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ABSTRACT: Since the emergence of the Computational Fluid Dynamics (CFD) era in early 70s, architects and planners 

have been trying to implement it as a design tool for understanding buildings’ physics. However, it is evident that CFD 

simulations only offer an approximation of the real world and is embedded with errors and uncertainties. Thus, CFD 

simulations need to be validated to have confidence in the yielded results. The aim of this paper is to test a set of 

simulation variables used in literature for studying urban wind flow and identify the reliability of these simulation 

variables in studying wind flow around a surface mounted cube in a turbulent channel flow. Simulation variables such as 

obtaining a horizontally homogeneous atmospheric boundary layer (ABL) profile and mesh independent simulation were 

investigated. In order to assess the consistency of the CFD simulations, flow patterns, pressure coefficients along the 

streamwise central line of the windward façade, roof and leeward façade and the characteristic lengths of the flow around 

the cube were compared. Results has shown the consistency of the CFD simulation results compared to other wind 

assessment tools which gives confidence in using CFD simulations with a certain set of simulations variables for 

assessing urban wind flow. 
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INTRODUCTION 

CFD simulation, as a wind assessment tool, is embedded 

with errors and uncertainties. Hu [12] attributed this to 

the many physical and numerical variables which might 

puzzle even experienced users. Thus, Blocken et al. [4] 

asserted the importance of validating CFD simulations 

against other wind assessment tools. In this paper wind 

flow around a surface mounted cube in a turbulent 

channel flow is investigated using the commercial CFD 

code Fluent 12.1. For validation purposes the results will 

be compared to published in-situ measurements and 

published wind tunnel tests. Thus, this paper is divided 

into two main sections; the first section reviews literature 

on using in-situ measurements and wind tunnel tests in 

solving the same flow problem. The second section 

focuses on reporting the CFD simulation results of the 

same flow problem using the best practice guidelines for 

running CFD simulations extracted from literature and 

comparing the results with the reviewed results from 

other wind assessment tools to identify the validity of the 

CFD simulation results and the reliability of using the 

specified simulation variables for assessing urban wind 

flow. 

 

 

FLOW AROUND A SURFACE MOUNTED CUBE 

Vardoulakis et al. [22] and Seeta Ratnam and 

Vengadesan [20] reported that the most widely studied 

flow problem in wind engineering is a 3D cube immersed 

in a turbulent channel flow. This is due to the simplicity 

of the shape and the complexity of flow phenomena 

around the cube. Murakami and Mochida [14] and 

Martinuzzi and Tropea [13] explained that as the flow 

approaches the building it divides into four main streams; 

the first stream is deviated over the building, the second 

stream is deviated down the windward facade and the 

other two streams deviate to the two sides of the 

building. At the point of deviation a stagnation point is 

formed with maximum pressure situated at that point. 

From that point the flow changes direction to lower 

pressure zones of the facade; upwards, sidewards and 

downwards. 

 

The air flowing downwards forms a standing vortex 

in front of the windward facade.  Corner streams and 

flow separation areas are formed at the sides and on top 

of the building due to the formation of 3 vortices, the 

corner streams subsequently merge into the general flow 

around the corners. Between these vortices and the 

corner streams an area with a high velocity gradient 

exists which is called the shear layer and these are 

situated at the buildings corners where flow separation 

occurs. Seeta Ratnam and Vengadesan [20] added that 

the most visible feature of the flow is the formation of a 

horseshoe vortex around the cube which is formed due to 

the separation in the flow near the connection between 

the obstacle and the lower channel wall on both sides of 



PLEA2012 - 28th Conference, Opportunities, Limits & Needs Towards an environmentally responsible architecture Lima, Perú 7-9 November 2012 

 

the obstacle, the separated flows then merge together 

downwind the obstacle. 

