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Abstract 

This study investigated the effects of incident wind angles on wind velocity 

distributions in the wakes of two generic building configurations, namely, "T”- and "+"-

shaped, and the air pressure distributions along their leeward walls by using 

computational fluid dynamics simulations. Results show that when the wind 

approaches laterally (90°) (versus when the wind is direct (0°)), the downwind length 

and maximum bilateral width of the low-wind velocity zone in the wake of “T”-shaped 

building decrease by 11.5% and 37.9%, respectively. When the incident wind is oblique 

(45°) (versus when it is direct), the length and width of this low-wind velocity zone in 

the wake of “+”-shaped building decrease by 15.0% and 30.9%, respectively. 

Furthermore, results show that the air pressure on the leeward walls of the “T”- and 

“+”-shaped buildings gradually decreases along with the building height. The resulting 

low-wind conditions on the upper floors of the buildings reduce the fresh air intake of 

their leeward units utilizing natural ventilation. It is particularly apparent in the case of 

direct approaching wind. Thus, the appropriate selection of building configurations and 

their orientations allows for the most effective use of wind to enhance ventilation in 

indoor and urban environments. 

 

Keywords: Airflow simulation; Leeward wall air pressure distribution; Building 
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configurations; Building wake effect; Incident wind angles. 

  



4 
 

Introduction  

Outdoor environmental factors like wind velocity and airflow sufficiency play an 

essential role in enhancing thermal comfort for human beings, diluting air pollutants in 

urban areas, and improving the air quality in the urban locality. 1-4 Low wind speeds 

promote the accumulation of air contaminants inside street canyons that adversely 

affect the air quality in an outdoor environment. 5, 6 However, too strong wind around a 

building may cause discomfort or even danger to pedestrians. 7 Thus, to strike a balance 

is crucial by achieving an acceptable level of wind comfort and allowing an urban area 

to self-ventilate, but it is rather tricky and challenging. 8 The problem is particularly 

significant in a subtropical metropolitan area such as Hong Kong. Hence, the Hong 

Kong SAR Government proposed the air ventilation assessment (AVA) scheme to 

improve the air movement at the pedestrian level in Hong Kong by devising effective 

measures to maximize the benefits of wind and enhance ventilation and breathability 

within the urban environment. 9  

However, the benefit of sufficient airflow in the outdoor environment could be 

significantly diminished and offset by the blockage effects from buildings or other 

urban structures in an urban setting. 6, 10-12 The effects of the reduced wind speeds are 

particularly apparent in the building wakes and leeward sides of the buildings. Building 

shapes and orientations influence the environmental wind conditions, and their proper 
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design can help improve both the perceived wind comfort at pedestrian level 13 and the 

surface pressure distribution.14 Because urban building layouts influence the wind 

distribution in an urban environment, numerous studies have proposed additional 

evaluation parameters, including the air change rate, age of the air, and ventilation 

efficiency, to assess the ability of a building to enhance a city’s ventilation. 15-17 These 

parameters can be addressed by careful town planning and sufficient appraisal of the 

geometry of an urban setting. 18, 19  

Sufficient ventilation could enhance the thermal comfort of people engaged in 

outdoor activities in an urban environment. 7, 19-21 Research showed that a mean wind 

speed of 1.5 m/s for 50% of the time provides the most comfortable environment during 

the summer months in Hong Kong for pedestrians walking in the shade without 

additional thermal stress from solar radiation. 22, 23 This means areas with mean wind 

speeds lower than 1.5 m/s at the pedestrian level are considered low-wind velocity 

zones that are uncomfortable and unfavourable for pedestrian activities. 7 

Apart from thermal comfort, the blockage effect of buildings in an urban area could 

affect the wind velocity and the sufficiency of ventilation and subsequently impact the 

distribution of air contaminant in an urban setting. The distribution of air contaminants 

depends on the complex relationships between the atmospheric flow and flow around 

physical obstacles. 11 The wind flow patterns are also greatly affected by the incident 
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wind directions. 24 Several studies also found that the higher the wind speed, the lower 

the concentrations of pollutants due to better pollutant dispersion. 25-27  

Airflow velocity could influence not only the outdoor but also the indoor ventilation. 

The atmospheric airflow can enhance and control the pressure distributions on building 

surfaces in a naturally ventilated building, as the inward and outward flows of air are 

driven by the pressure differences produced by the wind or buoyancy effects. 28-30 Wind 

generates pressure differences among openings and promotes a robust airflow through 

an internal space. 28 Hence, it could also help dilute air contaminant and improve indoor 

air quality. 31, 32 However, wind force asserted on the building could distort the 

distribution of pressure profile of the building and affect the pattern of indoor airflow.33 

As such, the effectiveness of natural ventilation is sensitive to changes in window 

positions and building orientations,34, 35 and choosing the right window positions and 

building orientation would positively impact the level of indoor natural ventilation. 31, 

35, 36 Therefore, it is vital to study the relationships among the different shapes of 

obstacles or buildings and the incident wind angles to identify their effects on the 

distributions of wind velocities in the wakes and air pressure on the leeward surfaces 

of buildings. 

 Excellent studies of the wind flow around a cubical building have been performed. 

