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In the urban environment, a street canyon that lies between two buildings is sheltered,
to some degree, from wind flow. To enhance wind penetration into the street canyon,
the step-up canyon made up of the lower upwind building and the higher downwind
building, can be instead used. Computational fluid dynamics (CFD) simulations were
performed using the Reynolds-averaged Navier Stokes (RANS) k- epsilon model to
examine the wind flow characteristics in street canyons and obtain the ventilation rate,
Q of window openings with the window-to-wall ratio (WWR) of 0.25 in various step-up
canyons designs; the geometry of a step-up canyon is defined by the aspect ratio which
is the ratio between the upwind building height to the downwind building height,
hu/hd. The simulation results indicated that the increase of hu/hd from 0.25 to 1.0,
corresponding to the increase of the upwind building height, led to the decrease of Q.
The flow visualizations obtained from the CFD simulations showed the types of wind
flow characteristics, such as deflected and recirculating flows, formed in the street
canyon and affected the values of Q. In brief, the results indicated the feasibility of the
step-up canyon, particularly with hu/hd = 0.25 and 0.50, in channelling wind flows into
the canyon and increasing the ventilation rate of the building.

1. Introduction

Urban heat island (UHI) is a phenomenon where the temperature in an urban area is higher than
the temperature in its surrounding area [16,20]. The UHI phenomenon is a universal problem
affecting urban areas around the world [14]. Kuala Lumpur, a city characterized by a hot and humid
weather all year round, is also prone to effects of the UHI phenomenon [2]. Additionally, other cities
like Putrajaya and Singapore are also reported to have the UHI phenomenon [2,19].

In the urban environment, air temperature tends to stay at a higher level due to various factors.
During the daytime, building and road surfaces are heated more quickly, thereby increasing the
ambient temperature. Anthropogenic heat produced by human activities such as via transportation
and indoor cooling system is also a factor of the UHI. The situation is worsened by lack of vegetation
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in the urban environment. Tree canopies can provide shade and cooling effect from solar heating.
Without much vegetation, it is unlikely to reduce the UHI effect in the urban environment [2].

The build-up of heat in the urban environment cannot effectively escape due to the morphology
of an urban area. In dense urban areas, buildings are relatively close to one another, inhibiting the
air movement thus restricting its effectiveness of heat transport. To represent this situation better,
consider a street canyon which is the region between two adjacent buildings. A street canyon is
sheltered by the upwind building, blocking the air flow from entering it. The air flow can only skim
over the buildings, creating a flow regime known as skimming flow [17]. As a result, only a weak,
circulating flow can be generated inside the street canyon, as shown in Figure 1.

Due to skimming flow, ventilation induced by wind velocity, namely wind- induced ventilation in
a street canyon, is minimized. This is mainly caused by building obstruction to the wind flow and the
deficient distance between two adjacent tall buildings [11], this inhibits sufficient airflow between
the buildings for wind-induced ventilation. Coupled with the UHI effect, air temperature in a street
canyon can also increase. Consequently, the rise of urban air temperature leads to high energy
consumption for cooling purposes in the building sector [9].

Therefore, the rising concern of UHI and increasing demand of energy, which is a consequence
of urbanization, become the motivation of this research to investigate better and more sustainable
urban designs. While improving the designs of existing cities seems impractical, better urban designs
can be imposed on new urban developments. Hence, this research is focused on the fundamental
aspect of urban design towards improvement of wind-induced ventilation in the urban environment.
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Fig. 1. Street canyon flow inhibited by two adjacent buildings

Street canyons in dense urban areas are typically sheltered from wind flows. Ideally, the building
facing the head wind (i.e. upwind building) is lower than the building behind it (i.e. downwind
building), creating a step-up street canyon design [1]. This design allows the taller downwind building
to act as an obstacle to the free-stream wind flow that is subsequently directed into the street
canyon; this would allow for an increased ventilation rate of the downwind building through its
openings. Moreover, with the step-up design, the wind flow will be directed into the canyon and
subsequently lead to better air circulation in the canyon.

