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Analysis of the k-e and k-w standard models for

the simulation of the flow over a National
Advisory Committee for Aeronautics (NACA)
4412 airfoll

Amit Saraf, Farook Ahmed Nazar, Sushil Pratap Singh

Abstract-The analysis of the two dimensional subsonic flow over a National Advisory Committee for Aeronautics (NACA) 4412 airfoil
at various angles of attack and operating at a velocity of 50 m/s is presented. The flow was obtained by solving the steady-state
governing equations of continuity and momentum conservation combined with any two turbulence models [k-e standard and k-o
standard] aiming to the validation of these models through the comparison of the predictions and the free field experimental
measurements for the selected airfoil. The aim of the work was to find out the optimum turbulent model out of two models by
showing the behavior of the airfoil at specified conditions and to establish a verified solution method. Dependence of the drag Cp and
lift coefficient C_ on the angle of attack was determined using two different turbulence models. Turbulent flows are significantly
affected by the presence of walls, where the viscosity affected regions have large gradients in the solution variables and accurate
presentation of the near wall region determines successful prediction of wall bounded turbulent flows. In this paper coefficient of lift
from software is compared with published practical data. Calculations were done for constant air velocity altering only the angle of
attack for every turbulence model tested. This work highlighted two areas in computational fluid dynamics (CFD) that require further
investigation: transition point prediction and turbulence modeling. In this work calculations shows that the turbulence models used in

commercial CFD codes does not give yet accurate results at high angles of attack.
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4
1 INTRODUCTION order to validate the present simulation
The first step in modeling a problem involves the
N fluid dynamics, turbulence or turbulent flow is a fluid creation of the geometry and the meshes with a
regime characterized by chaotic, stochastic property preprocessor. The majority of time spent on a CFD project
changes. This includes low momentum diffusion, high in the industry is wusually devoted to successfully
momentum convection and rapid variation of pressure and generating a mesh for the domain geometry that allows a
velocity in space and time. In this analysis, the Standard k-e compromise between desired accuracy and solution cost.
model and the Standard k-@ model were combined with After the creation of the grid, a solver is able to solve the
the governing equations for the numerical solution of the governing equations of the problem. The basic procedural
flow field over the NACA 4412 airfoil and existing steps for the solution of the problem are the following.
experimental data from reliable sources Abbott et al, First, the modeling goals have to be defined and the model
1959[1] are performed to validate the computational results. geometry and grid are created. Then, the solver and the
In order to include the transition effects in the aerodynamic physical models are stepped up in order to compute and
coefficients calculation and get accurate results for the drag monitor the solution. Afterwards, the results are examined
coefficient, a new method was used. In this work, the and saved and if it is necessary we consider revisions
NACA 4412, the well documented airfoil from the4-digit to the numerical or physical model parameters.
series of NACA airfoils, is utilized. NACA 4412 airfoil has a In this project, curves for the lift and drag characteristics of
maximum thickness of 12% with a camber of 4% located the NACA 4412 airfoil were developed. This airfoil was
40% back from the airfoil leading edge (or 0.4c). Velocity for chosen because it has been used in many constructions.
the simulations was 50m/s, same with the reliable Typical examples of such use of the airfoil are the B-19
experimental data from Abbott and Von Doenhoff (1959), in Flying Fortress and Cessna 142, the helicopter Sikorsky S-65
SH-4 Sea King as well as horizontal and vertical axis wind
turbines.
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2 MATHEMATICAL FORMULATION & TURBULENCE
MODELING

For all flows, the solver solves conservation equations for
mass and momentum. Additional transport equations are
also solved when the flow is turbulent. The equation for
conservation of mass or continuity equation can be written
as follows:
%L+ V.(pil) = S, 1)
Equation 1 is the general form of the mass conservation
equation and is valid for incompressible as well as
compressible flows. The source Sm is the mass added to the
continuous phase from the dispersed second phase (for
example, due to vaporization of liquid droplets) and any
user-defined sources. Conservation of momentum in an
inertial reference frame is described by Equation 2

