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ABSTRACT
This paper presents an evaluation of five different turbulence models by comparing the numerical data derived from these models
using ANSYS Fluent with experimental data at a Reynolds number and a Mach number of 0.05 × 106 and 0.015 respectively based on
the centerline chord of the airfoil for the flow over NACA 0012 and NACA 2412 airfoils. Moreover, the aim of the present study is to
demonstrate the difference in aerodynamic characteristics of the airfoils in order to find aerodynamically more advantageous airfoil. It
is concluded that Spalart-Allmaras model and k-ω SST model are capable of providing the most accurate prediction for lift coefficient
at a low angle of attack for both airfoils. Standard k - ε model gives a slightly low value of lift coefficient at low angle of attack and
slightly high value of lift coefficient at high angle of attack for both airfoils. k-ω SST model, Spalart-Allmaras model, Transition k-kL
- ω model, and γ-Rⅇθ Transition SST model can predict drag coefficient reasonably at low angle of attack. At a high angle of attack,
however, no turbulence model is able to give a satisfactory prediction for lift coefficient as well as drag coefficient, which implies that
these models are unable to predict post-stall characteristics. NACA 2412 airfoil produces more lift coefficient than that of the NACA
0012 airfoil at all angles of attack. Moreover, the drag coefficient of NACA 2412 airfoil is less than that of the NACA 0012 airfoil,
which implies that NACA 2412 airfoil exhibits better aerodynamic performance. The lift to drag coefficient ratio of NACA 2412 airfoil
is also higher than that of the NACA 0012 airfoil indicating NACA 2412 airfoil to be more fuel economic.
Keywords: Turbulence Models, CFD Analysis, Wind Tunnel Testing, Airfoil, Lift Coefficient, Drag Coefficient.
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1 Introduction
Aerodynamics is one of the important branches of science
that deals with the analysis of airflow over a body. The
investigation of airflow characteristics over airfoils is inevitable
during designing aircraft wings, helicopter rotors, wind turbines,
etc. Different approaches such as numerical, analytical,
experimental, etc. approaches are followed in any investigation.
These approaches have their own pros and cons. Nowadays,
computational fluid dynamics (CFD) simulation is gaining
enormous popularity, since wind tunnel testing is quite laborious
and costly compared to CFD. Hence, the numerical method is the
best alternative to the experimental method [1]. It would be more
convenient if a turbulence model could predict the aerodynamic
performance of an airfoil that would be close to experimental
outcomes. CFD is a division of fluid mechanics that utilizes
numerical analysis in order to solve and analyze a problem
related to fluid flow [2],[3]. It necessitates a governing equation.
In CFD analysis, a CAD model is first generated in CAD
software, which is then imported into CFD software. Mesh is
generated and a proper turbulence model is selected to predict
quantitative and qualitative aerodynamic characteristics.
Different boundary conditions and convergence criteria are set.
Then simulation is initialized and run to obtain numerical results.
The key premise of practically all CFD issues is the NavierStokes equations. The terms comprising viscous activities are
eliminated in order to convert Navier-Stokes equations to Euler
equations. In order to obtain linearized potential equations, these
equations are then manipulated. Two-dimensional (2D) methods
were developed in the 1930s [4]. There are three governing
equations upon which all of the fluid dynamics are based: (a)
Mass is conserved. (b) The rate of change of momentum is
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constant and (c) Energy is conserved. These governing equations
can be solved by using either the finite element method or the
finite volume method [5].
Sahoo and Maity [6] found k-ω SST turbulence model to
be more accurate at a high Reynolds number of 6 × 106
compared to other turbulence models. Maani et al. [7] also
concluded that there was good consistency between k-ω SST
model and reliable experimental data for the compressible flow
of high Reynolds number. Badran [8] showed that the RNG k-ε
model and Reynolds Stress Model (RSM) had the ability to
capture the physics of unsteady flow and these models showed
excellent agreement with experimental data to predict pressure
coefficient, skin friction, velocity vectors, shear stress, and
kinetic energy. Oukassou et al. [9] found that Spalart-Allmaras,
RNG k-ε model, and k-ω model were in good agreement with
experimental outputs. Douvi et al. [10] concluded that k-ω SST
model is more consistent than any other turbulence model at a
moderate Reynolds number of 3 × 106 and at a low angle of
attack while no turbulence model can provide satisfactory
prediction at a high angle of attack. Linjing et al. [11] simulated
for S825 and S827 2-D wind turbine with Spallart-Allmaras
model, Standard k-ω model, and standard k-ε model and
concluded that these models cannot provide accurate prediction
for the stall characteristics at high angle of attack. Bacha and
Ghaly [12] presented a transition model which reflected a
significant improvement in drug prediction at low Reynolds
numbers.
The NACA 2412 airfoil is a cambered airfoil and has a
maximum camber of 0.02 times chord, which is positioned 0.4
times chord from the leading edge having a maximum thickness
of 0.12 times chord. The NACA 0012 airfoil is a symmetric
airfoil having a maximum thickness of 0.12 times chord with no
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camber. NACA 0012 airfoils have been used as a reference for
the evaluation of wall interference and correction technique.
Moreover, they are used as helicopter rotors, rudders, and flaps
in the airplane while NACA 2412 airfoils, slow-speed airfoils,
are used in the single-engine Cessna 152, 172, and 182 airplanes
[13],[14]. Mayer et al. [15] investigated the eﬀect of ﬂow
separation of a NACA 0012 airfoil for a range of Reynolds
numbers and angles of attack. They observed that the main
contributing eddies causing unsteady surface pressure
ﬂuctuations move away from the airfoil surface once the ﬂow has
separated. Harish et al. [16] studied the prediction of stalling
angle by analysis of flow over symmetric airfoil NACA 0012
using reference velocity 01 m/s and concluded that an increase
in lift force by 32.32% was observed for 12° angle of attack as
compared to 4° angle of attack. Patil and Thakare [17] showed
the variation of performance of NACA 0012 airfoil with
Reynolds number. NACA0012 provided maximum lift at a high
Reynolds number. Hasegawa and Sakaue [18] showed that
almost 50% drag was reduced because of using microfiber
coating over NACA 0012 airfoil compared to a surface without
being coated with microfiber at the Reynolds number of 6.1 ×
104 . Venkatesan et al. [19] conducted a computational analysis
of aerodynamic characteristics of dimple airfoil NACA 2412
airfoil at various angles of attack. They explained that dimples
enhance the lift of an airfoil and square dimples had yielded
better results. Meghani [20] observed that there was appreciable
separation observed to develop at 20% of the chord of NACA
2412 airfoil while conducting wind tunnel test which XFOIL and
FLUENT weren’t capable to show. It was also concluded that
XFOIL was suitable for analysis only at a low Reynolds number
(Re=500,000). At high Reynolds number, XFOIL results were
not found to be accurate for full-scale flow. Havaldar et al. [21]
concluded that the lift coefficient for NACA 2412 airfoil with
internal passage was higher than the lift coefficient for NACA
2412 airfoil. They showed that the point of separation for NACA
2412 airfoil with internal passage was shifted towards the trailing
edge that reducing the boundary layer separation at a higher
angle of attack from the airfoil.
Many researchers have attempted to evaluate turbulence
models at moderate and high Reynolds numbers. However, very
few studies focused on evaluation at low Reynolds number,
although aerodynamic characteristics at low Reynolds number
are important for low-speed light aircraft, particularly, during
takeoff and landing. This study addresses the research gap. The
main aim of the present study is to determine a more suitable and
accurate turbulence model that has the capability of predicting
aerodynamic flow characteristics at low Reynolds number as
well as Mach number for the flow over both symmetric and
cambered airfoils. In this present study, five different turbulence
models are used for numerical analysis of symmetric airfoil
NACA 0012 and cambered airfoil NACA 2412 using ANSYS
Fluent [22], a renowned CFD software. k-ω SST model (2
equations), Standard k-ε model (2 equations), Spalart-Allmaras
model (1 equation), Transition k-kL-ω model (3 equations) and
𝛾 − 𝑅ⅇ𝜃 Transition SST model (4 equations) are applied to
predict the quantitative and qualitative performance of the
airfoils with suitable boundary conditions at a Reynolds number
and a Mach number of 0.05 × 106 and 0.015 respectively based
on the centerline chord of the airfoil. In addition, wind tunnel
testing is conducted at the Reynolds number and Mach number
same with the numerical investigation to evaluate different
turbulence models. The focus of the present study is on the
dynamic parameters such as lift coefficient, drag coefficient, etc.

