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Abstract. Determining the neighboring effects of wind is a complex task, as generic approaches are 
often unable to accurately capture the interactions between buildings and their surrounding environment. 
For this reason, standard guidelines may be insufficient for determining these effects, making it 
necessary to rely on wind tunnel testing or numerical simulations through computational fluid dynamics 
(CFD). This study presents an analysis of the changes in aerodynamic coefficients of the CAARC 
(Commonwealth Advisory Aeronautical Research Council) building due to the presence of neighboring 
structures that interfere with wind flow. The neighborhood consists of eight blocks with proportions of 
1:1:3. Turbulence was modeled using the Reynolds-Averaged Navier-Stokes (RANS) approach, 
employing the 𝑘 − 𝜖 and 𝑘 − 𝜔 SST turbulence closure models. A comparative analysis of the results 
obtained from these two models is presented. The study was conducted by varying the system’s 
orientation from 0 to 90 degrees in 15-degree intervals. Results show that the perimeter buildings create 
a shielding effect on the centrally located CAARC building, leading to a reduction in the drag coefficient. 
Additionally, for some angles, the presence of neighboring structures caused an increase in the torsional 
and lift coefficients. 
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1 INTRODUCTION 

The action of wind in urban areas is a field of great interest for the construction industry, as 

the effects of this type of demand have a major impact on the comfort of occupants and 

pedestrians, in addition to affecting the safety and durability of structural elements. As seen in 

the work of Razak et al. (2013), in regions with a high density of buildings, the complexity of 

wind flow increases due to the interference that the set of buildings causes in the wind flow 

profile. Wind engineering plays an important role in the development of urban infrastructure, 

especially in regions with many buildings. It involves the study and analysis of the effects of 

wind on buildings and their surroundings, with the aim of ensuring structural safety and 

pedestrian comfort (Blocken et al., 2012). In regions with a high density of tall buildings, the 

intensity of wind turbulence increases significantly, causing impacts on structural systems and 

the environment at pedestrian level (Aristodemou et al., 2018). 

Studies in this area focus on several aspects, such as the evaluation of wind-induced forces 

and moments (Lin et al., 2005), wind flow topology around structures at ground level for 

pedestrian comfort (Blocken et al., 2016), and the measurement of wind pressure coefficients 

on building surfaces (Meng et al., 2018). Wind tunnel tests and computational fluid dynamics 

(CFD) simulations are the most common methodologies for analyzing this type of system. 

One of the most important points is the study of interference effects between buildings, 

especially in the presence of tall buildings. Ishida et al. (2023) and Ishida et al. (2024), for 

example, evaluate through wind tunnel tests and the CFD Large-Eddy Simulations (LES) 

methodology how the presence of a tall structure can modify the flow topology and velocity 

field, influencing adjacent buildings. Furthermore, densely built urban areas tend to form 

channels for wind flow, creating high-speed zones that can impair pedestrian comfort. 

As seen in Iqbal and Chan (2016), the presence of buildings modifies the wind profile, 

altering the pressures on adjacent buildings. This interference phenomenon changes the forces 

acting on neighboring structures, making it necessary to carry out a wind engineering study 

during the design phase to understand how the building will be affected by its surroundings, 

and how it will affect them. Some of the main effects caused are the induction of vibrations that 

may coincide with natural modal frequencies, increased moment and drag coefficients, and 

consequentially, lateral, and torsional displacements (Thepmongkorn et al., 2002). 

In this work, the effects of neighborhood interference on the aerodynamic coefficients of a 

CAARC-type tall building are evaluated by varying the wind incidence angle through CFD in 

the RANS turbulence models through the open-source software OpenFOAM. Section 2 

presents the equations of the turbulence model and the possible closure methods. Section 3 

shows the methodology for modeling the atmospheric boundary layer (ABL), initial conditions 

and inlet conditions in the domain for the computational simulations. Section 4 presents the 

validation of the simulation model, using the example of the flow around a cube. Section 5 

presents the results of the study and, finally, the final considerations and potential developments 

of the current work are presented in Section 6. 

