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Abstract 
In this paper, we study the influence ofgrid size, finite 
volume discretization schemes, Reynolds number, and 
turbulence modelingon the accuracy 
ofnumericalsolution over NACA0012 airfoil using the 
OpenFOAM package. Differentgrid sizes have been 
examined and the suitable mesh with accurateC  had 
been presented. Additionally, it was observed that the 
accuracy of solution increases and the error of 
computing C  andC  decreases if we suitably improve 
the discretization schemes of the momentum equation. 
Among different discretization schemes, the best result 
is obtainedonce we tried linear discretization method 
for theconvectiveterm and fourth order discretization 
method forthe pressure gradient term. The effect of 
Reynolds numberon the accuracy of solution has also 
been investigated and it was found thatC  and 
C becomes more accurate at higher Reynolds numbers. 
Additionally, we tried two turbulence models, i.e., 
Spalart-Allmaras and K-휔 SST and compared drag 
coefficient of two models. 
 
Keywords: NACA 0012 airfoil, finite volume method, 
OpenFOAM, discretisation scheme, turbulence models. 
 
Introduction  
Incompressible flow around NACA 0012 airfoil had 
been the subject of many studies during the last decades. 
Ladson [1] investigated Mach and Reynolds number 
effects on the aerodynamic behavior of the NACA0012 
airfoil. His results showed that changes in Mach number 
affected lift-curve slope and maximum lift coefficient. 
Moreau et al. [2] performed LES (Large Eddy 
Simulation) of the trailing edge flow and noise of a 
NACA0012 airfoil near stall condition. IM et al. [3] 
performed DES (Detached Eddy Simulation) and DDES 
(Delayed Detached Eddy Simulation) of NACA0012 
airfoil near stall condition. They showed that DDES and 
DES predicted the drag coefficient accurately, while 
URANS (unsteady Reynolds-averaged Navier-Stokes) 
overpredicted the drag by 33.6%. 
       Different researchers employed OpenFOAM for 
aerodynamic proposes. For example, Verhoeven [4] 
investigated trailing edge noise simulation using IDDES 
(Improved Delayed Detached Eddy Simulation). He 
used different meshes.However, he reported that the 
response of the IDDES turbulence model to 
differentemployed meshesis unclear and requires further 
investigation. Abedi [5] investigated OpenFOAM 
solution for incompressible flow around a 2D-airfoil in 

order to compute the lift and drag coefficients during 
transition from laminar to turbulent flow. 
       As the above mentioned literature survey shows, 
there is not detailed investigation and validation of flow 
field around NACA0012 airfoil using OpenFOAM 
package. Accurate numerical simulation of flow field 
over external geometries needs considering different 
points such as employing suitable grid size (especially 
in the boundary layer), applying accurate discretization 
schemes (specifically for momentum equation), and 
consideration of suitable turbulence model. In this 
paper, we have numerically examined incompressible 
flow around NACA 0012 using theopen source CFD 
toolbox of OpenFOAM. Within the framework of 
OpenFOAM, we used simpleFoam solver for analyzing 
NACA 0012 airfoil[5]. SIMPLE algorithm was used for 
pressure-velocity coupling. We performed our 
simulation using different grid size in the boundary 
layer, different discretization schemes for the 
momentum equation, different Reynolds numbers and 
two turbulence models. Conclusions on using best 
combination of the considered parameters have been 
suggested.  
 
Computational methodology 
The numerical simulation reported in the present work 
have been conducted using OpenFOAM 2.1.0 code. 
OpenFoam has attracted much attention recently 
because it is a sustainable open source code designed 
for a wide range of CFD applications. It is a C++ 
toolbox based on a object oriented programming [6]. 
OpenFOAM is released under the GPL [7-8] and it 
consists of enormous groups of libraries for different 
mathematical, numerical and physical models. Linking 
the mathematical/numerical tools with the physical 
models in a main C++ function produces different 
solvers and utilities. The simulations reported here in 
were conducted using the simpleFoam solver of 
OpenFOAM. This solver is a steady-state solver for 
incompressible turbulent flow. OpenFOAM allows the 
users freely choose among a wide range of numerical 
discretization and interpolation schemes.  
 
