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Possible interference effects of the wind tunnel walls play an important role especially 
for measurements in closed-wall test sections. In this study, a numerical analysis of 
two-dimensional subsonic flow over a NACA 0012 airfoil at different computational 
domain heights, angles of attack from 0o to 10o, and operating Reynolds number of 
6×106 is presented. The work highlights the role of computational fluid dynamics (CFD) 
in the investigation of wind tunnel wall effect on lift curve slope correction factor (Ka). 
The flow solution is obtained using Ansys Fluent software by solving the steady-state 
continuity and momentum governing equations combined with turbulence model k-  
shear stress transport (SST-Kω). The numerical results are validated by comparing with 
the available experimental measurements. Calculations show that the lift curve slope 
correction results are very close to the published data.  
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1. Introduction 
 

When simulating the flow over an airfoil inside wind tunnel, the effect of the tunnel walls to the 
flow plays an important role in determining the flow features and in quantifying the airfoil 
performance such as lift and drag coefficients.  Currently, the estimation of the effects of the tunnel 
walls on the flow around a model relies only on numerical methods. CFD is one of the numerical 
methods of choice in the simulation and design of many aerospace, automotive and industrial 
components and processes in which fluid or gas flows play a major role. 

Wall interference has a major impact on the performance of the wind tunnel. CFD has been used 
extensively in recent years to investigate transonic wall interference. In order to reduce the blockage 
effect, shock wave reflection, etc., a transonic wind tunnel typically has porous or slotted walls on 
the test section. The wind tunnel flow field is greatly affected by the permeable wall, and it must thus 
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be properly modelled [1]. A variety of researchers have applied the principle of blockage correction 
to wind tunnel test results. The correction method proposed by Pope and Harper [2] was used by 
Blackwell et al., [3] to correct the effects of the blockage on wind speed and pressure to evaluate the 
output efficiency of a Savonius wind turbine. In the analysis, while the uncertainty in the correction 
factor of the Pope and Harper was calculated at 50%, the approach was applied because there was 
no other tool at the time to correct the blocking effect for the Savonius wind turbine. Alexander et 
al., [4] proposed a minor modification to the Savonius turbine by Maskell's process [5]. They 
calculated a Savonius turbine's drag force, and then presented the correction factor as updated. Ross 
and Altman [6] investigated the wake characteristics and output generated at different physical 
scales and in two different wind tunnels by the same Savonius vertical-axis wind turbine. By 
conducting a wind tunnel test using a small horizontal-axis wind turbine. Chen et al., [7] confirmed 
that the blockage effect was more affected by the tip speed ratio (TSR), blade pitch angle, and 
blockage ratio, and less affected by the wind speed. 

Numerical simulations of the flow around a three-bladed model-scale wind turbine with 
horizontal axis were reported by Zaghi et al., [8]. In all test cases, the turbine diameter is comparable 
with test section dimensions, and the blockage effects were significant. Two circular wind tunnels 
were tested. For the first, the radius was chosen to retain the same cross section as the actual wind 
tunnel while in the second, it was set to be equal to half of the smallest cross-section dimension. The 
aerodynamic performances of the turbine, in terms of power and thrust coefficients, were analyzed 
and compared with available experimental data.  

Owing to the possibility of unstable or structural failure, nonlinear anomalies of an airfoil/wing 
have created great interest. Three of the most common causes of nonlinearity are high angle of 
attack, transonic flow, and elastic structure [9-12]. Two-dimensional wind tunnel experiments were 
conducted to investigate the buffeting flow over a static airfoil and an oscillating pitching airfoil [13-
14]. However, if the distance between the wind tunnel walls is not sufficiently wide relative to the 
characteristic length of the object being studied, the wall effects cannot be ignored, because they 
can greatly affect the object's aerodynamic characteristics. Malavasi and Blois [15] made use of a 2D 
PIV technique to calculate the flow structure around an elongated rectangular cylinder near a solid 
wall. The time-averaged flow patterns illustrate the significant distortions due to the solid surface. 
Ota et al., [16] suggested a two-dimensional wall effect correction function for the mean forces, as 
well as the fluctuating forces and the number of Strouhals. Ota's formula was used to correct Chen 
and Fang's Strouhal number for an inclined flat plate [17]. A correction factor of 1.21 has been 
adopted based on Ota's formula for correction and the least-square test. To yield one common value, 
the Strouhal numbers calculated with different blockage ratios have been corrected. 

