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Abstract: A series of wind tunnel tests were carried out to determine the effect of shark scale-based
vortex generators (SSVG) on a NACA 0015 symmetrical airfoil’s aerodynamic characteristics. Three
different sets of SSVG with varying geometrical parameters, such as chord length, amplitude, and
wavelength, were designed and fabricated using 3D printing. The SSVG models were blended to the
baseline NACA 0015 symmetrical airfoil. The wind tunnel experiments were performed over the
test airfoil mounted with different sets of SSVG at various angles of attack, ranging from 0◦ to 24◦

in increments of 3◦, and operating in the range of Re = 2 × 105. The results revealed that the SSVG
blended test airfoil reduced the drag and increased the maximum coefficient of lift (CLmax), thereby
enhancing the overall aerodynamic performance. The SSVG offered noteworthy aerodynamic benefits
by effectively altering the flow and causing significant spanwise variation in the flow properties.
Additionally, attempts were made to identify the optimum chordwise location to blend the SSVG for
effective use.

Keywords: aerodynamic efficiency; airfoils; force balance; shark scale; vortex generators; wind tunnel

1. Introduction

To overcome the performance degradation caused by flow separation, researchers [1–4]
have recently focused their attention on biomimetic devices and systems related to aerody-
namics and flow control technologies. The present paper primarily focuses on resolving
the flow separation over airfoils, as they have become omnipresent. For instance, airfoils
are present in airplane wings, wind turbine blades, propellers, marine rudders, etc. It
becomes clear that the airfoil has become one of the integral parts of several human-made
engineering structures. However, the flow over the airfoil needs to be attached over the
airfoil surface at even greater angles of attack to provide an increased operational capability,
efficiency, range, and endurance. An airfoil may adversely experience flow separation, a
phenomenon significantly influenced by the airfoil profile’s aerodynamic design. Flow
control is the method of manipulating or creating the desired boundary layer profile over
the object of interest, increasing the lift, decreasing the drag, or delaying the flow separation.
Several researchers have stated that flow control over an airfoil is necessary to ensure a
better performance [1–5]. Therefore, it becomes clear that flow control technologies have
emerged as a promising solution to overcome the poor aerodynamic performance caused
by the boundary layer separation on aerofoils’ upper surface. Generally, aerodynamic flow
control techniques are categorized into active, passive, and hybrid. As the name suggests,
the active flow control technique requires additional energy, whereas the passive vortex
generators do not require an active energy source. The hybrid flow control technique is
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a combination of both active and passive flow control methodologies. Vortex generators
are effective aerodynamic flow separation controlling device, and are used to enhance
aerodynamic performance. The addition of such passive devices to an airfoil to control
the flow under more favorable conditions has been prevalent for decades, whereas the
use of biomimetic solutions is limited [6]. One such fascinating study was on utilizating
of a shark scale denticular structure as a form of vortex generator over the airfoil. It was
observed that the shark skin denticular structure, i.e., small tooth-like structured scales
helps sharks move freely through the water with the least resistance. The analogy between
the shark scale and the airplane is that they both are designed to freely move through
the fluid, whereas the medium is water in terms of the shark, and air in terms of the
airplane. Since sharks have existed for the past 55 million years, Bar-Cohen [7] expressed
that nature has exerted strong pressure by evolution on shark features, thereby making
them potentially optimal to move quickly through the water. It was further confirmed
that the short fin mako shark (Isurusoxyrinchus) is one of the fastest and most agile sharks,
capable of maintaining speeds of over 20 m/s for a short interval of time [8–10]. An adult
short fin mako can grow up to 4.3 m in length, and because of its huge size, the sharks
must depend upon their intrinsic speed and the level of activity to hunt down their prey.
Moreover, the shark’s scales, i.e., the denticular structure on its skin, are presumed to
be used for flow control and/or drag reduction. Several studies on shark scales have
emerged recently, intending to use them for aerial drones, uncrewed aerial vehicles (UAVs),
microaerial vehicles (MAVs), and wind turbines, to make them more aerodynamically
efficient. Lang et al. [11] morphologically investigated such shark scales’ three-dimensional
geometry using a scanning electron microscope (SEM). They found that these identical
denticular structures are oriented in rows varying in size from the head to the shark ‘s
tail and measuring approximately 0.2 mm in length. Motta et al. [12] found that the shark
scale’s bristling angle can vary up to a maximum of 50◦. It was reported that the shark
scales can erect at an angle called the bristling angle (β) when it experiences a reverse
flow. A schematic representation of individual shark scales under both the bristled and
non-bristled conditions is shown in Figure 1.

Figure 1. A schematic representation of scales on the short fin mako sharks and denticular structure of individual scales
under bristled and non-bristled condition.

Lang et al. [13] studied the sharkskin’s flow at normal swimming speeds and claimed
that these bristled scales provide local separation control, thereby helping the shark move
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faster in the water with the least drag. Bechert et al. [14] experimentally investigated
the drag present over the sharkskin and reported that a non-bristled shark scale could
provide up to 3% drag reduction. Furthermore, it was also suggested that the shark
scales could act as vortex generators. These shark scales induce enhanced mixing between
the scales, leading to a reduction in boundary layer separation over the surface, thereby
ensuring that the flow remains attached to the surface for an extended period. Therefore,
from the literature, it becomes clear that shark scales tend to impede body’s separation by
providing local flow separation control. Following that, researchers started using shark skin
resembling surfaces on engineered structures to reduce drag. Lang et al. [15] experimented
on a baseline smooth PVC cylinder and a modified shark scale skinned PVC cylinder. With
airfoils becoming omnipresent, researchers have started focusing on airfoils, since they
are integral parts of aircraft, UAVs, MAVs, and many other engineering structures, like
propellers, wind turbine blades, etc. Table 1. Illustrates various flow control techniques
studied by researchers. Even though research work on the airfoil and its flow control
mechanisms has been carried out for the past few decades, the problem still persists, and
vortex generators remain a simple yet effective way to maintain a favorable lift to drag
ratio [16–18]. Henceforth, in this paper, the effectiveness of utilizing shark scale-based
bio-inspired vortex generators (SSVG) upon the NACA 0015 test airfoil was experimentally
investigated in detail.

