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1. Introduction

The world is moving towards sustainable energy in term of renewable and efficient energy.
Demanding fuel problem is a serious problem nowadays. Greenhouse gasses is one of the big factors
contributing to global warming. The aviation industry account for 4.9% of greenhouse gasses [1].
Boeing predict an annual growth of 4.7% in world traffic flow from 2018 to 2037 [2]. Immediate
substitute to the fossil fuels is not readily available yet. Biofuels are promising alternatives, but it is
unlikely to replace standard fossil fuels for the next several decades. This leaves fuel efficiency
improvements as a vital options [3]. Improving fuel efficiency is not only vital for the environment,
but also from economical point of view, with an increase of fuel price of about 22% from a year ago
[4], airline need more fuel efficient aircraft given the expected grow in traffic flow. More emphasis is
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given in creating more efficient aircraft rather than high performing aircraft [5]. Previously,
emphasise were given on creating engine with highest efficiency in order to create high efficiency
aircraft [6-7]. Only a small improvement was made in order to improve aircraft wing. Aircraft wing
plays an important role in generating lift force and associated drag force which oppose aircraft
motion [8]. The cross-section shape of the wing, known as airfoil, is highly investigated in order to
improve the lift and drag performance of the wing. Research on which air foil shape is the most
suitable for each aircraft are crucial in developing high efficiency aircraft.

The difficulty in designing aircraft wing lies in the testing and validation aspect of design process.
Over the last few decades, designers depend on wind tunnel testing in order to validate the wing
designed based on research [9]. Wind tunnel model of a wing were created and tested in wind tunnel
to confirm the performance of each design. This procedure was costly, exhaustive and time
consuming which inspired designers to develop computation fluid dynamics [10]. Through
computational method, the fluid flow around air foil can be calculated to predict the aerodynamic
characteristics and performance new designs. However, high computational power and sources are
required to enable correct prediction. With increasing research on computational research and large
collection of database, computational fluid dynamics has becoming more reliable for researchers to
examine their design [11-12]. Nowadays, with the advancement of computational codes enable
researchers to conduct computational simulation for each air foil designs.

In order to obtain aerodynamically optimum airfoil, the aerodynamic characteristic has to be
determined. Traditionally, this was done with experimental wind tunnel. With computational aid,
properties such as lift, drag and lift-to-drag ratio of the air foil can be obtained. Turbulence model
would play an empirical role in obtaining a correct prediction of aerodynamic characteristics. Over
the last few decades, the Spalart-Allmaras turbulence model has been used extensively in the
industry to predict flow around an airfoil [13-14]. However, this model unable to successfully capture
the flow dynamics of turbulence at low Reynold number as this flow is highly dominated by
turbulence phenomena. In the last decade, the k-w SST model has proven to be reliable in predicting
the fluid flow around an external flow which includes flow around airfoil [15-19]. Ahmed et al., [20]
did a simulation study of pitching NACA0012 air foil using various turbulence model and found out
that k-w SST provide the best prediction with respect to experimental data with Y *set to 1.

For relatively common airfoil, such as NACA airfoil, the aerodynamic characteristics is well known
and frequently studied thus the aerodynamic data are vastly available and accessible. However, for
specifically designed airfoil, limited data available regarding its behaviour. Selig 5010 airfoil was
designed by Michael Selig and Dave Jones for tailless planform and first introduced in 1987 [21]. The
airfoil were designed for flying wing aircraft and have positive pitching moment. The wind tunnel
data are available from Silvestre et al., [22] however limited computational analysis was performed
on this airfoil. In recent years, the importance of tailless aircraft has grown a lot as it seems to improve
performance and reduce fuel consumption [23] thus spark the interest in Selig airfoil.

