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Accepted 22 November 2019 urban environment. Apart from the advance advantages offer by this method,

Available online 28 November 2019 some problems can be arising on respect to accurate prediction of data and
uncertainties of assumption that are made in numerical modeling. Therefore,
validation and generic sensitivity analyses are important to provide guidance
for the execution and evaluation of the CFD studies. This study performs a
series of Large-eddy simulations (LESs) to investigate the flow field within and
above a two-dimensional idealized street canyon. Simulations were
conducted for various domain sizes with a unity aspect ratio i.e. street width
to building height ratio. Three computational domains were 2H x H x 6H
(streamwise (x), spanwise (y) and vertical (z) directions), 6H x H x 6H and 10H
x H x 6H define as Case 1, Case 2 and Case 3 respectively. The results were
validated against experimental data obtained in wind tunnel studies. The
mean velocities for each run cases estimated by LES are in good agreement
with those obtained by wind-tunnel experiments. However, profiles of the
Reynold shear stress as well as standard deviation for the streamwise and
vertical velocity components show large discrepancies at all measured
locations for each cases at building height. Apparently, it was indicating that
increasing the domain size does not fully rectify the under predicted turbulent
statics in the street canyons. This is most likely due to coherent structures that
have developed above a canyon cannot properly simulated in a small domain
size as designated without any consideration of other compromise
parameters such as grid resolution.
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1. Introduction

Due to emergence of the rapid urbanization and industrialization throughout the world,
deterioration of outdoor air quality in cities become one of the most serious environmental
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problems. It was found that the largest sources of urban air pollution in town and cities primarily
comes from vehicular emissions such as the road traffic that continues to grow annually and thus
further complicates urban air pollution as describe by Yazid et al., [1]. The term “street canyon” have
been defined as a restricted space with surrounding buildings along both sides of the urban street
and become one of the typical element of urban area. It constitutes the basic geometric unit of the
labyrinth confining the urban canopy layer of the city center. The most important features of street
canyon are the wind-induced flow patterns, such as air recirculation which dominated by micro-scale
meteorological processes [2]. It was found that the most pronounced effects of the human activities
under this circumstance are natural ventilation and dispersion of air pollutants issues which is could
lead to various adverse health problem towards urban resident if being expose in long-term
exposure.

Urban air quality within the street canyon are inherently complex due to a wide range of physical
phenomena interactions and how strongly it dependent on many aspects of meteorology, wind
engineering and environmental science aspects [3-5]. The poor understanding of the unsteady and
intermittent wind field inside the canyon has been consider as one of the major obstacles that causes
the build engineer not sufficiently able to minimize and avoid the creation of inhospitable
environment within the urban area.

Thus, due to impact of continuing urbanization, the study of flow structures and pollutant
dispersion has become popular and still consider as active research until nowadays. There are many
various methods have been taken to cater with this situation, these include field measurements,
wind tunnel experiment, operational modeling techniques and Computer Fluid Dynamics (CFD). Each
of the methods has their own impact towards research study, but due to rapid development of
advanced computer technology, CFD has become one of main tool that being use to explore the flow
and pollutant dispersion problem issue. According to Zhong et al., [6], CFD are able to provide a
complete view of distribution of flow and pollutant fields at high-resolution in both time and space,
which other methods could not tackle this matter. The most comprehensive applications of CFD have
been base on Reynolds averaged Navier-Stokes (RANS) equations and large-eddy simulation (LES).
RANS has been used to predict the flow and pollutant dispersion within street canyons at the earlier
of studies. Several previous RANs of street canyon flow have been reported; [7-15].

While RANS models have provided many insights into the characteristics of flow and dispersion
in urban street canyons, large-eddy simulation (LES) has recently gained popularity in street-canyon
studies [16]. Michioka et al., [17] stated that previous studies have implemented LES method for the
transport of a pollutant that emitted from a line source along the centerline of ideal street canyons
with different building-height to street-width that term as aspect ratios (AR). Study by Yazid et al.,
[18] indicate that the LES performs better than RANS to reproduce the wind flow structure at
different thermal intensities as well at different locations of heated wall. Meanwhile, in some cases,
study by Li et al., [19] have used LES to investigate the effect of surface heating on the airflow and
pollutant dispersion in urban street canyons instead of isothermal condition. In addition, Mohamad
et al., [20] in his study investigate the effect of the overhang length on the flow field regime in
idealized street canyon using LES model analysis.

Many studies have shown that the CFD method approach is capable of reproducing the
gualitative features of airflow and pollutant distributions in urban street canyon cases particularly
[21]. However, apart from the advance advantages of CFD offer as compared to others methods, the
accuracy and reliability of it has been considering vitally important since an accurate prediction of
these properties can be challenging due to complex nature of turbulence modelling. According to
Meroney [22], the continued of verification and validation should be taking into account at almost
every level of CFD modelling. Franke et al., [23] have classified two types of errors and being
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recognized as critical aspects; physical modelling base on turbulence models and the applied
boundary conditions, while the other govern by numerical simulation such as computational domain
size, grid design and numerical iteration algorithm.