The simpleFoam solver 
SimpleFoam is a pressure-based solver which solves the 
momentum equation with under relaxation factors and 
then iteratively applies a pressure correctors equation 
based on the conservation of mass to evaluate the 
velocity and pressure fields. The turbulence model 
equations are solved after the velocity and pressure are 
computed at each time step, and an iterative update is 
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performed on the later fields before a consecutive step is 
performed. 
The SIMPLE algorithm  
The Semi-Implicit Method of Linked Equations 
(SIMPLE) [9] is the algorithm by which the governing 
equations are solved in SimpleFoam solver. This 
algorithm solves the momentum matrix and then applies 
a pressure correction to conserve the incompressibility 
constraint implied by the continuity equation. This 
process is iterative. Within the main iteration conducted 
by the SIMPLE algorithm there is a momentum 
corrector step conducted to ensure that the velocity field 
is updated according to the new pressure values. In the 
present work, such momentum corrector step was 
conducted twice for each iteration in all cases. This was 
necessary to reach the convergence criterion for the 
pressure field.  
 
Turbulence Models Equations 
Spalart-Allmaras model 
Spalart-Allmaras model is an one equation model which 
solves a transport equation for a viscosity-like variable 
휗. This term is referred to as Spalart-Allmaras 
variable.The following equations represents the 
implementation of the Spalart-Allmaras model [10] .The 
one-equation model is given by: 
 
 

+ 휇 =

푐 (1 − 푓 )푆휗 − 푐 푓 −      푓 +

                  휗 + 휗 + 푐     (1) 

 
And the turbulent eddy viscosity is computed from: 
 

휇 = 휌휗푓               (2) 
Where 

푓 =                                 (3) 

x =     (4) 
 
휌 is the density, 푣 = 휇 휌⁄  is the kinematic viscosity, and 
휇 is the molecular dynamic viscosity. Additional 
definitions are given by the following equations:  
 

푆 = Ω + 푓     (5) 
 
where Ω = 2W W  is the magnitude of the vorticity, d 
is the distance from field point to the nearest wall, and 
 

푓 = 1− 푓 = 푔
⁄

            (6)푔 = 푟 +
푐 (푟 − 푟)                      (7) 

푟 = 푚푖푛 , 10       (8)푓 = 푐 푒푥푝(−푐 푥 )  

(9)푊 = −          (10) 

 
The boundary conditions are: 
 

푣,푤푎푙푙 = 0           푣, 푓푎푟 푓푖푒푙푑 = 3푣 : 푡표: 5푣 (11) 
 
The constants are:  
푐 = 0.1355    휎 = 2 3⁄ 푐 = 0.622    휅 = 0.41푐 =

0.3    푐 = 2    푐 = 7.1    푐 = 1.2(12) 

푐 = 0.5    푐 =
푐
휅 +

1 + 푐
휎  

 
k- 휔SST 
The k-휔SST turbulence model turbulence model is a 
two-equation eddy-viscosity model. The shear stress 
transport (SST) formulation combines the best of two 
worlds, i.e., k-휀 andk-휔. The use of a k-ω formulation 
in the inner parts of the boundary layer makes the model 
directly usable all the way down to the wall through the 
viscous sub-layer, hence the k-ω SST model can be used 
as a Low-Reynolds turbulence model without any extra 
damping functions. The SST formulation also switches 
to a k-ε behavior in the free-stream and thereby avoids 
the common k-ω problem that the model is too sensitive 
to the inlet free-stream turbulence properties. Authors 
who use the k-ω SSTmodel often merit it for its good 
behavior in adverse pressure gradients and separating 
flow. The k-ω SST model does produce a bit too large 
turbulence levels in regions with large normal strain, 
like stagnation regions and regions with strong 
acceleration. This tendency is much less pronounced 
than with a normal k-ε model though [11]. The 
following equation are used in k-ωSST formulation:  
 

