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Abstract— Improving the airfoil aerodynamics is quite an essential aspect of the aviation industry. One method for
improving airfoil aerodynamics involves applying passive flow control techniques. The effect of using the gurney flap as
passive flow control was explored through the CFD approach with the RANS control equation and incorporating k-epsilon
as a turbulence model. The airfoil model utilized in this study was the NACA 0015 airfoil operating at a Reynolds number of
1x108. This study explored three different mounting angles of the gurney flap, namely 45°, 60°, and 90°. The outcomes show
that adding the gurney flap has positive results in increasing the lift and drag of the NACA 0015. An airfoil with a mounting
angle flap of 45° has an average percentage increase in C; of 23%, followed by a mounting angle flap of 60°, which is 28%,
and a percentage C of 45% for a mounting angle flap of 90°. Meanwhile, Gurney flaps with a mounting angle of 45° can
increase Cq by an average percentage of 3%, while mounting angle flap at 60° increases the Cq percentage by 4% and 5%
for a mounting angle of 90°. Moreover, fluid flow visualization with pressure and velocity contours was given at AoA 10° to
determine its effect on increasing lift and drag on the NACA 0015 airfoil.
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|. INTRODUCTION

Aircraft wings are one of the most essential

components in the aviation industry. This is because the
aerodynamic characteristics of aircraft wings directly
impact the aircraft's performance and efficiency. For
example, during takeoff, flight control, and flight range
[1]. Therefore, it is essential to carry out developments to
increase lift and reduce drag force but still pay attention
to ease of application and not cause excessive energy
expenditure [2]. Various methods can be used, one of
which is using a passive fluid control device. A passive
flow control device is a control device that is capable of
manipulating fluid flow by changing the geometric
profile of an object, which, in this case is an airfoil [3].
Various types of passive fluid flow control devices are
applied to airfoils to improve aerodynamic performance,
and one is by adding a gurney flap.

Gurney flap (GF) is a simple but effective passive flow
control method to improve aerodynamic performance
[4]. This device was introduced by American car racing
legend Dan Gurney in 1971 [5]. Initially, this innovation
found its application in the realm of racing cars as a
petite vertical strip affixed to the trailing edge of the
wing [6][4]. Various studies have been performed to
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understand the performance of airfoils with Gurney flaps
and their application to aircraft and helicopters [7][8].

To understand the aerodynamic improvements
produced by the Gurney flap, Liebeck initiated
experimental investigations of the gurney flap

characteristics in the wind tunnel. The results showed an
addition in lift force at each AoA on the airfoil that had
the gurney flap installed, making a difference from the
baseline airfoil [9]. Meanwhile, Storms and Jang
investigated a similar phenomenon in experiments
employing a NACA 0012 airfoil, utilizing a GF with a
height of 0.5%c. The results obtained the best
aerodynamic efficiency at this flap size with increased
lift and drag coefficients [10].

Other research used CFD to optimize gurney flaps on
NACA 4312 airfoils with a Reynolds number of 5x10°.
The flap height is 1.5% to 3% of the airfoil length for
different AoA (0° - 16°). The conclusion obtained from
this investigation indicates that the peak lift and drag
ratio is attained at an AoA of 4° for all flap lengths, with
the flap featuring a length of 1.5% of the airfoil chord
demonstrating the most advantageous aerodynamic
performance [7]. Then, another study was conducted
using computing to test the effect of the gurney flap on
the NACA 0012 with variations in the height and
location of the GF from the trailing edge. The results
show that a 0.015 h/c GF achieved the highest lift
coefficient [11]. Also, similar results were obtained
when numerical analysis was conducted on the NACA
4412 airfoil by altering both the AoA and GF heights,
spanning from 0.5%c to 2.5%c. The results indicate that
the 1.5%c delivered the highest lift-to-drag ratio [12].