The verification and validation of numerical modelling is design to reduce programming error
while sensitivity analysis found can be used to provide additional information relevant to uncertainty
estimation. Yazid et al., [24] mentioned in his study that the aim to conduct the sensitivity analysis is
to check on how different parameters affect the wind flow and pollutant dispersion in an idealized
street canyon. Therefore, in the case of the present study, the nature of turbulent flow through the
idealized urban street environment are investigate first in order to deepen the understanding of the
relation between the accuracy of air flow regime data with respect to various computational domain
sizes. Large-eddy simulation (LES) was adopted for the study for simulated the unsteady flow
fluctuation in the canyon.

2. Methodology
2.1 Governing Equations

The continuity and momentum equations for steady incompressible are given as follows

oU; _

o 0 (1)
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where the overbar denotes the filtered value, U; is the velocity vector and P is the pressure, W is the
fluid kinematic viscosity. 7;; represents the subgrid-scale (SGS) Reynolds stress. These terms were
modeled using standard Smagorinsky model. All the simulations were carried out using the open-
source CFD code OpenFOAM v2.3.1.

2.2 Simulation Domain

The computational domain adopted in the simulation is shown in Figure 1. It is consisting of one
idealize 2D street canyon with a unity aspect ratio (building height and the street width, H/W). The
height of the building is H=0.12. The height of the domain was set to 6H as proposed by Frankee et
al., [25] and the spanwise domain length was kept at H.

Table 1 lists the computational conditions and Figure 2 shows a schematic diagram of the
computational domain where Ly, Ly and L, denote the streamwise, spanwise and vertical domain
length, respectively. Three runs are implemented to check the influence of domain size on the
turbulence statistics. The computational domains are 2H x H x 6H (Case 1), 6H x H x 6H (Case 2) and
10H x H x 6H (Case 3) in streamwise (x), spanwise (y) and vertical (z) directions. The domain consists
of several arrangement of rectangular arrays (surface roughness) set on the lower surface at equal
intervals of H, and the number street canyon is one for Case 1, three for the Case 2 and five for the
Case 3. The numbers of LES grid points defined as Nx x Ny x N, used here are listed in Table 1.
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Fig. 1. Schematic of the computational domain adopted in
this study

The domain was discretized into a uniformly structured mesh with a grid size of H/16. The origin
of the coordinate axis is located at the central lower surface of the street canyon. A constant flow
was driven by a pressure gradient across the free surface layer (above the canyon) is imposed in the
x-direction to maintained the atmospheric flow bulk velocity of 2 m/s. Periodic boundary or cyclic
boundary conditions were employed in the streamwise and spanwise directions to simulate infinitely
repeated street canyons at regular interval. In addition, this pressure force is perpendicular to the
street axis where it representing the worst-case scenario for dispersion of pollutant within a street
canyon. Non-slip boundary conditions were applied on the lower walls and building surfaces, and
free slip boundary conditions were imposed on the velocity components at the top boundary, where
the velocity normal to the boundary equals zero and the gradient of velocity parallel to wall should
be zero.
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Fig. 2. Configuration of simulated urban street canyon for
Case 1, Case 2 and Case 3
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Table 1
Computational domain and total grids
Casel Case2 Case3

L /H 2 6 10
L /H 1 1 1

y
L /H 6 6 6
N 32 96 160
N 16 16 16

y
N 96 96 96

3. Results
3.1 Model Validation

Figures 3, 4, and 5 show the vertical distributions of mean streamwise velocity, the Reynold shear
stress and standard deviations of streamwise velocity fluctuations at x = OH, which is located at the
center of the upstream building in the canyon. The mean values are indicate using < >, height z is

normalized by the block height, H and the velocity statistics are normalized by the reference velocity,
Urer at @ height 2H. The data obtained from the previous wind tunnel experiment by Michioka et al.,
[17] are also included for a comparison purpose. The mean velocity profiles derived from the present
LES show generally good agreement with the wind tunnel results as shown in Figure 3. The two plots
are qualitatively almost identical for z/H < 1.0 but seems underestimated for the current LES slope at

z/H > 1.0 which is above the roof.

z/H

-0.5 0 0.5

<u>/Uref
Fig. 3. Vertical distribution of u for the LES case with
different domain sizes at x=0H. The solid line refers to
the present simulation result, where black color line ;
Case 1 and the open circles refer to the data of the wind

1

15

tunnel experiment by Michioka et al., [17]

The current LES is steep as comparing with the wind tunnel data resulted from the vertical
momentum transport by turbulent motions (Reynold shear stress) is underestimated, as shown in
Figure 4. Considering the finding pointed out by Kanda et al., [26] that mentioned about the coherent
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structures that have developed above a canyon cannot be properly simulated in a small domain, it is
acceptable the current LES properly reproduces the mean flow field within and above the street
canyon.