The dimension of a street canyon is determined by the heights of the upwind and downwind
buildings and the separation distance between them [6]. For a deep canyon, for which the heights
of both buildings are equal, the aspect ratio which is the ratio of the upwind building height to the
downwind building height is equal to unity. This is typically where skimming flow is observed.
Therefore, it is essential to demonstrate how changing the street canyon’s aspect ratio can influence
wind-induced ventilation in the canyon region. Through the approach of computational fluid
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dynamics (CFD), the investigation can be implemented for various street canyon configurations with
idealized geometries i.e. without detailed geometric features [10].

Therefore, the aim of this research is to investigate the practicality of the step-up canyon
configurations in optimizing the building's indoor ventilation. Additionally, in the event of highly
turbulent flows, the step-up canyon design can also act as a shelter against strong wind forces. Since
urban populations around the world, particularly in developing countries such as Malaysia and other
Southeast Asian countries, are expected to continue growing [23], the proposed step-up canyon
design will be of great importance towards future urban development and UHI mitigation strategies.

2. Literature Review
2.1 Urban Heat Island

UHIl is a common phenomenon happeningin urban areas around the globe where it is responsible
for the higher ambient temperature in the urban areas than in the suburban areas [20]. This
phenomenon is not a natural occurrence by nature however it is the product of human modification
of the local climate [19,25]. The schematic of the UHI phenomenon is displayed in Figure 2.

Late afternoon temperature °C

Rural Suburban Commerecial City Urban Park Suburban Rural
Residential Residential Residential Farmland

Fig. 2. Schematic of the temperature profile describing the UHI phenomenon [28]

UHI is a result of the increased temperature due to the absorbed long-wave radiation by the
atmosphere which is reflected to the walls of the buildings and the street surfaces [15]. Besides that,
materials used to build the buildings which act as the black body and absorb the solar heat during
the day and emit heat through convection at night [16]. Lacking the coverage of vegetation in an
urban area also contributes to UHI [14], trees, grass and other vegetation can essentially provide
shade and evaporative cooling that reduce the air temperature. Internal combustion car emissions
through the car exhaust produce a considerable amount of heat in the immediate surroundings
deemed to be one of the causes of UHI [11]. Anthropogenic heat released from heated or cooled
buildings is also one of the factors of the rise in the urban temperature [11]. Moreover, buildings in
an urban area tend to obstruct the wind flow, reducing the wind speed. This leads to the lack of
ventilation potential in an urban area. Consequently, hot air trapped between buildings has no
transport mechanism as the wind loses its momentum for heat dispersion.

To a large extent, UHI is the result of human modification of the local climate. The modification
of land by erecting tall buildings creates a microclimate with an impact on the quality of the
environment around it. In particular, the local microclimate of a street canyon, which is a region that
lies between two adjacent buildings, has changed significantly with the increase of temperature and
the reduced wind speed.
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The rise of temperature in the buildings and street canyons will significantly cause
unpleasantness and thermal discomfort thus urban dwellers will look for temporary solutions. Higher
temperature in an urban area leads to an increased demand on cooling loads thereby increasing the
energy consumption of air conditioners [2,14]. The use of the air conditioner is not only expensive,
but the notion of cooling a space while heating up the surrounding atmosphere is not sustainable
and eco-friendly.

2.2 Wind Flow in the Urban Street Canyon

The wind environment in an urban area is influenced by many factors. The complex interaction
of vertical velocity gradient, incident wind, turbulence and building shape, size and layout are factors
that determine the wind flow behaviour and patterns. Obstruction to the wind flow due to the urban
geometry is considered a limiting factor to the ventilation potential that the wind provides. To better
understand the wind flow behaviour in an urban setting, a closer approach can be adopted, that is
through the visualization of wind flow in the urban street canyon.