Table 1. Flow control techniques.

Methodology Categorization Reference

Vortex generators Passive Fouatih et al. [19],
Wang et al. [20]

Suction Active Zhi-yong et al. [21],
Yousefi et al. [22]

Synthetic jets Active You et al. [23],
Minelli et al. [24]

Periodic excitation Active Greenblatt et al. [25],
Brunn et al. [26]

Blowing Active Yousefi et al. [27],
Ganesh et al. [28],

Surface wrinkling Passive Raayai-Ardakani et al. [29]

Riblets Passive Raayai-Ardakani et al. [30],
Zhang et al. [31]

Morphing/geometrical profile
modification Passive Ismail et al. [32],

Jones et al. [33]

Spanwise groove Passive Luo et al. [34],
Law et al. [35]

Grooves Passive Seo et al. [36],
Mu et al. [37]

Surface modification Passive McAuliffe et al. [38],
D’Allesandro [39]

Indents/ surface treatments Passive Robarge et al. [40]

Blowing and suction Hybrid Huang et al. [41],
Junxuan et al. [42]

Plasma Active Akansu et al. [43],
Guoqiang et al. [44]

Leading-edge protuberances Passive Arunvinthan et al. [45],
Zhanget al. [46]
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The paper is organized as follows. Section 2 deals with the experimental methodology
discussing in detail the synthesis of the experimental setup and the equipment involved in
the measurements. Following this, the influence of shark scale-based bio-inspired vortex
generators (SSVG) on the airfoils’ aerodynamic characteristics is discussed in detail in
Section 3. The conclusions are presented in Section 4.

2. Experimental Methodology

All the experiments performed in this study were carried out in a low-speed subsonic
wind tunnel facility located at SASTRA deemed university. The wind tunnel has a rect-
angular test section of 300 × 300 × 1500 mm cross-section, with a maximum velocity of
60 m/s. The free-stream turbulence intensity of the wind tunnel is 0.51%. In this study, the
mean free-stream velocity was fixed at 30 m/s, corresponding to a Reynolds number (Re)
of 2.0 × 105 for all the test cases. Three different sets of shark scale geometries, varying in
chord length, span, amplitude (A), and wavelength (λ) were designed and fabricated using
a 3D printing methodology at an accuracy of 100 µm using polylactide (PLA) material.
The labels and geometric specifications of the SSVG’s are listed in Table 2. Likewise, a
rectangular vortex generator of length = 10 mm and height = 6 mm was also experimentally
investigated to compare the aerodynamic characteristics of a bio-inspired SSVG against
the conventional VG. A schematic representation of the baseline clean wing, conventional
rectangular vortex generator and modified SSVG blended test models are presented in
Figure 2. Figure 3 shows the real-time test models blended with 3D-Printed SSVG. As we
knew that the efficiency of the vortex generators greatly depends upon the chordwise posi-
tion, the present study investigated the effectiveness of SSVG at three different chordwise
locations, namely 0.3C, 0.5C, and 0.8C, respectively. In the present study, the SSVG was
blended with the airfoil’s surface at a bristling angle of β = 0◦. The same airfoil was used,
over which different sets of SSVG’s were blended to preserve the mean chord length and
span of the baseline model.

Figure 2. A schematic representation of test models: (a) baseline clean wing, (b) conventional rectangular vortex generator
(VG), (c) 5S type shark scale vortex generators (SSVG), (d) 5M type SSVG, and (e) 5L type SSVG.



Energies 2021, 14, 1808 5 of 22

Figure 3. Photographs of baseline and modified wing model with shark scale vortex generator (SSVG): (a) baseline clean
wing, (b) 5S type SSVG, (c) 5M type SSVG, and (d) 5L type SSVG.

The test airfoil considered in this study was a NACA 0015 symmetrical airfoil with a
15% thickness to chord ratio. The test airfoil model had a mean chord length of c = 100 mm
and span b = 300 mm. The rectangular test airfoil model was carved out of wood using
CNC and then post-processed to obtain an ultra-smooth fine texture. To study the influence
of bio-inspired shark scale vortex generators on the airfoil’s aerodynamic characteristics,
3D printed shark scales were blended to the test airfoil at various chordwise locations and
tested. A typical representation of the three different sets of shark scale models considered
in this study is depicted in Figure 3. The leading-edge amplitude (A) and wavelength (λ)
of these three different sets of shark scales changes, and their corresponding values are also
presented in Table 2.

Table 2. Label and dimensions of the test models.