Studies on using the Gurney flap as a passive fluid
flow control device have been carried out experimentally
and computationally. The results show that this passive
control device's characteristics of size, position, and
geometric shape still influence improving aerodynamic
performance. Therefore, further development regarding
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this passive control device is still needed to achieve
maximum efficiency. The focus of this study is on the
optimization of the NACA 0015 through the addition of
a gurney flap as a passive fluid flow control device. The
computational approach was executed at a Reynolds
number of 10° Then, variations in the Gurney flap
mounting angles were proposed to determine the
maximum level of aerodynamic efficiency on the NACA
0015 airfoil.
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gurney flap with mounting angles of 45°, then the third
and fourth variations are gurney flaps with mounting
angles of 60° and 90°. The gurney flap variation used in
this study is placed on the trailing edge, with the width of
each gurney flap being 0.05%c and the flap height 2%c.
Various geometric model variations are created in
semicircular and rectangular fluid domains. These
domains were chosen because they can facilitate the
creation of structured meshes. In this way, the computing

»
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(a) Airfoil NACA 4415 with gurney flap
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Figure 1. Detail geometry

Il. METHOD

A. NACA 0015

The National Advisory Committee on Airfoils (NACA)
four-digit series NACA 0015 is used by the airfoil [13].
In general, the own differentiation of “NACA” can be
determined from the numbers. The NACA 0015 is
symmetrical and has no chamber, as denoted by The first
two digits, '00', and a thickness-to-chord length ratio
(t/c) of 15%, as indicated by the number '15' [14]. The
length of chord NACA 0015 employed is 1 meter.

B. Geometry configuration

In this study, two airfoil geometric models were
generated: baseline NACA 0015 and NACA 0015 with a
Gurney flap. Then, three variations of mounting angle
gurney flap will be investigated in this study. The first
variation is without using a gurney flap, the second is a

process becomes more accurate and efficient.
Furthermore, the boundary conditions within these
domains were categorized into velocity inlet and
pressure outlet conditions. The airfoil's surface was
governed by the no-slip wall boundary condition.
Overall, detailed geometry and domains in this study are
shown in Figure 1.

C. Governing equations

In this study, the governing Equation employed for
incompressible fluid flow analysis is the Reynolds
Averaged Navier Stokes (RANS), which consists of two
key components, including the momentum and
continuity equation. These RANS equations are detailed
with different functions in Equation 1 and Equation 2
[15].
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In this study, we have selected the k-¢ model as the
turbulence model because of its accurate prediction
capability for aerodynamic forces. Equations 3 and 4
present the mathematical equations of the k-¢ turbulence
model. [16].
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D. Aerodynamics forces

Aerodynamic forces generally found on airfoils play a
role in determining the behavior of the airfoil when
interacting with fluids. When an airfoil moves through a
fluid, the two main aerodynamic forces that occur are
drag and lift force. The drag force aligns with the fluid
flow direction, while the force that acts perpendicular to
the fluid flow direction is named the lift force. Therefore,
it is essential to know and understand the behavior of
airfoils, which is done to assist in selecting and designing

(a) Coarse (25000 elements)

(c) Fine (100000 elements)
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an effective and efficient control system. Generally, each
is denoted as coefficient drag (Cq4) and coefficient lift
(Ci). These two equations are seen in equations 5 and 6
[17].

ca=-29- ®)
puc
|
a2 (6)
pu“c

E. Mesh independence test

After completing the geometry setting stage, the next
step is the meshing process. This stage is a
computational process where the geometric domain is
divided into small elements for the calculation process.
A structured mesh is employed as the chosen element
type in this study. Subsequently, three distinct mesh
variations are employed: the first is a coarse mesh with
25000 elements, the second is a medium mesh with
50000 elements, and the last is a fine mesh with 100000
elements. All these mesh elements are arranged in a
rectangular shape. Following this, the mesh is adjusted to
be closer to the airfoil surface, facilitating the
observation of diverse fluid flow phenomena nearby.
Detailed information regarding these mesh variations is
provided in Figure 2.

