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Abstract


Wind design aims to ensure the stability, safety, and durability of a structure exposed to wind forces. This comparative study using Computational Fluid Dynamics (CFD) was conducted to evaluate the effects of surrounding structures in wind building design. Two scenarios were analyzed: the first, in which the building was exposed to an open field, and the second, in which the building was surrounded by other buildings of equal or lower height. A CFD model, previously calibrated with experimental data, was used to simulate wind behavior. The results obtained showed significant differences between the two scenarios, confirming that nearby structures have a considerable impact on the distribution of wind pressures on the building. Therefore, the importance of considering surrounding buildings is highlighted. CFD could be a useful complementary tool for obtaining pressure coefficients and for detailed analyses of wind behavior, which could improve the design and safety of buildings under wind loads.
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1. Introduction


In structural engineering, one of the principal objectives is to produce a design that guarantees the security, resilience, and durability of the structure. All loads that can influence the structure must be considered [1], such as dead loads, live loads, and accidental loads. Accidental loads are those that can emerge suddenly and act during a short period of time, but their presence can harm the stability of the structure, such as the effects of earthquakes, snow loads, and wind [2]. Countries such as Germany, France, the United Kingdom, and Mexico are severely exposed to wind action, and there has been damage to buildings as a result [3].



Wind is a fluid that can damage structures when they are exposed to high wind speeds, causing economic losses [4]. Wind effects are very difficult to replicate perfectly due to vorticity effects and turbulence flows. The pressure coefficients and pressures that impact a structure must also be obtained [5]. Analyzing wind effects requires experimental studies such as those using wind tunnels and full-scale measurements; in both cases, expensive tools are required in addition to careful calibration. In wind tunnels, scaled models with real fluids are studied [6].



To determine wind effects on a structure, standards such as those from the Eurocode (NE-EN 1991-1-4) [7], Normas Técnicas Complemetarias para Diseño por Viento (NTC-2023) [8], and American Society of Civil Engineers (ASCE 7) [9] are used. In general, these codes present a methodology to estimate pressure coefficients over the surface of a structure; however, these values are constant even in the presence of surrounding structures [10].



In wind design, it is necessary to know the characteristics of the zone, such as the rugosity of the land. Studies have demonstrated that in urban areas, the presence of other structures has a strong influence on wind effects, while increased rugosity reduces the wind velocity but generates other effects such as turbulence and vorticity [11,12]. Analyzing an urban area is very complicated due to the effects that are generated and the instability of flow. It is important to take into account parameters such as the burst factor, which relates the maximum velocity of the wind in the area and medium flow, allowing extreme conditions to be evaluated [13].



Wind tunnel tests have been conducted to evaluate wind behavior in dense urban environments. These studies consider a building with a regular geometry surrounded by square buildings aligned in rows with small gaps. The findings indicate that pressure coefficients, forces, and moments change significantly depending on the height, shape, and distance between nearby buildings [14,15,16].



Urban areas are increasingly large, and with that, the number of high-rise buildings is growing. Through structural engineering, these buildings are designed to resist high loads from winds [17]. Therefore, it is important to study wind effects on urban areas. Currently, with advances in technology, various strategies have been employed for this type of study with the implementation of software and mathematical models.



CFD (Computational Fluid Dynamics) is a branch of fluid mechanics that analyzes highly complex fluid problems using mathematical models and computers, based on the laws of conservation [18,19,20]. This is used to analyze fluids such as wind, for which studies have demonstrated that the good performance of CFD in predicting wind effects relies on the geometry, type of mesh, orthogonal quality, turbulence model, and solution method [21]. In [22], a series of processes based on parameters were obtained from the state of the art and from the general configuration of CFD, that is, pre-processing; setting the geometry, meshing, and initial and boundary conditions; choosing the solver; setting the models and precision of the analysis; and, finally, obtaining results.