7, 37-43 However, the impacts of this flow on the natural ventilation and thermal comfort 
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on the ground level of these buildings have not been adequately investigated. In 

particular, little research has been performed on wind effects from different directions 

on the flow in the wakes of buildings with configurations commonly found in Hong 

Kong. Hence, this study aims to examine the effects of wind from different directions 

on the wind velocity distributions in the wakes and the pressure distributions on the 

leeward walls of two buildings with configurations commonly found in Hong Kong by 

using computational fluid dynamics (CFD) simulations. It is hoping to shed some light 

on the principle of designing window positions and orientation of the generic buildings 

utilizing natural ventilation. Two residential building designs/configurations, the “T” 

shape (Figure 1a) and the “+” shape (Figure 1b), are found to be very common in the 

urban areas of Hong Kong. In this study, the comparisons of the wind velocities at the 

pedestrian level in the wakes of these two building shapes (under different wind 

directions) with the normal building configuration, “-” shaped building model, and the 

distribution of air pressures on their leeward walls were conducted. The turbulence 

model and computational settings were validated using wind flow data from the wind 

tunnel test results from the “Compilation of Experimental Data for Validation Purposes” 

(CEDVAL) project developed by the Meteorological Institute at the University of 

Hamburg. 44 The validated model and numerical settings were then used to simulate the 

two building shapes, together with the normal building configuration (“-”), under 
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different wind directions. As the wind flow pattern is closely related to the incident 

wind direction, three typical wind directions - the direct opposing (θ = 0° and θ = 180°), 

oblique (θ = 45° and θ = 135°), and lateral approaching wind directions (θ = 90°) were 

selected and simulated using the CFD models. The wind flow patterns and wind 

velocity distributions in two locations - (i) near the leeward wall; and (ii) the building 

wakes (pedestrian level) of the two building configurations will be discussed in this 

paper. 

 
Figure 1(a). "T"-shaped building commonly found in Hong Kong (Source: Google Map) 
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Figure 1(b). “+”-shaped building commonly found in Hong Kong (Source: Google Map) 

Methodology 

CFD turbulence models 

On-site measurement of air quality is a straightforward method for identifying the 

concentration and dispersion patterns of air pollutants in a defined environment. 

However, to perform such monitoring for an extended period is expensive and not 

always feasible. 2 Numerical CFD methods, which provide complete field data with no 

limitations on the similarity requirements, offer an alternative way to study the 

dispersion of air pollutants around a building. 4  Research showed that CFD could 

predict the air velocities around single, double, and multiple building configurations in 

a detailed quantitative fashion. 45 Experimental data, such as that from certain wind 

tunnel studies of the pollutant dispersion, can be used to validate the simulated results.  
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Xia, Niu et al. 46 and Blocken 47 stated that Reynolds-Averaged Navier-Stokes 

(RANS) approaches, which are commonly used for solving turbulence problems, are 

less computationally expensive than other transient state methods because they focus 

on the mean flow properties of turbulence. Among different RANS approaches, the 

realizable (RLZ) k-ε and renormalization group (RNG) k-ε models are suitable for 

simulating urban wind flow. 2, 48 An et al.45 found that the RLZ k-ε model does well in 

predicting wind velocities in high-wind regions, but it tends to underestimate the flow 

in the low-wind areas. The RNG k-ε model, however, consistently provides more 

accurate results when compared with wind tunnel flow and pollutant concentration field 

data. 49-51 It provides satisfactory results when it is used to study wind-driven single-

sided natural ventilation, 52 and it exhibits better performance for solving rapid strain 

and streamline curvatures. Its adaptiveness is achieved through the inclusion of an 

additional strain-dependent term (𝑅𝑅𝜀𝜀), 24 as shown in Equation (1):  

 

𝑅𝑅𝜀𝜀 =  
𝐶𝐶𝜇𝜇𝜌𝜌𝜂𝜂3(1 − 𝜂𝜂

𝜂𝜂0
)

1 + 𝛽𝛽𝜂𝜂3
∙
𝜀𝜀2

𝑘𝑘
 (1) 

 

Here, 𝐶𝐶𝜇𝜇, 𝜂𝜂0, and 𝛽𝛽 are constants (𝐶𝐶𝜇𝜇 = 0.09, 𝜂𝜂0 = 4.38, 𝛽𝛽 = 0.012), ρ is the fluid 

density, k is the turbulent kinetic energy, ε is the turbulent viscous dissipation rate, and 

𝜂𝜂 ≡ 𝑆𝑆𝑆𝑆/𝜀𝜀 where S is the strain rate scale. According to ANSYS53 code, the revised 
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feature in the RNG k-ε model allows it to effectively predict flows with low Reynolds 

(Re) numbers in near-wall regions. In view of their availability, consistency, and 

suitability, both RLZ and RNG k-ε models were selected in the validation process with 

CEDVAL wind tunnel data.  

Description of wind tunnel 

The wind tunnel tests from the CEDVAL project, developed by the Meteorological 

Institute at the University of Hamburg Environmental Wind Tunnel Laboratory, 44 were 

employed to validate our models (Figure 2). In our study, models in a 1:200 scale (with 

the actual measurement of each side, H, of the cube equivalent to 0.125 m) were 

constructed for direct comparison with the CEDVAL wind tunnel project. The test 

parameters are listed in Table 1. The similarity requirements between the wind tunnel 

and CFD models were strictly tested. The Re number was greater than 3.7×104, which 

achieves the minimum requirement of 1.5×104. 42  Hence, Re number independence 

was attained, and the similarity requirements were fulfilled. 
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Figure 2. The setup sketch of the wind tunnel showing the measurement locations44  

Table 1. Parameters for the scaled model (A1-4)44 

Parameter Symbol Value 

Building height H 0.125 m 

Reynolds number Re 37,250 

Power law ά 0.22 

Reference velocity Uref 6 m/s 

Reference height Href 0.5 m 

Friction velocity u* 0.35 m/s 

Roughness height z0 0.0004 m 

Offset height d 0.00 m 

Turbulence length L 0.32 m 
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Boundary conditions 

An inhomogeneous atmospheric boundary layer (ABL) and near-wall treatments 

can significantly affect the results of simulations of atmospheric flow and pollutant 

dispersion. 54 Hence, for an accurate simulation of the flow and dispersion of air 

pollutants, it was essential to develop a homogeneous ABL before conducting 

numerical studies. 