Zhou et al., [18] studied the wall effects at a high angle of attack on a NACA 0012 airfoil. It was 
presumed that the flow through the airfoil is fully separated. The effects on both a static airfoil and 
an oscillating airfoil were investigated at Reynolds number varies from 105 to 3×105. A new formula 
for wall correction has been determined for the Strouhal number. The results show that for an 
oscillating airfoil, a combination of the excitation frequency and the amplitude of the oscillating airfoil 
defines the lock-in. The lock-in region decreases as the blockage ratio increases. They also found the 
Reynolds number has a minor effect on the region of lock-in, both in unconfined flow and confined 
flow. 

Abdul Hakim et al., [19] carried out a low-speed wind tunnel analysis on the 2D airfoil model in 
the range from 0° to 35° angle of attack at 1.0 x 106, 1.5 x 106 and 2.0 x 106 Reynolds. It is concluded 
that the number of Reynolds 1.0 x 106 was separated at 16°; and as the number of Reynolds was 
increased; the separation of the flow was delayed. For Reynolds number 1.5 x 106 at 18° and Reynolds 
number 2.0 x 106 at 20°, the flow was totally separated. 
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In the available numerical wind tunnel wall interference studies, angle of attach is usually 
achieved by changing the flow direction while keeping airfoil and the mish inside the domain 
unchanged which do not representing the real wind tunnel flow where the flow is parallel to the wall. 
Hence, in the current study, unstructured grid for each angle of attack is generated where the flow 
is kept parallel to the domain the airfoil is tilted by angle of attack. The height of tunnel wall varies 
from 2-chord to 7-chord of the airfoil. The angle of attack of the airfoil varies from 0◦ to 10◦, and the 
Reynolds number is 6×106. The goal of this paper is to explore the wall effects on lift and drag 
coefficients for NACA 0012 airfoil at different angles of attack and to provide better understanding 
of wall interference effects for the airfoil. 
 
2. Numerical Setup  
 

The Reynolds-averaged Navier-Stokes equations are obtained by adding a perturbation to the 
average values of the flow variables in the Navier-Stokes equations. The continuity and momentum 
equations are straightforward. When this procedure is applied to the energy equation, a conservation 
equation for the total energy including the turbulent kinetic energy is produced [20-21]. A 
conservation equation for the total energy of the mean flow can then be obtained by subtracting out 
the equation for the turbulent kinetic energy. The result is the Reynolds-averaged Navier -Stokes 
equations in the form [17,22]. 
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coordinate direction. 
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In the energy equation, the total energy and enthalpy of the mean flow are given by: 
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Notice that as a consequence of the averaging procedure, two new unknowns have been 

introduced:   𝜏𝑖𝑗= − 𝜌𝑢𝑖
′𝑢𝑗

′ , which is an apparent stress due to turbulent fluctuation, is known as 

Reynolds stress, and ρh′uj
′̅̅ ̅̅ ̅̅ ̅ which is an apparent heat flux due to the turbulent  fluctuations, is known 
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as the Reynolds heat flux . While it is possible to derive transport equations for these second-order 
correlations, these equations will involve third-order correlations. This process can be continued 
indefinitely. At some point, the correlations must be modeled based on empirical information. The 
fact that the system cannot be solved without relating these correlations to the mean flow variables 
(or lower-order correlations) is known as the closure problem. This is done through a turbulence 
model. In the lowest-order approximation due to Boussinesq, the Reynolds stresses are related to 
the mean flow gradients by: 
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where μt is the eddy viscosity and k is the turbulent kinetic energy given by 
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Similarly, the Reynolds heat flux can be related to the mean temperature gradient by: 
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Where,  𝑘𝑡 is the eddy thermal conductivity. With these relations, the Reynolds-averaged Navier-