Studies have shown that the presence of surrounding structures influences the precision of the wind path prediction, not only through the distribution of pressure coefficient patterns but also through the magnitude of the forces. In addition, some standards overestimate or underestimate pressure changes when the zone is dense [23,24]. Table 1 presents a compilation of studies in which CFD has been used and criteria have been found to evaluate its veracity.



CFD, in wind engineering, is used to conduct studies that analyze the effects of wind at the pedestrian level to evaluate pedestrian comfort and to avoid possible economic losses due to gusts [29]. Besides this, some studies have focused on the effects of wind on high-rise buildings, while others have analyzed wind behavior in the presence of vegetation and the associated air quality.



The objective of this study was to evaluate, using CFD, the influence of surrounding structures on the pressure coefficients of a tall building in an urban environment, reproducing the real conditions of the site and comparing the results with wind tunnel tests.




2. Materials and Methods


For this study, two scenarios were developed: the first was CFD model calibration with experimental data, such as that from wind tunnel tests and full-scale samples, where the building is surrounded by buildings of equal or lesser height in an urban area; the second, based on the considerations of the first, examined only a completely isolated building exposed in an open field. The ANSYS Fluent R1 2023 software was used for this study.



The reference experimental data were taken from the work of Kikuchi et al. [30]. This study employed an atmospheric boundary layer (ABL) wind tunnel measuring 2 m wide by 16 m long. To simulate urban environment conditions, 1/500 scale models were used, covering a 500 m radius around the center of the building under analysis, maintaining a blocking rate of less than 5%. The terrain was classified as Category III (suburban wooded with few tall trees).



2.1. Scenario 1


For this case, a tall, regular building in a dense urban area surrounded by structures of equal or lesser height was examined; therefore, the structures closest to the study building were considered. The methodology is described below for the three phases of the CFD model used for this first scenario.



2.1.1. Pre-Processing, Scenario 1


The object of study in this research is a regular-shaped high-rise building with a floor plan measuring 59.4 × 59.4 m and a height of 155 m (Figure 1), located in the city of Yokohama, Japan. The building is surrounded by 12 structures of equal or lesser height. Data was obtained regarding its geometry, and experimental results, such as those from wind tunnel tests and full-scale measurements, were obtained from a study conducted by Kikuchi et al. [30]. The dimensions and coordinates of the surrounding buildings are described in Appendix A.1.



For the scenario in which the building under study is surrounded by other buildings, approximate measurements were used to develop the geometry of the surrounding buildings. The floor plan measurements are shown in Figure 1.



In developing the domain, the dimensions were taken in relation to the size of the building (object of study), where its height was defined as H and the sides of the building, being symmetrical, were defined as having length L. The dimensions of the domain were established as shown in Figure 2a, with measurements taken from the limits of the surrounding buildings.



For scenario 1, the flow inlet was in the front zone of the domain at 6L from the limits of the surrounding structures. For the side edges and the top edge, a symmetry condition was applied, indicating that the flow was continuous over those limits, as shown in Figure 3.



The meshing techniques applied for this study were validated against the results of experimental studies, where model calibration was performed by evaluating two turbulence models (k-ε and k-ω-SST) with two different types of meshes (polyhedra and polyhexacore) and two solution methods (simple and coupled). The result of this process was that the most accurate simulation with respect to experimental results was the configuration of a k-ω-SST turbulence model with the simple solution method and a polyhexacore mesh, because it adapted better to irregular surfaces and its hexacore elements reduced the computational cost by coupling optimally to the rest of the domain [31]. The configurations used for the two types of meshes evaluated here are described below.



Polyhedra: The mesh size of the building was first obtained as 1% of the building’s height, that is, 1% of 155 m, resulting in a total of 1.5 m. This simplified the model and reduced the number of elements, thereby lowering the computational cost. Furthermore, it facilitated detailed coverage of the area of interest, as the mesh size was relatively small compared with the domain size [32].



