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Learning from nature-inspired by a humpback whale flipper is capable of capturing their prey

ingeniously. The humpback whale has the flipper with wavy leading edges (WLE), which has an
improvement of hydrodynamic performance. This flipper plays a part in enhancing efficiency on the
hydrodynamic. Their flipper morphology makes increase the hydrodynamic performance by
increasing the lift force and reducing the drag one. This study focuses on the hydrodynamic
performance of WLE with several wing shapes based on NACAO0018: rectangular and taper wings,
and their aspect ratio in steady and unsteady motions at Reynolds number 1.4 x 10°. The main results
can be summarized as follows:

1.

This research employed the numerical approach using Computational Fluid Dynamics, CFD, to
investigate the flow mechanism on the WLE wing. There are three types of reduced frequencies
during unsteady conditions. The numerical work in unsteady conditions was conducted at aspect
ratio 1.6 to find out the effect of WLE on the wing. The upstroke motion has higher hydrodynamic
performance at the aspect ratio of 1.6 than the downstroke motion. The stronger vortical flow
was observed during the upstroke motion concerning the streamline analysis around the WLE.
This vortical flow could contribute to the separation control

The different aspect ratios on the rectangular wing were compared and examined to survey the
maximum performance of the WLE. The steady case analysis was also investigated to determine
the suitable aspect ratio of the rectangular wing with the WLE. The best performance was
observed at the aspect ratio of 7.9 after the stall region with separation. The effect of the WLE is
remarkable in the area between mid-span and the wing tip direction, comparing the area between
the symmetry plane and the mid-span.

The several aspect ratios: 3.9, 5.1, and 7.9, were compared during the unsteady motion to
investigate the effect of the WLE on the rectangular wing. This study focused on the range of the
angles at the post-stall condition: 25° < o < 35°. The similar results with the aspect ratio of 1.6
were found at the aspect ratios of 3.9 and 5.1, where the WLE wing has the best performance.
The WLE wing has a higher lift force comparing with that of the baseline wing during the
upstroke motion. However, the tendency at the aspect ratio of 7.9 was inconsistent with that of
AR 1.6. This difference was an important fact to observe the characteristics of the flow
phenomenon caused by the WLE. Therefore, the shape of the rectangular wing was appropriately
improved into the form of the taper wing because a taper wing shape could be very similar to the
flipper shape of the humpback whale.

The humpback whale flipper has an aspect ratio of around 7.7. An approach to the design of the
humpback whale flipper was rendered using the three types of taper ratios: 0.1, 0.3, and 0.5. This
study in the steady motion was performed on three forms of taper ratios to find out the best
performance. The position of the WLEs between mid-span and the wing tip direction has a higher
effect in controlling the flow separation.

. Both the taper wing and the rectangular one were compared to find out the optimal wing shape;

The rectangular wing with the aspect ratio of 7.9 and the taper wing with the taper ratio of 0.3
were investigated in the unsteady motion with the reduced frequency k = 0.25 at the attach angles
25° < a < 35° in the post-stall region. The taper wing with the WLE has a good performance in
both upstroke and downstroke motions. The flow phenomena, including the separation around
the WLE, are considerably different in both wings. The straight streamlines were found on the
TR 0.3 wing in the mid-span to the direction of the wing tip. Because the flow filed around the
taper wing with the WLE is relatively smooth than that around the rectangular wing.



CHAPTER 1
INTRODUCTION

1. 1 Research Background

Learning from nature, the humpback whales have the ingenious ability to catch their prey.
Its morphology plays an important role in improving hydrodynamic performance. Their flipper
has the form streamlined, blunt, and rounded leading edge. The shape of the flipper is expected
to increase the lift and reduce the drag coefficient. It is interesting to be applied for various
purposes, such as stabilizers on the ships, axial fans, or other aircraft. These applications could
be operated with frequently facing the stall condition. Therefore, an improvement should be
necessary to ensure good performance. In general, an improvement of hydrodynamic
performance could be made by using the flow control device. The following sections provide a
classification of flow control based on the energy expenditure of the device. If the device
requires the energy to control fluid flow, it is classified as an active control. Otherwise, it is
classified as a passive control. In this research, the passive control of fluid flow is the main
focus.

One of the passive controls by fluid flow is using wavy leading edge by attaching it on
the leading edge of the wing. As explained before, the flipper on the humpback whale flipper
has an important role in improving the hydrodynamic performance. The flipper shape could be
approached by using the wavy leading edge. More benefits could be obtained by using the wavy
leading edge if this shape can be applied in more various wing shapes such as rectangular wing
and tapered wing. This research, carried out the benefit of the wavy leading edge on both wing

shapes and clarified the comparison of them.

1.2 Previous Research

The following paragraph below describes some research that is related to the fluid flow
using passive control, such as adding a wavy leading edge of a wing and turbulent generator.
There have been many studies inspired by the humpback whale flipper. Frank E. Fish et al. [1]
stated that the morphology of the humpback whale flipper is adapted for high maneuverability
associated with the whales unique feeding behavior. It has been seen that tubercles on the
humpback whale flipper have functioned as passive control devices, shown in Figure 1.1. The
humpback whale flipper had a cross-sectional design typical of manufactured aerodynamic foils

for lift generation. Foil NACA 634-021 is similar to cross-sections from the whale flipper.



Figure 1.1 Humpback Whale with tubercles on flipper leading edge

(http://oceanwideimages.com)

Another research was employed by Fish et al [2] about application of Bio-inspired
technology. Experimental analysis of finite wing models has demonstrated that the presence of
tubercles produces a delay in the angle of attack until stall. The tubercle on the leading edge
like humpback whale flipper can produce a delay stall, increasing maximum lift and decreasing
drag. Humpback whales' flipper cross section closely resembles the 21% thick, low drag,
similar with NACA 634-021 airfoil. In their research [3] about engineering opportunities from
nature was mentioned that there a few other passive means of altering fluid flow around a wing-
like structure that can delay stall and both increase lift and reduce drag simultaneously. As result
the application of leading edge tubercles for passive flow control has potential in the design of
control surfaces, wings, fans and wind turbines.

On a wing, very high pressure in front of the leading edge causes a lot of drag. In that
area, the leading-edge vortex stays a few moments before it expands to the suction side and
pressure side. It will be separate from the wing and then stalls. It conditions abrupt decrease the
lift force and increases the drag force. After stall condition, the wing unable to acquire the
higher lift force. It is important to improve the stall characteristics of the wing event after the
stall condition. This improvement could be applied in some practical application which has the
unsteady motion such as fin stabilizer, wind turbine, or other aircraft.

There are many methods to maintain the lift force, such as using a vortex generator or
wavy leading edge. Vortex generator (VG) is the small wedge placed on a wing. It has benefit
in reducing separated flow and delaying the stall point as it is shown in Figure 1.2. In general,
the VG could be defined as vortex devices to maintain the flow at low speeds and delay stall,
by creating a vortex to re-energize the boundary layer close to the wing. But the VG creates

additional drag at all speeds. Bak et al. [4] studied the VG and its benefit with wind tunnel tests



of NACA 63-415 profile. The VG is able to increase the maximum lift coefficient, but it is
unable to acquire the lift coefficient after the stall condition. Besides that, the VG increases the
drag coefficient for low angles of attack until 12°. Figure 1.3 represents the force characteristics
for NACA 63-415 profile with adding the VGs on suction side measurements compared with
the smooth flow. At the angle of attack 10° < a < 20°, the wing with VGs able to increase the
lift coefficient (C/), but at the angle of attack higher than 20° no significant differences with the

smooth wing.

Before VGs

Smooth airflow Boundary layer
begins to separate

After VGs

Vortex airflow Boundary layer Boundary layer
energized by vortices remains attached

Figure 1.2 Benefits of vortex generator

(http://www.aerospaceweb.org/question/aerodynamics/q0255.shtml)
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Figure 1.3 Lift coefficient (C/) and drag coefficient (Cd) for NACA 63-415 profile with VGs

on the suction side measurements [4]
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Figure 1.4 Experimental model a) Full span model, b) Semi-span model [5]

Another research conducted by Miklosovic et al. [5], [6] resulted that a scalloped flipper
is able to delay stall and increase the lift force. They also stated that the humpback whale flipper
could delay stall approximately 40%. The aim of their research is to determine the sectional
characteristics of the wing using tubercles. Figure 1.4 represents their experimental model.
Figure 1.4 a) indicates the full span model (quasi 2D) or rectangle wing with wavy leading edge
and b) indicates the semi-span model or fin type model (baseline flipper) and adding the wavy
leading-edge wing (scallop flipper). Their results are described in Figure 1.5. Figure 1.5 a)
shows the full span model results. Before the stall condition, the scallop flipper has lower C/
value than the baseline flipper. But after the stall condition, the lift coefficient has higher value
than the baseline. The flipper model result is shown in Figure 1.5 b), the scallop flipper has the
same manner with the baseline flipper before stall condition, but it has higher maximum lift
coefficient than the baseline flipper at the critical angle before the stall was occur. It means that

the scallop flipper has an impressive performance to delay the stall. The scalloped flipper



showed better performance than a full span model. However, the mechanism of delaying the

stall in their research is remaining unclear.
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Figure 1.5 Aerodynamic characteristics of scallop flipper [5]

Pedro et al. [7] employed the experimental research of comparison the scallop flipper and
smooth flipper as well as the CFD simulation on Reynolds number 5 x 10°. RANS turbulence
model Spalart — Allmaras was used in their computation research. This comparison is obtained
how to improve the aerodynamic performance of the wings. Separation on the flipper will affect
its performance. In Figure 1.6, the separation on smooth flipper grows rapidly in the root
direction. They concluded that scallop flipper resists to separation more efficiently than the
smooth flipper. Figure 1.7 shows the vorticity magnitude of Pedro et al. research. The tubercles

work as the vortex generator. The root and the tip flipper produce similar vortex structures. The



large stream-wise vortex structures around for scallop flipper has much more momentum which
delays the separation, it described in Figure 1.7 a). This study only focused on the steady case.

Meanwhile the low Reynolds number has been chosen in this case.

