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ABSTRACT

The present paper focuses its attention on assessing the influence of bristled shark scale struc-
tures over biologically inspired leading-edge protuberanced (LEP) airfoil section. It is worth
noting that utilization of bristled shark scale structures as an effective flow control method
remains untouched to date and this paper aims to study the same. NACA 63(4)-021 airfoil
has been utilized as the baseline model in this study as it is closely reminiscent of the flippers
of the Humpback whales. The test models include a baseline LEP model and two modified
models M1 and M2 fitted with a single strip of shark scale structures at 0.6C and consecutive
strips placed between 0.6 and 0.8C respectively. All the sets of experiments were conducted in
the low-speed subsonic wind tunnel facility. The leading edge protuberanced wing utilized in
the present study features an amplitude of 0.12C and wavelength of 0.5C based on the founda-
tion developed by the previous researchers. The bristled shark scale structures inspired by the
short-fin mako as well as the test model were 3D printed using PLA material at a resolution
of 100u/m. The test models were experimentally evaluated for a wide range of angles of attack
ranging from 0°<a<70° in increments of 5° at Re=1.71x10°. Surface pressure measurements
were obtained over the test models with the help of MPS4264 Scanivalve pressure scanner
which are pneumatically connected to the pressure tapings. Aerodynamic forces and force co-
efficients were then estimated using pressure integration technique from the surface pressure
measurements. Results reveal that the bristled shark scale tends to improve the aerodynamic
characteristics in terms of lift increment and delay in flow separation. In other words, the
modified models are effective as flow control means over the leading-edge protuberanced
airfoil section. M1 and M2 improve the lift coefficient by 44% and 18.6% respectively when
compared against the LEP baseline model. The prevailing spanwise gradient in the LEP base-
line model is reduced around 85% in the modified model M1.
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INTRODUCTION

One classical problem associated with the airfoils is
the flow separation. The flow separation is a phenomenon
involving separation of the boundary layer from the airfoil
surface. Since, airfoils are widely utilized in various man-
made applications like wind turbine blades, missiles, etc.
[1-7], it is essential to control the flow separation over the
airfoils. This necessitates flow control methods which can
effectively delay the flow separation. Flow control method-
ologies are very much crucial in tailoring the aerodynamic
characteristics of airfoil. These techniques manipulate the
airflow over the airfoil which enhances lift, reduces drag,
delays flow separation and hence improves the overall effi-
ciency. Generally, flow control methods are classified into
active, passive and hybrid. In the recent years, the use of
biomimetics in flow control techniques piqued interest
among the researchers. One such fascinating biomimetic
study based on the shark scale denticular structure is pre-
sented in this research paper. Studies suggest that the shark
scale denticular morphology could act like a vortex gen-
erator [8]. Originally, the shark skin has dermal denticles
(scales) that impede body separation by providing local
flow separation control, thus helping the shark to swim
faster in water with least drag which inspired the aerody-
namic designers and wind engineers. Arunvinthan et al. [8]
replicated shark scale structures inspired by short fin mako
as vortex generators and reported that the Shark scale-
based vortex generators have improved the lift coefficient
of an airfoil by 3.8% and delays the stall by controlling the
flow separation thus reducing the drag. Vortex generators
are small aerodynamic devices that are designed to improve
the flow characteristics by delaying boundary layer sepa-
ration and enhancing mixing between different layers of
airflow.

Experiments carried out by researchers [9] confirmed
the improvements in lift-to-drag ratio of denticle-inspired
surfaces when compared with best-reported traditional
low-profile vortex generators. Lang et al. [10] claimed that
these shark scale structures behave in a similar fashion to
streamwise riblets thereby reducing turbulent skin friction
drag by 9.9%. Later, it was discovered that the shark’s bris-
tling denticles function as a vortex generator, a passive flow
control device. According to the previous research [11],
the results revealed that cavities developed in between the
denticles, producing embedded vortices that are in oppo-
sition to wake creation. Lang et al. evaluated a simplified
3D shark scale based embedded cavity model with a flat
base featuring 90° angle. Research results revealed that
such square cavity formed by the bristled shark skin could
effectively creates an interconnecting web of vorticity thus,
rendering hydrodynamic benefit. This clearly shows that
the bristled shark scale structure could potentially bene-
fit as a flow control device. To gain more insight into the
underlying flow physics, subsequently, Santos et al. [12]
experimentally investigated the effectiveness of bristled

