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especially on the serrated wing. The present study aims to investigate the lift and drag
coefficient of the serrated wings including leading-edge serrations, trailing-edge
serrations, both-edge serrations, and the original/baseline wing model from the NACA
0012 airfoil. The experimental testing was performed in a wind tunnel at Reynolds
numbers of 20,000 and 40,000 and angle of attack from 2° to 30°, in 2° angle intervals.
In general, the results showed that each wing model produced a similar lift and drag
coefficient profiles, which were proportional to the angle of attack. At Reynolds
number of 40,000, the lift coefficient increases from 0.45 to 1.5, as the angle of attack
increases from 2° to 24°. Afterward, it decreased as the angle of attack exceeded 24°.
According to the data, the trailing-edge serrations model showed the lowest drag
coefficient at a Reynolds number of 40,000. Meanwhile, the highest lift coefficient at
Keywords: Reynolds number of 40,000 had been produced by the baseline wing model. This result
Aerodynamic performance; noise is beneficial in reducing the noise generation produced by wing structure and at the
reduction; silence flight; wing serrations same time enhancing aerodynamic efficiency.

1. Introduction

The aircraft industry has taken many years of development to achieve advanced technologies to
date. In the earliest year of the emerging flying technology, the wings have only been designed in a
flat shape. Then, as humans began to develop a comprehensive understanding from time-to-time,
the wing with flat shape has altered into the design called airfoil shape. Airfoil is defined as the cross-
sectional shape of the wing. The airfoil-shaped wing has been used as aerodynamic aids for aircraft
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lift and thrust performances. Moreover, as the commercial flight’s speed increase up to subsonic
flow, the aerodynamic characteristics study become essential especially in aircraft critical
components including wings and nacelle. Besides the engine, the wing profile also contributes to
aircraft noise pollution. The high drag friction of the wing has caused vibration and is producing noise,
especially if the wing vibrate in its natural frequency. The noise produced by the commercial aircraft
is significant cause to adverse reaction related to the operation of flight. It leads the Federal Aviation
Administration (FAA) to urge all aircraft manufacturers to increase noise abatement system [1].

The noise generation mechanisms in an aircraft are related to aerodynamics, propulsion and their
interactions. Aircraft noise prediction has been developing through the years by certifying the level
of maximum exposure and by imposing new reduction targets for the next decade. In 1970s, 7 million
people were subjected to high noise level from aircraft. This statistic is increasing each year.
According to FAA, the rate of people exposed to aircraft noise increases severely from 2012 to 2017.
The new case of people exposed to the noise in 2012 were 315000, and this value increase up to
408000 in 2017 [2]. Aircraft engine has been identified as the major contributor of aircraft noise.
Aircraft noise becomes critical during take-off and approach phases, as this noise affect flight
passengers, airport crews and surrounding community. Acoustic liner (AL) has been introduced and
installed in the nacelle inlet zone, and chevron nozzle has been applied in nacelle trailing edge, in
order to reduce engine noise. However, AL alone is not enough, noise abatement system must be
installed underneath nacelle lip-skin. Thus, bias acoustic liner (BAL) has been introduce to overcome
noise and ice accretion problems [3]. Moreover, the bias flow from BAL reduces drag coefficient of
the nacelle and aircraft [4].

Many researchers have study BAL, as an alternative noise abatement system. In 2003, a study
had been conducted to investigate absorption ability of axial acoustic wave by perforated liner with
bias flow [5]. Then, with the help of CFD, the thermal performance of BAL had been conducted in 3D
[6]. In case low or no bias and glazing flows, the main characteristic that influence the performance
of noise abatement system is frequency. However, when the glazing flows is taken into account,
meaning bias flow greater than amplitude of acoustic velocity in the orifice, the Mach number of bias
flow affect noise abatement performance [7].