Finally, a comparison of aerodynamic characteristics between
NACA 0012 and NACA 2412 airfoil is also presented in order
to demonstrate aerodynamically more advantageous airfoil.
2 Materials and Methods
2.1 Preparing the CAD models in DesignModeler
DesignModeler [22] has been used to prepare CAD models
of the airfoil geometries and flow domain. The coordinates of the
airfoils are imported to the software and the geometries with flow
filed are modeled. Upstream and downstream are taken as 12.5
times chord length. Fig. 1 illustrates the geometry of the flow
domain of the airfoils.

Fig. 1 CAD models of the flow domain of (a) NACA 0012
and (b) NACA 2412 airfoil.

Fig. 2 Mesh of (a) whole flow domain, (b) flow domain near
sphere of influence, (c) flow domain near NACA 0012 airfoil.

Fig. 3 Mesh of (a) whole flow domain, (b) flow domain near
sphere of influence, (c) flow domain near NACA 2412 airfoil.
2.2 Mesh Generation
The 2-D CAD models of the flow geometries are imported
to ANSYS Fluent. The mesh for both of the geometry of the
airfoil is of unstructured type. The cells of the meshes are
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quadrilateral and mesh matric has orthogonal quality. The
element is 50% of the chord and the element order is linear. The
edge sizing of the airfoil is a bias type of bidirectional having a
bias factor of 10 and element size of 0.3% of chord. Smooth
transition with 1.2 growth rate inflation is taken near the surfaces
of the airfoils. The layers of inflation are 10 and the maximum
thickness is 0.6% of the chord. For body sizing, a sphere of
influence of radius of 300% of chord and element size of 5% of
the chord is taken where the center of the radius of the sphere of
influence is at the origin of the global coordinate system. The
maximum Y+ value used in this study is approximately 0.4. A Y+
value of the size should be sufficient to perfectly resolve the inner
part of the boundary layer. A domain with a high grid number
leads to an accurate simulated result. However, usage of higher
grid numbers results in high computational costs. Hence, the lift
coefficient at an angle of attack of 0° for a various number of
elements is determined. It is observed that lift coefficients are
approximately the same for the element number higher than
25000. Considering computational cost as well as the accuracy
of simulation, nodes, and elements of NACA 0012 airfoil have
been taken as 27343 and 26962 respectively while nodes and
elements of NACA 2412 airfoil have been taken as 26414 and
26040 respectively. Fig. 2 and Fig. 3 demonstrate the mesh of the
flow domain of NACA 0012 airfoil and NACA 2412 airfoil
respectively.