 

 

IN-SITU MEASURMENTS 

According to Hölscher and Niemann [11], the main 

advantage of in-situ measurement is that they do not 

suffer from any scale mismatch due to Reynolds number, 

wind shear, intensities, scales of turbulence, blockage 

effects, etc. which all happens due to the confinement of 

the studied object in a  wind tunnel channel or a 

computational domain. However, in-situ measurements 

are costly, time consuming and it is difficult to control 

the approaching flow condition due to the 

unpredictability of wind which would inevitably obscure 

the results. Thus, it can be argued that a well-controlled 

environment such as wind tunnels or CFD simulations 

can yield more consistent results than in-situ 

measurements. But Hölscher and Niemann [11] asserted 

that long term in-situ measurements (at least for a year) 

have contributed considerably to understanding turbulent 

flows and developing wind tunnel tests and CFD 

simulations. 
 

A 6m cube has been constructed at Silsoe in an open 

country exposed position at the Silsoe Research Institute 

to provide a facility for fundamental studies of the 

interactions between the wind and a structure. The results 

for pressure distribution along the cube’s surfaces were 

compared with those from the wind tunnel tests of Castro 

and Robins [5] and others. Fig. 1 shows that with the 

wind perpendicular to one face, there is general 

agreement on the windward facade pressures between 

wind-tunnels and the full-scale. However, for the roof 

and leeward façade there are some discrepancies in the 

values but the pressure destitution is the same. Richards 

et al. [18] argued that this is due to pressures being 

sensitive to approach flow conditions and scale, i.e. 

velocity profile, turbulence, variation in the cube to 

roughness height ratio and Reynolds number. 

 

 

Figure 1 Vertical central section mean pressure coefficients 

with the wind normal to one face (00) [18]. 

 

 

Richards and Hoxey [16] acknowledged that 

comparing the flows in terms of locations of separations 

and reattachments are also important for determining the 

consistency of the results especially when the flow is 

perpendicular to one of the faces of the cube. In order to 

specify the reattachment point on top of the roof, 

Richards and Hoxey [16] used five ultrasonic 

anemometers to measure flow velocity above the roof of 

the Slisoe 6m cube. The results showed that the 

reattachment point on top of the roof along the cube 

centreline was near the location x/h = 0.6 (Where h is the 

characteristic length of the cube and x is the length on 

top of the cube in the streamwise direction when the 

origin is at the windward edge). These results were 

consistent with other full-scale and wind tunnel tests. 

 

 

WIND TUNNEL TESTS 

The results from Castro and Robins [5] are the most 

comprehensive and most widely referenced set of wind 

tunnel test data for wind flow around a cube in literature. 

Two different flow types were used; the first is a uniform 

upstream flow (case A) and the second is an atmospheric 

boundary layer (ABL) profile (case B). The ABL profile 

will be focused on here as it is closer to reality and will 

be used in further simulations in this paper.  

 

 

Figure 2 Surface pressure coefficients along the centreline of 

the cube when normal to the incident flow [5]. 

 

Fig. 2 shows the results of the surface pressure 

coefficients along the centreline of the cube on the 

windward façade, the roof and the leeward façade in the 

case of the wind perpendicular to the windward facade. 

In terms of flow velocity, measurements showed that the 

flow returned to initial upstream conditions around x/h = 

8.5 as for the separation and reattachment on top of the 

roof; the thickness of the negative velocity region was 

found to be only 5% of the cube height and the 

reattachment occurred around x/h = -0.2 (It should be 

noted that the origin point is at the midpoint of the cube 

base). 
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CFD SIMULATION 

Best practice guidelines for using CFD in literature were 

reviewed and the set of parameters used in this paper 

were extracted. Of the simulation variables that needed 

more investigation, are the horizontal homogeneity of the 

atmospheric boundary layer profile (ABL) and running a 

mesh independence test. The simulation variables are 

specified and used for simulating wind flow around a 

surface mounted cube in a turbulent channel flow. Then, 

the yielded results are presented and compared to the 

previously mentioned in-situ measurements and wind 

tunnel tests to assess the quality of the CFD simulation. 

The simulation conditions used in this study were 

extracted from Baskaran and Stathopoulos [1], Blocken 

et al. [3], Franke et al. [9], Chen and Zhai [6], Wit [23] 

and Sørensen and Nielsen [21]. According to those 

publications, the minimum requirements for carrying out 

a consistent CFD simulation can be summarised in the 

following points: 

 Second order schemes or above should be used for 

solving the algebraic equations. 

 The scaled residuals should be in the range of 10
-4

 to 

10
-6

. 

