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Abstract

This study was conducted using the Computational Fluid Dynamics (CFD) method using
the Reynolds Averaged Navier Stokes (RANS) approach. The type of airfoil used in this
study is the asymmetry NACA 4415 airfoil type. In this paper, computational tests were
carried out on the airfoil with the addition of bionic flaps on its trailing edge. This study's
update tests three variations of the Reynolds number: Re = 106, Re = 5 x 10°, and Re = 3
x 10%. The airfoil test was carried out at AoA 0°-25°. The addition of bionic flaps causes
a decrease in lift performance at low AoA, but at high AoA, it can increase lift
performance on airfoils. In addition, adding a bionic flap on the airfoil can delay the
occurrence of a stall. At AoA 10°-13°, the Cd of the three variations of the Reynolds
number experiences an increase in performance. Then, from this computational test, the
resulting Coefficient moment (Cm) is a pitch down because the torque is below zero.

Keywords: aerodynamics, airfoil, bionic flaps, NACA 4415, Reynolds number.

Abstrak

Studi ini dilakukan dengan menggunakan metode Computational Fluid Dynamics (CFD)
dengan menggunakan pendekatan Reynolds Averaged Navier Stokes (RANS). Tipe airfoil
yang digunakan pada studi ini adalah jenis airfoil asymmetry NACA 4415. Pada paper ini,
uji komputasional dijalankan pada airfoil dengan tambahan bionic flaps pada trailing edge
nya.keterbaruan dari penelitian ini adalah dengan pengujian menggunakan 3 variasi
bilangan Reynolds Re = 106 , Re = 5 x 105, dan Re = 3 x 105. Uji airfoil dilakukan pada AoA
0°-25°. Penambahan bionic flaps menyebabkan penurunan performa lift pada AoA rendah,
namun pada AoA tinggi dapat meningkatkan perform lift pada airfoil. Selain itu,
penambahan bionic flap pada airfoil dapat menunda terjadinya stall. Pada AoA 10°-13°
drag dari ketiga variasi bilangan Reynolds mengalami peningkatan performa. Kemudian,
dari uji komputasional ini, momen yang dihasilkan mengalami pitch down karena torsi
berada dibawah nol.

Kata Kunci: aerodynamics, airfoil, bionic flaps, NACA 4415, Reynolds number.
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1. INTRODUCTION

An airfoil is a geometric shape of the cross-
section of an airplane wing (He et al., 2019; Li,
Bouhlel and Martins, 2019; Supriya et al., 2019;
Zhang et al., 2015). On airplanes, many
phenomena occur. The condition when the plane
takes off has a lot of big influences that play a
role in the process (Bardera-Mora et al., 2019;
Zhao and Sushama, 2020). Like the aerodynamics
formula, an airplane requires lower pressure on
the upper side and higher pressure on the lower
side to fly. In this phenomenon, when the plane
takes off, it needs a large Coefficient lift (Cl) to
be lifted (Kumar and German, 2022; Miller et al.,
2014; Radespiel and Heinze, 2014). For this
reason, many trials have been carried out to
improve the performance of Cl on airfoils. Testing
the airfoil by modifying the trailing edge using a
flap is often done to find out the aerodynamic
effect it produces (Julian et al., 2022; Nair and
Goza, 2022; Wu et al., 2022).

Studies that discuss the matter of airfoils are
so interesting to discuss. With various
modifications, it can have a different impact on
the airfoil. One of the most exciting airfoil
modifications to discuss is a modification inspired
by nature. Xinyu et al. once discussed an
adaptation of the NACA 0012 airfoil by using an
owl-like flap named OWLO05, stating that an owl-
like airfoil can increase Cl during an airfoil
downstroke (Lang et al., 2021). Altman and
Guillaume conducted an artificial flap with Re =2
x 10° using an airfoil that formed bird feathers on
a NACA 0012 airfoil to test the increase in post-
stall performance (Altman and Allemand, 2016).
The result was an increase in post-stall Cl
performance at an angle of 5% to 30% (Altman and
Allemand, 2016). Xie et al. examined Gurney flaps
at Re = 10* by varying their height (Xie et al.,
2016). They stated that increasing the height
causes a higher Coefficient drag (Cd) (Xie et al.,
2016). Another study by Nair and Goza on
deployable flaps noted that the Cl increased by as
much as 30% compared to the baseline observed
when the flaps were in the mid-chord (Nair and
Goza, 2020).