shark skin as an effective means for boundary layer flow
control. Results revealed that the angled shark scale struc-
ture tends to create a rotational flow near the wall thus
injecting momentum into the boundary layer thereby
converts the adverse pressure gradient into a favourable
one, thus prolonging the flow attachment over the surface.
Subsequently several researchers like Natarajan et al. [13]
focused their attention on analyzing the hydrodynamic
characteristics of such shark scale-based vortex gener-
ators and reported that the shark scale-based structures
not only help in reattaching flow but also helps reducing
the overall drag. These studies confirm the hydrodynamic
benefits of the shark scale structure as a viable passive
flow control technique. However, the difficulty and the
challenge lies in replicating them to real-world scenar-
ios. Researchers adopted several fabrication methods [14]
such as Bio-replicated forming method, Direct manufac-
turing method, Indirect manufacturing method etc. to
mimic the shark scale structures. Bio-replicated forming
methods involve micro-embossing [15], vacuum casting
[16], elastomeric stamping, etc. The Micro-embossing
technique involves pressing a patterned mould into the
substrate under controlled heat and pressure. The vacuum
casting method utilizes a mould kept in a vacuum cham-
ber. The resin is filled under the vacuum condition which
eliminates the air bubbles. Even though these methods are
simple to process they are limited to biological resources.
Hence these methods cannot be used for wind tunnel
testing. Direct manufacturing method for surface micro-
structures like surface machining (Walsh & Lindemann,
1984) [17] or surface-scratching are relatively easy to pro-
cess but the processing efficiency is poor. Additionally,
to achieve the similar sizing as the real-world short fin
Mako played a significant challenge with the Direct
Manufacturing methods as it is complicated, time-con-
suming, and costly. Indirect method can be classified into
photolithography [18], laser etching [19], 3D-printing
[20]. Photolithography technique utilizes light to transfer
the pattern onto a light-sensitive layer on the substrate.
After which material is added or removed based on the
pattern. Direct manufacturing methods have high effi-
ciency in the processing but the processing involved is
complex. Considering all these issues and challenges with
the various manufacturing methods, it has been decided
to 3D print shark scale structures to create an economi-
cally feasible way while producing similar accuracy.
Recently, researchers have started experimenting with
shark scale structures as a viable alternative for passive
flow control means because of its intrinsic working nature.
However, it should be noted that most of the research
were aimed at investigating the hydrodynamic character-
istics and hence the aerodynamic influence remains still
lack. Considering the Reynolds number similarity, it is
obvious that the shark-scale structures if implemented on
airfoil will tend to behave in a similar fashion rendering
aerodynamic benefit. Therefore, in the present study, the
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authors planned to investigate the aerodynamic character-
istics of such bristled shark scale structure. In the recent
years, novel biomimetic Leading-Edge Protuberanced
(LEP) wing section spurred research interest among
many researchers because of its aerodynamic robustness.
Therefore, it has been decided to test the influence of bris-
tled shark scale structure on the aerodynamic characteris-
tics of LEP wing. Frank E. Fish [21] initiated the study on
the LEP wing inspired from the Humpback whales. Fish
morphologically investigated the flippers of the hump-
back whales and reported that the biologically inspired
LEP based wind turbine blades possess 25% more airflow
than the conventional blade. Subsequently, Fish and Watts
[22] acquired a patent for this technology. Miklosovic et
al. [23] experimentally evaluated flippers with and with-
out LEP and reported that LEP model offers stall delay
benefit. Several researchers studied on the effectiveness
of LEP in terms of amplitude [24], [25], wavelength [26],
[27] and incidence angle [28] and reported that modifying
the wavelength of LEP has negligible effects on the per-
formance, while change in amplitude and incidence angle
poses significant effects on the performance. Hansen et al.
[29,30] investigated the working mechanism of the LEP
and reported that the LEP generate vortices which change
in direction of rotation with the change in the leading-edge
geometry cancelling out each other resulting in a shorter
wake creating no additional drag penalty. [31] proposed
a different theory and suggested the local variation in the

chord along the peak and the trough section of the LEP
along with 3d spanwise flow results in non-uniform sep-
aration characteristics. Therefore, it provides extended
flow reattachment even at greater angles thus providing
aerodynamic robustness.