.
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\
i

Separation line

b) Scallop flipper

Figure 1.6 Averaged shear stress streak-lines for a = 12.5° [7]

a) Smooth flipper b) Scallop flipper

Figure 1.7 Vorticity magnitude distribution [7]

An experimental and numerical research of bio-inspired sinusoidal leading edge on
NACA 0020 profile has been employed by Post et. al. [8] with scallop flipper shape. Steady
case only was performed in their research at the range angle is -2° < o < 24°. They were

concluded that the mechanism by which the leading-edge modifications alter the flow



characteristics is likely due to the spanwise momentum gradients. The sinusoidal leading-edge
modifications act to remove much of the unsteadiness from the flow.
Table 1.1 summaries the tubercles effect on the scallop flipper shape discussed above.

Table 1.1 Summaries of previous research using scallop flipper model

Researcher Model Result
Miklosovic et. Scallop flipper e The flipper of humpack whale cross
al. [5], [6] NACA 0020 with sectional is similar with NACA 0020
and without profile.
tubercles e The scallop flipper with tubercles can

delay stall approximately 40%.

e The lift of the scallop model has higher
lift at higher incidence angles.

e However, the mechanism of delaying
the stall in their research is remaining
unclear.

Pedro et. al. [7]

Scallop flipper with | e The large stream-wise vortex structures

and without
tubercles

around for scallop flipper has much
more momentum which delays the

separation.
e Only focused on steady case using low
Reynolds number
Scallop flipper with | @ The leading-edge modifications alter the
NACA 0020 profile flow characteristics is likely due to the
with tubercles

Post et. al. [8]

spanwise momentum gradients
e Steady case only at the range angle -2° <
a < 24°.

Johari et al. [9] explored the lift, drag, and pitching moments of airfoils with leading-edge
sinusoidal protuberances in a water tunnel and compared them with a baseline 634-021 airfoil.
They investigated the effect of the shape of WLE on end-plated rectangular wings. The shape
of WLE in their research was sinusoidal protuberance, which is put on the leading edge of the
wing. The foils with the leading-edge protuberances did not stall in the same manner as the
baseline foil with the smooth leading edge. In the post-stall regime, the airfoils with
protuberances had higher lift coefficients by as much as 50% over the baseline foil. The
amplitude of the protuberances had a distinct effect on the performance of the airfoils, whereas
the wavelength had little. Their research only conducted in steady case. Beside that the flow

pattern mechanism was not observed.



Hansen et. al. [9], [11], [12], [13] has been explored the effect of tubercles on the lift and
drag forces, flow behavior, and noise generation in her thesis using tubercles on NACA0021
and NACA 65-021 profile. Tubercle effectiveness increased with smallest amplitude and
wavelength (A2A7.5 and A4)30). Consideration of an optimal amplitude to wavelength (A/A)
ratio is the important thing because its effected to flow pattern on the wings. Figure 1.8
described the lift coefficient against the angle of attack for the full-span model and semi-span
model. In this case, the wavy leading-edge wing which has smallest amplitude and wavelength
has the highest value among the other modified wing. The smallest amplitude and wavelength
tubercles have the best performance. The whole modified wing using wavy leading edge unable
to acquire the higher lift coefficient. Besides that, the maximum lift coefficient has a lower
value than the baseline wing. Meanwhile, after stall condition, several modified wings have a
higher lift coefficient than the baseline wing. It means that the wing using wavy leading edge
is capable to recover the forces. Figure 1.8 b) shows 3D case results, but the tendency is similar
to 2D case results. The effectiveness of tubercles depends on the Reynolds number than the 3D
effects. Counter-rotating vortex was found in the tubercles. The evolution of streamwise
vortices were observed in steady flow only.

Arai et al. [14], [15] employed research using a circular water channel with NACA0018
profile to explore the mechanism of stall delay. It was conducted with numerical simulation
also with LES turbulence model. The predicted lift and drag coefficient of pre-stall and post-
stall conditions are in a good agreement with the experimental results. The shorter wavelength
of the protuberance is better for producing large lift force at the post-stall angles of attack on
the rectangular wing. Arai et al. also performed the experimental method. From these studies,
the wing using a wavy leading edge has a lower maximum lift value compared to the baseline
wing with the pre-stall angle of attack. But the wing with a wavy leading edge is resist to
separation at the post-stall condition. Figure 1.9 shows the velocity magnitude distributions in
their research. The separation point in the Figure 1.9 b) occurred later compare with the baseline
in Figure 1.9 a). They conclude that the wavy leading edge can restrain flow separation and

delay stall. Their research only focused on steady case only at aspect ratio 1.6.
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a) Baseline NACA 0018

b) Wavy leading edge (WLE) wing type 2
Figure 1.9 Velocity magnitude distributions around the leading edge [15]
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Lohry et al. [16] conducted research to find out the characteristics and design of the
tubercle leading edge on the NACA 0020 wing using Reynolds number at (0.62-5) x10°. The
CFD analysis using RANS closed by a Menter SST k-o turbulence model reproduces
experimental measurements and trends with reasonable accuracy, even at a Reynolds numbers
lower than the one encountered in most envisioned practical applications. A comparison with
the results obtained for the baseline wing with a Spalart-Allmaras and Menter SST indicates
that the SST model reproduces more closely the experimental curves, and therefore was selected
for the remainder of this study.

A research about separation control on the hydrofoils with leading edge tubercles at
Reynolds number 1.4 x 10* is conducted by Wei et al. [17]. The variations are amplitude and
wavelengths of the hydrofoil 634-021 profile. Larger wave amplitudes and smaller wavelengths
tend to perform significantly better in flow separation control. Streamwise counter rotating
vortex pairs (CVPs) was explored. Leading edge tubercles create very regular CVPs and
evolution of these CVPs greatly affects the flow separation behavior. Under very low Re
number, the flow can separate rather easily from the baseline hydrofoil surface. They state that
under very low Reynolds number, the flow could separate rather easily from the baseline
hydrofoil surface.

Serson et al. [ 18] were studied about numerical simulation on the NACA 0012 wing with
wavy leading edge and wavy trailing edge. The experiment was conducted with 9 variations of
wavelength (1) and amplitude (%) in leading edge and trailing edge. The shortest wavelength
has no significant effect on the result. For A/c = 0,5 and A/c = 1 there is a reduction of the lift to
drag ratio. This reduction is accompanied by a suppression in the lift coefficient fluctuations.
Steady case was observed in their study at the angle of attack 0° to 20°. The flow pattern remains
unclear, only the skin friction was shown to find out the formation of separation. A similar
research also conducted by Maksoud et al [19] about the effect of leading and trailing edge
protuberances on aerofoil performance. Protuberances on both the LE and TE of an aerofoil is
more beneficial at larger angle of attack, delaying stall and having a higher L/D.

Favier et al [20] also conducted numerical study about separation control on the wing
using wavy leading edge. Performed on a NACA0020 wing profile at Re = 800, deep stall
configuration (a = 20°) with and without wavy leading edge. The aim is to obtain an insight of
the underlying physical mechanism responsible of the hydrodynamic performance

enhancements in the absence of transitional effects, based on the free stream velocity and the
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chord length. They stated that the shedding regime disappears, the flow is dominated by
streamwise structures generated by the bumps and the boundary layer is partially attached to
the wall in correspondence with the crest positions.

Aftab et al [21] studied about mimicking the humpback whale in an aerodynamic
perspective. In their research, a comprehensive review of the work on tubercles in the past
decade was observed. Their research on the Tubercle Leading Edge (TLE) concept has helped
to clarify aerodynamic issues such as flow separation, tonal noise and dynamic stall. TLE has
produced a significant reduction in the tonal noise, the broad band noise and cavitation.
Tubercles help the airfoil in achieving a gradual stall in the post stall region, thus maintaining
stability. Numerical predictions carried out using S—A, k—, SST k-, DNS, LES, DES and
DDES turbulence models are reported. DDES results are in better agreement with the
experimental values.

Skillen et al. [22], [23] conducted research about the undulating leading edge effect on
the wing. LES simulation using open FOAM package was conducted with NACAO0021 profile.
The leading edge modified with undulations amplitude 1.5%c and wavelength 21%c. Reynolds
number 120.000 and angle of attack 20° is considered. The study explores the flow physics and
the mechanism by which the post-stall aerodynamics benefit. Results show that 36% increase
in mean lift and 25% decrease in mean drag. The undulations induce a strong spanwise pressure
gradient due to the fact that the bulk of the oncoming flow is redirected behind the chord minima.

Huang et al. [24] conducted experimental research in a subsonic low speed wind tunnel
using a SD8000 airfoil profile. The aim of their research is explored the effect of leading edge
protuberances at the stall region of Horizontal Axis Wind Turbines (HAWT). From their
research, the static model is better performance with smaller amplitudes. The presence of
leading-edge protuberances would effectively delay the stall.

Similar research found in Torro et al. [25] research. A numerical simulation was
employed in their research using NACA 0021 profile and WLE at Reynolds number 1.2 x 10°.
They clarified that the structure of a pair counter-rotating stream-wise vortices generated around
the wavy leading edge. These stream-wise vortices prevented the separation flow.

A recent study was studied by Wei et. al. [26] about flow structures of moderate aspect
ratio (AR = 4) on the leading-edge tubercle wings. A NACA634-021 profile with tubercles LE
in finite and infinite wing was used in their study with variation of amplitude and wavelength

on the tubercle leading-edge. They concluded that larger tubercle amplitude A leads to gentler

13



stall and smaller tubercle wavelength A improve maximum lift. The larger flow recirculating

bubbles and comparatively inboard spanwise flows associated with the tip vortex flow

separation.

To make clearly understanding, Table 1.2 shows the summaries of previous research that

conducted using rectangular wing as mentioned above.

Table 1.2 Summaries of previous research using rectangular wing model

Researcher

Model

Result

Johari et al.

[9]

NACA 634-021 airfoil
with an endplate, the
sinusoidal
protuberances on the
leading edge

¢ In the post-stall regime, the airfoils with

protuberances ~ had  higher  lift
coefficients by as much as 50% over the
baseline foil.

The flow pattern mechanism was not
observed.

Hansen et. al.

[10], [11],
[12] and [13]

tubercles airfoil,
NACAO0021 and NACA
65-021

Tubercle effectiveness increased with
smallest amplitude and wavelength.
Counter-rotating vortex was found in the
tubercles.