After the meshing process, the next step is to test mesh
variations with a mesh independence test. This is done to
ensure that the mesh used has a small error value so that
it can be said to be the most efficient. Richardson's
extrapolation method was the foundation for conducting
this mesh independence test [18]. The sample mesh

(b) Medium (50000 elements)

(d) Around airfoil

Figure 2. Mesh in this study
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independence test involves extracting velocity data,
specifically at reference point x = 0.5 and y = 0.15 [19].
The initial stage in this process is to determine the
variation ratio of the mesh elements that will be used
with Equation 7. Then, determine the order value using
Equation 8. In the next stage, the Grid Convergence
Index (GCI) is carried out, which is divided into two,
namely GCI coarse in Equation 9, which is the result of
the error medium and coarse mesh variations, and GCI
fine, defined in Equation 10, characterizing the error
assessment the fine and medium mesh variations. The
GClI results that have been determined are then analyzed
using Equations 11 and 12 to guarantee that the mesh
variations used are within a congruent range or are still
in the best mesh category so that they can be used in this
study [20]. Based on the test results, the mesh variations
align with the convergence index range, proven by the
results close to 1. The determination of the optimal grid
count is based on the identification of the lowest error
value. Thus, the entire computational process will utilize
the fine mesh configuration. Overall mesh independence
test results are given in Table 1.
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I11l. RESULT AND DISCUSSION

A. Data validation

Validation is conducted to ensure that all computing
processes have been carried out correctly. Validation was
taken out at a Reynolds number of 160000. This
validation process employed experimental data from
Kekina [21] and involved comparisons with the baseline
data for the NACA 0015 airfoil. The validation results
can be shown in Figure 3. Comparing the data for both C,
and Cq4 shows similarities in curve trends. However, there
is a slight difference in the C; curve, which lies in the
stall condition in the experimental calculation, which
shows the results are 1 degree faster, namely at
A0A=10°, different when compared to the computational

_h ) data at AoA=12°. Then, there is a difference after the
h, stall condition, and this is because the airfoil data is
£ difficult to predict after the stall condition. Meanwhile,
_ '”(%] examining the Cq curve reveals no substantial difference
P=% (8)  between the two datasets. In both cases, there is an
; increase in Cy along with an increase in AoA. Thus, it
cCl,,, = FlSel” )
(fpfl) can be inferred from comparing the two data that the
computational data used is valid.
TABLE 1.
MESH INDEPENDENCE TEST RESULTS
Variation Coarse Medium Fine
Velocity 40.3069 40.4237 40.4496
fin=0 40.456979648
r 2
p 2173016271
GCI coarse 010290/0
GCl fine 0.023%
Results 1.000468
Mesh errors 0.3710% 0.0823% 0.0182%
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Figure. 3. Aerodynamics Validation

B. Analysis

The gurney flap can provide additional lift on the
airfoil as a passive flow control device. This can be seen
in Figure 4(a), which explains the increase in Ilift
coefficient obtained by varying the installation angle,
namely 45°, 60°, and 90°. At the gurney flap 45°, there is
an increase in C; with the top lift point condition, namely
at AoA 11°. Also, when the mounting angle is increased
to 60°, the maximum lift is obtained at AoA 10°.
Meanwhile, the maximum lift value at AoA 11° is when
the mounting angle is increased to 90°. The effect of the
flap substantially increases the optimum lift coefficient.
Compared to the NACA 0015 without flap, if the
percentage increase in C; is averaged, a mounting angle
of 45° can increase the average percentage of C; to 23%.
In contrast, a mounting angle of 60° increases the
average percentage of C; by 28%, and a 90° mounting
angle can increase the average percentage of C values by
45%. Overall, the increase in the average percentage
increased significantly because it was influenced by the
increase in C; values in the low AoA range.