Richards and Hoxey55 suggested Equation (2) for the inlet boundary condition for 

a fully developed horizontally homogeneous two-dimensional ABL flow:  

 

𝑈𝑈 =
𝑢𝑢∗

𝐾𝐾
𝑙𝑙𝑙𝑙 �

𝑧𝑧 + 𝑧𝑧0
𝑧𝑧0

� (2) 

 

To rectify the impracticality of the constant inlet profile for turbulence kinetic 

energy suggested by Richards and Hoxey, 55 and improve the consistency of horizontal 

boundary layer, turbulent kinetic energy (k) and turbulent viscous dissipation rate (ε) 

could be written as in Equations (3) and (4) to achieve the equilibrium between the 

turbulence dissipation and production: 44 

 

𝑘𝑘 =  �𝐶𝐶1 𝑙𝑙𝑙𝑙(𝑧𝑧 + 𝑧𝑧0) + 𝐶𝐶2 (3) 
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ε =  
𝑢𝑢∗�𝐶𝐶𝜇𝜇

𝐾𝐾(𝑧𝑧 + 𝑧𝑧0)�𝐶𝐶1𝑙𝑙𝑙𝑙
(𝑧𝑧 + 𝑧𝑧0) + 𝐶𝐶2 (4) 

 

The inlet boundary conditions defined on the boundaries of the computational 

domain are determined by the profiles of the mean wind speed U, turbulent kinetic 

energy k, and turbulent dissipation rate ε, as indicated in Equations (2), (3), and (4), 

respectively. When incorporated into an appropriate near-wall treatment on the domain 

ground, this set of inlet boundary conditions allows one to obtain a homogeneous ABL. 

54, 56 In Equations (3) and (4), z is 0.035 m (that is equal to 0.28 H in the model scale 

used in the determination of inlet boundary condition. 54, 57, 58); z0 is the roughness 

constant (0.0004 m); u* is the frictional velocity (0.35 ms-1); C1 and C2 are constants 

which are equal to 0.025 and 0.41, respectively; Cμ is a constant equal to 0.09; K is the 

Von Karman constant, which is equal to 0.4187.1  

The downstream vertical boundary was modelled as an outflow. The sky was 

treated as a mirror plane. An enhanced-wall function was adopted for the surfaces of 

the building block, where the computational domain was non-slip. The mesh near the 

building and ground surfaces was refined to replicate the physical characteristics of the 

flow. To accurately simulate the approaching ABL flow in the computational domain, 

horizontal homogeneity was required, i.e., the vertical flow profiles prescribed at the 

inlet needed to be preserved on the domain before reaching the buildings. 59  
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The low-Reynolds-number regions below the first grids and the effects on the 

entire wall-bounded flow could be ignored, as the standard wall functions directly link 

the walls and near-wall logarithmic layer with a series of semi-empirical formulae. 54 

In the present study, an enhanced wall treatment, which integrated the flow variables 

down to the walls, was adopted for near-wall modelling, as it could resolve the viscous 

sublayer and compute the wall shear stress from a local velocity gradient normal to the 

wall. Moreover, it provided a more accurate prediction of the velocity distributions in 

the recirculation zones near the windward edges and in the building wakes. 49  

Computational domain and grid 

To ensure that the wind flow was fully developed with minimum blockage effect, 

the upstream, downstream, lateral, and height components of the computational domain 

were set as 5H, 15H, 5H, and 5H, respectively (Figure 3), based on the requirements of 

the CFD practice guidelines. 60 The blockage ratio was approximately 2.7% and in 

conformance with the European Cooperation in Science and Technology (COST) 

Action 732. 60 The entire domain was constructed using structured hexahedral grids 

with a grid expansion ratio of less than 1.2 in both the horizontal and vertical directions. 

61 The pressure and momentum equations were coupled using the SIMPLE (Semi-

Implicit Method for Pressure-Linked Equations) algorithm, and a second-order upwind 

scheme was used in the discretization. The scaled residuals in the simulation were all 
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set as 10-5, and convergence was obtained at this level. 

 

 

Figure 3. Computational domain 

Grid-sensitivity analysis is important to reduce the discretization errors and 

computational time. 62 In this study, a grid-sensitivity analysis was performed based on 

three mesh systems. The three different mesh systems with minimum grid sizes of 

0.0005 m, 0.0002 m and 0.00005 m, and mesh numbers of 1.443 million (coarse), 4.018 

million (medium) and 6.079 million (fine), respectively, were constructed. The 

simulation results from the three systems were compared to examine the independence 

of the numerical solution in regard to the grid size.  

 Figure 4 shows the comparison of the dimensionless velocity ratio (U/Uref) 

between the experimental wind tunnel data and the simulation results with RNG k-ε 
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(Figure 4a) and RLZ k-ε (Figure 4b) models on the horizontal plane at Z = 0.4H along 

the midline of the building model (Y = 0H). The results generated from the medium (M) 

and fine (F) mesh systems used in both models are very consistent. However, the 

differences between the coarse (C) mesh system and the other two mesh systems are 

quite obvious, particularly in the far windward and leeward regions. Apart from grid 

sensitively, Figure 4(b) presents that the RLZ k-ε model tends to overestimate the 

velocity ratio on the windward side and underestimates the velocity ratio in the leeward 

region of the building. The simulation results of the RLZ k-ε model also show greater 

deviations of velocity ratio in the building wake starting from X = 2.5H to X = 5.5H.  