20D 1y (pidid) = ~Vp + V. (D) + pg + F )
Where p is the static pres_s)ure,? is the stress tensor
(described below) and g and F are the gravitational body
force and external body forces (for example, that arise from
interaction with the dispersed phase), respectively. F also
contains other model-dependent source terms such as
porous-media and user-defined sources. The stress tensor
tis given by:
T=p [(vﬁ + Vil — g] V.4l 3)
Where p is the molecular viscosity, I is the unit tensor, and
the second term on the right hand side is the effect of
volume dilation. For the 2-D, steady and incompressible
flow the continuity equation is:
du  ov
% + 6_y =0 4)
Momentum equations for viscous flow in xand vy
directions are, respectively

Du_ _ 9p  Otxx | OTyx

P Dt 0x + 0x + dy + pfx (5)
Dv_ _0p, Oty , Oty
Dt dy + 0x + dy + pfx (6)

where due to characteristics of the 2-D flow in continuity
equation the term dw/dz and in momentum equation,

d
61:Z"/ 5, and TZy/ 5, drop out. The continuity and

momentum equations are combined with one of the
following turbulence models which are briefly presented as
follows:

2.1 k-w standard turbulence model

The standard k-0 model is one of the most common
turbulence models. It includes two extra transport
equations to represent the turbulent properties of the flow.
The first transported variable is turbulent kinetic energy, k,
similar to the turbulent kinetic energy equation of the
standard k- e model. The second is the specific dissipation,
®, which can also be thought of as the ratio of e to k. The
model incorporates modifications for low-Re effects,
compressibility and shear flow spreading. The standard k-

® model in FLUENT is based on the Wilcox k-o model
,which incorporates modifications for low-Reynolds-
number effects, compressibility, and shear flow spreading.
The turbulence kinetic energy, k, and the specific
dissipation rate, ®, are obtained from the following
transport equations

a

2 2 ok
o (PK) + —(pku;) = a_xi( Ly a_xi) + G = Yie + S )

S(pw) + 3 (poou) = - (Tu32) 4Gy =Yy +S0 ®)

In these equations, Gk represents the generation of
turbulence kinetic energy due to mean velocity gradients.
G represents the generation of ®. I'k and I'e represent the
effective diffusivity of k and ®, respectively. Yk and Yo
represent the dissipation of k and ® due to turbulence. All
of the above terms are calculated as described below. Sk

and Sw are user-defined source terms

2.2 k-€ standard turbulence model

The k-¢ model is well described in the literature and has
been widely used. This model was derived by assuming
that the flow is fully turbulent and the effects of molecular
viscosity are negligible. For locations near walls, the
standard k-e model, therefore, demands an additional
model,which comprises the effects of molecular viscosity.
In this situation, wall functions based on semi-empirical
formulas and functions are employed.

The turbulence kinetic energy, k and its rate of dissipation,
€ are obtained from the following transport equations:

a
X

a a e ok
5 (010 + 5 (pkuy) :a_[(P*'c_;)a_xj]*' Gy + Gy — pe — Y + Sy (9)

a a a a
%0 + 7 (peu) = o | (1+2) 25|+ €1 £ (Gu+ o) -

0x; Oc
EZ

CZEP? + SE (10)

In these equations, Gk represents the generation of
turbulence kinetic energy due to the mean velocity
gradients, Gb is the generation of turbulence kinetic energy
due to buoyancy. YM represents the contribution of the
fluctuating dilatation in compressible turbulence to the
overall dissipation rate.

