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ABSTRACT

The precise numerical prediction of urban flow patterns is crucial for evaluating ventilation performance, pollution
dispersion, and pedestrian comfort in densely built environments. Among these types of patterns, the wake
interference flow poses a distinct modeling difficulty due to its complex vortex dynamics. This study performed
a series of steady Reynolds-Averaged Navier-Stokes (RANS) simulations to evaluate the predictive efficiency of
five turbulence closure models: standard k-g¢ (STD), renormalisation group k-e¢ (RNG), realizable k-¢ (RLZ),
shear-stress transport k- (SST), and Reynolds stress model (RSM) in a two-dimensional (2D) idealized street
canyon with an aspect ratio of 3 within the wake interference flow regime. The predicted results were compared
with wind tunnel experimental data using velocity profiles, statistical validation metrics, and streamlines
visualization. The results demonstrate that the quantitative assessment utilizing the factor of two observations
(FAC2) distinctly revealed a satisfactory predicted of streamwise velocity within the street canyon, topped by
RNG (0.92) and followed by STD (0.91), RSM (0.90), SST (0.89), and RLZ (0.88). Nevertheless, all models
inadequately predicted the vertical velocity, as the FAC2 values fell below the threshold of 0.5. The qualitative
assessment of the velocity streamlines indicates that the RNG and STD predictions closely resembled the flow
pattern obtained from the experimental results that determine the main characteristics of the wake interference
flow regime. Other models exhibited inadequate performance due to the observation of completely different flow
patterns. Consequently, it can be concluded that while all models can estimate the streamwise velocity in the wake
interference regime with good accuracy, substantial constraints persist in predicting the in-canyon vertical
velocity. The observed limitations, together with the apparent variation between models in replicating secondary
vortex formations, suggest several avenues for future investigations.

Keywords: Wake interference flow; street canyon; RANS; urban ventilation; wind environment

Nomenclature
u Streamwise velocity
Uref Reference velocity
w Vertical velocity
k Turbulent kinetic energy
k-¢ k-epsilon
k-w k-omega
Abbreviations
CFD Computational fluid dynamics
RANS Reynolds-averaged Navier-Stokes
STD Standard k-¢
RNG Renormalisation group k-¢
RLZ Realizable k-¢
SST Shear-stress transport k-o
RSM Reynolds stress model
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1.0 INTRODUCTION

The accurate prediction of airflow patterns in urban environments is essential for addressing environmental
concerns such as pollutant dispersion, thermal comfort, and energy efficiency. Street canyons, defined as roads
flanked by buildings on both sides, have garnered significant attention due to their tendency to trap pollutants and
influence microclimates. The aerodynamic behaviour in street canyons is influenced by several factors, including
the aspect ratio (the ratio of street width, S to building height, H) [1-3], building morphology [4-7], and roof
configuration [8—11]. Oke [4] identified three characteristic flow regimes based on aspect ratio: skimming flow,
wake interference flow, and isolated roughness flow. In skimming flow (typically when the aspect ratio S/H <
1.2), the main stream flows over the canyon with limited interaction, while the canyon itself exhibits a stable
recirculation vortex. Wake interference flow (1.2 < S/H < 5.0) occurs when the downstream of windward building
fagade enhances downward momentum, resulting in complex secondary flows within the canyon. In isolated
roughness flow (S/H > 5.0), buildings are widely spaced, allowing the flow around each to behave more
independently, with limited interaction between wakes.

Wind tunnel experiments have proven effective in replicating urban flow conditions under controlled
environments. These setups offer high reproducibility and enable isolated analysis of key parameters such as wind
direction, speed, and geometry. Additionally, integration with techniques like particle image velocimetry (PIV)
provides detailed visualization of airflow structures within the canyon [12—-14]. However, the wind tunnel
approach faces limitations, primarily due to scaling effects that hinder accurate representation of full-scale
Reynolds numbers. Physical models are often simplified, lacking the detailed architectural features of real urban
structures, and measurement techniques may struggle to resolve near-wall flows accurately. Moreover, wind
tunnel testing is often costly and time-consuming, limiting its broader application.