Conservation of Mass:
Equation (1) represents the continuity equation. It is a
common form of conservation of mass equation, which is valid
for not only incompressible flow but also compressible flow.
(1)

where, the source 𝑠𝑚 represents the mass that is added to the
continuous phase from the dispersed second phase and any userdefined source.
Conservation of Momentum:
Equation (2) represents the conservation of momentum.
𝜕
(2)
(𝜌𝑢
⃗ ) + 𝛻 ∙ (𝜌𝑢
⃗ 𝑣 ) = −𝛻𝑝 + 𝛻 ∙ 𝜏̅̅ + 𝜌𝑔 + 𝐹
𝜕𝑡
Where, 𝑝 is the static pressure, 𝜌𝑔 is the gravitational body
force, 𝐹 is the external body force and 𝜏̅̅ is the stress tensor which
is expressed as:
2
𝜏̅̅ = 𝜇 [(𝛻𝑢
⃗ + 𝛻𝑢
⃗ 𝑇 ) − ] 𝛻. 𝑢
⃗𝐼
3

(3)

where, 𝐼 is the unit tensor, and 𝜇 is the molecular viscosity.
Equations in 2-D:
The continuity equation for the 2-Dimensional,
incompressible and steady flow can be expressed as:
𝜕𝑢 𝜕𝜈
+
=0
𝜕𝑥 𝜕𝑦

(4)

The momentum equations for viscid flow in two dimensions
are respectively,
𝜌

𝐷𝑢
𝜕𝑝 𝜕𝜏𝑥𝑥 𝜕𝜏𝑦𝑥
=−
+
+
+ 𝜌𝑓𝑥
𝐷𝑡
𝜕𝑥
𝜕𝑥
𝜕𝑦

(5)

𝐷𝑢
𝜕𝑝 𝜕𝜏𝑥𝑦 𝜕𝜏𝑦𝑦
=−
+
+
+ 𝜌𝑓𝑦
𝐷𝑡
𝜕𝑦
𝜕𝑥
𝜕𝑦

(6)

2.3.1 The k-ω SST Turbulence Model
Standard k-ω model was developed from Wilcox’s [23] k-ω
model which was modified by Menter [24] creating a new
turbulence model named k-ω Shear-Stress Transport (SST)
model possessing two equations. This new model is more perfect
and consistent than the Standard k-ω model for a broader class
of fluid flows.
The k-ω SST turbulence model is governed by the following
equations.
𝐷𝜌𝑘
𝐷𝑡

= 𝜏𝑖𝑗 ⋅

𝜕𝑢𝑖
𝜕𝑥𝑗

+ 𝛽 ∗ 𝜌𝜔𝑘 +

𝜕
𝜕𝑥𝑗

[(𝜇+𝜎𝑘 𝜇𝑡 )

𝜕𝑘
𝜕𝑥𝑗

]`and

𝐷𝜌𝜔 𝛾
𝜕𝑢𝑖
𝜕
𝜕𝜔
1 𝜕𝑘 𝜕𝜔
[(𝜇+𝜎𝜔 𝜇𝑡 )
] + 2𝜌(1 − 𝐹1 )𝜎𝜔
= 𝜏𝑖𝑗
− 𝛽𝜌𝜔2 +
𝐷𝑡
𝑣𝑡 𝜕𝑥𝑗
𝜕𝑥𝑗
𝜕𝑥𝑗
𝜔 𝜕𝑥𝑗 𝜕𝑥𝑗

(7)
(8)

where,
ε
𝛽∗ =
and the turbulence stress tensor is
kω

𝜕𝑢𝑗
𝜕𝑢𝑖
2 𝜕𝑢𝑘
2
′ ′
̅̅̅̅̅̅
𝜏𝑖𝑗 = −𝜌𝑢
+
−
𝛿𝑖𝑗 ) − 𝜌𝑘𝛿𝑖𝑗 .
𝑖 𝑢𝑗 = 𝜇𝑡 (
𝜕𝑥𝑗

𝜕𝑥𝑖

3 𝜕𝑥𝑘

3

(9)

The turbulence viscosity can be determined by νt =
a1

2.3 Governing Equations

𝜕𝜌
+ 𝛻 ∙ (𝜌𝑢
⃗ ) = 𝑠𝑚
𝜕𝑡

𝜌

k

max[a1 ω,ΩF2 )

where, Ω = the absolute value of the vorticity, a1 =31 .01
and the function 𝐹2 is given by
2

2√𝑘 500𝜈
𝐹2 = 𝑡𝑎𝑛 ℎ {[𝑚𝑎𝑥 (
,
)]}
0.09𝜔𝑦 𝑦 2 𝜔

(10)

where, y is the distance to the nearest surface.
The coefficients 𝛽, 𝛾, 𝜎𝑘, 𝜎𝜔 are defined as functions of the
coefficients of the k-ω model which are defined as follows:
𝛽 = 𝐹1 𝛽1 + (1 − 𝐹1 )𝛽2, 𝛾 = 𝐹1 𝛾1 + (1 − 𝐹1 )𝛾2
𝜎𝑘 = 𝐹1 𝜎𝑘1 + (1 − 𝐹1 )𝜎𝑘2, 𝜎𝜔 = 𝐹1 𝜎𝜔1 + (1 − 𝐹1 )𝜎𝜔2

