source is spatially distributed on part of the domain ground.

In order to achieve the main objective, specific objectives were determined and are listed below:

e Perform large-eddy simulation of flow and dispersion of a pollutant with continuous
release from an area source within the urban canopy;

o Evaluate the accuracy of numerical simulation results based on direct comparison with
experimental data obtained by Pascheke, Barlow and Robins (2008) and LES data
obtained by Boppana, Xie and Castro (2010);

e Investigate the mechanisms that affect the pollutant mass transfer for uniform and
random height buildings arrays;

e Determine local and non-local influences of different building heights over vertical

and horizontal transport mechanisms.

This dissertation is divided into five chapters. After this brief introduction, Chapter 2 covers a
literature review about the flow and dispersion within urban areas and the state of the art about
the theme. Mathematical modelling, numerical methods and computational configurations are
described in Chapter 3. Chapter 4 contains the results for the simulated test cases and a closing

chapter with a proper conclusion is presented in Chapter 5.
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2 LITERATURE REVIEW

In this chapter, some fundamental concepts of the wind flow and pollutant dispersion and state
of the art of the most common representations of urban areas are presented. This chapter is
divided into three sections. Section 2.1 characterizes the complex flow and, consequently, the
dispersion pattern around a single and isolated obstacle. Section 2.2 covers another common
urban morphology that are the urban canyons with its unique characteristics, while Section 2.3
describes the flow and dispersion over a group of buildings representing more actual urban

configurations.

2.1 FLOW AND DISPERSION AROUND ISOLATED OBSTACLES

In the context of the urban boundary layer, a very important topic is the prediction of wind flow
pattern around obstacles. Such comprehension is essential to provide the necessary support to
awide range of studies related to the dispersion of atmospheric pollution in urban environments.
Firstly, it is mandatory to understand the phenomena around an isolated building in order to

comprehend how it affects other obstacles in its proximity.

In a general way, the characteristic structures of the flow around a single obstacle can be
observed in Figure 3. Despite the complexity, it is possible to identify some specific regions.
The pressure distribution right in front of the obstacle is responsible to divide the flow near the
upper part of the incident wall. The location where the velocity is zero is called stagnation
region. From this zone, the fluid flows towards the ground and returns upwind the obstacle.
This region presents a structured vortex and its characteristics are dependent on the obstacle

dimensions.
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Figure 3. Flow pattern around an isolated building (BLOCKEN et al., 2011).

The generated vortex is developed towards the ground and spreads laterally around the obstacle
surface due to convection effects, leading to the formation of the well-known horseshoe vortex.
The flow is accelerated vertically and laterally and small recirculation zones and reverse flow
are observed next to the top and lateral faces due to the local separation of the mean flow. The
mean flow takes a while to regain the characteristics of the upstream wind-speed profile. This
point is called reattachment line and occurs differently on roof and building sides. The flow is
also separated behind the obstacle, where a region with intense circulatory motion, low
velocities and high turbulence intensity is observed. This zone is named cavity zone and
presents strong vertical motion. The entire region after the building, where still persists a

minimum turbulent effect configures the turbulent wake.

There are several works in the literature focused on evaluating the flow and dispersion around
a single obstacle using different approaches as wind tunnel and water tank experiments
(MAVROIDIS; GRIFFITHS; HALL, 2003; ROBINS; CASTRO, 1977a), CFD-based
numerical simulations using Reynolds averaged Navier-Stokes (MURAKAMI, 1993;
SANTOS et al., 2009; VARDOULAKIS et al., 2011) and large-eddy simulation (Al; MAK,
2015).

Castro and Robins (1977) and Robins and Castro (1977) can be considered two of the first paper

works investigating the dispersion over an isolated building. They used wind tunnel technique
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to simulate an atmospheric boundary layer ten times bigger than the building height over a
uniform and sheared turbulent flow. They observed an increase in the inflow turbulence results
in smaller cavity zone. They also concluded that the cavity zone length is about 1.5H and the
turbulent wake is almost completely distinguished within about 6.0H, where H is the building
height.

The study developed by Mavroidis, Griffiths and Hall (2003), using wind tunnel and field
experiments investigated the air flow and the dispersion of a tracer emitted from a continuous
point source located upstream an isolated obstacle. Different building shapes and wind
directions have been evaluated. They observed that the dispersion due to the disturbed flow in
the turbulent wake is closely influenced by the building height and shape. The source location
relative to the building also influences the dispersion pattern. For example, lower concentrations
are observed near the ground behind taller buildings due to the more intense recirculation in
this zone. Moreover, good agreement was observed between both technique results, despite the
fact that the plume was more dispersed in the field experiment due to uncontrolled atmospheric

instability.

Numerical simulations were carried out by Tominaga and Stathopoulos (2010) in order to
evaluate the accuracy of RANS and LES models to predict pollutant dispersion around a three-
dimensional cubic building. According to the authors, the performance of LES was superior in
predicting the concentration field since it is possible to obtain important information about
turbulent transient fluctuations. Although the difference between LES and RANS is not strongly
remarkable on mean velocity profiles, accurate information regarding the diffusion of
concentration cannot be obtained by means of RANS formulation, since the important unsteady

fluctuations are only modelled.

2.2 FLOW AND DISPERSION IN URBAN CANYONS

The term urban canyon represents an idealized urban configuration, where two buildings are
aligned in parallel to each other and separated by a relatively narrow street, which is very
common in high-density cities. In real cities, there are street widths and building heights
variations that are responsible for creating unique flow and dispersion patterns within the
canyons (LI et al., 2006; TOMINAGA; STATHOPOULOQS, 2013). This motivated a large

quantity of researches focused on this basic urbanized configuration.
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The dimensions of urban canyons are usually expressed by its aspect ratio, which is the building
height (H) divided by the respective street width (W) as can be seen in Figure 4. In case of
perpendicular flow approaching the lined up pair of buildings, two different regions appear
inside the canyon. The first region is the windward side with downdraft motion responsible for
carrying clean air from above the building, and the second region is the leeward side
characterized by updraft flow in the other side, which is responsible to transport polluted air

from inside the canyon to the outer zone.
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Figure 4. Flow pattern inside an urban canyon (VARDOULAKIS et al., 2003)

Based on wind tunnel experiments under isothermal conditions, Oke (1988) proposed a
systematic classification of wind flow regime based on urban canyon aspect ratio. The vortex
structure developed inside the canyon determines the regime of the flow. There are three flow
regimes well characterized: isolated roughness flow, wake interference flow and skimming

flow (Figure 5).

Aspect ratios smaller than 0.33 or, in other words, when the street width is about three times
longer than the building height, there is practically no interaction between the turbulent wake
with the subsequent building. Therefore, the flow regime is characterized as isolated roughness
flow. The regime of wake interference flow occurs for aspect ratios between 0.33 and 0.70,
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when the buildings are close enough and the turbulent wake of the previous building influences
the next one. For aspect ratios greater than 0.70, the pair of buildings is so close that a stable

vortex appears within the cavity, characterizing the skimming flow regime.

(a) Isolated Roughness Flow

e w —>

(b) Wake Interference Flow (c) Skimming Flow

%

The lateral length of the building (L), normal to the mean flow, is also an important dimension.

Figure 5. Flow regimes under different aspect ratios (OKE, 1988)

Another urban canyon parameter can be stated regarding that dimension called building aspect
ratio, which determines the spatial organization of the buildings (VARDOULAKIS et al.,
2003). The building aspect ratio is defined as L/H and there are three classifications based on
it: short (L/H < 3), medium (3 < L/H <7) and long urban canyon (L/H > 7). Thereby, when the
lateral length is infinitely large, the flow inside the canyon tends to presents only two-
dimensional characteristics. Otherwise, three-dimensional features are observed due to the
interaction between streets and intersections, as suggested by Carpentieri, Robins and Baldi
(2009). In cases of short and medium urban canyons, two-dimensional geometries are no longer
suitable for CFD-based numerical simulations, where a 3D geometry must be employed in the
study. The flow regime classifications and the transition thresholds for both characteristic ratios

are presented in Figure 6.
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Figure 6. Flow regime classifications and its specific threshold lines (OKE, 1988)

In the context of pollutant dispersion in urban regions, a topic that has been studied is the
interaction between the external and internal flow within the canyon. Liu, Leung and Barth
(2005) investigated air ventilation and pollutant dispersion inside an urban canyon with three
different aspect ratios (0.50, 1.00 and 1.50) using large-eddy simulation. The main objective
was to predict the air rate entering the canyon and the pollutant rate that leaves the canyon. The
Reynolds number and Schmidt number was equal to 12000 and 0.72, respectively. The authors
concluded that urban canyons with large aspect ratios present lower turbulence intensity inside
the canyon. This enhances the pollutant retention due to the poor ventilation and consequently,
increases de concentration especially near the ground within the canyon. They also highlighted
that the pollutant removal at the roof level is governed only by turbulent motions and occurs

primarily at the leeward side.

Cai and Barlow and Belcher (2008) also studied the flow and concentration fields in urban
canyons with different aspect ratios (0.33, 0.50, 0.66, 1.00, 1.50 and 2.00) by solving large-
eddy simulation equations. A line source was placed in the middle of the canyon’s ground and
a scalar was emitted with a constant rate along the street. Their wind speed and turbulent kinetic
profiles for the case with H/W = 1.00 had good agreement compared with wind tunnel

experimental data, validating further investigation. Moreover, the mean scalar distribution



30

within the canyon was suitable with the flow regime classifications proposed by Oke (1988).
They also remarked that LES predictions might be influenced by domain size.

In wind tunnel experiment studies, Salizzoni, Soulhac and Mejean (2009) sought to estimate
the contribution of turbulent effects on pollutant mass transport between two-dimensional urban
canyons. They analysed the influence of the external turbulent flow above it. The necessary
time for all tracer released within the canyon reach and completely leave the cavity was used
as parameter of analysis to calculate the pollutant mass transfer velocity. They concluded that
turbulent fluctuations within the canyon are strongly influenced by the turbulent intensity of the
outside flow. Therefore, high external turbulence increases the pollutant mass transfer velocity

and consequently reduces the tracer residence time inside the canyon.

Michioka, Takimoto and Sato (2014) performed numerical simulations using large-eddy
simulation in order to investigate and determine the responsible mechanisms of pollutant mass
transport over a set of urban canyons. Five urban-type configurations with building aspect ratios
of 1, 2, 4, 8 and oo were analysed. The pollutant was released from a line source located on the
ground level of a target canyon. The Reynolds number, based on a reference velocity (at the top
of the domain), and Schmidt number were equal to 8000 and 1, respectively. Stronger lateral
dispersion was observed for smaller building aspect ratio, decreasing the local pollutant mean
concentration. In addition, the main vortex is developed with stronger updraft motions at
leeward side as the aspect ratio become larger. For all simulated cases, the advective vertical
flux was larger at windward side, as expected. However, they indicated that the advective flux
is responsible for further re-entrainment of pollutant within the urban canyon. They also
concluded that the turbulent motions are mainly responsible for pollutant removal, presenting

positive values in practically all regions of all studied cases.

Nosek et al. (2016, 2017) carried out an investigation in order to identify the influence of non-
uniformities at rooftops along with both sides of the buildings using wind tunnel and LES. The
focus was on pollutant mass transport processes and the determination of the mechanisms
responsible for that transport. They considered three different urban canyons, formed by
courtyard-type buildings, under perpendicular and oblique wind direction related to buildings
length, with a constant ground level line source emission. The results demonstrated that non-
uniformities of rooftops are crucial for coherent structure development inside the canyons,
becoming an important factor to deteriorate or improve local air quality. Moreover, they have

shown that vertical motions are dominated by turbulent flux and fairly dependent on the



31

geometry feature, while the wind direction did not considerably affect the transport mechanism

contributions.

