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Abstract

Pedestrian wind comfort is a critical factor in the design of sustainable and livable dense
urban areas. This study systematically investigates the effects of surrounding building
height and wind incidence angle on pedestrian-level wind conditions, analyzing a nine-
building arrangement through validated Computational Fluid Dynamics (CFD) simulations.
Scenarios included neighborhood heights varying from OL to 6L and wind angles from 0°
to 45°. The results reveal that wind angles aligned with urban canyons (0° case) induce
a strong Venturi effect, creating hazardous conditions with Mean Velocity Ratio (MVR)
peaks reaching 3.42. Conversely, an oblique 45° angle mitigates high speeds by promoting
flow recirculation. While increasing neighborhood height generally intensifies channeling,
the study also highlights that even an isolated building (OL case) can generate hazardous
localized velocities due to flow separation around its corners. The Overall Mean Velocity
Ratio (OMVR) analysis identifies that, among the studied cases, a 2L neighborhood height
is the most tolerable configuration, striking a balance between sheltering and channeling
effects. Ultimately, these findings highlight for urban planners the importance of analyzing
diverse geometric configurations and wind scenarios, reinforcing the value of CFD as an
essential tool for designing safer and more comfortable public spaces.

Keywords: CFD; RANS; pedestrian comfort; wind comfort; building configuration

1. Introduction

Global population growth has introduced new challenges for urban planning. The
COVID-19 pandemic, during which many regions imposed restrictions on public spaces,
highlighted the critical role of shared environments in supporting mental health [1,2].
Beyond these social and psychological dimensions, urban planning must also address
pressing environmental issues. Among these, the intensification of thermal discomfort,
driven by the Urban Heat Island (UHI) effect, stands out. This phenomenon arises from
the predominance of impermeable surfaces and limited vegetation, leading to elevated
temperatures in urban centers. According to the Royal Meteorological Society [3], the UHI
effect is most pronounced in densely built central areas, as shown in Figure 1la. Addition-
ally, urban morphology strongly influences the dispersion of atmospheric pollutants. For
instance, pollutant buildup often occurs in street canyons (narrow roads flanked by tall
buildings) heightening exposure to vehicular and industrial emissions. Acoustic pollution
also remains a significant concern, with noise levels intensified near major traffic corridors
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or industrial zones, contributing to negative health outcomes. Figure 1 summarizes these
key urban conditions that contribute to human discomfort. Well-designed urban spaces
promote idea exchange, scientific advancement, and social interaction. Accordingly, pro-
fessionals in architecture, engineering, and urban planning are encouraged to prioritize
the integration and improvement of public spaces within buildings, residential complexes
and neighborhoods.
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Figure 1. Urban discomfort: (a) profile of a typical heat island effect in England; (b) pollutant
dispersion in a street canyon; (c) acoustic contamination of densely built areas.

Among the various criteria influencing the effectiveness of public spaces in urban
environments, pedestrian comfort (particularly regarding wind effects) plays a significant
role. Excessive wind speeds in densely built areas can pose safety risks to pedestrians and
compromise building facades. Liu et al. [4] investigated the impact of large skyscrapers
on pedestrian wind comfort and safety, reporting increases in average wind speed and
gust intensity, providing comprehension for the development of urban guidelines for
tall structures. Hashemi et al. [5] combined Computational Fluid Dynamics (CFD) and
field surveys to assess wind comfort and safety at Auckland University of Technology,
demonstrating that street orientation and building geometry significantly affect local wind
conditions. Liu et al. [6] analyzed wind comfort on external platforms of mega-tall buildings
using both wind tunnel experiments and CFD simulations, emphasizing that aerodynamic
design strategies can enhance user comfort, while also acknowledging the need for further
methodological refinement.

Empirical studies indicate that strong wind exposure reduces the frequency of visits
to commercial and public buildings, leading to a diminished urban functionality and
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adverse socioeconomic effects on local businesses. Addressing this issue, Shi et al. [7]
highlighted the importance of evaluating wind conditions during the urban planning
phase, particularly in commercial zones. Their findings suggest that thermal comfort and
urban ventilation (typically overlooked in existing standards) contribute meaningfully to
the design of more comfortable and safer pedestrian spaces. Chen and Mak [8] used CFD
simulations to examine the combined effects of building height and upstream obstructions
on thermal and wind comfort, showing that increased height and staggered arrangements
improve airflow conditions. Du et al. [9] evaluated pedestrian-level wind comfort under
multiple building configurations and wind directions, confirming that “lift-up” designs
enhance comfort in both elevated and adjacent areas, especially under oblique wind flows.
To address computational efficiency, Nevers et al. [10] incorporated Forchheimer loss terms,
enabling neighborhood-scale simulations at reduced computational cost.

The evaluation of thermal and wind comfort for pedestrians and building occupants
relies on established methodologies in urban wind engineering. Three principal approaches
are commonly employed: (i) in situ measurements using environmental sensors such
as anemometers; (ii) physical testing in reduced-scale wind tunnels; and (iii) numerical
simulations via CFD. In situ measurements offer high accuracy by capturing real-world
environmental conditions and enabling continuous data acquisition over extended periods.
However, they involve substantial operational costs, extended deployment times, limited
spatial resolution, dependence on specific meteorological conditions, and often require
integration with geographic information systems [11,12]. Wind tunnel experiments allow
for the controlled simulation of complex aerodynamic interactions but are constrained by
the high cost of model fabrication, challenges in replicating realistic flow conditions, and
the time-intensive nature of experimental setup [13].

CFD simulations provide operational flexibility and enable detailed analysis of various
fluid dynamic parameters, including mean velocity and pressure distribution, Turbulent
Kinetic Energy (TKE), and vorticity. They also present a cost-effective alternative to field
measurements and physical testing. Nonetheless, the reliability of CFD results depends on
the appropriate selection of turbulence models, precise definition of boundary conditions
and domain inputs, and the availability of experimental data for validation. High-fidelity
simulations further require significant computational resources [14].