An urban street canyon is the space that is formed between two adjacent buildings. The aspect
ratio of a street canyon is defined as the ratio of the building height to the width or distance between
the two buildings. An urban street canyon can mainly act as an obstruction towards the upcoming
wind flow to a certain degree at which it affects the temperature and air quality within the canyon.
There are three basic flow regimes that are classified according to the aspect ratio of the canyon.
Oke [17] showed that the isolated roughness flow happens in street canyons with the aspect ratio
of < 0.30, wake interference flow 0.30-0.70 and skimming flow at > 0.70.
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Fig. 3. Schematic of the three flow regimes
observed in the street canyons [17]
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The isolated roughness flow exists in the street canyon with H/W < 0.3. In this regime, the
downwind building is not significantly sheltered by the upwind building. This flow regime is
characterized by two separate vortices i.e. recirculating flows near respective buildings. The wake
interference flow occurs in the street canyon with 0.3 < H/W < 0.7. This is the condition whereby the
deflected flow from the upwind building overlaps with the downwind building.
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Last but not least, skimming flow is typically observed in deep and narrow street canyons wherein
the aspect ratio is large due to the tall building height. The wind skims the top of the two buildings
and only a significant amount of air flow is diverted into the canyon, consequently reducing the
potential of wind circulation in the canyon. This is not conducive for the building’s indoor ventilation
which is explained in the next section. In fact, less ventilation inside the canyon also leads to heat
and pollutant trapping.

2.3 Indoor Ventilation

Indoor ventilation is necessary to provide a cooling effect to occupants and air circulation in the
indoor space. An indoor space can be naturally ventilated or mechanically ventilated. For the latter,
electric fans and air conditioners are typically used in tropical climate. A more advanced mechanical
ventilation system known as the heating, ventilation and air-conditioning (HVAC) system is often
used in urban buildings; however, it is found to consume 68 % of the energy in service and residential
buildings by a study by Orme [18]. The ventilation indoor is either from a HVAC system or natural
ventilation from wind flow and buoyancy [8].

There are two main driving mechanisms of indoor ventilation, wind induced and thermal
buoyancy. Wind-induced ventilation is induced by having different pressures between the inside and
outside of a building. A greater difference between the indoor and outdoor pressures essentially
leads to better ventilation potential in an indoor space [13,26]. The pressure on the surface of the
building heavily relies on the building opening size (i.e. window), represented by the window-to-wall
ratio (WWR), the shape of the opening and the position of the opening. On the other hand, the
difference on the buoyancy of the cool and warm air inside the building creates a thermal buoyancy
ventilation effect [12]. As air temperature rises, its density decreases, creating a difference in
buoyancy; warmer air will rise and escape through the roof or the higher opening. This allows the
indoor space to be naturally ventilated.

In addition, there are two main types of indoor ventilation, namely single-sided ventilation and
cross ventilation. By implementing an opening in the direction of the wind, wind flow will enter and
exit through the opening of the building; this is called single-sided ventilation [4,7]. On the other
hand, cross ventilation requires two openings, in the windward and leeward sides of a building. This
allows the inflow and outflow of air, each through the two opening in the opposite sides of the
building [21,24]. However, wall porosity, surrounding obstacles and building geometry largely impact
the efficiency of wind-induced indoor ventilation.

2.4 Mode of Investigation

The interaction between buildings and wind flows is typically studied using any of the three
methods of the wind flow described as follows:

i.  Wind tunnel experiment - A measurement technique of air flow properties in a wind tunnel
equipped with measuring instruments.
ii.  CFD simulation - A computational technique of solving flow-related problems.
iii.  Field measurement - A data collection technique of real-time airflow properties using tools
and instruments.

CFD is a numerical method of studying fluid properties and motions using computer software or
applications such as Open Source Field Operation and Manipulation (OpenFOAM®), ANSYS Fluent
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and STAR- CD. Major advantages of CFD are in terms of complementing analytical findings of wind
tunnel experimentation and reducing the research effort required for both experimental and field
measurement studies.

In this research, OpenFOAM®, was used to perform all CFD simulations. OpenFOAM® provides
flexibility to users as its source code is written using the C++ programming language, covering a large
set of codes stored in numerous libraries for multiple applications and case studies.