(a)  
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(b)  
Figure 4. Comparison of the wind tunnel data with the simulated (a) RNG and (b) RLZ k-ε 

models with three mesh systems: coarse (C), medium (M), and fine (F).   

Table 2 shows that the RNG k-ε model, in general, has a better performance 

statistically with the higher correlation coefficients (0.988 to 0.999) when compared 

with the RLZ k-ε model (0.988 to 0.992). Besides, the geometric median biases (MGs) 

of the results from the RNG k-ε model are closer to 1. As for the comparison amongst 

the three mesh systems, the medium mesh demonstrates similar results to the fine mesh 

system and performs much better than the coarse mesh in terms of the correlation 

coefficients. Therefore, the medium mesh system with the minimum grid size of 0.0002 

m is sufficiently fine for the CFD simulation. 
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Table 2. Statistical test results of (a) RNG and (b) RLZ k-ε models with three mesh systems, namely 

coarse (C), medium (M), and fine (F). 

(a)   (b)  

 

Figure 5 illustrates the changes in velocity ratio at different locations along the y-

axis direction of the model on two horizontal plains at Z = 0.4H and Z = 0.8H.  

(a)  
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(b)  

Figure 5. Comparison of the wind tunnel data with the simulated RNG and (b) RLZ k-ε models with the 

medium mesh system at two different horizontal levels: (a) Z = 0.4H, (b) Z = 0.8H. The red '+'s in the 

insets are the measurement points along the y-axis direction. 

Figure 5 shows that both RNG and RLZ k-ε models show good agreement with 

the wind tunnel data, except for the sampling location near the lateral wall (Y = -0.7H) 

simulated by the RLZ k-ε model. Statistically, the RNG k-ε model performs better than 

the RLZ k-ε model with correlation coefficients ranging from 0.965 to 0.998, and MGs 

ranging from 1.003 to 1.005. 

Figure 6 presents the comparison of wind tunnel data with the simulation data at 

different vertical distances expressed in Z/H near the windward (Figure 6a), leeward 

(Figure 6b), and lateral (Figure 6c) walls of the building. Figure 6a shows that on the 

windward side, the MGs between the wind tunnel data and those from the RLZ and 

RNG k-ε models are 1.073 and 1.035, respectively. On the leeward side (Figure 6b), the 
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MGs between the experimental data and those from the RLZ and RNG k-ε models are 

1.145 and 1.098, respectively. The simulated and experimental wind velocity ratios on 

the lateral wall agree well (as shown in Figure 6c). The MGs between the experimental 

data and those from RLZ and RNG k-ε models are 1.100 and 1.069, respectively. 

However, the RLZ k-ε model underestimates the horizontal wind velocities at a higher 

vertical level, i.e., Z/H = 0.6-1.0, compared with its RNG counterpart.  

(a)  

(b)  
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(c)  
Figure 6. Comparison of the wind tunnel data with the simulated RLZ and RNG k-ε model results on 

the (a) windward; (b) leeward; and (c) lateral walls of the building block. The red '+' in the inset on the 

left upper corner is the measurement point. The building height fraction 'H' is represented on the x-axis. 

After considering the overall performance of the two k-ε models, the RNG k-ε 

model with a medium mesh system was adopted in the current study, as it can 

economically provide sufficient accuracy for predicting the wind flow around an 

isolated building. 

Description of building configurations 

To study the effects of building configurations and incident wind angles on the 

airflow patterns around the building, a normal building configuration, i.e., “-”-shaped 

(Figure 7a) building, was constructed and used to compare with the two generic 

building configurations, i.e., "T"-shaped (Figure 7b) and "+"-shaped (Figure 7c) 

buildings. The effects of direct approaching (θ = 0˚) wind, oblique (θ = 45˚), oblique 
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opposing (θ = 135˚), lateral (θ = 90˚), and opposing (θ = 180˚) wind directions (see 

Figures 7a, b, and c) were investigated. The front and back sections of the buildings 

were also labelled for ease of reference and identification. The validated mesh, inflow 

wind profile, computational domain size, turbulence model, and numerical methods 

were used in this study used for the wind flow simulation around the buildings.  

 

(a)  

 

(b) 
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(c) 
Figure 7. Building configurations and incident wind directions: (a) normal "-" – shaped building, (b) 

"T"-shaped building; (c) "+"-shaped building. H = 125 mm. In Figure 7(c), the wind angles in (iii) and 

(v) are equivalent to the wind angle shown in (i), and the effects of the wind angles shown in (ii) and (iv) 

are identical. 

Because the wind flow in zones where the mean wind velocity ratio is less than 0.25 

was deemed uncomfortable and unfavourable for pedestrian activities, the distributions 

of the mean wind velocity ratios at the pedestrian level (1.75 m at equivalent full scale) 

in the building wakes were calculated. Areas with a mean wind velocity ratio less than 

0.25 would be regarded as low-wind velocity zones. Moreover, because units and 

windows along the leeward wall were considered less favourable in terms of fresh air 

intake and natural ventilation than those along the windward wall, the distributions of 

the dimensionless pressure coefficients (Cp) on the leeward surfaces 

(CP = (P − P0)/(0.5ρUref
2), where P is the static pressure, P0 is the reference pressure, ρ 

is the density, and Uref is the reference u-velocity) were calculated.  
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Results and discussions 

The effects of wind direction on the flow patterns around the normal “-”-shaped 

building 

The general features of the wind velocity ratio (U/Uref) distribution around the 

normal building configuration, i.e., “-”-shape, at the pedestrian level (1.75 m) under 

different incident wind directions are shown in Figure 8. As shown, the three different 

wind directions, namely direct approaching (0°), oblique (45°), and lateral (90°) wind 

directions, have different velocity distribution patterns and low-wind velocity zone 

developments in the building wake. 

