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ABSTRACT 
 
     The wind effects on tall buildings are quite intricate phenomena and needs a deep 
perception as far as structural safety and serviceability are concern. The present paper 
is centered on the comparative study of wind induced responses between two models 
to comprehend the effect of position of limbs over a tall building. A regular „Z‟ plan 
shaped tall building is taken as the parametric model 1 and by varying the position of 
the limbs of the same another model is generated and taken as parametric model 2. 
Computational Fluid Dynamics (CFD) package of ANSYS CFX is adopted for analysis. 
The plan area of the building is 22500 mm2 with length scale 1:300. The external 
surface pressure coefficients at different faces for both models are carried out and 
compared for wind incidence angle 0⁰ to 150⁰ with interval of 30⁰. As one of the key 
purpose of the study is to make out the responses of the building under skew wind 
angle of attack, an additional wind angle 15⁰ is also considered. The wind flow 
configuration around the building displaying flow separation characteristics and vortices 
are shown. Because of amalgamation of positive and negative pressure in windward 
and leeward faces respectively, there is generation of unsteady vortices in the wake 
region. Moreover, Force coefficients along X and Y directions are studied and 
compared between them.  The force coefficient (Cf) along both X and Y direction is 
found to be maximum for skew angle of attack.  
 
Keywords     Tall building, CFD, Wind effect, Wind angle, Force coefficient, Pressure 
coefficient. 
 
INTRODUCTION      
     Tall buildings are flexible and are susceptible to vibrate at high wind speeds in all 
the three directions (x, y and z) and even the building codes do not incorporate the 
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expected maximum wind speed for the life of the building and does not consider the 
high local suctions which cause the first damage. In addition to this, if the plan of the 
building is unconventional then wind analysis is a task of great complexity because of 
the many flow situations arising from the interaction of wind with structures. There are 
numerous phenomena contributing to dynamic response of tall structures under wind 
like buffeting, vortex shedding, galloping and flutter. Simple quasi-static analysis of 
wind loading is inadmissible for dealing with slender structures. At present, wind tunnel 
model experiment and numerical simulation using computational fluid dynamics (CFD) 
are the available research tools to get deeper vision to the behavior of tall structures 
subjected to turbulent wind load.  
     Lin et al. (2004) conferred the results of a widespread wind-tunnel study on local 
wind forces on isolated tall buildings based on the experimental outcome of nine 
square and rectangular models (1:500). Gomes et al. (2005) enumerated experimental 
outcomes of L & U shaped models with 1:100 length scale. Irwin (2007) studied a 
number of bluff body aerodynamic phenomena and their effect on the structural safety 
and occupant comfort. Zhang and Gu (2008) connected the numerical simulation and 
experimental research of wind encouraged interference effects. Fu et al. (2008) 
computed field measurements of the characteristics of boundary layer and storm 
reaction of two super tall buildings. Tse et al. (2009) deliberated the general concept to 
find out the wind loadings and wind-induced responses of square tall buildings with 
different sizes of chamfered and recessed corners. Tominaga and Stathopoulos (2012) 
modelled turbulent scalar flux in Computational Fluid Dynamics for near-field dispersion 
around buildings. Muehleisen and Patrizi (2013) established parametric equations to 
get the values of pressure coefficients (Cp) on the surfaces of rectangular low-rise 
building models from experimental wind tunnel data. Kushal et al. (2013) documented 
that plan shape of the building has a great impact on the wind pressure. Verma et al. 
(2013) discussed the effects of wind occurrence angle on wind pressure distribution on 
square plan tall buildings. Bhattacharyya et al. (2014) examined the mean pressure 
distribution on various faces of „E‟ plan shaped tall building through experimental and 
analytical studies for a wide range of wind occurrence angle. Chakraborty et al. (2014) 
reckoned results of a wind tunnel study and numerical studies on „+‟ plan shaped tall 
building and related the results for 0o and 45o wind incidence angles. Kheyari and Dalui 
(2015) discussed the results of a case study to assess wind load on a tall building 
under interference effects. They used Computational Fluid Dynamics (CFD) simulation 
tool to create a „virtual‟ wind tunnel to foresee the wind features and wind response. 
 
