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experiments were conducted in a wind tunnel at angles of attack ranging from -15° to 15°
and Reynolds numbers of 1.5 x 10> and 2.0 x 10°. To accurately quantify the forces and
moments acting on the airfoil models, a calibrated six-component balance was utilized to
measure the aerodynamic coefficients of each airfoil configuration. The lift coefficient (c)),
drag coefficient (cq), and pitching moment coefficient (cm) are analyzed for the various
trailing edge types and Reynolds numbers. Results indicate that the baseline model
demonstrated better aerodynamic performance compared to other types of trailing edge.
Most trailing edges, except the baseline, resulted in a decrease in the lift coefficient.
However, at very low angles of attack, the airfoil showed an improvement in the
maximum lift coefficient. Most trailing edges exhibited an increase in the drag coefficient
at a Reynolds number of 1.5 x 10°. However, at a Reynolds number of 2.0 x 103, the drag
coefficient showed a similar trend as the baseline. All types of trailing edges, including the

Keywords: baseline, displayed a similar trend in the pitching moment coefficient. When evaluating
Aerodynamic parameters; NACA 0015  the lift coefficient to drag coefficient ratio, all trailing edges generally performed similarly
airfoil; low Reynolds number; at all Reynolds numbers. In general, the baseline model emerges as the optimal choice,
experimental showcasing superior aerodynamic characteristics across the evaluated parameters.

1. Introduction

It is important to know the flow structure as well as the laminar boundary layer instability that is
present in the flow over an airfoil. The flow over airfoils at low Reynolds numbers (1 x 10* < Re < 2 x
10°) is not the same as the flow over airfoils at higher Reynolds numbers. At a low Reynolds number,
the TS waves that propagate within the laminar boundary get amplified in the separated shear layer
as the unfavorable pressure gradient builds up on the surface of the airfoil [1]. After separating from
the airfoil surface, the laminar boundary layer quickly transforms into turbulent flow by forming
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unstable vortex formations [2]. The separated flow then reattached itself as the turbulent flow
produced enough unfavorable pressure gradient, resulting in the formation of a laminar separation
bubble on the surface of the airfoil.

Flow separation and the formation of laminar separation bubbles have significant implications on
the flow topology of airfoils that are operating at lower Reynolds numbers. When the Reynolds
number is lower, the separated laminar boundary layer transitions to turbulent flow very quickly by
forming an unstable vortex structure, and this is often followed by flow reattachment [3]. As a result,
bubbles of laminar separation are created. Additionally, the size of the laminar separation bubble is
not only determined by the Reynolds number but also by the angle of attack [4]. When the Reynolds
number and angle of attack are increased, the size and position of the separation bubble shift, which
results in a change in the structure of the fluid flow over a body [5]. When the angle of attack is
relatively low, laminar separation bubbles have the potential to develop on either side of the airfoil.
When the angle of attack is increased, there is a corresponding reduction in the boundary layer
separation, which in turn causes a reduction in the size and extent of the laminar bubble separation
on the airfoil pressure side [6]. Laminar separation bubbles will make the boundary layer thicken and
can affect the aerodynamic performance. Hence, it can cause the drag coefficient to increase while
the lift coefficient decreases. The aerodynamic performance can be negatively affected by the
separation and consequently stalling at a low Reynolds number.

Many investigations have demonstrated that airfoil aerodynamic performance is highly delicate
to flow conditions at low Reynolds numbers. In particular, the lift coefficient, separation point, and
stalling are all extremely sensitive to even small changes in airfoil design [7]. For a given angle of
attack, where the lift force is large, the drag force is relatively low [8]. After that point, the ratio of
lift to drag starts to swing in the opposite direction due to flow separation. At a Reynolds number of
approximately 3 x 10, it has been observed that the lift coefficient increases up to a specific angle of
attack, known as the stall angle [8]. Beyond this angle, the lift coefficient decreases due to stall, a
phenomenon resulting from flow separation when the velocity becomes too low and detaches from
the airfoil surface. Additionally, the angle of attack influences the drag coefficient, demonstrating
that an increase in the angle of attack corresponds to an increase in the drag coefficient.