(a) 

 

(b) 
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(c) 

 

 
Figure 8. Distributions of U/Uref in the horizontal plane at the pedestrian height (1.75 m) of the “-”-

shaped building: (a) direct approaching wind θ = 0˚; (b) oblique approaching wind θ = 45˚; (c) lateral 

wind θ = 90˚. 

The low-wind velocity zone (i.e., U/Uref < 0.25 where Uref = 6 m/s) in the building 

wake of the lateral wind (90°) is the smallest (among those formed by the wind from 

the three wind directions) (see Figure 8c). This zone extends horizontally to 4.75 H 

downwind (x-axis direction) and has a maximum bilateral width of less than 0.7H (y-

axis). That means the wind velocities in the wake under the lateral wind condition 

would be the highest among all wind directions. However, when the approaching wind 

is direct (0°), the low-wind velocity zone reaches the longest distance, when compared 

with other directions, at 9.75 H (x-axis) and has a maximum bilateral width of 3 H (y-

axis) in the building wake. The downwind extension and maximum bilateral width of 

the low-wind velocity zone under the lateral wind (90°) are 329% and 105%, 

respectively, less than they are in the case of a direct approaching wind (0°), which is 

the worst-case scenario. In other words, the airflow in the building wake under a direct 
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approaching wind (0°) is relatively stagnant, and the wind environment in this area may 

not be favourable for pedestrian activities. 

In the oblique wind condition (45°), a smaller low-wind velocity zone is noticed. 

The low-wind velocity zones along the x-axis direction extend to 8H (x-axis), and the 

bilateral width of 4 H along with the y-axis orientation. The gross area of the low-wind 

velocity zone in the building wake in the oblique wind case (45°) is still more extensive 

than in the case of the lateral wind angle (90°), and similar to having the direct 

approaching wind (0°). As such, the wind environment in the building wake under the 

oblique wind direction is still less favourable for pedestrian activities. 

The effects of wind direction on the flow patterns around the “T”-shaped building 

Figure 9 shows the general features of the wind velocity ratio (U/Uref) distribution 

around the “T”-shaped building at the pedestrian level under different incident wind 

directions. As shown, the five prescribed wind directions have different velocity 

distribution patterns and low-wind zone developments in the building wake. 
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(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

 

 

Figure 9. Distributions of U/Uref in the horizontal plane at the pedestrian height (1.75 m) of the “T”-

shaped building: (a) direct approaching wind θ = 0˚; (b) oblique approaching wind θ = 45˚; (c) lateral 

wind θ = 90˚; (d) oblique opposing wind θ = 135˚; (e) opposing wind θ = 180˚. 

Referring to Figure 8 (for “-”-shaped building) and Figure 9 (for “T”-shaped 

building), the flow patterns and velocity distributions for direct approaching (0°) and 

oblique (45°) wind directions in both building configurations are very similar. Though 

they are similar in shape, the horizontal spread of the low-wind velocity zone developed 

in the building wake of the “T”-shaped building is 18% shorter than that of the “-”-

shaped building. The bilateral spread of the low-wind velocity zone along the y-axis is 

9.1% shorter than the “-”-shaped building. As for the oblique case (45°), the horizontal 

spread of the low-wind velocity zone developed in the building wake of the “T”-shaped 

building is 14.3% shorter than that of the “-”-shaped building. The bilateral width of 

the low-wind velocity zone along with the y-axis is 13% narrower than the “-”-shaped 

building. For the oblique opposing (135°) wind case in Figure 9d, where the front 

section (without the protruding structure) of the “T”-shaped building appears in the 
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wake, the horizontal spread of low-wind velocity zone developed in the building wake 

of the “T”-shaped building is same as the one developed in the “-”-shaped building. As 

air turbulence takes place and the vortex is developed around the corners of the 

protruding structure in the back section of the “T”-shaped building, it shortens the low-

wind velocity zone development in the wake and reduces the size of the air stagnation 

zone at pedestrian level in the building wake. 

For the lateral (90°) wind direction case, the low-wind velocity zone developed in 

the building wake of the “-” – shaped building in the lateral wind condition (90°) is a 

lot smaller than the one developed in the “T”-shaped building. However, the low-wind 

velocity zone in the building wake of the lateral (90°) wind is still the smallest (among 

those formed by the wind from the five prescribed wind directions) (see Figure 9c). 