Evaluating pedestrian comfort in urban environments involves addressing both ther-
mal and mechanical aspects, the latter related to the direct aerodynamic impact of wind.
Both domains are extensively covered in the literature. While studies on thermal comfort
incorporate multiple variables (such as air temperature, solar radiation, humidity, and wind
speed) in an integrated manner [15-17], assessments focusing on critical wind conditions
often prioritize direct aerodynamic effects. Since the primary objective of this study is to
investigate potentially hazardous wind flow regimes within urban configurations (such as
strong channeling and boundary layer separation) this analysis focuses specifically on kine-
matic flow parameters [18] that characterize wind intensity. These include the identification
of vortical structures, TKE Fields, and velocity-based metrics.

In this study, the Mean Velocity Ratio (MVR) and the Overall Mean Velocity Ratio
(OMVR) are adopted as evaluation metrics to quantify pedestrian-scale wind comfort
within an urban configuration composed of nine square-plan buildings with a characteristic
dimension L. Additionally, the aerodynamic phenomena of TKE, its dissipation, and
vorticity are briefly examined to assess their potential influence on the evaluated pedestrian
comfort metrics. The arrangement features a central building with height 6L, surrounded
by eight peripheral buildings with heights varying from OL (isolated building scenario)
to 6L (uniform urban canyon scenario). Additionally, the effect of wind incidence angle
is evaluated in 15° increments from 0° to 45°. CFD simulations are performed using
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OpenFOAM to examine how building height and wind direction influence pedestrian-level
wind conditions.

The paper is structured as follows: Section 2 reviews the fundamentals of urban wind
engineering and established metrics for pedestrian comfort assessment. Section 3 outlines
the methodology, including mathematical formulations and numerical schemes. Section 4
presents numerical validation through comparison with experimental data. Sections 5
and 6 provide the discussion of results and concluding remarks, respectively.

2. Literature Review

CFD is a numerical methodology for simulating fluid flow, heat transfer, and related
physical phenomena by solving the governing equations of motion. Its application in
urban environments has enabled substantial progress in understanding airflow behavior
in complex geometries, where experimental methods often face inherent limitations [19].
CFD offers several advantages, including the following:

e  Lower costs compared to experimental approaches;
e  Scalability across diverse urban configurations;
e  High spatial and temporal resolution in flow field predictions.

Owing to these features, CFD has been extensively applied in engineering fields such as
wind energy assessment, atmospheric pollutant dispersion modeling, urban microclimate
analysis, and evaluation of pedestrian wind comfort. This section reviews the application of
CFD in urban wind engineering, with emphasis on neighboring aerodynamic interactions
and the established metrics used to quantify pedestrian comfort.

2.1. CFD in Urban Environment and Turbulence Modeling

Urban environments present particularly challenging domains for CFD simulations
due to their intricate geometries shaped by buildings and infrastructure, multiscale flow
interactions, and the intense turbulence generated by surface features such as buildings,
vegetation, ant topography. In this context, turbulence modeling plays a key role in
ensuring the reliability of numerical predictions. The most commonly used approaches
include the following:

e  Reynolds-Averaged Navier-Stokes (RANS) models, which are based on time-averaged
formulations of the governing equations;

e Large-Eddy Simulation (LES) models, which resolve large-scale turbulent structures
while modeling the smaller scales.

Each modeling strategy involves a trade-off between computational cost and accuracy
in representing the complex turbulent behavior of characteristic of urban flows.

RANS models are widely used in engineering due to their low computational cost and
ability to predict time-averaged flow characteristics through turbulence closure schemes,
primarily the k — £ and k — w models [20-23]. The realizable and Re-Normalization (RNG)
variants of the k — £ model offer improved accuracy in simulating Atmospheric Boundary
Layer (ABL) separation, flow recirculation, and building-flow interactions when compared
to the standard formulation [24]. For k — w models, the Shear Stress Transport (SST)
approach is particularly effective in resolving near-wall flows, making it suitable for wind
load assessments and pedestrian comfort studies [25]. Additionally, Reynolds Stress Models
(RSMs) provide a more detailed representation of anisotropic turbulence by directly solving
the transport equations for the Reynolds stresses. However, their increased computational
cost and numerical complexity limit their applicability in large-scale urban simulations [26].

Despite the broad use of RANS models in urban studies, their accuracy is inherently
constrained by turbulence closure assumptions that do not fully capture complex turbulent
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behaviors. For applications requiring higher fidelity (such as detailed flow structures, e.g.,
vortex shedding, wake dynamics, and turbulence induced by urban features), LES offers a
more robust alternative. LES resolves large-scale turbulent structures while modeling the
smaller scales through Subgrid-Scale (SGS) models [27], improving the representation of
urban turbulence compared to time-averaged RANS approaches. LES has proven effective
in capturing transient phenomena in complex three-dimensional flows, including ABL
separation, vortex formation in urban canyons, and pollutant dispersion [28]. However,
its use is limited by the high computational cost, especially in large domains and under
unsteady boundary conditions [29]. As a result, LES is generally applied in scenarios where
transient effects and turbulence detail are essential, such as pedestrian wind comfort and
pollutant dispersion studies [30-32]. Conversely, RANS remains the preferred approach
for steady-state simulations focused on mean velocity fields, including urban wind energy
assessments [33-35]. Ultimately, the choice between RANS and LES involves balancing
physical accuracy and computational feasibility, with LES often serving as a benchmark for
validation RANS predictions, particularly when supported by high-performance comput-
ing resources.

CFD has become an essential tool in building aerodynamics, supporting analysis of
wind loads, natural ventilation, and urban microclimate modifications [36]. It contributes
to optimizing architectural forms and urban layouts for energy efficiency by evaluating
how geometries influence flow patterns and wind acceleration [37]. CFD also helps assess
the integration of renewable energy systems, such as rooftop wind turbines in complex
urban settings [38], promoting more sustainable designs. Best practices highlight the impor-
tance of appropriate mesh resolution, turbulence model selection, and validation against
experimental data. For example, Vita et al. [39] showed that while LES is preferable for
small-scale applications, RANS can provide reliable results when computational resources
are limited.