On the other hand, using gurney flaps tends to increase
the drag coefficient along with increasing mounting
angle size, especially at high angles of attack. Increasing
Cq provides advantages in aerodynamic applications, one
of which is aircraft. It can delay the movement of the
aircraft when landing on a track that is not too wide.
Besides that, it also helps maintain stability in certain

——&— Baseline airfoil

——=—— Gurney flap 45-deg
——— Gurney flap 60-deg
—— Gurney flap 90-deg

Lo v v b v b s b byl
0 5 10 15 20 25
AoA (Degrees)

(@) Plot of C, against changes in AcA

situations [22]. The influence of using the Gurney flap
along with increasing the mounting angle is depicted in
Figure 4(b). The variation in mounting angle reveals that
the escalation in C4 commences at initial Angle of Attack
(Ao0A) values, specifically within the AoA range of 0° -
7°, where a more substantial AoA, a more significant
increase in Cy. Meanwhile, in the AoA range of 8° - 14°,
there was a decrease in the resulting Cy value at a
mounting angle of 90° when compared to variations in
mounting angles of 45° and 60° which tended to
experience an increase in the Cy value. Then, the
divergence in Cd values generated by airfoils with
varying mounting angles of 90° increases again, which
starts to appear at AoA >15°. Overall, adding a passive
gurney flap control device with varying mounting angles
can increase the drag coefficient value, which is different
from the baseline airfoil. Based on the average
percentage increase in the Cqy value produced, there was
an increase in the Cq4 value of 3% when the gurney flap
was installed with a mounting angle of 45°, then when
the size of the mounting angles was increased again to
60° the percentage increase in Cqy increased significantly
to 4%, and continues to experience an increase in the
percentage of Cq values of up to 5% when compared to
the baseline airfoil if the mounting angles are increased
to 90°.

Figure 5 has been constructed to ascertain the optimal
A0A. Within the lift-to-drag curve, the optimal AoA is

05
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0.4 F —®— Gurney flap 90-deg
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(b) Plot of Cd against changes in AoA

Figure. 4. Aerodynamics force of NACA 0015
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discerned as the highest point on the AoA curve. In the
case of the baseline airfoil, the optimal AoA corresponds
to 6°. Employing a gurney flap with 45° mounting angles
produces the same optimal AoA, namely AoA 4°, while
using a gurney flap with 60° mounting angles can speed
up the optimal AoA to 6°. Also, if the mounting angles
increase again to 90°, the optimal AoA will be 5° The
peak of the curve on the gurney flap with 90° mounting
angles is the highest among the others. This is because
the resulting increase in C; and Cq is insignificant.
However, different things were shown in
the mounting angles of 45° and 60° where the initial
However, different things were shown in the mounting
angles of 45° and 60° where the initial trend of the curve
showed positive results at the beginning but slowly

699

pressure coefficient at an AoA of 4 degrees is presented,
as depicted in Figure 6. Compared with the baseline
airfoil, the trend of the C, curve in the upper and lower
chambers shows an increase with each variation of the
mounting angle. However, the distance between C, on
the upper and lower chamber airfoil differentiates each
variation, especially on the trailing edge. When the GF is
attached to the airfoil with a 90° mounting angle, it
shows a significant increase in C, at the trailing edge,
which is different from other mounting angle variations.
Thus, using a gurney flap with varying mounting angles
effectively produces the highest C; value at a mounting
angle of 90°.

The difference in velocity distribution at the bottom
and top is explained in the velocity contour visualization

25|
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Figure 5. Graph ratio between C, to Cy
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Figure 6. Pressure distribution (changing mounting angles,
o =4 deg)

decreased at AoA >5°. This decrease is influenced by Cqg,
which is more dominantly obtained at this mounting
angle. Thus, based on the results of this analysis, using a
Gurney flap featuring a 90° mounting angle is more
recommended than other mounting angle variations.