This zone extends horizontally to 7.3 H downwind (x-axis direction) and has a 

maximum bilateral width of about 1.8 H (y-axis). When the approaching wind is direct 

(0°), the low-wind velocity zone reaches 8.25 H (x-axis) and has a maximum bilateral 

width of 2.9 H (y-axis) in the building wake. The downwind extension and maximum 

bilateral width of the low-wind velocity zone under the lateral wind (90°) are 11.5% 

and 37.9%, respectively, less than they are in the case of a direct approaching wind (0°), 

which is the worst-case scenario. The smallest zero-wind velocity zone (among those 

corresponding to the five prescribed incident wind angles) is observed under the lateral 



31 
 

wind: 3.4 H downstream extension (x-axis) and a maximum bilateral width of 1.25 H 

(y-axis). These dimensions are 20.9% and 37.5%, respectively, lower than the 

maximum reach of the zero-wind velocity zone in the downstream and bilateral 

directions under a direct approaching wind (0°). In other words, the airflow in the 

building wake under a direct approaching wind (0°) is relatively stagnant, and the wind 

environment in this area may not be favourable for pedestrian activities. The situation 

when the incident wind direction is 180° (see Figure 9e), i.e., when the wind is 

perpendicular to the back of the “T”-shaped building, is similar. The low-wind velocity 

area in the building wake is much larger under these wind conditions than in the lateral 

wind angle (90°) case. The zero-wind velocity zone (when the incident wind direction 

is 180°) extends to around 4.3H (x-axis) downstream and covers a broader bilateral 

region of about 2H (y-axis). The area of the low-wind velocity zone (in the lateral wind 

case) is similar to that of the zone formed by the direct wind: it extends horizontally to 

near 8H (x-axis) downstream and covers the bilateral region of 2.65H (y-axis) in the 

building wake. 

The two oblique winds (45° and 135°) produce smaller low-wind velocity zones 

than the direct approaching (0°) and opposing (180°) wind conditions. The low-wind 

velocity zones along the x-axis direction extend to 7H (x-axis) and 8H (x-axis) 

downstream, respectively, in the oblique (45°) and oblique opposing (135°) wind cases. 
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Again, it is worth noting that when the protruding back section of the building appears 

as the leeward wall in the oblique (45°) wind case, the development of the low-wind 

velocity zone would be shortened. It may be contributed by the vortex formation around 

the corners of the protruding structure on the leeward wall under the oblique (45°) wind 

direction. Besides, both oblique cases show a shorter zero-wind velocity flow distance 

of 3.6H (x-axis) and a narrower bilateral reach of 1.65H and 1.7H (y-axis) when 

compared with horizontal and bilateral extensions in the direct approaching (0°) and 

opposing wind (180°) cases. However, the gross area of the low-wind velocity zone in 

the building wake in the two oblique wind cases is still larger than it is in the case of 

the lateral wind angle (90°). Therefore, the wind environment in the building wake is 

still less favourable for pedestrian activities. 

The effects of wind directions on the “+”-shaped building 

The "+"-shaped building is horizontally and bilaterally symmetrical. Hence, only 

two wind directions were modelled and studied, i.e., the direct approaching (analogous 

to the lateral and opposing wind directions) and oblique approaching (analogous to the 

oblique opposing) wind directions. Figure 10 shows that the area of the low-wind 

velocity zone developed in the building wake under oblique wind conditions, i.e., 45° 

and 135°, is smaller than it is under direct approaching (0°), lateral (90°), and opposing 

(180°) wind conditions.  



33 
 

(a) 

 

(b) 

 

 
 

 

Figure 10. Distributions of U/Uref in the horizontal planes at a pedestrian height (1.75 m at 

equivalent full scale) of a "+”- shaped building with (a) direct approaching wind angle: θ = 0˚ (also 

includes 90˚ and 180˚); (b) oblique approaching wind angle: θ = 45˚ (also includes 135˚). 

When the incident wind is oblique (45°), the low-wind velocity zone extends 

horizontally to 6.8H (x-axis) downstream and has a maximum bilateral reach of only 

1.9H (y-axis) (see Figure 10b). Its length and width are 15.0% and 30.9%, respectively, 

smaller than those of the low-wind velocity zones in the direct, lateral, and opposing 

direction cases, where the downstream reach of the low-wind velocity zone is 8H (x-

axis), and the maximum bilateral reach is 2.75 H (y-axis). The zero-wind velocity zone 

in the oblique wind case extends to 3.5H (x-axis) downstream and bilaterally to 1.3H 
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(y-axis). However, under direct (0°), lateral (90°), and opposing (180°) wind conditions 

(see Figure 10a), the zero-wind velocity zone reaches 4.3H (x-axis) downstream and 

1.75H along the y-axis. That means there is less airflow in the building wakes under 

these wind directions, and it is less comfortable for pedestrian activities. In the 

simulation of “+”-shaped building, the protruding structure in the back section of the 

building appears on the leeward in both direct (0°) approaching wind and oblique (45°) 

wind direction cases. As observed, the air turbulence developed near the protruding 

structure on the leeward wall would shorten the distance and horizontal spread of the 

low-wind velocity zone in the building wake. From Figures 9 and 10, the low-wind 

velocity zone developed in the oblique case (45°) would be shorter than the one with 

direct (0°) approaching wind direction. Hence, the airflow pattern in the building wake 

with this building configuration would create a smaller air stagnation zone and would 

be a more preferable outdoor condition for the pedestrians.  

Figure 11 illustrates the airflow pattern on the median plane of the normal building 

configuration, i.e., “-”-shaped building, and the distributions of air pressure (Cp) on the 

windward and leeward walls under the prescribed incident wind angles.  
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(a)   

   

(b)   

 
(c) 

  
 

Figure 11. The distribution of pressure and airflow pattern at different height fractions (H = 125 mm) on 

the surface wall of the "-"-shaped building under three different incident wind directions: (a) approaching 

wind θ = 0˚; (b) oblique approaching wind θ = 45˚; (c) lateral wind θ = 90˚. 