Label Chord (mm) Span (mm) Amplitude (A)
(in mm)

Wavelength (λ)
(in mm)

5S 10 6 2 3
5M 20 12 3 6
5L 30 18 4 9

To ensure the reliability of the data acquired from the wind tunnel, its horizontal
and vertical velocity profiles were thoroughly measured using a Pitot tube attached to an
MPS 4264 simultaneous pressure scanner of M/s Scanivalve with a sampling frequency
of 700 Hz at 10,000 data samples. It was found that the tunnel wall boundary layer
covered 8.2% of the model span at the operating Reynolds number range. Based on the
suggestions from the previous framework [47], it is known that when the tunnel boundary
layer covers less than 10% of the model span, then the effect of the tunnel-wall boundary
layer on the aerodynamic force measurement is minimal. A schematic representation of
individual SSVG along with their corresponding dimensions and 3D printed SSVG models
are presented in Figure 4. It also shows the typical representation of the SSVG blended
over test airfoil model and its orientation towards the oncoming freestream flow to provide
better understanding for the readers.
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Figure 4. Shark scale vortex generator (SSVG): (a) Individual Shark Scale Vortex generator (SSVG) models, (b) 3D Printed
SSVG models, (c) Schematic representation of the SSVG blended over the test airfoil, and (d) A typical view of the SSVG
blended over the test airfoil.

A calibrated three-component force balance set up was utilized in this study to mea-
sure the aerodynamic forces acting on the test models. The load cells were capable of
measuring forces up to ±98.06 N in streamwise, vertical, and transverse directions. The test
models were then mounted onto the load cell using rectangular clamp plates affixed with a
hole designed to effectively restrict the axis of rotation and transfer the forces directly to
the load cell. The load cell setup was mounted directly below the tunnel test section so that
the test model could be directly mounted, as shown in Figures 5 and 6, respectively. The
measurements obtained from the load cell setup were the total lift force (FL) and the drag
force (FD) in (kg). The coefficient of lift (CL) and coefficient of drag (CD) could be obtained
from the FL and FD using the free stream dynamic pressure and the planform area of the
test airfoil [48–51]. The coefficient of lift (CL) and coefficient of drag (CD) were calculated
as illustrated in [52] by the following formulae:

CD = FD/0.5ρv2s (1)

CL = FL/0.5ρv2s (2)

Here, ρ is the freestream density in kg/m3, v is the freestream velocity in m/s, and s is the
airfoil span in m2.

Generally, the uncertainties involved in the wind tunnel experiments were either due
to the geometrical uncertainty of the models or due to the instruments involved. In this
present study, all the test models were repeatedly measured using digital vernier calipers
at multiple locations to ensure their dimensions. The maximum error (%) was identified as
3.17, which is relatively low. The other uncertainties involved in the experiments included
an angle of attack positioning error (±1◦ Manual error) and a force balance instrument
error. The three-component force balance setup utilized in this experiment had a tolerance
of ±0.08%, and the scanivalve pressure scanner accounted for ±0.06% uncertainty. Since
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many precise instruments were involved in this experimental setup, incorporating the
correction factors would influence only the third and fourth decimal of the aerodynamic
force coefficients. For instance, the lift coefficient (CL) for 5S @ 0.8C was 0.66, and the value
became 0.660924 when the correction factors were implemented. Therefore it becomes clear
that the measurements did not encounter any serious uncertainty effect.

Figure 5. Schematic of the low-speed subsonic wind tunnel facility located at SASTRA Deemed university.

Figure 6. Test airfoil mounted to the three-component force balance setup.

3. Results

The measured aerodynamic force coefficients, coefficient of lift (CL), coefficient of
drag (CD), obtained for the three different SSVG configurations, namely 5S, 5M, and 5L,
at other chordwise locations at various angles of attack (α) varying in the range of 0◦–24◦

with an increment of 3◦ and operating at Re=2.0×105 are discussed in detail in this section.
Furthermore, the aerodynamic characteristics of the bio-inspired SSVG were compared
against the aerodynamic coefficients of the baseline clean wing configuration and the
wing was blended with conventional rectangular vortex generator configurations to get a
detailed insight.

3.1. Influence of SSVG on the Aerodynamic Characteristics of the Baseline Model

The effect of the bio-inspired SSVG on the aerodynamic forces like the coefficient of
lift (CL) and coefficient of drag (CD) for the clean baseline wing and the modified model
blended with conventional rectangular VG and bio-inspired SSVG is shown in Figures 7 and 8,
respectively. It was observed that that the aerodynamic forces over the baseline and
the modified models blended with vortex generators were appreciably different. The
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coefficient of lift (CL) for the baseline clean wing model increased with the increase in
the angle of attack (α) till α = 9◦, and thereby reaches a maximum lift coefficient (CLmax)
of 0.64. However, the CL for the modified wing model blended with SSVG followed
the same trend line as the baseline model till α = 9◦, but it continued to produce lift till
α = 12◦, exhibiting significant delay stall characteristics. In addition to the stall delay
characteristics, the modified model blended with the SSVG showed an increase in the
maximum lift coefficient (CLmax). Figure 7 shows that the modified wing model blended
with SSVG exhibited a maximum lift coefficient (CLmax) of 0.66 at α = 12◦, which is higher
than the maximum CL of the baseline clean wing configuration. Therefore, based on
the results, it can be reported that the modified model with SSVG exhibited stall delay
characteristics associated with aerodynamic performance enhancement. Similarly, the
aerodynamic characteristics of the conventional rectangular vortex generators are also
compared with the results of the baseline clean wing configuration and the bio-inspired
SSVG in Figure 7. The results indicate that the lift curve of the modified wing model
blended with a conventional rectangular vortex generator was quasi-linear. From Figure 7,
it can be inferred that the conventional rectangular vortex generator showed a maximum
lift coefficient (CLmax) of 0.54. Even though the effect of the conventional rectangular vortex
generator on the aerodynamic characteristics was detrimental, the effect of the rectangular
VG was visible on the delayed separation characteristics, i.e., the stall occurred at α = 12◦