A local face size was applied with respect to the building of interest, unifying the building’s mesh size with a local size of 1.5 m. Additionally, local region refinement was applied to achieve greater accuracy in data acquisition by refining the mesh around the walls of the building of interest. The final mesh size was defined as 7.75 m, over five times the mesh size of the building of interest. For the overall mesh size, a size of 15 m was defined with a growth rate of 1.1, to avoid abrupt changes in the mesh size.



For these analyses, boundary layers must be added; these layers generate a roughness effect on the fluid when it impacts a solid surface. The number of layers used for a study depends on whether the flow being analyzed is turbulent according to the Reynolds number, as shown in Equation (1). If the flow is not turbulent, the boundary layer requires a greater number of layers than if it is turbulent [19]. The Reynolds number in this case was greater than 4000, indicating turbulent flow. Therefore, a thin boundary layer was required. The flow was confirmed to be turbulent, and thus, 10 layers were assigned with a growth rate of 1.1, which corresponds to a discrete increment factor.


  R e =    V . L   v     



(1)







Here,



	
V: reference velocity (m/s);



	
L: impact length (m);



	
ν: fluid viscosity (m2/s).






The overall mesh volume was generated with a growth rate parameter of 1.1 to avoid abrupt size transitions, and an overall size of 12.2 m was assigned because the 15 m size resulted in poor mesh quality with an orthogonal quality of 0.01. Ultimately, with the modifications made, a mesh with an orthogonal quality of 0.45 was obtained, which corresponds to acceptable mesh quality [33].



Polyhexacore: Local sizing was applied to the building of interest, unifying the building’s mesh size with a local size of 1.1 m. Subsequently, local refinement regions were added. The mesh size was defined as 3 m, over three times the building’s mesh size.



For the overall mesh size, a size of 10 m was defined with a growth rate of 1.2 to avoid abrupt changes in mesh size.



The Reynolds number was checked, resulting in a value greater than 4000, indicating turbulent flow. Therefore, 10 boundary layers were assigned with a growth rate of 1.1, corresponding to a discrete increment factor, thus avoiding abrupt changes.



A total mesh size of 10 m was established with a growth rate of 1.1 because a mesh size of 15 m resulted in a poor mesh quality of 0.01. Finally, by applying an Improve Volume Mesh, a mesh with an orthogonal quality of 0.46 was obtained.



An exponential wind velocity profile was used due to its simplicity of expression (Equation (2)) since this contributes to the precision of the simulation [34].


    V   z   =   V   ref          Z     Z   ref          α    



(2)







Here,



	
    V   z    : wind velocity to be estimated at height Z above ground level (m);



	
    V   r e f    : reference velocity (m/s);



	
  Z  : height variation;



	
    Z   r e f    : height related to the reference speed (m);



	
α: roughness exponent (Table 2).








 





Table 2. Roughness exponent values [35].






Table 2. Roughness exponent values [35].





	Parameter
	Value





	Water
	0.13



	Grass
	0.14–0.16



	Crops and shrubs
	0.20



	Forests
	0.25



	Urban area
	0.40







Note: For this study, the value of α is 0.40 because the building is in an urban area with many buildings of equal or lesser height.











Due to this study’s sensitivity, input parameters such as kinetic energy k (3) and the specific dissipation rate ω (5), which relate to the atmospheric boundary layer (ABL) of wind profiles, were considered to include more realistic parameters [23].


  k =        u   A B L   ∗     2      C μ      



(3)







Here,



	
    u   A B L   ∗   :   friction velocity;



	
  C μ :   empirical coefficient, equal to 0.09.






Likewise, equations were added to complement the analysis in this study, such as those for the turbulent energy dissipation rate ϵ (4) and friction velocity u*ABL (6). These parameters are described later in this paper with respect to the conditions of the area in which the building is located.