Besides enhancing noise abatement system in the nacelle, the design and material of wing also
impacted on aircraft noise. One of the advanced technologies in aircraft is the introduction of micro
air vehicles (MAV). The MAV is compact and can operate automatically by handling from the ground
regulatory pilot that brings an ability to fly in confined areas or in a harmed area that is not suitable
for physical observation [8]. In MAV application, the noise is produced by wing, especially for flapping
wing. The inspiration that can be made to improve the aerodynamic performance of the flying
mechanism in terms of reducing the noise level is needed to refer to the mother of nature, such been
done by several researchers to discover new knowledge and technology, like the inspiration of bald
eagle to reduce the influenced of induced drag from flying wing [9]. Thus, the study of the owl’s wing
shape or chevron might be useful in solving the issue related to noise generation by wing structures
[10, 11]. The Owl’s wing has special characteristics; unusual wing morphologies. They are commonly
recognized for their ability to fly in almost absolute silence, achieving exceptionally low noise gliding
and flapping flights [12]. During gliding or flapping flight, they may suppress the wing-induced
aerodynamic sound to an incredibly low level of a frequency below 2 kHz, enabling them to easily
target prey including mice and voles [13].

Klaas et al., [14] claimed that most owls have evolved unique wing adaptations to meet the silent
flight requirements. The owl wing has comb-like structure, soft, and porous [15]. In addition, the barn
owl is stated to be capable of suppressing and reducing the wind-induced aerodynamic sound,
especially in gliding or flapping flight conditions [13]. Since the owl’s wing features has many
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advantages in enhancing noise abatement system, the chevrons or serrated edges are applied on
nacelle trailing edge for Boing 777-300ER with GE-115B engines [16]. Moreover, the CFD simulation
data showed that the chevron nozzle for nacelle has 2% higher maximum thrust than the translating
nozzle technique [17].

Based on the literature survey above, most of the noise abatement system including AL, BAL, and
chevron nozzle trailing edge had been applied in nacelle and aircraft engine. Most of the study
applied noise abatement system on nacelle or aircraft engine. Only a few researchers employed this
system on the wing. Nowadays, unmanned aerial vehicles (UAVs) and MAVs are getting popular
among researchers. The results of aerodynamic performance of chevron wing including lift
coefficient (C;) and drag coefficients (Cp), are hard to find in the literature. Other than that, the
serrated wing has a good potential to improve the aerodynamic performance as well as in reducing
the sound emission compared to the clean or conventional wing. However, those researchers have
only been done on a single type of serrations (i.e.; either leading-edge serrations, trailing-edge
serrations or fringe-type trailing-edge extension). In addition, an integration of multiple types of
serrations has not been done yet in a detailed manner. Therefore, the paper presents the C; and Cp
of chevron or serration wings against angle of attack (AoA), at two different Reynolds number (Re).
The purpose of the present study is used for UAVs application, which implemented the flight
circumstance of the UAVs regime.

2. Methodology
2.1 Model Development

The present work studied 4 serration wing models named leading-edge serrations (LE), trailing-
edge serrations (TE), both-edge serrations (BE) and original/baseline (BL) model, as illustrated in
Figure 1. The geometric modelling was developed using Catia V5 CAD, and the models were
fabricated by Computer Numerical Control machine (CNC). Aluminium was used as model material
since it has low density.

. Machini®y ant W\

Baseline Leading — Trailing— Both—edge

model (BL) edge edge serration
serration serration model (BE)
model (LE) model (TE)

Fig. 1. Wing model of the study

173



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 102, Issue 1 (2023) 171-183

The dimensions of the model were 50mm x 50mm and 6mm, as illustrated in Figure 2. At the
leading edge of LE and BE wing models, the serration parameter was at 5 mm wavelength (A) and 1.5
mm amplitude (h) while at trailing edge for TE and BE wing models, the serration parameter was at
5 mm of A and 8 mm of amplitude (H). All the wing models had been polished three times where the
special polishing fluid was spread evenly on the surface using Bench Polishing Machine, in order to
obtain a smooth surface. The polishing proses reduced the surface roughness of the wing model,
then reduced the drag coefficient of the wing.
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Fig. 2. The dimension of BE wing model

Furthermore, the M4 threaded bore with 10 mm depth were made at the left side of the
experimental model as the connecting element to the balancing force. The M4 was design exactly at
qguarter of 12 mm from the leading edge of every experimental model. While in the wind tunnel case,
the experimental model was mounted horizontally at the center of the wind tunnel facing directly to
the flow stream. The M4 threaded bore was mounted using a 100 mm connecting rod into the
measurement setup outside the wind tunnel. Table 1 summarised the wing model dimension, which
the experimental model with leading-edge serration will have a sinusoidal shape of serration while
the model with trailing edge serration will have a sawtooth shape.