 
MEAN WIND SPEED PROFILES     
     Wind velocity is supposed to be zero at ground and persistently rising of mean wind 
speed with height, can be linked by two models, more precisely, logarithmic law as 
shown in Eq. 1 and power law as shown in Eq. 2. At certain height the air movement is 
thought to be free from earth's frictional resistance. Height varies for distinctive terrain 
category. The divergence in temperature contributes towards rise to the gradients of 
pressure which set air in motion. 

  

   =
 

 
    

 

  
                                                        (1)                                                                                                                                                                                  

Where, k = Von Karman‟s constant = 0.40.  
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z = height above the ground.  

𝑧𝑜 = surface roughness parameter.  

V  = friction viscosity =√
  

 
 

𝜏𝑜 = skin frictional force on wall and 𝜌 is density of air.  
 

  
 = (

 

  
)
 

                                                          (2)                                                                                                                                                        

Where, V= velocity at height z above ground.  

V𝑜 = wind speed at reference height.  
𝑧𝑜 = reference height above ground, generally 10 m.  
  = exponent power law, varying for different terrain.  
Among these two, power law is widely used by researcher as it is quite easy to adjust 
match with mean wind velocity profile. 
 
 
COMPUTATIONAL FLUID DYNAMICS (CFD)     
     Computational Fluid Dynamics (CFD) is a computer simulation tool that generates a 
„virtual‟ wind tunnel to foresee the motion of fluids around objects. CFD is a handy and 
powerful tool that can be used to solve problems connected to pedestrian level wind 
ease, cladding pressures on buildings etc.  
     There are numerous methods in CFD to predict the wind flow and their effects. Here, 

ANSYS CFX software will be used with k-   turbulence modeling, so that ample 
similitude is maintained between experimental and numerical methods. Gradient 

diffusion hypothesis is used in k-  model to connect the Reynolds stresses to the mean 
velocity gradients and turbulence viscosity. „k‟ is the turbulence kinetic energy defined 

as the variance of fluctuations in velocity and „ ‟ is the turbulence eddies dissipation. 
Turbulent flows are defined by the well-known continuity and momentum equations, 
named after Navier and Stokes, improved to Eq. 3 and Eq. 4 as given below;  
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Where, SM is equal to the sum of the body forces,  𝑒𝑓𝑓 is the effective viscosity 
accounting for turbulence and „p‟ is the modified pressure. This k-  model is like the 
zero equation model, based on the eddy viscosity concept. So that,  

 𝑒𝑓𝑓=   +  𝑡                                                       (5)  

Where,  𝑡 is the turbulence viscosity. The k-  model assumes that turbulence viscosity 
is linked to the turbulence kinetic energy and dissipation by the relation, 

 𝑡 = 𝐶  𝜌 
  

 
                                                         (6) 

Where, C  is a constant with a value of 0.09. The values of k and   come directly from 
the differential transport equations for the turbulence kinetic energy and turbulence 
dissipation rate.  
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Pk is the turbulence production due to viscous forces, which is modeled using:  

𝑃𝑘=  𝑡 (
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 − 
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 + 𝜌𝑘)                              (9)  

𝐶 1 and 𝐶 2 are also k-𝜺 turbulence model constants in ANSYS CFX values are 1.44 
and 1.92 respectively. 𝜎𝑘 is the turbulence model constant for k equation with a value 

of 1.0 and 𝜎  is also a turbulence model constant with a value of 1.30. 𝜌 is taken as 
1.224 kg/m3 as density of air.  𝑡 is turbulence viscosity. The buildings are taken as bluff 
body and flow pattern around the building will be studied. Turbulence intensity is 
considered as 10%.  
 
DOMAIN AND MESHING 
     Domain size shall be properly selected so that vortex generation, velocity 
fluctuations etc. in the wake region are effectively imitated. Revuz et al. (2012) 
recommended that inlet, outlet, two side face and top clearances of the domain shall be 
5H, 15H, 5H and 5H respectively from edges of the buildings. Where „H‟ is the height of 
the building. The domain is shown in Fig. 1. A blend of tetrahedron meshing and 
hexagonal meshing is implemented for meshing the domain and surface of the building 
model. Finer hexagonal meshing around and on the surfaces of building is attained by 
providing inflation which leads to simulate even flow and measure the actual behavior 
of the responses precisely. Uniform coarser tetrahedron meshing in rest of the domain 
will significantly reduce the time of analysis without major loss of accuracy. 