The flow measurements indicate a reduction in flow acceleration over the porous trailing edges,
leading to a delayed and weaker vortex shedding compared to blunt edges. Research findings show
that lift decreases and drag increases for the porous section, with lift values decreasing and drag
values increasing as flow resistivity rises. Experimentally determined lift, drag, and moment
coefficients exhibit significant variations with porosity. Specifically, the lift coefficient decreases with
increasing porosity, and drag generally increases with higher porosity. It's worth noting that the
increased drag coefficient may result from the flow through the porous region, leading to a rise in
viscous drag. Overall, the observed trend is that as porosity increases, the lift coefficient decreases,
and drag tends to increase [9]. However, at very low angles of attack, the porous wing outperforms
the solid wing in terms of the lift coefficient. In contrast, both solid and porous wings exhibit a similar
trend for the drag coefficient [9]. Another study found no significant difference in the poro-serrated
model when compared to the baseline. However, at higher angles of attack, both poro-serrated
trailing edges, with smaller and larger gaps in each serration, exhibit a reduction in lift coefficient
compared to the baseline and continue to perform poorly in the post-stall environment [10].
Similarly, the drag coefficient for all three types follows a similar trend at very low angles of attack.
Nevertheless, at a 10° angle of attack, both poro-serrated trailing edges with smaller and larger gaps
in each serration demonstrate a reduction in drag coefficient compared to the baseline, and this
reduction persists until higher angles of attack [10].
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Another aerodynamic concept involves serrations, strategically designed to split the airflow as it
traverses them. This division results in a deceleration of the airflow and an increase in pressure at
the airfoil's maximum thickness point when subjected to an angle of attack [11]. The presence of
eddies and vortices in the separated flow leads to an increase in drag and a decrease in lift when an
unstable pattern emerges [12]. Enhancing the flat back airfoil's trailing edge by rounding it has been
shown to improve the lift-to-drag ratio and effectively manage flow separation [13]. Additionally, a
serrated trailing edge causes the separation point to move closer to the trailing edge [11]. The
extension and serration of the trailing edge significantly impact wing aerodynamics, primarily due to
adjustments and modifications made to the airfoil's camber and the flow pattern at the trailing edge
[14]. The conventional wing is associated with separated flow and a thick wake, while the wing
featuring an extended trailing edge promotes attached flow and a thin wake. On the other hand, the
wing with a serrated trailing edge is designed for controlled flow separation [11]. Serrated versions
with a longer base length exhibit improved stall characteristics, including a delayed stall angle and a
smoother stall, while maintaining the same lift coefficient. Conversely, the serrated edge with a
shorter base length (2 cm) and an aspect ratio of 1 demonstrates a significant increase in both lift
coefficient and a smoother stall. Furthermore, the airfoil model with the extended and serrated
trailing edge experiences a higher drag coefficient compared to the baseline model [11].

The extended and serrated edges serve as an effective flow control mechanism, transforming the
hard stall (experienced at the leading edge) into a smooth stall (experienced at the trailing edge)
within the specified range of angle of attack and free stream velocity [15]. While the investigation of
aeroacoustics and sound was the primary focus in studying combed and combed-serrated trailing
edges, there has been limited research on the aerodynamic parameters of airfoils with these trailing
edges. Given this knowledge gap, the current research aims to explore the impact of combed-
serrated trailing edges on the aerodynamic efficiency of this type of configuration.

2. Methodology
2.1 Experimental Setup

In this study, experiments were conducted within the low-speed open circuit - wind tunnel at
IIUM, depicted in Figure 1. The wind tunnel's operational range extended to a maximum airspeed of
35 m/s, with experimentation carried out at free-stream velocities of 10 m/s, 15 m/s, and 20 m/s.
The chosen NACA 0015 airfoil served as the experimental model, and Reynolds numbers were
computed based on the analysis of the airfoil's chord and free-stream flow parameters. The angle of
attack, ranging from -15° to 15°, was precisely controlled in 1-degree increments using software
inputs. The test section, measuring 300 x 300 mm, incorporated a six-component balance for
comprehensive force and moment measurements. To facilitate observation, a window was
integrated into the test section to monitor the model's positioning relative to the airflow. Moreover,
a contraction section in the upstream portion, equipped with honeycomb-like screens, eliminated
turbulent airflow. The airfoil was attached to the wind tunnel turntable via its root, and a Pitot-static
tube measured the stagnation and static pressures.