(11)

where the function 𝐹1 is
4

500𝜈 4𝜌𝜎𝜔2 𝑘
√𝑘
𝐹1 = 𝑡𝑎𝑛ℎ {[𝑚𝑖𝑛 [𝑚𝑎𝑥 (
,
),
]] }
0.09𝜔𝑦 𝑦 2 𝜔 𝐶𝐷𝑘𝜔 𝑦 2

(12)

and the coefficient
𝐶𝐷𝑘𝜔 = 𝑚𝑎𝑥 (2𝜌𝜎𝜔2

1 𝜕𝑘 𝜕𝜔
𝜔 𝜕𝑥𝑗 𝜕𝑥𝑗

, 10−20 ).

(13)

Model constants:
𝛽 ∗ =0.09, 𝛽1 =0.075, 𝛽2 =0.0828, 𝛾1 =0.5532, 𝛾2 =0.4404,
𝜎𝑘1 =0.85, 𝜎𝑘2 =1.0, 𝜎𝜔1 =0.5 and 𝜎𝜔1 =0.856.
2.3.2 Standard k-ε Model
Launder and Spalding [25] proposed a turbulence model that
involves two equations. The model is popularly known as the
standard k-ε model and is the most widely-used engineering
turbulence model which is robust and reasonably accurate. The
standard k-ε model is valid only for fully developed turbulent
flows. Some modifications have been made over time to this
model. These modified models include the RNG k-ε model and
the realizable k-ε model [26]. Enhanced wall function was used
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as ε equation contains a term which cannot be calculated without
wall function.
The transport equation for turbulent kinetic energy (k) is
𝜕(𝜌𝑘) 𝜕(𝜌𝑘𝑢𝑖 )
𝜕
𝜇𝑡 𝜕𝑘
+
=
[(𝜇 + )
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑗
𝜎𝑘 𝜕𝑥𝑗

(14)

and transport equation for turbulent dissipation rate (ε) is
𝜕(𝜌𝜀) 𝜕(𝜌𝜀𝑢𝑖 )
𝜕
𝜇𝑡 𝜕𝜀
𝜀
𝜀2
[(𝜇 + )
] + 𝐶1𝜀 (𝐺𝑘 + 𝐶3𝜀 𝐺𝑏 ) − 𝐶2𝜀 𝜌 + 𝑆𝜀
+
=
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑗
𝜎𝜀 𝜕𝑥𝑗
𝑘
𝑘

(15)

Model Constants:
The
default
values
of
model
constants
𝐶1𝜀 , 𝐶2𝜀 , 𝐶μ , 𝜎𝑘 , 𝑎𝑛𝑑 𝜎𝜀 determined from experiments for
fundamental turbulent flows and have the following values.
𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92, 𝐶μ = 0.09, 𝜎𝑘 = 1.0, 𝜎𝜀 = 1.3

Spalart-Allmaras model is a one equation turbulence model
that was proposed by Spalart and Allmarus [27]. It was mainly
designed for applications that involve aerodynamic operations
while it is now also being used in turbomachinery applications.
This model solves a transport equation that involves kinematic
eddy viscosity. The main advantage of this model is that it is
relatively robust. The resolution requirement is moderate. It is
quite stable and it also shows good convergence.
The transported variable in the Spalart-Allmaras model, 𝑣̃,
is identical to the turbulent kinematic viscosity except in the
near-wall (viscosity-affected) region. The transport equation for
𝑣̃ is
(16)

where, 𝐺𝜈 = the production of turbulent viscosity, 𝑌𝑣 = the
destruction of turbulent viscosity that occurs in the near-wall
region due to wall blocking and viscous damping, 𝜈 = the
molecular kinematic viscosity, 𝑆𝜈̃ = a user-defined source term
and 𝜎𝜈̃ and 𝐶𝑏2 are the constants.
Model constants:
2
= 0 ⋅ 622, 𝜎𝜈̃ =
3

2.3.4 Transition k-kL-ω Model
Walter and Cokljat [28] developed a three equation k-kL- ω
turbulence model which was inspired by the idea that was
introduced by Walters and Leylek [29]. The model can
successfully predict boundary layer development and transition
flow behavior in various fluid systems.
The k-kL-ω model is considered to be a three-equation eddyviscosity type, which includes transport equations for turbulent
kinetic energy (𝑘 𝑇 ), laminar kinetic energy (𝑘𝐿 ), and the inverse
turbulent time scale (𝜔).
𝐷𝑘 𝑇
𝜕
𝛼𝑇 𝜕𝑘 𝑇
= 𝑃𝑘𝑇 + 𝑅 + 𝑃𝑁 𝐴𝑇 − 𝜔𝑘 𝑇 − 𝐷𝑇 +
[(𝜈 + )
]
𝐷𝑡
𝜕𝑥𝑗
𝛼𝑘 𝜕𝑥𝑗