3. Methodology

The techniques applied to perform CFD simulations using the OpenFOAM® Version 7 software
are provided in detail. Figure 4 shows the flowchart of the methodology in this research.
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Fig. 4. Research flowchart

3.1 Preliminary CFD Simulation
3.1.1 Pre-processing stage

The first stage of the simulation is the pre-processing stage which involves setting up simulation
parameters and constructing the models. Construction of a 3D model of the buildings was done using
the AutoCAD® software. The 3D model of the building has the same height, H and width and a
thickness of a quarter of the height, w = 0.25H, which is identical to the model in the wind tunnel
experiment of Tominaga et al., [22], following the CFD guidelines for urban wind study developed by
the Architectural Institute of Japan [5]. It is important to maintain the same building dimensions for
the purpose of validation.

The computational domain was constructed in OpenFOAM; the schematic of the computational
domain is shown in Figure 5. The lengths of the domain in the streamwise (x), spanwise (y) and
vertical (z) directions are 20H, 11H and 5H, respectively, according to the AlJ guidelines. The
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downstream distance from the building is much longer to allow for fully developed turbulent wakes
so as not to interfere with the flow around the building.

Fig. 5. Computational domain of the preliminary simulation

3.1.2 Boundary condition setting

Boundary conditions were applied to the computational domain with the purpose of simulating
realistic wind flow with the effect of boundary layer. The boundary conditions applied are shown in
Table 1.

Table 1

Boundary conditions applied in the computational domain

No. Boundary of domain Condition for velocity  Justification

1 Inlet Power law profile e To stimulate a realistic incoming wind flow
in the domain based on a typical urban area

e Initial velocity is based on the input velocity

profile at the inlet

2 Outlet Zero gradient e To produce an outlet flow as a result of the
developed internal flow

3 Top surface and lateral sides Slip e To allow for a fully-developed flow
(freestream flow velocity of about 8 m/s)

4 Bottom surface and building surfaces  No-slip e To generate a realistic boundary-layer flow

induced by surface friction
e |nitial velocity is zero

At the building surfaces, the mesh size was configured to be finer as the flow structure in this
region is smaller, as shown in Figure 6. This will allow a more accurate simulation of near-wall flows.
Additionally, wall function was used on the domain’s bottom surface and building surfaces to solve
for near-wall flows more accurately. The use of the wall function eliminates the need for high mesh
refinement in those regions, which would otherwise increase the total grid cells in the domain. The
use of the wall function is an alternative for reducing the total simulation time and beneficial when
the available computational capacity is limited.
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Fig. 6. Refined mesh distribution near the building

3.1.3 Turbulence model and flow condition

Turbulence modelling is an important approach in a CFD simulation. It represents the technique
of solving the governing equations of fluid flows, namely the continuity and Navier-Stokes equations.
The turbulence model used in this research was the Reynolds-averaged Navier-Stokes (RANS) k-
epsilon model. This turbulence model is suitable for incompressible flows that are influenced by
boundary-layer effect due to surface roughness. In fact, RANS is typically employed for analytical
discussions on mean flow properties in several studies focused on fluid-structure interactions.

In terms of the flow condition, the RANS k-epsilon model is a suitable approach to solve
incompressible flows. The Reynolds number, Re, which is the ratio between the inertial and viscous
forces in the fluid flow, is 2.2 x 106, based on the building height and the reference freestream
velocity of 8 m/s. The high Re indicates the development of turbulent flows, and thus the viscous
effect in the flow can be neglected, which is possible when the flow is assumed to be incompressible.

3.1.4 Processing stage

The second stage is the processing stage wherein the simulation is run, and the convergence of
the simulation is checked. Before the simulation was run, the computational domain was
decomposed into 8 subdomains based on the number of processors used in the high-performance
desktop workstation. The simulation was run using eight processors in parallel. Figure 7 shows the
flowchart of simulation processing implemented in this research.

