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Abstract— this study uses a Computational Fluid Dynamics (CFD) approach. The main object in this study is NACA 4415
with slat variations. The airfoil used as the slat is Eppler 421. Reynolds number in this study is 3X108. This study uses an
unstructured mesh with a triangular cell shape with 137824 elements. The use of slats can improve the aerodynamic
performance of NACA 4415. NACA 4415 without slat stalled at AoA=16°. Stall on airfoils with a single slat and double slat
occurred at AoA=20°. Slat can increase Ci in NACA 4415; however, the difference in C; increase is not much different when
using a single slat or double slat. An airfoil with a single slat, on average, can increase Ci by 20.9129%. The average increase
in C, for an airfoil with a double slat is 25.6878%. Single slat and double slat increase Cq. A single slat increased Cq with an
average increase of 26.1109%o, and the average increase in Cq for airfoils with double slat was 54.6152%. Single slat can
produce a better Ci to Cq ratio than double slat, but the optimum AoA of double slat is 1° higher than single slat.
Visualization of fluid flow at AoA=16° shows the fluid flow separation in the airfoil without a slat. The fluid flow separation
can be handled well when NACA 4415 is given a single slat or double slat.

Keywords— airfoil, C4, CFD, Ci, double slat, NACA 4415, single slat.

I. INTRODUCTION

The aerodynamic capability is highly dependent on

the airfoil's shape. There are various airfoil forms
available that have been used for various purposes.
However, the airfoil still has limitations in its
aerodynamic performance. One way to improve the
aerodynamic performance of the airfoil is to provide a
slat near the airfoil. Slat is one of the most commonly
used passive flow controls, especially in aviation. The
use of slats on airfoils can provide extra lift force on an
airfoil. In addition, the slat can also be used as a passive
flow control device. The slat can control the fluid flow
by directing the fluid flow to flow toward the main
airfoil. In addition to directing the fluid flow, slats can
also increase the fluid flow velocity. One of the impacts
produced by the slat is that it can reduce or even
eliminate fluid flow recirculation that occurs on the
upper side of the airfoil [1]. The fluid flow separation
causes the fluid flow recirculation [2]. The presence of
fluid flow separation is detrimental because it can cause
a stall on the airfoil [3].

There is research that discusses airfoils and wings.
The research was carried out experimentally and
computationally. Experimental research was conducted
on towing tanks. Meanwhile, computational research was
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carried out using Fluent software. The results obtained
from this study are that the use of slats is proven to
increase Cimax from 1.45 to 2.78. The stall can be delayed
from AoA=16° to AoA=24° [4]. A study was conducted
to optimize the use of slats. The type of airfoil used as
the main airfoil is the NACA 0012 airfoil, with the
Reynolds numbers used in these computational studies
being 6X10° and 7.9X108 The conclusion obtained
from this research is that slat optimization at Reynolds
numbers 6 < 10° and 7.9 X 10° can delay stall and slightly
reduce Cq, especially at AoA, which is quite extreme [5].
The research in this paper discusses the effect of
using single slat and double slat on the NACA 4415
airfoil. The research was conducted using a
Computational Fluid Dynamics (CFD) approach. The
Reynolds number used in this study is 3 X 10°. In general,
NACA 4415 has certain limitations, such as too fast stall
conditions, unsatisfactory C,, and the appearance of flow
separation at AoA, which is not too large. Therefore,
research is needed to improve the aerodynamic
capabilities of NACA 4415. This study aimed to
investigate the effect of single slat and double slat on the
aerodynamic capabilities of NACA 4415. The effect
could be a change in the coefficient of aerodynamic
forces. In particular, this research reveals fluid flow
characteristics in single slats and double slats.

Il. METHOD

A. Flowchart

This research begins by conducting a literature study;
through a literature study, it can be found several things
that can be used as reference sources, aerodynamic data,
and other related data. After conducting a literature
study, it can proceed to the next stage. The next stage is
to prepare the simulation process by creating geometry
and doing the meshing process[6]. The geometry that has
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Figure. 1. Research flow chart.

been meshed is then used for the solving stage. The
solving stages are carried out using software or better
known as CFD. After getting a solution from the
meshing process, the process will proceed to the Post-
processing stage. The post-processing stage consists of
collecting and grouping data. These data are then
validated to ensure that the data obtained are valid [7]. If
the data is valid, it can proceed to the data analysis
process, but if it is not valid, it will return to the Pre-
processing stage. Overall the flowchart in this study can
be seen in Figure 1.