In contrast, computational fluid dynamics (CFD) has become increasingly popular for studying urban airflow
and pollutant dispersion, thanks to improvements in computational power and modeling techniques. Advanced
turbulence models such as large-eddy simulation (LES) and detached eddy simulation (DES) offer high-fidelity
predictions and have shown good agreement with experimental data. Nevertheless, these methods are
computationally intensive and demand careful definition of boundary conditions, especially at the inlet and near-
wall regions. For practical engineering applications, the Reynolds-Averaged Navier-Stokes (RANS) approach
remains a widely used and more computationally efficient alternative. While RANS may not capture transient
flow features as accurately as LES or DES, its balance between computational cost and predictive capability,
particularly when paired with suitable turbulence closure models. The RANS turbulence closure models are an
attractive choice for urban airflow studies where fine-scale turbulence details are often less critical than overall
flow [15-17].

While CFD has become an essential tool for analysing urban airflow, the accuracy of its predictions is strongly
influenced by the choice of turbulence closure models, particularly within the RANS framework. RANS models
are computationally efficient and practical for urban simulations; however, their capability to reproduce detailed
flow structures within street canyons remains limited. Several previous studies have extensively examined RANS
model performance under skimming flow regime by applying renormalization group k-¢ (RNG), realizable k-¢
(RLZ), standard k-¢ (STD) and shear stress transport k- (SST) [6,18-22]. Streamwise velocity in the canyon was
found to be in good agreement with wind tunnel data; however, there is a considerable overprediction in the
vertical velocity near the windward wall [6]. Comparable findings have been documented by the application of
LES, indicating that additional investigations are necessary to clarify the cause of the discrepancy [23].
Furthermore, in the scenario of isolated roughness flow, the comparison of simulated results is limited, as an
increased distance between buildings requires measuring more data points to achieve greater accuracy, thus
increasing the time required for the experiment and making it a challenging task.

However, less attention has been given to the wake interference flow regime, which presents a more complex
aerodynamic environment due to strong interactions between upstream and downstream building wakes and the
presence of multiple in-canyon vortices. These dynamics pose significant challenges for RANS-based models,
which often struggle to capture unsteady features and momentum exchanges that dominate this regime. The
limitations in the current model performance under wake interference conditions highlight the need for further
evaluation and model validation. In Malaysia, terraced housing configurations which are characterized by long
buildings facing one another and separated by aspect ratio that fall within this flow regime continue to receive
less attention [24,25]. The rising number of automobiles in residential areas may adversely affect pollution
dispersion owing to traffic-related sources. Thus, it is crucial that this study offer insights that help advance
knowledge of building design, pollution control, and urban planning.

In response to this gap, the present study aims to systematically assess the performance of various RANS
turbulence closure models including the standard k-¢ (STD), realizable k-¢ (RLZ), renormalization group k-¢
(RNGQG), shear stress transport k-o (SST) and Reynolds Stress Model (RSM) in predicting the flow patterns within
a two-dimensional street canyon under the wake interference flow regime. By comparing simulation results
against wind tunnel measurements, this study seeks to identify the turbulence model that best captures key flow
features such as primary recirculation vortex, secondary vortices and and vertical exchange processes. The
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outcomes are expected to support more accurate and computationally efficient modeling strategies for urban
environmental applications involving complex flow regimes.

2.0 METHODOLOGY
2.1 Building Configuration and Computational Domain

The simulations are conducted through the computational domain depicted in Fig. 1(a), which consists four
idealized 2D street canyons. Each building comprises a cross-section of 0.2 (width, #) x 0.2 (height, /) m? and
is separated by a street canyon that establishes the aspect ratio S, defined as the ratio of street width to building
height, equal to 3H. The domain dimensions are established as 12H in the streamwise direction, 2H in the spanwise
direction, and 6H [26,27] in the vertical direction. Figure 1(b) displays the five measurement lines in the vertical
manner at x/H =-1.0, -0.5, 0.0, 0.5 and 1.0 in the target canyon.
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Figure 1. Schematic representation of the (a) simulation domain and (b) measurement lines within the
target canyon at y/H = 0.0.