2.2. Neighborhood Effects on the Wind Flow

Urban development introduces increasing complexity to city landscapes in terms of
wind engineering and aerodynamic interactions. Variations in flow patterns can substan-
tially affect wind loads on structural systems. The Brazilian standard NBR 6123:2023 [40]
includes an approximate neighborhood effect coefficient f, to adjust aerodynamic coeffi-
cients, although it applies only to structural analyses involving two buildings. As such,
current regulatory provisions do not fully address more intricate urban configurations,
prompting ongoing research into factors such as building height, relative positioning,
and wind incidence angles. Changes in urban form influence flow direction and surface
roughness, making interference effects critical in design evaluations.

Blessmann [41] identified three key phenomena associated with neighboring struc-
tures: hammering, referring to periodic loads generated by von Karméan vortex shedding
that induce dynamic responses in downstream structures; the Venturi effect, describing
flow acceleration through constricted passages that alter pressure coefficients; and wake
turbulence, where buildings closely aligned downstream are shielded from direct wind
exposure, resulting in vortex formation in the wake region.

2.3. Criteria for Pedestrian Comfort

A wide range of studies in wind engineering literature propose criteria for evaluating
pedestrian comfort in urban environments. Among the most prominent are those by Du
et al. [42] and Chen and Mak [43], which examine criteria applied in Hong Kong, a city
marked by high population density and urbanization, where pedestrian wind comfort is a
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daily concern. Such evaluations contribute to better urban planning, especially in densely
built areas where airflow is constrained by tall buildings and narrow corridors.

Traditional pedestrian comfort criteria rely on parameters such as mean wind velocity
and the probability of exceeding predefined thresholds. These values are typically associ-
ated with human activities (e.g., sitting, walking, running), for which acceptable limits are
defined. Most frameworks adopt mean or gust wind speed as threshold parameters, with
maximum exceedance probabilities corresponding to varying levels of comfort and safety.
However, many of these approaches were initially developed for high-wind environments
and may not be well-suited to dense urban areas, where irregular building spacing and
reduced ventilation complicate flow—structure interactions.

Du et al. [42] proposed criteria tailored to compact urban environments, particularly
under the hot and humid conditions of Hong Kong. A central parameter is the Mean Wind
Velocity Ratio (MVR), defined as the ratio between the mean wind speed at pedestrian level
and the approaching reference wind speed. For broader assessments involving multiple
wind directions and their respective occurrence probabilities, the Overall Mean Wind
Velocity Ratio (OMVR) is adopted.

These indices have proven effective in representing and quantifying pedestrian com-
fort in complex urban contexts and are therefore recommended for studies and policies
aimed at improving pedestrian-level wind conditions. Equations (1) and (2) describe how
to calculate these indices, while Table 1 presents threshold values for user comfort classifi-
cation, where U is the velocity at pedestrian level, U,y is the reference wind velocity, and F
is the probability of wind from direction i.

u
MVR = (1)
Upe f
n
OMVR = Y F x MVR;gum )
i=1
Table 1. MVR and OMVR criteria for pedestrian comfort.
Threshold Wind
Category Velocity (m/s) MVR OMVR Remarks
Unfavorable <15 <0.3 <15 Uyer Low wind velocity.
<18 <0.36 <1.8 Uyey
Acceptable <3.6 <0.72 <8.6 Uyey Moderate wind velocity: good for outdoor activities.
<5.3 <1.06 <5.3 Uyef
Tolerable <7.6 <1.52 <7.6 Ups High wind velocity: not suitable for all outdoors activities.
Intolerable >7.6 >1.52 >7.6 Uyes Dangerous wind velocity: not suitable for any outdoors activities.
Dangerous >15 >3 >15 Uy Hazardous wind velocity.

The values in Table 1 are compiled from references [8,42—44]. It is important to
emphasize that selecting appropriate threshold values should also account for local climatic
conditions and the probability of wind speed exceedance, as these factors vary with each
specific evaluation context.

3. Methodology

This study employed the standard RANS k — ¢ turbulence model to simulate turbulent
flows, implemented within the OpenFOAM v12 framework, as described in the subsections
below. This section presents the main equations for the k — e model, along with details of
the computational domain and the adopted numerical schemes. The same methodology
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and setup are also used and described in Silva et al. [45] to capture wind loads in the
central building.

3.1. Turbulence Model

The k — e model characterizes turbulence using two transport variables, namely TKE (k)
and dissipation rate (), based on the formulations of Launder and Spalding [46], Launder
et al. [47], and Tahry [48]. From these variables, the turbulent viscosity (v¢) is computed
and applied to close the transport equations of averaged flow quantities. v; is calculated
using Equation (3), where C;, = 0.09 is the model coefficient for turbulent viscosity.

k2
VvV = CV? (3)

This implementation in OpenFOAM is appropriate for highly turbulent flows in
relatively stable environments, such as simplified urban settings. The transport equations
for k and ¢ are solved alongside the conservation equations of mass and momentum, as
shown in Equations (4) and (5). In these equations, p = 1.225 kg/m? represents the air
density; Dy is the effective diffusivity for the dissipation rate; C; = 1.44 and C; = 1.92 are
model constants; and # is the velocity field.

D

D Pk) = V-(pDkVk) + P — pe (4)
D Cie 2 €2
Ht(pe) = V- (pDeVe) + % (P + C33kV-u> - Czp? 5)

The model assumes local equilibrium between the production and dissipation of TKE
in regions distant from solid boundaries. It is recommended for applications where velocity
gradients are dominant over separation or recirculation effects, such as in simple geometric
configurations used in urban flow studies. The selection of the standard k — ¢ model is
justified by its robustness, low computational cost, and widespread validation in urban
flow and wind load assessments.