The evolution of streamwise vortices
were observed in steady flow only.

Arai et. al.
[14] and [15]

NACA 0018, wavy
leading edge

The shorter wavelength of the
protuberance is better for producing
large lift force at the post-stall angles
The wing with a wavy leading edge is
resist to separation at the post-stall
condition.

The research only focused on steady
case only at aspect ratio 1.6.

atRe=1,4x 10*

Lohry et. al. | NACA 0020, Menter a Menter SST turbulence model
[16] SST k- turbulence reproduces experimental measurements
model and trends with reasonable accuracy.
Wei et. al. PIV experiment with Leading edge tubercles create very
[17], [26] NACA634-021 profile regular counter rotating vortex pairs

greatly affects the flow separation
behavior.

Larger tubercle amplitude A leads to
gentler stall and smaller tubercle
wavelength A improve maximum lift.

14




Researcher

Model

Result

Serson et. al.
[18],

Tubercles/protuberances
on the leading edge and

The flow pattern remains unclear, only
the skin friction was shown to find out

[21]

research with various
wing profile

Maksoud et. | trailing edge the formation of separation.

al. [19] Protuberances on both the LE and TE of
an aerofoil is more beneficial at larger
angle of attack, delaying stall and having
a higher L/D.

Favier et. al. | NACA 0020 profile at The flow is dominated by streamwise

[20] Re = 800, structures generated by the bumps

Aftab et. al. | A review of previous TLE shows increased lift by delaying

and restricting spanwise separation.
Tubercles help the airfoil in achieving a
gradual stall in the post stall region, thus
maintaining stability.

Skillen et. al.

NACA 0021 at

Results show that 36% increase in mean

10°

[22], [23] Reynolds number 1.2 x lift and 25% decrease in mean drag.
10° The undulations induce a strong
spanwise pressure gradient
Huang et. al. | SD8000 profile The  presence of  leading-edge
[24] Reynolds number 1 x protuberances would effectively delay
10° the stall.
Torro et. al. | NACA 0021 profile at Counter-rotating stream-wise vortices
[25] Reynolds number 1.2 x generated around the wavy leading edge

that prevented the separation flow.

An interesting study of comparison between rectangular and tapered wing has been
conducted by Javaid et. al. [27] by using towink tank experiment and CFD analysis. They
conducted a research hydrodynamic characteristics and dynamic stability of an underwater
glider on NACA 0016 profile. The underwater glider layout is provided in the Figure 1.10. To
find out the effectiveness of glider shape, the stability on the wings has been compared. The

important results of their research are even though tapered wing has lower lift force but it can

improve the dynamic stability.
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a) Rectangular wings

b) Tapered wings

Figure 1.10 Underwater glider of rectangular and tapered wings [27]

Another flow control method has been conducted by Choudry et al. [28]. Their research
purpose is controlling the dynamic stall for wind turbine applications. NACA 0012 profile and
variations angle of attack has been chosen experimentally with the wind tunnel. They use 3
methods, i.e. Vortex Generators (VGs), Elevated Wire (EW) and cavity. The schematic
illustration is shown in Figure 1.11. Only VG and EW able to improve the post-stall
characteristics of the airfoil. Stall angle occurs at the angles 20° and 23° for baseline profile and
VG, respectively. The vortex generators and the elevated wire concept are equally effective for
dynamic stall control. The cavity acted as a reservoir to store the reverse flow, and therefore an
approximate constant delay in the onset of flow separation was observed. The vortex generators
and the elevated wire concept are equally effective for dynamic stall control. The cavity acted
as a reservoir to store the reverse flow and therefore an approximate constant delay in the onset
of flow separation was observed. The cavity leads to a consistent delay in the dynamic stall
onset, but no beneficial effects were observed during the post-stall. The VG produces counter-
rotating vortex. VG able to delay stall angle on NACA 0012 (about 23°) but it inefficient to

improve the lift forces at the post-stall region.
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Figure 1.11 Schematic illustration of (a) VGs, (b) EW and (c) cavity [28]

The following section will explain tapered wing shape for comparison. A rectangle wing
is widely used as a fin stabilizer on the ships. Based on the separation theory, the fluid flow will
be through separation on its surface. If the wing attached to a body such as on a plane, the
separation will occur in the area around the body junction. Furthermore, there is a wing tip
vortex damages fluid flow. Wing tip vortex on the rectangle wing can affect the fluid flow it.
There are several ways that can be done to reduce the wing tip vortex, such as a modified form
of the rectangle wing into the tapered wing. Inspired by the humpback whale flipper or fin of
the fish, the rectangle wing as a fin stabilizer on the ships will be modified into a tapered wing.
The tapered wing is expected has more effectively performed than a rectangle wing (Cl/Cd >
0).

There are some examples of wing planform as Talay et al. [29] mentions in his book. The
airfoil section shape, planform shape of the wing and placement of the wing on the fuselage
depend upon the airplane mission and the best compromise necessary in the overall airplane
design. The wing planform is adapted to the application. Besides that, the aspect ratio must also

be considered. Both of these factors can affect the lift coefficient it produces. According to
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Hiong et al. research [30] about the effect aspect ratio on rectangular wing planform, increasing
aspect ratio will decrease the stall angle. In general, the expected stall angle is not too low. If
the wing has a low stall angle, it means that the wing will stall at a low angle of attack.

A research with tubercles on the SD7032 profile with tapered swept back wing has been
performed by Wei et. al. [31] The aim of this work is used to underwater glider application and
focused on the angle 20° only. The flow separation mitigation possibly enhances the
hydrodynamic performance for the present tapered swept-back wing, and hopefully leads to a
longer cruise range for the underwater gliders.

Ogura [32] studied the wavy leading edge on the tapered wing using a water channel. His
research compared with the rectangular wing. NACA 0020 profile was selected. The tapered
wing model is shown in Figure 1.12 The tapered wing with wavy leading edge has lower lift
coefficient (C/) value than the baseline at the angle of attack 12°. But at the post-stall region,
the tapered wing with wavy leading edge able to acquire the lift coefficient. Ogura also studied
about the comparison of the tapered wing and rectangle wing. Figure 1.13 shows the
comparison between the rectangle wing and tapered wing. The tapered wing has higher increase
rate of CI (8¢;) about 39% at angle of attack 20°. Meanwhile, the rectangle wing has the
maximum increase rate of C/ (6.;) about 31% at angle of attack 26°, as shown in Figure 1.14.
The wavy leading edge has suppression effect on tapered wing. The future work from his
research is increasing the maximum lift coefficient and delaying the stall on the tapered wing

with wavy leading edge. It may be done with the wavy leading edge only placed around the

T A
{ 300mm [ > Baseline leading edge
| | ]

A i ] Yz

—

mid-span to the wing tip.

90mm :

Cri— 200mm

4.8mm 31.7mm

> \«—
(Crx2.4%) Y

b=497mm (Crx15.8%)

Cl. S:/mm
(a) Baseline (b) W.L.

Figure 1.12 Wavy leading edge on tapered wing models [32]
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Figure 1.13 Lift coefficient characteristics for tapered wing [32]
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Figure 1.14 Increase rate of lift coefficient on tapered wing [32]

A similar research was performed by Nagaoka [33] to find out the WLE effect on the
tapered wing with NACA 0018 profile. The effect of suppressing stall by the leading edge
adduct was obtained. The WLE on tapered wing can delay the tip stall.

In this dissertation, to find out the WLE effect regarding various aspect ratios and taper
ratio of the wing will be discussed. All previous studies mentioned above were only conducted

to find out the wavy leading-edge effect in one aspect ratio on the rectangle wing or tapered
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wing. Inthe next section, the effect of wavy leading edge was investigated correlated to various
aspect ratios and the wing shapes. Numerical investigations were carried out to understand
effect of wavy leading edge on delaying the stall in steady and unsteady case. Next section,
briefly explanations of previous researches in unsteady case are given.

A numerical research about leading edge protuberances on a static wing and pitching
wing were employed by Wang et. al. [34] on NACA 0010 profile. In turbulent flow, the leading-
edge protuberances act in a manner similar to vortex generators, enhancing the momentum
exchange within the boundary layer. Streamwise vortices do contribute to the delay of the stall
occurrence. For a pitching wing in turbulent flow, the leading-edge protuberances have limited
effect under the condition of their computation. the thrust jet and the vortices in the vortices in
the wake are not changed by the leading-edge protuberances.

Another unsteady case research was conducted by Torro [35] in his thesis report. The
unsteady numerical simulations over a wavy leading edge on NACA0021 wing has been done
with the wavelength and amplitude of the WLE is 11% and 3% of the mean chord, respectively.
For unsteady case simulations, WLE wing has weaker trailing edge vortices compared to the
straight leading-edge wing.

Gaillarde [36], [37] performed the research about the dynamic stall on the fin stabilizer.
An experimental study using SMB (Seakeeping and Manuvering Basin) was conducted by him
to investigate dynamics behavior and characteristic of lift and drag on the dynamic behaviour
with NACA 65-02 profile at AR 1.95. Above 10° angles of attack, the effect of cavitation is
clearly present with a lift degradation of about 15%. But the disadvantage of his research is the
behavior of the fins under large angles of attack and high speed, including stall is not evaluated.

Lin et. al. [38] employed the numerical study on the application of Vertical Axis Wind
Turbine (VAWT) with SST k-w turbulence model. They use the NACA 0015 profile with
modified wing wavy leading-edge and wavy trailing-edge. They were concluded that the wavy
leading-edge able to increase the thrust force than the wavy trailing-edge. Unfortunately, in
their study the mechanism increasing the thrust is remain unclear.

A research by using NACA 0018 profile with serration of leading edge was performed
by Wang et. al. [39] on the vertical axis wind turbine (VAWT) with the rotating motion. Their
schematic of the turbine blade as shown in the Figure 1.15. The serration leading edge has the
amplitude 0.12 and wavelength 0.25 of the chord length. From their results, the flow separations

and torque fluctuations are significantly suppressed due to the passive flow control strategies
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implemented in the optimized VAWT model. The vorticity distribution results show that the
flow separation is significantly suppressed due to the existence of leading-edge serration design
and helical blade configuration.