𝐷𝜔
𝜔
𝐶𝜔𝑅
𝜔
𝜕
𝛼 𝑇 𝜕𝜔
2 √𝑘 𝑇
[(𝜈 + )
]
= 𝐶𝜔1 𝑝𝑘𝑇 + (
− 1) (𝑅 + 𝑅𝑁 𝐴𝑇 ) − 𝐶𝜔2 𝜔2 + 𝐶𝜔3 𝑓𝜔 𝛼 𝑇 𝑓𝑊
+
𝐷𝑡
𝑘𝑇
𝑓𝑊
𝑘𝑇
𝑑3
𝜕𝑥𝑗
𝛼𝜔 𝜕𝑥𝑗

(19)

Model constants:
𝐶𝜔1 = 0.44, 𝐶𝜔2 = 0.92, 𝐶𝜔3 = 0.3
𝛾 − 𝑅ⅇ𝜃 transition SST model was developed subsequently
by Menter and Langratry [30]-[32]. It had successfully been used
for flow prediction of an expansion swirl flow [33]. The
transition SST model is based on the coupling of the SST kω transport equations with two other transport equations, one for
the intermittency and one for the transition onset criteria, in terms
of momentum-thickness Reynolds number.
The transport equation for the intermittency 𝛾 is defined as
𝜕(𝜌𝛾) 𝜕(𝜌𝑈𝑗 𝛾)
𝜕
𝜇𝑡 𝜕𝛾
+
= 𝑃𝛾1 − 𝐸𝛾1 + 𝑃𝛾2 − 𝐸𝛾2 +
[(𝜇+ )
]
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑗
𝜎𝛾 𝜕𝑥𝑗

(20)

The transition sources are defined as

2.3.3 Spalart-Allmaras Model

𝐶𝑏2

(18)

2.3.5 𝛾 − 𝑅ⅇ𝜃 Transition SST Model

𝑘2

where, μ𝑡 = turbulⅇnt viscosity = 𝜌𝐶μ
, 𝐺𝑘 =
𝜀
generation of the turbulent kinetic energy due to the mean
velocity gradient, 𝜎𝑘 = effective prandtl number for turbulent
kinetic energy, 𝜎ε = effective prandtl number for rate of
dissipation, 𝐶1𝜀 , 𝐶2𝜀 are constants

2
𝜕
𝜕
1 𝜕
𝜕𝜈̃
𝜕𝜈̃
(𝜌𝑣̃) +
(𝜌𝑣̃𝑢𝑖 ) = 𝐺𝜈 +
[
} + 𝐶𝑏2 𝜌 ( ) ] − 𝑌𝑣 + 𝑆𝜈̃
⋅ {(𝜇 + 𝜌𝜈̃)
𝜕𝑡
𝜕𝑥𝑖
𝜎𝜈̃ 𝜕𝑥𝑗
𝜕𝑥𝑖
𝜕𝑥𝑗

𝐷𝑘𝐿
𝜕
𝜕𝑘𝐿
= 𝑃𝑘𝐿 − 𝑅 − 𝑅𝑁 𝐴𝑇 − 𝐷𝐿 +
[𝜈
]
𝐷𝑡
𝜕𝑥𝑗 𝜕𝑥𝑗

(17)

𝐸𝛾1 = 𝑃𝛾1 𝛾 and

(21)

𝑃𝛾1 = 𝐹𝑙𝑒𝑛𝑔𝑡ℎ 𝜌𝑆[𝛾𝐹𝑜𝑛𝑠𝑒𝑡 ]𝑐𝛾3

(22)

where, 𝑆 = the strain rate magnitude, 𝐹𝑙𝑒𝑛𝑔𝑡ℎ = an empirical
correlation that controls the length of the transition region.
The destruction/relaminarization sources are defined as
𝑃𝛾2 = (2𝑐𝛾1 )𝜌𝛺𝛾𝐹𝑡𝑢𝑟𝑏 and

(23)

𝐸𝛾2 = 𝑐𝛾2 𝑃𝛾2 𝛾

(24)

where, 𝛺 is the vorticity magnitude.
Model constants:
𝑐𝛾1 = 0.03, 𝑐𝛾2 = 50, 𝑐𝛾3 = 1.0
2.4 Setting Boundary Conditions
The Mach number in this study is 0.015, which is lesser than
0.3 for which the flow is considered as incompressible and
therefore energy equation has been omitted in numerical
simulation. The solver has been taken as pressure-based and
velocity formation has been taken as absolute. The time for the
flow has been set as steady. Wall boundary condition is applied
for airfoil surfaces with no-slip boundary conditions. The inlet
(far-field 1) is assigned as velocity inlet where the velocity
specification method is taken as component and reference frame
is absolute with an initial gauge pressure of 0 Pa. The
specification of turbulence is taken as an intensity to viscosity
ratio with a turbulence intensity of 5% and turbulence viscosity
ratio of 10. The outlet (far-field 2) is assigned as a pressure outlet
having a gauge pressure of 0 Pa and the backflow reference
frame is set as absolute, the backflow direction specification
method is set as normal to the boundary, and the backflow
pressure specification is set as total pressure. Fig. 4 illustrates the
flow domain of the problem. Boundary conditions and other
variables related to the numerical investigation are tabulated in
Table 1.
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2.5 Simulation Setup

Table 2 Specifications of the wind tunnel.

The SIMPLE pressure-velocity coupling has been used in
the present study. For spatial discretization, the gradient is taken
as least square cell-based and other parameters are taken as
second-order upwind. Reports have been defined to calculate lift
and drag coefficients. The convergence condition is taken as
absolute criteria. The criterion of the residuals is taken as 10-6.
The solution is initialized with the standard initialization method.
Then the calculation is, then, run to get quantitative and
qualitative numerical results.