3.2. Boundary and Initial Conditions

The computational domain was defined according to established guidelines for sim-
ulating flow around building arrays (see Franke et al. [49] and Tominaga et al. [50] for
further details). The central building, with B:W:H (base/width/height) proportions, was
placed 5H from the inlet and 15H from the outlet, with side distances of 5H from adjacent
structures, ensuring symmetry along the central longitudinal plane. The domain height
extends up to 5H above the building, as illustrated in Figure 2.

Figure 2. Simulation domain.
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The configuration includes eight buildings arranged equidistantly with a spacing of
1B. The ABL was modeled using a classical logarithmic profile suitable for flat terrain, with
a roughness length zy = 0.0024 m and zero-plane displacement d = 0 m. The reference
velocity is u,,f =5 m/s at a height of 1 m. The inlet equations for the velocity profile u(z)
and the friction velocity u* are given in Equations (6) and (7), respectively, where « = 0.40
is the von Karman constant.

u(z) = fln(z_d—i_zo> (6)

20

u* = o Href® (7)

B ln(m)

20

The turbulent kinetic energy k and dissipation rate ¢ were determined using stan-
dard ABL formulations, adjusted by the constants presented in Section 3.1, through
Equations (8) and (9), respectively.

v* z—d—i—zO)
k = Ciln| —— | +C 8
ﬁcy\/ 1 ( Z 2 8)

*\3
e— @) \/Clln<z_z+zo) +GC ©)

k(z—d+zp) 0

At the domain outlet, a homogenous Neumann condition was applied, meaning that
the normal gradient of the variables is zero, allowing for flow extrapolation (V¢-n = 0).
The lateral and top boundaries were treated as symmetry planes, assuming no flow pen-
etration and no normal gradient of velocity or other variables. The ground and building
surfaces were modeled as rough walls using empirical approximations that impose velocity
and stress profiles consistent with turbulent flow near solid boundaries. The 3D mesh was
generated using the snappyHexMesh utility, which enables progressive refinement around
the geometries based on STL files representing the building surfaces.

3.3. Numerical Schemes

A segregated steady-state solution method was adopted for the simulation cases,
using incompressible flow solver foamRun—incompressibleFluid. Temporal discretization
followed the implicit Euler scheme, which is first-order and non-oscillatory. Although
typically associated with transient problems, this time scheme was applied here in a steady-
state configuration to enhance numerical stability and robustness, even with relatively
large time steps.

Spatial discretization of gradient terms was carried out using the Gaussian finite
volume method with linear interpolation between cell centers. This approach confines
extrapolated values at cell interfaces within the range defined by neighboring cells, thus
avoiding non-physical oscillations. Divergence terms, related to advection and diffusion,
were discretized using the linear upwind Gauss scheme, which improves stability when
solving advective and dissipative flows. This discretization strategy was consistently
applied to the governing equations for velocity, TKE, and dissipation rate.

Terms involving the Laplacian operator were treated using the linear corrected scheme,
which adds orthogonal corrections to address geometric non-orthogonality between cells.
The resulting algebraic system was solved using the Geometric Agglomerated Multi-Grid
(GAMG) method for pressure, which increases efficiency by leveraging multiple mesh levels.
For velocity, TKE, and dissipation fields, the smoothSolver was employed. Convergence
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criteria included a tolerance of 10~ for all primary variables and 10~ for global residual
control. Further details on this methodology can be found in Silva [51].

3.4. Simulation Case

A simplified urban configuration comprising nine buildings was analyzed. The central
building, located at the core of the layout, has dimensions of L x L x 6L, where L is the
base edge length. The surrounding buildings share the same base dimension L, while their
heights vary from OL (representing an isolated central building) to 6L (all buildings with
equal height), in increments of L. In this domain, the physical value of L is 10 cm. The
buildings are spaced L apart, as illustrated in Figure 3.

(a) (b)

Figure 3. Simulation cases: (a) perspective view and (b) top view.

Pedestrian comfort was evaluated in the four street canyons surrounding the central
building, labeled “Streets” #1 to #4, as shown in Figure 4. At each location, the MVR and
OMVR metrics were calculated at a height of 0.075L above the ground level, corresponding
to the typical height of pedestrian wind exposure. Each building height configuration was
examined for four wind incidence angles: 6 = 0°, 15°, 30°, and 45°. As the study does not
pertain to a specific geographic location, all wind directions were assumed to have equal
probabilities of occurrence (F; = 25%).

Street #3 Street #4
> Street #1

> Street #2

Figure 4. MVR assessment lines.

The computational meshes generated for each case contained approximately 4.7 mil-
lion finite volumes on average. Simulations were conducted at a Reynolds number of
Re =100,000. The layout was initially designed to enable a systematic and controlled
investigation of neighborhood interference on pressure coefficients and wind loads acting
on the central building, supporting structural design applications [45]. However, given the
availability of this simulation dataset, the current study repurposes it to explore a related
aerodynamic phenomenon of urban relevance: the impact of building height variation on
pedestrian-level wind comfort. Thus, while the configuration can support analyses related
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to tall buildings, the specific objective is to assess how geometric variations in building
heights affect airflow within adjacent urban canyons.

3.5. Wall Treatment and Mesh Conditions

The treatment of the boundary layer adjacent to solid structures (buildings and ground)
is critical for the accuracy of CFD simulations, especially in capturing velocity gradients
and flow separation phenomena. To ensure adequate modeling of this region, the non-
dimensional wall distance parameter, y*, is employed to assess mesh resolution. It is
calculated using Equation (10), where v is the distance from the first mesh cell to the wall,
and v =1.5 x 10~° m?/s? is the kinematic viscosity of air.