Stokes equations take the form         
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and the Prandtl number and turbulent Prandtl number are given by 
 

𝑃𝑟 =  
𝜇 𝐶𝑝

𝑘
                               (16) 

 

𝑃𝑟𝑡 =  
𝜇𝑡 𝐶𝑝

𝑘𝑡
                                                                                                                            (17) 

 



CFD Letters 

Volume 12, Issue 11 (2020) 72-82 

76 
 

The SST k-ω turbulence model is a two-equation eddy-viscosity model that is used for many 
aerodynamic applications. It is a hybrid model combining the Wilcox k-ω and the k-ε models. A 
blending function activates the Wilcox model near the wall and the k-ε model in the free stream. This 
ensures that the appropriate model is utilized throughout the flow field. Where k- ω model is well 
suited for simulating flow in the viscous sub-layer, while, k-ε model is ideal for predicting flow 
behavior in regions away from the wall [23].  

 
3. The Computational Domain  
 

In order to study the effect of wind tunnel walls on the lift and drag coefficients of NACA 0012 
airfoil a set of CFD analysis cases are performed with different domain heights. The computational 
domain (wind tunnel) heights are 2C ,3C ,4C, 5C, 6C, and 7C where C is the chord length of the airfoil. 
In addition to these cases, one reference case with large domain size of 24C is calculated. The 
boundary conditions are set as pressure far field for front, upper and lower domain sides. The back 
side is defined as pressure outlet. The studied range of angles of attack starts from 0 to 10 degrees. 
It is worth to note that, for every angle of attack the airfoil is tilted by that angle and a new mesh is 
generated. The reference case models the free stream condition where no wind tunnel walls are 
present. Lift curve slopes from each case is calculated, and a correction factor is obtained by dividing 
by free stream lift curve slope. 

Simulations for various angles of attack were done from the wind tunnel wall heights and then 
validate them with existing experimental data. In all cases, a rectangular computational domain is 
selected with unstructured mesh as illustrated in Figures 1 and 2. Dimensions of the computational 
domain is 24C in length and varies from 2C to 7C in width. 
 

 
Fig. 1. Unstructured mesh used in wind tunnel wall simulations showing near walls mesh refinement 

 
For unstructured mesh simulation, a mech sensitivity study is performed. As shown in Table 1 and 

illustrated in Figure 3. The sensitivity of lift and drag coefficients to grid size is studied. It is clear from 
the table and figure that grid with 12500 nodes gives satisfied results compared with other mesh 
sizes.  
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Fig. 2. Refined unstructured grid used around the airfoil surface to simulate boundary 
layer region 

 
Table 1 
Grid independence study 
mesh size Cl Cd 

9268 0.6 0.01175 
12500 0.648 0.01136 
14000 0.649 0.01149 
16400 0.64966 0.01139 
30000 0.651 0.01146 

 

 
Fig. 3. Grid independence analysis 
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4. Wall Correction Factor Computation Procedure 
 

In the beginning of the study the CFD setup is validated by comparison of free stream case (large 
domain of 24C) with experimental data from two different sources [24, 25]. The mesh is refined until 
an acceptable error lift coefficient is within 6%.  

Figure 4 shows comparison of free stream case with experimental results. The CFD results are in 
close agreement with data from reference [25]. It is worth to note that considerable difference 
appears between experimental data from NACA TM4074 [25] and Abbott at higher angles of attack 
[21].  

This CFD setup is applied to the studied computational domains. For each domain flow filed is 
solved for a set of angles of attack from 0 to 10 degrees. A lift curve slope is then calculated for each 
domain. A correction factor 𝐾𝑎 defined as the ratio of lift curve slope calculated for the computational 
domain height h to the lift curve slope of free stream case. It is called wind tunnel wall correction 
factor. The objective of these simulation scenarios is to calculate this correction factor and compare 
it to the published data. 