In a recent study, Kubilay et al. (2017) investigated the importance of pollutant exchange
velocity in urban canyons, which is considered one of the main parameters associated with the
air quality. They evaluated an urban canyon with aspect ratio equal to the unit for different
source locations: near the ground in the middle of the street, near the windward and leeward
sides in the middle of the buildings, at the centre of the canyon and uniformly distributed within
the cavity. Their unsteady numerical simulation data showed that spatial concentration
distribution is closely influenced by the source location. Naturally, concentration decreases as
the flow moves away from the source, and a clear high concentration plume extends toward the
mean flow. In the case of centre-located source, right in the middle of the canyon a low wind
speed region occurs, and a little pollutant spread is observed due to the structure of the main
vortex inside the canyon. They also emphasized that pollutant exchange velocity is dominated
by the turbulent component of the flux, up to three times the advective flux in some cases.
Nevertheless, both advective and turbulent processes play important roles on removal pollutant

capacity.

2.3 FLOW AND DISPERSION IN URBAN CANOPIES

Several studies were carried out to evaluate and predict the airflow and the pollutant dispersion
over groups of buildings in order to understand the interaction of each isolated element within
and above the canopy. Some authors based their studies on observational experiments by using
wind tunnel simulations and field measurement campaigns (CARPENTIERI; HAYDEN;
ROBINS, 2012; CHENG; CASTRO, 2002c; DAVIDSON et al., 1996). Other authors based
their investigations on numerical simulations approaches using Reynolds averaged Navier-
Stokes, large-eddy simulation and direct numerical simulation (CHENG; PORTE-AGEL, 2016;
COCEAL et al., 2006; LIN et al., 2014).

Davidson et al. (1995, 1996) lead an experimental investigation based on wind tunnel and field
scale measurements of a plume dispersion from a point source located upstream a group of
cubic obstacles. They analysed the airflow and the gas dispersion through two obstacle
arrangements: aligned and staggered. During the experiments, they observed a few important

effects based on flow visualization and gas concentration measurements, such as high lateral
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mixing due to the formation of horseshoe vortex, flow channeling throughout the obstacles
under the influence of certain wind directions and vertical diffusion. Frontal collision causing
updraft flow and building turbulent wakes were indicated to be responsible for vertical
diffusion. Such effects demonstrate a high three-dimensionality of the flow due to the presence
of rough elements (CHENG; CASTRO, 2002b).

A very important aspect to be highlighted is related to specific characteristics of near-field and
far-field of pollutant dispersion in the presence of a group of buildings. Macdonald, Griffiths
and Hall (1998) suggested that Gaussian plumes models are able to describe the spatial
distribution of pollutant concentration with good agreement with experimental measurements
for regions sufficiently far from the source. Nevertheless, the concentration field near the source
is strongly dependent on the shape and arrangement of the buildings. Therefore, Gaussian
plume models are not able to predict correctly the concentration near the source (COCEAL et
al., 2014).

Mavroidis and Griffiths (2001) performed several experiments in a wind tunnel to assess the
influence of different aspect ratios in the flow and dispersion of pollutants within an array of
obstacles. They demonstrated that the aspect ratio of the obstacles directly influence the flow
pattern and consequently the plume of contaminants in this region.

The wind direction is another influencing factor to alter the flow and dispersion patterns.
Branford et al. (2011) performed a direct numerical simulation in order to evaluate the influence
of three different wind directions (0°, 30° and 45°) on the dispersion of a passive scalar released
from a point source located within a regular array of cubic buildings. The authors stressed the
importance of street intersections on ventilation and pollutant dispersion over urban areas. They
also concluded that the lateral plume width becomes larger for oblique wind direction, which
agrees with the study of Garbero, Salizzoni and Soulhac (2010). Moreover, few relevant aspects
were mentioned as channeling flow down the streets for the flow aligned with the streets,
topological dispersion and secondary sources, when the flow becomes oblique presenting

streamlines meandering the cubes.

Lin et al. (2014) investigated the turbulent airflow over various urban arrangements and
building shapes with the same building area density. They conducted a detailed numerical study
using RANS in order to the demonstrate how wind direction influences the turbulent flow over
a group of aligned and staggered uniform buildings. The analyses were carried out for seven
different wind directions: 0°, 15°, 30°, 45°, 60°, 75° and 90°. As expected, smaller angles of the
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wind direction provide better ventilation within both urban-type configurations. Moreover, the
squared buildings array experienced more low wind zones compared to rectangular buildings
arrays under most wind directions. The contours of the velocity under different wind directions
and building arrangements can be seen in Figure 7.
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Figure 7. Contours of velocity at z = 2m for various urban morphologies and wind directions: (a) 0°, (b) 15°, (c)
30° and (d) 45°. Adapted from Lin et al. (2014)

Goulart, Coceal and Belcher (2018) investigated the interaction between within and above the
urban canopy, regarding scalar transport mechanisms using the same set of DNS data of
Branford et al. (2011). The total scalar flux was partitioned into advective and turbulent
components and was clear that the advective part of the horizontal pollutant mass flux plays the
major role within the urban canopies. On the other hand, the vertical scalar flux at rooftop level
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and above is predominantly turbulent and plays an important role on how the pollutant spreads
around the buildings. The turbulent flux enhances the detrainment close to the source and

promotes re-entrainment further away from the source.

As part of a large study on pollutant dispersion called DIPLOS project, Castro et al. (2017)
presented experimental and computational results of turbulent flow over an aligned array of
rectangular-shaped buildings. They evaluated three wind directions (0°, 45° and 90°). LES and
DNS models were solved and compared with wind tunnel measurements. Numerical simulation
data showed a vertical velocity profile expected for urban areas, presenting good agreement
with the experimental work for all wind directions. The obstacles within the canopy present one
longer dimension compared to conventional studies of cubic buildings arrays, and for that
reason, it was possible to observe greater flow channeling for the direction aligned with the
longer dimension. In addition, they concluded that LES could reproduce the flow field with

excellent accordance compared to experimental and DNS data.

Mei et al. (2017) evaluated the effect of different frontal area densities (ir , the ratio of the
frontal area (normal to the incident flow) to the lot area occupied by an individual obstacle)
over a group of aligned buildings. They varied the Ar by adding extra buildings and reducing
the building height, always using the same domain size. Their RANS data were compared with
experimental data and presented similar velocity profiles. They stated that the flow is strongly
influenced by frontal area density, since different vortex structures is observed, varying the

density, and suggested that lower values of Ar promote better ventilation within the canopy.

Several works have focused on understanding the flow and dispersion patterns over uniform
arrays with regular obstacles but other researchers are aiming at more complex and realistic
urban sites in their studies. Therefore, different building heights, shapes and arrangements were
considered in order to treat urban areas in a more realistic way. It is important to notice that
even the slightest variation in buildings shapes promotes large variations on airflow and

pollutant dispersion.

Xie, Coceal and Castro (2008) studied the flow over a staggered array of random heights
buildings, aiming to extend the knowledge in respect of the randomness in the canopy topology.
They used LES and their data were compared to Cheng and Castro (2002a) wind tunnel
experimental data presenting good agreement, particularly near the ground surface. They also
compared their data with LES and DNS data of flow over a staggered array of uniform cubes
in order to investigate the effects of the random heights in maximum detail. As expected, the
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authors highlighted the greater complexity of the flow compared to the uniform array. In
addition, they suggested that the mean flow and turbulent kinetic energy are very peculiar
around blocks with different heights and discussed the possibility of generalizing such

approach.

Boppana, Xie and Castro (2010) investigated the transport mechanisms of a passive scalar
emitted from an area source located on the ground. Two different sets of staggered buildings
were evaluated, the first with uniform height buildings and the second with five different
building heights distributed uniformly in repeating units. They used large-eddy simulation and
their numerical data were compared with wind tunnel experiment (PASCHEKE; BARLOW;
ROBINS, 2008). They observed that the concentration distribution is dependent on building
heights arrangement and an evident variation of the plume pattern is observed for the two
studied arrangements (Figure 8). The uniform array presents a roughly Gaussian plume
approximation, especially in regions further from the area source, while the random
arrangement does not portray similar behaviour. In addition, both configurations presented
similar features like higher concentration zone behind the buildings and lower concentration
zone in front of them. The results indicate higher turbulent intensity behind taller buildings,

where greater recirculation zone is developed enhancing the vertical scalar flux in such regions.
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Figure 8. Contours of normalised concentration at z/Hn = 1.20 for (a) uniform height buildings array and (b)
random height buildings array, where h is the average height of the buildings (BOPPANA,; XIE; CASTRO, 2010)

Zaki et al. (2011) performed wind tunnel experiments of two different urban canopies
comprising buildings with random heights in a staggered composition. Their focus was to
describe the flow characteristics based on the measured drag coefficient (Cq) and aerodynamic
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parameters such as roughness length (zo) and displacement height (d). They suggested that the
skimming flow regime is not present within canopies with random buildings staggered
distributed, due to the large gap between them. They also showed that the drag coefficient was
dependent on the plan area density. In addition, they pointed out that the evaluation of

aerodynamic parameters are relevant to better understand the airflow in urban areas.

Wind tunnel experiments and numerical simulation were carried out by Chen et al. (2017) in
order to analyse the effects of building height variability on wind flow over an idealized urban
arrangement. They used two RANS models to validate both uniform and random heights
arrangements and presented fair vertical wind profile, especially within the canopy. The vertical
turbulent exchange was proved to be enhanced in the regions next to taller buildings and to
decrease in magnitude around smaller ones, when compared to uniform height case. Moreover,
they concluded that compact urban layouts contribute to deteriorate city breathability, while

lower density configurations have stronger vertical flux enhancing the ventilation.

Fuka et al. (2018) studied the same aligned rectangular buildings array used by Castro et al.
(2017), but with an additional single centre-located tall building (three times taller). They
conducted wind tunnel experiment and large-eddy simulation aiming to identify the influence
of the discrepant element on airflow and pollutant dispersion emitted from a point source in the
ground level. The vertical scalar flux was partitioned into the advective and turbulent
component. It was found that close to taller building the advective motions are dominant, while
the turbulent component plays the major role on the entire array of uniform height buildings.
Moreover, the authors demonstrated that the presence of a taller building alters significantly the
scalar flux over all studied domain, enhancing or reducing the vertical scalar transfer depending

on the relative source position to the taller building.

Yoshida, Takemi and Horiguchi (2018) also used LES to investigate the effects of building
height variability on turbulent flow over the actual city of Kyoto in Japan. The city was
reproduced from a digital surface dataset. The numerical results were compared to LES results
from Nakayama, Takemi and Nagai (2011). They also simulated the same urban site with a
uniform height, taken as the average value of the real building heights, in order to analyse the
effects of height randomness. It was very clear that tall buildings randomly distributed in the
urban area strongly affect the flow above the canopy and are responsible for generating

turbulent zones further from that element. Different values of Ap from different real cities were
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also evaluated and they concluded that 1p = 0.3 can be considered a threshold in which the
effects of building height variability become evident.

Carpentieri et al. (2018) measured the advective and turbulent flux over two building arrays
using an experimental technique to measure both concentration and wind velocity in a wind
tunnel experiment. The first array consisted of uniform building heights and the second with
the presence of different building heights distributed along the arrangement. They concluded
that the advective component of horizontal flux is dominant within the canopy for both oblique
and perpendicular incident wind. Moreover, the advective and turbulent components have the
same magnitude order in the building height. Another important finding is that the presence of
smaller buildings slightly affects the vertical pollutant mass transport while the presence of a

single taller building located at upstream flow alters that transport.