ϵ is the turbulent energy dissipation rate [m2/s3] [36],


  ϵ =        u   A B L   *     3     κ ( z +   z   0   )     



(4)




where



	
    u   A B L   *   :   friction velocity;



	
  κ  : Von Karman constant, equal to 0.4;



	
  z  : height variable [m];



	
    z   0    : terrain roughness height, equal to 1 m.






ω is the specific dissipation frequency [1/s] [37],


  ω =    ϵ   k C μ     



(5)




where



	
ϵ: turbulent energy dissipation rate [m2/s3];



	
  C μ :   empirical coefficient, equal to 0.09;



	
  k :   kinetic energy.






u*ABL, the friction velocity [m/s], represents the velocity profile affected by roughness:


    u   A B L   ∗   = 0.4      V   r e f     l n       z   0   +   z   r e f       z   0           



(6)




where



	
    u   A B L   ∗   :   friction velocity;



	
    V   r e f    : reference wind velocity [m];



	
    z   r e f    : reference height [m];



	
    z   0    : terrain roughness height, equal to 1 m.







2.1.2. Solution, Scenario 1


The solution model was a k-ω-SST model, as its calibration provided a better fit for capturing fluid effects on the surface. This was in reference to CFD tests performed to evaluate and calibrate the model, the results of which have not yet been published. The solution method was simple, solving the Navier–Stokes equations by coupling the fluid pressure and velocity; 1000 iterations were used because within that range of iterations, the flow behavior becomes constant with respect to the residual graph.





2.2. Scenario 2


2.2.1. Pre-Processing, Scenario 2


In the second scenario, the dimensions were established with respect to the dimensions of the building (Figure 4); in addition, the building was considered completely exposed to the effects of the wind, without any disturbances that could influence the distribution of the pressure coefficients.



To define the boundary conditions, the entrance to the front zone of the domain was set at 6L with respect to the limits of the building. The sides and the top of the domain were considered with a condition of symmetry, considering that the fluid was still continuous on those edges. The bottom of the domain was established as a wall (Figure 5).



For Scenario 2, the results obtained through calibration were considered, and a poly-hexacore mesh type was generated. The meshing technique that was applied was in relation to the height of the building. To obtain the mesh size on the walls of the building, the criterion was set to 1% of the height of the building, corresponding to 1.5 m. However, to avoid deformations on the elements, it was taken as a value at 0 decimal places, and thus, the final mesh size on the edge of the building was 1 m.



Local sizing was applied to the building of interest, unifying the building’s mesh size with a local size of 1 m. Additionally, local region refinement was implemented to improve the data acquisition accuracy by refining the mesh relative to the building’s walls. The mesh size was defined as 10 m, 10 times the size of the building’s mesh, to reduce computational costs.



For this scenario, the reference wind velocity value with respect to the height of the building corresponds to 1.51 m/s; the viscosity of the flow corresponds to that of air, with a value of 1.5 × 10−5 m2/s; and by solving the equation, it was verified that such flow is completely turbulent. Therefore, only 5 layers were used on the wall conditions, with a growth rate of 1.2 to avoid sudden changes in each of the levels of the layer. The height of the first boundary layer was 0.272 m, and at the end of the process, an orthogonal quality of 0.5 was obtained.




2.2.2. Solution, Scenario 2


Steady state solutions and a k-ω-SST turbulence model, with a simple solution method, were used, with 1500 iterations performed. Variables established in Table 3 were introduced.






3. Results


The characteristics of six polyhexacore mesh types are presented, as the mesh type analysis and solution model evaluation indicated that this mesh was ideal for this study, as shown in Table 4. Associated graphs can be viewed in Appendix A.2. The first three meshes correspond to scenario 2, where the building is exposed to open fields, and meshes 4, 5, and 6 correspond to scenario 1 The evaluation condition to determine if a mesh is good indicates that the orthogonal quality must be greater than 0.4 and it is considered an acceptable mesh [33].