Specifications

Value

Model

TecQuipment AF100
3 phase, 220 VAC to 240
VAC 50 Hz/60 Hz (20 A) or
380 VAC to 440 VAC 50
Hz/60 Hz (16 A)
2 m of free space around the
inlet and 4 m at the outlet

Electrical supply

Space required
Operating temperature
range

5 °C to 40 °C

Dimensions of the working
section
Net weight

80% at temperatures < 31°C
decreasing linearly to 50%
at 40°C.
3700 mm × 1065 mm ×
height 1900 mm
305 mm × 305 mm, and 600
mm long
293 kg

Range of air velocity

0 to 36 ms-1

Noise level

80 dB(A)

Operating relative humidity
range
Net dimensions

Fig. 4 Flow domain of the problem.
Table 1 Boundary conditions and some other variables.
Variable

Value

Fluid type

air

Test object material

wood

Free stream temperature

20 °C

Gauge pressure

0 Pa

Free stream velocity of air

5 m/s

Density of air

1.204 kg/m3

Viscosity of air

1.825 × 10-5 kg·m−1·s−1

Chord Reynolds number

0.05 × 106

Mach number

0.015

2.6 Wind Tunnel Experiment
The wind tunnel experiment has been conducted using a
subsonic open-circuit wind tunnel consisting of a converging and
diverging nozzle to verify the performance of the turbulence
models. The specification of the wind tunnel is presented in
Table 2.

Fig. 5 Experimental setup showing (a) whole experimental
setup and (b) close view of airfoil setup.

The models for both of the airfoils have been made of wood
with having a chord of 150 mm and a span of 450 mm. The
models have been fabricated and provided a smooth surface
finish and thick coating so that the output obtained from wind
tunnel testing is more accurate. Fig. 5 shows the wind tunnel with
an airfoil mounted on it. In this present study, the free stream
velocity is taken as 5 m/s for both of the airfoils which yield a
Reynolds number of 0.05 × 106 and Mach number of 0.015
based on the centerline chord of the airfoils. The velocity of air
is increased up to 5 m/s and was inspected by a monitor.

Lift and drag force are obtained using wind tunnel testing
for both of the airfoils. Lift coefficient and drag coefficient are
determined from these aerodynamic forces using Eqs. (25) and
(26) respectively.
𝐹𝐿
𝐶𝐿 =
(25)
1 2
𝜌𝜈 𝐴
2
𝐹𝐷
𝐶𝐷 =
(26)
1 2
𝜌𝜈 𝐴
2
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3.1 Evaluation of turbulence models for the flow over
NACA 0012 airfoil
Fig. 6 illustrates a comparison between experimental data
and numerical results of five different turbulence models of the
lift coefficient curve for NACA 0012 airfoil. It is observed that
Spalart-Allmaras model and k-ω SST model are able to
reasonably predict lift coefficient up to the angle of attack of 9°
and 6° respectively. Hence, it is obvious that Spalart-Allmaras
model gives the most accurate prediction among other models.
This finding is closely in agreement with previous studies
conducted on the accuracy of turbulence models [6],[7],[9],[10].
The standard k-𝜀 model gives slightly less value of lift coefficient
at low angle of attack and slightly high value of lift coefficient at
high angle of attack. However, at high angle of attack no
turbulence model is capable of providing a satisfactory
prediction. This phenomenon is also confirmed by prior studies
[10],[11]. Transition k-kL-ω model and 𝛾 − 𝑅ⅇ𝜃 Transition SST
model are far beyond accuracy.
Fig. 7 demonstrates a comparison between experimental
data and numerical results of five different turbulence models of
the drag coefficient curve for NACA 0012 airfoil. It is observed
that k-ω SST model, Spalart-Allmaras model, Transition k-kL-ω
model, and 𝛾 − 𝑅ⅇ𝜃 Transition SST model can predict drag
coefficient reasonably at low angle of attack. The standard k-𝜀
model gives slightly high value of drag coefficient at a low angle
of attack and a slightly low value of drag coefficient at a high
angle of attack. However, at a high angle of attack, no turbulence
model can give a satisfactory prediction and all models except
the Transition k-kL-ω model provide a lesser value of drag
coefficient than that of the experimental value. Previous studies
also indicate that turbulence models aren’t capable of predicting
at a high angle of attack [10],[11].
Fig. 8 and Fig. 9 illustrate contours of static pressure at the
angle of attack of 0°, 6°, 9°, and 18° derived from SpalartAllmaras model and k-ω SST model respectively for NACA
0012 airfoil. It can be observed that pressure distribution is
symmetrical at 0° angle of attack because of NACA 0012 being
symmetric airfoil while the pressure on the upper surface is lower
than that of the lower surface at 6° and 9° angle of attack. Hence,
a lift is produced upward. As the angle of attack is increased from
0° up to 9°, the pressure on the lower surface is increased as a
result of which the lift force and lift coefficient are increased in

1.6

K-ω SST NACA 0012
std k-ε NACA 0012
S-A NACA 0012
k-kL-ω NACA 0012
trans SST NACA 0012
Exp. NACA 0012

1.4
1.2

Lift Coefficient, CL

3 Results and discussion

the upward direction. However, separation takes place at an
angle of attack of 18° due to which the lift coefficient is
dramatically decreased.