In this chapter, many aspects of the flow and dispersion over urban areas were covered. Several
urban compositions were the focus of numbered investigations. However, certain issues still
need to be further investigated as the building height variability on pollutant mass transfer

mechanisms (advective and turbulent), which is still not completely explored.
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3 METHODOLOGY

This chapter presents the tested case geometries in Section 3.1, sequenced by Section 3.2 that
presents the conservation equations of the transport phenomena and turbulence treatment.
Section 3.3 shows a brief description of numerical schemes used in this work, while Sections

3.4 presents the simulation statistics used in the simulations and the computation facility.

3.1 SIMULATED CASES

Three different building configurations were simulated. The first one is a staggered array with
random height buildings — RBSA, the second is a staggered array with uniform height buildings
— UBSA and the last one is an aligned array with random height buildings — RBAA. All
simulated cases are presented in Figure 9.

The staggered configurations follows the same setup of the wind tunnel experiment performed
by Pascheke, Barlow and Robins (2008). For the random building arrays, the building height
distribution approximately follows a Gaussian distribution ranging from 2.8mm to 17.2mm,
with five different heights in total. The mean height of the buildings is Hn = 10mm, the same
height used for the buildings in the uniform case. For all geometries, the plan area density (1p,
the ratio of the lot area occupied by the buildings per total domain area) is equal to 0.25 and the

light blue zone coincide with the area source on ground level.
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Figure 9. Plan view of different urban configurations: (a) staggered array with random buildings height (RBSA),

(b) aligned array with random building height (RBAA) and (c) staggered array with uniform buildings height
(UBSA).

The computational domain is of size Lxx LyX L; = 24Hm x 16Hm x 10Hm for RBSA and RBAA
configurations and Lxx Ly X Lz = 24Hm x 16Hm x 6Hm for UBSA. According to Coceal et al.
(2006), the dispersion will not be influenced by the top region of the domain for heights six
times the building height and, for that reason, 6Hm was chosen for uniform cases and 10H for

random cases, since the tallest element has 17.2mm in height.
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3.2 MATHEMATICAL MODELLING

3.2.1 Governing Equations

The flow and pollutant dispersion on a neutrally stratified atmosphere are governed by the
conservation equation of mass, momentum and chemical species. Considering fluid

incompressibility condition, a Newtonian fluid can be described by the following equations:

%y 1)
o Pox,
Oou; Ouu; Op O Ou; Ou;
I e ST 4
Por Pox, Tox ox, ’“‘(ax,. axj>l @)
8C+ ouic 8( 8c>+S 3
o TP, Pa\"max, @)

Where:

p is the fluid density [kg/m®];

e tisthe time [s];

e Ui is the velocity component in the direction i [m/s]
e X is the Cartesian coordinate in the direction i [m];
e pis the fluid static pressure [N/m?];

e u is the fluid dynamic viscosity [Pa.s];

o Dn is the molecular diffusivity [m?%/s];

e S is the source rate of the chemical specie [kg/m3.s];

e cis the chemical species concentration [kg/m®].

Although these equations are valid for laminar and turbulent flows, the presence of turbulence
requires the use of very fine discretization grids (Ax, Ay and A;) and time-steps (At) to capture
all scales of the turbulent structures, due to the presence of a wide range of velocity fluctuations
frequencies and the spatial complexity of such fluctuations. This approach is called Direct

Numerical Simulation or DNS.

In this sense, DNS requires a very fine temporal and spatial discretization, from Kolmogorov
microscales to larger motion scales according to the domain of interest. The approach is
conceptually simple, but such discretization generates huge computational efforts, and the
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computational power increases with Reynolds number. Therefore, its use is still limited to
simplified geometries and flows with low Reynolds number.

Reynolds average Navier-Stokes (RANS) models are, in fact, turbulence models that use a
statistical approach proposed by Reynolds (1985) to model the effects of turbulence
unsteadiness on mean flow properties. The approach defines that all properties of the flow are
decomposed by its mean value and the instantaneous fluctuation, so an extra term appears in
the flow equations. These extra terms can be modelled with various turbulence models such as
k-¢ e 0 k-w. Therefore, RANS-based approaches greatly reduce the required computational
effort and resources and such models has been widely adopted in practical engineering

applications.

The third modelling approach is the Large-Eddy Simulation (LES) that is an intermediate
approach between DNS and RANS. The approach is based on the self-similarity theory of
Kolmogorov, which the large scales of the flow are more complex and mainly dependent on
geometric characteristics, while small motion scales are self-similar and possess a universal
aspect. Therefore, this approach calculates only the larger motion scales and do not resolves the
small scales of turbulent flows. The small scales effects are modelled by using subgrid-scale
(SGS) models. In other words, LES solves a filtered equation with an additional subgrid stress
component, which accounts for the effect of smaller turbulent scales. In this dissertation, large-
eddy simulations were performed using Smagorinsky-Lilly SGS model. Next, the LES theory
and the final transport equation form are demonstrated.

3.2.1.1 Large-Eddy Simulation Equations

As briefly discussed previously, LES approach is based on the energy cascade and the
Kolmogorov hypotheses, where the turbulence is introduced on the mean flow due to the
production of Kinetic energy from the larger scales of motion, while the smallest scales are
isotropic, universal and less energetic named as Kolmogorov scales. Therefore, the equations
that govern the fluid motions are obtained through a spatial filter that separates any flow
variable into the sum of the resolved larger scales and the contribution of smaller scales, or

subgrid-scales, that are modelled:

FCo, ) =F(x, ) +f (x;, ), where i=1,2, 3 (4)
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Where

e fisany flow variable
e f is the resolved scale of any flow variable

e /' is the subgrid scale of any flow variable

The spatial filtering process is used to spatially limit the scales to be solved. The process can
be mathematically represented in physical or Fourier space and its result is schematically
demonstrated in Figure 10, where A is the cut-0off length in physical space, k is the wavenumber

and kc is the cut-off wavenumber in Fourier space
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Figure 10. Representation of the resolved and subgrid scales after a sharp cut-off in physical and Fourier space
(SAGAUT, 2006)

The representation of mathematical modelling of the filtering process in physical space is
defined by a filter function (G) represented by the relation

7(% n= fff G(xiaxé,A)f(xia Hdx; %)

Note that the integration takes into account the three-dimensional space over the volume and

indicates spatial averaging, not the time-averaging. Therefore, the overbar represents spatial
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filtered variables and not time-averaged variables as imposed in RANS formulation. Three
convolution filters are usually used for scale separation in LES: box or top-hat filter, Gaussian
filter and sharp cut-off filter. In this dissertation, the top-hat filter is implicitly used since the
commercial code Fluent employs the finite volume method. The top-hat filter function is
defined in Equation 6. For further information about another spatial filter, the readers may
consider reading Sagaut (2006).

A
— if |x;|<=

G(x)=3 A’ bl 2 (6)
0 otherwise

where A is the filter cut-off length for each volume within the domain size. In theory, the cut-
off length can be defined as any size, but in CFD computation each variable is contained within
each grid cell and it is related to the grid size, so details from smaller sizes are lost. Therefore,
the cut-off length for uniform grids (A, =A,,=A,,) is the grid size itself (defined in Equation 7).

A=(Ay AL (7)

Thus, applying the top-hat filter, the filtered variable is reduced into a finite integration in a

finite space:

A/2

fx;, )= J j f f(x;, Ddx; (8)

After the filtering operation, the filtered equations of momentum may be rewritten as

Ou;  Ouu; Jp 0 Ou; 6u 9
-n tr o, ox;  Ox; a ax 8x ©)
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The filtered momentum equation presents a non-linear term in the form of a filtered product and
the closure problem arises. In order to deal with the problem, some mathematical assumptions
and manipulations (LEONARD, 1975) are carried out in order to rewrite the non-linear term,

where u;=ig;+u..
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Uity = Uiy + ity (11)

Unlikely the momentum transport equation, the filtered product u;u; is different from the product
of filtered velocities i;u;. The difference between these products is commonly defined as

subgrid-scale (SGS) stress tensor (SAGAUT, 2006) defined as

or
Gy = T T e, = a3
or
where
Ly = i — wi; (15)
Cy = i, + uig (16)
R = ulu] 17)

The above-mentioned decomposition is called Leonard or triple decomposition since the SGS
stress tensor contains three contribution groups. L; is the Leonard stress and represents the
interaction among the resolved scales due to the filtering operation. The cross-stress tensor C;;
is related to the interaction between the resolved and subgrid scales and R;; is the SGS Reynolds
stress tensor, which reflects the effects of the subgrid eddies. Using the decomposition
illustrated by Equation 12, we can rewrite the final filtered momentum and scalar transport
equation as

o owi,_ op 0 <aﬁj o,

0
N a1 el — (1 18
Por 7P ox; Ox;  Ox; H ox; axj>l + ox; (th) (18)

e 0,0 [(D_+17)az]+§ 19
Pot " Pox, P lNmT T 5 (19)
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where ;; is the SGS stress tensor and Ds is the SGS turbulent diffusivity defined as vs/Scs, where

vs 1S the subgrid viscosity and Scs is the subgrid Schmidt number. The scalar equation does not

present non-linear terms. Therefore, further decomposition becomes unnecessary.

3.2.1.1.1 Subgrid-Scale Modelling

In order to achieve the closure for momentum equation, a model for calculate the effects of
smaller eddies in the form of SGS stress tensor is necessary. The most widely used SGS models
are based on the concept of turbulent viscosity, which links the SGS stress with resolved-flow
strain rates, according to Boussinesq assumption (POPE, 2000). Applying this analogy for
incompressible flows, the SGS stress tensor becomes

|
Tij: —2,utSl-j+ g 5l'jrkk (20)

5, = & o ot 21
v 2 8xi a.x] ( )
where 4, is the turbulent viscosity that will be modelled and S_ij is the local rate of strain of the

resolved flow. The isotropic term 7, can be added to the filtered static pressure term or simply
be neglected. In this work, such term is added to the filtered static pressure as a modified

pressure P and the momentum equation become as illustrated by Equation 23.

— 1
PP 50 22
O ~ Owiy;  Jp 0 _
—tp——=-—+2—|(utn)S;
Por "PTox,  ax o, [Cuae)S5] (23)

Therefore, the turbulent viscosity must be modelled in order to close the filtered equations,
where the simplest model was proposed by Smagorinsky (1963), which are based on the local
balance of energy production and dissipation of the small scales, with the following

assumptions
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S=(2S;S;)? (24)
1
A=(yAuA) 7

where Cs is the Smagorinsky constant, which varies according to the flow characteristics. For
example, Zhiyin (2015) suggested that the value of 0.18 is suitable for homogeneous isotropic
turbulence, while the value of 0.1 is more appropriated for flows in near-wall regions.

In this work, the Smagorinsky-Lilly SGS model is used. Differently from the original
Smagorinsky SGS model, in the Smagorinsky-Lilly SGS model, the turbulent viscosity is

modelled by
u,=p(Ly)*S (25)
where
L, = min(xd,C,A) (26)
where

e K is the Von Karman constant
¢ d is the distance to the closest wall
e L is the Smagorinsky length analogous to the Prandtl’s mixing length associated with

subgrid-scales

Note that this SGS model is a damping function (proposed by Lilly) that ensures a reduction of
the turbulent viscosity to capture well the energy contained within the viscosity-affected layer
in the near wall regions. In addition, the turbulent viscosity is always a positive value,
demonstrating that the energy is always transferred from the filtered portions of motion until
the residual portions of the flow (POPE, 2000).

The Smagorinsky constant, as already pointed out is dependent on the type of the flow, and
consequently, a number of studies suggest distinct general optimal values. For example, the
range of 0.17-0.21 suggested by Lilly (1966, 1967) and 0.19-0.24 suggested by Rogallo and
Moin (1984). Nevertheless, numerical studies performed by Deardorff (1970) demonstrated

that high values of Cs promote excessive damping near solid walls. In this work, the value of
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Cs was 0.1, which is commonly used to simulate this type of flow (XIE; COCEAL; CASTRO,
2008).