*

+ _ yu
y =7

(10)

The RANS k — € turbulence model used in this study applies wall functions to represent
near-wall flows. While computationally efficient, this approach does not resolve the viscous
sublayer directly, requiring the first mesh cell to be located within the logarithmic region of
the boundary layer. For valid application of wall functions, y* values should ideally lie
within the range [30, 300]. However, in the context of wind engineering and high-Reynolds-
number flows around tall buildings, smaller y* may be required to adequately capture
finer-scale effects, as observed in Liu et al. [52] and Liu and Niu [53].

4. Validation

This section presents the validation process for the adopted CFD configuration. A
reference benchmark case was used to compare the results obtained in this study. The CFD
analyses were conducted using OpenFOAM v12 on a system running Ubuntu 18.04.6 LTS,
equipped with an Intel Core i5-4200U processor (dual-core, 1.60 GHz) and 6 GB of RAM.

To verify the OpenFOAM setup and the numerical schemes employed, a benchmark
case involving two identical prismatic buildings was simulated. These structures had a
geometric ratio of 1:1:4 (width/depth/height), and wind incidence angles of 0°, 15°, 30°
and 45° were evaluated, as illustrated in Figure 5.

<L—>
@ ]
2 X
S &
:::: ©
8 g
o e |H=4L
= =}
3} 50
z “G A=
X & o)
(= =
o B
N m
y L <—>‘
L

Figure 5. Validation case: side view with wind incidence angle at 0°.

For each wind direction, the mean pressure coefficient C, was plotted along the
symmetry lines of the four facades of the analyzed building. These values were compared
to experimental data using scatter plots, with experimental results on the horizontal axis
and simulated results on the vertical axis. Five statistical metrics were employed to assess
the agreement between simulations and experiments: the coefficient of determination
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C values from numerical results

(R?), Fractional Bias (FB), the fraction of predictions within a factor of two of observations
(FAC2), Root Mean Square Error (RMSE) and Mean Absolute Error (MAE). Higher R?
and FAC2 values indicate stronger correlation, while lower FB, RMSE, and MAE reflect
smaller deviations.

Three mesh refinement levels were tested: M1 (375,000 cells), M2 (~1,428,000 cells),
and M3 (/3,785,000 cells). The results were compared with wind tunnel data from Tokyo
Polytechnic University [54]. Figure 6 presents the results for each mesh level, aggregat-
ing data from all wind directions, and Table 2 summarizes the statistical metrics and
corresponding regression equations.

0.4

0.4

0.4

Fit

Fit Fit
--—FAC2 = 0.9899 " ----FAC2 = 0.9999 * ----FAC2 = 0.9950
© R?=0.9685 = °© R*=0.9715 = © R*=0.9911

0.2f 2 02} 2 02
e o
® ®
2 0

0 a 0 g 0
£ £
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[ [
£ £
g -0.2 g -0.2
[7/] [7/]
(] (]
= =
S .04 S .04}
Q. Q

(&) (&)

-0.6 : : : -0.6 “2— : : -0.6 “O— - :

06 -04 -0.2 0 0.2 06 -04 -0.2 0 0.2 06 -04 -0.2 0 0.2
Cp values from experimental results Cp values from experimental results Cp values from experimental results
(a) (b) (0)

Figure 6. Numerical data against experimental data scatter plot: (a) M1, (b) M2, and (c) M3 meshes.

Table 2. Agreement coefficients between experimental data and the three refinement levels.

Mesh Fit Equation R? FB FAC2 RMSE MAE
M1 1.084x — 0.0139  0.9685 0.0430 0.9899 0.0630 0.0525
M2 1.073x — 0.0021 09715 0.0896 0.9999 0.0522 0.0444
M3 1.064x +0.0004 09911 0.0160 0.9950 0.0323 0.0257

Average - 0.9770  0.0495 0.9949 0.0491 0.0409

The level of agreement between simulations and experimental data varied depending
on wind direction. In general, finer mesh resolutions led to improved R? values. Fractional
Bias (FB) was lowest for the finest mesh (M3), indicating mesh convergence. FAC2 values
remained comparable across all meshed, suggesting minimal differences in predictive
reliability. Exceptions were observed in FB, which increased from M1 to M2 but decreased
to its lowest value in M3, and in FAC2, where M2 outperformed M3. Nonetheless, these
differences are statistically negligible, as the occurrence of extreme values in refined meshes
is a common characteristic of numerical simulations.

Opverall, although the k — ¢ model tended to overestimate pressure in positive regions
and underestimate them in negative zones, it effectively captured wind behavior around
urban buildings, including the influence of surrounding structures. These findings support
the adequacy of the k — e model and validate the use of a mesh resolution equivalent to M3
for the simulations conducted in this study.
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5. Results and Discussion

This section presents the results of the MVR criterion for each scenario across the four
designated streets. The OMVR parameter is subsequently analyzed for the full neighbor-
hood configuration, covering all four streets and wind directions. For reference, pedestrian-
level flow profiles and corresponding MVR plots for each street are provided in Appendix A
(Tables A1-A7). For each simulation, the time-averaged wall-distance parameter y™ is
reported, including its minimum, maximum, and average values over the mesh through
time. Furthermore, Figures 7-9 provide a comparative overview through bar charts that
summarize the findings for each street.
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Figure 7. Mean MVR values for (a) Street #1, (b) Street #2, (c) Street #3, and (d) Street #4.

5.1. Wind Incidence Angle Analysis

The analysis of the plots reveals that the MVR criterion varies significantly with the
wind incidence angle relative to the building layout. Flow profiles in Appendix A show
that when the wind approaches the neighborhood at 0°, aligning perfectly with the urban
canyons, the Venturi effect becomes highly prominent. This alignment channels the airflow
and accelerates wind speed between buildings, with max MVR values peaking at 3.42 for
the h = 6L configuration. A similar trend is observed at § = 15°, where, despite the lack
of perfect alignment, the Venturi effect remains dominant, particularly for &z > 4L. In this
case, mean MVR values even surpass those at 6 = 0°, reaching 2.99 for h = 6L, due to the
combined effects of recirculation and flow acceleration.