B. Models Detail

The geometry used in the computational process
consists of three models. The first model is the NACA
4415 without a slat; the second model is the NACA 4415
airfoil with a single slat; the last model is the NACA
4415 with a double slat. The airfoil's chord length (c)
used for this research is 1 meter [8]. The slat used is an
Eppler 421 airfoil with a chord length of 0.16 meters.
The slat deflection angle used is -20°. The slat used is an
Eppler 421 airfoil with a chord length of 0.16 meters.
The slat deflection angle used is -20°. The slat is airfoil.
The distance between the first slat's leading edge
installed near the leading edge 0.165¢ from the main and
the second slat's leading edge is 0.1c meters. These
geometric models are then in the fluid domain with a
combined form of semi-circle and rectangle. Size In
detail, the geometric models can be seen in Figure 2.

C. Mesh

The type of mesh for computational processes is an
unstructured mesh. The shape of the element used is a
triangle. The number of elements that make up the mesh
is 137824 elements. The mesh around the airfoil is made
tightly around the surface of the airfoil [9]. Overall, the
mesh details can be seen in Figure 3.

D. Coefficient of lift and drag force

One of the analyzes used in this paper is the analysis
of aerodynamic forces. The aerodynamic forces consist
of lift and drag forces. The lift force is a force that acts in
a direction perpendicular to the direction of the upstream
velocity. Meanwhile, the drag force is an aerodynamic
force whose direction is parallel to the direction of the
upstream velocity [10][11][12]. The aerodynamic forces
are given in the form of a dimensionless coefficient [13].
Specifically, the lift coefficient mathematical equation
can be seen in equation 1[14], while the drag coefficient
is in equation 2 [15].

G- (1)
EpU c

C':lpluzc @
2

Where, d : drag force, | : lift force, ¢ : chord length,
U : Free stream velocity, p : Density of fluid
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Figure. 2. Domain geometries

Figure. 3. Mesh used in the computational process

E. Governing equation

The governing equation in this paper is the Reynolds
Averaged Navier-Stokes (RANS) equation. The RANS
equation is a Navier-Stokes equation that has been
modified to be used in CFD applications. The RANS
equation is written mathematically in equations 3 and
4[16]. The turbulence model used is k—gc.k—¢ is a
turbulence model that is commonly used in computing
processes. The mathematical equation of the k-—¢
model is in equations 5 and 6[17]. The k —¢& equation is
applied in this study because this model has a relatively
lower cost per iteration compared to the turbulence
models of the other two equations models.
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I11. RESULTS AND DISCUSSION

A. Validation

The validation in this paper is carried out by
comparing the data obtained from computational results
with experimental data obtained from research conducted
by Jacobs and Sherman[18]. The comparison data used
are C; and Cy data from NACA 4415 without slat, as
shown in Figure 4. Validation of C, data shows that the
computational and experimental results are not too
different. At Ao0A<13°, the data obtained from the
computational results can show very satisfactory results.
The computational data showed that the stall condition
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was 1° faster than the experimental data. A stall on
computational data is seen at A0A=16°, while
experimental data shows a stall at AoA=17°. After the
stall conditions, the data obtained are very different. The
difference is caused by the unpredictable airfoil data
after the stall condition. The following data validated is
the Cq data which represents the drag received by the
airfoil. In Figure 4(b), it can be seen that the Cq4
generated through the computational and experimental
processes shows a similar trend where Cq increases with
increasing AoA. Overall, both C; and Cyq from the
computational results give satisfactory results. Thus, it is
concluded that the computational data can be said to be
valid data.