For the fabrication of the mounting plate and airfoil connector, Aluminum 6061, mirroring the
airfoil material, was employed. The raw materials underwent a meticulous fabrication process,
involving surface grinding and CNC milling to create the requisite screw holes, ensuring precise fitting
onto the calibrated six-component balance.

Data acquisition was performed through the utilization of the Data Acquisition Reduction and
Control System (DARCS) software. Before introducing airflow to the test section, the force balance
underwent calibration. Initial force readings were acquired with the wind tunnel fan inactive due to
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a recognized error in the calibrated six-component balance. On top of that, several readings also had
been taken while doing the testing because there were many limitations on the calibrated six-
component balance. Each angle of attack was subjected to three force measurements. Subsequently,
the wind tunnel fan was activated, and the height difference recorded by the manometer determined
the flow speed and hence the Reynolds number.

Throughout testing, notable disturbances manifested as vibrations or stall conditions, were
observed, particularly after reaching maximum lift coefficients at 12 and 15 degrees of angle of
attack. These vibrational phenomena significantly influenced the accuracy of the recorded data.
Moreover, at higher angles of attack, the airfoil's flow exhibited increased unsteadiness due to
heightened separation, flow separation, or vortex shedding, introducing vibrations that affected the
structural integrity and subsequent measurements.
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Fig. 1. IUM low-speed wind tunnel

2.2 Airfoil Model Preparation

The present study focuses on the investigation of the aerodynamic parameters of trailing edge
wake generators of a NACA 0015 airfoil with a chord length of 0.15 m and span length of 0.298m, as
depicted in Figure 2. In addition to analyzing the baseline NACA 0015 airfoil, this study explores
alternative trailing edge configurations, as illustrated in Figure 3 to Figure 6. These configurations
include serrated, comb, comb-serrated, and poro-serrated designs. Serrations on the airfoil's trailing
edge denote the presence of small triangular or sawtooth-shaped notches. The combed trailing edge
entails the integration of small comb-like structures along the trailing edge. Meanwhile, the comb-
serration trailing edge combines both comb-like structures and serrations. The poro-serration trailing
edge introduces a series of small openings within the serration along the trailing edge. The
specifications of the modified trailing edge are as follows:
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Fig. 2. Geometry of NACA0015 airfoil used in this study (a) top of the front part (b) top view of the back
part (c) side view of the front part (d) side view of the back part
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3. Results
3.1 Validation and Comparison of Aerodynamic Parameters

The experimental investigation into the aerodynamic properties of the tested airfoil model
provided significant insights, particularly concerning lift, drag, and pitching moment coefficients. The
lift coefficient, a pivotal parameter governing lift generation at various angles of attack, was
scrutinized as depicted in Figure 7. Analysis of the experimental data revealed a linear increase in the
lift coefficient with the angle of attack until it reached a peak value. Subsequently, beyond this peak,
the lift coefficient exhibited a declining trend, a behavior consistent with the characteristic lift curve
of typical airfoils. Notably, the lift coefficient for Reynolds number 1.5 x 10> show an almost similar
trend to the published and theoretical data in positive angle of attacks (3° - 15°), meanwhile for
Reynolds number 2.0 x 10° shows a decrement in value as compared to published and theoretical
data. Overall, the experiment yielded consistent and expected results. The lift coefficient initially
increased as the angle of attack increased, reaching its maximum value at an angle of attack of around
12°. Subsequently, a gradual decrease in the lift coefficient occurred due to flow separation. This
observation is consistent with the findings found from published experimental data and Xfoil
software [16]. Additionally, the measured lift coefficient closely approximated the predictions
derived from thin airfoil theory before the stall angle. Beyond the stall angle, the measured lift
coefficient deviates from the thin airfoil theory. This is because the thin airfoil theory was derived
from incompressible and inviscid flow, which does not consider the viscous effect that leads to flow
separation.
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Fig. 7. Comparison of Measured, Published, and Theoretical data for lift coefficient,