An application by using undulated leading edge on the tidal turbines has been done by
Shi et. al. [40] with S814 section profile. The undulation shape of their work has height and
amplitude 0.1 and 0.5 of the chord length, respectively. The test results revealed that the
leading-edge undulated turbine has a stable hydrodynamic performance over a combined range

of current speeds and waves.

With serration pattern on
the leading-edge

Fig. 5. Helical design.

Figure 1.15 Schematic view of turbine blade [40]
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To understand the previous study in unsteady case, the summary of them is given in the

Table 1.3.

Table 1.3 Summaries of previous research in unsteady case

Researcher Model Result
Wang et. al. | NACA 0010 profile o The leading-edge protuberances act in a
[34] on static and pitching manner similar to vortex generators
wing e For a pitching wing in turbulent flow, the

leading-edge protuberances have limited
effect under the condition of their
computation.

Torro [35] NACA 0021 profile ¢ For unsteady case simulations, WLE wing

has weaker trailing edge vortices

compared to the straight leading-edge

wing.
Gaillarde NACA 65-02 profile o The effect of cavitation is clearly present
[36], [37] at AR 1.95 with a lift degradation of about 15%.

¢ the behavior of the fins under large angles
of attack and high speed, including stall is
not evaluated.

e The wavy leading edge as vortex
generator is not explored.

Lien et. al. NACA 0015 with e the wavy leading-edge able to increase the
[38] wavy on the leading thrust force than the wavy trailing-edge.
and trailing edge e the mechanism increasing the thrust is
remain unclear.
Wanget. al. | NACA 0018 with e The flow separation is significantly
[39] serration leading edge suppressed due to the existence of

A=0.12¢ and a=0.25¢ leading-edge serration design.

e The flow mechanism on the serration
leading edge remains unclear

Shi et. al. S814 profile with o the leading-edge undulated turbine has a

[40] undulation shape

A=0.1c and a=0.5¢

stable hydrodynamic performance over a
combined range of current speeds and

waves.
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From previous studies were mentioned in the above, there are not many researches
investigating WLE effect on the tapered wing and so on in the unsteady case. Commonly, the
previous researches in unsteady case have been done in rotating motion only. This only used in
wind turbine, or helicopter blade only. Another unsteady motion is needed to be explored such
as in pitching motion. So, the benefit of WLE effect on the wing could be applied for fin
stabilizers also. Besides that, the various wing shape is necessary to be explored to find out the

maximum utilities by using the WLE application.

1.3 Aims and Objectives of the Research

There is not much researches study about the wavy leading edge for unsteady case.
However, several utilities could use the progress of the research about the wavy leading edge
on the flipper wing such as fin stabilizer, and horizontal axis wind turbines. It is important to
conduct the research with unsteady condition for some applications. The aspect ratio of the
wing is an important thing to find out the effect of WLE with various aspect ratios. It is an
interesting to apply this benefit for fin stabilizer on the ship, wind turbine or other aircraft. This
research has been done not only in steady case, but also in unsteady case. The aim of this
research is to investigate the performance of the wing with a wavy leading-edge regarding the
wing aspect ratio. The improved performance intended are increased lift and reduced drag with
various aspect ratios. In the beginning, the rectangle wing was chosen to approach the
humpback whale flipper which is the background of this research that is inspired by its flipper.
For comparison, studies that modify model rectangle wing and tapered wing were also
discussed. There are three types of tapered ratio used to find out the close shape of humpback
whale flipper. The mechanism of stall delay by wavy leading edge was explored to get a clear

explanation.

1.4 Structure of the Research

The dissertation is structured as follows. Chapter 1 introduce and explain the background,
previous studies, and the aims of this research. Hereafter, the author explained chapter 2 about
the methods in experimental (as references) and numerical and also the governing equations. In
chapter 3, the wavy leading-edge effect on rectangle wing with aspect ratio 1.6 has been
discussed in unsteady motion with three reduced frequencies i.e., k= 0.09, 0.12, and 0.25. Then

in chapter 4, various aspect ratios effect are investigated in the wavy leading-edge wing i.e.,
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aspect ratio 1.6, 3.9, 5.1, 7.9, and 9.6. In chapter 5, a comparison of unsteady case in various
aspect ratios was employed. Next, in chapter 6, a comparison of rectangle wing and tapered
wing discussed related to the wavy leading-edge effect regarding the wing shape. Finally, in
the chapter 7 is conclusion of all the work of this dissertation and briefly explanation of the

future work.

1.5 Summary

By learning of morphology on the humpback whale flipper, it has benefits to improve
the hydrodynamics performances. This benefit able to be applied in many utilities such as fin
stabilizer, wind turbine, or other turbo-machineries. To find out the maximum application, it is
necessary to employ the research in a steady case and unsteady case. Meanwhile, the wing shape
is needed to approach the humpback whale shape flipper. This could be done by modified the

rectangular wing into the tapered wing.
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CHAPTER 2

METHODOLOGY AND GOVERNING EQUATION

In this chapter, methodology and governing equation were described into three sections,
i.e. wing scheme; the experimental method, and numerical method. In the first section, wing
scheme and its shape was described. Then, experimental method carried out to observe the flow
characteristics of the wing with a circular water channel in Hiroshima University, Japan. The
numerical approaches by CFD (Computational Fluid Dynamics) Autodesk. By using CFD, the
parameters were explored are pressure distribution on the wing, streamlines, and the forces of

the wing.
2.1 Wing Scheme

As mentioned above in the chapter 1, this research is inspired from the humpback whale
flipper. The NACA 0018 profile with rectangular and tapered shape are chosen to approach its
flipper. The following Figure 2.1 below is the coordinate systems was employed in the wing.
Original coordinate (O-xyz) was located on the leading edge of the wing. Dimension of the
rectangular wings used are based on the aspect ratio (AR) of the wing. For the information, five
aspect ratios were used, i.e. AR 1.6, 3.9, 5.1, 7.9, and 9.6. All the wings have the chord length
I 125 mm, except the wing with 1.6 aspect ratio, it has the chord length 250 mm. Span of the
wing is adjusted to the aspect ratio of the wing. Figure 2.2 shows the plane view of the wing in

various aspect ratio. The Reynolds number 1.4 x 10° was used in this research.

Uniform Flow

Figure 2.1 Coordinate system
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(a)

SP

AR 1.6

AR 3.9

AR 5.1

AR 79

(b)
Figure 2.2 Plane view of the rectangular wings: (a) Baseline; (b) WLE

This study using modified of the wing by attaching the wavy leading edge on the wing.

The schematic view of wavy leading edge is given in the Figure 2.3.

d 3'.}/\." ' A A

_baseline

symmetry plane

(SP)
b ~

. >
B ]

Figure 2.3 Schematic view of wavy leading edge

The wavy leading edge is determined based on the following formula:

2n W)} + 9] @.1)

d .
XWLE (y) = XLE — [Esm {W (3’ Y
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Where X, is x-coordinate of baseline wing, Xy, is x-coordinate for wavy leading edge, W
and d is width and height of wavy leading edge, respectively. In this study, d = 5% and W= 8%
of the chord length were used. This study was conducted on steady and unsteady case. For

unsteady case, the wing motion regarding the following equation:
a (Ty) = a. + a, cos (kTy) (2.2)

, Where a is angle of attack, a, is center angle, a, is amplitude.
The T, is non dimensional time with reduced frequency k. Three types of k are used in
this research (k = 0.09, 0.12 and 0.25) regarding the fin stabilizer motion of the RORO ship.

The T, and k equations are described as follow:
To=t=2  (23)

_2nfe
k=27 (2.4)

, Where ¢ is time (s), ¢ is the wing chord length, fis frequency (Hz), and U, is free steam
velocity (m/s).

The wing motion is pitching motion up and down described as in the Figure 2.4 with the

pivot point located at %4 of the chord length c.

» <

Uniform flow

Figure 2.4 Pitching motion on the wing

Similar method with wavy leading edge, the vortex generator (VG) were used to
improve the wing performance. As a comparison, Figure 2.5 shows the wing with vortex
generator (VG) which is located at the leading edge. The VGs have counter-rotating vanes of

height 0.016¢, length 0.048c. Where the angles relative to the chord-wise direction are +20°.
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Figure 2.5 Schematic view of VG

The lift coefficient (C}) and the drag coefficient (Cp) defined as follows:

C, = ——m @5
L %P|U0|ZSC( :
D
Cp = T——— (6
> P |Uol%sc

, where L : lift force, D : drag force, s : span, c : chord length, p : fluid density, U, : free-stream

velocity (m/s).

In this dissertation, not only rectangle wing shape was used but the taper wing also used
to find out the effectiveness of the WLE regarding the wing shape. The taper wing in this case
un-swept wing type. Figure 2.6 shows the plane view of the taper wing. As comparison these
wings has AR about 7.9. There are 3 types of taper ratio i.e. TR 0.1, 0.3 and 0.5. The wing
chord is adjusted using general equation of taper ratio (TR) as follow:

Cwing tip

TR (2.7)

Croot

with Cwing tip indicates wing tip chord length (m) and Coot as root chord length of the wing (m).

The average wing chord (¢) in all TR wing types were adjusted similar to the rectangular wing,

r.e. 125 mm.
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Figure 2.6 Plane view of the tapered wings
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Figure 2.7 Pivot point of rectangular wing AR 7.9 and tapered wing TR 0.3
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During unsteady case condition, the pivot point located at %4 of the average chord length

¢. Figure 2.7 describes the pivot point location for the rectangular wing with AR 7.9 and tapered
wing TR 0.3.

2.2 Experimental Method

The experiments were conducted in the circular water channel at Hiroshima University,
Japan. It has width 1.4 m, height 1.0 m with 3.3 m long measure cross-section. The experimental
set-up shown in the Figure 2.8 specially at AR 1.6. In this research, experiments were carried
out in steady and unsteady case. The depth of circular water channel is 0.9 m with the wing is
located at 0.9 m from uniform flow and 0.15 m from the upper surface as shown in the Figure
2.8. Due to the limitations of the circular water channel dimension, the experiments were
performed only at AR 1.6, 3.9 and 5.1. To keep the distance between wing and the bottom of
circular water channel has the same ratio, the chord length of the wing was adjusted for AR 3.9
and 5.1 with ¢ = 0.125 m. This ratio is called as the blockage ratio. The blockage ratio between
the wing and the outer boundary was 8% for various aspect ratios except 1.6 aspect ratio. The

blockage ratio is defined as:

AR c?