3.2.2 Boundary Conditions

All CFD problems are based on solving differential equations, and for that reason, boundary
conditions are essential for the solution. The three simulated cases have the same schematic
domain as represented in Figure 11 for RBSA case, where the main boundaries are named as
follows: inlet, outlet, two lateral sides, area source, bottom and buildings. The information that
supplies the condition for each of these boundaries is commented in the following.

Stationary wall with no-slip and specified shear condition was considered. The no-slip
condition is the appropriate condition for interfaces between moving fluids and stationary solid
walls, where all velocity components are null, so that condition was imposed to bottom, area
source and building faces. On the other hand, free shear condition was employed at the top,
specifying zero shear stress for all components.

To
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Figure 11. Three-dimensional sketch of RBSA case with the respective boundary conditions highlighted
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It is important to notice that for translational periodicity, which is the case, is necessary to
specify a driving force, which can be a constant pressure gradient or a net mass flow rate
imposed on each cell of the domain (ANSYS, 2011). Therefore, in this work the flow is driven

by a constant pressure gradient in the x-axis direction in all cases obtained from the relation

ap -pu? (27)
5xl~ B LZ

Where u, is the total wall friction velocity by definition and L, is the domain height. The friction
velocity was based on the roughness Reynolds number Re., defined in Table 1, according to
Xie and Castro (2006) that performed LES simulations with the same random staggered

domain.

Table 1. Characteristic parameters

Configuration Re,=u H, /v Friction velocity (u,)
RBSA 391 0.571
UBSA 304 0.442
RBAA 391 0.571

Regarding the concentration conditions, the area source was specified with a constant
concentration equal to the saturation naphthalene concentration observed by Pascheke, Barlow
and Robins (2008). On the other boundaries, the normal gradient of the concentration was set
zero. Moreover, molecular diffusivity (Dm) is defined as v/Sc,,, where Sc,, is the Schmidt
number is set equal to 2.284, which is the same value used in the experimental simulation.
Unlike of the flow field, it is not expected a periodic pattern for the concentration field and for
that reason a region with zero concentration was specified near the inlet surface, here named

sponge layer.

3.3 NUMERICAL METHODS

The numerical simulations were performed using the commercial software Ansys Fluent
version 17.2, which employs the finite volume method (FVM) to discretize the conservation
equations. The method consists of dividing the computational domain into finite control
volumes (structured or unstructured) and integrating the conservation equations presented in

Section 3.2.1 in every control volume.
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3.3.1 The Finite Volume Method

The finite volume method was preceded by the finite element methods, assuming an important
role in computational fluid dynamic applications. The method consists in integrate the

governing equations over a finite volume.

Considering the unsteady convection-diffusion for a general variable of interest ¢ (velocity for
momentum equation and concentration for scalar equation, for example), all transport equations
can be written by the following general equation (MOUKALLED; MANGANI; DARWISH,
2016).

) | w) _ T 28)
ot ox ox N

Transient Term  Advective Term  Diffusion Term ~ Souree Term

Where

e Fis the gradient operator

e [is the characteristic diffusion coefficient
After the integration within a control volume, Equation 37 is transformed to Equation 38.

(29)

[0y [201) gy [ 2

v+ fS¢dV
cv cr cv cv

Where

o CV represents the control volume

e dVis the infinitesimal volume of the element

Gauss’s divergence theorem is now used and, as a result, the volume integral is transformed
into surface integrals over the bounding surfaces of the control volumes. So, applying such
theorem, the volume integral of convection and diffusion terms are replaced by a surface

integral and the Equation 38 may be written as

0(p4) (30)

TdV—i—f(pugb).ndAZI(FV¢)-ndA+ fS¢dV

cr 4 4 cv

where

o Arepresents the surface area
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e dA is the infinitesimal area of the element surface

e n is the vector normal to surface element dA4

In order to solve this integral, it is necessary to discretize the computation domain or, in other

words, divide the domain into control volumes. The divided domain leads to a system of linear
algebraic equations for each control volume

Nfaces Nfac es (31)

@ v+ Z (pug)A = Z (T7p)A +S,V

where

*  Nyees I8 the number of faces enclosing the control volume

a(p¢) V is the transient term

Figure 12 shows a typical control volume, where the central grid point is denoted by the capital

letter P and its neighbors as the capital letters W, E, D, B, N and S, as cam be seen in Figure

12a. The scalar variables correspond to values at the nodal points, while vectors are defined at
the surrounding surfaces.
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Figure 12. Typical (a) three-dimensional, (b) (c) one-dimensional schematic view for control volume

discretization. Adapted from Versteeg and Malalasekera (2007)

For instance, we may consider the transport of the variable ¢ over a one-dimensional domain
(x-axis) as presented in Figure 12b and c, where the value of ¢ are known at boundaries A and
B. Therefore, after applying the Equation 40 to the control volume around the nodal point P,
the discretized equation (excluding the transient term) becomes

(pugd), - (pugA),, = I'VpA). - (I'VpA),, + SyV (32)
where

e e and w are the faces where the variable are evaluated
o (pugA), - (pugA),, is the advective term
o (I'MA),- (I'VpA),, is the diffusion term

Assuming constant density (p) and surface area (4), is still necessary to determine the values
of u, ¢ and V¢ for each surface. In order to solve the linear equation, an interpolation scheme is

necessary to evaluate such variable variation over the control volume.

The set of linear equations generated by the discretization was solving by using least squares
cell-based scheme for gradients, while the standard method was employed for pressure. The
second-order implicit scheme was chosen to discretize the temporal term; the central
differencing was used for momentum equation, while the third-order MUSCL was the choice
for the scalar. Moreover, the SIMPLE algorithm was used to handle the pressure-velocity

coupling. Table 2 presents each term with the respective scheme chosen in this work.

Table 2. Discretization methods used in the simulations

Term Scheme
Gradient Least squares cell-based
Pressure Standard

Momentum Central differencing

Scalar Third-order MUSCL

Transient Second-order implicit

Pressure-Velocity coupling SIMPLE
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3.3.2 Mesh Parameters

Xie and Castro (2006) indicated that a mesh containing 16 cells over each cube dimension was
adequate to simulate the flow past a staggered cube array, while Boppana, Xie and Castro
(2010) suggested that accurate computation of the scalar fluxes close to the surface requires a
much finer grid resolution. Based on grid checks, these authors indicated that a vertical cell size
of Hm/64 close to the surface was required. Therefore, a structured hexahedral mesh with eight
million grid points were constructed with three mesh refinement regions as can be seen in

Figure 13.

Figure 13. Cross section of the computational mesh showing three refinement levels for RBSA array. The inflation

zone near the ground is also highlighted. The value of the vertical spacing, A, = 1, 2, 3 are mentioned in the text

In the first region A1, a vertical cell size of Hn/75 resolution close to the surface was used,
gradually expanding to the second region Az, which reaches z/Hn < 5, with a constant grid size
of Hn /16 in both x, y and z directions. In the third region, there was a step jump in mesh size,
above z/Hn = 5, a uniform Az = Hn/8 was used for all directions. The discontinuity in mesh size
was not thought to be significant and was constructed in order to reduce computational cost
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since the main interest of this work is the prediction of the transport mechanism inside the
building canopy.

3.4 STATISTICS AND COMPUTATIONAL FACILITY

The simulations with the pressure driven turbulent inflow started from a statistically steady
solution generated with a steady converged data. A constant time-step A, = 0.0027,. was used,
where T.=H,,/u, is an eddy turnover time. All the simulations were run for at least 2007
before statistics were computed, which was sufficient to assure the development of the flow.
Then, the statistics were collected and averaged for a duration of 2007, at each time-step

resulting in converged results.

All simulations have been performed by a Linux powered cluster system named VULCANO-2
owned by the Air Quality Research Center (NQualiAr) of Federal University of Espirito Santo.
Each computing node is equipped with Intel Core i7-4790K processor 4.0 GHz, 16GB memory,
4 cores and 8MB cache. Each run used 18 computing nodes requiring about six weeks to obtain
satisfactory time-averaged results.
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4 RESULTS

The focus of the present dissertation is the attempt to best describe the effects of different
building heights and arrangements on pollutant fluxes within and above the urban canopy.
Therefore, the results are divided into four parts. Section 4.1 presents a comparison with
experimental data obtained from wind tunnel and LES simulation, in order to validate the
employed model. Section 4.2 describes the characteristics of the flow field, while Section 4.3
describes the characteristics of the concentration field. Section 4.4 aims to analyse the pollutant
mass transport and determine how urban topology (urban height and arrangements) affects

horizontal and vertical turbulent fluxes inside the canopy.

The data presented throughout the entire chapter is the temporal average of the variables,

according with the following equations.

1
Z/T:?,-I‘Tudl‘
oL
W—T TW
e
C—T TC

Where T is the total averaging time of the simulation, u is the time-averaged streamwise

velocity, w is the time-averaged vertical velocity and ¢ is the time-averaged concentration.

41 COMPARISON WITH A WIND TUNNEL EXPERIMENT AND LES SIMULATION

Numerical simulations are extensively used to investigate the complex airflow through a group

of obstacles. In spite of many advantages, the accuracy and reliability of the turbulence models
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are not always guaranteed, since numerical models are sensitive to the input data. The same
need is expected for large-eddy simulation. Thereby, a validation investigation comparing

numerical data with experimental measurements is essential (CHEN; SREBRIC, 2002).

Figure 14 presents the spatial average! of the mean streamwise velocity (u*=(i)/u;) profiles for
RBSA and UBSA configuration. This figure shows a comparison between the results obtained
in the present work, wind tunnel data acquired by Cheng and Castro (2002a) and other salient
LES results obtained by Boppana and Xie and Castro (2010). Note that there are no
experimental data for the comparison of these variables in the UBSA array. The data are

normalised by the respective friction velocity (u.) presented in Table 1.
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Figure 14. Profiles of the spatial average of the mean streamwise velocity (a) for RBSA and (b) for UBSA. Square
symbols represent Cheng and Castro (2002a) experimental data, broken lines represent LES results produced by

Boppana, Xie and Castro (2010) and solid lines represent the present work

Both LES results presented similar streamwise velocity profiles for RBSA and UBSA
configurations. Nonetheless, the simulation underestimated velocities above z/Hmn = 7.0 when
compared with experimental data for the RBSA configuration (Figure 14a). The same result
was found by Xie, Coceal and Castro (2008). However, this is not essentially significant for the
flow at the roughness sublayer, since the flow is poorly dependent on the domain height, in this
layer (COCEAL et al. 2006).

The lateral and vertical concentration profiles are presented for RBSA and UBSA
configurations in Figure 16 and Figure 17, respectively. The concentration is presented in the

dimensionless form to enable comparison with the experimental data by Pascheke, Barlow and

! The averaging process was done with 256 profiles within the domain.
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Robins (2008) as ¢* = ¢/co, Where co is the constant concentration imposed at the area source.

The locations of the measured profiles are evidenced in Figure 15, where dotted lines represent

the lateral profiles and black dots represent the vertical ones.
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Figure 15. Plan view of RBSA configuration. Black dots indicate the locations of the vertical concentration profiles

and dotted lines indicate the locations of the lateral profiles

Lateral concentration profiles are plotted in Figure 16 at z/Hm = 0.6. Figure 16a and Figure 16b

show lateral concentration profiles in the regions near the area source, and Figure 16¢ and

Figure 16d illustrate profiles further away from the area source. For both configurations, the

concentration decreases with distance from the source, as expected. However, the RBSA

configuration presents smaller concentration peaks, demonstrating larger vertical dispersion

when compared with UBSA configuration. Therefore, the concentration decreases more rapidly

with distance for the random array probably due to the presence of taller buildings within the

domain.
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Figure 16. Lateral concentration profiles (a) near and (c) away from the source for RBSA and (b) near and (d)
away from the source for UBSA configuration calculated at z/Hn = 0.6. Lines represent the present results and
symbols indicate wind tunnel data

Near the source, the effect of taller buildings is more evident, modifying the lateral
concentration profiles. For the RBSA configuration, the lateral profile demonstrated in Figure
16a resembles a double-peak Gaussian profile. The first peak is just above the building with
1.36Hm in height at y/Hm = 1.5 in the second row of buildings, while the second peak appears
above the building with 1.72Hn, at y/Hm = -1.5 in the third row (Figure 16a). This suggest
stronger vertical motions behind taller buildings, since the uniform height array does not present
the double-peak aspect (Figure 16b). In addition, Figure 16¢ and Figure 16d demonstrate that
the concentration profiled becomes more uniformly distributed with distance from the source

for both configurations, as also observed by Macdonald, Griffiths and Hall (1998).