2 RANS MODEL 

The central idea of the Reynolds-averaged Navier-Stokes (RANS) equations is Reynolds 

decomposition (Reynolds, 1895), whereby the flow quantities are decomposed into their time-

averaged and fluctuating components. Since the turbulence problem is nonlinear, the average 

equations are associated with turbulent fluctuations in velocity and pressure fields, producing 

Reynolds stresses (Andersson et al., 2012). Considering an incompressible Newtonian fluid and 

a steady flow, the RANS model is described by the set of partial differential equations described 

by Eq. (1), 
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 𝜌�̅�𝑗 𝜕𝑢𝑖𝜕𝑥𝑗 = 𝜌𝑓�̅� + 𝜕𝜕𝑥𝑗 [−�̅�𝛿𝑖𝑗 + 𝜇 (𝜕𝑢𝑖𝜕𝑥𝑗 + 𝜕𝑢𝑗𝜕𝑥𝑖) − 𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ] (1) 

where 𝜌 is the specific mass of the fluid, �̅�𝑖 and �̅�𝑗  represent the average velocity components, 𝑥𝑖 and 𝑥𝑗 are the Cartesian directions orthogonal to each other, 𝑓�̅� is the average set of forces 

per unit mass, �̅� is the average set of pressures, 𝛿𝑖𝑗 is the Kronecker delta, and 𝜇 is the molecular 

viscosity of the fluid. On the left side of the equation, the change in the average momentum of 

a fluid element due to the instability in the mean flow and convection by the mean flow are 

presented. The change is balanced by the average body force, the isotropic stress, the viscous 

stress, and the Reynolds stress. This set of equations is highly complex and requires the use of 

closure models to obtain the flow response. 

The resolution is done by turbulence closure models. In this work, two numerical 

configurations are used to simulate turbulent flow, the classic 𝑘 − 𝜖 and 𝑘 − 𝜔 Shear Stress 

Transport (SST) closure models. The resolution of the RANS models equations is associated 

with the determination of the Turbulent Kinetic Energy (TKE), denoted by 𝑘,  for each time 

step of the simulation. TKE is defined as the average kinetic energy per unit mass associated 

with the turbulent flow vortices (Dondapati and Rao, 2013), and their dissipation. Eq. (2) 

presents the analytical differential equation for TKE, 

 
𝐷𝑘𝐷𝑡 + ∇ ∙ 𝑇′ = 𝑃 − 𝜖 (2) 

where 𝐷𝑘/𝐷𝑡 is the mean material derivative of TKE, ∇ ∙ 𝑇′ is the turbulence transport of TKE 

and 𝑃 and 𝜖 are the rates of production and dissipation of TKE. 

The TKE dissipation, denoted as 𝜖, and the specific dissipation, denoted as 𝜔 must be 

determined to solve the differential equations associated with the turbulence problem. 𝜖 is 

analytically calculated as the inner product of the velocity gradient multiplied by the kinematic 

viscosity of the fluid 𝜈, as presented in Eq. (3). Variable 𝜔 is calculated by normalizing 𝜖 by 

the TKE and a constant 𝐶𝜇 = 0.09, associated with the 𝑘 − 𝜔 modeling, as presented by Eq. 

(4). 

 𝜖 = 𝜈 {〈𝜕𝑢𝑖𝜕𝑥𝑗 + 𝜕𝑢𝑗𝜕𝑥𝑖〉 〈𝜕𝑢𝑖𝜕𝑥𝑗 + 𝜕𝑢𝑗𝜕𝑥𝑖〉} (3) 

 𝜔 = 𝜖𝑘𝐶𝜇 (4) 

3 METHODOLOGY 

The simulations of this work were performed in OpenFOAM v10 

(https://openfoam.org/version/10/). This section presents the modeling of the simulation 

domain, flow inlet, boundary, and initial conditions for the problems. 

3.1 Simulation domain 

The domain was discretized according to the recommendations of Franke et al. (2004) and 

Tominaga et al. (2008), which establish guidelines for flow around buildings in CFD 

simulations with high Reynolds number. The building with X:Y:Z proportions (base, width, 

height) and its surroundings are positioned at a distance of 5Z from the upstream face, side 

faces and top of the domain and 15Z from the downstream face, as illustrated by Figure 1. 

Mecánica Computacional Vol XLI, págs. 375-384 (2024) 377

Copyright © 2024 Asociación Argentina de Mecánica Computacional

http://www.amcaonline.org.ar


 

 

Figure 1: Simulation domain. 

3.2 Boundary and initial conditions 

The flow was modeled to simulate the ABL according to a logarithmic function, as seen in 

van Doormal and Raithby (1984), Richards and Hoxey (1993) and Hargreaves and Wright 

(2007). The reference velocity and height are, respectively, 𝑢𝑟𝑒𝑓 = 10 𝑚/𝑠 and 𝑧𝑟𝑒𝑓 = 10 𝑚. 