Blockage ratio = (2.9)

, where AR is aspect ratio of the wing, ¢ is chord length (m), and d is depth of outer boundary
(m).

In general, the details of the experiments were described in Table 2.1. The NACA 0018
profile was used with Reynolds number about 1.4 x 10°. In unsteady case, the wing is in pitching
motion at the angles 25° < a < 35°. The wing is moving up and down in accordance with the
amplitude angle. Three reduced frequencies were selected based on the motion of fin stabilizer

of'a RORO ship. The pivot point of the wing is % of the chord length.
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Table 2.1 Details of experiments

Wing section NACA 0018
Aspect Ratio 1.6,3.9,and 5.1
Reynolds Number, Re 1.4x10°
Reduced Frequency, k& 0.09, 0.12 and 0.25
Mean angle of pitch motion, a. 20° and 30°
Amplitude of pitch motion, o, 5°
- |
actuator >— AMP driver
I trigger ‘
dynamometer A/D controller

pc ———
< 09m :T l

0.150 m
Experimental model

) AMP : amplifier
Uniform Flow A/D : AD converter

PC : Personal Computer

09m

0.35m

A
v

33m
Figure 2.8 Experimental set-up at AR 1.6
2.3 Numerical Method

In general, a CFD (Computational Fluid Dynamic) package is defined as a simple method
of differential partial equation including the continuity equation (conservation of mass),
momentum equation and energy equation into the algebraic equations. By using the CFD, we
can observe the fluid flow with virtual modeling. In this dissertation, the numerical method was
performed by using Autodesk® CFD. The discretization method of Autodesk® CFD is FEM
(Finite Element Method) [41]. The FEM is used to reduce the governing partial differential
equations (PDES) to a set of algebraic equations. The discretization method of Autodesk® CFD
is effect to stability of its computation. In the following section, the general equations were

mentioned in the above as follow:
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a. Continuity equation (conservation of mass)
This governing equation describes the transport of some quantity through the solution

domain. The governing equation take the form:

et n M) s () 5 (6 5)
0x + oy + az  ox F¢ 0x + dy F¢ dy + 0z F¢ 0z + S¢ (2.10)
b. Momentum equation
The momentum equation is called as Navier-stoke equation where it has complex form to
solve. In general, the momentum equation is defined as x-y-z direction as follows:

X — momentum equation:

pou puodu pvou pwou _ . a_p i a_u i a_u @
6t+ dx + dy + oz PIx 6x+6x[zﬂax+6y[ﬂ(6y+6x)]+
d ou ow

2 |1 (B+ 29|+ S+ Sox 2.11)

Y — momentum equation:

p_av puodv pvov pwov _ . a_p i a_u @ i Q
6t+ dx + dy + 2z P9y 6y+6y['u(6y+6x)]+6y [zﬂay]-'_
[5] v ow

2 |u (B4 E)] + S, + So (2.12)

Z — momentum equation:
p ow puow pvow pwow _a_p i[ (a_u a_w)] i[ (@
6t+ dx + dy + oz PYz 6z+6x 1 az+ax +6y H 6z+

ow

) + 5 (20 5] + Su + Sor (2.13)

, Where S, is rotating flow, Spy is distributed resistance term

f vi?
Spr = — (Kl- + E) 2L _cuy, (2.14)

S = 2pw;xVi— pw; Xw; x1; (2.15)
c. Energy equation

For compressible flow, the energy equation is written in terms of total temperature:
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%) (%) = i[ %] |2 00
pcp(at + PGV ox;) — ox; kaxi +av + b 9X;. 0X; = 0X;0X; +

1 0

2
2Cp 0X; [ka_xl(VJVJ)] + @ (2.16)

, where [ refers to the global coordinate direction (1, v, w momentum equation), ® is the
rotational speed and r is the distance from the axis of rotation, K is K-factor, @ is the dissipation
function, Cp is constant pressure specific heat, g.,. is gravitational acceleration in x, y, z

directions, 7 is temperature, ¢ is time, u is viscosity and p is density.

Next, the procedure to proceed the Autodesk® CFD computation is following the step
below:
1. Construction of the model
Definition of the model type
Initialize the boundary condition of the model
Define the model into small parts (meshing)

Solve the computation in steady or unsteady case

A O

Analysis and visualization of the results

For transient analysis, the transient terms are discretized using an implicit or backward
difference method. This implies that the value at the current time is dependent on the
neighboring values at the current time. An implicit formulation is unconditionally stable
numeric, it will yield a solution regardless of the size of the time step. However, it requires an
iterative solution within each time step.

The solution method used in the Autodesk® CFD is segregated solver. It means the
governing equations such as the continuity equation, momentum equation, energy equation or
species transport equation will be solved sequentially. All cases in this study were using the
unsteady Reynolds averaged Navier-Stokes (URANS) equations with turbulence model SST &-
@. This turbulence model is capable to capture the flow of dynamic stall as claimed by Wang
et al. [42] URANS with advanced turbulence models, such as the SST k- model as evaluated
in their research are useful for the fast design or research intension for low Reynolds number
airfoils and VAWTs. Because they are capable of capturing the experimental data in a

significant part of the flow dynamics. Another references [43], [44], [45], [46], [47] were
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employed the numerical studies using SST k- w turbulence model in unsteady motion. The
results show that the forces and flow structures were agreed well with the experiments.

In the Autodesk® CFD guide, the turbulence model SST k- is recommended used for
external aerodynamics, separated or detached flows with adverse pressure gradients. The SST
models are a hybrid of the Wilcox k-w and a k-¢ model variant. The benefits of this model
exhibit less sensitivity to free stream conditions (flow outside the boundary layer) than many
other turbulence models. The control parameter solution in the Autodesk® CFD is SIMPLE
method to approach the pressure velocity coupling. In the following section is the SST k-w
governing equations:

Turbulent Kinetic Energy
. ok ok
—+ U —=P,— f kw+—[(v+ o, vr) —| (.17
i E)x]- E)x]-

Specific Dissipation Rate

dw dw 2 2 0 dw 1 0k dw
_— — - + — —_— — -
> T U ox; aS“-fw ox; w4+ o,vr) 6x]] +21—- F)oa,, o x; om,

(2.18)

The finite element method described above is used directly on the diffusion and source
terms. However, for numerical stability, the advection terms are treated with upwind methods
along with the weighted integral method. The ADV-5 (Modified Petrov-Galerkin) scheme is
chosen in the simulation. The ADV-5 is recommended for compressible flows. Beside that it
has advantages such as typically produces more conservative results, ideal for recirculating and
secondary flows, accurate pressure drop prediction, and has rotating and motion accuracy and
stability.

The unstructured meshing was applied. Trapezoidal mesh shape was chosen in this
numerical method. Close to the wing surface, 10 layers were applied to catch the flow pattern
more precisely. In the following section, the mesh configuration of baseline wing was given in
the Figures 2.7-2.8. The layer thickness shown in that figure has the y" < 3 for all cases. In
general, the y* is defined as normalized distance to the wall. In the Autodesk® CFD, y" is

defined as:

y* = (2.19)
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, where T, is the wall shear stress, p is the density, 0 is the distance from the wall and v is the

kinematic viscosity.

To analyze the CFD results, it can be interpreted as Turbulent Intensity (TI). In the
Autodesk® CFD, TI is defined as the ratio of the temporal fluctuation to the average local
velocity. The TI factor controls the amount of turbulent kinetic energy in the inlet stream. Its
default value is 0.05 and should rarely exceed 0.5. The expression used to calculate turbulent

kinetic energy at the inlet. The turbulent kinetic energy (K) is defined as:
1
K== w? + v2 + w?) (2.20)
The 77 is defined as:

u
Tl = o= (2.21)

SIS

, where u, v, and w are velocity components.

The growth ratio of the mesh is about 1.05 to refine the mesh generation in the outer
boundary of the wing. There is a little bit differences of meshing configuration between steady
and unsteady case. In the Figure 2.9 is described for steady case, but in unsteady case there is a
rotational region where around this region the mesh system was set to the uniform mesh by
using additional mesh region. The number of the mesh is about 10 million. Similar mesh set-up
was applied on the WLE wing simulation using 10 layers. The y" less than 3 is keeping in all
cases. Figures 2.9-2.12 show the mesh configuration on the WLE wing.

10 layers

e

Trapezoidal mesh

Figure 2.9 Layer thickness around the leading edge of the baseline wing
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Figure 2.11 Layer thickness around the leading edge of the WLE wing

36




.
- ag‘%?ﬁgAﬁ
Top vie K& == 4"’%" GA%X%%

L

Figure 2.12 Meshing configuration for WLE wing

In the following figure was the domain simulations steady and unsteady case of aspect
ratio 3.9 are given in the Figures 2.13-2.14. The dimension of the outer boundary of AR 7.9 and
9.6 are adjusted, then the blockage effect is identical. The inlet boundary condition is set as
uniform velocity inlet, the outlet at the down-stream is imposed as a pressure, the other
boundary conditions are imposed as the symmetry. In unsteady case, there is a rotating region

which is the motion is regarding the reduced frequency i.e. k= 0.09, k= 0.12 and £ = 0.25.

72c 19.2¢
A = — “
\ Side wall: symmetry
5.6¢
\\ [nlet: velocity
v
4 <>
¢
Outlet:

5 6c utlet: pressure /

il Side view

\ Top wall: symmetry
fbe Bottom wall: symmetry
Top view 1.95¢ —\

Figure 2.13 Domain simulations steady case and its boundary condition (AR 3.9)
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Figure 2.14 Domain simulations unsteady case and its boundary condition (AR 3.9)

The input calculation of numerical method during unsteady case is given in the next
section. The calculation based on the reduced frequency was used i.e. £ =0.09, k= 0.12 and &
=0.25. A non-dimensional time T, and frequency /" was calculated following the equations 2.3
and 2.4. The time step size is defined by the CFD Autodesk package with the equation as

follows:

c
Total travel time = " (2.22)

1
Time step size = >0 of total travel time (2.23)

) ) time movement
Number of iterations = —; - (2.24)
time step size

, where v parameter in the equation 2.18 is free-stream velocity U, (m/s), c is the chord length
of the wing, and time movement is non dimensional time Tj,.