relative to α = 9◦ of the baseline clean wing configuration. This result is in good agreement
with previous studies and coincides with the work [19]. Correspondingly, when the vortex
generators could not maintain an attached flow over the airfoil at high angles of attack
(in this case, of beyond α = 12◦), a sudden drop in the lift coefficient appeared, indicating
the stall phenomenon. However, in the post-stall angles, the aerodynamic characteristics
of both the baseline clean wing configuration and the modified models blended with
rectangular VG and SSVG were almost the same. It is observed from Figure 7 that the lift
curve characteristics of all three cases were almost consistent; between 15◦< α < 24◦. The
maximum lift coefficient (CLmax) of the modified wing blended with SSVG showed a 3.80%
and 18.37% increase relative to the baseline clean wing configuration and the modified wing
model blended with conventional rectangular vortex generators, respectively. Furthermore,
the lift curve slope (dCL/dα) indicated that the hard stall characteristics were common to all
the models, whereas the stall angle was delayed by 3◦ with the use of vortex generators for
both the rectangular VG and SSVG. It is noteworthy that the modified model blended with
SSVG outperformed the conventional rectangular VG configuration in terms of maximum
lift coefficient (CLmax). Therefore, based on the experimental results, it can be concluded
that at Re = 2.0 × 105, the modified wing model blended with SSVG outperformed the
conventional rectangular VG and baseline clean wing configuration by offering unique
aerodynamic benefits, like a delayed stall angle of 3◦ associated with an increase in the
maximum lift coefficient (CLmax) by 18.37% when compared against the modified wing
model blended with conventional rectangular VG rendering the SSVG advantageous in
terms of both aerodynamic performance and stall delay characteristics.

Figure 8 illustrates the variation of coefficient of drag (CD) with the angle of attack
(α) for all the three test models at various angles of attack (α) ranging from 0◦ to 24◦ in
increments of 3◦ at Re = 2.0 × 105. The drag coefficient did not exhibit any significant
changes at lower angles of attack (α), however as the angle of attack increased, the drag
coefficient (CD) increased, and this behavior became more important near the vicinity of
the stall region of the airfoil. Figure 8 shows that for the baseline wing configuration, the
coefficient of drag (CD) exhibits a sudden rise at α = 9◦, corresponding to stall, following
which the CD continued to increase at a slower rate till α = 18◦. It is of interest that little
difference was present in the modified wing model’s drag characteristic curves blended
with conventional rectangular VG relative to the baseline clean wing configuration. When
the angle of attack was at α = 9◦, a precipitous increase in drag coefficient occurred in
the case of the modified wing model blended with conventional rectangular VG, as the
control device produced a disturbance on the upper surface of the profile. More precisely,
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the disturbance induced by the intensity of the vortices generated from the rectangular
VGs was considered as the plausible reason behind the increase in the drag coefficient
for the modified wing model blended with the conventional rectangular vortex generator.
Therefore, based on these results, it can be reported that the modified wing model blended
with conventional rectangular VGs offered a stall delay benefit, with a slight drag penalty
resulting from the induced friction produced by the adopted vortex generator, for most
of the angles of attack ranging between 9◦< α < 24◦ in the test range. On the other hand,
the presence of the SSVG managed to produce a smooth rise in the coefficient of drag
(CD), associated with an increase in the maximum lift coefficient (CLmax).It can be seen
from Figure 8 that the drag curves of the modified model with SSVG showed a linear
increase in the coefficient of drag (CD) throughout the test range, except between the
18◦< α <21◦ angles of attack (α). In contrast to the baseline clean wing configuration
and the modified wing model blended with conventional rectangular VG, there was no
sudden increase in the coefficient of drag (CD) associated with the stall in the modified
model blended with SSVG. The drag coefficient (CD) of the modified wing model blended
with SSVG was significantly lower than its equivalent counterpart (i.e., the modified
wing model blended with conventional rectangular vortex generators) throughout the
entire test range, except between 0◦< α < 6◦. This increase in the drag coefficient for the
modified model blended with SSVG is believed to be caused by the increase in the skin
friction and the pressure drag attributed to the attachment of the SSVG over the airfoil
surface. At the same time, it is also evident from Figure 8 that the modified wing model
blended with SSVG exhibited the lowest drag coefficient of all the test models, including the
baseline clean wing configuration in the post-stall region between 12◦< α < 18◦. However,
at the remaining angles of attack, the drag coefficient of the modified models blended
with SSVG was higher than the baseline clean wing configuration. Although the drag
coefficient (CD) of the modified model blended with SSVG was relatively greater than the
baseline clean wing model, it was substantially lower than the drag coefficient (CD) of the
modified model blended with the conventional rectangular VG. Therefore, the modified
model blended with SSVG proved to be the most practical planform geometry for future
applications requiring stall delay characteristics in addition to increased maximum lift
coefficient (CLmax). Furthermore, attempts were made to identify the optimum size of
the SSVG, along with the chordwise location (x/C) at which the SSVGs can be blended
with the wing section. In this study, three different sets of SSVGs, each blended at three
different chordwise locations 0.3, 0.5, and 0.8C, as shown in Figure 9 were investigated in
detail. The corresponding aerodynamic lift and drag forces were measured using the force
measurements obtained from the wind tunnel, and the results are discussed in detail in the
upcoming sections of the paper.
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Figure 7. Coefficient of lift (CL) vs. angle of attack (α) for baseline and modified model with shark scale vortex generators (SSVG).
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Figure 9. A schematic representation of 5S type SSVG (a–c), 5M type SSVG (d–f), and 5L type SSVG (g–i) blended over the
test airfoil at various chordwise locations.