Figure 17 shows the vertical concentration profiles near the area source and further away from

the area source for RBSA and UBSA. The vertical concentration gradient is steeper closer to
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the area source for all configurations. However, for the UBSA this gradient is even steeper than
for the RBSA configuration (Figure 17a and Figure 17b). The profiles support the evidence of
more efficient vertical dispersion due to the presence of taller buildings, since smaller
concentration is observed within the urban canopy for RBSA configuration away the area
source (Figure 17a). Branford et al. (2011) performed direct numerical simulation of the flow
and dispersion and found little vertical pollutant exchange for cases in which wind direction is
parallel to a uniform staggered array. Therefore, tall buildings enhance the vertical scalar
exchange. This is also supported by Fuka et al. (2018). Note also that the differences in domain
heights for UBSA and RBSA configurations does not significantly affect the concentration

comparisons because the scalar does not reach z = 6Hm (Figure 17a and Figure 17Db).
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Figure 17. Vertical concentration profiles (a) near and (c) away from the source for RBSA and (b) near and (d)
away from the source for UBSA configuration. Lines represent the present results and symbols indicate wind

tunnel data
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4.2 FLOW FIELD

This section describes the characteristics of the flow field for the urban configurations presented
in Section 3.1. The analyses are made at different heights in an attempt to better describe the

effects on flow pattern due to the presence of buildings with different heights and arrangements.

Figure 18 presents the streamlines of time-averaged velocity for UBSA, RBSA and RBAA
configurations at z/Hm = 0.28 and z/Hn = 1.00. The complexity of the flow field is definitely
clear for the array with random height buildings, while the UBSA configuration presents more
uniform features. For the uniform array, approximately the same behaviour is observed around
all the buildings. For example, the flow is divided in front of the building and it is channelled
between two buildings at z/Hn = 0.28 (Figure 18a). In addition, recirculation regions are evident
behind the buildings for both configurations at the same height (Figure 18b), but the pattern
differs significantly.

The flow dynamics for RBSA configuration is much more complex than for UBSA, but some
features are clearly noticeable. For example, Figure 18b shows that no evident recirculation
appears behind the shorter buildings with z = 0.28Hmn and z = 0.64Hm, while it appears to be
more intensified behind taller buildings. It is also observed recirculation in the region between
specific buildings, for example the region between the building with z/Hyn = 0.28 and z/Hm =
1.00. In addition, the perturbations are weakened with height and recirculation regions are
observed locally behind taller buildings at z/Hm = 1.00 for the RBSA configurations (Figure
18e). This demonstrates weak interference of shorter buildings on the mean flow. At the same
height, the mean flow is slightly disturbed due to the presence of the buildings for UBSA
configuration (Figure 18d).

It is important to note that the recirculation pattern behind the buildings depends not only on
the building height, but also on the building vicinity. For example, a 13.6mm building presents

different recirculation pattern if it is close to a 17.2mm or a 10.0mm building.
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Figure 18. Horizontal plan view of streamlines of time-averaged flow field at (a) z/Hn = 0.28 and (d) z/Hr = 1.00 for UBSA, (b) z/Hm = 0.28 and (e) z/Hm = 1.00 for RBSA, (¢)
z/Hn = 0.28 and (f) z/Hm = 1.00 for RBAA
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For RBAA configuration, the flow is primarily channeled along the main streets, as expected,
while recirculation zones appear behind the buildings (Figure 18c and Figure 18f). Lin et al.
(2014) studied the flow over several aligned arrays with regular buildings and presented similar
characteristics. However, they observed that the recirculation zone behind the buildings is
uniform, since the buildings have the same height. Figure 18f also demonstrates that the
perturbations are weakened with height and recirculation appears locally behind taller buildings
(1.36Hm and 1.72Hm), supporting the idea of weak interference of shorter buildings on the mean
flow. It can be noted that even at z/Hm above the smaller buildings, the channelling effect still

persists, as taller buildings still affect the flow.

Figure 19a shows the time-averaged velocity vectors of the flow field in the vertical x —z plane
for UBSA configuration. The flow regime over the uniform array has some similarities with the
flow structure described by Oke (1988) as an isolated roughness flow. Some characteristic
features are observed as an updraft motion in the back face and a strong downdraft flow in the

frontal face of the building developing a recirculation zone next to the ground.

In fact, the presence of the downwind building still disturbs the wake region of the upwind
building. Additionally, the presence of the upwind building disturbs the flow in the windward
face of the downwind building. This fact can be clearly observed by the presence of always-
negative streamwise velocity component close to the surface between buildings. The flow

around an isolated building the recirculation is around 2Hm.

It is interesting to note the updrafts and downdrafts in the instantaneous velocity vector between
buildings (Figure 19b and Figure 19c). These vertical turbulent motions are responsible for the

vertical turbulent flux of pollutants leaving/entering the urban.
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Figure 19. Time-averaged velocity vectors in the x — z plane located at (a) y/Hm = -1.5 for UBSA. Instantaneous
velocity vectors in the x —z plane at y/Hn = 0.5 (b) above the area source and (c) further away from the area source

for UBSA. Arrows indicate the direction of the flow and numbers indicate the building height in millimetres

In order to analyse the effect of different building heights, it is possible to divide the pattern of
mean velocity field in three different groups. The groups have (a) at least one building lower
than the average height, (b) at least one building taller than the average height and (c) one
building taller and one lower than the average height. Figure 20 demonstrates the groups of

buildings for RBSA configuration.
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Figure 20. Plan view with indications for the group of buildings with (a) at least one building lower than the
average height, (b) at least one building taller than the average height and (c) one building taller and one lower
than the average height for RBSA

Figure 21 shows the time-averaged velocity vectors in the vertical x — z plane for RBSA.
Considering the average height of the buildings, the aspect ratio is the same as the uniform array
(0.33) and Oke’s classification suggests isolated roughness flow for the random buildings
configuration. The flow indeed presents such characteristics but some features presents slight

modifications due to the different building heights.

If the incoming flow passes over a smaller building (Figure 21a — case a), the updraft motion
that appear at the back face is limited by its height (z/Hm = 0.28), while the recirculation region
in front of the average building (1Hm) is diminished, since the flow passes freely above the
smaller building. Moreover, a small vortex is also observed in front of the building with 0.28Hn,
high.

Figure 21b demonstrates the case (b), where the incoming flow passes over an average and a
taller building. It is noticeable that the recirculation zone is enhanced in front of the taller
building due to the stronger downdrafts. The separation zone at the upper half in front of the

building becomes more evident and the flow reattachment at the rooftop occurs close to the
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downwind edge. Figure 21c presents the case (c), where the flow passes over buildings that are
taller and smaller than the average height (case c). The analysis of this figure with the Figure
19 demonstrate a clear pattern around smaller and taller buildings (compared to the average
building height). Tall buildings produce downward flow in front of them, while small buildings
generate upward flow in the same region. In this sense, the former is responsible for the
entrainment of “cleaner” air into the canopy, while the latter cause the detrainment of polluted

air from the canopy.

(©)

Figure 21. Time-averaged velocity vectors in the x — z plane located at (a) y/Hm = -3.5, (b) y/Hm =-1.5 and (¢) y/Hn

= 0.5 for RBSA. Arrows indicate the direction of the flow and numbers indicate the building height in millimetres

The same groups of buildings presented for RBSA array are demonstrated in Figure 22 for the
aligned configuration. Unlike observed in the RBSA, the aligned configuration has the same
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flow structure as that described by Oke (1988) as skimming flow, since the aspect ratio is equal
to the unit (considering the average height). Therefore, a stable vortex is expected in the space
between the buildings if an array with uniform building height were considered (Al; MAK,
2017; DI BERNARDINO et al., 2018). However, the building height variability presented in
the RBAA configuration considerably changes the flow pattern, depending on the sequence of
buildings. Figure 22 demonstrates the groups of buildings for RBAA configuration.
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Figure 22. Plan view with indications for the group of buildings with (a) at least one building lower than the
average height, (b) at least one building taller than the array average height and (c) one building taller and one

lower than the average height for RBAA

Figure 23 demonstrates that the flow structure inside the canyon between successive buildings
are different from the staggered array. The structure is presented as stable vortex, where
different building heights provides slightly distinct features. For example, Figure 23a illustrates
that between two buildings with 10mm a stable recirculation appears with similar updrafts
(leeward side) and downdrafts (windward side), while between a building with 17.2mm and
6.4mm greater velocity magnitudes is observed due to strong downdraft in from of the taller
building (Figure 23b). Interesting to note in Figure 23b that in front a tall building (13.6mm) is
observed upward motion, due to the presence of a taller upwind building (17.2mm). This fact



66

announces that the height of the upwind building is important to determine the flow around

buildings.

Figure 23. Time-averaged velocity vectors in the x —z plane located at (a) y/Hm = -3.5, (b) y/Hm =-1.5 and (¢) y/Hn

= 0.5 for RBAA. Arrows indicate the direction of the flow and numbers indicate the building height in millimetres

Figure 24 shows the contours of normalised streamwise velocity (u” = /u,) for the staggered
arrays z/Hm = 0.28 and z/Hm = 1.00. For the UBSA, the flow is quasi-symmetric and presents
similar features around the buildings throughout the domain for a specific height. On the other
hand, the RBSA configuration present a non-symmetric flow due to the influence of different

building heights.

Near the ground for UBSA (Figure 24a), there are two characteristic regions between two

successive buildings, the first is a low-speed region just behind the upwind building with
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negative velocities comprising the extension of approximately 1.00Hn in extension behind the
building. The second region (after 1.00H» downwind the building) counts with higher speeds
that gradually diminishes until colliding with the next building surface. Figure 24b
demonstrates that at the same height (z/Hn = 0.28), RBSA presents a considerable faster regions
and an intensified reverse flow region in magnitude, but not in extension, behind the taller

buildings.

Figure 24d and Figure 24e show the velocity contours at the average height (10mm). For RBSA
configuration, strong velocities are still observed at both sides of taller buildings and an evident
reverse region appears at the side of the next building behind the tallest building, supporting
the features of the flow field streamline presented in Figure 18. Figure 24c and Figure 24f
illustrate the contours of streamwise velocity at z/Hn = 0.28 and z/Hm = 1.00 for RBAA
configuration. Figure 24c demonstrates that a recirculation zone is evident behind the buildings
near the ground consisting of a region with reverse flow and low speeds. Moreover, these
regions are weakened with increasing height as the streamwise velocity rises in magnitude
(Figure 24f).
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Figure 24. Contours of normalised streamwise velocity in the x —y plane located at (a) z/Hn = 0.28 and (d) z/Hnn = 1.00 for UBSA, (b) z/Hm = 0.28 and (e) z/Hm = 1.00 for RBSA,
(c) z/Hm = 0.28 and (f) at z/Hn = 1.00 for RBAA
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Figure 25 shows the contours of normalised vertical velocity (w* = w/u,) for the staggered
arrays z/Hm = 0.28 and z/Hm = 1.00. Figure 25a shows that the flow presents symmetric features
through the entire domain near the ground for UBSA array. At this level, downdraft motions
are observed in front of the buildings extending to lateral sides of the building, while updraft
movements appear just behind the building. In addition, there is a clear vertical velocity gradient
in the region between two successive buildings in the streamwise direction. Similar overall
pattern was found for RBSA configuration (Figure 25b). However, the downdraft motions are
enhanced in front of taller buildings and the downdraft movements are weakened behind the

buildings, compared with the regular array.