To further analyze the role of installing a gurney flap
on the trailing edge NACA 0015. The distribution of

in Figure 7. The samples used in this visualization were
taken at AoA = 10°. Based on velocity contour analysis,
the gurney flap also changes the fluid flow velocity in
both the upper chamber and lower chamber airfoil. The
upper fluid flow has increased quite significantly.
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(a) Baseline NACA 0015
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(c) NACA 0015 with mounting angle 60°

(b) NACA 0015 with mounting angle 45°

(d) NACA 0015 with mounting angle 90°

Figure. 7. Velocity contour at AoA 10°

(c) NACA 0015 with mounting angle 60°

(d) NACA 0015 with mounting angle 90°

Figure. 8. Streamline contour at AoA 10°

However, this increase is of course different for each
variation of mounting angle. The larger the mounting
angle provided, the wider the high-velocity area.
Conversely, the gurney flap causes fluid flow under the
airfoil to decrease. This decrease will be more significant
as the size of the mounting angle on the airfoil increases.
On the other hand, the streamlined contour of the
trailing-edge, as depicted in Figure 8, illustrates that
using a gurney flap does not significantly affect fluid
flow surrounding the airfoil. Therefore, increasing the
performance of the NACA 0015 by using this fluid flow
control device is entirely influenced by the pressure
difference in the upper and lower chambers.

Meanwhile, another contour used in this study is the
pressure contour shown in Figure 9. Like the velocity
contour, the pressure contour sample was also taken at
AO0A = 10°. The gurney flap changes the upper and lower
airfoil chamber pressure. The upper airfoil fluid flow
experienced a significant decrease. This decrease
occurred with each variation. The larger the mounting
angle given, the wider the low-pressure area. On the
other hand, mounting angle causes the lower airfoil fluid
flow to increase. This increase will be more significant
as the mounting angle size of the airfoil increases.
Overall, the difference in lower and upper chamber
pressure causes the airfoil to experience an increase in
Cu.
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Figure. 9. Pressure contour at AoA 10°

1V. CONCLUSION

In this study, the primary focus is investigating the
aerodynamic characteristics of the NACA 0015. An
improvement in the Cl and Cd values produced by the
airfoil was achieved by adding a gurney flap. However,
the influence of airfoil performance by gurney flap
depends on the mounting angle size used. The average
percentage increase in the C; value for the gurney flap
with a 45° mounting angle is 23%, with the maximum
lift point obtained at AoA 11°, while the flap set at a 60°
mounting angle enhances the C; value by 28% with the
maximum lift point at AoA 10°, and for gurney flaps
with a 90° mounting angle can increase the C; value by
45% with maximum lift conditions at AoA 11°. Besides
that, the use of a gurney flap has the effect of increasing
drag as the mounting angle increases. This increase
begins to appear at AoA>15° with the average
percentage increase in Cq based on variations in flap size
being 3% for gurney flaps with a 45° mounting angle.
Then, when the mounting angle size is 60°, there is an
increase in drag of 4%, and it increases again to 5%
when the mounting angle becomes 90°.

Based on the C/Cq curve plot, using a gurney flap
with a 90° mounting angle is more recommended than
other mounting angle variations. Meanwhile, based on
the C, curve, the distance between the upper and lower
chamber airfoil curves influences the C; value as the size
of the mounting angle variation increases. This makes
using gurney flaps with varying mounting angles
effective in producing the highest C,value at a mounting
angle of 90°. Furthermore, the analysis of velocity and
streamline contours reveals that adding a Gurney flap
expands the high-velocity region on the upper airfoil
while reducing the velocity on the lower airfoil.
However, the streamlined contour does not significantly
influence the airfoil as the mounting angle flap increases.
Additionally, pressure contour visualization illustrates

that the gurney flap causes an addition in lower chamber
pressure NACA 0015 and a reduction in the upper
chamber NACA 0015, which causes the NACA 0015 to
experience an increase in C,.
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