Table 1
The summaries of Wing Models dimension
Wing Leading-Edge Trailing-Edge Leading- Leading-  Trailing-  Trailing -

Model  serration serration Edge A Edge h Edge A Edge h
type type (mm) (mm) (mm) (mm)

BL - - - - - -

LE Sinusoidal - 5 1.5 - -

TE - Sawtooth - - 5 8

BE Sinusoidal Sawtooth 5 1.5 5 8

2.2 Experimental Setup
The experiment had been conducted at School of Aerospace Engineering, Universiti Sains

Malaysia. The closed circuit subsonic incompressible wind tunnel was used to supply air flow to the
experiment. The wind tunnel facility that been utilized for this experimental research has a capability
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to supply the air flow up to 25 mst. Meanwhile, in this experimental research conducted two
different air velocities; 7.9m sand 11.84m s, represented Re of 20,000 and 40,000, respectively.
The dimension of test section of wind tunnel was 30cm x 30cm x 50cm. Other than that, the other
property which influenced in this experimental study is utilized 1.172kg/m3, 1.15868 x 10> m?/s and
26.8°C, which represented the density, viscosity, and temperature for this research, respectively.
Besides, the air flow in this experimental research was assumed to be laminar flow as the Re for the
experimental model was conducted much smaller than Re 500,000 [4]. Next, Figure 3 and Figure 4
showed the setup of the experiment work, respectively.

In order to run the experimental research for this study, the wing model was connected to the
balancing unit using small and light rod to the threaded bore that been produced in the fabrication
stage on the left side of every experimental specimens. Then, balancing unit contained strain gauge
was used to measure lift and drag forces generated by this research on the serrated wing profile
imitated from natural creatures. The data acquisition (DAQ) was used to convert physical signal from
balancing unit to digital signal. The DAQ was connected to the computer through universal serial bus
(USB) standard A-B cable. After that, Lab View software and computer were used to analyse the data
from DAQ, and recorded in the computer hard disk. Before the experiment started, the balancing
unit and DAQ were calibrated using weight load tester to make sure the precision of the generated
result. Figure 5 shows DAQ device was used in the experimental study. Pitot tube and digital
manometer were also used to measure air velocity inside the wind tunnel.

Fig. 4. Side view of wing model in the wind tunnel
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Fig. 5. Kyowa PCD-300A data acquisition system

2.3 Data Reduction and Operating Condition

The experiment was conducted for two different Re; 20,000 and 40,000. Reynolds number is the
ratio between inertial forces to viscous forces with general equation as stated in Eq. (1) [18]. In the
wing study, the hydraulic diameter for wing is cord length (c). Then, the Re is rewrite as Eq. (2).

_ UsoDg
v

Re (1)

_ e

Re = " (2)
where, v is the kinematic viscosity of air, Dy is the hydraulic diameter, U, is wind tunnel air velocity,
and cis chord wing

Lift coefficient (C;) and drag coefficient (Cp) are described instead of lift and drag forces because
lift and they are dimensionless characteristic, and independent from size. C; and Cp in the present
work are calculated by Eq. (3) and Eq. (4), respectively.

_ 2F;,

CL - pxUpxA (3)
_ _Fp

CD - %onozA (4)

where, F; is the lift force, Fj, is the drag force, p is the air density and A is the projection of wing
surface area.

The experiment covered the angle of attack (AoA) from 2° to 30°, with 2° angle interval. The AoA
was controlled by AoA transducer with a precision of 1°, which had been installed in the wind tunnel
test section. Table 2 summarised the operating conditions in the present work.

Table 2
Parameters of the experimental study
Wing Models Re A0A (°)
BL, LE, TE, BE 20,000,and 2,4,6,38,10,12,14
40,000 16,18, 20, 22, 24,
26, 28, and 30
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3. Results and Discussion

The effect of AoA from 2° to 30° on C;, and Cp were discussed below. The discussion covered 2
different Re; 20,000 and 40,000. The air properties were taken in room temperature; T,, =28.6°C.