The present paper bridges both biomimetic studies of
shark scale structures and humpback whale flippers. The
primary objective of this study is to assess the aerodynamic
performance characteristics of biologically inspired bris-
tled shark scale structures on the novel LEP airfoil section.
Therefore, in this present study, the influence of bristled
shark scale structure as an effective means of flow control
technique on the aerodynamic characteristics on the LEP
wing was experimentally evaluated at Re=1.71x10°. While
most of the previous literatures refers to the investigation
of shark scale structures on hydrodynamics, the present
paper aims at exploring the influence of such shark scale
structures on the LEP airfoil as an aerodynamic flow con-
trol technique. To the extent of authors knowledge, this will
be the first of its kind in the world exploring the effect of
bristled shark scale structures on the aerodynamic charac-
teristics of bio-inspired LEP airfoil section. Surface pressure
distribution were examined to gain more insight into the
underlying flow physics. It is believed that the present study
will act as a pilot study in utilizing shark scale structures as
a passive flow control device for airfoils and its real-world
applications.

Table 1. Comparison of literature with the experimental findings

Author Experimental / Findings from the literature Relation with the Experimental
Numerical review findings

Arunvinthan et al. [8] Experiment Shark scale structures without The bristled shark scale structures
bristling angle improve the lift improve the lift coefficient of LEP airfoil
coefficient of conventional airfoilby ~ maximum by 44%.

3.8%.

Domel et al. [9] Experiment Shark denticles significantly improves ~ The bristled shark scales enhance
the aerodynamics of conventional the aerodynamics of LEP airfoils by
airfoils by extended flow attachment  prolonged attachment of the flow (similar
region thus enhancing lift with to conventional airfoils tested by Domel
maximum of 323%. et al.).

Lang et al. [10,11] Experiment Bristled shark skin geometry Bristled shark scales extend the flow
effectively controls the flow separation over the peak and trough
separation and can be utilized as section of the LEP airfoils which is
separation control mechanism. evident from the CP vs x/C plots.

Santos et al. [12] Experiment Bristled shark skin control flow Adverse pressure gradient formed at
separation by eliminating adverse the peak section of LEP airfoil has been
pressure gradient delayed by the incorporation of bristled

shark scales. Therefore, bristled shark
scale structures also delay adverse
pressure gradient in LEP airfoils.

Natarajan et al. [13]; Experiment Shark skin models were 3D printed LEP airfoil section and bristled shark

Wen et al. [20]

using PLA material.

scale structures were 3D printed using
PLA material.
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MATERIALS AND METHODS

Experimental evaluations were performed to identify
the effect of bristled shark scale structure affixed to bio-
logically inspired LEP wing section at Re=1.71x10°. All the
test cases were tested in the low-speed subsonic open-cir-
cuit wind tunnel facility available at SASTRA Deemed
University. The cross-section of the rectangular test-section
is 300x300x1500 mm. The tunnel is activated by a fan pow-
ered by a I0HP motor and is capable of attaining a maxi-
mum speed of 60 m/s. The free-stream turbulence intensity
at the test-section of the wind tunnel is 0.51%. A schematic
representation of the wind tunnel with necessary equip-
ment is shown in the Figure 1. NACA 63(4)-021 airfoil has
been considered as the baseline airfoil profile in this study.
The airfoil selection is based on the previous literatures.
Several researchers have reported that NACA 63(4)-021
airfoil strongly reminiscent the cross-section of the flippers
of humpback whale and hence NACA 63(4)-021 airfoil was
chosen as the baseline airfoil profile. NACA 63(4)-021 air-
foil is a member of 6-series airfoils and is symmetrical in
nature. The detailed nomenclature based on the 6-series
airfoil is as follows:

First digit “6” indicates the airfoil is from the 6-series.
Second digit “3” describes the chordwise location of mini-
mum pressure on the airfoil at the designed lift coefficient
(Cl). This digit specifies that the minimum pressure is at
30% of the chord from the leading edge. Third digit “(4)”
refers to the range of lift coefficient in which the favourable
pressure gradient exists on both surfaces. Fourth digit “0”
represents the design lift coefficient in tenths. Last two dig-
its “21” represents the maximum thickness of the airfoil as
a percentage of the chord length. In this case, the maximum
thickness is 21% of the chord length.

Aiming at incorporating protuberances at the lead-
ing-edge, the sinusoidal protuberances of the baseline
model was greatly influenced by two parameters namely
amplitude (A) and wavelength (\) were utilized as out-
lined in previous literatures [28], [32]. Since the present
study focuses its attention to assess the effect of bristled
shark scale on the LEP wing, the parameters A and X of the
sinusoidal LEP has been kept constant as 0.12C and 0.5C
respectively throughout this study. The test model consid-
ered in this study has a mean chord length of chord length
of 100 mm and span 300 mm the entire test-section thus
making it as an infinite model. The baseline LEP model was
then fabricated using Polylactic acid (PLA) material via 3D
printing at a resolution of 100y. Since the test model pos-
sess a varying chord, the surface pressure was measured at
two different locations namely peak (i.e., chord maxima)
and the trough (i.e., chord minima). The surface pressure
tapings were equi-distributed over the LEP wing. A total of
50 pressure taps were made over the airfoil surface. 20 pres-
sure taps were equi-distributed over the peak region and
16 pressure taps over trough region while remaining taps
were distributed along the span of the model. The spacing
between each taping is 9mm and the diameter of each pres-
sure tap is approximately 1 mm.

The fabrication of bristled shark scale involves 3D
printing utilizing the same poly lactic acid material. The
shark scale models featuring chord length of 10 mm and
span 6 mm with leading-edge amplitude of 2 mm has a bris-
tling angle of 20°. The shark scale model is resting in a pillar
with a height of 5 mm as shown in Figure (c) & (d). This
3D printed bristled shark scale models were affixed to the
baseline LEP wing at 60% of the mean chord length (here-
after named as M1). To gain some insights on the effect of
shark scale structures on the flow over the LEP wing, the
structures were also arranged continuously from 60% to
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Figure 1. Schematic representation of wind tunnel setup.
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80% of the mean chord length of the LEP wing (hereafter
named as M2). A visual representation is shown in the
Figure 2. The surface pressure of the test models were then
measured through the pressure taps which are pneumati-
cally connected to simultaneous MPS4264 Scanivalve pres-
sure scanner. The aerodynamic lift, drag forces and surface
pressure distribution acting over the modified and unmod-
ified equivalents were then estimated using pressure-inte-
gration technique [33-35] to yield lift, drag and pressure
coefficients.

T
Fp = Z(AP) X S; X cos(a+ ﬁe) (1)
. T
F, = Z(AP) X S; X sin(a+ ﬁﬂ) (2)
F
= D/O.Spvzs 3)
F
€= L/O.Spvzs 4)
— AP
Cp = /O.Spvzs (5)

The uncertainties involved in the experiments like
Buoyancy, solid blockage, wake blockage etc. and the
instrumental uncertainties included in the present
study along with their correction factors are tabulated
as Table 2.