2.2 Boundary Conditions and Solver Settings

Cyclic boundary conditions are adopted for both the streamwise and spanwise directions, simulating the
infinitely repeated street canyon. The flow is driven by an additional momentum source included in the RANS
equations to attain a cross section average velocity 10.0 m/s. The top domain is assigned as slip conditions, whilst
the building and floor surfaces are defined as no-slip conditions employing standard wall functions. The open-
source software Open Field Operation and Manipulation (OpenFOAM) [28] is employed for three dimensional
(3D) steady Reynolds-Averaged Navier-Stokes (RANS) simulations. Five turbulence closure models are
evaluated for solving the RANS equations: standard k-¢ (STD) [29], renormalization group k-¢ (RNG) [30],
realizable k-¢ (RLZ) [31], shear stress transport k-o (SST) [32], and Reynolds Stress Model (RSM) [33]. The
governing equations are solved through the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
algorithm. Second-order linear interpolation is utilized for the gradient terms, and second-order discretization
schemes are applied to both the convection and viscous terms of the governing equations. The convergence of the
simulation is assessed by setting minimal residual thresholds of 10~ for pressure and 107 for the other equations.

3.0 RESULTS AND DISCUSSION

3.1 Grid Sensitivity Analysis

The grid sensitivity study utilizes the RNG as the closure model, with the domain discretized into a structured
hexahedral mesh that facilitates accurate resolution of flow characteristics within the urban canopy and shear flow
region. The grid size is defined as a function of building height H: H/10 (coarse), H/20 (medium), and H/40 (fine)
in the streamwise and spanwise directions, while the vertical direction is limited to a height of 2H [24]. The grid
density is adjusted after the 2H height by keeping the stretching ratio below 1.3 in the vertical direction. This
results in 138,000, 912,000, and 4,992,000 meshes for coarse, medium, and fine grids, respectively. The H/10
coarse mesh is chosen in accordance with the requirement that each building side use a minimum of 10 cells [34].
In the grid independence study, the medium mesh is discretized to H/20 and the fine mesh to H/40, compared to
the coarse mesh following the standard best practice where grids are systematically refined by factor of 2 [35].

Figure 2 shows the dimensionless streamwise velocity u/u,.r along five vertical lines at x/H = -1.0, -0.5, 0.0,
0.5, and 1.0 in the x-z plane at y/H = 0.0. Both height z and velocity u are made dimensionless with the building
height H and the reference velocity u,.s at a height of 2H, measured at the middle of the target canyon. In the
canyon's upstream area (x/H = -1.0 and -0.5), medium and fine grids show consistent predictions both inside and
outside the canyon. The coarse grid shows the limitations in predicting the near wall viscous flow zone by
underpredicting the flow near the canyon bottom. At the centre of the canyon (x/H = 0.0), no significant differences
are observed over any mesh sizes. Furthermore, in the downstream region of the canyon where horizontal
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momentum is significant, all grid sizes yield comparable predictions, except near the canyon floor, given that the
coarse grid underestimates the velocity magnitude.

Figure 3 presents the dimensionless vertical velocity along five vertical lines at x/H =-1.0, -0.5, 0.0, 0.5, and
1.0 in the x-z plane at y/H = 0. Within the upstream region of the street canyon, the coarse grid shows reduced
accuracy in predicting vertical velocity components compared to the medium and fine grid configurations, as
clearly illustrated at positions x/H = -1.0 and -0.5. Above the building height z/H = 1.0, all three grid resolutions
show nearly identical results.
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Figure 2. Grid sensitivity analysis: Dimensionless streamwise velocity over the three different grids, coarse
(H/10): dotted line, medium (H/20): solid line and fine (H/40): dashed line along seven vertical lines x/H = -
1.0,-0.5, 0.0, 0.5 and 1.0.
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Figure 3. Grid sensitivity analysis: Dimensionless vertical velocity comparison on the three different grids,
coarse (H/10): dotted line, medium (H/20): solid line and fine (H/40): dashed line along five vertical lines
x/H=-1.0,-0.5, 0.0, 0.5 and 1.0.