3.2. Influence of 5S Type SSVG at Various Chordwise Locations (x/C)

The variation of characteristic lift coefficient (CL) vs. angle of attack (α) for the baseline
clean wing configuration, modified wing model with conventional vortex generators, and
the modified model with 5S type SSVG located at three different chordwise locations (x/C)
is shown in Figure 10. For all the test models, the coefficient of lift (CL) increased linearly
with the angle of attack (α) in the pre-stall regime, followed by hard-stall characteristics
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(i.e., sudden loss of lift) at the stall point. However, in the baseline clean wing configura-
tion the model stalled between 9◦< α < 12◦, whereas in the case of the modified model
blended with conventional rectangular VG and 5S type SSVG, the stall occurred between
12◦ < α < 15◦, except 5S @ 0.3c. Of the three different sets of SSVG, the coefficient of lift (CL)
of 5S @ 0.3C was comparatively low compared to its counterparts and the baseline clean
wing model. At the same time, beyond the baseline stall angle of attack α = 9◦, 5S @ 0.8C
continued to produce greater lift around 3.80% accompanied by a delay in the stall angle
by 3◦. The increased coefficient of lift (CL) and the delayed stall angle can be attributed to
the modification of the spanwise flow pattern induced by the SSVG. In the case of 5S @
0.5C, even though the model continued to produce lift beyond the baseline stall angle and
offer stall delay benefit, the overall maximum lift coefficient (CLmax) was relatively low
when compared against the 5S @ 0.8C type SSVG configuration. Similarly, in the post-stall
region, the 5S @ 0.3C and 5S @ 0.8C type SSVG configuration exhibited better aerodynamic
performance enhancement in terms of lift characteristics for a wide range of angles of
attack (α), ranging between 15◦< α < 24◦, except at α = 18◦. Based on these results, it can
be reported that the modified model blended with 5S type SSVG located at 0.5C and 0.8C
outperformed the baseline clean wing configuration in the post-stall region. However, at
the same time it should be noted that the modified model with SSVG 5S @ 0.3C did not
provide any significant aerodynamic benefit in terms of both the coefficient of lift (CL) and
stall delay, under both the pre-stall and post-stall conditions. It is worth noting that the
modified model blended with 5S type SSVG (5S @ 0.5C and 5S @ 0.8C) showed better lift
characteristics than its equivalent counterpart (i.e., modified wing model blended with
conventional rectangular VG).
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Figure 10. Coefficient of lift (CL) vs. angle of attack (α) for the baseline and modified model with Scheme (5S) SSVG.

The drag coefficients (CD) of the baseline clean wing configuration, modified wing
model blended with conventional rectangular VGs, and the modified models with 5S type
SSVG fixed at various chordwise locations were compared against the angle of attack (α),
as shown in Figure 11. It is shown in Figure 11 that the drag coefficient (CD) increased with
the increase in the angle of attack (α) for all the test models. However, an increase in the
drag coefficient (CD) of the modified model blended with 5S type SSVG (5S @ 0.5C and 5S
@ 0.8C) relative to the baseline clean wing configuration and the modified model blended
with conventional rectangular VG was apparent over the pre-stall angles ranging between
0◦< α < 9◦. Both the 5S @ 0.5C and 5S @ 0.8C SSVG led to an increased drag coefficient
and a reduced angle at which the drag curves for these models departed from the baseline
curve. The stall was visible in the (CD) curve for the baseline model accompanied by a
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sudden rise, and on the other hand, the coefficient of drag (CD) of the modified models
instead continued to increase slowly. Moreover, it should, however, be noted that the
modified model blended with conventional rectangular VG showed a rapid rise in the
drag coefficient at α = 9◦. Following this, the modified model blended with conventional
rectangular VG continued to exhibit the largest drag coefficient (CD) out of all the test
models over the entire angle of attack range considered. It is visible from the data shown
in Figure 11 that neither the baseline clean wing model nor the modified model blended
with 5S type SSVG exhibited drag coefficients (CD) that were greater than the modified
wing model blended with conventional rectangular VG between 9◦< α < 24◦. Therefore,
it becomes clear that the modified models blended with 5S type SSVG showed relatively
less drag when compared against the baseline clean wing configuration, and the modified
model blended with conventional rectangular VG at post-stall angles. This is because the
separated shear layer generated from the SSVG imparted momentum to the flow adjacent
to the surface, and thereby contributed to the increased maximum coefficient of lift (CLmax).
In other words, the separated turbulent boundary layer from the SSVG helped re-energize
the flow, thereby offering better stall delay characteristics by effectively mitigating the
flow separation at higher angles of attack (α). However, at lower angles of attack (α) the
modified models with SSVG showed an increased drag coefficient, which was most likely
due to the increase in pressure over the suction side of the airfoil induced by the SSVG (i.e.,
the increase in pressure due to the disturbance caused by the SSVG to the flow moving over
the upper surface of the airfoil). In the pre-stall region, the separated shear layer arising out
of the SSVG increased the pressure on the suction side of the surface of the airfoil, resulting
in a sharp decline in the favorable pressure gradient. The decline in the favorable pressure
gradient caused a loss of lift in the pre-stall angles. It is also evident from Figure 10 that in
the pre-stall angles, the modified model with 5S type SSVG exhibited a lesser lift coefficient
(CL) than the baseline model. Hence, a pressure model could be utilized in the future to
gain a more detailed insight into the surface pressure alterations induced by the SSVG.
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Figure 11. Coefficient of drag (CD) vs. angle of attack (α) for baseline and modified model with small sized (5S) SSVG.

