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ABSTRUCT

The analysis of the two dimensional subsonic flow over a National Advisory Committee for
Aeronautics (NACA) 0015 airfoil at two angles of attack, (o= 0°, o= 16°) and operating at a
Reynolds number of 4.4 x 10° is presented. The flow was obtained by solving the steady-state
governing equations of continuity and momentum conservation combined with one of three
turbulence models [Spalart-Allmaras, Realizable and shear stress transport (SST)] 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 show the
behavior of the airfoil at these conditions and to establish a verified solution method. Attention is
focused on determination of the pressure distribution around the airfoil. Simulations were
performed on an map quadratic structured grid with the Fluent (\V6.3) software package which
solves the Navier—Stokes equations by using finite volume methods. Calculations were done for
constant air velocity altering only the angle of attack for every turbulence model tested.
Calculations showed that the turbulence models used in commercial CFD codes do not give yet
accurate results at high angles of attack and show that the Realizable k-¢ model gave the most
closness prediction of pressure distribution when compared with the experimental data [1].
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NOMENCLATUR

p: Density (kg/ m%)

u : Velocity component in x direction (m/s)
v : Velocity component in y direction (m/s)
Re : Reynolds Number

X Axial coordinate in the physical domain
C: Cord, (m)

C,: Coefficient of pressure

X & y; Coordinate direction

ABBREVIATIONS

CFD: Computational Fluid Dynamics

RANS: Reynolds Average Navier-Stokes Equation
SST: Shear Stress Transport

S-A: Spalart-Allmaras

NACA: National Advisory Committee for Aeronautics

INTRODUCTION

Simulation of the turbulent flow field around airfoil sections is an up to date problem. Many
phenomena occur in the flow passing a real airfoil section, such as the transition from the laminar
to turbulent region, laminar or turbulent separation, and reattachment of separated flow, etc. This
makes this problem complex and difficult to solve numerically. It is important to see how these
airfoils can be computationally modelled and what sorts of models produce the most accurate
results, in comparison to experimental data [2].

In industrial CFD applications, RANS modelling remains one of the main approaches when
dealing with turbulent flows. Over decades, this has consequently facilitated the development of a
great variety of RANS turbulence models. Modelling approaches in the context of RANS have
shown different degrees of success in various engineering applications, spanning from mixing-
length models, linear and nonlinear eddy viscosity models to algebraic and differential Reynolds
stress models with a hierarchy of increasing complexity in the modelling formulation and related
CFD implementations [3].

Two-equation turbulence models or competitive one-equation models, are considered to be the
minimum level of closure in Navier—Stokes solution methods that are capable to cope with
complex flows. Two-equation eddy-viscosity models have been credited certain advantages,
mostly related to their simplicity and their superior numerical properties, compared to other more
sophisticated models, like those based on Reynolds stress closures. In their conventional forms,
two-equation models often yield poor predictions for flows that encounter adverse pressure
gradients, curvature, rotation or complex strain fields. In order to overcome these deficiencies,
without resorting to more sophisticated and more expensive turbulence models, various
modifications have been proposed in the literature [4]. Among them, those employed in the
present method.

Working even with two-equation models, the low-Reynolds terms which are activated close to
solid walls are a source of convergence difficulties. For structured grids, a series of papers
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addressed, in the past, the practical implementation of these models and delineated achievements
or suggestions to improve their numerical behavior. In addition, practical problems about how to
approximate distances from solid walls or how to compute derivatives normal to the wall are
readily solvable on structured grids, with both precision and simplicity. In contrast, the relevant
approaches for unstructured grids with triangular elements are, by no means, trivial; they often
suffer from ambiguities or lack of precision during the treatment of the corresponding terms [5,
6].

The aim of the present work is to investigate the effect of several turbulent models, available in
the commercial code FLUENT (V6.3), on the pressure coefficient distribution around the NACA
0015 airfoil at two angles of attack, (a= 0°, a= 16°) and existing experimental data from [1], are
performed to validate the computational results. The velocity distribution with the Realizable k-¢
turbulence model at (o= 0°, a= 16°) will also be found.

GOVERNING EQUATIONS

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[7],:

Py (pu)=s, (1)

Equation (1) is the general form of the mass conservation equation which valid for
incompressible as well as compressible flows. The source S 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)

%(pﬁ)+V.(pUU)=—Vp+V-(;)+pg+ F (2)

Where p is the static pressure, 7 is the stress tensor (described below) and pg 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 is given by:

7= u{(va +VIT )—ﬂv. Gl 3)

Where « is the molecular viscosity, | 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:
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Momentum equations for viscous flow in x and y directions are, respectively:
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Where due to characteristics of the 2-D flow in continuity equation the term Y and in
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momentum equation, and

P drop out. The flow was obtained by solving the governing

equations of continuity and momentum conservation combined with one of three turbulence
models.

COMPUTATIONAL METHOD

In this paper, the NACA 0015, the well documented airfoil from the 4-digit series of NACA
airfoils, was utilized. The NACA 0015 airfoil is symmetrical; the 00 indicates that it has no
camber. The 15 indicates that the airfoil has a 15% thickness to chord length ratio; it is 15% as
thick as it is long. Reynolds number for the simulations was 4.4 x 10° , same with the reliable
experimental data from[1], in order to validate the present simulation. 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/ m® and the viscosity is p=1.7894x10"° kg/ms. For this
Reynolds number, 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 (ANSY'S Fluent 6.3.26., 2006) Calculations were done at two angles of attack (a= 0°, a=
16°). The airfoil was modelled in the software package GAMBIT (2.4.6). The geometry of the
airfoil was imported, from an Airfoils [8], and a c-shaped mesh created. The large distance of the
domain boundary from the airfoil, in comparison to the airfoil chord length, was so that the
boundary conditions had minimal influence on the flow field in the vicinity of the airfoil and
allowed the boundary conditions to be simplified [9]. This domain, shown in Figure (1).