The graph in Figure 6 presents an evaluation of the simultaneity of pressure coefficients for both scenarios; it can be observed that the mesh density no longer influenced abrupt changes in the obtained pressure coefficients.



Figure 7 shows representations of the profiles used for the CFD model solution: (a) the wind speed profile, obtained from Equation (2); (b) the dissipation frequency profile (Equation (5)); and (c) the turbulent dissipation rate profile (Equation (4)).



3.1. Results, Scenario 1


The CFD model of scenario 1, where the building is surrounded by structures that alter the wind’s trajectory and cause it to directly impact the leeward side, yielded results like those obtained through experimental studies using wind tunnels and full-scale samples. Figure 8 shows a comparison between scenario 1 and experimental results, focusing on the windward side. The percentage of similarity in this comparison was greater than 80%.




3.2. Results, Scenario 2


For scenario 2, where the building is considered without the presence of surrounding structures that could influence the distribution of pressure coefficients on the building faces, as in current wind design regulations, the results show variability with respect to the pressure coefficients obtained in experimental studies.



Figure 9a shows that when the results obtained using the CFD model are compared with those obtained in experiments carried out on a real scale, the difference in the distribution of pressure coefficients is variable; this is also the case in Figure 9b, where the results are compared with pressure coefficients (Cpe) obtained in a wind tunnel experiment. This highlights the importance of considering the surrounding structures.





4. Discussion


This study illustrates the difference in the pressure coefficient distributions obtained when surrounding structures are present and when they are absent. In a building in an open field, on the windward side, the pressure coefficient increases with the height of the structure, and the values are positive, indicating direct pressure on the building. In contrast, for a building surrounded by structures, the distribution changes with respect to the height of the surrounding structures and that of the building itself, with the coefficients varying in value from negative values, representing suction, to positive values, indicating direct pressure.



Figure 10 shows the variation in the pressure coefficients with respect to the height of the building (H) at distance z above the face of the building.



The distribution of pressure coefficient values varies not only with respect to the height of the structure but also with respect to the length of the building face (Figure 11). Furthermore, the presence of surrounding buildings influences not only the windward face but all four faces of the building.



In Figure 11a, it can be observed that when wind directly impacts the structure, the coefficient values increase with the height of the building and in places approaching the edges of the building face. In the case where surrounding structures prevent the direct impact of wind, suction effects are generated, resulting in pressure coefficient values that vary from −0.10 in the windward case to 0.9, with a non-constant distribution depending entirely on the particular obstructions.



In Figure 12a,b, the pressure coefficient distributions on both side faces are similar when it comes to scenario 2. However, when there are obstructions that disturb the path of the wind, generating vortices and suction, the distribution is variable with respect to the quantity and size of the surrounding structures. The behavior in both cases is different with respect to the distributions, though not so much with respect to the values.



In this case, although these are not the faces receiving the greatest impact from the wind, the impacts are significant due to suction effects. However, it was also observed that although there should be greater impacts on the four faces of the building in an open field, the presence of the surrounding buildings influences not only the distribution but also the obtained values of the pressure coefficients on the structure.



In Figure 13a, the similarity between the two models ranges from 19% to 4%, with values being more similar when obstructions do not directly affect the structure. In the case of (b), for the leeward side, the similarity between the pressure coefficient distributions differs considerably, ranging from 96% to 47%, highlighting the importance of surrounding structures.



The same applies to the laterals, where the coefficient of determination shows variability when both cases are compared. The cases show a difference of 100% to 17% for the laterals, where at a distance of 52.5 m from the x-axis, the pressure coefficient distributions do not coincide due to the influence of the surrounding structures.



Although the most damaging scenario for a structure affected by wind is that in which it is exposed in an open field, through this study, it was observed that the values were significantly different. In addition, some regulations for the static effects of wind on a structure consider constant pressure coefficients on each of the faces, which generalizes the methodology but also neglects the presence of other structures. Thus, it would also be important to carry out a study through CFD as a complementary tool for wind design in structures, although it is necessary to have adequate equipment to improve the computational cost of the simulations. Real or scale measurements of the study area should also be considered to produce better results.