In this paper, a study of aerodynamic characteristics was conducted by computational fluid
dynamic simulation using the k-w SST model. The lift and drag coefficient as well as pressure and
velocity variation on the surface of the S5010 airfoil at different angle of attack is studied for a
constant Reynolds number. Crucial aerodynamic point such as maximum lift and maximum efficiency
angle of attack are determined. Existing approach of the aerodynamic characteristics of S5010 airfoil
through experiments were compared in order to obtain a reliable result. The simulation was
extended to higher angle of attack further than the stall angle. In this paper, the reliability analysis in
the turbulence model were studied.
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2. Methodology
2.1 Numerical Analysis

This study was conducted using Ansys Fluent 18.2 supplemented by the data from Low Speed
Airfoil Data (experimental data from University of lllinois [22,24]). The S5010 airfoil was designed by
Prof. Michael Selig dedicated to tailless and flying wing aircraft in which the zero-pitching moment
coefficient was highly desirable. The airfoil has thickness of 9.8% at 27.6% chord. Recently, Mat Yazik
et al., [25] study the S5010 profile for blended wing body wing. Meanwhile, Dehpanah and Nejat [26]
adapt the S5010 airfoil for preliminary design of blende wing body configuration. A unit airfoil model
was created by importing points file into the Ansys Design Modeler and generate surface. The model
was then imported into ICEM module to create mesh around the airfoil. The surface domain was
shown as in Figure 1.

Fig. 1. Fluid domain around airfoil
2.2 Domain Detail

An airfoil with sharp trailing edge with chord length ¢ = 1.0m was created. The fluid domain
around the airfoil consist of a semicircle which is classified as inlet before the airfoil and a rectangular
which is classified as outlet after the airfoil. The inlet was kept at 4c distance from the leading edge
of the airfoil and the outlet were kept at 10c after the trailing edge of the airfoil. The fluid domain
above and below the airfoil were kept at 4c distance to avoid wall effect on the flow around the
airfoil. Meshing were carried out using ICEM module incorporating blocking function and zones
discretization of the fluid domain. A C-mesh type of mesh was created due to the sharp trailing edge
of the airfoil as can be seen in Figure 2. The meshes zone closer to the airfoil surface were created by
layer of fine mesh increasing in size with respect to the distance from airfoil surface (Figure 2 inside).
Quadrilateral mesh was created with appropriate first layer distance in order to obtain Y+ < 1.
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Fig. 2. C-Mesh type around airfoil. In the box: Mesh around the trailing edge
2.3 Boundary Condition

A standard flow condition was used in the simulation according to Silvestre et al., [22] thus the
following values of pressure, density and kinematic viscosity were utilized where P =
101.3 kPa, p = 1.225 kgm™3 and v = 1.79 X 10~° m2s~1 respectively. The inlet flow velocity was
set a Re = 200,000 based on a unit chord. The inlet turbulent intensity was set to 0.2% with
respective length scale at third of the chord. The inlet boundary consists of the semi-circular as well
as top and bottom wall of the airfoil. Incompressible flow was assumed as the flow was in low Re
number thus a pressure-based solver was used, implementing SIMPLE pressure velocity coupling.
Second-order discretization was used for pressure, momentum, turbulent dissipation energy and
turbulent dissipation rate. The convergence criteria were set to 1 X 10™% and the angle of attack
simulated ranges from approximately -4.91° to 13.3° in order to show the stalling effect of the airfoil.

2.4 k-w Model

The k-w model is a two equation model developed by Wilcox [27]. It incorporates modifications
for low Reynolds number effects, compressibility and shear flow spreading. The k-w model predicts
free shear flow spreading rates, thus is applicable to wall-bounded flows and free shear flows. It has
better accuracy and reliable stability for a wide range of flows. The k-w model comes in two variants,
which are the standard k-w model and the shear-stress transport (SST) k-w model [15,28]. The SST k-
w model effectively blends the standard k-w model with the k-¢ model [29]. This is done by
multiplying both models with a blending function and adding both models together, ensuring a
smooth transition between the two models [30]. The blending function activates the k-w model for
the near-wall region and zero away from the surface, subsequently activates the k-€ model. The SST
k-w model’s turbulent viscosity is defined to accommodate the transport of principal turbulent shear
stress. The transport equations for the SST k-w model are as follows.