In general, the backflow of air occurs at the lower vertical levels or floors on the 

leeward wall of the building, and the flow separation creates an underpressure zone that 

enhances fresh air intake and drives natural ventilation of the building with windows 

installed on the leeward wall. This phenomenon becomes more noticeable in the direct 
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approaching (0°), where horizontal air movement on the leeward wall only occurs at 

the lower level of the building (see Figure 11a). For the lateral (90°) wind direction case, 

the vortex in the building wake was not complete, and the underpressures developed on 

the leeward wall are relatively consistent in different vertical distances of the building 

(see Figure 11c). The backflow of air takes place equally on the leeward wall. From 

Figure 11, one sees that when the air current flows back onto the lower part of the 

leeward wall, it moves upward, causing an uplift of air from the mid-level of the 

building to the roof. Though the underpressure becomes more substantial on the upper 

level, the vertical movement of airflow dominates the horizontal one. It creates less 

favourable wind conditions for mid to upper floors, where the wind velocity is 

significantly reduced.    

Figure 12 shows the pressure coefficients along the leeward wall of the building 

under different incident wind directions. In general, the air pressure on the lower levels 

of the building is higher than on the middle and upper floors in different wind directions. 

In both direct approaching and oblique wind cases, it shows a relatively profound 

decrease of pressure coefficients on the leeward wall from Z/H 0.1 to Z/H 0.8. The 

upward pulling force, in the direct approaching (0°) and oblique (45°) wind cases, 

dominates, and hence diminishes the fresh air intake on the upper floors. It could 

weaken the benefit of natural ventilation through the windows on the leeward wall. In 
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contrast, the pressure drops in the lateral (90°) case are relatively steady along the 

vertical height on the leeward walls. The variations of wind flow on different vertical 

levels on the leeward wall are diminutive.  

 

 
Figure 12. The distribution of the pressure coefficient (Cp) at different height fractions (H=125 mm) on 
the leeward wall of the “-”-shaped building under different incident wind angles. 

Figure 13 illustrates the airflow pattern on the median plane of the “T”-shaped 

building and air pressure distributions on the windward and leeward walls under the 

prescribed incident wind angles. Again, the backflow of air takes place at the lower 

vertical level or floors on the leeward wall of the building, and the flow separation 

creates an underpressure zone that enhances fresh air intake and drives natural 

ventilation of the building with windows installed on the leeward wall. This 

phenomenon becomes more noticeable in the direct approaching (0°) and opposing 

(180°) wind direction cases, where horizontal air movement on the leeward wall only 

occurs at the lower level of the building. From the diagrams in Figure 13, one sees that 
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when the air current flows back onto the lower part of the leeward wall, it moves upward, 

causing an uplift of air from the mid-level of the building to the roof. Though the 

underpressure becomes more substantial on the upper level, the vertical movement of 

airflow dominates the horizontal one. It creates less favourable wind conditions for mid 

to upper floors, where the wind velocity is considerably reduced. 

   

(a)   

   

(b)   

   

(c)   
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(d) 

 

  

   

(e)   

Figure 13. The distribution of pressure and airflow pattern at different height fractions (H=125 mm) on 

the surface wall of the "T"-shaped building under five different incident wind directions: (a) approaching 

wind θ = 0˚; (b) oblique approaching wind θ = 45˚; (c) lateral wind θ = 90˚; (d) oblique opposing wind θ 

= 135˚; and (e) opposing wind θ = 180˚. 

The pressure coefficient (Cp) contours in Figure 13 also demonstrate the change 

of air pressure imposed on the leeward wall of the building under different wind 

direction situations. It is shown that the decreasing trend of Cp on the leeward wall in 

the direct approaching wind case (see Figure 13a) is more drastic when comparing with 

the other wind angle cases. This is quite similar to the development in the “-”-shaped 

building as shown in Figure 11. This implies a more potent upward pulling force of air 

in the leeward, and it further reduces horizontal air movement that allows air to infiltrate 

< 
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the leeward wall on the upper floors.     

  Figure 14 shows the pressure coefficient along the leeward wall of the building 

under different incident wind directions. The air pressure on the lower levels of the 

building is generally higher than on the middle and upper floors in all the five prescribed 

wind directions. The direct approaching wind case shows a relatively profound decrease 

of pressure coefficients on the leeward wall from Z/H = 0.2 to Z/H = 0.8. In contrast, 

the pressure drops in oblique (45°), lateral (90°) and opposing (180°) wind angles are 

gradual along with the vertical height on the leeward walls. In the direct approaching 

(0°) wind case, the upward pulling force dominates and diminishes the fresh air intake 

on the upper floors. It could weaken the benefit of natural ventilation through the 

windows on the leeward wall.           

     

 
Figure 14. The distribution of the pressure coefficient (Cp) at different height fractions (H = 125 mm) 
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on the leeward wall of the “T”-shaped building under different incident wind angles. 

Figure 15 illustrates the airflow pattern along the median plane of the “+”-shaped 

building and the distributions of air pressure on the leeward wall under different 

incident wind angle conditions. Same as the "T"-shaped building, the backflow of air 

occurs outside the windows of the rooms on the lower level along the leeward wall of 

the building facilitates fresh air intake and natural ventilation. However, the horizontal 

air movement in the leeward only takes place outside the units on the lower level of the 

building. An upward movement of air from the mid-level of the building to the roof 

creates less favourable conditions for units on the mid to upper levels of the building 

due to reduced horizontal wind velocity. The pressure coefficient contours shown in 

Figure 15 also show the variations in air pressure imposed on the leeward wall of the 

building under different incident wind angles. Like the “-” and “T”-shaped building 

configurations, the decrease in Cp along the vertical height of the leeward wall is more 

noticeable in the direct approaching (0°) wind case. As a result, units on the upper floors 

in the leeward would have less natural ventilation. 
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(a)   