3.1 Effect of Wing Serrations on Lift Performance as Function of AoA

Figure 6 and Figure 7 showed the effect of AoA on C;, at Re of 20,000 and 40,000, respectively. In
general, both figures showed the increasing of C; relative to AoA increased until it reaches stall angle.
As AoA exceeded stall angle, the C; decreased to AoA of 30°. It was expected that C; inversely
proportional to AoA at AoA beyond 30°. As shown in Figure 6, BL, LE and TE models produced similar
C,, profile against AoA, and they were hard to distinguish one to the others. The lowest C; was
produced by BE model. The C; of BL model increased from 0.45 to 1.75, as the AoA increased from
2° to 24°, which was the highest C; at Re 20,000. The fluctuation of C; in Figure 6 might be due to
high turbulent intensity as the experiment were conducted in the low air velocity.

Figure 7 shows a smooth profile for all models, except TE model. All models showed the same
profile pattern, which were directly proportional to AoA until they reached a stall angle. As AoA
exceeded stall angle, contrary to Figure 6, the C; in Figure 7 begin to fluctuate until AoA 30°. Along
with AoA, BL model shows the highest C; and followed by TE model and LE model. The lowest C; was
produced by BE model. BE model showed the lowest C; at AoA of 2°. Subsequently, C; of BE model
increased up to 1.2 at AoA of 26°. Unlike the other models, the C; BE model increased up to 1.3 as
AO0A increases to 30°. However, the C; of BL model showed the highest number at AoA of 2°. Then,
the C; increased up to 1.5, as AoA has approached stall angle at 26°. Afterwards, the C; fluctuated
until AoA reached 30°. In addition, according to both Figure 6 and Figure 7, TE wing model generated
higher C; than LE and TE wing models but still lower than BL wing model.

Analysis showed that BL model have the highest C;. A potential reason was that BL leading-edge
and trailing-edge have not changed. Therefore, the air flowed smoothly over BL surface with uniform
pressure distribution. The lower C}, for LE wing model because of the serrations’ amplitude, A = 5mm
was larger than the original serrations of an actual owl’s wing. The wing of an owl has a special
serration that help to smoothen the airflow when in contact with the wing surface. Thus, the LE
model reduced the maximum lift since it had obstructed the air flow over model surface. Thus, the
air pressure distribution on the model surface body was inconsistent than in BL model pressure
distribution.

The lift performance for TE wing model was higher than LE wing model because TE leading-edge
was not disturbed the air flow over the model surface. However, TE had a lower C; than BL model
due to the location of separation point for TE where it might be changed either to the leading or
trailing edge. This is because the pressure distribution on trailing edge surface was less uniform due
to serration design at the trailing edge. The implementation of trailing-edge serrations didn’t elevate
the coefficient of lift. Moreover, the combination of both leading-edge and trailing-edge serrations
on BE wing, it lowers the C; even more, thus C; of BE is the lowest in the present study. Furthermore,
the research conducted by Yong et al., [19], revealed that the serrations geometry at the wing
structure are capable to reduce the maximum lift coefficient from 12° to 15° over the critical angle
region, but increased the lift output in the deep stall region, which from 17° to 20° for the application
of symmetrical airfoil.

Next, Table 3 summarised C; performance for all models in the experimental study. TE model
shows only 6.2% and 2.6% lower C; than BL at Re of 20,000 and 40,000, respectively. At Re of 40,000,
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BE model produced C; 26.9% lower than BL. In conclusion, BE produces the lowestC;, followed by LE
and TE models. BL shows the highest C; in the present work.

2.0
1.8
1.6
1.4
1.2
&' 1.0 A
0.8 -
0.6 -
0.4 A —&— Baseline Model
—v— Leading Edge Model
0.2 —&— Trailing Edge Model
—— Both Edge Model
O L B E— e e LA B e
22 4° 6 8 10° 12° 14° 16° 18° 20° 22° 24° 26° 28> 30°
AOA
Fig. 6. C; versus AoA for (Re = 0.2 x 105)
1.8
1.6 -
1.4
1.2
1.0
O_,
0.8 -
0.6 -
041 —e— Baseline Model
—v— Leading Edge Model
0.2 A —i— Trailing Edge Model
—O— Both Edge Model
oo+
2° 4° 6% 8 10° 12° 14° 16° 18> 20° 22° 24° 26° 28° 30°
AOA
Fig. 7. C; versus AoA for (Re = 0.4 x 105)
Table 3
CL max comparison and Percentage Reduction to BL Model
Wing Cimax Percentage Ciomax » Percentage
Model Re = 0.2 x10° Reduction (%) Re = 0.4x10° Reduction (%)
BL 1.802 - 1.56 -
LE 1.680 6.9 1.44 7.7
TE 1.690 6.2 1.52 2.6
BE 1.464 18.8 1.36 26.9