13 of 30

Fluids 2025, 10, 233

Y to) o) 0 0 It re) 0 re) .
ST R NPT - IR - Hﬁt + ® ® o N - = o o + ® ® &N N = +~ o o M
s HEET 7 T [ R 2
() ]
= ° _ ° ~ &
. o & ? 7 2
= = z z =
2 T k= k=) st
@ c @ £ £ =
T < o ©
~
A <
* <) o mm.
—~ o — - — —~ —
()
s T ¥ s T 3
= =
o 2] & & wn
2 < ~ < <
= =
o o <
® * 8 o o S
© ko] ° 2 9]
2 o < < 3
< = < < I
0 3
— —~
TOOONOD—0BO o) by e
o N - e TOOANN—INO = FOOON—INO FOOOND-I0O ~
Z#199118 - YAIN Xe PN R 5 ® o o- o ® N - o ﬂ,
V#199418 - YA Xe + C# 1O2UIS - AN UIN 7# 199418 - YA UIN -
] o
=1 =
o) +
9} wn
—~ —
N &
= =
£ £
0 © 0 0 0 © 0 0 © "
() < [+ (2] o~ o~ -~ -~ = o < o (s o~ o~ -~ -~ o o O
ER a— ] [ m— 5
S <
¢ © — © —_ >
g 2 z =
= =
M K= k=) M
X ™ (] ™ (] c
[ I T =
= o o =
% - s o
O o Ol -
N = ~ ~ =
on on
I i o o i
© =] < <
o o
=) =)
o o o
B 2 2
< << <
FOOONN—INO p =) ; =)
© N o~ o T OOONO—INO OO NO—INO FOOVNOTINO
L# 199118 - YA Xel N - o = ® N - O
#1998 - YA XeN L# 192113 - YA UIN €# 10911 - AN UIN



Fluids 2025, 10, 233

14 of 30

At 0 = 30°, this behavior begins to shift. While the Venturi effect still influences the
flow, recirculation becomes the prevailing mechanism, marked by the formation of multiple
vortices downstream of the buildings, especially for & > 3L. As a result, MVR values start
to decline compared to those at 8 = 0° and 15°, although critical peaks still occur. Bar charts
in Figures 7-9 show a notable reduction in mean MVR values, particularly for Streets #1
and #2, which were previously aligned with the flow, and in max MVR values for Streets
#1, #2, and #4.

At 0 = 45°, a generalized reduction in MVR values is observed across the canyons.
The absence of alignment makes the Venturi effect less influential and recirculation the
dominant flow feature. Flow profiles confirm minimal variation across building heights
in this case, as the misalignment weakens flow acceleration. The bar charts indicate that
f = 45° yields the lowest mean, maximum and minimum MVR values: the highest max is
3.14 (at i = 1L), and the highest mean is 1.89 (at i = 6L).

In summary, flow profiles for 0° and 15° cases show wind being forced through
the narrow canyons of Streets #1 and #2. As building height increases, red-colored high-
velocity zones become more dominant in the figures, evidence of the Venturi effect. This
phenomenon directly causes the hazardous MVR peak of 3.42 observed in Figure 8. In
contrast, at 8 = 45°, the misaligned flow spreads along the canyons and dissipates TKE
throughout the domain, preventing strong wind gusts and promoting vortex formation
downstream. This leads to substantially lower MVR values, enhancing pedestrian comfort,
as shown in Figures 7 and 8.

5.2. Neighborhood Height Analysis

The influence of neighboring building height on the MVR parameter was initially
examined through streamline visualizations, provided in Appendix A. At i = 1L, the flow
followed multiple trajectories for all wind incidence angles. However, from h = 3L onward,
a clear trend emerged: the flow became increasingly channeled within the urban canyons,
showing fewer deviations at intersections and a stronger tendency to follow the main wind
direction. This behavior was most evident at 6 = 0° and 15°, but also discernible at 6 = 30°
and 45°.

From h = 4L, the flow assumed a preferential path along the street axes, indicating
an intensification of the Venturi effect as the height of surrounding buildings increased.
This effect was particularly notable in Streets #1 and #2 at 8 = 0°, 15°, and 30°, where
flow alignment with the streets favored wind acceleration due to narrowing canyon cross-
sections. Initially, MVR plots for these streets showed significant variability between
corridor and intersection regions. However, with increasing building height, this variability
decreased, while the mean and maximum MVR values increased. Bar charts confirmed
this trend: an overall rise in the MVR and a reduction in its variability for canyons aligned
with the wind direction, with perpendicular canyons also showing a less pronounced but
consistent increase.

The isolated case (h = OL) presented contrasting results. Streamlines revealed signif-
icant wind acceleration near the solitary building, while regions farther away retained
inlet velocity. This produced localized MVR peaks that in some instances exceed those
caused by the Venturi effect. Although this effect was less pronounced at 6 = 0°, at 6 = 15°
the average MVR along Streets #1 and #2 surpassed those of & = 1L and 2L. High MVR
maxima were recorded at 6 = 15°, 30°, and 45°, in some cases exceeding the maxima found
in h = 6L scenarios. This indicates that while a uniform-height neighborhood leads to
higher average MVR, the isolated case can produce more extreme local peaks, potentially
causing pedestrian discomfort or safety concerns (MVR values above 3.60 were observed
in Streets #3 and #4).
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In conclusion, the analysis confirms that surrounding building height significantly
affects pedestrian comfort. The isolated building scenario exhibits unique flow behavior:
despite lower average MVR values, corner-induced boundary layer separation accelerates
flow in its immediate surroundings, producing critical MVR peaks (see Table A1 graphs).
These peaks, exceeding 3.60, highlight the potential for hazardous conditions even in
sparsely built environments. From & = 3L onward, a clear increase in MVR is observed with
building height. From h = 4L, the flow is channeled more efficiently along canyon axes, as
illustrated in Tables A5-A7 for § = 0° and 15°, where MVR profiles for Streets #1 and #2
become smoother. This progression is quantitatively reinforced in Figure 7, where MVR
values consistently rise with surrounding building height, underscoring the dominance of
channeling over potential sheltering effects.