  
 

(b)   
Figure 15. The distribution of pressure and airflow patterns at different height fractions (H = 125 mm) 

on the surface wall of the "+"-shaped building under two wind directions: (a) direct approaching wind 

angle: θ = 0˚ (also includes 90˚ and 180˚); (b) oblique approaching wind angle: θ = 45˚ (also includes 

135˚) 

In Figure 16, the Cp along the leeward wall of the building under different incident 

wind directions is plotted. The air pressures exerted on the leeward division of the 

building under the direct approaching (0°), lateral (90°), and opposing (180°) wind 

angles are lower than they are in the oblique wind angle (45° and 135°) cases. Therefore, 

units having windows on the leeward wall have better natural ventilation when the wind 

is blowing from oblique angles. Besides, the air pressure outside the lower level 

windows is higher than outside the middle and the upper floor windows under all the 

prescribed wind conditions. The pressure drops gradually with heights and increases 
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again at 0.7 and 0.8H (first upper-level floor). Therefore, units on the lower floor with 

windows on the leeward wall (particularly under the oblique wind conditions) 

experience better air intake and natural ventilation than the other units in the "+"-shaped 

building. However, an upward vertical movement of air again diminishes the benefit of 

natural ventilation through the windows of the units on the upper levels along the 

leeward wall. 

 
Figure 16. The pressure coefficient at different heights on the median line on the leeward wall of the “+”-

shaped building under two wind conditions: (a) direct approaching wind angle: θ = 0˚ (also includes 90˚ 

and 180˚); (b) oblique approaching wind angle: θ = 45˚ (also includes 135˚) 

Limitations and future research 

The main goals of this study were to evaluate the impacts of different incident wind 

directions and building orientation on both the wind velocities at the pedestrian level in 

the building wake and the distribution of air pressure on the leeward walls of two 
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buildings. Two common building configurations were assumed. The simulation on a 

simple isolated building helps clarify the role of the building configurations and wind 

directions on the distribution of airflow in the wakes and the ventilation conditions on 

the leeward wall of the building. It is commonly used to test the accuracy of the model 

with experimental wind tunnel test results, and it helps provide inlet boundary 

conditions under homogenous atmospheric boundary layer for the simulation of the 

atmospheric boundary layer flow. However, only the changes in the flow fields in the 

building wakes and on the leeward sides of the buildings were studied. Other buildings 

or structures in close proximity can also have a significant effect on the ventilation 

flowing through the building. As such, the impacts of surrounding buildings or other 

structures that are a part of the urban environment on the ventilation of the building and 

dispersion of pollutants outside the buildings will be assessed in future studies. 

Simulations will be performed to resolve the effects of different building arrays and 

configurations on the flow fields, and the interference effect of surrounding 

environments on the pressure distributions along building walls will be identified. As 

isothermal conditions are assumed in this study, non-isothermal conditions will be 

assumed in future studies, and the effects of temperature gradients and convective heat 

transfer on the ventilation inside the building will be considered. Finally, the balance 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/temperature-gradient
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between wind and buoyancy as driving forces for the inside airflow will be addressed 

in future research.  

Conclusion 

In this study, simulation results showed that the incident wind angle and building 

orientations of "T"-and "+"-shaped buildings, configurations common in Hong Kong, 

have a substantial effect on the low-wind velocity zone development in the wakes and 

the pressure distributions on the leeward walls of the buildings when compared with 

the normal building configuration, “-”-shaped building. For "T"-shaped building, five 

incident angles were considered: direct approaching (0°), oblique approaching (45°), 

lateral (90°), oblique opposing (135°), and opposing (180°) wind angles. For "+"-

shaped building, there were two: direct (0°) and oblique (45°). 

To conclude, incident wind directions and building configurations have significant 

effects on the ventilation of an urban setting and the air qualities in outdoor and indoor 

environments. First, when the wind is blowing from an oblique (45°) angle or onto a 

lateral side (90°) of a “T”-shaped or “+”-shaped building, the horizontal distance 

between the building and the low-wind velocity zone in its wake is the smallest, and 

the air velocity in the building wake is the highest. Second, the vortex formed near the 

protruding structure in the back section on the leeward of the building could help 
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shorten the horizontal spread of zero-velocity and low-wind velocity zone in the 

building wake. The resulting high-velocity flow on the leeward side can penetrate more 

deeply into the street canyon and facilitate the dispersion of air pollutants in the building 

wake. This would provide a more favourable outdoor wind condition for pedestrians to 

enjoy outdoor activities in the building wake region. Third, natural ventilation through 

the windows due to the pressure differences on the leeward wall of the building can 

also help improve the indoor environment. However, the upward air movement in the 

upper part of the leeward wall is noticeable and dominating under all incident wind 

directions. This effect diminishes the benefit of natural ventilation of units on the upper 

floors through their leeward windows. The ventilation force on the leeward wall is the 

highest when the lateral wind is dominating, while the Cp values of the leeward walls 

in all other wind directions are noticeably much lower. The direct approaching (0°) 

wind case demonstrates the worst-case scenario in terms of the low airflow in the wake 

and the poor infiltration of air on the leeward wall, particularly on the upper floors. 

Taking the above observations into considerations, architects or building engineers need 

to consider the building shapes and orientations to enhance the wind comfort 

experienced by the pedestrian in the building wakes and the fresh air intake through the 

windows designed and installed on the leeward wall of the buildings adopting natural 

ventilation.  
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