B. Analysis

The slat provides additional lift to the airfoil and can
be a passive flow control device. In Figure 5, it can be
seen that both single slat and double slat can provide an
extra lift on the airfoil, especially at AoA>3°. The slat
can increase the C; airfoil by flowing fluid from the slat
and the main airfoil gap. The narrow slit can accelerate
the fluid flow velocity as described in the continuity
equation, where the cross-sectional width is inversely
proportional to the fluid flow velocity. The slat can also
increase fluid velocity by directing the fluid flowing over
the top surface of the slat. By Bernoulli's principle, if the
velocity of an incompressible fluid increases, the
resulting pressure will be lower. This pressure drop will
make the difference in fluid pressure between the lower
side and upper side bigger so that the airfoil gets a more
significant C;. The effect of using single slat and double
slat is not significant when the AoA of the airfoil is at
AOA less than 10°. When the AoA of the airfoil exceeds
100, the difference between the use of a single slat and a
double slat becomes more apparent. In order to know in
more detail about the difference in extra C; produced by
single slat and double slat, you can review table 1. Table
1 shows the percentage increase in C; after slat mounted
on NACA 4415. The data used as reference data in
calculating the increase in C; is computational data from
airfoils without slats. From table 1, it can be seen that at
0°<A0A<3°, the use of single slat and double slat was
not satisfactory, where the increase in C; was less than
5%. At AoA>3°, both single slat and double slat
increased C; more than 10%. At 3°<A0A<I0°, the
difference in the ability to increase C, between the single
slat and double slat is always less than 5%. Thus, it can
be concluded that at 3°<A0A<10°, double slats cannot
significantly impact the use of single slats. On the other
hand, at 11°<A0A<20°, the difference in the percentage
increase in C; between the single slat and double slat is
always more than 5%, even at A0A=13° and 14° the
percentage increase in C; from double slat is two times

96

the percentage increase in C, in the single slat. Overall if
done on average to the percentage increase in Cy, a single
slat can increase C; by 20.9129%, while a double slat
increase C, by 25.6878%.

The function of the slat as a flow control device also
plays an essential role in improving the performance of
the airfoil. Like other fluid flow control devices, slat
work by controlling fluid flow separation. Fluid flow
separation can be in the form of a complete separation of
the boundary layer from the surface of the airfoil, or it
can also be in the form of fluid flow bubbles. Fluid flow
separation can significantly reduce airfoil C; or known as
stall condition. The ability of the slat to delay the stall
can be seen in Figure 5. Single slat and double slat can
be delayed until AoA=20°, whereas before using the slat,
the airfoil has stalled at AoA=16°.

Slat can increase the dimensions of the airfoil. Larger
dimensions mean that it can increase the drag force
obtained by the airfoil. However, Cq increase becomes an
advantage in some instances, such as an airplane landing.
An increase in Cq can be advantageous because it can
slow the aircraft's velocity so that the aircraft requires a
shorter trajectory to make a landing. The effect of single
slat and double can be seen in Figure 5(b). The increase
in Cq begins at A0A>12°, where the greater the AoA, the
greater the increase in Cq. When AoA 12° the use of
single slat and double slat did not significantly impact
the increase in Cyq. Meanwhile, the difference in Cg
produced by airfoils with single slat and double slat
began to be seen at AoA>17°. The percentage increase in
Ca when the airfoil uses single slat and double slat can
also be seen in table 1. The average percentage increase
in Cq in single slat double slat (26.1109%) is about twice
as high as in single slat (54.6152%). Figure 6 is made to
determine the optimum Ao0A of the airfoil. The
maximum Ao0A is obtained at AoA, which results in the
peak of the curve. In the ratio curve between C, to Cq, the
optimum A0A is obtained at the peak AoA of the curve.
In the airfoil without slats, the optimum AoA of the
airfoil is obtained when AoA=6°. Using a single slat can
delay the optimum AoA to A0A=7° while using a
double slat makes the optimum Ao0A to 8° The peak of
the curve on the single slat airfoil is the highest among
the others. The reason is that the C; produced is much
more significant than Cq4. The use of a double slat
contrasts with a single slat, where the peak of the airfoil
curve reaches the smallest value compared to the airfoil
curve with a single slat and without a slat. So, it can be
concluded that double slat makes Cq4 more dominant.
Thus, based on this analysis, using a single slat is more
recommended than using a double slat.
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TABLE 1.