Table 2.2 shows an example of calculation at reduced frequency k£ = 0.09 at AR 1.6 with
the chord length ¢ = 250 mm. By using the time step size such in the equation 2.19, it applied
on the pitching motion based on the equation 2.2, we will have the input data in all variation of
reduced frequencies. The input data was provided in rad/s or RPM. Table 2.3 shows an example
of input data AR 1.6 at k= 0.09 for one cycle only. Then, the similar calculation was applied in

all cases of AR in baseline and WLE wing.
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Table 2.3 Input calculation of AR 1.6 at £ = 0.09

Parameter Value Unit
v 0.8 m/s
f 0.0458 Hertz
T 21.8166 -
Total travel time 0.3125 -
Time step size 0.015625 S
Number of iterations 1396 -

Table 2.3 Input data of AR 1.6 at £ =0.09

Number of | Sum of Time | T, o (t) in o’ (t)in o’ (t)in
iterations | step size (s) (deg) (rad/s) (RPM)
1 0.0156 0.05 | 34.9999 -0.0001 -0.0010

2 0.0312 0.1 | 34.9997 -0.0002 -0.0021

3 0.0468 0.15| 34.9995 -0.0003 -0.0032
1396 21.8125 69.8 | 34.9999 0.0001 0.0002

2.4 Summary

To understand the mechanism of fluid flow on the WLE wing, the numerical method by
using Autodesk® CFD was employed in this study. As a comparison, the experimental work is
given in this chapter. The NACA 0018 profile was used with and without the WLE with
wavelength 8% and amplitude 5% of the chord length. In the beginning, the wing was used is
in a rectangular shape. This study was performed in a steady and unsteady case with three
reduced frequencies i.e., k = 0.09, 0.12, and 0.25. To get the maximum benefit of the WLE
effect, this study was varied in various aspect ratios (AR) i.e., 1.6, 3.9, 5.1, 7.9, and 9.6 in
baseline and WLE wing. Besides that, to approach the humpback whale flipper shape, the wing
was modified into the taper wing with three taper ratios (TR) i.e., variations i.e. 0.1, 0.3, and

0.5.
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CHAPTER 3
WAVY LEADING-EDGE PERFORMANCE ON THE RECTANGLE
WING

In this chapter, the experimental results will be given as references. Then, the numerical
results will be discussed in the last section. As comparison, the vortex generator (VG)
experimental results also given to see the differences between WLE and VG effect on the wing.
The wavy leading effect was discussed on the rectangle wing especially for 1.6 aspect ratio.

Others aspect ratios will be discussed in the next chapter.
3.1 Experimental Results

Experimental study was conducted in steady and unsteady case for baseline and WLE
wings. The baseline profile is NACA 0018 with the chord length I 250 mm. The WLE shape as
mentioned in the chapter 2 has the wavelength (W) equal 8% of ¢ with the amplitude (%) 5% of
c. The standard deviation of the measured lift coefficient (C/) and drag coefficient (Cd) are
0.027 and 0.0060, respectively, for steady case. The C/ and Cd are lift and drag coefficients
normalized by the uniform flow velocity and the wing area. In unsteady case, pitching motion
experiments were carried out for reduced frequencies of £=0.09, 0.12, and 0.25. As mentioned
above, the VG as vortex generator was observed to clarify the differences between VG and
WLE effect on the wing. The VG or WLE is located at the leading edge. The VGs have counter-
rotating vanes of height 0.016¢, length 0.048c. Where the angles relative to the chord-wise

direction are £20°.

In the following figure shows a comparison of baseline wing, VG wing and WLE wing
with 100-cycle phase-average of measured C/ and Cd. The measured steady results are given
for comparison at reduced frequency & = 0.25. In the Figure 3.1 “up-stroke” means the angle of
attack is increasing and “down-stroke” means the opposite. In steady case, the baseline and VG
has similar C/ during pre-stall condition (a < 22°). The baseline wing stall is about at the angle
of attack 22.5°. A little difference with the VG wing, it has stall at the angle 23°. After stall
condition, both the wings also similar tendency. This difference is quite same. Meanwhile, the
stall angle of WLE wing is about 18° where the C/ is not decrease so much after stall condition.
The CI on the WLE wing has superior value comparing with the baseline and VG wing as

shown in Figure 3.1.
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Figure 3.1 Comparison of Baseline, VG and WLE wing results at k= 0.25
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Next, see the unsteady case results as shown in the Figure 3.1 where there are two range
of angles i.e. during pre-stall condition (15° < a <25°) and after stall condition (25° <a <35°).
During pre-stall condition, the VG has superior C/ comparing the baseline and WLE wing.
Meanwhile, after stall condition the WLE has the prior C/ among both wings. It means, the
WLE wing is able to acquire higher C/ than that of VG or baseline wing at the post-stall
condition. As to Cd, the drag increase is found to be less than the lift increase. At the post-stall
region, WLE is effective to suppress the dynamic stall. The benefit of WLE effect seem better
after stall condition, therefore this research is focused on the post-stall condition. It may be
interesting if the WLE can be applied in some application operated at the deep-stall condition
such as fin stabilizer or wind turbines. Table 3.1 shows comparison of the ratio of C/y6/Clpaseiine
and Cdyc/Cdpaseline at 30°1 and 30° |, where Clyg denotes C/ of VG wing and Cdyg denotes Cd
of VG wing.

Table 3.1 Ratio of forces at k= 0.25 in between baseline wing and VG wing

Ratio 30°1 30°)
Cl
e 1.08 1.04
ClBaseline
_— 1.07 1.11
CdBaseline

ClyG 30°1 - ClwLE 30°1

, and
Clpaseline 30°1 Clpaseline 30°1

Cdyg 301 - CdwLE 30°1
CdBaseline 30°T CdBaseline 30°T

A similar trend is seen at the three reduced frequencies. In more detail, high frequency
pitching WLE wing can increase the maximum lift compared to the lower frequency motion.
In the post-stall region, the C/ of WLE wing is higher than baseline wing. The trend of CI
increase differs between the up-stroke process and the down-stroke process. Table 3.2 shows
the C/ and Cd at 30° for up-stroke motion (30°1) and 30° for down-stroke motion (30°|) for
baseline wing and WLE wing at reduced frequency k = 0.25. Table 3.3 shows the ratio of
“Clwre/Clpaseiine”, where Clwre denotes Cl of WLE wing and Clguseiine denotes CI of baseline

wing at reduced frequency k£ = 0.25. The same denotation is given for Cd.
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Figure 3.2 Baseline and WLE wing results at £ = 0.09
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Figure 3.3 Baseline and WLE wing results at k= 0.12
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Figure 3.4 Baseline and WLE wing results at k£ = 0.25
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Table 3.2 C/ and Cd at 30° for k£ = 0.25 in Experiment

| 30°1 30°]
Wingtype —o—T1—c7 | a | cd
Bascline | 057 | 043 | 046 | 035
WLE 076 | 044 | 049 | 034

Table 3.3 Ratio of forces at k= 0.25 in between baseline wing and WLE wing

Ratio 30°1 30°]
Cl
__WLE 1.33 1.07
ClBaseline
cd
__WILE 1.02 0.98
CdBaseline

Here, we get:

ClywLE 30°1 - ClywLE 30°1

> 1.
ClBaseline 30°7 ClBaseline 30°0

It is clarified that the ratio of Clwre/Clpaseiine 1s higher at upstroke motion than the down-
stroke motion. It can be seen that the lift increase by WLE is more effective in up-stroke motion

than down-stroke motion. Meanwhile, we get the followings for Cdwie/Cdpaseiine Tatio,

ClwLE 30°1 . CdwLE 30°1

, and
Clpaseline 30°1 Cdpaseline 30°1

ClwLE 30°L - CdwLE 30°l
ClBaseline 30°0 CdBaseline 30°0

It is clarified quantitatively that the drag increase is found to be less than the lift increase. WLE

is effective to suppress the dynamic stall at the post-stall region.

ClyG 30°1 - ClwLE 30°1

, and
Clpaseline 30°1 Clpaseline 30°1

Cdyg 30°1 - CdwLE 30°1
CdBaseline 30°T CdBaseline 30°7
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The ratio of Clyc/Clpaseline 1s lower than Clw/Clpaseiine at both up-stroke and down-stroke
motion. And the ratio of Cdyc/Cdpaseiine 1 larger than Cdwie/Cdpaseiine also at both up-stroke and
down-stroke motion. So that, it indicates that VG wing is not effective to suppress the dynamic
stall, compared with WLE wing at the post-stall region. Meanwhile, VG wing at pre-stall region
has higher CI compared with Baseline and WLE wing. Based on the lift coefficient ratio
analysis between baseline wing, VG wing and WLE wing as shown in the Table 3.1 and 3.3,
proven that the VG wing has higher drag coefficient. This fact affects the efficiency on the
wing. In Table 3.4 shows the comparison of advantages and disadvantages of VG and WLE as
turbulent generator in steady and unsteady cases based on Figure 3.1.