 Multi-block structured meshes are preferable and 

carrying out sensitivity analysis with three levels of 

refinements where the ratio of cells for two consecutive 

grids should be at least 3.4. 

 Mesh cells to be equidistant while refining the mesh in 

areas of complex flow phenomena. 

 If cells are stretched, a ratio not exceeding 1.3 between 

two consecutive cells should be maintained. 

 For flows around isolated buildings, the realizable k- 

turbulence model is preferred. 

 Accuracy of the studied buildings should include 

details of dimension equal to or more than 1 m. 

 If H is the height of the highest building the lateral 

dimension = 2H + Building width, Flow direction 

dimension = 20H + Building dimension in flow 

direction and Vertical Direction = 6H while 

maintaining a blockage ratio below 3 %. 

 For the boundary conditions, the bottom would be a 

non-slip wall with standard wall functions, top and side 

would be symmetry, outflow would be pressure outlet 

and inflow would be a log law atmospheric boundary 

layer profile which should be maintained throughout 

the length of the domain when it is empty. 

 Horizontal homogeneity of ABL profile throughout the 

computational domain. 

 

These simulation variables are argued to yield 

consistent results when simulating wind flow round 

buildings. Accordingly, they are used in simulating wind 

flow around a surface mounted cube in turbulent channel 

flow to identify the validity of the simulation results in 

light of using these variables. 

 

One of the main factors affecting the consistency of 

the CFD simulation is the last requirement which is the 

horizontal homogeneity of atmospheric boundary layer 

(ABL) profile throughout the computational domain 

which means no streamwise gradients in the flow 

variables in the flow direction from the inlet boundary 

throughout the domain to the outlet boundary. 

 

 

ABL PROFILE 

Modelling an equilibrium ABL in a 3D empty 

computational domain of dimensions X * Y * Z = 126m 

* 36m * 36m was carried out. The mesh used is an 

equidistant structured mesh with spacing of 0.5 m in X, 

Y and Z directions giving 1306368 hexahedral cells. It 

should be noted that Yang et al. [25] and Hargreaves and 

Wright [10] asserted that the horizontal homogeneity of 

the ABL profile is independent of mesh resolution. 

 

The simulation was performed using the commercial 

CFD code Fluent 12.1. The inlet boundary condition was 

specified using a user defined function (UDF) satisfying 

equations 1, 2 and 3 for the velocity    , turbulent kinetic 

energy   ) and turbulent dissipation rate   ) respectively 

[2]. 
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Here    is the friction velocity,   is the von Karman 

constant,    is the aerodynamic roughness length and    

is the turbulence model constant. The bottom boundary 

condition was specified as a rough wall and standard wall 

functions were used, the roughness height (ks) and 

roughness constant (Cs) were determined according to 

the relationship between ks, Cs and    derived by 

Blocken et al. [2] satisfying equation 4. In addition, a 

wall shear stress of 0.58pascal was assigned for the 

bottom boundary satisfying equation 5 for the shear 

stress (   . According to Blocken et al. [2], specifying a 

wall shear stress at the bottom of the computational 

domain associated with the ABL profiles satisfying 

equations 1, 2 and 3 would result in a good homogeneity 

for both wind speed and turbulence profiles. The top and 

side boundary conditions were specified as symmetry 

while the outlet boundary condition was specified as 

pressure outlet. 
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The realizable k- turbulence model was used for the 

closure of the transport equations. The SIMPLE 

algorithm scheme was used for the pressure-velocity 

coupling. Pressure interpolation is second order and 

second-order discretisation schemes were used for both 

the convection and the viscous terms of the governing 

equations. The solution was initialised by the values of 

the inlet boundary conditions. The chosen convergence 

criterion was specified so that the residuals decrease to 

10
-6

 for all the equations. The solution converged after 

499 iterations and velocity; turbulent dissipation (TDR) 

rate and turbulent kinetic energy (TKE) were plotted 

along five equidistant vertical lines in the streamwise 

direction of the domain (X= 0, 31.5, 63, 94.5 and 126m). 

Horizontal homogeneity was achieved for both velocity 

and TDR. As for the TKE, streamwise gradients in the 

vertical TKE profile were observed. 