1.0
0.8
0.6
0.4
0.2
0.0
0

5
10
15
Angle of attack, α (degree)

20

Fig. 6 Comparison between experiment data and numerical
results of five different turbulence models of the lift
coefficient curve for NACA 0012 airfoil.
0.4

Drag Coefficient, CD

Where, 𝐹𝐿 is lift force in N, 𝐹𝐷 is drag force in N, 𝐶𝐿 is lift
coefficient, 𝐶𝐷 is drag coefficient, 𝜌 is the density of the air
through the airfoil is moving in kg/m3, 𝑣 is the relative speed
between airfoil and air in m/s and 𝐴 is the projected area of the
airfoil in m3.
In order to monitor experimental results such as lift
coefficient and drag coefficient at a different angle of attack for
both of the airfoils, computer along with TecQuipment’s
Versatile Data Acquisition System (VDAS®) software is used.
With the usage of VDAS® software, lift coefficient and drag
coefficient are accurately determined.

K-ω SST NACA 0012
std k-ε NACA 0012
S-A NACA 0012
k-kL-ω NACA 0012
trans SST NACA 0012
Exp. NACA 0012

0.3

0.2

0.1

0.0
0

5
10
15
Angle of attack, α (degree)

20

Fig. 7 Comparison between experiment data and numerical
results of five different turbulence models of the drag
coefficient curve for NACA 0012 airfoil.
Fig. 10 and Fig. 11 demonstrate contours of velocity
magnitude at the angle of attack of 0°, 6°, 9° and 18° for SpalartAllmaras model and k-ω SST model respectively for NACA
0012 airfoil. It can be observed that velocity magnitude is
symmetrical at 0° angle of attack while in contrast to pressure
distribution the velocity magnitude on the upper surface is higher
than that of the lower surface for increased angle of attack which
confirms Bernoulli’s principle. The stagnation point at the
trailing edge is moved forward to the direction of the leading
edge with the increase in the angle of attack.
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Fig. 8 Contours of static pressure at an angle of attack of (a) 0°, (b) 6°, (c) 9°, (d) 18° derived from Spalart-Allmaras model for
NACA 0012 airfoil.

Fig. 9 Contours of static pressure at an angle of attack of (a) 0°, (b) 6°, (c) 9°, (d) 18° derived from k-ω SST model for NACA
0012 airfoil.

Fig. 10 Contours of velocity magnitude at an angle of attack of (a) 0°, (b) 6°, (c) 9°, (d) 18° derived from Spalart-Allmaras model
for NACA 0012 airfoil.

Fig. 11 Contours of velocity magnitude at an angle of attack of (a) 0°, (b) 6°, (c) 9°, (d) 18° derived from k-ω SST model for
NACA 0012 airfoil.
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3.2 Evaluation of turbulence models for the flow over
NACA 2412 airfoil
Fig. 12 illustrates a comparison between experimental data
and numerical results of five different turbulence models of the
lift coefficient curve for NACA 2412 airfoil. It is observed that
Spalart-Allmaras model and k-ω SST model are successfully
able to predict lift coefficient up to the angle of attack of 9°. This
finding is closely in agreement with earlier studies conducted on
the assessment of turbulence models [6],[7],[9],[10]. Standard k𝜀 model gives slightly less value of lift coefficient at low angle
of attack and slightly more value of lift coefficient at high angle
of attack. However, no turbulence model is able to depict poststall characteristics. Transition k-kL-ω model and 𝛾 − 𝑅ⅇ𝜃
transition SST model are far beyond accuracy.
1.2

Lift Coefficient, CL

1.0
0.8
0.6

K-ω SST NACA 2412
std k-ε NACA 2412
S-A NACA 2412
k-kL-ω NACA 2412
trans SST NACA 2412
Exp. NACA 2412

0.4
0.2
0.0
0

2

4

6 8 10 12 14 16 18 20 22
Angle of attack, α (degree)

Fig. 12 Comparison between experiment data and numerical
results of five different turbulence models of the lift
coefficient curve for NACA 2412 airfoil.
0.4
K-ω SST NACA 2412

Drag Coefficient, CD

std k-ε NACA 2412

0.3

S-A NACA 2412
k-kL-ω NACA 2412
trans SST NACA 2412

0.2

Exp. NACA 2412

0.1

0
0

2

4

6 8 10 12 14 16 18 20 22
Angle of attack, α (degree)

Fig. 13 Comparison between experiment data and numerical
results of five different turbulence models of the drag
coefficient curve for NACA 2412 airfoil.