5} 5} d ok
E(pk) + E (pku]) = a—x] [Fw a—x] + Gk - Yk + Sk (1)

i

0 0 0 0
E(pw) + a_xi(pwui) = a_x] [Fw B_Z] + Gy =Yy + Dy + 5, (2)
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where

G =generation of turbulence kinetic energy due to mean velocity gradients
G, = generation of w

[, and I, = effective diffusivity of k and w, respectively.

While

Y, and Y, = dissipation due to turbulence of k and w, respectively.
D, = cross-diffusion term and

Sk and S, = used-defined source terms.

2.5 Mesh Independence Check

A mesh independency was conducted prior to the study in order to obtain numerical result
independent of the mesh number. The test was conducted by varying the number of nodes in the
central region of the fluid domain. The nodes in each zone were controlled by increasing the number
of divisions on each line. A point downstream was set as a reference point as a criterion for mesh
independency. A graph of monitored properties as a function of mesh number is shown in Figure 3.
As can be seen, low mesh number produce large deviation from a stable value. High mesh number
gives smaller variation due to higher accuracy however, higher mesh number requires large
computational power and take longer to converge thus an optimized number of mesh is selected
with acceptable solution for the rest of the study. A solution produced above 100k elements
produced stable solution while increasing the mesh number would result in slight change in
converged solution. Thus, a mesh number of 132k mesh was selected for the rest of the study.
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Fig. 3. Monitored velocity against Number of elements for mesh
independency study

3. Results
3.1 Aerodynamic Properties

The lift and drag of the airfoil calculated within the Ansys at -4.91° and 8.92° angle of attack are
compared against experimental data. The drag and lift coefficient of were defined as following.

Cy=— (3)

A
22
pv33
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Where d, [, p, v and A are drag, lift, fluid density, flow velocity and area respectively. The lift and
drag coefficients were calculated by integration of the pressure values on the wing surface.

In order to verify the validity of the simulation and calculation result, the lift and drag of the
simulated result were compared with existing experimental data from Silvestre et al., [22]. As shown
in Table 1, the simulation data for lift and drag has error of about 7.59% and 3.86% respectively for -
4.91° and 4.25% and 29.24% respectively for 8.92°. This error is still within the general acceptable
limit of simulation error of less than 30%.

Table 1
Comparison of data from experimental and computational

Lift Drag
Angle of Attack 4.91° 8.92° 4.91° 8.92°
Experimental -0.395 0.977 0.0339 0.0203
Simulation -0.3649 1.101 0.03259 0.0262
% Error 7.59 4.25 3.86 29.24

Figure 4 shows the variation of lift and drag of S5010 airfoil at various angle of attack from -4.91°
to 13.3°. From the simulated data, we can see confirm that the lift coefficient increases rapidly with
proportional with angle of attack. The lift coefficient, however, fall rapidly after approximately 11°.
At this point, the stall occurs. At this value, the maximum lift coefficient is 1.1403 in which the value
drops beyond the stall angle. As can be see, the drag coefficient is significantly lower than the lift
coefficient. However, near stall angle, the drag coefficient increases as a result of drag generated due
to separation over the airfoil surface. Increasing the angle of attack induces separation over the
airfoil’s upper surface. As the angle of attack keep increasing, the point of separation is nearer to the
leading edge thus creating higher drag. The drag coefficient at stall angle 11°is 0.04581 and the drag
coefficient at 13.3° is 0.07788 which is the highest than at any angle of attack. The drag coefficient is
the lowest near 0° in which the drag is near zero. After approximately 8°, the drag coefficient starts
to increase significantly as can be seen in Figure 4.
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Fig. 4. Lift and drag coefficient of S5010 against angle of attack