Fig. 1 Domain used for the study 
 

VALIDATION OF CFD      
     Validation of the CFD package has been done by studying a square building model 
using ANSYS CFX. From the available information of IS: 875(part –III):1987 for a 
simple square building of particular aspect ratio (h/w=5), pressure coefficients can be 
assessed from respective tables. Afterward, numerical analysis has been carried out in 
ANSYS CFX for alike building model under similar wind environment to attain these 
coefficients on different faces of the building. This evaluation clearly can be done on 
the basis of any other international standard of wind load.  
     Table 1 represents the comparison of the external pressure coefficient Cpe between 
different standards of various country and Cpe calculated by ANSYS CFX for a square 
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A 

C 

B 

D 

building. The outcomes of numerical analysis resembles to the codal provisions of AS-
NZS 1170-2:2002 and ASCE 7-10 with good settlement. 
 
 
 
 

Table 1 Surface pressure coefficients for a square building 

Plan of the 
Building 

As Per 
Wind 

Angle (θ) 
Cpe for surfaces 

A B C D 

 
ANSYS CFX 

0⁰ +0.8 -0.4 -0.6 -0.6 

90⁰ -0.6 -0.6 +0.8 -0.4 

AS-NZS 1170-
2:2002 

0⁰ +0.8 -0.5 -0.65 -0.65 

90⁰ -0.65 -0.65 +0.8 -0.5 

ASCE 7-10 
0⁰ +0.8 -0.5 -0.7 -0.7 

90⁰ -0.7 -0.7 +0.8 -0.5 

IS: 875 (Part 3) - 
1987 

0⁰ +0.8 -0.25 -0.8 -0.8 

90⁰ -0.8 -0.8 +0.8 -0.25 

 
 
PARAMETRIC MODELS OF THE STUDY     
     A regular „Z‟ plan shaped tall building is taken as the parametric model-1 and the 
same model with two limbs in different position are considered as the parametric 
model-2. The pressure distribution on the various surfaces of both buildings are studied 
with varying wind direction. The building models having the clear dimensions of each 
limbs are shown in Fig. 2 and Fig. 4 with rigid model length scale 1:300. The angle 
between each limbs are 90⁰. Height of building is considered as 150 m. The plan area 
of the building is 2025 m2 for both models. The isometric views of the models are 
shown in Fig. 3 and Fig. 5. The domain and meshing used are as discussed in the 
preceding head. The mesh pattern around the buildings are shown in Fig. 6 and Fig. 7. 

                          
                 All dimensions are in mm 
 Fig. 2 Plan of parametric building model-1              Fig. 3 Isometric view of the model-1 
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                     All dimensions are in mm 
  Fig. 4 Plan of parametric building model-2             Fig. 5 Isometric view of the model-2 
 

        
Fig. 6 Mesh pattern around the building         Fig. 7 Mesh pattern around the building 
                       Model-1                                                             Model-2 
 
RESULTS AND DISCUSSION      
     The numerical study of both the models as indicated before has been done by k-ε 
turbulence model using ANSYS CFX. The domain, meshing and flow pattern are taken 
as deliberated earlier. Different faces are named for reference as shown in Fig. 8 and 
Fig. 9. The directions of wind considered are specified also in the same figures. 
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Fig. 8 Different faces of Model-1                                Fig. 9 Different faces of Model-2             
 
     Force coefficients (Cf) along X and Y direction are obtained for wind incidence angle 
0⁰ to 150⁰ with an interval of 30⁰ along with an additional wind angle of attack 15⁰ for 
both models.  The coefficients are presented in Table 2 and Table 3 for Model-1 and 
Model-2 respectively. The force coefficient along X direction is maximum for 15⁰ wind 
angle for Model-1 and for Model-2 the same is maximum for 0⁰. Cf along Y is maximum 
for 60⁰ wind angle of attack for both models. Negative sign indicates the sense. The 
wind pressure acquired by computational method using the ANSYS CFX is used to 

compute the external pressure coefficient „Cpe‟ by using the formula Cpe = P/(0.6  
 ), 

Where Vz is the Design wind speed and 'P' is the wind pressure.  
 