5.3. Overall Pedestrian Comfort

Based on the thresholds defined in Table 1, the simulation results reveal that, even
under simplified configurations such as the idealized urban arrangement adopted in
this study, peak MVR values induced by boundary layer separation and neighborhood
effects can generate potentially hazardous wind conditions for pedestrians. These peaks
typically occur in narrow passages between aligned buildings, whereas minimum values
are generally located at street intersections, where greater cross-sectional areas mitigate
wind acceleration.

In all tested scenarios, at least one canyon exhibited peak MVR values above tolerable
comfort thresholds, although lower intensities were recorded at § = 45°, due to reduced
alignment between wind and street axes. The simplified configuration favors the develop-
ment of preferential wind corridors, further intensifying velocities in localized regions.

Despite these peaks, average MVR values remain within acceptable comfort levels for
lower building heights. However, as the surrounding buildings become taller, a consistent
trend emerges: the mean MVR increases, approaching thresholds indicative of discomfort.
This is evidenced in the bar charts, which show a clear upward progression of average
MVR with building height.

To account for all wind directions, the OMVR metric (normalized by the reference
velocity) is computed assuming uniform directional probability (F; = 25%) and presented
in Figure 10. While real-world evaluations require region-specific wind data, such as
those provided by Brazil’s National Institute of Meteorology (INMET), this study adopts a
hypothetical framework for illustrative purposes.

15 T 15
..é10* o5 932 1 10
8.24
s 760 7.73 739 768 [ ]
>
=
o .l 5
0 ; 0
0 1 2 3 4 5 6
h (xL)

Figure 10. OMVR criterion for all neighborhood configurations.
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Among all configurations, the case h = 2L yielded the most favorable OMVR result,
categorized as “tolerable”. This suggests that buildings of intermediate height strike a
balance between insufficient wind deflection (as seen in & = 1L) and excessive channeling
(observed for h > 3L). As building height increases beyond this point, OMVR continues
to rise, with the i = 6L case reaching a peak value of OMVR/U,.f = 9.32. These results
suggest that building height plays a significant role in pedestrian wind comfort and should
be considered during early stages of urban design. Nonetheless, further studies are needed
to confirm this trend under more realistic and diverse conditions.

5.4. Other Physical Phenomena

The pedestrian comfort criteria assessed in this study are directly related to intrinsic
physical phenomena of wind flow. Two key flow characteristics associated with this
relationship are the TKE and vorticity fields. Table 3 presents the TKE fields for the critical
cases h = OL, 2L, and 6L, including average TKE within the neighborhood perimeter. To
ensure better visual comparison across cases, the TKE scale was kept constant in the range
[0,2.5% 1071 m?/s.

Table 3. TKE field for the critical cases.

0 =0L h=2L h=6L
OO
15°
kape = 9.58 x 1072 m?2/s?
30°
kape = 8.87 x 1072 m?2/s?
45°

kape = 9.88 x 1072 m?2/s? kape = 7.70 x 1072 m?2/s? kape = 8.86 x 1072 m?2/s?
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When comparing the isolated building cases to those with surrounding buildings, it is
observed that for i = OL, the yellow regions (representing TKE peaks) are more prominent.
Furthermore, as illustrated in Figure 11, the case without neighboring buildings shows
less TKE dissipation. This observation suggests a possible correlation between high MVR
peaks and elevated TKE levels. The absence of nearby buildings appears to hinder TKE
dissipation, making it more pronounced in such configurations. The average values,
kave shown in Table 3, confirm that TKE levels are generally higher without neighboring
structures, especially for 6 = 15°. With the addition of a shorter height, TKE peaks become
less prominent, and dissipation improves, particularly in front of the central building (see
Figure 11b). However, as the height of the surroundings increases and flow channeling
intensifies, TKE dissipation becomes less intense. Figure 11c shows that dissipation tends to
occur laterally along Streets #1 and #2. In this section, all physical parameters are visualized
on an X-Y plane located at a cutting height of z = 0.075L.

(b)

Figure 11. TKE dissipation for cases & = (a) OL, (b) 2L, and (c) 6L.

This effect (taller surrounding buildings channeling the flow through canyons aligned
with the predominant wind direction) can be further explored by analyzing the vorticity
field along the X-Y plane presented in Table 4. Comparing 6 = 0° and 15°, downstream
recirculation is more evident for i = 6L, where aligned canyons exhibit low vorticity and
primarily serve as flow conduits. For & = 2L, channeling also occurs, though less intensely,
and slight recirculation can be observed within the canyons.

Table 4. Vorticity field in X-Y plane for the critical cases.

h=2L h=6L

OO

15°

vorficity Z
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Table 4. Cont.

0 h=2L h=6L
30°
45°

~N ~
= >
5 -
T

g 4

At 6 =30° and 45°, vorticity becomes more prominent inside the neighborhood, pro-
moting recirculation. Consequently, flow channeling is obstructed, and lower MVR values
are generally observed. Therefore, pedestrian comfort criteria should not be analyzed in
isolation. Additional flow parameters can help elucidate these mechanisms and contribute
to the design of urban spaces that promote greater comfort in public spaces.

6. Conclusions

This study presented a numerical investigation of pedestrian wind comfort within an
idealized urban neighborhood consisting of nine buildings. Using Computational Fluid
Dynamics (CFD) simulations, the influence of surrounding building height variations (from
OL to 6L) and multiple wind incidence angles (ranging from 0° to 45° at 15° intervals) was
systematically examined at pedestrian level, based on the Mean Velocity Ratio (MVR) and
Overall Mean Velocity Ratio (OMVR) criteria.