3.2 Effect of Wing Serrations on Drag Performance as Function of AoA

Figure 8 and Figure 9 show the relationship between €, and AoA at Re of 20,000 and 40,000,
respectively. Both figures show that, the Cj, for all model proportional to AoA. At Re of 20,000, BE
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model provided the highest, followed by LE, TE and BL model. As shown in Figure 8, BE model shows
the Cp of 1.0, which was the highest in the present study. Then Cp for BE increased up to 1.6, as AcA
increases to 28°. The figure also showed that BE model presented the lowest Cj, along AoA, except
for AoA of 24°. The Cp of BE had increased from 0.1 to 0.95, as the AoA increased from 2° to 30°. The
maximum Cp, for BE was 0.65 higher than that of BL.

In Figure 9, TE model produced the lowest Cp along AoA, and the highest C, was provided by BL
model. The highest Cp, gradient was generated by BL model. At AoA of 2°, the Cj, difference between
BE and BL around 0.5. Then, the Cj, difference between BE and BL model decreased to 0.02. Figure 9
also shows that, Cp, for LE lower than BL, however, it was higher than TE model. The highest Cj, for
Re of 40,000, was recorded by BL model, at AoA of 30°.

Table 4 summarised the Cp, for all the studied models at Re of 20,000 and 40,000. At Re of 20,000,
BE models had 59.8% higher maximum Cj, than BL. Moreover, TE showed 3.92% higher maximum Cp
than BL did. On the other hand, at Re of 40,000, TE model produced maximum Cp, lower 18.75% than
BL model. In addition, BE had a maximum Cp 1.56% which was lower than BL model did. This result
supported by Roa et al., [13] and Klan et al., [14] agreement in their report.

At low Re, the serrations edge showed no significant effect to reduce drag coefficient. BL model
still produced the lowest Cp. However, at higher Re, TE model successfully lowering the C, compared
to the BL model. It happened due to the trailing-edge serrations that provided a higher-pressure
distribution at trailing surface. This situation also been supported by the study conducted by Yong et
al., [19], which found that the aerodynamic lift and drag measurement on the symmetric NACA 0012
airfoil displayed significantly different behaviour compared to that of the asymmetric NACA 65-
(12)10 airfoil. The serration NACA 0012 airfoil generally developed a lower drag than the baseline
airfoil especially at the high Re.

Other than that, Usama et al., [20], revealed that due to the vortex formation in the wake blunt
regions formed by serrated structures, the introduction of serration also increases the Cp. The sole
explanation for the rise in drag is an increase in bluntness due to an increase in serration depth.
Therefore, the geometry of the serrations depth also influenced the generated result from the study.
As a consequence, the separation point location changed, perhaps downward to trailing edge, which
helped in reducing trailing-edge vortices.

1.8

—e— Bseline Model
1.6 —v— Leading Edge Model
—&— Trailing Edge Model
—— Both Edge Model

1.4 A

1.2 A

0.8 A

0.6 A

0.4 A

0.2

2° 4° 6° 8 10° 12° 14° 16° 18° 20° 22° 24° 26° 28° 30°
AOA
Fig. 8. Coefficient of drag versus angle of attack graph (Re = 0.2 x 105)
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Fig. 9. Coefficient of drag versus angle of attack graph (Re = 0.4 x 105)