Furthermore, although some regulations do not validate the use of CFD for this type of study, Eurocode suggests CFD as a usable tool under certain conditions [7].




5. Conclusions


The results obtained using CFD as an analysis tool show that for this and some other cases, it is important to consider the presence of surrounding structures when analyzing wind effects. Surrounding structures can modify the distribution of pressure coefficients on building faces, resulting in an average overall reduction of 27% in this study. Although the most unfavorable scenario is considered to be when a building is exposed to open terrain, this study revealed that ignoring the presence of surrounding structures would be a mistake. In open terrain, the windward side receives only positive pressure or thrust. However, the presence of surrounding structures can lead to both thrust and suction generated on the windward side due to wind interference effects.



For future research, it is recommended to evaluate the effect of the wind’s angle of incidence by varying the flow direction, and to analyze the influence of the location, height, and shape of surrounding buildings.



These aspects are essential since in the present study, the height, geometry, and position of the target building remained constant; even so, the distribution of the pressure coefficients changed substantially due to the presence of upstream structures obstructing and redirecting the incident flow.
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Appendix A


Appendix A.1


This appendix contains the cartesian coordinates for the representations of each of the surrounding buildings. The coordinates are described on a two-dimensional plane with x- and z-axes. Each box contains the dimensions of the sides for each building.
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Figure A1. Cartesians coordinates for the surrounding buildings. Numbers indicate each building and letters their vertices coordinates. 






Figure A1. Cartesians coordinates for the surrounding buildings. Numbers indicate each building and letters their vertices coordinates.
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Appendix A.2


In graphs (a) and (b), the simultaneity of the CFD simulations and results obtained through wind tunnel testing is evaluated using linear models, through a polyhedra mesh; in (c) and (d), the same parameters are evaluated through a polyhexacore mesh. The models and solution methods were evaluated, and the one giving results closest to those from the experimental studies was the k-ω-SST model with its simple solution method.
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Figure A2. Comparison CFD vs. wind tunnel. 






Figure A2. Comparison CFD vs. wind tunnel.
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Appendix A.3
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Figure A3. Locations of points on the surfaces of the building. Laterals: Surfaces that are oriented parallel to the direction of the fluid inlet. 






Figure A3. Locations of points on the surfaces of the building. Laterals: Surfaces that are oriented parallel to the direction of the fluid inlet.
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Figure 1. The dimensions of the considered buildings. The heights of the buildings are as follows: B, 155 m; 1, 23 m; 2, 100 m; 3, 65 m; 4, 65 m; 5, 65 m; 6, 65 m; 7, 60 m; 8, 100 m; 9, 110 m; building 10 consists of two different sections, but the total height of the building is 100 m; 11, 150 m; 12, 140 m. 
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Figure 2. The domain dimensions of scenario 1, a building with surrounding structures: H: 155 m (building height), L:54.9 m (building sections). 
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Figure 3. Boundary conditions and domain dimensions of scenario 1. 
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Figure 4. The domain dimensions of scenario 2, a building in an open field: H: 155 m (building height), L: 54.9 m (building sections). 
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Figure 5. Boundary conditions: scenario 2, a building exposed to open countryside. 
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Figure 6. Mesh independence. It is observed that the mesh size density does not significantly affect the obtaining of pressure coefficients. 
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Figure 7. Profiles used for CFD model solution: (a) wind speed; (b) dissipation frequency; and (c) turbulent energy dissipation rate. 
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Figure 8. Comparisons of pressure coefficients obtained from scenario 1 on the windward side: (a) simulated Cpe vs. actual scale, (b) simulated Cpe vs. wind tunnel, (c) a linear model to determine the percentage of similarity between CFD and actual scale results, and (d) a linear model to determine the percentage of similarity between CFD and wind tunnel results. 
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Figure 9. Comparisons of pressure coefficients obtained from scenario 2 on the windward side: (a) simulated Cpe vs. actual scale; (b) simulated Cpe vs. wind tunnel. 
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Figure 10. Distributions of pressure coefficients (Cpe) with respect to height. (a) Vertical profile at Z = 6.9 m. (b) Vertical profile at Z = 16.5 m. (c) Vertical profile at Z = 46.5 m. (d) Schematic representation of the building indicating the positions of the three vertical profiles (dotted red lines) on the windward (0−1), roof (1−2) and leeward (2−3) faces. Arrows indicate the analysis sequence. 
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Figure 11. Pressure coefficient distributions for when the building is located in an open field and when it is surrounded by structures of equal or lesser height: (a) windward side; (b) leeward side. 
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Figure 12. Pressure coefficient distributions on the lateral faces when the building is located in an open field and when it is surrounded by structures of equal or lesser height: (a) lateral 1, north-facing; (b) lateral 2, south-facing. 
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Figure 13. Linear models to obtain the percentages of simultaneity between the cases by means of the coefficient of determination (R2) for the 4 sides of the building: (a) windward, (b) leeward, (c) Side 1, and (d) Side 2. 
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Table 1. A collection of studies illustrating the state of the art.
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	Title
	Comment
	Ref