The above study has the same topic as this
paper, discussing airfoils with modified flaps. The
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flap modification in this paper is inspired by the
features of a bird's wings. To optimize the Cl of
the airfoil, it is necessary to test its lift and drag
force. Therefore, this paper tries to examine the
airfoil by adding a flap on the back of an airfoil.
In this study, the airfoil used is the NACA 4415
type. The NACA 4415 airfoil is a type of airfoil that
is classified as four digits. The 4-digit airfoil is
most frequently used in wind turbines, aircraft
wings, and other airfoil applications (Rubel et al.,
2016; Julian et al., 2023). NACA 4415 is an airfoil
that is widely applied to various aerodynamic
devices. This phenomenon is due to the stability
and ability of NACA 4415 b to reduce drag at high
speeds (Raymer, 2018). However, this airfoil is
unsatisfactory at low Reynolds numbers such as Re
=10°, Re = 5 x 10°, dan Re = 3 x 10°. So, this study
tries to improve the ability of NACA 4415 at low
speeds. Thus, the utilization of NACA 4415
becomes wide. Using computational methods, this
study uses variations of the Reynolds number Re =
10, Re = 5 x 10°, dan Re = 3 x 10°. The
interpretation of the Reynolds number on the
airfoil is tested from various Angles of Attack
(AoA) angles. In this study, the sample AoA used
is an angle of 0 to a rise of 25. Therefore, this
study aimed to determine the effect of flaps on
variations in the Reynolds number with an AoA
angle of 0 - 25. The reason for taking AoA samples
up to a slope of 25° is because this slope is an
extreme angle of attack for aircraft during take-
off conditions. Flow control devices are used to
improve airfoil performance at low Reynolds
numbers. The flow control devices itself is divided
into two types, namely active flow control and
passive flow control. So far, studies have
investigated active flow control devices such as
co-flow jets, suction controls, and blow controls
(James et al., 2018; Zhang et al., 2017; Zhao et
al., 2015) . From existing research, active control
devices are proven to be effective in improving
airfoil aerodynamics. However, active flow
control devices require actuating devices to run.
This is what reduces the efficiency of using active
flow control. As an alternative, passive flow
control devices can be used as they do not require
actuating devices. One example of using a passive
flow control device is the bionic flap. Studies on
the use of bionic flaps have been carried out
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several times by varying the shape of the flaps. So
far, no studies have investigated variations in
Reynolds number in modified bionic flaps.
Therefore, this study attempts to fill this void.

2. METHODOLOGY

This paper uses the Computational Fluid
Dynamics (CFD) method. This study conducted a
study on the NACA 4415 airfoil. The outline of this
research is shown in Figure 1. Meanwhile, three
main steps are carried out, namely pre-
processing, processing, and post-processing in
pre-processing, starting with making the NACA
4415 airfoil geometry and its modifications using
bionic flaps. After that, the geometry is continued
for the meshing process. After the meshing has
been successfully executed, set the boundary
conditions around the geometry; then, all data is
taken in the processing process and will be tested
through a grid independence test. If the grid
independence test results fail, all steps must be
repeated from the meshing because there may be
errors in the meshing process and the processes
after it (Iskandar and Julian, 2022). If the grid
independence test results are successful, then the
next step is to analyze and draw conclusions. The
conclusions drawn will be the result of this study.

v
Geometry

Boundary Condition

— N —

[ Solver
Fail ¢

)
—[ Grid Indepe:dence Test ]
[ )

[ )

Data Collection

v

Data Analysis

Figure 1. Flowchart

2.1. NACA 4415 Airfoil Modification

NACA 4415 airfoil is an asymmetrical airfoil
shape. Different geometry of the NACA 4415
airfoil can be seen in Figure 2. The length of the
chord airfoil used is 1 m. In this study, the rear
part of the airfoil chord was modified using CAD
software by adding a bionic flap inspired by the
features of a bird's wing.