C, for Baseline for different Reynolds numbers
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The experimental data revealed that the drag coefficient increased almost parabolically with the
angle of attack as displayed in Figure 8. This behavior is expected as the flow separation and turbulent
effects increase with higher angles of attack [17]. The determined drag coefficients were consistent
with published experimental data and Xfoil numerical predictions only for specific angles of attack
[16]. Notably, the drag coefficient followed anticipated patterns, maintaining relatively low values at
small angles of attack, indicative of laminar flow over the airfoil surface. As the angle of attack
increases, the drag coefficient increases gradually due to the formation of turbulent flow and
increased pressure drag [18]. However, at higher angles of attack, a significant rise in the drag
coefficient was evident, suggesting flow separation and the onset of stall. In the range of negative
angles of attack (—15° - 0°), both Reynolds numbers, 1.5 x 10° and 2.0 x 10°, exhibited a gradual
increase in drag compared to the theoretical data. Conversely, positive angles of attack yielded



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 116, Issue 1 (2024) 1-16

unexpected occurrences, such as negative drag values, notably at 12° for 1.5x 10°. The sensor reading
for the calibrated six-component balance happened to have several problems when taking the
reading of drag coefficient values during the test, even though multiple measurements were taken.
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Fig. 8. Comparison of Measured, Published, and Theoretical data for drag coefficient,
C, for Baseline with different Reynolds number

The pitching moment coefficient provides insights into the static stability of the airfoil. As shown
in Figure 9, the experimental measurements showed that the pitching moment coefficient initially
increased with the angle of attack until reaching a peak, beyond which it decreased. This trend
signifies that the airfoil experiences a shift in its center of pressure as the angle of attack changes
[19].

In summary, comparing the experimental results with theoretical values and established
experimental data, it was evident that the NACA 0015 airfoil exhibited typical aerodynamic
characteristics [16]. The lift coefficient curve showed a well-defined peak, followed by a gradual
decrease due to flow separation. The drag coefficient parabolically increases with increasing angles
of attack, indicating the formation of turbulent flow and subsequent stall. Potential sources of error
in the experiment could include uncertainties in the measurement equipment, inaccuracies in the
angle of attack setting, and variations in the flow conditions within the wind tunnel. These factors
may have contributed to slight deviations between the measured, published experimental, and
theoretical results.
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Fig. 9. Comparison of Measured, Published, and Theoretical data for moment coefficient,
C,y, for Baseline with different Reynolds number
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3.2 Effect of Reynolds Number on the Aerodynamic Parameters of NACA 0015

This study also delved into the impact of varying Reynolds numbers on the aerodynamic
characteristics of the NACA 0015 airfoil. The lift coefficient, drag coefficient, and moment coefficient
were systematically measured and compared across a range of Reynolds numbers for comprehensive
analysis. The lift coefficient showed a distinct increase with increasing Reynolds number as shown in
Figure 10. This behavior is attributed to the improved flow attachment and reduced separation at
higher Reynolds numbers [20]. The boundary layer thickness decreased, resulting in reduced viscous
drag and increased lift production [21]. This trend is consistent with the theoretical expectations for
laminar flow over the airfoil. It shows that for Reynolds number 1.5 x 10° attained greater maximum
lift coefficient as compared to Reynolds number 2.0 x 10°. At lower Reynolds numbers, the flow over
the airfoil is generally more prone to separation, resulting in a lower lift coefficient. As the Reynolds
number increases, the flow tends to become more attached and the boundary layer becomes
thinner, reducing the effects of separation. This improved flow attachment leads to an increase in
the lift coefficient. However, it is worth noting that the exact behavior of the lift coefficient
concerning the Reynolds number can depend on several factors, including airfoil design, angle of
attack, and flow conditions. There can be cases where the lift coefficient reaches a maximum value
at a specific Reynolds number and then starts to decrease due to flow transition or other flow
phenomena [22]. This behavior is typically associated with the occurrence of flow separation or stall
at high Reynolds numbers.
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Fig. 10. Comparison of lift coefficient, C; forbaseline
with different Reynolds number