The simulation process started at 0 s and ended at 100 s, with the time interval of 0.1 s. The
selection of the start and end times was arbitrary, but can be justified with the result of residual
convergence presented in the next subsection. The residual data was recorded at each time step in
a log file in each case folder. At the end of each simulation, the residuals were checked to determine
if the solution was converged and reached a stable solution (i.e. remained at a constant value). If the
results were not converging, the initial boundary settings and the time control settings will be
reviewed and adjusted if needed before rerunning the simulation. The residuals of the data must be
converged before the output data can be used for validation and analysis.
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Fig. 7. Flowchart of simulation processing
3.1.5 Simulation convergence

The simulation was run based on the steady-state assumption of the flow. For this reason, the
solver known as simpleFoam was adopted. This choice was made as the focus of this simulation was
to obtain the time-independent solution of the flow, rather than fluctuations in the flow with respect
to time. Besides, data validation and analysis required the use of the final output data from the
simulations.

The residual data was extracted using the command foamLog-n log which saved the residual data
into the case folder. The residual data of Ux (streamwise component of the velocity), Uy (spanwise
component of the velocity) and Uz (vertical component of the velocity) are plotted against time of
the simulation, from 0 to 30 s, to demonstrate the convergence of the residuals; these are shown in
Figures 8, 9 and 10. All figures show that convergence was achieved from 15 s onwards until 30 s; in
fact, due to the steady-state nature of the flow, the convergence was maintained until the end time
i.e. 100 s. The simulation was continued until 100 s, despite the convergence observed much earlier,
to ensure that the simulated flow was fully converged.

In principle, residual values represent numerical errors in the computational of a CFD simulation.
As it reaches the convergence criteria of smaller than 10 - 5, the solution of the simulation has
reached convergence. This step is crucial as it demonstrates that the numerical errors can be
minimized.
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Fig. 10. Residual of velocity in the vertical direction (Uz)
3.2 Result Validation

Result validation is an important part of the preliminary CFD simulation. It is part of the post
processing stage, involves data analysis and collection. The CFD simulation is validated against the
published wind tunnel experimental (WT) data by Al [5]. The velocity profile was taken at the inlet
of the computational domain, and plotted in Figure 11. The vertical axis is the normalized height
where h is the building height and the horizontal axis is the normalized velocity where Uy is the
reference freestream velocity (8 m/s). The figure illustrates close agreement between the CFD and
WT data, suggesting that the numerical and boundary settings applied are suitable to develop
realistic, turbulent flows obtained in the wind tunnel experiment.

10
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Fig. 11. Inlet velocity profiles of the present CFD simulation and
the wind tunnel (WT) experiment from the AlJ database [5]

3.3 Mesh Sensitivity Analysis

As part of result validation, the mesh sensitivity analysis was performed using four different mesh
refinement levels. Each refinement level varies in terms of the number of grid cells, as detailed out
in Table 2. The range of the total number of cells is from 1.4 million up to 7.0 million grid cells. Mesh
refinement is particularly critical near the building surface and openings; as an example, Figure 12
shows the mesh distribution near the building for the V2 level.

Table 2
Mesh refinement levels for the sensitivity analysis
Refinement Number of grid cells
level AX Ay Az Per building At the opening Total
width, w (yx2z)
V1 160 88 40 16 10x 10 1389652
V2 160 88 56 16 10x 20 2 383252
V3 160 88 56 32 20x 40 4947548
V4 160 132 56 32 30x40 7 027244
i o e e s e
Ay :;.;‘- i

Ax

Az

[

)
s

Fig. 12. Mesh distribution near the building and openings for the V2 level
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3.3.1 Mean Velocity Profile

For further validation of the mean velocity profiles, in addition to the inlet velocity profile, several
locations near the building were chosen according to the wind tunnel results of AlJ [5]. Figure 13
shows the three profile locations selected for validation with the CFD data. Point 1 is located at 50
mm upwind of the building, Point 2 is above the building’s top surface and Point 3 is 50 mm
downwind of the building.

f=d

Building
height
(h)

X

Fig. 13. Point locations selected for mean velocity profiles around the building

The mean velocity profiles of the three locations are shown in Figures 14. All selected profiles
taken for all mesh refinement levels show high consistency with the wind tunnel data. Slight
underestimation of the CFD results is seen in Figure 14(a) between z/h =0 and z/h = 1.0. This is the
region wherein the wind velocity slightly increases with height. Some backward flows which occur
as a result of stagnation point that is present on the windward surface of the building, may also
affect the accuracy of the simulation results. Nevertheless, the overall consistency observed in the
figure indicates the accuracy of the RANS k-epsilon model adopted for the simulations in this study.