Table 2 Force coefficients for Model-1 

Plan of the Building Wind Angle 
Force Coefficients 

Cf 

Along X Along Y 

 

0⁰ +0.96 +0.01  0 

15⁰ +1.02 +0.29 

30⁰ +0.88 +0.52 

60⁰ +0.73 +1.24 

90⁰ +0.01   +1.04 

120⁰ -0.35 +0.62 

150⁰ -0.61 +0.35 

 
 

Table 3 Force coefficients for Model-2 

Plan of the Building Wind Angle 
Force Coefficients Cf 

Along X Along Y 

 

0⁰ +0.95 +0.01  0 

15⁰ +0.81 +0.23 

30⁰ +0.93 +0.57 

60⁰ +0.74 +1.26 
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90⁰ +0.01   +1.04 

120⁰ -0.42 +0.73 

150⁰ -0.81 +0.47 

 
     The wind flow pattern around the building for some wind angle of attack for model-1 
are shown in Fig. 10 and the same for model-2 are shown in Fig. 11. Flow separation 
characteristics and vortices are quite apparent from the flow patterns. The governing 
frequency of the vortex shedding is the reason for the oscillation of the building with 
increased amplitude.  
 

    
               (a) 0⁰ Wind Angle                                            (b) 15⁰ Wind Angle 

   
                   (c) 60⁰ Wind Angle                                         (d) 150⁰ Wind Angle 

Fig. 10 Wind flow pattern around Model-1 for various wind angles 
 

    
               (a) 0⁰ Wind Angle                                          (b) 60⁰ Wind Angle 
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                (c) 90⁰ Wind Angle                                        (d) 150⁰ Wind Angle     
               Fig. 11 Wind flow pattern around Model-2 for various wind angles 
 
     Variation of wind pressure on different surfaces of Model-1 for wind angle 0⁰, 60⁰ 
and 120⁰ are shown in Fig. 12 to Fig. 14 respectively.  For Model-2 the nature of wind 
pressure distribution on various surfaces are shown for wind angle 15⁰ and 30⁰ in Fig. 
15 and Fig. 16 respectively. The portion of surfaces experiencing suction and pressure 
due to wind-structure interaction are apparent from this plots. 

                           
    FACE A                    FACE B                            FACE C                          FACE D  

                         
    FACE E                     FACE F                           FACE G                         FACE H 
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Fig. 12 Variation of wind pressure on different surfaces of Model-1 for wind incidence 
angle 0⁰ 

                               
    FACE A                   FACE B                          FACE C                           FACE D 

                              
    FACE E                   FACE F                          FACE G                          FACE H 
Fig. 13 Variation of wind pressure on different surfaces of Model-1 for wind incidence 

angle 60⁰ 

    
        FACE A                      FACE B                          FACE C                        FACE D  
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       FACE E                            FACE F                      FACE G                    FACE H 

        
             FACE I                          FACE J                  FACE K                    FACE L                            
Fig. 15 Variation of wind pressure on different surfaces of Model-2 for wind incidence 

angle 15⁰ 

              
     FACE A                      FACE B                            FACE C                        FACE D  
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      FACE E                        FACE F                        FACE G                      FACE H 

                
              FACE I                            FACE J                  FACE K                    FACE L 
Fig. 16 Variation of wind pressure on different surfaces of Model-2 for wind incidence 

angle 30⁰ 

 