3 COMPUTATIONAL METHOD

The free stream temperature is 300 K, which is the same as
the environmental temperature. The density of the air at the
given temperature is p=1.225 kg/m3 and the viscosity is
n=1.7894x10-5kg/ms. for this velocity, the flow can be
described as incompressible. This is an assumption close to
reality and it is not necessary to resolve the energy
equation. A segregated, implicit solver was utilized (Fluent
6.3.26, 2006) Calculations were done for angles of attack
ranging from -18o to 18°. The airfoil profile, boundary
conditions and meshes were all created in the pre-processor
Gambit 2.3.16. The pre-processor is a program that can be
employed to produce models in two and three dimensions,
using structured or unstructured meshes, which can consist
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of a variety of elements, such as quadrilateral, triangular or
tetrahedral elements. The resolution of the mesh was
greater in regions where greater computational accuracy
was needed, such as the region close to the airfoil. The first
step in performing a CFD simulation should be to
investigate the effect of the mesh size on the solution
results. Generally, a numerical solution becomes more
accurate as more nodes are used, but using additional
nodes also increases the required computer memory and
computational time. The appropriate number of nodes can
be determined by increasing the number of nodes until the
mesh is sufficiently fine so that further refinement does not
change the results.

4 RESULTS AND DISCUSSION

4.1 Simulation Outcomes of Static Pressure

From the contour of pressure coefficient, we see that there
is a region of high pressure at the leading edge (stagnation
point) and region of low pressure on the upper surface of
airfoil. This is of what we expected from analysis of velocity
vector plot. From Bernoulli equation, we know that
whenever there is high velocity, we have low pressure and
vice versa. Figure 1 to 6 shows the simulation outcomes of
static pressure at angles of attack 00 to15° with three used
model. The pressure on the lower surface of the airfoil was
greater than that of the incoming flow stream and as a
result it effectively “pushed” the airfoil upward, normal to
the incoming flow stream. On the other hand, the
components of the pressure distribution parallel to the
incoming flow stream tended to slow the velocity of the
incoming flow relative to the airfoil, as do the viscous
stresses.

TTEE. T e, B nen e (EIREW e T S T x ot

Figl Contours of static pressure at Ooangle of attack W|th k € turbulent
model

EL e

Fig. 2 Contours of stat|c pressure at 9oangle of attack W|th k-e

turbulent model

I DT

F|g.3 Contours of static pressure at 150angle of attack with k-
turbulent model

Fig.4 Contours of static pressure at 0oangle of attack w
turbulent model
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F|gS Contours of statlc pressure at 9oangle of attack with k-w
turbulent model
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Fig. 6 Contours of static pressure at 15oangle of attack with k-w
turbulent model
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4.2 Contours of Velocity Component

Contours of velocity components at angles of attack 3, 9
and 15° are also shown (Figures 7 to 9). The trailing edge
stagnation point moved slightly forward on the airfoil at
low angles of attack and it jumped rapidly to leading edge
at stall angle. A stagnation point is a point in a flow field
where the local velocity of the fluid is zero. The upper
surface of the airfoil experienced a higher velocity
compared to the lower surface. That was expected from the
pressure distribution. As the angle of attack increased the
upper surface velocity was much higher than the velocity of
the lower surface. As can be seen, the velocity of the upper
surface is faster than the velocity on the lower surface

e L T T
Fig.7 Contours of velocity components at Ooangle of attack with k-
turbulent model
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turbulent model
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F|99 Contours of velomty coponents at 150ang|e of attack with k-w
turbulent model.

Fig.8 Contours of velocity components at 9oangle of attack with k-w

B - L i e

F|g 10 Contours of velocity components on leading edge

On the leading edge, we see a stagnation point where the
velocity of the flow is nearly zero. The fluid accelerates on
the upper surface as can be seen from the change in colors
of the vectors. On the trailing edge, the flow on the upper
surface decelerates and converges with the flow on the
lower surface.