The results showed a marked sensitivity of pedestrian wind comfort to both urban
geometry and wind direction. Wind angles aligned with the urban canyons (0° and 15°)
intensified the Venturi effect, leading to significantly increased wind speeds between
buildings and generating MVR values classified as intolerable or even hazardous.

Conversely, an oblique wind incidence of 45° tended to yield a more uniform airflow
distribution, reducing peak velocities and improving comfort. Regarding building height,
increasing the height of surrounding structures generally amplified the channeling effect,
producing higher mean wind speeds within the canyons. Additionally, the case with no
surrounding buildings (7 = OL) was not free from adverse effects, as flow separation around
the isolated structure could lead to local velocity peaks surpassing those observed in denser
urban configurations.

The findings of this study are consistent with those reported in other works in the
field. For example, Pancholy et al. [55] used steady RANS CFD to study pedestrian-level
wind comfort in uniform and non-uniform street canyons, finding increased street width
raised discomfort, while step-up canyons kept nearly all pedestrian areas within comfort
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zones. Kim et al. [56] used LES simulations to assess tall-building effects on pedestrian-level
flow and pollutant dispersion, finding that greater height increases mean wind speed and
decreases pollutant concentration, with diminishing changes at higher heights, driven by
coherent flow structures shaping spatiotemporal pollutant variation.

Overall, the findings suggest that aerodynamic interactions in urban environments
are complex, and oversimplified planning assumptions may result in pedestrian-level
conditions that are uncomfortable or even unsafe. The spatial arrangement and height of
buildings, along with their orientation relative to prevailing winds, should be carefully
considered in early-stage urban design. This study underscores the value of CFD-based
wind engineering analysis to support the development of safer and more comfortable
public spaces.

Limitations of the Research and Recommendations for Future Work

The authors acknowledge that the methodology adopted in this study presents limita-
tions that contextualize the scope of its conclusions. The analysis was based on a simplified,
hypothetical urban configuration composed of perfectly aligned buildings with identical
base dimensions. Although this idealized layout was instrumental in isolating specific
aerodynamic behaviors, it inherently favors certain flow patterns and fails to represent
the irregular geometries commonly found in real urban environments, especially in un-
planned cities.

Moreover, the evaluation was restricted to four central streets, selected to represent
dominant flow orientations. While adequate for initial comparisons, this selection does not
capture the full spatial variability of more complex urban morphologies. Future studies
aiming at broader generalizability should consider adopting dimensionless morphological
parameters. Indices such as the plan area ratio and frontal area ratio have demonstrated
strong correlations with pedestrian-level wind speeds, as shown in works by Ramponi and
Blocken [57], Ramponi et al. [58], and Tsichritzis and Nikolopoulou [59]. Incorporating such
indices would allow analyses to move beyond case-specific scenarios and toward more
broadly applicable urban planning guidelines. Future research should also be directed
toward the study of thermal comfort, such as Jamei and Rajagopalan [60], who used
ENVI-met simulations to study Melbourne’s City North, finding that higher aspect ratios,
strategic orientation, reduced sky view factor, and shading improved daytime thermal
comfort, highlighting the importance of climate-conscious urban design.

The use of the RANS k-¢ turbulence model also imposes limitations. Despite its
computational efficiency, this model provides time-averaged results and does not resolve
transient phenomena such as gusts or peak velocities, which may be relevant for assessing
safety and comfort. To better capture such effects, future investigations could explore
advanced turbulence models, such as RANS k-w Shear Stress Transport or Large Eddy
Simulations (LES).

Finally, the study was not anchored to a specific geographic location and therefore
did not employ meteorological or statistical data related to wind speeds and directions.
The assumption of equal probabilities for four wind directions does not reflect typical
atmospheric behavior. Future research should prioritize site-specific analyses, incorporating
local meteorological data and wind roses to define realistic boundary conditions. Such
refinements would significantly enhance the applicability and robustness of the findings.
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Abbreviations

The following abbreviations are used in this manuscript:

ABL Atmospheric Boundary Layer
CFD Computational Fluid Dynamics
FB Fractional Bias

GAMG  Geometric Agglomeration Multi-Grid
LES Large-Eddy Simulation

MAE Mean Absolute Error

MVR Mean Velocity Ratio

OMVR  Opverall Mean Velocity Ratio

RNG Re-Normalization Group

RANS  Reynolds-Averaged Navier-Stokes
RSM Reynolds Stress Models

RMSE  Root Mean Square Error

SGS SubGrid-Scale

TKE Turbulent Kinetic Energy

Appendix A

This appendix presents tables detailing the streamlines for each numerical simulation
case, alongside a plot of the MVR pedestrian Comfort criterion traced along the streets,
referencing the axes defined in Figure 4. In total, it consists of seven tables, Al through A7.
Each table corresponds to a specific neighborhood height & and contains the results for all
wind incidence angles for that configuration. The tables are organized in ascending order
of h, all streamlines are visualized at a slice plane of z = 0.0075L.

Table A1. MVR criteria for cases h = OL.
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Table Al. Cont.

Velocity Field MVR Criteria
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Table A2. MVR criteria for cases h = 1L.
0 Velocity Field MVR Criteria
3.5

OO

MRV

Yie = 188 Yy = 728yl = 2.84




Fluids 2025, 10, 233

22 of 30

Table A2. Cont.
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Table A3. MVR criteria for cases h = 2L.
0 Velocity Field MVR Criteria
35

OO

y;:UE = 20.6 y%zx

=887 y!.

pMean

B
-3.0e+00

UMean Magnitude.

2.8 29 3 31 3.2 3.3
h=2L-6=0°




Fluids 2025, 10, 233

23 of 30

Table A3. Cont.
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Table A4. Cont.
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Table A5. MVR criteria for cases h = 4L.
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Table A5. Cont.
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Table A6. MVR criteria for cases h = 5L.
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Table Aé6. Cont.
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Table A7. MVR criteria for cases h = 6L.
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Table A7. Cont.
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