The influence of taller buildings over the vertical velocity distribution is quite clear when Figure
25d and Figure 25e are analysed. Strong updraft motions raised by the separation zone appears
justin front of the buildings on RBSA array, while behind the buildings the velocity is definitely
low close to zero. Despite similar pattern around the buildings in the regular array at z/Hm =
1.00 (Figure 25d), the tall buildings with z/Hm = 1.36 and z/Hm = 1.72 present stronger upward

motion in front of them and stronger downward behind the buildings (Figure 25e).

Figure 25c and Figure 25f illustrate the contours of normalised vertical velocity for RBAA at
Z/Hm = 0.28 and z/Hn = 1.00. Different from the pattern observed in the random staggered array,
Figure 25¢ shows that there is downdraft in front of buildings that are preceded by a smaller
building. A similar pattern is demonstrated in Figure 25f, in which taller buildings shelters the
following buildings, presenting strong downdraft motion in front of the building and upward
flow behind the building.
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Figure 25. Contours of normalised vertical velocity in the x —y plane located at (a) z/Hm = 0.28 and (d) z/Hn = 1.00 for UBSA, (b) z/Hn, = 0.28 and (d) z/Hn = 1.00 for RBSA,
(c) z/Hm = 0.28 and (f) z/Hn = 1.00 for RBAA




Distribution of the normalised vertical velocity and the vertical velocity root mean squared (rms
w" = 7mswlu;), in vertical planes along the array are presented in Figure 26 for all
configurations. The main general structures that can be noticed are the stronger down and
updrafts in front of and behind the tall buildings for random heights configurations.

Note also that the tall buildings promote an increase in the turbulent fluctuations of the vertical
velocity above the smaller buildings. While the effects related to the mean flow are closer to
the tall building, the effects related to the vertical velocity fluctuations, and consequentially the
turbulent vertical fluxes, seem more largely spread downwind above the smaller buildings,
demonstrating a non-local effect. In fact, it is clear that the increase in the turbulent fluctuations
of the vertical velocity due to the presence of a tall building can be observed above smaller

building as far as 7Hm downwind (Figure 26d and Figure 26f).
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Figure 26. Distribution of normalised vertical velocity and vertical velocity rms in the x — z plane located at y/Hn
=-1.5 for (a) (b) UBSA and (c) (d) RBSA and (e) (f) RBAA

It seems that random height buildings enhance turbulence intensity and therefore, the turbulent
fluxes. The intensity of the effects of the turbulent structures seems to be related to the buildings
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height variation. The higher the building height, the higher is the layer at which the flow has
larger vertical velocity fluctuations.

4.3 CONCENTRATION FIELD

This section describes the characteristics of the concentration field for the urban configurations
presented in section 3.1. The analyses are made at different heights in an attempt to better
describe the effects on dispersion pattern due to the presence of buildings with different heights

and arrangements.

Figure 27 shows the contours of normalised concentration (¢” = c¢/co, where co is the constant
concentration imposed at the area source) in the vertical x —y plane for all configurations. The
randomness in the height of the buildings is responsible for the high irregularity on dispersion
field for RBSA configuration above the area source Figure 27b and Figure 27e. In addition, a
regular dispersion pattern is observed for uniform array consisting of high concentration zones
behind the buildings and low concentration zones in front of them as can be seen in Figure 27a
Figure 27d.

The influence of tall buildings is quite clear. For example, the stable vortex that occurs in front
of the buildings with z/Hm = 1.36 and z/Hyn = 1.72 act “cleaning” the air inside the canopy due
to strong downdrafts. Figure 27d and Figure 27e demonstrate that the lateral dispersion for
RBSA is higher than UBSA after the distance of 8.0Hm downwind the area source, while the
latter presents almost constant spanwise dispersion with distance. In fact, Boppana, Xie and
Castro (2010) simulated a computational domain with y/Hm =16 (2/3 of the present simulation)
and could not observe the dispersion effects further downwind. In addition, the concentration
inside the canopy is larger for the uniform configuration, which indicates that tall buildings

enhance the vertical dispersion.

Figure 27g and Figure 27h show similar features of the high concentration regions almost at the
same location, perhaps not expected for UBSA. This pattern can be explained by the position
of the tall building in the RBSA configuration, which promotes strong vertical dispersion
behind them. The high concentration regions are just above the tall building, although such

buildings are evidently absent in the regular array.
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By observing the concentration distributions for plans located at z/Hm = 1.00 and z/Hm = 1.72,
it is possible to note that the tall buildings act just like chimneys, transporting pollutants

vertically to upper levels, due to strong updrafts behind the buildings.

Figure 27c and Figure 27f demonstrate that the concentration field in RBAA configuration at
Z/Hm = 0.28 and z/Hm = 1.00 are similar to the dispersion pattern presented for RBSA array.
Nonetheless, Figure 27i portrays only one longer high concentration zone located downstream
the tall building. In addition, the range of the dispersion in the streamwise direction is
approximately the same as demonstrated for UBSA, illustrating that despite the flow channeling

in the aligned array, tall buildings also strongly contribute enhancing the vertical dispersion.
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Figure 27. Contours of normalised concentration at (a) z/Hn = 0.28, (d) z/Hm = 1.00 and (g) z/Hm = 1.72 for UBSA, (b) z/Hn = 0.28, () z/Hm = 1.00 and (h) z/Hn = 1.72 for
RBSA, (c) z/Hm = 0.28, (f) z/Hn = 1.00 and (i) z/Hn = 1.72 for RBAA.
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Figure 28 presents the concentration iso-surfaces in a three-dimensional view of the simulated
cases, which is perhaps a most effective visual representation of the pollutant dispersion. The
effect of taller buildings is clearly illustrated with two pollutant concentration regions. The low
concentration zone is illustrated in blue colour (c* = 0.02), while the high concentration zone

is illustrated in red colour (¢* = 0.10).

Bl c-o010 R =002

Figure 28. Mean normalised concentration iso-surfaces for (a) UBSA, (b) RBSA and (c) RBAA configurations
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Figure 28a demonstrates a regular concentration pattern above the area source in the UBSA
configuration, where the high concentration zone reaches the rooftop level behind the buildings
and is minimized in front and in the lateral sides. On the other hand, the random height arrays
demonstrate an irregular pattern, with high concentration zones reaching greater vertical
distances from the ground, supporting that the stronger upward motions behind tall buildings

are responsible for removing the pollutant from within the canopy.

The pollutant plume within the RBSA configurations reaches shorter streamwise distance
compared to the uniform array. Aristodemou et al. (2018) illustrated the same pattern regarding
the influence of taller buildings on the spread of the pollutant plumes downwind the array. At
the same time, the tall buildings also contribute to enhance both lateral and vertical dispersion.
However, Figure 28c demonstrates that the aligned configuration does present smaller lateral
and vertical dispersion in comparison with the staggered arrangement (RBSA), leading to a
longer plume downwind the buildings. While the advection contribution in the RBAA array is
responsible to carry the pollutant further away from the source, the tall buildings with the strong

vertical motions balances the plume spread.

Figure 29 shows contours of normalised concentration in the vertical x — z plane for UBSA
configuration at y/Hm = 6.0. The characteristics of the mean velocity vectors presented in Figure
19 determines the dispersion pattern between successive buildings in the uniform array.
Therefore, the concentration distribution is presented with following such a pattern. However,
high concentration zones appear between the first three buildings because they are just above

the area source.

The downdraft flow in front of the buildings is responsible for “cleaning” the air in that region,
while high concentration zones are observed due the recirculation behind them. This pattern
repeats between successive buildings further from the source but it is not quite clear, since the
concentration rapidly decreases after the source. In the middle of the canyon, at approximately
X/Hm = 1.0Hm» downwind, is observed a specific form due the separation zone that exists in that
region, where a reverse flow is observed between that line and the leeward side building, while
forward flow is observed between that line and the windward side building. In addition, the
high concentration zone is more intensified behind the second building above the area source,

since more pollutant reaches its recirculation zone.



77

Figure 29. Contours of normalised concentration in the x — z plane at y/Hn = 6.0 for UBSA. The numbers indicate

the building height in millimetres

A similar pattern of concentration distribution is observed for RBSA configuration. Although,
some discrepancies due to the presence of different building height is notable in RBSA
configuration (Figure 31). Figure 30 demonstrates the groups of buildings (cases a, b and c) for
RBSA configuration.
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Figure 30. Plan view with indications for the group of buildings with (a) at least one building lower than the
average height, (b) at least one building taller than the average height and (c) one building taller and one lower
than the average height for RBSA

Figure 3laillustrates that the shorter building (z/Hm = 0.28) does not present downdraft motions
strong enough for cleaning the air in front of it, probably due to the sheltering process that
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occurs behind the upwind taller building. Figure 31b and Figure 31c demonstrate that the strong
downward motion is responsible to remove away the pollution in front of a building taller than

the average height.

Another aspect that worth to mention is about the reach of the high concentration zone behind
the buildings. This zone reaches the height of approximately 1.0Hm, in UBSA configuration,
while the same zone reaches almost all vertical extension of the buildings in the random arrays.
Therefore, the pollutant seems to be transported more efficiently upwards, due to the presence
of taller buildings. Figure 31c demonstrates that even behind the building with z = 0.64Hn, the
high concentration zone reaches larger vertical extension than the building height itself,

demonstrating the influence of surrounding taller buildings.

Figure 31. Contours of normalised concentration in the x — z plane located at (a) y/Hm = -3.5, (b) y/Hm = -1.5 and
(c) y/Hm = 0.5 for RBSA. The numbers indicate the building height in millimetres

Figure 32 demonstrates the groups of buildings (cases a, b and ¢) for RBAA configuration.
Figure 33 shows contours of normalised concentration in the vertical x — z plane for RBAA

configuration at the same locations as for RBSA.

According to the mean velocity vectors presented in Figure 23, the aligned configuration has

the same flow structure as that described by Oke (1988) as skimming flow. Consequently, the
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type of the flow structure and the morphology of two successive buildings determine the
concentration distribution. For example, when the 17.2mm building is at the windward side and
a small is in the leeward side the spatial concentration distribution extends in the direction of
the mean flow inside the canopy, where strong updraft is observed in front of the taller building
and a greater ‘clean’ zone is observed (Figure 33b). Kubilay et al. (2017) demonstrate the same
aspect of scalar dispersion from a point source released near the ground level inside a regular

canyon of aspect ratio equals to the unit.
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Figure 32. Plan view with indications for the group of buildings with (a) at least one building lower than the
average height, (b) at least one building taller than the array average height and (c) one building taller and one

lower than the average height for RBAA

On the contrary, a different feature is observed when a smaller building is in front of a tall one,
or in the same height, building. The spatial concentration distribution presents a region with
high concentration above the area, which extends from the rooftop level of the upwind building

to the ground level of the downwind building (Figure 33a).

Nonetheless, a different feature is observed in the region between two successive tall buildings.
For example, Figure 33c demonstrates that the pollutant is trapped near the ground due to weak
vertical dispersion inside the canyon between the two buildings with z/Hn = 1.36. For that
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reason, the high concentration regions reach the mean height of the building at the leeward side.
Figure 33b illustrates the same dispersion pattern inside the canyon between the two buildings
with z/Hm = 1.72 and z/Hm = 1.36.