     The external pressure coefficients along the height of different faces of both the 
models are calculated as well as compared for different wind incidence angle and 
because of scarcity of pages, only some of them are shown in Fig. 17 and Fig. 18. For 
Model-1, Face A is experiencing pressure for 0⁰, 15⁰ and 30⁰ wind angle whereas for 
other wind angles it is under suction. Again Face D is undergoing suction for all the 
wind angles. Face F is under negative pressure for wind angles other than 120⁰ and 
150⁰. For 90⁰ angle of attack there is sort of zigzag variation of Cpe along the height 
ratifying that there is formation of wake region and consequently vortex shedding is 
taking place. Face H is under pressure although the height for 30⁰, 60⁰, 90⁰ and 120⁰ 
wind incidence angle. Cpe is almost constant for 30⁰ wind angle. For 0⁰, 15⁰ and 150⁰ the 
value of Cpe is negative with very little variation.  For Model-2, Face A is undergoing 
pressure for 0⁰, 15⁰ and 30⁰ wind angle of attack while for other wind angles it is under 
pulling force. Face D is again having suction for all the wind angles except 120⁰. 
Maximum negative pressure is occurring for 15⁰. Again, Face F is experiencing pull for 
most of the wind occurrence angle. For 120⁰ and 150⁰, Cpe is positive and the variation 
is almost same for both the angles. There is formation of vortex near Face H for 150⁰ 
angle of attack. For other wind angles, Face H is under negative pressure. Separation 
of flow is causing suction near the bottom and top of Face J for 60⁰ wind incidence. The 
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face is under purely pressure for 90⁰ wind angle only. For rest of the wind occurrence 
angle there is development of pulling force on the face but the variation is more with 
crisscross pattern along the height for 0⁰ ensuring some backwash and flow separation 
over there. For Face L maximum suction occurs for 0⁰ wind angle. Again, for 30⁰ wind 
incidence there is wake region near the bottom of the face and generation of vortex 
shedding. The variation of pressure is very similar and values of Cpe are almost same 
for 60⁰ and 90⁰ wind occurrence angle. Because of uplift force the face is under pull for 
15⁰ wind angle. Cpe is positive on the face upto about 80 mm from bottom for 120⁰ angle 
of attack and thereafter it is negative. Therefore, along with the flow patterns, plots of 
Cpe vs height are very useful to get a good idea of flow separation characteristics and 
occurrence of vortex shedding on and around the buildings. 

     
                      (a) Face A                                                        (b) Face D 
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                        (c) Face F                                                       (d) Face H 

Fig: 17 Variation of Pressure coefficients along the vertical centre-line on different 
faces of Model-1 for various wind angles  

       
                     (a) Face A                                                      (b) Face D 
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                     (c) Face F                                                         (d) Face H 

            
                     (e) Face J                                                        (f) Face L 

Fig: 18 Variation of Pressure coefficients along the vertical centre-line on different 
faces of Model-2 for various wind angles  

CONCLUSION      
     Globally code of practice for wind engineering are available for orthogonal wind 
directions only i.e., force and pressure coefficients are given for wind angle 00 and 900. 
But the results of this particular comparative study clearly specifies,  

0

0.1

0.2

0.3

0.4

0.5

-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20

H
e

ig
h

t 
(m

) 

Cpe 
0 deg 15 deg 30 deg 60 deg

90 deg 120 deg 150 deg

0

0.1

0.2

0.3

0.4

0.5

-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20

H
e

ig
h

t 
(m

) 

Cpe 

0 deg 15 deg 30 deg 60 deg

90 deg 120 deg 150 deg

0

0.1

0.2

0.3

0.4

0.5

-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20

H
e

ig
h

t 
(m

) 

Cpe 

0 deg 15 deg 30 deg 60 deg

90 deg 120 deg 150 deg

0

0.1

0.2

0.3

0.4

0.5

-1.20 -0.80 -0.40 0.00 0.40 0.80 1.20

H
e

ig
h

t 
(m

) 

Cpe 

0 deg 15 deg 30 deg 60 deg

90 deg 120 deg 150 deg



16 | P a g e  

 

     1. For tall buildings a deeper acuity to the phenomenon of wind structure interface is 
essential.  
     2. Model analysis is unavoidable for super tall structures.  
     3. The force coefficient (Cf) along X direction for model 1 is having a maximum value 
of 1.02 for 150 wind angle and the same along Y is extreme for 600 wind angle of attack 
with a value of Cf equal to 1.24. For Model 2 the force coefficient (Cf) along X direction 
is extreme for 00 wind angle with a value of 0.95 and along Y it is governing for 600 wind 
angle of attack with a value of Cf equal to 1.26.   
     4. The windward faces are subjected to positive pressure coefficients since 
undeviating wind force is coming there. Because of frictional flow separation and 
generation of vortices the leeward faces are exposed to suction pressure.  
     5. Flow separation characteristics and vortices are quite clear from the streamlines. 
The pressure force on the windward side and suction force on leeward side in 
combination produces vortices in the wake region, causing the deflection of the body.  
     6. There is always chances of existence of suction pressure even on the windward 
faces due to occurrence of separation of flow in structures with limbs and also due to 
uplift, sidewash and backwash of wind. 
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