3.3. Influence of 5M Type SSVG at Various Chordwise Locations (x/C)

To examine the variations of aerodynamic lift coefficients (CL) of the 5M type SSVG,
which was comparably larger than the 5S type, aerodynamic force measurements were
performed. Additionally, experiments were also performed over the baseline clean wing
configuration and the modified wing model blended with conventional rectangular VG to
facilitate comparison of the results. All the test models were experimentally investigated for
a wide range of angles of attack (0◦< α < 24◦) at Re = 2.0 × 105, as discussed in the preceding
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section. The influence of 5M type SSVG at various chord locations was also included by
blending the SSVG at three chordwise locations, namely 0.3C, 0.5C, and 0.8C. Figure 12
represents the variation of aerodynamic lift coefficients of all the test models as a function of
the angle of attack (α). The difference in the lift coefficient plots (CL) between the baseline
clean wing configuration and the modified models blended with SSVG is evident from
Figure 12 as it indicates that SSVG had some influence on the aerodynamic characteristics.
As can be seen from Figure 12, in the case of baseline clean wing configuration the lift
coefficient increases linearly along with the angle of attack till it reaches the vicinity of
α = 6◦. This area is called the linear region. After that, beyond α = 9◦, the lift coefficient
indicated a maximum value and then decreased due to the stall phenomenon. However,
in the case of 5M type SSVG and the conventional rectangular VG, the lift coefficient
was significantly reduced compared to the baseline clean wing configuration. The lift
coefficient of 5M @ 0.3C was worse than the 5M @ 0.5C and 5M @ 0.8C configurations,
and even poorer than the modified model blended with the conventional rectangular VG.
For all the test models considered, the post-stall region’s lift coefficient remained nearly
consistent, with very small fluctuations between 15◦< α < 24◦. Even though the maximum
lift coefficient (CLmax) of the baseline clean wing configuration was 5.70% greater than the
modified models blended with SSVG, with a past stall angle at α = 12◦ and the highest α,
the baseline clean wing model showed marginally lower (CL) than the modified models
blended with SSVG. Therefore, it can be considered that the 5M type of SSVGs did not show
any performance enhancements in terms of the lift characteristics curve, except at α = 12◦

and at the highest α. The reduction in the maximum lift coefficient (CLmax) was most
likely caused by the alternate flow pattern induced between the SSVG, i.e., the separated
turbulent boundary layer arising out of the SSVG experiences a partial slip condition while
in general, the airfoil surface without SSVG experienced a slip condition. Although this
bi-periodic local pressure gradient, resulting in a spanwise flow energizing the flow, keeps
the flow attached to the surface, it reduces the overall favorable pressure gradient between
the upper and the lower surface of an airfoil. From this, it can be proposed that the decrease
in the coefficient of lift (CL) can be attributed to that local spanwise flow induced by the
SSVG. Moreover, the results also indicate that the location in which the SSVGs are placed
plays a vital role in determining the aerodynamic characteristics of that airfoil; as 5M @ 0.8C
exhibited almost the same behavior as the baseline clean wing configuration, especially
between 9◦< α < 24◦. Furthermore, it can be stated that when the SSVGs were blended over
the test airfoil near the point of flow separation, the separated turbulent boundary layer
generated by the SSVG induced a three-dimensional spanwise flow, thereby re-energizing
the flow and helping to mitigate the flow separation. However, when the same SSVGs
are placed before the point of separation, they tend to disturb more of the oncoming free
stream flow, exhibiting detrimental effects. Furthermore, it should, however, be noted
that no significant improvement in stall delay characteristics could be observed over the
airfoil when the 5M type SSVG wasutilized, whereas a 3◦ delay in a stall angle could be
observed for the modified model blended with conventional rectangular VG. Overall the
comparison of both the baseline and the modified model with 5M type SSVG blended at
different chordwise locations showed no primary benefit, both in terms of maximum lift
coefficient (CLmax) and delayed in the stall angle.

The drag coefficient curves for all the test models were plotted against the angle of
attack (α), as shown in Figure 13. At low angles of attack (α), the modified models with
SSVG showed a drag coefficient (CD) modestly greater than the baseline clean wing model
and the modified model blended with rectangular VG. The trend line of the characteristic
drag coefficient (CD) increased linearly against the angle of attack for the modified models
with SSVG compared to other test models, as described in the previous section. Out of
all the 5M type SSVG cases, the largest drag coefficient (CD) at any angle belongs to the
modified model with 5M @ 0.3C SSVG. However, out of all the test models, it becomes
clear that the modified model blended with conventional rectangular VG had the highest
drag coefficient (CD) between 9◦< α < 24◦, except at α =12◦. On the contrary, 5M @ 0.5C
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exhibited the lowest drag coefficient (CD) between 12◦< α < 24◦, except at α =15◦ and in
the pre-stall angles. It is clear from Figure 13 that beyond α = 9◦, 5M @ 0.5C showed a
relatively lesser drag coefficient than all the other test models. This marginal reduction
in the drag coefficient (CD) for 5M @ 0.5C can be attributed to the reattachment of the
flow energized by SSVG through momentum transfer. However, the separated turbulent
boundary layer significantly influenced the pressure drag on the surface.
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Figure 12. Coefficient of lift (CL) vs. angle of attack (α) for the baseline and modified model with medium-sized (5M) shark
scale vortex generators (SSVG).
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Figure 13. Coefficient of drag (CD) vs. angle of attack (α) for the baseline and modified model with medium-sized (5M)
shark scale vortex generators (SSVG).