Figure 33. Contours of normalised concentration in the x — z plane located at (a) y/Hm = -3.5, (b) y/Hm = -1.5 and
(c) y/Hm = 0.5 for RBAA. The numbers indicate the building height in millimetres

4.4 POLLUTANT FLUXES

This section describes the characteristics of the pollutant mass (scalar) transport for the urban
configurations presented in Section 3.1. The analyses are made at different locations in an
attempt to better describe the effects on scalar fluxes due to the presence of buildings with

different heights and arrangements.

The analysis of scalar flux is quite relevant because they allow researchers to explore the
physics behind different morphologies in environmental studies. This may give support for the
development of analytical for fluctuations of the pollutant mass fluxes inside and outside the
canopy, which are required to create simpler algebraic models such as street network models
(GOULART; COCEAL; BELCHER, 2018; HERTWIG et al., 2018). In addition, the major
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advantage of large-eddy simulation, compared to RANS approaches, is the possibility to obtain

such data explicitly.

The total scalar flux is divided into the turbulent and advective contributions. The spatial
average of the vertical scalar fluxes was calculated at the average building height for all

simulations as

ewmy = @) + ('
——— N—— N——
Total flux  Advective flux  Turbulent flux
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Where ( ) denotes the spatial average, — represents the time average, c is the concentration, w
is the vertical velocity component (in the z-axis direction), w'is the vertical velocity fluctuation,

and A is the square area at the average building height, comprising of Lx x Ly = 1Hm X 1Hm.

The total flux, the turbulent and advective contributions are normalised by the time-averaged
scalar flux emitted by the area source calculated based on the pollutant mass flow of the
substance leaving the outlet. The averaged scalar fluxes at the source were 6.27 x10® kg m2 s
1 7.37x10° kg m? st and 7.12 x10° kg m? s, for UBSA, RBSA and RBAA, respectively.
These suggest that variation of the building height enhances the canopy ventilation compared
to a uniform height case, and staggered arrangement of the buildings slightly enhances the

canopy ventilation compared to the aligned arrangement.

Figure 34 illustrates the scalar fluxes over a line at y/Hmn = 0.5 that is a representative pattern
for all lines over the array of uniform height buildings. The results indicate that the scalar
transfer contains significant turbulent and advective components of the vertical flux. It is
important to notice that the total flux reaches its maximum at x/Hm = 6.0 and rapidly decreases
after the area source. The advective vertical scalar flux is negative at locations where the vertical

component of the velocity is also negative and is responsible for enhancing the concentration
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within the canopy. These locations are in front of the buildings and between the buildings, while

behind the buildings the advective flux is always positive as can be seen in Figure 34c.

On the other hand, the vertical turbulent scalar flux is always positive and it is responsible for
reducing the concentration within the canopy. Figure 34b also demonstrates that the turbulent
fluxes are important behind the buildings and decrease its importance away the area source. In
general, the total flux follows the turbulent flux pattern with slight variations demonstrating

that the turbulent contribution plays the major role at z/Hm = 1.0.
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Figure 34. Quantities of normalised (a) total, (b) turbulent and (c) advective vertical scalar fluxes for UBSA
configuration. (d) Schematic representation and sampled locations. Symbols indicate the locations behind the
building (0), between buildings (©) and in front of the building (o)
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In contrast of what is expected for the uniform case, the advective component of the vertical
flux becomes increasingly important for the determination of the total vertical scalar transfer at
Z/Hm = 1.0 for the random height configuration. Fuka et al. (2018) supports the idea with their
results from an LES simulation in which a tall building was placed within an array with uniform
building height. They found that the taller building could significantly enhances or reduces the
magnitude of the local scalar vertical flux, due to a significant alteration of the mean velocity
field near the tall buildings. Such variations contribute to an increased advective vertical flux
bringing “cleaner” air from the upper atmosphere or contributing to a more intense exfiltration

of the pollutants from the urban canopy.

Figure 35 presents the group of buildings in the line (a) indicated in Figure 30, when the
incoming flow passes over a small building (0.28Hm) and an average height building (1.0Hm).
The vertical scalar flux has similar pattern as the flow over a uniform height array of buildings,

since the total flux is dominated by turbulence.

Considerable differences can be pointed out due to the presence of the small building. For
example, Figure 35c indicates that the advective contribution is relevant and positive only in
front of the average building, while its importance is diminished for the other locations. Figure
35b illustrates that the turbulent flux smoothly increases until it reaches its maximum value at
X/Hm = 6.0 as observed for the UBSA configuration and, again smoothly decreases its

importance with distance from the source.
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Figure 35. Quantities of normalised (a) total, (b) turbulent and (c) advective vertical fluxes for the RBSA
configuration. (d) Schematic representation and sampled locations. Symbols indicate the locations behind the

building (0), between buildings (o) and in front of the building (o)

Figure 36 presents the incoming flow passing over a series of buildings with one taller building
(1.72Hm). The flow is disturbed by its presence and the advective contribution plays an
important role on vertical scalar flux. Perhaps not expected, behind the taller building is the
location where the total scalar flux attains a maximum value not due to the turbulence generated,
but due to the strong positive vertical velocity component (Figure 25c). For the same reason,

the advective flux is negative and significant in front of the taller buildings.

In general, Figure 36¢c demonstrates that the positive advective flux is observed behind the taller
building and negative flux occurs through behind the building with average height. However,

the contribution of a tall building within the urban canopy is notable. For instance, the positive
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flux behind a 17.2mm building (x/Hm = 6.0) is about five times greater than the negative flux

in front of the same building (x/Hm = 4.0) as can be seen in Figure 36a. In addition, the turbulent

component behind the tall building provides a weak contribution to total flux at this height
(Figure 36b).
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Figure 36. Quantities of normalised (a) total, (b) turbulent and (c) advective vertical fluxes for RBSA

configuration. (d) Schematic representation and sampled locations. Symbols indicate the locations behind the

building (0), between buildings (o) and in front of the building (o)

Figure 37 presents the group of buildings in the line (a) indicated in Figure 32, when the

incoming flow passes over a small building (0.28Hm) and an average height building. Figure

37a indicates that the total scalar flux is dominated by the turbulent component. Figure 37c



86

shows that the advective flux is close to zero, since there is no tall buildings in this line,
suggesting that tall buildings of other lines do not influence the flux.

Analysing the aligned array, one can find the same pattern observed in the RBSA configuration,
but with a smaller magnitude. Since the aligned array produces more channeled flow than the

staggered array, less vertical transport is expected.
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Figure 37. Quantities of normalised (a) total, (b) turbulent and (c) advective vertical fluxes for RBAA
configuration. (d) Schematic representation and sampled locations. Symbols indicate the locations between

buildings (o)

Figure 38 presents the incoming flow passing over a series of buildings with one taller building
(1.72H,,) and demonstrates generally similar characteristics as demonstrated for the random

staggered arrays at the same line of buildings. Nonetheless, there are two taller buildings along
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the sequence of the buildings. It is interesting to note in Figure 38a indicates that the total scalar
flux occurs behind the building with the height of z/Hn = 1.36 and not behind the tallest

building, as expected.
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Figure 38. Quantities of normalised (a) total, (b) turbulent and (c) advective vertical fluxes for RBAA
configuration. (d) Schematic representation and sampled locations. Symbols indicate the locations between

buildings (o)

Figure 39 demonstrates the pattern along the main street at y/Hm = -0.5 for the RBAA
configuration. The turbulent vertical scalar flux dominates over the advective component and
the total pollutant mass flux is usually positive trough all measured extension (Figure 39).
Nonetheless, Figure 39b indicates that the turbulent motions are weakened with distance from
the source prevailing the advective part. Regarding the advective flux, behind the tallest
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buildings is observed negative values (x/Hm = 4.0 and 5.0, x/Hm = 12.0 and 13.0), indicating
that the strong downwind motions in front of such building extends through its lateral sides.
The pattern at other “channelled” streets is similar, although differences are found due to

different disposition of the buildings.
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Figure 39. Quantities of normalised (a) total, (b) turbulent and (c) advective vertical fluxes with a plan view of (d)

RBAA configuration. Symbols indicate the location between buildings (o) and intersections (0).

The transport mechanisms outlined in the previous analyses illustrate the effects of the building
height variation upon the vertical pollutant fluxes around the buildings. These patterns, due
building height differences, demonstrate the local effect of the geometry in the flow field and
turbulence, but there is also a non-local effect due to the fact that the fluid flow disturbances

are advected downstream by the fluid flow, as show in Figure 26.
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Figure 40 shows non-dimensional vertical scalar fluxes (total, advective and turbulent)
normalised by the scalar flux at the area source on a horizontal plane located at z/Hm = 1.0 for
all studied domains. Due to the larger concentrations close to the area source, vertical fluxes
are larger in this region. It is interesting to note that all three configurations (UBSA, RBSA,
and RBAA) exhibit regions with positive and negative local advective vertical scalar fluxes
(Figure 40b, Figure 40e and Figure 40h).

For the UBSA configuration, the regions with positive and negative advective vertical flux are
clearly marked (Figure 40b). This is due to the flow regime well stablishing rise to updraft and
downdraft motions. Despite the clear regions with negative advective vertical flux, it has
smaller contrition to the total vertical flux at that height (Figure 40a). Figure 40c shows that the
turbulent fluxes plays the major role above the area source and its importance is reduced

downwind.

The negative advective vertical flux becomes more important to the total vertical in the arrays
with random building heights, since there are clearly marked patches of negative total vertical
flux in Figure 40d and Figure 40g. For RBSA and RBAA configuration, the contribution of the
advective vertical flux is due to the presence of the tall buildings (13.6mm and 17.2mm). It is
clear that close to the taller buildings, the advective vertical flux is enhanced and close to short

buildings, its importance is reduced.

Moreover, there is a contribution from those two mechanisms for the RBSA and RBAA
configurations due to the urban arrangement and the presence of tall buildings. Similarly to the
UBSA configuration, the turbulent fluxes are important above the area source and reduces its
importance further away (Figure 40f and Figure 40i). Therefore, the advective vertical flux
presents the largest value in the RBSA configuration.
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Figure 40. Non-dimensional vertical scalar fluxes (total, advective and turbulent) on a horizontal plane located at z/Hn, = 1.0 for (a), (b) and (c) UBSA, (d), (e) and (f) RBSA
and (g), (h) and (i) RBAA, respectively
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Although there are patches of locally negative and positive fluxes, it is helpful to investigate
the average effect of the urban configuration upon the fluxes in the regions downwind of the
source. In this sense, to investigate the effect that an emission in one urban zone would promote
in a more distant clean zone (i.e. an urban area without any pollutant emission), the simulation
domain was divided into three repeating units, as demonstrated in Figure 41 for RBSA
configuration. The regions are in the same positions for UBSA and RBSA configurations.

M ‘
10 &l 10 & 10] &

|l 2 B 172 &l =

7] D ] = ] B

12 14 16 18 20 22 24
X/Hm

Figure 41. Plan view of the regions marked with the capital letters A, B and C denoting repeating units comprising

sixteen blocks (8Hm x 8Hm), where the light blue zone coincides with the area source, for RBSA

Figure 42 presents the spatially averaged vertical profiles of total, advective and turbulent non-
dimensional scalar fluxes that were calculated for the three different urban configurations.
Vertical scalar fluxes were spatially averaged over each urban zone every z = 0.2Hn from the
ground up to z = 4Hr in order to produce avertical profile.

As a general pattern, the total vertical scalar flux decreases with height above a certain height,
which is different depending on the urban zone (A, B or C) and the urban configuration. In
zones B and C, the advective fluxes are very small (near to zero) compared to the turbulent
fluxes at all heights for all configurations, being a little more important for the aligned
configuration. The total flux decreases with height in zone A for all configurations. On the other
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hand, the partition between turbulent and advective vertical scalar flux is not similar for all

configurations.