PERCENTAGE INCREASE IN C; AND Cy4 OF SINGLE SLAT AND DOUBLE SLAT

Ci Ca
AoA

Single slat Double slat Single slat Double slat

0 10.3733% 2.0059% 32.2273% 146.9873%
1 7.2728% 6.4802% 40.9794% 135.4383%
2 5.6258% 2.4557% 31.8356% 94.1999%
3 9.0968% 7.6150% 7.0657% 63.3477%
4 14.1530% 12.7482% 3.9653% 51.1494%
5 16.7527% 15.0685% 9.0397% 45.7325%
6 18.3421% 17.0718% 10.7733% 39.0710%
7 19.5297% 15.9756% 4.6366% 30.0412%
8 20.4121% 16.5930% 7.9904% 25.6120%
9 21.1695% 17.5020% 8.5568% 22.6273%
10 21.8657% 17.6655% 1.3368% 16.9369%
11 22.2039% 17.2853% 1.7529% 12.6892%
12 22.5883% 16.7978% 8.5012% 14.5544%
13 15.8678% 22.7584% 16.1254% 15.1045%
14 14.4498% 22.4313% 19.3628% 23.0562%
15 13.1013% 22.3670% 24.8076% 32.5122%
16 12.9828% 24.0494% 30.0536% 41.4781%
17 13.5233% 26.7104% 36.6958% 50.9025%
18 17.1773% 30.2293% 47.8937% 63.2948%
19 21.0067% 34.7863% 48.6846% 64.5309%
20 20.3728% 38.9856% 43.9947% 63.7530%
21 30.8121% 46.5392% 49.8426% 71.3039%
22 35.6317% 54.0540% 55.2202% 80.9136%
23 41.2711% 62.5434% 48.5280% 75.5776%
24 46.7685% 68.6438% 48.4707% 73.1310%
25 51.3840% 48.5192% 40.5432% 66.0502%
X 20.9129% 25.6878% 26.1109% 54.6152%
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the airfoil has not experienced a stall condition. Slat can  stall of NACA 4415. Single slat and double slat can
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eliminate fluid flow separation near the trailing edge of
the main airfoil. The picture below shows that the slat
eliminates fluid flow separation by directing the fluid to
flow near the upper side of NACA 4415. There is no
significant difference between the single slat and double
slat use at AoA=16°. Fluid flow recirculation is formed
near the tail of the slat. The use of a double slat cannot
eliminate this fluid flow recirculation. However, the
recirculation of fluid flow near the slat does not
significantly impact the performance of NACA 4415.
When the AoA of the airfoil is increased to 20° the
recirculation of fluid flow at the baseline airfoil becomes
larger and worsens its aerodynamic performance. Fluid
flow recirculation in the slat also expands almost to
cover the entire upper side of the slat. Double slats
cannot overcome fluid flow recirculation in the first
upper side slat and can even enlarge the fluid flow
recirculation area.

IV. CONCLUSION

The research in this paper is a study that focuses on the
aerodynamics of the NACA 4415 airfoil. The use of slats
can delay the stall. However, stalls in single slat and
double slat occurred at the same AoA. In addition, the
use of single slat and double slat at AoA before stall can
increase C; NACA 4415 but not significantly. The
percentage increase in C; for airfoils with double slats
was 25.6878%, while the percentage increase in C; for
airfoils with single slats was 20.9129%. Using a single
slat at AoA<13° did not significantly affect Cd. The
increase in Cq produced by airfoils with a double slat at
0°<A0A<3° is more pronounced than at 4°<Ao0A<13°
intervals. In general, slat produces a negative effect in
the form of an increase in the value of Cd. The average
increase in Cq for airfoils with double slats is twice the
increase in the single slat. Through C/Cy analysis, a
single slat can improve the aerodynamic performance of
an airfoil better than a double slat. Based on fluid flow
visualization, fluid flow separation is formed on the
upper side of the airfoil without a slat. The fluid flow
separation can be handled well by single slat and double
slat, but the effects of single slat and double slat are not
too different. Overall, it can be concluded that double
slats are not very effective, so it would be better to use a
single slat.
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