The drag coefficient decreased with increasing Reynolds number due to the reduction in skin
friction drag [23]. However, as the Reynolds number continued to rise, the drag coefficient reached
a minimum and started to increase. This rise in drag is primarily caused by the transition from laminar
to turbulent flow, which results in increased pressure drag [24]. At high Reynolds numbers, the drag
coefficient tends to plateau due to fully turbulent flow over the airfoil surface. Figure 11 below
illustrates plots that exhibit consistent trends across all angles of attack. The drag coefficient
generally increases with increasing angles of attack and reaches a maximum value at a certain angle
of attack before potentially decreasing due to flow separation. Meanwhile, the drag coefficient is
indeed higher at negative angles of attack compared to positive angles of attack. When the airfoil is
subjected to a negative angle of attack (where the leading edge is facing downstream), the flow

10
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experiences a larger pressure difference between the upper and lower surfaces of the airfoil [25].
This pressure difference contributes to an increase in the drag force acting on the airfoil. Additionally,
at negative angles of attack, the airfoil may experience flow separation more readily. Flow separation
occurs when the flow fails to follow the contour of the airfoil surface and detaches, leading to
increased drag [26]. The flow separation at negative angles of attack can be caused by the adverse
pressure gradient on the upper surface of the airfoil. At positive angles of attack, where the leading
edge is facing upstream, the flow tends to remain attached to the upper surface of the airfoil for a
longer distance [25]. This promotes a smoother flow and reduces the pressure difference, resulting
in a lower drag force compared to negative angles of attack.

0.8
= Re=15x10°
061 e Re=20x10°
0.4
C, '
0.2 L
' L |
| a
0.0 e e N
|
-02 T T T T T T T
15 10 5 0 5 10 15

Angle of attack (a)
Fig. 11. Comparison of drag coefficient, C; for Baseline
with different Reynolds numbers

The moment coefficient showed a relatively small variation with the Reynolds number. However,
at higher Reynolds numbers, a slight decrease in the moment coefficient was observed. This
reduction can be attributed to the reduced effectiveness of the airfoil at higher Reynolds numbers,
leading to a decrease in nose-down pitching moment. Figure 12 illustrates a consistent trend in the
pitching moment coefficient across all angles of attack for the two Reynolds numbers under
consideration. At a zero angle of attack, the distribution of the pressure forces around the airfoil
tends to be symmetric, resulting in a near-zero pitching moment coefficient. However, at angles of
attack significantly different from zero, the pitching moment coefficient for the airfoil may deviate
from zero as changes in the angle of attack alter the pressure distribution, inducing a pitching
moment that either rotates the airfoil nose-up or nose-down.

11
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3.3 Comparison of the Aerodynamic Parameters of NACA 0015 With Different Trailing Edges

Different types of trailing edges can have a significant impact on the aerodynamic parameters of

an airfoil. In this experiment, we investigated the impact of different trailing edges, including
baseline, serration, combed, comb-serration, and poro-serration, on aerodynamic parameters. The
comparison of lift coefficients for these trailing edge types at various Reynolds numbers is depicted
in Figure 13 below. At Reynolds numbers of 1.5 x 10° and 2.0 x 10°, the lift coefficient consistently
exhibits lower values across all trailing edges compared to the baseline, especially at higher angles of
attack. In contrast, at lower angles of attack, the lift coefficient for both Reynolds numbers tends to
follow a similar trend as the baseline. Thus, at lower angles of attack, all types of trailing edges display
similar trends in the lift coefficient compared to the baseline, whereas at higher angles of attack, all
types of trailing edges have the potential to degrade the lift coefficient in comparison to the baseline.
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Fig. 13. Comparison of lift coefficient, C; for Serrated with different Reynolds numbers

Figure 14 illustrates the comparison of drag coefficients for all types of trailing edges at different
Reynolds numbers. For Reynolds numbers 1.5 x 10°, most of the trailing edges exhibit higher values
of drag coefficient compared to baseline up to certain angles of attack only. However, at Reynolds