RESULTS AND DISCUSSION

The shark scale models affixed to the clean baseline
LEP wing was primarily evaluated to identify its influence
on the flow characteristics and aerodynamic behaviour of
the bio-inspired LEP wing section. The modified models
(M1 and M2) were tested in the wind tunnel using sur-
face pressure measurement at Re=1.71x10°. The results
obtained for the modified models were compared against
the baseline LEP wing section as shown below. Figure 3
represents the variation of time-averaged coefficient of lift
(C,) vs the angle of attack (a) for all the test cases operating
at Re=1.71x10°. In the figure, square denotes the C, values
for model M1, circle denotes the C; values for model M2
and star denotes the C; values for LEP Baseline model. It
can be observed from the graph that the C; curve gradually
increases in the direction of increasing angle of attack until
o = 40°. For instance, it can be observed that the baseline
LEP model exhibits a maximum lift coefficient (C,,,,) of
0.84 at o = 40°. Beyond which with the further increase in
the angle of attack, the lift coefficient gradually decreases.
It can be easily seen from the figure that both the bristled
shark scale models (M1 and M2) affixed to LEP wing exhib-
its significantly higher lift coefficient at all angles of attack
than its unmodified equivalent. Therefore, it becomes clear
that the presence of 3D printed shark scale over the LEP
wing alters the flow characteristics by effectively inducing
the momentum into the boundary layer and thus render-
ing aerodynamic benefits in terms of C; increment. For
instance, M2 model exhibits the maximum lift coefficient
(Cy) of 0.99 which is 17.8% higher than the baseline model.
At the same a = 40°, the modified M1 model exhibits a
maximum lift coefficient of about 1.05 representing lift
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Table 2. Uncertainties and their correction factor

Uncertainty Correction method Substitution Correction factor
Buoyancy correction Glauert method: A=14 0.00000969
1
Dy = —mA,t2P’ [36]
2 £=0.021m
P'=0.01 N/m?
Solid blockage Thom’s method: K1=0.74 0.0120
correction K, (Model Volume) Model Volume = 0.000441
Ep = 3/2
¢ c=0.09
Model Volume = 0.7 x model thickness
x model chord x model span;
Wake blockage Allen and Vincentti method: A=0.36 0.0221
correction AC,, = A0 [36]
o=10.0616

o= (i) )

Instrument and Data

Error OEM error intimation

MPS4264 miniature Scanivalve pressure scanner - -

full-scale error of
+0.06%

1,

S
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:

0.6 -
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Figure 3. Aerodynamic lift coefficient (C;) vs Angle of
attack (a)

increment of 25% when compared against the LEP baseline
model. The similar trendline can be observed in the pre-
stall angles as well. For instance, at & = 15° the modified
model M1 and M2 displays a C;,,, of 0.85 and 0.70 which
is 44% and 18.6% higher than baseline LEP respectively.
Based on the obtained experimental results, it can be sum-
marized as the addition of shark scale structures over the
LEP baseline can augment the lift characteristics of the LEP
wing section.

Figure 4 shows the comparison of drag characteristics of
the modified models with the unmodified equivalent for var-
ious a. In the figure, square denotes the C; values for model
M1, circle denotes the C; values for model M2 and star
denotes the C; values for LEP Baseline model. It is import-
ant to note here that the drag illustrated in this study corre-
sponds to pressure drag alone and skin friction drag is not
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Figure 4. Aerodynamic drag coefficient (Cp) vs Angle of
attack (a)

considered. It is notable from the figure that the baseline LEP
exhibits the lowest drag than the modified models through-
out all angles of attack. It could be understood that bristled
shark scale structures induces turbulence creating perturba-
tions in the flow thereby resulting in higher pressure drag.
To gain more insights on the aerodynamic behaviour, sur-
face pressure distribution were plotted against the chordwise
position (x/C) for « = 5° as shown in the Figure 5, 6. As the
test model is a non-constant chord model featuring varying
chord length along the chord-maxima and the chord-min-
ima section, it becomes important to investigate the pressure
distribution over both the chord-maxima and chord-minima
region as shown in Figure 5, 6.