 

According to Yang et al. [25], the measures taken by 

Blocken et al. [2] improved the level of horizontal 

homogeneity to some extent. However, Yang et al. [25] 

argued that better results can be achieved if the mean 

velocity profile is represented by the logarithmic law 

(equation 1), turbulent kinetic energy   ) and turbulent 

dissipation rate   ) represented by equations 6 and 7 

respectively. 

 

  
   

   
       

    

  
                  (6) 
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Here C1 and C2 are constants obtained from fitted 

curve of the k profile from wind tunnel tests and equal to 

-0.17 and 1.62 respectively. In addition, they modified 

the constants of the k- turbulence model so that   = 

0.028, C1 = 1.5, C2 = 1.92, σk = 1.67 and σ = 2.51. 

All other simulation parameters were the same as those 

in Blocken et al. [2] except that the ground boundary 

condition was set as a non-slip wall with roughness 

height equal to 0.4m and roughness constant equal to 

0.75 satisfying equation 4.  The solution converged after 

687 iterations. Both the velocity and TDR showed very 

good homogeneity in the streamwise direction of the 

domain, as for the TKE the results were improved 

largely. However, small streamwise gradients in the 

vertical TKE profile were noticed near the ground. 

 

According to Blocken et al. [2] and Hargreaves and 

Wright [10], these near ground streamwise gradients can 

be eliminated if the outlet profile of a similar simulation 

in a longer domain (10000 m and 5000 m respectively) is 

used as the inlet profile of the same domain. However, 

for limited computational power available, simulation 

was run for the same domain but with double the length 

in the streamwise direction. When comparing the results 

with the results from the previous two simulations, it was 

noticed that horizontal homogeneity for velocity, TDR 

and TKE profiles were achieved throughout the 

computational domain. The outlet profile was written to 

be used as the inlet profile for the rest of the simulations. 

 

 

COMPUTATIONAL MESH 

A mesh independence study was carried out to determine 

the dependence of the flow field on the refinement of the 

mesh. Two other meshes were used. The first mesh had a 

resolution of 0.2m around the cube and 0.8m throughout 

the rest of the computational domain. The second mesh 

had a resolution of 0.1m around the cube and 0.8m 

throughout the rest of the computational domain. The 

three meshes where compared to each other; qualitatively 

the main flow features for the 0.3m mesh are the same as 

in the 0.2m and the 0.1m mesh. The same agreement was 

noticed for the pressure coefficients plot along the 

streamwise centreline along the windward facade, roof 

and leeward faced of the cube. Very small discrepancies 

on top of the cube were noticed in the pressure 

coefficients plot. Thus, it can be concluded that the 0.3m 

mesh is sufficient for running a mesh independent 

simulation. 

 

 

SIMULATION RESULTS ANALYSIS 

The CFD simulation results showed that all the flow 

features around a roof mounted cube in a turbulent 

channel flow were captured in the CFD simulation (Fig. 

3); the horseshoe vortex started to form in the windward 

direction of the cube and extended along its sides (V1), 

the division of the main flow into four main streams was 

noticed, the first stream deviated downwards the 

windward façade (S1), the second stream deviated above 

the cube roof (S2) and the other two streams deviated to 

the sides of the cube (S3), the deviation from the main 

stream happened at the point of maximum pressure on 

the windward façade of the cube at the stagnation point 

which was clearly visible (St). Due to the presence of the 

cube the flow separated but reattached again in the 

leeward direction of the cube (Rx1). 

 

Also, the flow separated upon hitting the windward 

edge of the cube but reattached again on top of the roof 

(Rx2). Due to separation and reattachment of the flow 

recirculation areas were formed at the same locations as 

those in the reviewed flow problems. The standing vortex 

in front of the windward façade was formed (V2) in 

addition to the two side vortices (V3) and the two 

leeward vortices (V4), also the recirculation area on top 
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of the roof was captured (V5). The high velocity 

gradients areas between the vortices and the corner 

streams were also observed. Qualitatively, the flow 

results of the CFD simulation compare favourably with 

the wind tunnel test and the in-situ measurements. 