Table 3.4 Comparison of Baseline, VG, and WLE wing in steady and unsteady cases

condition (15°<a <
25°), the ranges of CI
was 0.38<CI<0.9

o After stall condition
(25°<a<35°), the
ranges of Cl was 0.4 <

Cl<0.6

condition, the range of
Clwas 0.7<CI<1.18
(has favorable value)

e In Cd distribution, the
VG has highest VG
compared to the
baseline and WLE

wings

Case Baseline wing VG wing WLE wing
Steady e The maximum C/ e The maximum C/ e The maximum
was at o = 22° was at a = 23° (able Clwas ata =
e The CI decrease at a to delay stall angle) 19° (earliest
>23° e Has the same C/ stall)
tendencies after stall o After stall
condition condition, the CI
able to acquire
Unsteady | e During pre-stall e During pre-stall ¢ During pre-stall

condition, the
tendency was
similar with the
baseline wing

e Has the highest
C! compared to
the baseline and

VG wings

Three reduced frequencies were selected £ = 0.09, k= 0.12, and k = 0.25 by considering the
ship stabilizers of a RORO ship. The following table shows the C/ for 2 mean angles at 20° and
30°. In the Figure 3.5, it can be seen that highest C/ is accomplished by reduced frequency k =
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0.25 for both wings. Since the results of WLE wing at post-stall region (o > 21°) has favorable

values than baseline wing, numerical methods only focused on the range angle of attack 25° <

o <35°.
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Figure 3.5 Comparison of C/ at 20° and 30° at three reduced frequencies
Keep in mind to find out the best wing between the baseline, VG, and WLE wing, the
ratio analysis has been employed as mentioned above. The VG wing has higher ratio in Cd
compared to the WLE wing in the post-stall region. It indicates that, the VG is not effective to
reduce the Cd in the post-stall region. Besides that, the VG wing is similar to the baseline wing
which is unable to acquire the C/ after stall condition. In this study, the analysis only focused
on the range angle of attack 25° < a < 35° (post-stall region). A consideration based on this

analysis, the WLE wing is better than the VG wing in this case.
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3.2 Validity with Experimental Data

The CFD simulation is chosen in the study to approach the experimental results. There
are several benefits using CFD simulation such as predicting forces acting on the wing with
mathematical model, static pressure pattern, y+, helicity and else. To determine the accuracy
of the CFD results, it validated with the experimental results. Arai et al. [15] conducted
experimental study using water channel. Furthermore, the experimental results are used as a
comparison of CFD results.

To establish the accuracy of the CFD simulation and keep the low cost computation, the
mesh independence study is needed. The mesh convergence study was performed by
developing three different meshes with coarse, medium and fine mesh. The lift and drag
coefficients were explored to determine how the mesh quality affects the CFD simulation
results. Three cases simulated using SST k-o turbulence model which has the y+ less than 3.
Due to the numerical method were conducted in steady and unsteady cases, the validity of
numerical methods also conducted in two methods (steady and unsteady validation). Table 3.4
below was steady case validation at the angle of attack 25°. The value of % error was calculated
the deviation each type of mesh with the value of experimental results. In that table, the
experimental value was denoted as “Exp”. Based on % error of CI results, the medium mesh

type was chosen for further numerical method in steady case.

Table 3.4 Validation of steady case at angle of attack 25°

Baseline Ratio number of
Cl % error mesh
Exp 0.4806 - -
Coarse 0.4903 2.018
Medium | 0.4912 2.195
Fine 0.4905 2.062 4

Meanwhile, the validation of unsteady case is given in the Table 3.5. The lift and drag
coefficient are shown in Fig. 3.6. Three types mesh is in good agreement with the experimental
data, especially for the drag coefficient. The lift coefficient of coarse and medium mesh lower
than the experimental data. It means that the fine mesh type has the best performance. To

evaluate the grid independency each type of the mesh, the deviation of lift coefficient and drag

50



coefficient are calculated as Table 3.6. The % error is calculated comparing with CI value of
experimental result at the angle of attack 25°. The optimum grid independence study based
on % error value is the medium mesh. The medium mesh type is chosen for the next numerical

unsteady case.

Table 3.5 Number of Mesh and Ratio

Mesh type | Number of Mesh | Ratio
Coarse 574,343 1
Medium 1,079,044 2
Fine 2,886,453 6

Table 3.6 % Error of the grid independency

Mesh type | % Cl | % Cd
Coarse 2.31 3.05
Medium 043 | 245
Fine 1.77 1.32
1.2 ---Coarse

o ] == Medium

g ......... Fine

=08 —Experiment

[P]

RS

i= 0.6

8

004

&

= 0.2

0

0 5 10 15 20 25 30 35 40
Angle of Attack (deg)
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Figure 3.6 Comparison of C/ and Cd for differences meshes

3.3 Numerical Results
3.3.1 Steady Case

Figures 3.7-3.8 show the lift coefficient and drag coefficient of steady CFD results of the
wing with AR 1.6. The tendencies of the results are quite good following the experimental
results for C/ and Cd. The WLE wing after stall condition has prior C/ comparing the baseline

wing. This phenomenon will be discussed clearly on the unsteady case in the next section.

15 AR 1.6
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-0-Exp WLE
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e
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Figure 3.7 Lift coefficient (C/) of steady case at AR 1.6

52



AR 1.6
0.6

-0-Exp Baseline
0.5 |=Exp WLE
® CFD Baseline

)
S 04 |-m-CFDWLE
5 03
2
e
2 02
Q
g 0.1
o)

0

0 5 10 15 20 25 30 35 40

Angle of attack (°)
Figure 3.8 Drag coefficient (Cd) of steady case at AR 1.6

3.3.2 Unsteady Case

In this section, the unsteady method was conducted with three types of reduced
frequencies (k = 0.09; k = 0.12; and k£ = 0.25). The reduced frequency was inspired with fin
stabilizer of a RORO ship with & = 0.1. Figures 3.9-3.11 show the comparison between
calculated unsteady results for baseline wing and WLE wing at £k =0.09, k= 0.12 and k= 0.25,
respectively. Experimental and numerical results are denoted as “Exp” and “CFD”, respectively.
Similar to the facts seen in the experimental results, the calculated results show that at the post-
stall region, C/ by WLE wing tends to be greater than C/ of baseline wing. The increase in C/
by WLE wing tends to be greater in the up-stroke process than in the down-stroke process. The
tendencies of Cd are quite good for three types of reduced frequencies but C/ value is not as
good as Cd value. Similar trend was found only at reduced frequency £ = 0.25 but there is still
53discrepancy between experimental and CFD results. This discrepancy will be discussed in

the next section.
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Figure 3.9 Lift and drag coefficient results at £ = 0.09
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Figure 3.10 Lift and drag coefficient results at £ = 0.12
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Figure 3.11 Lift and drag coefficient results at £ = 0.25
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Figure 3.12 shows the comparison of the ratio of Clwie/Clpase at 30° up-stroke (30°1)
and 30° down-stroke (30°]). The same denotation is given for Cdwre/Cdpase. The trends of
Clwie/Clpase and Cdwre/Cdpase observed in the experimental results are shown in the numerical
results. The improvement of the lift force in the upstroke motion is remarkable more than that
of down-stroke motion. The increase in drag due to WLE is not significant and the increase is

less than the lift increase.
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Figure 3.12 Lift and drag coefficient ratio analysis at 30°

In order to investigate the difference in trend between up-stroke and down-stroke motion,
distributions of pressure coefficient (Cp) are compared. Here, Cp is normalized by the uniform
flow velocity. Figures 3.13-3.15 show the instantaneous of Cp distribution on the suction side
of the wing at 30° up-stroke (30°1) and 30° down-stroke (30°|) at reduced frequency £ = 0.09,
k=0.12 and k= 0.25, respectively. The symmetry plane is given as SP. A significant differences
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of Cp distribution among three reduced frequencies in these figures is the lower pressure area
were found during the upstroke motion in both wings. The lower pressure area was found in the
leading-edge area. It indicates that the fluid was easier flowing through its area compared to the
downstroke motion. In the left side of these figures, the deep blue color represents the low
pressure compared to the surrounding area. At the upstroke motion, the lower pressure is wider
than the down-stroke motion. It can be seen that the pressure on the suction side of WLE wing
is lower in the upstroke motion than in the down-stroke motion. Due to the pressure distribution

around the leading edge, the C/ at upstroke motion is higher than the down-stroke motion.

In these figures, the WLE wing has favorable area wider than the baseline wing. Wider
favorable area was found while increasing the reduced frequency from k= 0.09 to k= 0.25. The
reduced frequency & = 0.25 is better to analyze the differences during upstroke and downstroke

motion. Then, the next section only focused on reduced frequency £ = 0.25.
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300 ..
) ..
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Figure 3.13 Pressure coefficient (Cp) at 0=30°, £ = 0.09
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Figure 3.15 Pressure coefficient (Cp) at 0=30°, k = 0.25
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Figures 3.16-3.18 shows the velocity distribution on y-z plane taken from side view at
each angle of attack. The y-z plane is located at z = 0.29c¢ for reduced frequency k= 0.09, 0.12
and 0.25, respectively. In these figures, a streamline is drawn to make clear the flow pattern
around the leading edge. The velocity distribution of baseline wing and WLE wing are given in
the left and right side, respectively. The separated area can be compared based on how the
streamlines divide. The streamline of WLE wing is closer to the wing surface than baseline
wing.

On the WLE wing, the flow is capable to attach the wing surface. Furthermore, there is a
stagnant flow shown as deep blue on the suction side of the wing. Both baseline and WLE
wings, the stagnant flow is greater in the down-stroke motion than the upstroke motion. In case
of WLE wing, the stagnant flow at the suction side of the wing is suppressed compared to
baseline wing. As comparison, the velocity distribution on y-z plane at z = 0.319 ¢ were given
in the Figures 3.19-3.21. A similar streamline was found in these figures compared to the figures

which located at z = 0.29 c.
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Figure 3.16 Comparison of velocity distribution at z = 0.29¢, k = 0.09
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Figure 3.17 Comparison of velocity distribution at z = 0.29¢, k = 0.12
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Figure 3.18 Comparison of velocity distribution at z = 0.29¢, k = 0.25
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Figure 3.19 Comparison of velocity distribution at z=0.319¢, k= 0.09
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Figure 3.20 Comparison of velocity distribution at z=0.319¢, k= 0.12
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Figure 3.21 Comparison of velocity distribution at z=0.319c¢, k= 0.25



Next, Figures 3.22-3.27 show the streamlines flowing through in front of the leading edge
at the position z = 3.632 c¢. The streamlines are rotating in the wing tip direction for WLE wing.
While, in the case of baseline wing, the streamlines are headed straight to the trailing edge area.
On WLE wing during upstroke motion, the streamlines are curlier than at the down-stroke
motion. As described by Arai et al. [15], [48] and Torro et al. [25], the stream-wise vortical
flow around WLE is thought to contribute to the suppression of separation. In the present
unsteady study, the similar stream-wise vortical flow is observed around the WLE during the
upstroke and down-stroke motion. The twisted vortical flow observed at the upstroke motion is
stronger than the down-stroke motion, which is thought to be related to the fact that the higher

lift is obtained at the upstroke motion than the down-stroke motion.