Furthermore, the grid convergence index (GCI) [35] is employed to quantitatively evaluate the reliance of the
grids on the solutions, as shown by Eq. (1).

rP [(umedium/uref - ufine/uref)]
1—1rp

GClyeqium = F ()

In this equation, F; = 1.25 represents the safety factor, as three computational grids are employed for the analysis;
r denotes the linear grid refinement, which is V2 and p, the formal order of accuracy, is 2, indicating the usage of
second-order discretisation schemes.

Figure 4 and Figure 5 show the GCI for the streamwise velocity and vertical velocity, respectively to
quantitatively estimate the error of the medium grid towards the fine grid at the five vertical lines at x/H =-1.0, -
0.5, 0.0, 0.5, and 1.0. It has been confirmed that for every line under evaluation, the average GCI values for both
velocity components remain below 1%. Therefore, it indicates that the medium mesh could provide sufficient
resolution in capturing the flow features while achieving the grid independent results. It also ensure the reliability
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of the numerical solution without the need for further mesh refinement. Hence, the medium mesh configuration
is selected to be used for all the subsequent simulations.
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Figure 4. The grid convergence index (GCI) for streamwise velocity at the designated locations x/H = -1.0,
-0.5, 0.0, 0.5, and 1.0 for medium grid.
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Figure 5. The grid convergence index (GCI) for vertical velocity at the designated locations x/H =-1.0, -0.5,
0.0, 0.5, and 1.0 for medium grid.

3.2 Flow fields of various closure models
3.2.1 Velocity Profiles

The velocity profiles from the simulations of all closure models are compared with the wind tunnel data (EXP)
[36]. The experiments are performed in a closed-circuit wind tunnel with a test section of 8.0 m in length, 1.5 m
in width, and 1.0 m in height. The two-dimensional (2D) street canyons are represented by positioning 40
horizontally elongated bars with a cross-section of 25 mm x 25 mm across the width of the tunnel's floor. The
assessment of streamwise and vertical velocities is conducted utilizing particle image velocimetry (PIV) with a
1.8 mm thick laser light sheet emitted from beneath the tunnel floor. Furthermore, the charge-coupled device
(CCD) camera captures images at a frequency of 1000 Hz.

The comparison of the streamwise and vertical velocity components obtained from simulations with the
experimental data are shown in Figures 6 and 7, respectively. The dimensionless streamwise velocity (u/uyef) is
shown in Figure 6 for five different locations at x/H=-1.0, -0.5, 0.0, 0.5 and 1.0. The streamwise profiles predicted
by all models at the position adjacent to the leeward fagade (x/H = -1.0) mostly are consistent with
experimental data, despite minor variations observed for the STD near the ground (z/H <0.5). At x/H=-0.5, STD
and RNG demonstrate a pronounced reverse flow in the region z/H < 0.5, aligning closely with the experimental
results and exhibiting similar profile trends. Three other models (RLZ, SST, and RSM) poorly estimate the
velocity profiles, as reverse flow does not occur in the vicinity of the ground region. At the canyon center (x/H =
0.0), SST and RSM fail to accurately predict the reverse flow near the wall, whereas other models (STD, RNG,
and RLZ) successfully replicate the phenomenon with comparable accuracy. Furthermore, in the windward area
(x/H=0.5 and 1.0), where horizontal momentum is higher, all models demonstrate an excellent ability for accurate
flow prediction within the canyon height.
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Figure 6. Comparison of dimensionless streamwise velocity (u/u,.r) obtained from RANS simulations of

various closure models with wind-tunnel results along five vertical lines of the target canyon at (a) x/H = -
1.0, -0.5, 0.0, 0.5 and 1.0.