The surface pressure distribution in terms of pressure
coefficient (C,) plotted against x/C for test models at a=5°
as presented in Figure 5, 6. It becomes clear from the figure
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Figure 5. Surface pressure distribution along the chordwise
position (x/C) for a = 5° (peak region)

that the flow over the trough region remains attached in
comparison against the peak region. This is because of the
increased flow velocity over the trough region. For instance,
it is notable from the figure 6 that peak negative suction pres-
sure is seen at the trough section indicating that the majority
of the freestream flow goes behind the trough region. It is
understandable that a strong acceleration occurs at trough
region when compared against the peak region thereby cre-
ating a spanwise flow. Evidently, the suction pressure on the
trough region is lesser than the peak region indicating the
accelerated flow at trough section. For Instance, if the veloc-
ity behind the trough section is very high, then the pressure
will be relatively low in comparison against the peak region.
However, as its well known that, when the flow over the peak
is relatively smaller than the trough section, the high-pres-
sure region from the peak tends to move to the low-pres-
sure suction region happening behind the trough section
thereby leading to reenergize the trough flow sacrificing the
peak flow. This spanwise flow induced by the change in the
pressure over the peak and the trough section keeps the flow
attached over the trough section of the LEP. In simpler words,
it could be explained that the spanwise pressure gradient cre-
ated between the peak and the trough section draws low-in-
ertial boundary layer molecules from the peak. This could
be observed from the Figure 5 that at around 0.4C for the
peak section, an increase in the pressure can be seen. As it is
known that the increase in the pressure signifies reduction in
velocity, this can be attributed to the following explanation:
as the low-inertial boundary layer molecules from the peak
are drawn towards the trough region an increase in the pres-
sure is felt over the peak region at 0.4C. Studies [37] suggest
that when a low-inertial boundary layer molecules are trans-
ported away because of the spanwise pressure gradient, the
flow will be replaced by a high-momentum fluid drawn from
above fluid layers thereby reenergizing the flow. This in turn
holds in good agreement with the surface pressure character-
istics for the baseline LEP wing displayed in Figure 5 which
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Figure 6. Surface pressure distribution along the chordwise
position (x/C) for a = 5° (trough region)

indicates the flow reattachment signified by the decrease
in pressure around 0.5C. Subsequently the flow undergoes
similar phenomena at 0.7-0.8C as well. Therefore, based on
these results, it can be claimed that the low-inertial bound-
ary layer molecules driven from the peak section transported
towards the trough section by the spanwise pressure gradi-
ent is held responsible for the intended aerodynamic benefit.
In the case of the modified models affixed with shark scale
structures, it is clearly evident that the peak negative suction
pressure observed over both the peak and the trough section
is significantly lesser when compared against the baseline
LEP model. For instance, M1 model attains a peak negative
pressure of -0.33 and -0.43 in the peak region and trough
region respectively. It is speculated that the reduction in the
flow acceleration over the upper surface of the modified LEP
model is due to the presence of the shark scale structures. As
it is well known that the pressure disturbances can propagate
upstream in subsonic flow, the changes in the local pressure
distribution induced by the shark scale structure influences
the flow characteristics over the suction side of the airfoil.
In other words, the reorganization of the flow upstream to
accommodate the downstream disturbance induced by the
shark scale structures results in the reduction of flow acceler-
ation over the suction side of the airfoil signifying reduction
in the peak negative suction pressure. Furthermore, it can be
claimed that with the incorporation of shark scale structures
the spanwise flow from peak to trough changes considerably.
For instance, it could be seen that for the baseline LEP model,
the peak negative suction pressure at the peak and the trough
section corresponding to 0.1C is -0.40 and -1.09 whereas for
the modified models M2 and M1, the peak negative suc-
tion pressure at 0.1C for the peak and the trough section
reduces to -0.29 & -0.42 (for M2) and -0.26 and -0.36 (for
M1) respectively. This clearly quantifies the reduction in the
spanwise pressure gradient existing between the peak and
the trough section for the modified models. In simple words,
roughly 80% of the spanwise pressure gradient has reduced
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with the introduction of the shark scale structures resulting
in lesser suction at the trough region in comparison with the
baseline LEP model. The reduction in the spanwise pressure
prolongs the flow attachment regime over the peak section
by limiting the transportation of the low-inertial boundary
layer molecules from the peak section. However, as the name
itself indicates “low-inertial boundary layer molecules” even-
tually they separate after a short while. Results indicate that
following the peak negative suction pressure for the baseline
LEP model at 0.1C, the C;, increases with the increase in the
chordwise position till 0.4C indicating the flow accelera-
tion. Beyond 0.4C the pressure coefficient increases abruptly
indicating the reduction in the flow velocity. It is speculated
that this reduction in the flow velocity over the baseline LEP
model is induced by the spanwise flow. However, in the case
of the modified LEP models affixed with shark scale struc-
tures, as nearly 80% of the spanwise flow is diminished,
the flow continues to attach till 0.5C for both the M1 and
M2 models. Consequently, as the model M1 has even more
reduction in the spanwise pressure gradient (approximately
85%) a similar pressure coefficient trendline can be observed
but with more gradual slope (between 0.5-0.6C) in compari-
son against the M2. Therefore, it becomes clear that with the
incorporation of shark scale structures on the LEP wing, the
shark scale structure reorganizes the flow altering it favour-
ably redistributing the majority of the spanwise pressure
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Figure 9. Surface pressure contour over M1 peak at a=5°