The aerodynamic roughness considered is 𝑧0 = 0.0024 𝑚 (Nield et al., 2013). Since the 

analyses consider flat terrain without obstacles, the vertical displacement adjustment parameter 

was set as 𝑑 = 0 𝑚. The velocity profile 𝑢(𝑧) and the friction velocity, 𝑢∗, for the inlet are 

given by Eq. (5)-(6), respectively, where 𝜅 = 0.40 is the von Kárman constant. 

 𝑢(𝑧) = 𝑢∗𝜅 ln (𝑧−𝑑+𝑧0𝑧0 ) (5) 

 𝑢∗ = 𝑢𝑟𝑒𝑓𝜅ln(𝑧𝑟𝑒𝑓+𝑧0𝑧0 ) (6) 

Modeling of the inlet TKE is given by Eq. (7), where 𝐶1 = 0 and 𝐶2 = 1 are constants for 

fitting to the ABL profile. For the 𝑘 − 𝜖 closure model, the inlet condition is given by Eq. (8). 

For the 𝑘 − 𝜔 SST model, the condition proposed by Yang et al. (2009), also expressed by Eq. 

(9) is considered. 

 𝑘 = (𝑢∗)2√𝐶𝜇 √𝐶1 ln (𝑧−𝑑+𝑧0𝑧0 ) + 𝐶2 (7) 

 𝜖 = (𝑢∗)3𝜅(𝑧−𝑑+𝑧0) √𝐶1 ln (𝑧−𝑑+𝑧0𝑧0 ) + 𝐶2 (8) 

 𝜔 = 𝑢∗𝜅√𝐶𝜇 1𝑧−𝑑+𝑧0 (9) 

On the outlet face, the Neumann condition of zero gradient is considered, i.e., ∇𝜙 ∙ 𝒏 =  0, 

to extrapolate the values of nearby volumes to the downstream of the domain. For the lateral 

and upper faces, symmetry planes are considered. To represent the buildings in the domain, 

wall functions are used. 

The initial conditions associated with the differential equations that model TKE and 

dissipation are based on the work of Launder and Spalding (1974), where isotropic turbulence 

is considered. Finally, the initial condition for the specific dissipation in the simulations with 𝑘 − 𝜔 SST closure model is modeled according to Menter et al. (2003). 
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3.3 Numerical schemes and mesh refinement 

To solve the simulation cases, the simpleFoam utility was used. For the numerical strategies, 

the time scheme defines how a property is integrated over time. The implicit Euler time scheme 

was adopted. For the gradient terms, central differentiation through the Gauss linear function 

was used. This condition limits the gradient, ensuring that the value extrapolated on the faces 

is restricted to the value of the neighboring cells. For divergence, two terms of velocity 

advection and of a diffuse nature are used, through the Gauss linear upwind model. The 

divergence is applied with respect to the volumetric flow (𝜙), velocity, TKE and its dissipation 

to represent the advection terms. The Laplacian terms are discretized according to the Gauss 

linear corrected scheme, characterized by a second-order linear interpolation. 

The mesh was generated using the blockMesh and snappyHexMesh tools. The first generate 

a structured mesh and the second refines the volumes near specific objects or regions of the 

original mesh. In this case, the meshes are refined around the buildings, at the inlet region, and 

in the wake region where turbulence is generated due to aerodynamic interactions between the 

solid objects and the flow, as shown in Figure 2. This mesh generation model is commonly 

employed in computational wind engineering studies. 

 

Figure 2: Mesh refinement. 

3.4 Aerodynamic coefficients 

The calculation of forces is performed considering two components relative to the surface 

of the analyzed structures: the normal pressure force (𝑭𝑝) on the faces and the tangential viscous 

force (𝑭𝑣). These are computed using Eqs. (10) and (11), respectively. 

 𝑭𝑝 = ∑ 𝜌𝑖𝒔𝑓,𝑖(𝑝𝑖 − 𝑝𝑟𝑒𝑓)𝑖  (10) 

 𝑭𝑣 = ∑ 𝒔𝑓,𝑖 ∙ (𝜇𝑹𝑑𝑒𝑣)𝑖  (11) 

where 𝜌 = 1.225 𝑘𝑔/𝑚3 is the air density, 𝒔𝑖,𝑓 is the face area vector, 𝑝 is the pressure, 𝑝𝑟𝑒𝑓 

is the reference pressure set as 0 Pa, 𝜇 is the dynamic viscosity and 𝑹𝑑𝑒𝑣 is the deviatoric stress 

tensor. 