(a). Airfoil without bionic flap

(b). Airfoil with bionic flap

Figure 2. Model simulation
2.2. Governing Equation

The Reynold Averaged Navier Stokes (RANS)
approach is used to solve the mathematical
equations in this study. The RANS equation
depends on many things, one of which is the
turbulence model (Xiao et al., 2016). The
turbulence model used in this study is k-€. K in this
turbulence model is used to calculate the
turbulent kinetic energy, while € is used to
calculate the dissipation rate of the turbulence
velocity. The mathematical equation of RANS can
be seen in equations 1 and 2 (Aftab et al., 2016),
while the mathematical equation of the k-¢
turbulence model is shown in equations 3 and 4
(LewTt, Buscaglia and Carrica, 2001).
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2.3. Coefficient Lift and Coefficient Drag

One thing that is never separated when
discussing the aerodynamics of an airfoil is its lift
and drag. An airfoil will not work if there is no
aerodynamic force affecting it. The Ci has a vector
whose direction is perpendicular to the direction
of the freestream flow (Julian et al., 2022). It is
this Ci that causes the airfoil to have the ability to
fly. The Cq4 has a vector in the same direction as
the freestream velocity (Julian et al., 2016; Karim
and Julian, 2018). Mathematical calculations for
Ca and C are shown by equations 5 and 6 (Alom,
Borah and Saha, 2018).

_ Fp

Co = o (5)
_ Fr

CL - %pA(V—u)Z (6)

Where Fq = Force of Drag; Fi= Force of Lift; p =
Mass of density; V = Flow velocity of the object;
and A = Cross-sectional area of the object.

2.4, Domain and Boundary Condition

In this study, the domains used are rectangles
and semicircles. The boundary conditions around
the airfoil and bionic flaps are stationary (no slip)
walls. The boundary condition around the domain
is called velocity inlet. At the same time, the
outlet is called the pressure outlet. The outlet
pressure used in this study is zero, while the inlet
velocity adjusts to the Reynolds number used.
Figure 3 shows the NACA 4415 airfoil with 1 m
chord and boundary conditions used in this study.

2.5. Mesh Independence Test

The mesh used in this study is a quadrilateral
mesh type. This type of mesh is used because it
has advantages in terms of computational
efficiency. In addition, this type of mesh is easier
to make in a structured mesh form than the
quadrilateral mesh type. There are three types of
mesh variations used in this study. Fine mesh with
200,000 elements, medium mesh with 100,000
elements, and coarse with 50,000 elements.
These three types of mesh will be tested in the
mesh independence test stage to select the most

- 254 -

appropriate kind of mesh. These three types of
mesh are visualized in Figure 4.

—

L »

(a). Airfoil NACA 4415

»|*

(b).

Figure 3. Model domain and boundary condition

Boundary condition

(c). Coarse

Figure 4. Variations of mesh
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This study used a method generalized by
Roache, namely the Richardson extrapolation
method, to perform the mesh independence test.
The initial stage in this test is to find the ratio of
the grid variations used (Roache, 1994). The
calculation can be found in equation 7. After that,
determine the order using equation 8. After the
order is obtained, the stages can be continued by
determining the Grid Convergence Index (GCl) to
find errors in a grid. In this paper, there are 2 GCls
used. GClsyp, is used to calculate the error
between the fine and medium mesh, as shown in
equation 9.

Meanwhile, GCl.,.s. is used to calculate
errors arising between the medium and coarse
mesh, as shown in equation 10. The grid
independence test must comply with two aspects.
The first aspect is to analyze whether the
variation of the mesh used is within the
concurrent range. This range can find this using
equation 11. Then the second aspect is to
determine which mesh is the best. The mesh with
the smallest error value for the parameter is the
best mesh category, which will be used in this
study, shown by equation 12 (Roache, 1994).
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Data collection for the mesh independence test
was carried out at coordinates X = 0.5 and Y =
0.15. The results of the mesh independence test
are shown in Table 1. It can be seen that

GCl, p s

““coarseT_ ~ 1 so that the mesh variation can be
GCIfine

said convergent. Furthermore, the mesh that has

the lowest error is the fine mesh which is 0.0322%.
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Table 1. Grid independency study result

Mesh Medium Coarse
Velocity 17.5475 17.5111
D 1.625151591
R 2
GClfine 0.040%
GClcoarse 0.1244%
frin=0 17.56496
GCI
ﬁ 1.00000
Error 0.0322%  0.0994%  0.3066%