	Evaluating the wind loads on high-rise buildings of various plan dimensions through numerical simulations.
	Checked the functionality of CFD for capturing pressure coefficients for high-rise buildings via WMLES simulations, which are more precise than RANS models.
	[25]



	Experimentally estimating wind load coefficients for tornadoes—An alternative perspective.
	Explained the importance of turbulence and its relationship with applied loads on a surface or structure.
	[26]



	A technical review of computational fluid dynamics (CFD) applications on wind design of tall buildings and structures: Past, present and future
	Parameters such as the velocity profile, mean pressure turbulence intensity profile, turbulence model, and solution method influence the pressure for obtaining pressure coefficients on a surface. The LES model is more accurate than RANS but has higher computational costs.
	[27]



	CFD simulation advances in urban aerodynamics: Accuracy, validation, and high-rise building applications
	Turbulence models such as k-ε-RNG and SST-ω-Standard were compared, including parameters like kinetic energy and the dissipation rate. To validate this research, wind tunnel studies were used. The result was that both models are reliable, but the k-ε model has a lower computational cost.
	[28]










 





Table 3. Input conditions and variables.
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	Parameter
	Value





	Inlet velocity
	1.51 m/s



	Outlet pressure
	0 Pa



	Wall
	No-slip



	Air density
	1.255 kg/m3



	Air viscosity
	1.5 × 10−5 m2/s



	Wind velocity
	    V   z     (Equation (2))



	Kinetic energy
	  k   (Equation (3))



	Turbulent energy dissipation rate
	  ϵ   (Equation (4))



	Specific dissipation frequency
	  ω   (Equation (5))



	Friction velocity
	    u   A B L   *     (Equation (6))







Note: The parameters used for CFD simulations with a k-ω-SST turbulence model.













 





Table 4. Mesh characteristics.
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	Mesh
	Total Number of Cells
	Minimum Orthogonal Quality
	Maximum Aspect Ratio
	Maximum Skewness





	1
	2,191,351
	0.50
	49.38
	0.21



	2
	2,264,594
	0.50
	18.21
	0.45



	3
	2,627,127
	0.50
	19.21
	0.44



	4
	3,254,540
	0.45
	34.20
	0.92



	5
	2,560,055
	0.48
	40.90
	0.85



	6
	2,560,362
	0.42
	23.39
	0.63







Note: Polyhexacore meshes were evaluated for scenarios 1 (meshes 4, 5, and 6) and 2 (meshes 1, 2, and 3).
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