The sum of these force components is used to calculate the drag, lift and torsion coefficients. 

The drag direction is assigned to the X-axis, while the reference axes for moment and lift 

direction are assigned to the Z-axis. Consequently, the coefficients are computed according to 

Eq. (12). 

 𝐶𝐷 = 𝐹𝑥12𝜌𝑈∞2 𝑆𝑎 𝐶𝑇 = 𝑀𝑧12𝜌𝑈∞2 𝑆𝑏𝐿 𝐶𝐿 = 𝐹𝑧12𝜌𝑈∞2 𝑆𝑏 (12) 

where 𝐶𝐷, 𝐶𝑇 and 𝐶𝐿 are the aerodynamic coefficients of drag, torque and lift, respectively, 𝐹𝑖 
and 𝑀𝑖 represent the forces in the 𝑖 directions, 𝑈∞ = 10 𝑚/𝑠 is the reference velocity, 𝐿 is the 
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reference length of the building’s base, 𝑆𝑎 is the reference area in the drag direction, and 𝑆𝑏 is 

the reference area for the base. Finally, the average pressure coefficients are obtained using Eq. 

(13). 

 𝐶𝑝 = 𝑝−𝑝𝑟𝑒𝑓12𝜌𝑈∞2  (13) 

4 VALIDATION 

To validate the simulation models in this work, the example of flow around a cube 

(Martinuzzi and Tropea, 1993) is used. Three finite volume discretizations are employed, M1 

(119,342 cells), M2 (382,635 cells) and M3 (885,828 cells). 

The pressure coefficients are compared with experimental and numerical results from the 

literature. They are compared with the results of Richards et al. (2001) and Richards et al. 

(2007), who respectively, carried out the experimental test on a cube with a 6 m edge and 

replicated the results in wind tunnel tests, Lim et al. (2009), who carried out an experimental 

and numerical study using the LES model, Hu et al. (2018), who performed numerical and 

experimental studies on a 6 m silsoe cube, and Gough et al. (2019), who compared results in 

experimental tests in a wind tunnel with numerical results using a hybrid RANS-LES model.  

The pressure coefficients are presented in Figures 3-4, which show, respectively, the results 

of the 3 meshes in the 𝑘 − 𝜖 and 𝑘 − 𝜔 SST models. Table 1 presents the relative difference of 

the numerical studies compared with the literature results. 

 

Figure 3: Mean pressure coefficients through the central line of the cube according to 𝑘 − 𝜖 closure model. 

 

Figure 4: Mean pressure coefficients through the central line of the cube according to 𝑘 − 𝜔 SST closure model. 

The windward, top, and leeward faces of the cube are identified within the intervals [0,1], 

[1,2] and [2,3], respectively. The results indicate that the RANS models employed in this study 
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𝑘 − 𝜖 

(windward) 

𝑘 − 𝜖  

(top) 

𝑘 − 𝜖 

(leeward) 

𝑘 − 𝜔 SST 

(windward) 

𝑘 − 𝜔 SST  

(top) 

𝑘 − 𝜔 SST 

(leeward) 

M1 10,80 % 52,85 % 18,93 % 8,33 % 41,10 % 14,17 % 

M2 10,27 % 46,04 % 18,39 % 8,13 % 34,69 % 13,39 % 

M3 10,08 % 42,07 % 16,86 % 7,36 % 29,74 % 12,97 % 
Table 1: Relative difference of the numerical simulations compared to the literature results. 

 

are more accurate for the windward and leeward faces, with the numerical results aligning 

closely with experimental and numerical studies in the literature. However, the top face showed 

the greatest deviation, particularly with the 𝑘 − 𝜖 model. Nevertheless, as seen in Table 1, the 

results asymptotically converge towards the average of the experimental results, indicating that 

the employed models are well-suited for faces normal to the wind flow. It is also noteworthy 

that mesh refinement consistently improves the results, especially on the top face and more 

significantly with the SST model: the 𝑘 − 𝜔 SST model on the M3 mesh demonstrated the best 

agreement with the experimental results. 