3.4. Influence of 5L Type SSVG at Various Chordwise Locations (x/C)

Figure 14 represents the variations of the lift coefficient (CL) against the angle of
attack (α) for the baseline clean wing configuration and the modified models blended with
rectangular VG and SSVG. To compare the effects of the 5L type SSVG at various chordwise
locations, the relative lift and drag ratios were investigated in this section. The terms
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“relative lift ratio” and “relative drag ratio” represent the lift and drag of the modified
model divided by the lift and drag of the baseline model, respectively.
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Figure 14. Coefficient of lift (CL) vs. angle of attack (α) for baseline and modified model with large-sized (5L) shark scale
vortex generators (SSVG).

Relative lift ratio =
CL of the modified model
CL of the baseline model

(3)

Relative drag ratio =
CD of the modified model
CD of the baseline model

(4)

The relative lift ratios for the baseline clean wing configurations and the modified
models blended with rectangular VG and SSVG are presented in Figure 15. To ascertain
good performance, a relative lift ratio of more than one and a relative drag ratio of less
than one are desirable. It can be seen from Figure 15 that the modified models with 5L type
SSVG performed well in the post-stall angles. However, in the pre-stall angle, the relative
lift ratios were less than 1, indicating a decrease in the performance. The absence of lift
enhancement in the pre-stall region followed by the optimum aerodynamic performance
in the post-stall region indicates a qualitative change in the surface flow over the modified
models relative to the baseline model due to the presence of SSVG. These results can be
further supported by the hypothesis made by Lang et al. [15], that the shark scales are
ineffective in mitigating the flow separation and postponing the point of separation until
the angle of attack is beyond 12◦.

The variations of the drag coefficient (CD) vs. angle of attack (α) and the correspond-
ing relative drag ratios are shown in Figures 16 and 17, respectively. The relative drag
ratios of almost all the modified models with SSVG exhibited a greater relative drag ratio
when compared against the baseline model, except 5L @ 0.5C between 12◦< α < 18◦. In
the pre-stall angles of attack (α), the modified models with 5L type SSVG had crossed the
value of 1, depicting a modestly greater relative drag when compared against the baseline
model without SSVG. In addition to this, it was observed that placing the 5L type SSVG
near the vicinity of the leading-edge tends to generate more drag, indicating that blending
such SSVG at 0.3C would not offer any potential aerodynamic benefits, as discussed in
the previous section. Moreover, the variation of the relative drag ratio of the modified
models blended with SSVG to the baseline model seemed relatively small in terms of
post-stall angles. It is noteworthy that the modified model blended with 5L type SSVG
produced relatively lower drag than the conventional rectangular VG. However, the drastic
increase observed in the relative drag ratio for the modified model blended with 5L type
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SSVG was believed to be caused by the additional turbulent boundary layer induced by
the SSVG in the flow fields in the form of vortices. The results indicate that, like the 5M
type SSVGs, the 5L type SSVGs did not experience any stall delay characteristics. Under-
standing the underlying flow mechanism of the SSVG can help aerodynamic designers
and engineers effectively engineer the flow field over the airfoil, aiming at achieving the
optimum aerodynamic performance. It can also act as a guideline in administering the
SSVG to effectively control the flow and mitigate the flow separation over the airfoil. The
aerodynamic efficiency (L/D) ratio for the baseline and the modified model with SSVG
presented in Figure 18 also represents the same. Not only did the modified model with
SSVG show a lower lift curve slope in the pre-stall region, but also a lower lift coefficient
(CL) in the pre-stall region. On the other hand, in the post-stall angles, the modified model
with SSVG exhibited a greater increase in the (CL) when compared against the baseline
model, resulting in an increased aerodynamic efficiency (L/D) between 12◦<α<24◦. The lift
to drag plot revealed that the baseline clean wing model maintained a larger L/D for angles
of attack up to α=12◦, In contrast, the reduction in the aerodynamic efficiency (L/D) for the
modified models blended with rectangular VG and bio-inspired SSVG can be attributed
to the reduction in the overall favorable pressure gradient, resulting from the spanwise
variation of the flow. However, in the post-stall angles, the separated turbulent boundary
layer, in the form of vortices arising from the SSVG, imparted momentum to the flow, and
offers aerodynamic benefits. Consequently, it can be claimed that the modified models with
SSVG tends to be more aerodynamically efficient at post-stall angles. Moreover, the L/D
plots indicate that the modified models blended with SSVG offered better aerodynamic
efficiency when compared against the conventional rectangular VGs between 6◦< α < 24◦,
except at α =12◦.
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Figure 15. Relative lift ratio vs. angle of attack (α) for baseline and modified model for large-sized (5L) SSVG.

3.5. Understanding the Optimum Configuration of Modified Models with SSVG

A comparison of the aerodynamic forces like the coefficient of lift (CL) and coefficient
of drag (CD) for the baseline clean wing configuration, modified model blended with
rectangular VG, and modified model blended with three different sets of SSVG at various
chordwise locations (x/C) is shown in Figures 19 and 20, respectively.
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Figure 19. Comparison of the coefficient of lift (CL) over baseline and modified wings with 5S, 5M, and 5L SSVG at various
chordwise locations.

Figure 20. Comparison of the coefficient of drag (CD) over baseline and modified wings with 5S, 5M, and 5L SSVG at
various chordwise locations.