3. RESULTS AND DISCUSSION

To validate the accuracy of this study, a
comparison of computational data with
experimental data by Hoffman (Hoffmann, Reuss
Ramsay and Gregorek, 1996) was used.
Comparisons were made on the NACA 4415
computational baseline airfoil data. A comparison
of the C from the computational and
experimental data is shown in Figure 5a. the
comparison indicates that the increase in C, from
the two pieces of information is not much
different. Still, a significant difference begins to
occur at an AoA angle of 10°, which is more
difficult to detect. In predictions, the stalls of
both data occur at angles AoA which are not much
different, but the computational data stalls 1°
faster than the experimental data. Then, the Cq
of both computational and experimental data is
shown in Figure 5b. In Figure 5b, it can be seen
that there is no significant difference between the
two data. Both move up as AoA increases. From
the results of Cq4 and C,, it can be concluded that
the results are satisfactory, so the computational
data used is valid.

This study uses data management and
comparison methods from several variations of
the Reynolds number. The geometry model used
in this study is the NACA 4415 airfoil with a
modified bionic flap. This study uses three
variations of the Reynolds number in the process:
Re = 10%, Re = 5 x 10%, dan Re = 3 x 10°. The data
analyzed from this study include data on the Cq,
Ci, and Cm. The AoA studied range from 0°-25°.
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Figure 5. Validation Ci and Cq

Data from the Cq4 and C tests are shown in
Figure 6. It can be seen from the Ci curve the
processing data generated from the NACA 4415
baseline, and the bionic flap modification are not
much different. The baseline with Reynolds
numbers Re = 106, Re = 5 x 10%, dan Re = 3 x 10°
indicates a stall at AoA = 15°. In the modified
bionic flap with Reynolds numbers Re =5 x 10° and
Re = 3 x 10°, there is congestion at 1° slower than
the baseline. In the bionic flap with Reynolds
number Re = 106, the maximum Ci is achieved at
AoA = 16°, which is the highest point compared to
the other 5 data. The resulting C tends to be
lower than the baseline in the bionic flap
modification, but the stall from the baseline
occurs faster than in the bionic flap modification.

In the Cq curve, the same thing happens with
the Ci curve. There are no significant changes
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from the six airfoil data presented. The Cq of the
six constant data rises with a difference that is
not much difference between the airfoils.
However, the data of the three airfoils with the
bionic flap modification show a higher Cq4 than the
baseline Cq so the drag efficiency of the baseline
is slightly better than the bionic flap modification.

Baseline Re =3 » 10°

al

/ Baseline Re =5 x 10°
/] Baseline Re =10°
L // Bionic flap Re =3 < 10’
02 ’/ Bionic flap Re =5 » 10°

Bionic flap Re = 10°

(1)~ R LA L1
15 20

25

(a). Graph of Ci against changes AoA

o3l — BasellneRe=3. 10° /
: Baseline Re = 5 » 10"
———— Basellne Re = 10°
————— Bionic flap Re =3 » 10°
025 Bionic flap Re =5 » 10°
e Blonic flap Re =10°
02
« |
015
01p
005
o= 1 L 1 i B .
0 5 10 15 20 25

(a) Graph of Cq against changes AoA

Figure 6. Aerodynamic performance on airfoils with
and without bionic flaps

Adding a bionic flap to the NACA 4415 airfoil
causes a separation of the fluid flow to affect the
drag and lift forces generated by the airfoil. As a
result of the addition of the bionic flap, the
pressure from the top of the airfoil is greater than
the baseline. In contrast to the drag force, the
addition of a bionic flap on the airfoil causes the
drag force on the bionic airfoil to be bigger than
the baseline airfoil. By reducing the lift force and
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increasing the drag force, the aerodynamic
efficiency produced by the NACA 4415 airfoil with
the bionic flap modification becomes smaller than
the NACA 4415 baseline airfoil.