12
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Fig. 14. Comparison of the mean velocity profiles between the different mesh refinement levels of the CFD
simulations and the WT data from the AlJ database at three points: (a) Point 1, (b) Point 2 and (c) Point 3

3.3.2 Mean Ventilation Rate
Ventilation rate, Q was determined at each window opening of the building using the mean
velocity data. Q was determined based on the single-sided ventilation which involves only one

windward opening as used in the present simulations. The equation of the single-sided ventilation
rate is as follows [3].

Q = 0.0254V (1)

where, A is the area of the opening [m2] and V is the mean velocity magnitude [m/s] taken at the
inlet of the opening. Figure 15 shows the comparison of mean ventilation rates obtained for each

13
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refinement level relative to the highest refinement level, V4. The figure shows that the normalized
ventilation rate increases to unity as the refinement level is increased. V3 has the highest accuracy
with respect to V4, for which Q/QV4 is 0.92 + 0.10. Additionally, the coefficient of variation of the
mean ventilation rates between V3 and V4 is less than 5 %, suggesting close similarity with V4. Hence,
V3 was chosen for the second-stage simulation.

1.00 °
0.95 -
0.90 - }
S
C o5 - *V1/Va
a
0.80 | mV2/ V4
AV3/ V4
0.75 1 oV4 V4
0.70 : : .
0 1 2 3 4

Refinement level
Fig. 15. Comparison of the mean velocity profiles between the
different mesh refinement levels of the CFD

4. Results and Discussion
4.1 Step-Up Canyon Configuration

The simulation will be run for four types of building configurations with 3 variations of the
window-to-wall ratios (WWRs). There are several step-up canyon configurations used in this study,
as shown in Figure 16. The canyon with the same height of the upwind and the downwind buildings
is categorized as a deep canyon (DC). The other three are step-up canyons, which are SU-75, SU-50
and SU-25; ‘SU’ refers to the step-up canyon while the number denotes the canyon’s aspect ratio
(e.g., ‘75’ refers to the aspect ratio of 0.75). The window opening size was quantified by the WWR;
for each simulation case, WWR = 0.25, which corresponds to the opening area, A of 0.98 x 10-3 m2,
was used. The wind direction is set perpendicular towards the windward surface of the building.

Flow

Fig. 16. Schematic of a street canyon where h, is the height of the upwind building, hy
is the height of the downwind building and s is the distance between the two buildings

In addition, the dimensions of each configuration are presented in Table 3. The separation
distance, s, between the two buildings is maintained for all cases. This is based on the study by Oke
[17] that the occurrence of skimming flow is identified in a deep canyon wherein the separation

14
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distance is equal to the building height; this was also observed through the RANS simulation of Zaki
et al., [27]. Therefore, in this study the separation distance was maintained for all three step-up
canyons, as was the downwind building height, hd, to investigate the flow improvement in the street
canyon (from the skimming flow in the deep canyon) with respect to the decreasing upwind building
height, hu and the street canyon’s aspect ratio, hu/hd.

Table 3

Street canyon configuration

Configuration hy (m) ha (m) s(m) hu/hd
DC 0.20 0.20 0.20 1.00
SU-75 0.15 0.75
SU-50 0.10 0.50
SU-25 0.05 0.25

For a better illustration, Figure 17 shows the 3D schematics of all configurations with window
openings on the upwind and downwind buildings.