Fig. 13 illustrates a comparison between experimental data
and numerical results of five different turbulence models of the
drag coefficient curve for NACA 2412 airfoil. It is observed that
k-ω SST model, Spalart-Allmaras model, Transition k-kL-ω
model and 𝛾 − 𝑅ⅇ𝜃 Transition SST model are capable of
predicting drag coefficient effectively at a low angle of attack.
The standard k-𝜀 model gives slightly high value of drag
coefficient at a low angle of attack and exhibits a good prediction
of drag coefficient at a high angle of attack. However, at a high
angle of attack, no turbulence model can give a satisfactory
prediction except the Standard k-𝜀 model and they give higher
value of drag coefficient than that of the experimental value.
Douvi et al. [10] also observed that higher drag coefficients than
that of the experimental result were deduced by different
turbulence models.
Contours of static pressure at the angle of attack of 0°, 6°, 9°
and 18° derived from Spalart-Allmaras model and k-ω SST
model are demonstrated at Fig. 14 and Fig. 15 respectively for
NACA 2412 airfoil. It can be observed that the pressure on the
upper surface is lower than that of the lower surface because of
which a lift is produced upward. As the angle of attack is
increased from 0° to 9°, the pressure on the lower surface is
increased as a result of which the lift force and lift coefficient are
increased in the upward direction. However, separation takes
place at an angle of attack of 18° due to which the lift coefficient
is dramatically decreased.
Contours of velocity magnitude at the angle of attack of 0°,
6°, 9° and 18° for Spalart-Allmaras model and k-ω SST model
are illustrated at Fig. 16 and Fig. 17 respectively for NACA 2412
airfoil. It can be observed that, unlike pressure distribution, the
velocity magnitude on the upper surface is higher than that of the
lower surface, which confirms Bernoulli’s principle. The
stagnation point at the trailing edge is moved forward to the
direction of the leading edge with the increase in the angle of
attack.
3.3 Comparison of NACA 0012 and NACA 2412 using
experimental results
Fig. 18 illustrates a variation of lift coefficient with respect
to the angle of attack for both NACA 0012 and NACA 2412
airfoils. It is observed that at a low angle of attack the lift
coefficient increases almost linearly with the angle of attack and
reaches its highest value at stall angle of attack (10°) because
airflow is attached to the surfaces of airfoils at these angles of
attack. After stall angle of attack, there is a dramatic decrease in
lift coefficient because of the separation of the boundary layer. It
can also be observed that the lift coefficient of NACA 2412
airfoil is greater than that of the NACA 0012 airfoil for all angles
of attack. It was also depicted by Oukassou et al. [9] that NACA
2412 airfoil provided greater lift coefficients for a wide range of
angles of attack at a Reynolds number of 106. Hence, NACA
2412 airfoil provides better aerodynamic performance. The lift
coefficient is zero lift for 0° angle of attack for NACA 0012
airfoil while there is an appreciable lift coefficient at 0° angle of
attack for NACA 2412 airfoil.
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Fig. 14 Contours of static pressure at an angle of attack of (a) 0°, (b) 6°, (c) 9°, (d) 18° derived from Spalart-Allmaras model for
NACA 2412 airfoil.

Fig. 15 Contours of static pressure at an angle of attack of (a) 0°, (b) 6°, (c) 9°, (d) 18° derived from k-ω SST model for NACA
2412 airfoil

Fig. 16 Contours of velocity magnitude at an angle of attack of (a) 0°, (b) 6°, (c) 9°, (d) 18° derived from Spalart-Allmaras model
for NACA 2412 airfoil.

Fig. 17 Contours of velocity magnitude at an angle of attack of (a) 0°, (b) 6°, (c) 9°, (d) 18° derived from k-ω SST model for
NACA 2412 airfoil.
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Fig. 18 Comparison of lift coefficient between NACA 0012
and NACA 2412 airfoils using experimental data.

4 Conclusions

0.35

Drag coefficient, CD

NACA 0012

This paper has presented the evaluation of five different
turbulence models at low Reynolds number as well as the
aerodynamic comparison between NACA 0012 airfoil and
NACA 2412 airfoil for various angles of attack. The findings of
this study can be concluded as follow:
Spalart-Allmaras model and k-ω SST model are capable of
providing the most accurate prediction for lift coefficient at low
angle of attack for both airfoils. k-ω SST model, SpalartAllmaras model, Transition k-kL-ω model, and 𝛾 − 𝑅ⅇ𝜃
transition SST model can predict drag coefficient reasonably at a
low angle of attack. At a high angle of attack, however, no
turbulence model is able to provide a satisfactory prediction for
lift coefficient and drag coefficient indicating that these models
are unable to predict post-stall characteristics. NACA 2412
airfoil provides better aerodynamic performance. Moreover,
NACA 2412 is more fuel economic. NACA 0012 airfoil
provides zero lift at an angle of attack of 0° while NACA 2412
airfoil provides appreciable lift at an angle of attack of 0°. The
stall angle of attack for both of the airfoils is found to be the same
ie. 10°.

NACA 2412
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Fig. 19 Comparison of drag coefficient between NACA 0012
and NACA 2412 airfoils using experimental data.
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attack since only skin friction drag is affecting the airfoils while
the pressure drag is negligible. After stall angle of attack, there is
a rapid increase in drag coefficient which is due to separation of
flow, which enhances pressure drag, and thus total drag is
increased. It is also observed that the drag coefficient of NACA
0012 is higher than that of NACA 2412 airfoil at almost all
angles of attack.
Fig. 20 illustrates the variation of lift coefficient to drag
coefficient ratio with respect to the angle of attack for both
NACA 0012 and NACA 2412 airfoils. It can be observed that
the lift coefficient to drag coefficient ratio of NACA 2412 is
higher than that of NACA 0012 airfoil for all angles of attack.
The ratio increases from zero angle of attack to the angle of
attack of 8° for NACA 2412 airfoil and 4° for NACA 0012 airfoil
and after that lift coefficient to drag coefficient ratio gradually
falls. The lift coefficient to drag coefficient ratio of NACA 2412
airfoil is greater than that of the NACA 0012 airfoil which
indicates that NACA 2412 airfoil is more fuel economic.
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