A fine mesh was needed in the vicinity of the airfoil in order to model the flow field accurately.
In the vicinity of the airfoil it was necessary to refine the mesh at the trailing edge in order to
ensure accurate modelling, as this would be where events of interest would occur. It was
important to maintain good aspect ratios of cells across the domain as well as maintaining smooth
changes in cell size, thus quadrilateral elements were used.

Figure (2) shows the computational domain and the mesh that was used to solve the problem.
Figure (3) shows the mesh around the airfoil.
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TURBULANCE MODELS

The inlet boundary velocity U, was set to 35 m/sec for all turbulence models for direct
comparison with the experimental result [1]. The corresponding Reynolds number is 4.4 x 10°
based on the chord c of the airfoil (180 mm). A computational grid of 15100 cells was fixed for
all models.

Three different turbulence models were used, two equation models such as Realizable and SST
k- model and Spalart-Allmaras model. These models selected because they are most widely
used in aerodynamic industry, and they have well documented strength. Also these models
proved to have a superior performance for flows involving strong streamline curvature [10]. All
computations have been performed on the same grid to ensure that the presented solution for
each model will be compared with each other. Flow conditions around the airfoil were built up
by finite volume analysis using FLUENT 6.3 software.

RESULTS AND DISCUSSION

Simulations for two 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 [1]. To
do so, the model was solved at zero angle of attack and high angle of attack, a= 16°.

Turbulence models are often judged for accuracy based on the comparison of their predictions
with the experimentally observed values. Figure (4) shows the variation in the pressure
coefficient around the airfoil, for each model and experimental data, at zero degrees angle of
attack. The experimental results showed scattered values upon the numerical pressure coefficient.
Turbulence models predictions are very close to each other and all it predict high pressure
coefficients values at the nose and slightly high pressure coefficients values for the residual part
of airfoil when compared with experimental values.

Figure (5) shows the variation of the pressure coefficient along the lower surface of the airfoil at
angle of attack, a= 16°. All turbulence models predict high pressure coefficients at the nose and
low pressure coefficients values for the residual part of airfoil when compared with experimental
values and all models show a unsimilar profile behavior between them.

Figure (6) shows the variation of the pressure coefficient along the upper surface of the airfoil at
angle of attack, o= 16°. Also the experimental results showed scattered values upon the
numerical pressure coefficient.

The S-A and SST k-0 predictions are very close to each other and their prediction is not
acceptable with the experimental data R k-e¢ model predict close values to experimental data
when compared with the other turbulence models. For two angles of attack (a= 0°, a= 16°) the
Realizable k- model gave the most closeness prediction of pressure distribution when compared
with the experimental data for both suction and pressure sides.

Figures (7) and (8) show the simulation outcomes of static pressure at angles of attack 0° and
16°with the Realizable k-¢ turbulence 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.

Contours of velocity magnitude at angles of attack (o= 0°, a= 16°) are also shown in figure (9)
and (10). At zero angle of attack the velocity distribution is symmetric where the NACA 0015
airfoil is symmetrical while at sixteen angle of attack, the upper surface of the airfoil experienced
a higher velocity compared to the lower surface until the separation point where the velocity
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equal zero. Velocity vectors of the flow field around airfoil for different turbulence models are
presented in figure (11). The SST k-o model and S-A model predict very early separation with
regard to R k-e model. That was expected from the pressure distribution where the wall shear
stresses occurred on airfoil gave an idea about the flow separation.

CONCLOUSION

This paper showed the behavior of the 4-digit symmetric airfoil NACA 0015 at two angles of
attack. The most appropriate turbulence model for these simulations was the Realizable k-¢ two
equation model, which had the most closeness prediction of pressure distribution when
compared with the experimental data for both suction and pressure sides.

Turbulence models predictions are very close to each other at zero degrees angle of attack while
at high angle of attack, a= 16° the numerical pressure coefficient distributions showed scattered
values upon the experimental results.

In summary it can be said that the major error in the three turbulence models used for two angles
of attack, is at the leading edge. This is apparent from the analysis of the pressure coefficient
distribution around the airfoil.
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Figure (2): Computational Domain
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Figure (3) Mesh around the Airfoil
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Figure (4) Variation of Pressure Coefficient around Airfoil at Zero Degrees Angle
of Attack
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Figure (5): Variation of the Pressure Coefficient along the Lower Surface of the
Airfoil at 16° Angle of Attack.
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Figure (6): Variation of the Pressure Coefficient along the Upper Surface of the
Airfoil at 16° Angle of Attack.
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Figure (7): Contours of Static Pressure at Zero Angle of Attack with the Realizable k-¢
Turbulence Model.
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Figure (8): Contours of Static Pressure at 16° Angle of Attack with the Realizable k-¢
Turbulence Model.
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Figure (9): Contours of Velocity Magnitude at Zero Angle of Attack with the Realizable k-¢
Turbulence Model.

5.37e+01
5.10e+01
4.83e+01
4.56e+01
4.29e+01
4.03e+01
3.76e+01
3.49e+01
3.22e+01
2.95e+01
2.68e+01
2.42e+01
2.15e+01
1.88e+01
1.61e+01
1.34e+01
1.07e+01
8.05e+00
5.37e+00
2.68e+00
0.00e+00

Figure (10): Contours of Velocity Magnitude at 16° Angle of Attack with the Realizable k-¢
Turbulence Model.
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Figure (11): Distribution of Velocity Vector around Airfoil with Different Turbulence Models
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