DC SU-75 SU-50 SU-25

Fig. 17. 3D schematics of all street canyon configurations with window openings
4.2 Mean Flow Field

To obtain the mean flow fields of the simulation cases, an open-sourced program namely
Paraview® was used. The output data produced by OpenFOAM was extracted and visualized
Paraview. Figure 18 shows the mean velocity distribution and the mean pressure field in the street
canyon region of SU-25. The figure shows the visualizations of mean velocity and pressure fields on
a 2D plane at the centre of the computational domain. The blue region represents low velocities and
low pressures while the red region is where the velocity and pressure are high. The wind flow
direction is constituted with arrows; it can be seen that only a minimal amount of recirculating flow
is observed in the street canyon, mainly below the height of the upwind building. The deflection of
wind flow caused by the upwind building is not present and a downdraft of wind can be seen to form
from the second floor flowing downwards.

In addition, the pressure distribution indicates higher values obtained near the downwind
building and in the units of the top two floors. This is due to no sheltering from the upwind building
which is relatively lower than the downwind building.

15
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(a) (b)

Fig. 18. Simulation results of SU-25 (a) Mean velocity distribution and (b) Mean pressure field

Figure 19 shows the mean velocity distribution and the mean pressure field in the street canyon
region of SU-50. The visualization of the mean flow in this street canyon shows a formation of
recirculating flow formed from the upwind building height. A downdraft is prominent from the
second floor of the downwind building flowing towards the ground floor. Moreover, a deflected flow
is formed due to the height of the upwind building which redirects the flow towards the second floor
of the downwind building. This results in an expected higher ventilation rate than normal at the
second floor as the green region can be noticeably seen flowing towards the opening; this is further
discussed in the next section.

However, the pressure distribution is different from the SU-25 case. The figure indicates higher
values obtained near the downwind building, but only at the topmost floor. This is due to sheltering
effect of the upwind building which stands half the height of the downwind building. Hence, the
sheltering effect is more significant in this configuration. This also means that wind-induced
ventilation in lower floors (particularly the ground and first floors) of SU-50 is reduced relative to
that can be generated in SU-25.

(@ (b)

Fig. 19. Simulation results of SU-50 (a) Mean velocity distribution and (b) Mean pressure field

Lastly, Figure 20 shows the mean velocity distribution and the mean pressure field in the street
canyon region of SU-75. In this configuration, the recirculating flow is the most apparent compared
to the previous canyon configurations. The deflection flow which is denoted by the green region
shows that it flows above and beyond the downwind building. Downdraft in this building
configuration is very obvious as it is observed on the windward facade of the downwind building
from the top floor towards the ground floor. It can be seen that in comparison with SU-25 and SU-
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50, the canyon flow is characterized by lower velocity. This is almost similar to the occurrence of a
skimming flow [17,26].

Furthermore, the pressure in the street canyon is uniformly low since the upwind building is
almost the same height as the downwind building. This is important to show since it can perceived
that the canyon flow for the SU-75 case has relatively lower velocity, and hence, resulting in low
wind-induced ventilation. This is further discussed in the next section. It can also be seen that the
windward facade of the upwind building experiences high pressure as the building blocks most of
the incoming wind flow into the street canyon, creating a stagnation region in its vicinity.

(a) (b)

Fig. 20. Simulation results of SU-75 (a) Mean velocity distribution and (b) Mean pressure field

4.3 Mean Ventilation Rate

The mean ventilation rate, Q was calculated based on the equation by Allard [3] as presented as
Eqg. (1). Figure 21 illustrates the position of each opening at each floor of the downwind building. In
this analysis, only the openings on a half of the building were selected due to the symmetry of
simulated flows in the computational domain. The geometry of the building is also symmetrical in
the spanwise direction. Moreover, only the window openings of the downwind building are taken
for the calculation of the mean ventilation rate in this analysis. This is because the downwind building
is directly affected by the street canyon’s aspect ratio which changes from 1.0 - 0.25, corresponding
to the decrease of the upwind building height.

D D {-— Topmast floor (T}
D D 1 Second floor (§)
D D < First floar (F)

D D ?— Ground floor (G)

Fig. 21. Window openings on the windward
facade of the downwind building

Figure 22 shows the results of the mean ventilation rate, Q of all openings shown in Figure 21,
with respect to the street canyon’s aspect ratio, hu/ha. A decreasing pattern is expected to be seen,
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and is shown by the mean ventilation rates of the ground-floor openings, GMR and GR as the aspect
ratio increases. In fact, the mean ventilation rates of all openings approach zero when h,/hq = 1.0
(deep canyon), suggesting the influence of skimming flow in minimizing wind-induced ventilation.