12
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number 2.0 x 10° the drag coefficient for all trailing edges exhibits an almost similar trend to the
baseline. Hence, it can be concluded that for lower Reynolds numbers, the drag coefficients tend to
be a higher value for all types of trailing edges when compared to the baseline, whereas, for higher

Reynolds numbers, the drag coefficient depicts a similar trend with the baseline.
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Fig. 14. Comparison of drag coefficient, C, for Serrated with different Reynolds numbers

In Figure 15, a comprehensive analysis of the pitching moment coefficient is presented,
encompassing various trailing edge configurations, including the baseline, at different Reynolds
numbers. In general, all trailing edge types demonstrate similar trends to the baseline across the two
Reynolds numbers. Nevertheless, slight variations in the pitching moment coefficient values emerge
for these trailing edge types in comparison to the baseline, particularly at high negative angles of
attack. Moreover, a slight deviation from the trend in the pitching moment coefficient values of
different trailing edges compared to the baseline becomes noticeable at higher positive angles of

attack.

04 04
0.24 0.2 4
— 8
A 4 & 4 é
C,, 0.0 = — & C,004 = o—F -
> = ¥ =
b+ ="
= Baseline (Re = 1.5 x 10°) = Baseline (Re = 2.0 x 10%)
-0.2 4 - -0.2 4 5
@ Serration ® - Serration
4 Combed 4 Combed
v Comb-Serrated v Comb-Serrated
¢ Poro-Serrated ¢ Poro-Serrated
'04 T T T T T T T ‘04 T T T T T T T
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
Angle of attack (a) Angle of attack (a)

Fig. 15. Comparison of pitching moment coefficient, €, for Serrated with different Reynolds numbers
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3.4 Drag Polar Diagram

Figure 16 illustrates the lift coefficient versus drag coefficient relationship for all types of trailing
edges at each different Reynolds number. It is important as it provides insights into the airfoil’s
performance and efficiency across different operating conditions. On top of that, results show that
all types of trailing edges have the same performance for each Reynolds number, especially a
Reynolds number 2.0 x 10°, it clearly shows that all types of trailing edges have little significant effect
on airfoil performance.

—=— Baseline (Re = 1.5 x 10%) —=— Baseline (Re = 2.0 x 10%)
24 —e— Serration 24 —e— Serration
—A— Combed —A— Combed
—w— Comb-Serrated ¥— Comb-Serrated
¢— Poro-Serrated ¢— Poro-Serrated

1 % 14

'2 T T T T T T '2 T T T T T T

-0.2 -0.1 0.0 0.1 0.2 0.3 04 0.5 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Fig. 16. Lift coefficient versus drag coefficient, C; vs C, for all types of trailing edges at Reynolds number
(a) 1.5 x 10° and (b) 2.0 x 10°

4. Conclusions

In conclusion, the comprehensive analysis of various trailing edge configurations, including
serration, poro-serration, comb, and comb-serration, has revealed that the airfoil with the baseline
model consistently demonstrates superior aerodynamic performance. Most of the trailing edges
except the baseline showed depletion in lift coefficient, ¢;, showcasing its stability across a range of
angles of attack. Notably, at very low angles of attack, a comparable trend in lift coefficient values is
observed among the configurations. On the other hand, most of the trailing edges showed an
increment in drag coefficient at Reynolds number 1.5 x 10°. However, at Reynolds number 2.0 x 10°,
the drag coefficient exhibits an almost similar trend to the baseline. This suggests that the baseline
model achieves a level of consistency in drag performance across varying Reynolds numbers.
Furthermore, the analysis of pitching moment coefficient trends indicates that all types of trailing
edges, in conjunction with the baseline, share a similar behavior. The comprehensive evaluation of
Lift coefficient versus drag coefficient, C; vs C,; proves that, despite the variations in trailing edge
configurations, their overall performance remains consistent for each Reynolds number. In essence,
the baseline model emerges as the optimal choice, showcasing superior aerodynamic characteristics
across the evaluated parameters.
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