Table 4

Cp max COmMparison and Percentage Reduction to Baseline Model

Wing  Cpmax» Percentage Cp max» Percentage

Model Re =0.2x105 Reduction(%)  Re Reduction (%)
=0.4x10°

BL 1.02 - 1.28 -

LE 1.24 -21.57 1.15 10.16

TE 1.06 -3.92 1.04 18.75

BE 1.63 -59.8 1.26 1.56

3.3 Effect of Wing Serrations on Lift-To-Drag Ratio as Function of AoA

Figure 10 and Figure 11 show the relationship between lift-to-drag ratio and AoA at Re of 20,000
and 40,000 respectively. Both figures show that, the lift-to-drag ratio for all model proportional to
Ao0A. From Figure 10, which relative to the lift-to-drag ratio for Re of 20,000 illustrated that the BL
model show the highest reading compare to the other three model with serration. The highest lift-
to-drag ratio that been recorded from the experimental works conducted in this study at Re of 20,000
is achieved at AoA of 16°, which represent the lift-to-drag ratio around 2.47 respectively. Meanwhile,
if referring to the Figure 11 which representing the lift-to-drag ratio for Re of 40,000, it illustrated
the other trend which the most beneficial model that capable to reduce the noise and at the same
time provide the good aerodynamic characteristics for the serrated application is trailing-edge (TE)
model. TE model not just capable to reduce the intensity of noise generation, but at the same time
capable to enhancing the aerodynamic performance which significantly to the other experimental
models including the baseline model. The TE model had been recorded providing the highest lift-to-
drag ratio relative to AoA at 14° which 1.74469. Besides that, for both edges (BE) model, it shows
the lower value of lift-to-drag ratio for the both airstream applications.
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Fig. 10. Lift-to-drag ratio versus angle of attack graph for Re 20,000

In general, aerodynamic noise is a phenomenon associated with high-speed operation. As speed
increases, noise inevitably also increases. Aerodynamic sources of noise differ from the others, which
are due to vibrating solid surfaces. Therefore, the noise generated by the airplane when it is hovering
or gliding will influence the generated lift and drag as well as the lift-to-drag ratio. In airplane
application, the aerodynamic noise is produced by the generation of the total drag, which
combination of parasite drag and induced drag. The aerodynamic noise is generated from the
vibration when the airflow passes through the wing structures. Thus, the lift and drag coefficient of
the flight mechanism will be affected by the noise generation or reduction, respectively. The drag
coefficient could be reduced with a reduction of the level of aerodynamic noise since it was
influenced by the presence of total drag. It also means that the lift-to-drag ratio also will be enhanced
due to the reduction of the total drag of the flying mechanism.

From this experimental study, it can be conclude that the serrated wing model is suitable to apply
for the high speed application rather than the low speed application, which TE model show the most
capable model in term of reducing the noise generation and at the same time enhancing the
aerodynamic efficiency compare to another conducted model including the baseline model.
Meanwhile, the serrated application for both-edges (BE) is show significantly low in term of
aerodynamic efficiency compare to the other serrated wing models and it represent the worst
serration application on the wing structure in term of the aerodynamic efficiency.
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Fig. 11. Lift-to-drag ratio versus angle of attack graph at Re 40,000

4. Conclusions

The NACA 0012 airfoil with different serrations designs; BL, LE, TE and BE, had been studied to
investigate the lift and drag coefficients. The first conclusion that can be drawn from this study is the
lift and drag coefficient were proportional to AoA for all experimental analysis. Next, BL model
showed the highest C;, and the lowest C; was produced by BE model. At Re of 40,000, the highest
C,, for BL, LE, TE and BE are 1.56, 1.44, 1.52 and 1.36, respectively. In addition, TE model had the
lower Cp, at RE 40,000. TE model showed the maximum Cp, 18.75% lower than BL model. Thus, the
serrations design was only effective for aerodynamic efficiency at higher Re, Re of 40,000. However,
at low Re, Re of 20,000, BL showed greatest aerodynamic efficiency than the other studied models.

Besides that, the serrations study that has been conducted is not only beneficial in order to
enhance the lift performance and reducing the drag coefficient of the flying mechanism but the
serrations application is also beneficial to the environment. As we have known the world had faced
noise pollution that has been contributed by a lot of industries, and one of them is the aircraft
industry. This application of the serrations is capable of significantly reducing the level of
aerodynamic noise that is hard to tackle before. The suggestion for further study in the serrations
application for aircraft application is conducting the study on the serrations wing at high Re using a
numerical method to visualize the flow pattern of the airstream when it passing through the
serrations structure. This effort will give a new idea and knowledge in term of visualisation of the
airstream through the serrated wing, which can lead other researcher to continue the study in
reducing the noise pollution and at the same time makes a flight mechanism more effective.
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