To describe the data on the increase in Ci and
Ca from Figure 6, Table 2 is presented, which
explains the percentage increase in data from Cq
and C baseline NACA 4415 and modification with
a bionic flap. At this stage, negative values
symbolize a decrease, while positive values
symbolize an increase. The value desired by C, is
an increase, while for Cq4, it is expected to
decrease. It can be seen that the increase in Ci
data belonging to the three variations of the
Reynolds number occurs from AoA = 14° to 25°.
However, at Re 3 x 10° the increase has
occurred from AoA 13°. Then, at the percentage
of Cq4 from Re = 10°, there was an increase in AoA
= 10°-13°. At the data percentage Re = 5 x 103,
there is an increase in AoA = 0°-1°, and another
growth occurs at AocA = 9°-14°. Then, at Re = 3 x
10°, there is an increase in AoA = 0°-3° and AoA =
9°-13°.

Baseline Re = 3 x 10°

- Basellne Re = 5 x 10°
Baseline Re = 10°
Blonic flap Re = 3 » 10°
Bionic flap Re =5 = 10°
Bionic flap Re = 10"

AoA
Figure 7. Graph of ratio Ci/Cq against AoA

As a complement to the data, a comparison
of the Ci/Cq ratio data is presented, as shown in
Figure 7. In this condition, the Ci/Cq ratio proves
the effectiveness of adding a bionic flap to the
airfoil. As shown in the figure, NACA 4415 baseline
with Re = 10, the optimum Ci/Cq value is AoA =
6°. After adding the bionic flap, there is an
increase in Ci/Cq, and the Ci/Cq value becomes
optimum at AoA = 9°. The same thing happened
to Re = 5 x 10° and Re = 3 x 10°. With this increase
in the Ci/Cq ratio, it can be said that the addition
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of a bionic flap to the airfoil can benefit airfoil
maneuvers.

As a supporting argument in this study, the
Ci-Ci baseline data were compared with previous
studies (Hao et al., 2021). The results of the data
comparison are shown in Figure 8. The Figure 8
shows that the C value at low AoA is below 0,
which means that the Ci value has decreased. At
high AoA, the C, values of the four samples were
above 0, which caused the airfoil to increase.
Although this study uses a different type of airfoil
than Hao's, adding a bionic flap has proven
effective in increasing lift when the airfoil is at a
high AoA.

0.2
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Figure 8. Graph of Ci-Cibaseline against AoA

To complete the data above, Cm data is
presented, as shown in Figure 9. Two terms are
often used in Cm: pitch up and down. Pitch-up is a
condition where the Cm of an airfoil is positive.
Besides that, in the pitch-up state, the airfoil
generates a torque that rotates clockwise. The Cn
value of an airfoil is only sometimes positive. In
the pitch-down condition, Cm from the airfoil is
negative, then the torque generated from the
pitch-down state will rotate counterclockwise. In
Figure 9, it can be seen that Cm from the six data
is negative, so it can be concluded that there is a
pitch-down condition. The airfoil's stability level
is indicated by the value of Cm, which is close to
zero. As can be seen in Figure 9, Cm produced by
airfoils with bionic flaps tends to be more stable
when compared to baseline airfoils at low AoA. In
the bionic flap, the stability of the Cm value
decreases with increasing AoA. Meanwhile, Cn
from the baseline airfoil is stable at AcA = 15°-
20°.
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Table 2. Increase of Ciand Cq

Cl Cd
Aok Re = 10¢ Re=5x105 Re=3x105 Re=10® Re=5x105 Re =3 x 105

0 -101.720% -100.343% -100.378% 45.199% -64.805% -50.728%
1 -78.008% -94.226% -91.426% 36.244% -66.054% -52.566%
2 -62.175% -60.859% -85.558% 33.379% 29.420% -54.568%
3 -50.796% -49.379% -81.399% 26.909% 23.742% -55.750%
4 -42.188% -40.750% -39.512% 20.847% 18.203% 15.778%
5 -35.342% -33.810% -32.417% 15.339% 13.106% 11.049%
6 -29.641% -28.040% -26.434% 10.148% 8.395% 6.688%

7 -24.726% -22.995% -21.062% 6.485% 4.582% 2.698%

8 -20.253% -18.491% -16.396% 3.252% 1.222% 0.192%

9 -16.033% -14.447% -12.164% 0.465% -1.114% -1.854%
10 -12.032% -10.803% -8.228% -1.221% -2.183% -2.908%
11 -7.741% -7.245% -4.891% -3.702% -3.057% -3.297%
12 -4.918% -3.956% -1.924% -1.383% -3.154% -3.020%
13 -1.804% -1.202% 0.293% -2.188% -2.615% -2.194%
14 1.538% 0.889% 2.590% 6.475% -1.812% 0.742%