Figure 5 shows the lift-to-drag ratio at various angle of attack of the S5010 airfoil. Lift-to-drag
ratio is assumed to be the measure of airfoil profile efficiency because it involves both aerodynamic
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characteristics which is lift and drag. The higher the lift-to-drag ratio, the more efficient the airfoil.
The maximum lift-to-drag ratio indicate that the lift generated at that angle of attack is larger
compared to the drag generated at that same angle. From the simulation, the maximum lift-to-drag
ratio was found to be at 7.8° with lift-to-drag ration of about 41.58. For this airfoil, the angle of attack
at 7.8° is the most efficient angle where high lift was generated with low associated drag.
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Fig. 5. Lift-to-Drag ratio of S5010 airfoil against angle of attack

3.2 Velocity Contour

As can be seen in Figure 6, the velocity around the airfoil gradually increase as the angle of attack
increase. The velocity on the upper surface is greater than the lower surface as an effect of surface
curvature of the upper surface. The difference in fluid velocity creates a different in pressure around
the airfoil. It can be observed that the velocity of fluid at the trailing edge is gradually reduced as the
angle of attack is increased. This is due to the effect of adverse pressure effect between the upstream
and downstream pressure which causes the fluid travelling along the airfoil to slow down. This is
usually associated with flow separation which increase drag.
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(c) (d)
Fig. 6. Contour of fluid velocity around S5010 airfoil at various angle of attack. a) 0° b) 7.8° ¢) 11° and d)
13.3°

3.3 Pressure Contour

From Figure 7 we can see that the pressure difference above and below the airfoil also increase
as the angle of attack increase. At 11°, the pressure difference is the largest compared to others. This
generates the highest lift as shown before in Figure 4. The pressure difference beyond 8° decrease
as the airfoil produces smaller difference in pressure due to flow separation.

(c) (d)
Fig. 7. Contour of pressure around S5010 airfoil at various angle of attack. a) 0° b) 7.8°c) 11°and d) 13.3°
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As mentioned before, there is a high possibility of flow separation at high angle of attack. This is
because the airflow was unable to follow the curvature of the airfoil surface. The difference in
pressure behind the trailing edge and in front of the leading edge encourage the separation and
induce a secondary flow within the boundary layer as well.

3.4 Velocity Streamline

Figure 8 shows the velocity streamline of air around the airfoil. As can be seen, separation point
moves along the upper surface towards the leading edge as angle of attack increase. Separation
occurs due to high pressure gradient between the trailing edge and leading edge as shown before.
This pushes the airflow towards the leading edge of the airfoil. At a certain point, the flow will detach
from the surface of the airfoil and begin flowing in reverse direction creating a secondary flow within
the flow itself [31]. This effect is more prominent at high angle of attack as the possibility of
separation is higher. In Figure 8(d), there is an obvious secondary flow occurring above the airfoil
surface. This creates a vortex of flows which extends until the trailing edge. As seen in Figure 4, the
drag increase significantly as a result of flow separation. This shows the importance a suitable airfoil
which can keep the flow attached as further as possible in order to reduce the drag associated with
it.

Fig. 8. Velocity streamline around the airfoil at a) 0° b) 7.8° ¢) 11° and d) 13.3°
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4. Conclusions

In this present study, the aerodynamic properties of S5010 airfoil was studied using
computational fluid dynamic method via the ANSYS package. The lift and drag coefficient as well as
lift-to-drag ratio was simulated at various angle of attack using the k-w SST turbulent model. The
result of the simulated data was compared, and the error were calculated which turn out to be within
the acceptable range. For further study, various turbulent model can be considered as the turbulent
flow highly influence the flow at low Reynold number. Various shape of airfoil can also be studied in
order to find a more suitable airfoil. The current study was summarized as following:

i. Lift and drag coefficient depend on the angle of attack where the effect is more prominent on
the lift coefficient.
ii.  Maximum lift (stall) occur at 11° with lift coefficient of 1.1403 in which the value drops rapidly
after stall angle of attack.
iii.  The drag coefficient is the lowest near 0° and increase as the angle of attack increase.
iv.  The maximum lift-to-drag ratio is obtained at 7.8° angle of attack.
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