F| .11 Contours of velocity components on tra|I|ng edge

4.3 Curves of Pressure Coefficient

The lower curve is the upper surface of the airfoil and has a
negative pressure coefficient as the pressure is lower than
the reference pressure as shown in fig from 12 to 17

Pressure
Coefficient

flle o T e e BT W0m
Fig.12 Pressure coefficient at Ooangle of attack with k-e¢ turbulent
model
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Fig.13 Pressure coefficient at 9oangle of attack with k-e turbulent
model
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Fig.14 Pressure coefficient at 150angle of attack with k-e turbulent
model

model
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Fig. 16 Pressure coefficient at 9oangle of attack with k-w turbulent
model

F|g 17 Pressure coefflment at 150ang|e of attack with k-w turblent
model

4.4 Variation of CL with Angle of Attack

Simulations for various angles of attack were done in order
to be able to compare the results from the different
turbulence models and then validate them with existing
experimental data from reliable sources Abbott[1]. To do
so, the models were solved with a range of different angles
of attack from -18 to 18°.0On an airfoil, the resultants of the
forces are usually resolved into two forces and one
moment. The component of the net force acting normal to
the incoming flow stream is known as the lift force and the
component of the net force acting parallel to the incoming
flow stream is known as the drag force. The curves of the
lift and the drag coefficient are shown for various angles of
attack, computed with three turbulence models and
compared with experimental data. Fig. 18 and 19 shows
variation of CL with angle of attack with three turbulent
models.

Cl
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Fig.18 variation of CL with angle of attack with k-w turbulent models
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Fig.19 variation of CL with angle of attack with k-e turbulent models

5 DISCUSSIONS

Figure 20 shows that at low angles of attack, the
dimensionless lift coefficient increased linearly with angle
of attack. Flow was attached to the airfoil throughout this
regime. At an angle of attack of roughly 14 to 15°, the flow
on the upper surface of the airfoil began to separate and a
condition known as stall began to develop. All three
models had a good agreement with the experimental data
at angles of attack from -10 to 10° and the same behavior at
all angles of attack until stall. It was obvious that the k-o
and Spalart-Allmaras turbulence model had the
approximately same behavior with the experimental data
as well as after stall angle. Near stall, disagreement
between the data was shown. The lift coefficient peaked
and the drag coefficient increased as stall increased.

2 00E+00

1.50E+00

_, 1.00E+00
—— K- Cl

5.00E-01 —l—K-cCl

——Abbott Cl
0.00E+00

r18-15-12 - -3 0 3 6 9 121518

Lift coefficient C

-5.00E-01

-1.00E+00

Angle of Attack

Fig.20 Comparison between experimental data from Abott et al and
three different turbulent models simulation result of the lift coefficient
curve for NACA 4412 airfoil.
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Fig.21 Comparison between experimental data from Abott et al and
three different turbulent models simulation result of the Drag
Coefficient curve for NACA 4412 airfoil

6 CONCLUSIONS

This paper showed the behavior of the 4-digit symmetric
airfoil NACA 4412 at various angles of attack. The pressure
on the lower surface of the airfoil was greater than that of
the incoming flow stream and as a result it effectively
“pushed” the airfoil upward, normal to the incoming flow
stream. The trailing edge stagnation point moved slightly
forward on the airfoil at low angles of attack and it jumped
rapidly to leading edge at stall angle. A stagnation point is
a point in a flow field where the local velocity of the fluid is
zero. The upper surface of the airfoil experienced a higher
velocity compared to the lower surface. That was expected
from the pressure distribution. As the angle of attack
increased the upper surface velocity was much higher than
the velocity of the lower surface. The computational results
from the three turbulence models were compared with
experimental data where the boundary layer formed
around the airfoil is fully turbulent and they agreed well.
The most appropriate turbulence model for these
simulations is the k-® two-equation model, has a good
agreement with the published experimental data Abbott [1]
of other investigators for a wider range of angles of attack.

7 FUTURE WORKS

This study could be considered as an introductory study
to illustrate the utility of computational flow analysis (CFD)
in the analysis of airfoil with different turbulent models.
Further and more complete studies are needed to apply it
on 3-D geometry of airfoil.

Most important future Points are:

1) Mesh refinement (Grid independency) to get more
reliable results. This is needed for applying a proper
wall function to numerical computational model.

2) Different materials can be used for airfoil. Effect of
material on lift coefficient could be studied.

3) Transition point could be changed and effect of this
could be studied.

4) Comparison of these used model and also other models
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could be used on various type of shape or series and
result could be compared with experimental data.
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