On the other hand, the streamwise standard deviations ou at the x = 0 derived from the LES are
much smaller than those of the wind tunnel experiment, as seen in Figure 5. This behavior is
equivalent to a typical two-dimensional street canyon from previous study that represent the small
computational domain, which includes only one street canyon. The underestimation of the standard
deviation value in the current LES likely due to the fact that the development of the instantaneous
turbulent structure is restricted by the streamwise domain size, as pointed by Kanda et al., [26].
Nevertheless, apart from discrepancy, the shapes of the LES profiles are qualitatively similar to those
obtained by the wind tunnel.
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Fig. 4. Vertical distribution of the Reynolds shear Fig. 5. Vertical distribution of the r.m.s values of the
stress at x=0H. Symbols as in Figure 3 streamwise velocity fluctuations at x=0H. Symbols

asin Figure 3
3.2 Spatially Averaged Profiles of Turbulent Statistics

Figures 6, 7, 8 and 9 show the vertical distributions of the spatially averaged mean streamwise
velocity, standard deviations of streamwise and vertical velocities fluctuations and the Reynold shear
stress. The LES results shown here (Figure 6) are derived from the whole domain size based on the
averaging procedure in the spanwise direction. It is obvious that the profiles pattern for the all cases
of domain size have almost matching profiles below and above the street canyon regardless the size
of the domain.

The LES predicts the reversed flow in the lower part signifies the rotating primary vortex that
present in the canyon. Meanwhile, the streamwise flow in the upper part of the canyon show a clear
kink across the rooftop, indicating a shear layer at that level. The profiles of velocity gradient become
smoother across the rooftop for all the cases of simulation domain due to the friction effect. This
feature was also noted in the wind tunnel results of Michioka et al., [17] where in general indicate
the fully developed wind profiles obtained in the current LES result. However, apparently, based on
the result, increasing the domain size does not fully rectify the under predicted mean vertical velocity
in the street canyons.
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Fig. 6. Vertical distribution of spatially average streamwise
mean velocities. The solid line refers to the present
simulation result, where black color line : Case 1, orange
color line : case 2 and blue color line : Case 3

With regard to the standard deviation of streamwise velocity, the results from the all three cases
generally agree well with each other, with the peak can be observed at the roof height and the values
decrease as the height increases (see Figure 7). The profiles of vertical velocity also have almost
matching profile for all cases, except for the Casel where only slightly decreasing of value have
noticed at approximately 1.8H as comparing to Case 2 and Case 3 (see Figure 8). In general, both cu
and ow have almost similar profile pattern and there is no significant changing in magnitude value
are observed with respect to different size of domain use in current LES.
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Fig. 7. Vertical distribution of spatially average Fig. 8. Vertical distribution of spatially average
standard deviation of streamwise velocity. standard deviation of vertical velocity. Symbol as
Symbol as in Figure 6 in Figure 6
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Under the present configuration, the typical well-known dogleg shape indicate a peak appears
at the roof height, are not observed in the current LES for all the cases of simulation for Reynold
stress profile (Figure 9).

—Casel
Case2

— Case3

z/H
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Fig. 9. Vertical distribution of spatially average
Reynold shear stress. Symbol as in Figure 6

All the statistic for Case 1-3 have no significantly changing in respect to increasing and decreasing
horizontal domain. This can be explained due to the current LES adopts a limited domain size due
computational cost reasons. LES can simulate turbulent statistic accurately if the domain size is more
than ten times of the canyon height as suggested by Kanda et al., [26]. This is well explained the
under predict of statistic data for the Case 1 and 2 since the streamwise domain size is clearly less
than ten times the canyon height.

However, the discrepancy of the statistic does not significantly rectify while increasing the
horizontal domain size up to 10H in Case 3. This is consistent with the finding suggested by Cui et al,,
[27] that indicate the difference is attribute to the shallow vertical extent of the computational
domain and the coarse roof-level mesh resolution. Xie and Castro [28] also suggested that a fine mesh
is needed to simulate accurately the details of the shear above the canopy. Note that resolution of
the current LES is 16/H (recall H is building height) for each cases and the underestimate of the
turbulent statistic profile are simply might due to the lack of resolution use in this study.

4. Conclusions

Large-eddy simulation was conducted to investigate the flow field within and above a two-
dimensional idealized street canyon. Simulations were conducted for three different size of domain
with a unity aspect ratio i.e. street width to building height ratio. Comparing with wind tunnel result
from previous study, the validation exercise demonstrated that the current LES model gives reliable
mean velocity. In contrast, the profile of standard deviation of streamwise and the Reynold shear
stress indicate some discrepancies resulted from the small domain use for the simulation case. It is
because the coherent structures that have developed above a canyon cannot be properly simulated
in a small domain.
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The vertical profiles of mean wind, standard deviation of streamwise and vertical velocity and
Reynold shear stress had similar profiles for all Case 1-3. Apparently, it was indicating that increasing
the domain size does not fully rectify the under predicted turbulent statics in the street canyons. The
study shows that the LES implemented in small computational domain size (which is less than ten
times the canyon height) have a good agreement in velocity statistic, but contains some discrepancies
in regards to Reynold shear stress and standard deviation. In addition, the cause which is also
believed to be result of the insufficient of resolution use for LES that as well adopts a limited domain
size. Therefore, a more detailed analysis is required to examine the correlation among domain size
and mesh resolution.
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