Anomalies in the results are shown when h,/hs = 0.5 at the openings (i.e. FMR, FR, SMR and SR)
on the first and second floors. The mean ventilation rates are shown to increase for the SU-50 case.
In fact, this phenomenon is explained in the previous section, regarding the mean flow distribution
in the street canyon, wherein the deflected flow cause by the upwind building resulted in redirection
of flow into the street canyon. This induces more flow particularly at the first and second floors of
the downwind building, thereby increasing the mean ventilation rate. Another consequence of the
deflected flow in the SU-50 case is the decrease of the mean ventilation rate at the topmost floor
openings i.e. TMR and TR.

In general, a decreasing pattern of the mean ventilation rate is observed for most of the
openings, especially from hy/hg = 0.50 to hu/hg = 1.0. This is a significant finding which has not been
documented in previous studies.

0.05
—&—TMR
0.04 i
FMR
GMR

0.03

(@) 0.02
o /
0.01

T~ \

0.25 0.50 0.75 1.00
h,/ hg
0.05
——TR
0.04 SR
FR
0.03 GR

Q Bt
(b) 0.02 0\../ <

0.01

0
0.25 0.50 0.75 1.00

h,/ hy
Fig. 22. Mean ventilation rate, Q versus the street
canyon’s aspect ratio, hy/hg

4.4 Ventilation Rate of the Ground-Floor Opening

In the previous section, it has been shown that the mean ventilation rates of the ground- floor
openings, namely GR and GMR, are mostly affected by the increasing h./hg. The focus on the ground-
floor ventilation rate is due to it being the lowest level of the buildings which is most sheltered from
the incoming wind. Therefore, to further demonstrate the influence of h,/h4 on the mean ventilation
rate, Figure 23 shows the mean ventilation rates of the two ground-floor openings for both upwind
and downwind buildings.
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Figure 23 shows that the ventilation rate increases significantly as the aspect ratio decreases
from hu/hg = 1.0 (DC) to hu/hg = 0.25 (SU-25), mainly at the downwind building. The ventilation rate
for the deep canyon can be observed to be almost zero while for the SU-25 configuration, the
ventilation rate increases and exceeds 2.5 x 10-5 m3/s. At the upwind building, the increase of the
ventilation rate is also observed, with slight discrepancy between h,/hq = 0.5 (SU-50) and hy/hg =
0.25 (SU-25). This result indicates that the skimming flow effect, which is normally present in a deep
canyon, can be reduced when hy,/hgs is decreased; in other words, the skimming flow effect is
effectively eliminated in step-up canyons.

Upwind building Downwind building
GR =GMR GR =GMR
DC pDc
- SU-75
SUT —
SU-S0 [ B SU-50
Uz . | B SV
0.0 05 1.0 15 20 25 30 30 25 20 15 1.0 05 0.0

Ventilation rate, Q [x 10%] (m¥/s)

Fig. 23. Mean ventilation rates, Q of the ground-floor openings for
both upwind and downwind building

5. Conclusions

The wind flow characteristics in the street canyons were shown to be influenced by the aspect
ratio where the height of the upwind building influences the wind direction flowing into the street
canyon. The higher the height of the upwind building, the less wind flow velocity in the street canyon.
The step-up canyon was also shown to be effective at allowing more wind flow into the street canyon
which results in an improved ventilation.

The results obtained from the CFD simulations indicated the suitability of the simulation settings
used to resolve wind flows around the isolated building. The results were improved through the
implementation of the grid sensitivity study wherein the mesh of the computational domain was
refined. This was to ensure the mesh size applied in this research is adequate to produce accurate
results. In addition, the CFD simulation results were validated against the published experimental
data from the All database. The validation demonstrated that the CFD simulation is a cost-effective
and time-saving method compared to collecting experimental data from wind tunnel facilities.
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