휕(휌푘)
휕푡 +

휕 휌푢 푘
휕푥 = 

푃 − 훽∗휌휔푘 + (휇 + 휎 휇 ) (13) 
( ) +

( )
= 푃 − 훽휌휔 + (휇 +

               휎 휇 ) + 2(1− 퐹 )  (14)푃 =

휏 휏 = 휇 2푆 − 훿 − 휌푘훿 (15) 

푆 = +  (16) 
 
And the turbulent eddy viscosity is computed from: 
 
휇 = ( ,Ω )(17) 
 
Each of the constants is a blend of an inner (1) and outer 
(2) constant, blended via:  
 
휙 = 퐹 휙 + (1 − 퐹 )휙   (18) 
 
Where 휙  represents constant 1 and 휙  represents 
constant 2. Additional functions are given by: 
 

퐹 = 푡푎푛ℎ(푎푟푔 )       (19) 
푎푟푔 = 푚푖푛 푚푎푥 √

∗ , , (20) 

퐶퐷 = 푚푎푥 2휌휎 , 10 (21) 

퐹 = 푡푎푛ℎ(푎푟푔 )(22) 
푎푟푔 = 푚푎푥 2 √

∗ ,  (23) 
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휈 = 휇 휌⁄  is the turbulent kinematic viscosity, d is the 
distance from the field point to the nearest wall, and Ω 
is the vorticity magnitude. It is generally recommended 
to use a production limiter.  In this reference, the term P 
in the k-equation is replaced by: 
 

푚푖푛(푃, 20훽∗휌휔푘)(24) 
 
The boundary conditions recommended are as follows:  
 

< 휔  < 10         (25) 

< 푘  < . (26) 

휔 = 10 ( ) (27) 
푘 = 0 (28) 
 
where "L is the approximate length of the computational 
domain," and the combination of the two farfield values 
should yield a freestream turbulent viscosity between 
10-5 and 10-2 times freestream laminar viscosity. Thus, 
the farfield turbulence boundary conditions are 
somewhat open to interpretation. Note that the 
turbulence variables decay (sometimes dramatically) 
from their set values in the farfield for external 
aerodynamic problems. 
The constants are: 
 

훾 =
훽
훽∗ −

휎 휅
훽∗

훾 =
훽
훽∗ −

휎 휅
훽∗

 
(29) 

 
휎 = 0.85    휎 = 0.5    훽 = 0.075 
휎 = 1.0    휎 = 0.856    훽 = 0.082 
훽∗ = 0.09    휅 = 0.41    푎 = 0.31 

(30) 

 
Results and Discussion 
Grid Independency 
The computational domain and applied boundary 
condition is shown in Fig. 1. We considered the flow 
field around NACA0012 airfoil at velocity of80 푚 푠⁄ . 
The chord length of the airfoil is 1 m andthe employed 
turbulence models are Spalart-Allmaras and k-휔 SST.  
Three meshes with different cell sizes had been 
produced and the best of them is chosen. Table 1 
presents the data of employed meshes. Among them, the 
mesh with 738 points around the airfoil and 0.6 mm 
thickness of the first boundary layer cellgives the most 
accurate solution. 
 