The advective vertical scalar flux in urban zone A within the canopy is smaller than the
turbulent flux for the RBAA configuration as the unobstructed streets lead to a smaller
magnitude of the vertical velocity component. It is important to remember that the tallest
building for the random building configurations is z = 1.72Hm and z = 1.0Hn for the uniform
building configuration. The advective scalar flux vanishes at a little above z = 1.0Hn for all
configurations. Above this height, the vertical scalar flux is dominated by turbulence. For urban
zones B and C, the advective flux is negligible with values close to zero along the vertical

direction.

In urban zone A, the turbulent vertical scalar flux decreases rapidly with height until about
0.25Hn for all configurations (Figure 42a, Figure 42d and Figure 42g). For the RBAA
configuration (Figure 42g), it continues to decrease but more slowly, reaching a minimum at
2.5Hm. The flow field is more structured with less blocking and, therefore, there is less
turbulence and the turbulent scalar flux is smaller compared with the staggered configurations.
Shen et al. (2017) studied the dispersion of a ground point source over a square array of cubical
obstacles. They observed a similar pattern for the fluxes with height for an aligned array of
uniform buildings. However, the advective flux dominates the turbulent flux within the urban

canopy, while the contrary occurs in RBAA configuration.

For the UBSA configuration (Figure 42a), the turbulent vertical scalar flux continues to
decrease until 0.25Hr then increases up to 1.0Hm before following the trend of dropping to a
minimum close to 3.0Hn. For the RBSA configuration (Figure 42d), the turbulent vertical
scalar flux also decreases until 0.25H, and then it is constant with height up to 1.0Hm,

subsequently decreasing slowly with height, reaching a minimum at 3.0Hp.

For urban zones B (Figure 42b, Figure 42e and Figure 42h) and C (Figure 42c, Figure 42f and
Figure 42i), in all configurations, the turbulent flux dominates over the advective flux with the
advective scalar flux close to zero. Within the canopy, the total vertical scalar flux increases
with height for all simulations. For the staggered cases, it increases linearly (Figure 42b and
Figure 42e) and for the aligned case (Figure 42h) the vertical profile increases quickly with
height. However, for all simulations, the peak of the vertical scalar flux is above the average
building height. Increasing the distance from the source, the total vertical scalar flux is reduced

and the maximum value is shifted upwards. Although the local advective vertical scalar flux is
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important near the vicinity of the tall buildings, the spatially averaged vertical scalar flux
indicates that the turbulent flux is dominant. The local advective vertical scalar flux close to

tall buildings is important in setting the local concentration.
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Figure 42. Spatially averaged vertical profiles of non-dimensional vertical scalar flux for the UBSA (a, b, ¢), RSAA
(d, e, ), and RBAA (g, h, i) configurations. Solid lines represent the total scalar flux, broken lines represent the

turbulent scalar flux and dotted lines represent the advective scalar flux. Capital letters indicate the urban zones
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It is important to note that the majority of street network dispersion models use the spatially
averaged turbulent vertical scalar flux to parameterize the transfer velocity Hertwig et al.
(2018). However, this study suggests that it is inconsistent to estimate the transfer velocity
assuming that the advective flux is negligible in the case of non-uniform building heights and

non-aligned arrays.

In addition, total flux for RBAA is determined by the height of the upwind building, so the
presence of a taller building provides positive total flux. Therefore, the turbulent and advective
vertical fluxes are very important inside the canopy over the area source. However, as the
distance from the source increases the turbulent vertical flux dominates and is stronger above
the canopy. This means that pollutants emitted in the area source are transported vertically by
advection inside the canopy over the area source but are more strongly influenced by the
turbulent flux above the canopy further from the source. Compared to the staggered
configurations, it can also be seen that the vertical fluxes remain important inside the canopy

for longer distances from the source for the RBAA due to the flow channeling effect.

In order to better understand the contribution of different building heights on the on streamwise
direction, the spatial average of the horizontal scalar fluxes were also calculated for all
simulations as

(cu) = @@ + (u)

N—— ——— N——

Total flux  Advective flux  Turbulent flux
where ( ) denotes spatial averaging, — represents the time average, c is the concentration, u is

the streamwise velocity component (in the x-axis direction) and «' is the vertical velocity

fluctuation.

Spatially averaged horizontal total, advective and turbulent scalar fluxes (normalised by the
scalar flux at the area source) are presented in Figure 43 for the three urban zones in all
configurations (Figure 41). Horizontal scalar fluxes were spatially averaged at the outlet of the
urban zones over a line at every 0.2Hrm from the ground until 4.0Hy to produce a vertical profile.

While advective fluxes are the dominant mechanism responsible for horizontal transport,
vertical transport results from a complex interaction between turbulent and advective fluxes,
especially for the configuration with random building heights. Over the area source (zone A),
for the staggered configurations (Figure 43a and Figure 43d) there is an increase of the

horizontal scalar flux with height because there is less obstruction to the flow. It reaches its
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peak at the canopy top and after that, the horizontal scalar flux decreases with height. In
contrast, for the aligned configuration (Figure 43g), there is a decrease in the horizontal scalar
flux with height, since there is less channeling of the flow with height. Note that the turbulent

horizontal scalar flux is negative for the three cases in the three urban zones.
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Figure 43. Spatially averaged vertical profile of horizontal scalar flux for UBSA (a, b, ¢) RBSA (d, e, f) and for
RBAA (g, h, i) configurations. Solid lines represent the total scalar flux, broken lines represent the turbulent scalar

flux and dotted lines represent the advective scalar flux. Capital letters indicate the urban zones
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Figure 44 presents the ratio between vertical and averaged horizontal fluxes leaving zone A.
The horizontal fluxes were averaged for two different vertical planes: from the ground to z/Hm
= 1.00 and to z/Hm = 1.72. As discussed previously, the proportion between horizontal fluxes
inside the canopy and the vertical flux to the atmosphere above is very important in setting the
pollutant concentration in downwind areas, since it will indicate the ratio between the amounts
of pollutant transported from the canopy to the atmosphere above and the amount of pollutant

transported to the region downwind.

In general, the staggered configurations (RBSA and UBSA) yield a larger ratio between vertical
and horizontal fluxes for z/Hn = 1.0, which indicates that these configurations have stronger
vertical pollutant mass transfers than the aligned configuration. This trend is probably related
to the channeling effect caused by the aligned streets in the RBAA configuration to the

channeling of the flow.

The configuration RBSA displays a ratio between vertical and horizontal fluxes larger than
unity, which indicates that there is more pollutant mass leaving the canopy to the upper
atmosphere than mass being transferred further downwind. The configuration UBSA also
presents a ratio close to unity, but the value is more than 20% smaller than the value obtained
for the RBSA configuration, which may indicate that random building heights play an important
role in the process. For z/H,, = 1.72, a significant part of the scalar mass is still being

transported upwards to the atmosphere in the cases with random building heights
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Figure 44. Ratio between vertical and averaged horizontal fluxes leaving zone A, for (a) z/Hn = 0.0 to z/H, = 1.0
and (b) z/Hn=1.0to z/Hn =1.72
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5 CONCLUSIONS

This work focused on the large-eddy simulation of the wind flow and pollutant dispersion over
three different urban-like configurations, in which the pollutant is emitted by an area source on
the ground. The first configuration is a staggered array of random building heights — RBSA, the
second is a staggered array of uniform building height — UBSA and the last is an aligned array
with random height buildings — RBAA.

The comparison of the results obtained with previous studies that used wind tunnel experiments
indicates reasonable agreement with experimental measurements for staggered arrays. The
vertical concentration profiles suggest more efficient vertical dispersion within the random
array since it provides smaller concentrations near the ground and smoother gradient compared
to the uniform array. The lateral concentration profiles demonstrated what resemble a double-
peak Gaussian profile near the area source and smaller concentrations for RBSA configuration
throughout the domain.

In general, the results obtained in this work demonstrate that the flow within the canopy
generated by the random height configuration is significantly more complex than the array with
regular buildings. Despite the fact that the studied geometries do not represent real urban
situation, some relevant aspects of the flow can be helpfully applied for further investigation of
real sites. For example, tall buildings clearly enhance the mean vertical velocities, generating
stronger downdraft in front of them and, consequently, transport efficiently the air in that
region. The results suggest that the effects related to the vertical velocity fluctuations and,
consequently, the turbulent motions are more largely spread downwind above smaller
buildings. Instantaneous velocity vectors illustrate updrafts and downdrafts between buildings.
These vertical turbulent motions are responsible for the vertical turbulent flux of pollutants

leaving/entering the urban canopy. It seems that random height buildings enhance turbulence
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intensity and therefore, the turbulent fluxes. The intensity of the effects of the turbulent
structures seems to be related to the buildings height variation. The higher the building height,

the greater is the layer in which the flow has larger vertical velocity fluctuations.

Regarding the dispersion field, both random building arrays generated similar time-averaged
concentration pattern within the canopy, presenting high concentration zones in the wake region
and low concentration zones in front of the buildings. The aligned array promotes a lower
amount of pollutant within the channels, however great recirculation due the skimming flow

pattern promotes high concentration zones, especially in the gap between two tall buildings.

In addition, the results demonstrate that the advective vertical scalar flux plays an important
role in the local transport of pollutants from/to the array, to an extent that varies according to
building height differences and arrangements. In fact, for staggered array cases the advective
vertical scalar flux has the same magnitude as the turbulent vertical scalar flux even in the case
of uniform building heights. Moreover, the advective vertical scalar flux is negative in some
locations depending on the building or upwind buildings height increasing the concentration,
while the turbulent vertical scalar flux is always positive at all locations, reducing the

concentration within the canopy.

In general, the staggered configurations (RBSA and UBSA) provide a larger ratio between
vertical and horizontal fluxes at z/Hm = 1.0, which indicates that these configurations yield
stronger vertical pollutant mass transfer than the aligned configuration. This trend is probably
related to the channeling effect caused by the aligned streets in the RBAA configuration. For
non-uniform heights arrays, there are intense down and up drafts in front of and behind the tall
buildings. It is important to highlight that although the local advective vertical scalar flux is
important in the vicinity of the buildings, the spatially averaged vertical scalar flux indicates
that the turbulent flux is dominant when a larger area is considered. Nonetheless, the local
advective vertical scalar flux close to tall buildings remains important in determining the local

concentration.

Finally, the height variability should be considered as an important parameter regarding
pollutant dispersion in urban environments. The influence of both advection and turbulent
contributions should be acknowledged. This fact may prove to be a challenge for the existing
street network dispersion models, for example, since most of these models consider only the
turbulent vertical flux. Therefore, this topic becomes a relevant and a needed to be treated in

further research investigations.
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51 FUTURE WORK RECOMMENDATION

Important insights were gained in the understanding the effects of building height variability

upon the pollutant mass transport mechanisms in urban canopies. However, the literature review

and the results presented in this dissertation provide some proposals for further investigation,

outlined below.

Detailed investigation on the influence of building height variability on the dispersion
field: In this work, a large area source was considered covering the ground surface
around several buildings. Therefore, the influence of different building height on the
dispersion field could not be precisely determined. Numerical simulations of the
dispersion of different point sources localised at different locations around the buildings
with distinct heights may improve the understanding in this topic.

Investigation on the influence of different atmospheric stability conditions on the
dispersion field: It is known that the atmosphere rarely presents neutral stability
conditions. So, numerical simulations taking into account unstable and stable conditions
are proposed for further investigation.

Study of dispersion behavior using different Schmidt number: In this work, the Schmidt
number was calculated based on the substance (naphthalene, in case) released in the
wind tunnel experiment. This number is based on the diffusivity of this specific material.
So, further studies on the effects of different substances (and consequently different
Schmidt number), should be conducted to compare the dispersion patterns with the

present work.
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