Figure 7 shows the comparison of dimensionless vertical velocity w/u,.; obtained from the simulations and
wind tunnel measurements at x/H = -1.0, -0.5, 0.0, 0.5 and 1.0. At x/H = -1.0, within the canyon height, STD and
RNG overestimate the upward velocity whereas RLZ, SST and RSM depict weak velocity magnitude with nearly
zero values up to mid-height of the canyon. At x/H = -0.5, STD, RNG, and SST demonstrate a close prediction of
the upward flow; however, RLZ and RSM predict an entirely opposite flow direction. Additionally, when x/H =
0.0, only the SST model shows predictive ability in comparison to the experimental data, while other models show
overestimation and underprediction with STD accounting for the weakest velocity. Furthermore, when x/H = 0.5,
RLZ and RSM substantially overestimate the upward flow, gradually diminishing until z/H = 1.5. On the other
hand, the STD prediction is closer, with some minor discrepancies close to the wall region. At x/H = 1.0, the
predictions of models RLZ and RSM are substantially consistent with the experimental data, but other models
exhibit significant underprediction for the downward flow. It can be concluded that, for the velocity profiles over
the canyon height zZH > 1.0, all models predict both vertical and streamwise components accurately. The
discrepancies in predicting the velocity profiles within the canyon height (z/H < 1.0) may be attributed to the
inability of RANS models to replicate the separation at the roof level, which generates primary recirculation and
secondary corner vortices, resulting in high strain rates and strongly anisotropic turbulence (see Figure 9). RANS
models frequently approximate turbulence as locally isotropic based on the Boussinesq eddy viscosity assumption,
hence inaccurately predicting momentum transfer and vertical velocity in regions dominated by anisotropic rapid
strain [37].
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Figure 7. Comparison of dimensionless mean vertical velocity (w/u,r) obtained from RANS simulations

of various closure models with wind-tunnel results along three vertical lines of the target canyon at (a) x/H =
1.0, (b) x/H = 0.0, and (c) x/H = 1.0.
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3.2.3 Validation Metrics

To obtain a comprehensive and quantitative evaluation of the performance of all five closure models, two
validation metrics are employed; the factor of 2 of the observations (FAC2) and the factor of 1.3 of the
observations (FAC1.3) for the streamwise and vertical velocities. Both metrics are calculated using Eq. (2) and

Eq. (3):

n P;
FAC2=%ZNiWithNi ={1f°r0'55552 2)
i=1 0 else
1% 1for077<&<13
FAC13 = NZ N; with N, ={ Sr=sp s b 3)
i=1 0 else

where P; represents the predicted value using CFD, 0; is the observed value obtained from experiments, and N
indicates the total number of measurement points (29 points x 5 lines = 145). The threshold value for the FAC2
is set to FAC2 > 0.5 [24,38-40]. Findings for both metrics are summarized in Table 1. All FAC values for u/u,f
are higher than the threshold value of 0.5, indicating that all closure models accurately estimate streamwise
velocity. RNG surpasses all models with a FAC2 of 0.92, followed by STD at 0.91, while the remaining three
models (RLZ, SST, and RSM) each acquire a value of 0.88, 0.89 and 0.90, respectively. In the FAC1.3
calculations, RNG maintains to demonstrate the best performance, followed by SST, while STD and RLZ perform
equally, followed by RSM. The majority of the compared data concentrated within the 10% error, demonstrating
the models' consistency in forecasting the streamwise velocity as shown in Figure 8(a).

The measurement of the vertical velocity (wW/u,.s) produces the highest FAC2 of RNG (0.38), followed by
SST (0.34), STD (0.21), and RSM (0.20), with RLZ obtaining the lowest value of 0.19. In the FAC1.3 evaluation,
the top three rankings remain corresponding to FAC2, but the lowest two models exhibit an identical value of
0.04. These findings indicate that all models encounter difficulties in predicting vertical velocity, as the FAC2
values are below the threshold of 0.5. Figure 8(b) clearly illustrates that the data demonstrate scattering around
the diagonal lines, indicating large disparities.