 

Table 1 –Lift coefficient for different meshes (angle of 
attack ퟏퟎ°) 

Mesh Name Number 
of mesh 
points 
around 
airfoil 

Thickness 
of first 
B.L cell 

(mm) 

퐶  Error% 

Mesh-1 450 0.6 1.0834 1.204 
Mesh-2 592 0.6 1.0897 0.631 
Mesh-3 738 0.6 1.0916 0.458 
 

 

 
Fig.1 Computational domain and applied boundary 

condition around NACA 0012airfoil 
 
Investigation of DiscretizationSchemes of the 
Momentum Equation 
Discretization of convective part and pressure gradient 
of momentum equation have proven to be one of the 
most troublesome parts of the computational fluid 
dynamics. The objective is to devise a practice that will 
produce a bounded, accurate and convergent solution. 
In this work, we are concentrated on pressure 
gradient,convective term and velocity interpolation of 
momentum equation. The momentum equation is given 
by: 

( ) + ∇. [푈(휌푈)] + ∇푝+ ∇.푇 = 0(31) 
where T is the viscous stress tensor:   

푇 = −2(휇 + 휇 )푑푖푣(퐷)(32) 
D isdeformation gradient tensor:  

퐷 ≡ [∇푢 + (∇푢) ]     (33) 
Since we considersteady state flow,discretization of 
time derivative term has not any influence on the 
accuracy of  C  and C . 
 
Pressure Gradient 
At the first step, we consider the effect of discretization 
schemefor the pressuregradient term in the momentum 
equation. It was observed that by changing the pressure 
gradient discretization scheme from the default Gauss 
linear scheme, which is second order accurate and uses 
Gaussian integration, to leastSquares, which is second 
order accurate and uses least-squares integration 
approach, accuracy of C computed at 
AOA=10°increased by %2.01 compared to thin airfoil 
theory.By changing the pressure gradient discretization 
fromGauss linear scheme to fourthscheme, which is 
fourth order accurate and uses least squares integration, 
accuracy ofnumerically calculated C  has increased by 
%2.1 again.  
 
Convective Term 
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Next, we consider discretization of the convective term 
of themomentum equation, i.e.,(∇. (휌푈푈)). For an 
incompressible flow, we have: 

∇.휌푈푈 = 휌 + vv +  (34) 
We have examined the behavior of interpolation 
schemes used in divergence schemes and all of the cases 
have compared by the base case linear-
Upwindsuggested in OpenFOAM package. QUICK, 
linearand SFCD schemes have used for both div(U,U) 
and div(U,) and the most accurate result was obtained 
by using linear scheme for div(U,U). For this case, 
C magnitude has improved by%0.35. 
 
Interpolation of velocity from the cell center to cell’s 
face 
In OpenFOAM, the interpolation schemes sub-
dictionary contains terms that interpolate values 
typicallyfrom cell centers to face centers [7]. Using 
Spalart-Allmaras turbulence model,we have examined 
all of the interpolation schemessuch as linear, cubic-
Correction, midpoint, linear-Upwind,etc.for velocity 
interpolation and the results for C  and C were exactly 
the same. There are improved versions of some of the 
discritization schemes for vector fields in which the 
limiter is formulated to take into account the direction 
of the flow field. These schemes are selected by adding 
V to the name of the base schemes. We also examined 
these improved schemes (such as limited-Linear-V, 
vanLeer-V, Gamma-V, limited-Cubic-V and SFCDV) 
and again C  andC  were not changed compared to the 
original schemes. 
 

 
 

Fig. 2 퐂퐋variations vs. angle of attack from the current 
numerical work compared with the numerical data of 

Refs. [12,13] and thin airfoil theory [12] 
 
According to the results obtained from changing the 
discritization schemes, the most accurate results were 
obtained usingfourthorder discritization scheme for 
pressure gradient term and linearscheme for divergence 
term (휌푈,U).Therefore, the error in computingC  and 
C  has suitably decreased. The C was 0.4374for an 
angle of attack4°, while its value from“Thin Airfoil 
Theory” is 0.4386. Without two last changes in 

schemes, C  was 0.4267. The results for changing in 
schemes and without them are shown in Fig. 2 and are 
compared with Thin Airfoil Theory and Abbott & van 
Doenhoff data[12]. It is clear that by changing in 
schemes, the results for C becomes more accurate. This 
accuracy is more visible at higher AOA. 
 