15 2.949% 2.829% 3.133% 5.941% 0.696% 1.341%

16 7.607% 3.403% 5.264% 7.260% 1.348% 2.381%

17 5.453% 5.770% 5.856% 5.777% 2.275% 1.980%

18 9.709% 6.559% 8.324% 7.808% 2.489% 3.014%
19 11.136% 8.175% 7.935% 7.713% 3.221% 3.269%
20 7.983% 8.165% 10.004% 5.479% 3.307% 14.497%
21 9.066% 16.316% 8.170% 5.678% 11.569% 3.705%
22 10.391% 14.667% 8.190% 7.915% 11.217% 4.107%
23 10.276% 9.695% 8.522% 6.939% 6.726% 4.704%
24 9.310% 9.118% 8.150% 6.476% 6.600% 5.012%
25 2.571% 13.578% 13.185% 2.356% 11.253% 11.281%

002

<01,

Baseline Re =3 » 10°
Baseline Re =5 = 10"
Baseline Re =10°
Bionic flap Re =3 - 10"
Bionic flap Re =5 - 10°
Bionic flap Re = 10"

AoA

Figure 9. Graph of Cm against AoA
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The difference in pressure distribution in the
lower and upper sections is explained in the
pressure contour visualization in Figure 10. The
sample used in this visualization was drawn at AcA
= 20°. It can be seen from the pressure contour
visualization the pressure distribution in the
upper section is much smaller than the pressure
distribution in the lower area. This phenomenon
then produces Ci so that the airfoil can be lifted.
The addition of bionic flaps does not affect the
lower part of the airfoil. However, on the upper,
the addition of bionic flaps on the airfoil causes a
decrease in pressure on the leading edge.
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Figure 10. Pressure contour at 20°
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Figure 11. Velocity contour at 20°
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(a). Baseline Re = 3 x 105

(b). Baseline Re = 5 x 105

(c). Baseline Re = 106

(d). Bionic Re = 3 x 10°

(e). Bionic Re =5 x 105

(f). Bionic Re = 10¢

Figure 12. Streamline velocity at 20°

Another contour used in this study is the
velocity contour shown in Figure 11. Just like the
pressure contour, a sample of the velocity contour
was also taken at AoA = 20°. In Figure 11, it is
explained that adding a flap does not affect the
velocity in the lower part of the airfoil. However,
the addition of bionic flaps on the upper leading
edge causes an increase in airfoil velocity.
Opposite the rear, there is a separation of the
fluid flow, thereby reducing the rate on the
airfoil's trailing edge.

Furthermore, we can see the velocity contour
visualization from the streamlined velocity shown
in Figure 12. From the depiction of the
streamlined momentum, there is no impact of
adding bionic flaps on the lower part. The upper
part has a relatively large and severe flow
separation at the trailing edge. However, there
are two slight flow separations near the bionic
flaps. The small flow separation in the bionic flap
causes an increased pressure of the fluid flow
separation at the trailing edge.

- 260 -

4. CONCLUSION

This paper was created to test the
aerodynamic performance of the NACA 4415
airfoil. Computational tests were carried out on
modifications with bionic flaps with variations of
3 Reynolds numbers Re = 106, Re = 5 x 105, dan
Re = 3 x 105. The results of computational tests
on these variations stated that adding bionic flaps
to the airfoil causes the airfoil's Cl to decrease at
low AoA. However, at high AoA, the bionic flap
tends to give a higher Cl effect than the baseline.
The increase in Cl occurs starting from AoA > 14°.
In addition, the addition of bionic flaps can
prevent stalls from occurring. On Cd, bionic flaps
cause an increase in AoA from 10° to 13°. At high
AoA, bionic flaps can reduce the pressure on the
airfoil's leading edge and increase the velocity on
the upper. So, it can be concluded that adding
bionic flaps to the NACA 4415 airfoil can improve
the aerodynamics of the airfoil at high AoA and
prevent stalls.
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