Table 1: Validation metrics for dimensionless streamline velocities (u/u) and vertical velocities (W/uyf):
FAC?2: factor of two observations; FAC1.3: factor of 1.3 observations

u/uref W/uref
Turbulence model FAC2 FACI3 FAC2 FAC13

STD 0.91 0.81 0.21 0.07
RNG 0.92 0.81 0.38 0.17
RLZ 0.88 0.82 0.19 0.04
SST 0.89 0.81 0.34 0.13
RSM 0.90 0.79 0.20 0.07
Ideal 1 1 1 1

3.2.4 Velocity Contour Plot

Figure 9 displays the dimensionless streamwise velocity contour for the experiment as a reference and all
closure models over the x-z plane at y/H = 0.0. Please note that the horizontal axis (x/H) values for EXP differ
from the simulations since these values are derived directly from the experimental results without any adjustments
to align with the simulation axis (see Figure 9(a)). The EXP clearly demonstrates the development of two counter-
rotating vortices, with the primary vortex encompassing a substantial portion of the canyon width, exhibiting a
distorted configuration on the upstream side, while a secondary counter-clockwise vortex is observed adjacent to
the leeward wall, confirming several previous investigations for the wake interference flow regime [4,24,36]. The
primary vortex for STD is more evenly distributed throughout the canyon, except for a minor counterclockwise
vortex at the lower corner of the leeward wall. The flow structure predicted by the RNG successfully represents
the wake interference, which is qualitatively comparable to the EXP. On the other hand, the RLZ shows three
vortices with a skimming-like flow in the half-width of the canyon downstream. Additionally, in the upstream
region, two nearly triangular-shaped counter-rotating vortices are observed. For the SST, the in-canyon flow is
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further modified, leading to the formation of the primary vortex, characterized by a more horizontally distributed
reverse flow in the upper half of the canyon height within the upstream region. A horizontally extended secondary
vortex forms adjacent to the leeward wall. The flow structure of the RSM is very similar to that of the SST,
differing primarily through the presence of four vortices due to modifications in the flow within the lower half of
the canyon height near the upstream area. The three models RLZ, SST, and RSM are clearly insufficient in
replicating the wake interference flow regime in comparison to the EXP.
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Figure 8. Comparison of (a) streamwise and (b) vertical velocities between CFD and experimental (EXP)
data across three vertical lines.

Figure 9. Dimensionless streamwise velocity contours (a) EXP (b) STD (¢) RNG (d) RLZ (e) SST (f) RSM.
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4.0 CONCLUSION

The present investigation performs a series of CFD simulations using steady RANS equations to assess the
efficacy of different turbulence closure models. Five closure models are assessed: STD, RNG, RLZ, SST, and
RSM, throughout the wake interference flow regime structure of a 2D street canyon with an aspect ratio S/H = 3.
The main conclusions of this study are presented as follows:

e All models demonstrate an excellent ability for predicting the streamwise velocity within the canyon, as
the FAC2 values exceed the threshold of 0.5. The RNG model (0.92) surpasses other models, followed
by STD (0.91), RSM (0.90), SST (0.89), and RLZ (0.88).

e None of the evaluated models adequately predicted the in-canyon vertical velocity, since all FAC2 values
fell below the threshold. This clearly demonstrates the limitations of RANS models in predicting low-
momentum fluid regions.

e  The streamlines of the streamwise and vertical components depicted diverse in-canyon flow patterns
governed by the evaluated models. Both RNG and STD exhibit behaviour almost identical to the EXP,
which distinctly predicts the wake interference flow pattern characterized by a primary vortex that
occupies a significant portion of the canyon width, along with the formation of a counter-rotating vortex
near the leeward corner. Both models illustrate smaller diffusion resulting in larger recirculation flow
compared to the experimental results. Nevertheless, other models exhibit insufficient performance in
predicting the flow pattern.
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