It is clear from the plots that in the post-stall angle, the characteristic lift coefficient
(CL) of the modified model blended with SSVG outperformed both the baseline clean
wing configuration and the modified model blended with rectangular VGs. The 5L @
0.3C exhibited the maximum lift coefficient throughout the post-stall angle 12◦< α < 24◦,
except at α =12◦, where 5S @ 0.8C holds the CLmax. Even though the baseline clean wing
configuration held the maximum lift coefficient value throughout the pre-stall regime, the
results indicate that out of both the conventional rectangular VG and the bio-inspired SSVG
cases, the 5L @ 0.3C showed better lift characteristics in both the pre-stall and the post-stall
angles, except at α = 9◦. Moreover, 5L @ 0.3C did not show any stall delay characteristics.
In contrast to the 5L type SSVG @ 0.3C, another modified configuration, namely 5S @ 0.8C,
offered the best aerodynamic benefits, like maximum lift coefficient (CLmax) associated
with stall delay characteristics. The maximum lift coefficient (CLmax) of the baseline airfoil
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was 0.63, whereas the modified model with SSVG 5S @ 0.8C showed a CLmax of 0.66,
which was 3.80% greater than the baseline model. The result is in good agreement with
Bechert et al. [14], who claimed that utilization of shark scales improved aerodynamic
performance by 3%. Additionally, 5S @ 0.8C also offered benefits in terms of stall delay
characteristics. The coefficient of lift (CL) of the baseline model increased linearly till α = 9◦,
and then encountered stall, whereas the modified model 5S @ 0.8C stalled at α = 12◦.
Therefore, based on the experimental results, it can be concluded that the 5S type SSVG
blended at 0.8C offered better aerodynamic benefits relative to the baseline clean wing
model, modified model blended with rectangular VG, and its other SSVG counterparts.
Similarly, the 5S type SSVG when located at 0.5C exhibited the minimum drag coefficient
(CD). Comparisons of the aerodynamic efficiency (L/D) of the baseline smooth wing and
modified wings with conventional rectangular vortex generators, modified 5S, 5M, and
5L bio-inspired shark scale vortex generators are presented in Figure 21. Based on the
experimental results, it was identified that each set of shark scale vortex generators yields a
unique aerodynamic benefit in terms of (CLmax), CDmin, and stall delay, as shown in Table 3.
Since the present work is the first of its kind, certain discrepancies in the aerodynamic force
coefficients, i.e., CLmax, CDmin, etc., were found with the difference in the size of the SSVG.
Henceforth, a deeper understanding of the underlying flow physics is deemed essential.
Accordingly, the bristling angle selection needs to be considered since shark scales utilize
bristling to mitigate the flow separation over the surface effectively.

Figure 21. Comparison of aerodynamic efficiency (L/D) over baseline and modified wing with RVG, 5S, 5M, and 5L
vortex generators.

Table 3. Optimum aerodynamic configurations of SSVG operating at Re = 2.0 × 105.

Label Parameter Baseline Modified Benefits

5S@0.8C CLmax 0.63 0.66 3.80% CL increment
5S@0.8C α at CLmax 9◦ 12◦ Extended operating range

5S@0.3C CDmin 0.05 0.04 Maximum drag reduction
by 20%

5S@0.8C αstall, degree 9◦ 12◦ Stall delay by 3◦

4. Conclusions

In this study, the effectiveness of shark scale inspired vortex generators (SSVG) over
the test airfoils at various chordwise locations (x/C) was investigated in a wide range of
angles of attack (α), ranging from 0◦ to 24◦, and in increments of 3◦ at Re = 2.0 × 105. The
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aerodynamic force measurements were obtained using a three-component force balance set
up and a wind tunnel. Based on the experimental observations, the influence of the shark
scale-based bio-inspired vortex generators (SSVG) on the aerodynamic characteristics of
the airfoil were studied in detail and the following conclusions were made:

1. Incorporation of the 5S type SSVG at 0.8C chordwise distance of the airfoil enhance
the lift coefficient (CL) by about 3.80% when compared against the baseline NACA
0015 airfoil model.

2. 5S type SSVG, when placed at 0.8C, showed that it is effective in delaying the stall by
effectively mitigating the flow separation.

3. Shark scale-inspired vortex generators of 5S type, when installed at 0.3C, exhibits the
lowest drag coefficient (CD) when compared against the baseline model.

4. Shark scale-inspired vortex generators of the 5S type, when installed at 0.5C and 0.8C,
offered better aerodynamic characteristics relative to the conventional rectangular VG.

The experimental results showed that bio-inspired shark scale vortex generators
(SSVG) could delay stall characteristics and help reducing the adverse effects of flow
separation. This research can be further extended to consider the impact of bristling angle,
Reynolds number, etc., with in the scope for future research, before looking for practical
applications. Likewise, surface pressure over the airfoil models featuring SSVG can be
studied to better understand the underlying flow physics. Optimization studies involving
genetic algorithms might further improve the effectiveness of the SSVG applications over
the airfoil.
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Abbreviations

SSVG Shark Scale Vortex Generator
VG Vortex Generator
Re Reynolds number
β Bristling angle
UAV Unmanned Aerial Vehicle
MAV Micro Aerial Vehicle
NACA National Advisory Committee for Aeronautics
A Amplitude (in mm)
λ Wavelength (in mm)
c Chordlength (in mm)
b Span (in mm)
PLA Poly lactic acid (or) Polylactide
MPS Miniature Pressure Scanner
FL Lift force
FD Drag force
CL Coefficient of lift
CLmax Maximum coefficient of lift
CD Coefficient of drag
CDmin Minimum coefficient of drag
L/D Aerodynamic efficiency
ρ Density of fluid
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v Free-stream velocity
s Wing area
dCL/dα Lift curve slope
α Angle of attack
αstall Stalling angle of attack
x/C Chordwise location
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