gradient in terms of prolonged flow attachment over peak
section provides aerodynamic benefit. Furthermore, the
alternate separation and reattachment pattern observed
at the baseline LEP wing is stabilized with the introduc-
tion of shark scale structures as seen from the figure. It is
believed that the small vortices induced by the shark scale
structures mix higher-momentum fluid into the boundary
layer thereby energizing the boundary layer, making it more
resistant to separation. The delayed separation along with
enhanced flow attachment observed over the modified mod-
els with shark scale structure increases the pressure gradient
between the suction side and the pressure side of the model
thereby resulting in higher lift coefficients in the modified
model. It is of interest to note that out of the modified models
MI(single-strip) and M2 (three-consecutive strips), M1 has
the least drag profile. To further ascertain this behaviour, sur-
face pressure contours were plotted for both the baseline and
the modified M1 model is depicted in Figure 7-10.

It can be clearly seen from the figure that for the baseline
LEP model, over the peak region (Fig. 7), followed by an ini-
tial increase in the pressure at the leading-edge signifying the
stagnation point, with the acceleration in the flow, the pres-
sure gradually decreases. But it could be observed at around
0.05m chordwise position, the pressure increases indicating
the flow separation induced by the spanwise flow. Following
which the flow reattaches and separates alternatively as
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indicated in the Figure 6. On the other hand, the flow
remains continuously attached over the suction side of the
airfoil at the trough section as shown in Figure 8. Similarly,
the peak and trough surface Pressure contours were plotted
for the modified model with bristled shark scale structures
(M1) in the Figure 9, 10. In the case of the M1 model, it is
evident that the flow instability that previously occurred near
the vicinity of the trailing edge in the LEP baseline model
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Figure 11. Surface pressure distribution along the chordwise position (x/C) from a= 0° to 70°

trough for a longer distance thereby providing delay in flow
separation.

Figure 11 compares the pressure distribution over the
baseline LEP and the modified models (M1 and M2) for
various a from 0° to 70°. The solid green line indicates the
pressure distribution over the peak section of M1 model,
solid black line refers the pressure distribution over the