However, in order to assess the consistency of the CFD 

simulation, the locations of the front separation on the 

windward façade (stagnation point), the location of the 

front separation on the ground in front of the cube (the 

saddle point), the reattachment length on top of the roof, 

the reattachment length in the leeward direction of the 

cube, ground front separation and pressure distribution 

along the vertical centreline of the windward façade, roof 

and leeward façade were investigated. Results showed 

that the saddle point (Sp) occurred at a distance 0.80h (h 

is the cube height) from the windward facade, stagnation 

point (St) occurred at a height of 0.80h from the ground, 

the roof reattachment length (Rx2) occurred at a distance 

0.32h from the windward roof edge, the reattachment 

length in the leeward direction of the cube (Rx1) occurred 

at a distance 1.60h from the leeward façade of the cube. 

 

As for the pressure distribution along the vertical 

centreline of the windward façade, the roof and the 

leeward façade, it was noticed that the location of 

maximum positive pressure coefficient (CpW) was at a 

distance 0.8h from the ground which is the stagnation 

point and the registered value was 0.81, on top of the 

roof the maximum negative pressure (CpR) occurred at 

location 0.05h from the windward edge of the roof and 

the registered value was -0.97, as for the leeward façade 

the maximum negative pressure (CpL) occurred at 

location 0.85h from the ground and the registered value 

was -0.17. To put these results in context, they were 

compared to the results of the previously mentioned in-

situ measurements, wind tunnel tests in addition to 

validated CFD simulations. Fig. 4 shows a complete 

pressure coefficients distribution along the centreline of 

the windward façade, roof and leeward façade. 

 

 

 

Figure 3 Streamwise velocity pathlines passing through the 

vertical central plan (top) and ground level (bottom). 

 
Looking further into the CFD simulation results in 

comparison with the results from other tools and 

validated CFD simulations, one can notice that the results 

are consistent as they fall within the ranges of the 

reviewed results. Table 1 summarizes the specific lengths 

of the flow and the maximum recorded pressure 

coefficients along the windward façade, roof and leeward 

façade. All value fall within the ranges of reviewed 

values in literature, in addition the obtained values 

compares best with reviewed wind tunnel tests results 

and in-situ measurements results when compared to 

reviewed validated CFD simulation results. For the 

reviewed results from literature, the reader is referred to 

references [22], [25], [20], [17], [16], [24], [18], [15], 

[19] and [5]. 

 

 

Figure 4 Pressure coefficient along the centreline of the 

windward façade, roof and leeward façade 

 

Table 1 specific lengths of the flow around the cube 

Sp St Rx2 Rx1 CpW CpR CpL 

0.80h 0.81h 0.32h 1.60h 0.81  -0.97 -0.17 
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CONCLUSION 

Wind flow around a surface mounted cube in a turbulent 

channel flow was investigated using CFD simulation, 

results were compared to published results from in-situ 

measurements, wind tunnel tests and validated CFD 

simulations for the purpose of identifying the reliability 

of using a certain set of simulation variables for 

investigating urban wind flow. Simulation was run and 

results were obtained and compared to the reviewed 

results using different tools for assessing similar wind 

flow problems. It can be concluded that qualitatively and 

quantitatively the results are consistent and compares 

favourably with other reviewed results as all the flow 

features were captured in the CFD simulation. In 

addition. all the values of the specific lengths of the flow 

were within the ranges of the reviewed results. In 

general, the results are closest to the wind tunnel results 

from Castro and Robins [5] which is another indication 

of the consistency of the obtained results as it was 

mentioned earlier that the results from Castro and Robins 

[5] are considered in literature as reliable results for 

comparison and validation purposes. The highest 

discrepancies were found on the roof in terms of the 

distribution of maximum pressure coefficients although 

the values were acceptable and the locations were also 

acceptable but for the values near the windward edge of 

the roof some discrepancies were observed. However, 

these discrepancies where consistently reported in similar 

published CFD simulations [7, 8, 24 and 1] which 

suggests that the source of the error is numerical. 

However, when comparing the obtained results with the 

reviewed validated results and the results from other 

wind assessment tools, the obtained results compare 

more favourably than the reviewed CFD simulation 

results. Accordingly, the used simulations variables can 

be used in confidence for simulating urban wind flow. 
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