 

 
Fig. 4. Comparison of free stream case with experimental 
data 

 
5. Results and Discussion 
 

In order to study the wind tunnel height effects, a separate domain size and associated grid is 
prepared for each domain height h from 2C to 7C. In addition to these cases a fee stream case with 
domain size of 24C in all directions is also prepared, where C is the airfoil chord.   

The free stream domain dimensions are chosen far from the airfoil such that there are no 
variations in pressure at the domain upper and lower sides. When the domain height is small the 
walls are close to the airfoil and it creates together with the airfoil upper and lower surfaces an area 
change (nozzle like effect) which in turn increases velocity over the airfoil and alters the pressure 
distribution resulting in an increased lift and drag compared to free stream case. As the domain size 
increases the walls move away from the airfoil upper and lower surfaces and the wall effect 
diminishes.  Therefore, the flow becomes closer to free stream case.  

Figures 5 and 6 show the results for the smallest domain size h =2C as functions of angle of attack 
compared with free stream case. The deference between the two curves in each figure is function of 
the angle of attack. At zero angle of attack the lift is zero and the two curves coincide. This is 
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attributed to the airfoil symmetry causing pressure changes from upper and lower surfaces to cancel. 
When angle of attack increases and in presence of close domain sides (walls) the flow over the upper 
and lower airfoil surfaces becomes different causing additional lift. 

 

 
Fig. 5. Effect of wind tunnel wall height on lift 
coefficient at h=2C 

 

 
Fig. 6. Effect of wind tunnel wall height on drag coefficient 
at h=2C  

 
Figure 7 shows lift versus angle of attack for different wind tunnel wall heights compared to the 

free stream and data from reference [25]. Free stream case, which represents far wind tunnel walls, 
is good agreement with experimental data. For the same angle of attach, as wind tunnel walls 
become closer, the airfoil lift coefficient increases. The smallest wind tunnel wall height, h=2C, shows 
the maximum wall effect on the lift coefficient. It could be seen that, as wind tunnel wall height 
decreases lift curve slope increases. Therefore, a wind tunnel lift slope correction is necessary. 
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Fig. 7. Effect of Wind Tunnel Wall height h on lift coefficient 

 
The lift curve slope correction factor, 𝐾𝑎,  at difference wind tunnel heights is shown in Table 2. 

The numerical values of CLα and the correction factor for each case are also shown. Figure 8 shows a 
comparison of the numerical lift curve correction factor obtained by current numerical procedure 
with data published in Ref. [25]. The comparison shows a close agreement with experimental data 
with consistent under estimation. 
 

Table 2  
Lift curve correction factor at difference wind tunnel heights 

 h = 2C h = 3C h = 4C h = 5C h = 6C h = 7C 

CL α (free stream) 0.1066 0.1066 0.1066 0.1066 0.1066 0.1066 
CLα (Kω SST.) 0.12302 0.11562 0.1119 0.11073 0.11 0.1094 
Ka Current study 0.866526 0.921986 0.952636 0.962702 0.969091 0.974406 
Ka    [25] - 0.9419 0.9667 0.9782 0.9846 - 

 

 
Fig. 8. Numerical Lift curve slop correction for free stream 
and wind tunnel wall effect for a NACA 0012 
 
 



CFD Letters 

Volume 12, Issue 11 (2020) 72-82 

81 
 

6. Conclusions 
 

Wall effects on an airfoil at different angles of attack have been computationally studied. Two-
dimensional flow over a NACA 0012 airfoil for different computational domain heights and at 
operating Reynolds number of 6×106 have been simulated by using the Ansys Fluent software. k-  
shear stress transport (SST-Kω) turbulence model has been used for this simulation. The simulation 
results have been validated by comparison with experimental data from Ladson NASA TM 4074 [25] 
and Abbott experimental results [24]. Effects of effect of wind tunnel wall height h on lift and drag 
coefficients are investigated. The lift curve slope correction factor at difference wind tunnel heights 
has been calculated and compared with the experimental data. The comparison shows a close 
agreement with published experimental data with consistent under estimation. 
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