Investigating the effect of Reynolds number 
We examined dependency offlow solution tothe 
Reynolds number.Different Reynolds numbersare 
gained just by changing in scales of Mesh3. Figure3 
shows C  for 3 different Reynolds number and compare 
them by no scale case (Re=8× 10 ) and Thin Airfoil 
Theory. It is realized that by increasing the Reynolds 
number, C increases and becomes closer to Thin Airfoil 
Theory. 
 

 
 

Fig.3 CL vs. angle of attack for different Reynolds Number 
compared with Thin Airfoil Theory[12] 

 
Pressure Coefficient  
The mean static pressure on the surface, characterized 
by the pressure coefficient 퐶 , provides a more 
quantitative assessment of the accuracy of the numerical 
simulations. Figure 4-(a-c) compares the results of 
current simulation with numerical dataat three angle of 
attacks (0, 10, 15 degree) provided by Ladson [1] and 
Gregory [14] using Spalart-Allmaras turbulence model. 
It is shown that there is a good agreement between the 
results of current simulation and numerical data 
reported in the literature [1, 14]. 
 
Skin-Friction Coefficient 
We had computed wall shear stress using K- 휔 SST 
turbulence model. Skin-friction coefficient has been 
plotted for upper surface of the airfoil at three AOA, as 
shown in Fig. 5. There is a good agreement between the 
current simulation and numerical results reported by 
Ladson [1]. For AOA=15, there is a slight difference 
between the current results and those of benchmark 
atX=0.1(m). This could be attributed to the requirement 
of creating finer mesh over the airfoil or improving 
turbulence model of the simulation.  
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a. AOA=0 

 
b. AOA=10 

 
c. AOA=15 

 
Fig. 4 Wall pressure Coefficient in Re=8× ퟏퟎퟔ compared 

with Gregory [14] and Lodson [1] 
 
 

 
a. AOA=0 

 

 
b. AOA=10 

 
c. AOA=15 

Fig. 5 Wall skin-friction Coefficient at Re=8× ퟏퟎퟔ using 
K- 휔SST turbulence model, compared with results of 

Ladson [1] 
 
Drag Coefficient  
Drag coefficient from the current simulations has been 
computed using Spalart-Allmaras and K- 휔SST 
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turbulence models and compared with the experimental 
data of Abbot& von Doenhoff [12] and numerical data 
reported by Ladson [1].The drag coefficient vs. lift 
coefficient is plottedFig 6. It is shown that K- 휔SST 
provided more accuratesolution for drag coefficient 
compared to the Spalart-Allmaras solution. However, 
the accuracy of OpenFOAM simulation decreases as 
soon as AOA increases.  
 

 
Fig. 6 Drag Coefficient at Re=8× ퟏퟎퟔfrom the current 
simulation (K- 휔SST and Spalart-Allmaras turbulence 

models) compared with Ladsondata [1]. 
 
Conclusions 
The main goal of the current work is investigation of the 
accuracy of OpenFOAM package for incompressible 
flow simulations over NACA0012 airfoil. We 
considered effect of mesh sizes, numerical discritization 
scheme, Reynolds number and turbulence modeling on 
the accuracy of solution. The best mesh is selected 
according to its accuracy for lift coefficient compared to 
Thin Airfoil Theory.Our examination of different 
discretization schemes of solution showed that use of 
fourth orderscheme for pressure gradient and linear 
scheme for convective termof momentum equation 
provides the most accurateprediction for C . Via 
changing the Reynolds number of the flow over the 
airfoil, the accuracy of results have changed even for lift 
coefficient at high AOA. Our examinations showed that 
by increasing the Reynolds number, the results become 
closer to Thin Airfoil Theory. We assessed two different 
turbulence models and observed that K- 휔SST model 
provides more accurate results for C  and C  compared 
to the spalart-Allamras one. 
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