peak section of M2 model while solid blue line for peak sec-
tion of LEP baseline. Similarly, dashed line represents the
pressure distribution over trough section of modified mod-
els and the LEP baseline model. Since LEP is a non-constant
chord model, as discussed in the previous section, it could
be seen that both the peak and the trough region experi-
ences an altogether different flow pattern. Results reveal
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that the extended flow attachment is seen over trough
region rather than the peak section for the modified and
LEP baseline models at lower a values. It is of interest to
note that despite the addition of bristled shark scale struc-
tures on the modified model, the non-uniform separation
characteristics prevalent over the baseline LEP wing could
be still observed on the modified models. However, the
addition of bristled shark scale structure influences the
surface pressure characteristics, by energizing the bound-
ary layer through the vortices produced by the shark scales.
This in turn increases the net pressure gradient of the air-
foil. At very larger values of a, the flow gets separated com-
pletely over both peak and trough section of the unmodified
and modified equivalents. The graph plotted in the Fig. 11
reveals that the pressure gradient existing between the suc-
tion and the pressure side for the modified models (M1 and
M2) is larger in comparison with the unmodified equiva-
lent. The flow is attached over both peak and trough section
of the bristled shark scale affixed models at « = 0°&5°. From
a = 10° to 20°, the flat section at the peak region depicts the
separated flow whereas the trough section exhibits attached
flow over the modified models as well as unmodified test
case. The plateau region presented in the C, vs x/C plots
indicate constant pressure region, which in other words can
be expressed as the flow separation regime. Though, the
flow has been separated, the pressure gradient for the mod-
ified models is higher when compared against the baseline
LEP model, thereby resulting in higher lift coefficients.
Overall, it can be concluded that the modified shark scale
models effectively alters the flow characteristics providing
delayed separation, enhanced flow attachment, stable flow
structure in proximity with the trailing edge and thus, ren-
dering aerodynamic benefits.

CONCLUSION

The concluding remarks and findings are as follows:

o+ Bristled shark scale structured airfoil models exhibits
enhanced lift characteristics at both the pre-stall and
post-stall angles against its unmodified equivalent.

o At pre-stall angles (o« = 15°), the modified model M1
(single strip at 0.6C) exhibits a maximum lift increment
of 44%, while M2 (Shark scale strips between 0.6-0.8C)
shows a peak lift increment of 18.6% in comparison
against the LEP baseline model.

o At post-stall angles (o« = 40°), M1 and M2 exhibits a
maximum lift increment of 25% and 17.8% against the
LEP baseline model.

o Surface pressure distribution over the test models with
bristled shark scale structure clearly shows that the
presence of shark scale structure effectively alters the
flow characteristics.

o Results reveal that small vortices induced by the shark
scale structures mix higher-momentum fluid into the
boundary layer thereby energizing the boundary layer,
making it more resistant to separation in addition to

the 85% reduction in the span wise flow, makes the

modified model outperform the baseline unmodified

equivalent.

Experimental results proved that the bristled shark scale
structures can effectively alter the aerodynamic characteris-
tics and therefore can be used as a viable passive flow con-
trol device. One of the challenges involved in this present
study is the dislodging of 3D printed bristled shark scale
structures affixed to the LEP wing section at high Reynolds
number. Therefore, in the future, instead of affixing 3D
Printed shark scale structures they should be printed
directly over the airfoil section itself. But it should be noted
that this will increase the model count and cost incurred for
the research with the testing of different patterns and sizes
of bristled shark scale structures. Attempts to decode the
underlying flow physics in detail should be entertained in
the near future to potentially utilize this technology in real-
world applications. Since the experimental evaluation of
biomimetic LEP airfoil with shark scale structures yielded
a voluminous amount of pressure data, statistical analyses
like 0-1 test, recurrence quantification analysis (RQA) etc.
will also be a potential future work.

NOMENCLATURE

LEP  Leading-edge protuberance
0 Angle of incidence on the i port (°)
Cp Coefficient of drag

VG Vortex Generator

SSVG  Shark Scale Vortex Generator

SEM  Scanning Electron Microscopy

A Wavelength (m)

A Amplitude (m)

C Chord length (m)

PLA  Polylactic acid

y Velocity (m/s)

M1 Bristled shark scale at 60% of the mean chord
length

Ay body shape factor

P’ slope of longitudinal static pressure gradient curve

Acgwy  Wake blockage correction

A body shape factor

h Tunnel height (m)

Si Area (m?)

o Angle of attack (°)

C; Coefficient of lift

Cp Coefticient of pressure

x/C Chordwise location

Re Reynolds Number
Net Pressure (N)
F, Lift force (N)

Fp Drag force (N)

P Density of the fluid (kg/m?)

s Reference area (m?)

M2 Bristled shark scale at 60% to 80% of the mean
chord length
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t body thickness (m)

Dy Glauert’s buoyancy correction factor

c test-section area (m?)

K; Constant value for wing spanning the tunnel
breadth
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