5 RESULTS 

The system evaluated in this work consists of a Commonwealth Advisory Aeronautical 

Research Council building, or simply CAARC (Melbourne, 1980), which has a base proportion 

of 1:1.5 and a height of 1:6, and a set of adjacent buildings with a base proportion of 1:1 and a 

height of 1:3, spaced at a fixed distance, as shown in Figure 5. The evaluated system is subject 

to wind gusts with an incidence angle ranging from 𝜃 = 0° to 90°, at 15° intervals. The influence 

of the surroundings on the mean pressure coefficients and on the aerodynamic coefficients of 

drag, moment and torsion of the CAARC building is studied, comparing it in the isolated 

configuration and with the neighborhood. 

(a)  (b)  

Figure 5: CAARC building and neighborhood: (a) buildings proportions and (b) neighborhood spacing. 

Figures 6-8 present the aerodynamic coefficients of the CAARC building in both isolated 

and surrounded configurations, considering the two turbulence models. It is observed that, in 

the isolated case, drag and lift reach their maximum values at an incidence angle of 𝜃 = 45°, 

while the torsion coefficient peaks at 𝜃 = 30°. 

With the addition of the surrounding blocks, there is a substantial reduction in drag. 

However, in the case of lift, changes in the angle 𝜃 cause alterations in the aerodynamic 

behavior around the building, resulting in values at 𝜃 ≥ 60° that are equal or higher than in the 

isolated case. The formation of vortices within the neighborhood favors the emergence of more 

intense vertical forces at certain incidence angles, causing lift values to rise compared to the 

isolated case. 

Torsion exhibits a similar behavior in both turbulence closure models, with the surrounding 

blocks causing a slight decrease in the coefficient. In all cases, the peak occurs at 𝜃 = 30°, with 
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(a)  (b)  

Figure 6: Drag coefficient (𝐶𝐷): (a) 𝑘 − 𝜖 and (b) 𝑘 − 𝜔 SST. 

(a)  (b)  

Figure 7: Lift coefficient (𝐶𝐿): (a) 𝑘 − 𝜖 and (b) 𝑘 − 𝜔 SST 

(a)  (b)  

Figure 8: Torsion coefficient (𝐶𝑇): (a) 𝑘 − 𝜖 and (b) 𝑘 − 𝜔 SST. 

a sharp increase between 0° and 15° and a slight drop between 30° and 90°. Due to the symmetry 

of the problem, 𝐶𝑇 is approximately 0 at 𝜃 = 0° and 90°, with tangential viscous forces 

accounting for the non-zero values. The results of this study show that intense aerodynamic 

effects generally occur at non-zero incidence angles. It is important to highlight that the 

differences in the drag and lift coefficients are due to the rectangular cross-section of the 

CAARC model, which has an aspect ratio of 1:1.5. Consequently, the coefficients are lower at 

90° because the cross-sectional area is smaller. 

6 CONCLUSIONS 

In this work, Computational Fluid Dynamics simulations were employed to analyze the 

effects of neighboring structures on the aerodynamic coefficients of the CAARC building 

model. The RANS methodology was used as the turbulence model, with the closure models 𝑘 − 𝜖 and 𝑘 − 𝜔 Shear Stress Transport. One of the main points highlighted by the study results 

is that wind forces acting on buildings reach the highest values when flow did not strike the 

buildings facades perpendicularly. The aerodynamic coefficients exhibited their highest peaks 
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at different incidence angles. Even with the surrounding buildings shielding the central structure 

from direct wind exposure, the complexity of aerodynamic behavior indicates that, in the case 

of lift and torsion coefficients, the intensity of these effects can be amplified. 

Despite the simplicity of this study design, which considered a small neighborhood with 

perfectly aligned buildings, the results reveal complex behaviors in aerodynamic coefficients 

within urban environment. The use of RANS methodology, reliant on averaged Navier-Stokes 

equations, introduces certain limitations to the analysis. Additionally, the incidence angles were 

analyzed with a spacing of 15°; improving the comparison of the results could be achieved by 

conducting the analysis with 5° spacing. Finally, the actual urban settings present far more 

intricate building arrangements, and wind patterns exhibit increased complexity in both 

experimental observations and real-world scenarios. 

Nonetheless, this idealized configuration effectively demonstrates how even straightforward 

cases can exhibit significant aerodynamic complexity, emphasizing the critical role of wind 

engineering in the design of tall buildings and the planning of urban areas. 
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