30°1

Figure 3.22 Up-stroke streamline at 30°, £ = 0.09
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Figure 3.23 Down-stroke streamline at 30°, £ = 0.09
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Figure 3.24 Up-stroke streamline at 30°, £ =0.12
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Figure 3.25 Down-stroke streamline at 30°, k= 0.12
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Figure 3.26 Up-stroke streamlines at 0=30°, k= 0.25
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30°|

Baseline

Figure 3.27 Down-stroke streamlines at a=30°, k= 0.25
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3.4 Summary

In steady and unsteady cases the WLE effect on the rectangular wing was performed.
Only one AR 1.6 was addressed in this chapter. To make a clear understanding of the WLE
effect, the vortex generator (VG) was given as comparison. The VG wing has the same manner
with the baseline wing, in a steady case. In the meantime, the WLE wing is able to acquire the
lifting force after stall condition. The WLE wing has the best performance of three wing types.
Therefore, just based on post-stall condition in unsteady condition. In this case, three reduced
frequencies, i.e., k = 0.09, 0.12, and 0.25, were given to determine the WLE effect during
unsteady condition. Clearly differences in the fastest reduced frequency £ = 0.25 were observed

between baseline and WLE wing.

Then, the streamlines distribution was explored around the WLE to find out the
mechanism delaying the stall due to the WLE effect. The stream-wise vortical flow around the
WLE is thought to contribute to the suppression of separation. In the present unsteady study, a
similar stream-wise vortical flow has been observed around the WLE during the upstroke and
down-stroke motion. The twisted vortical flow during upstroke motion is stronger than the
down-stroke motion, which is thought to be related to the fact that the higher lift is obtained at

the upstroke motion than the down-stroke motion.
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CHAPTER 4
EFFECT OF WAVY LEADING EDGE WITH VARIOUS ASPECT
RATIOS IN STEADY CASE

In this chapter, the WLE effect with various aspect ratio will be discussed to find out
the WLE effect regarding the aspect ratio on the rectangle wing. There are four aspect ratios
were conducted, i.e. 3.9, 5.1, 7.9 and 9.6 where the explanation of WLE effect emphasized only
after stall condition. This various aspect ratio research is expected to use for some application

such as fin stabilizer of ship, wind turbine or another fluid machinery.

Numerous applications such as fin stabilizers or wind turbines could be accomplished
by learning from nature such as the wavy leading edge (WLE) in the flipper of the humpback
whale. Their flipper morphology believed to increase the hydrodynamic performance by
increasing the lift coefficient and reducing the drag coefficient. The pioneer research has been
conducted by Fish et al [ 1] about the morphology of the humpback whale flipper. They reported
that the tubercles of their flipper have an essential role to generate vortices to maintain lift and
prevent a stall. The shape of their flipper is blunt and round in the leading-edge area. To obtain
the benefit of this flipper shape, features of the WLE may be adapted to the applications which
operate in a steady motion. Its applications could be worked with frequently facing the stall
condition. Therefore, improvement should be necessary to avoid the stall condition within
WLEs.

The previous chapter showed that the WLE wing with the aspect ratio 1.6 has superior
forces at the post-stall region compared to the baseline wing in pitching motion. However, the
previous studies above mentioned were conducted to explore the wavy leading-edge effect in
just only steady case. In this study, to investigate the WLE effect based on variety of aspect
ratios, steady case experiments were employed in this research. We investigate the effect of
WLE regarding various aspect ratio. The numerical methods are carried out to clarify the flow
mechanism on the wing with the WLE. Four aspect ratios are examined in the present study to
find out advantages in practical applications such as fin stabilizers or wind turbines.

The shape of the WLE and the AR variations were referred AR 1.6 in the previous
chapter. The plane view of the wings is shown in Figure 4.1. The chord length (c) of the wing

1s 125 mm.
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AR 3.9

AR 5.1

AR 7.9

AR 9.6

(a) Baseline wing (b) WLE wing
Figure 4.1 Plane view of the wings
In general, the wing performance could be expressed by using L/D ratio analysis. In this
chapter, high performance wing adopted in the angles range from 0° to 35°. But before stall
condition, the lift coefficient of WLE wing is a little bit lower than that of the baseline wing,
although it is better after the dynamic stall condition. To find out the wing performance, the
L/D ratio analysis was given to baseline wing and WLE wing as a comparison. In the Figures
4.2 and 4.3 show the L/D ratio for aspect ratio 3.9 and 5.1, respectively. During pre-stall
condition, i.e. a < 17°, the tendencies of L/D ratio on both wings were similar. In other hand,
after stall condition, i.e. a > 17°, the WLE wing has a favorable L/D ratio. It means that the

WLE wing has the favorable benefit after stall condition.
4.1 Validation with Experimental Data

To validate the numerical analysis, the grid convergence of numerical results with
experimental ones should be firstly required. The convergence check was performed in three
different grid numbers with coarse, medium and fine mesh using the WLE wing of AR 1.6 at
the angle of attack a = 25°. The ratio of L/D was used to validate with the experimental results,
and the convergence is indicated by deviation. The computed differences are shown in Table 1.
Based on the deviation, the medium mesh has the lowest deviation. Therefore, the medium

mesh system was employed in the following results of this study.
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Figure 4.2 The ratio of L/D in AR 3.9 (experiment)
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Figure 4.3 The ratio of L/D in AR 5.1 (experiment)

Figures 4.2-4.3 show the experimental and numerical results at the ratio of L/D in AR 3.9
and 5.1, respectively, in steady cases. The ratio of L/D in AR 7.9 and 9.6 are compared at the
angle of attack 20° to 30° with no experimental results. The numerical results are in overall
agreement with the experimental ones. Especially, the WLE wing show a pretty good agreement
between them. On the other hand, there is a little difference with the experimental results for

the baseline wing.
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Table 1. Grid convergence

Total Elements of Mesh L/D % deviation
Experimental - 2.08 -
Coarse 3,160,847 2.00 3.91
Medium 11,407,996 2.01 3.43
Fine 20,838,293 1.81 12.85

4.2 Various Aspect Ratios

The similar tendencies of the ratio L/D can be found in Figures 4.4-4.8 for other aspect
ratios. This may be caused by the wing in the deep-stall region. In this region, the small
unsteadiness could be generated even-though the wing is set to a steady motion. The
comparison of the maximum of L/D are shown in Figure 4.8. The tendencies of the wing results
are pretty good with the experimental results. The tendency of numerical results on the baseline
wing are a little higher than the experimental results. However, in this study, we are focusing
on the improvement of hydrodynamic performance by using the WLE. We can see that the L/D
of the WLE is higher than that of the baseline in all aspect ratios. Thus, the WLE could be one
of the eco-friendly energy-saving-devices such as fin stabilizers of ships and wind turbines to

improve hydrodynamic performance.

. L/D of AR 3.9
—8— Exp Baseline
—a—Exp WLE
--O--CFD Baseline
5 -{3--CFD WLE
N L/D of AR 3.9 '
12 == l;xp Baseline g
10 -_<.)-_ z.‘;’;)\l\gﬁilmc =
; -3--CFD WLE .
g6 / ) S
4 S
; 1
0 5 10 15 20 25 30 35 40 15 20 25 30 9 10
Angle of Attack r\llg]e of Attack

Figure 4.4 The ratio of L/D in AR 3.9
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Figure 4.5 The ratio of L/D in AR 5.1
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Figure 4.6 The ratio of L/D in AR 7.9
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Figure 4.7 The ratio of L/D in AR 9.6
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(a) Baseline wing
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Figure 4.8 The ratio of L/D in both wings at a = 25°
4.3 Effectiveness of WLE

In this section, the WLE effect was observed based on the WLE was placed on the wing.
In the following figures were streamline in velocity magnitude distribution at AR 3.9 at the
angle 25°. Figure 4.9 shows the velocity distribution at the mid-span in two X-Y plane (a and b
plane). The streamline is spread to two areas i.e. the suction surface and the pressure surface of

the wing. This formation created the stream-tube on the wing. Narrower stream-tube was found
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in the WLE for both a and b position. Among two positions, the narrower stream-tube was

found in b position. It indicates that the separation point in b position was delayed than in a

position.
Symmetry plane
Static Pressure on
| SENEEEEEEEE upper side wing
P (Pa) -340 0 340
Baseline WLE
Streamline Streamline
a
Streamline

b

Vel (m/s) 0 0.75 1.5

Figure 4.9 Velocity distribution of AR 3.9 at 25°

To make a clear comparison of wake area behind the trailing edge, Figure 4.10 shows the

streamline around the wing in the static pressure distribution for AR 3.9 at the angle of attack
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25°. As mentioned before, the streamlines in front of leading edge divided into two areas i.e.
through the suction surface and pressure surface of the wing. Figure 4.10 describes the
streamlines distribution in the symmetry plane, mid span and area close to the wing tip. Tighten
wake area behind the trailing edge was found in the WLE wing along symmetry plane, mid

span and area close to the wing tip.

a) Baseline wing

b) WLE wing
Figure 4.10 Streamline distribution of AR 3.9 at 25°
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As comparison, the velocity distribution around mid-span at AR 5.1 and 7.9 given in the
Figures 4.11-4.14 for AR 5.1 and 7.9, respectively. In the wing surfaces, we can see that the
lower static pressure has wider area around the wing tip. Meanwhile, in the area between
symmetry plane and mid-span, the lower pressure is not too large compared to the area between
mid-span to the wing tip. In the velocity distribution figure for AR 5.1 and 7.9 has similar
streamline tendency. The separation point around leading edge differences were found between
baseline and WLE wing. In the WLE wing, the separation point was delayed that made the
wake area was narrower comparing with the baseline. This phenomenon was clarified by
streamline distribution in the Figures 4.12 and 4.14. Three area of streamline distribution were
described in these figures. i.e. in the symmetry plane, mid span, and area close to the wing tip.
In the symmetry plane, the wake area created by two streamlines was wider than the mid span
and area close to the wing tip. It seems that the WLE has no effect in this location. But in the
mid span section or area close to the wing tip, the wake area behind the trailing edge become
narrower. Prove that the effectiveness of WLE was found based on its location i.e. between

mid-span to the wing tip area only. This fact will be used for modified wing in chapter 6.
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Figure 4.11 Velocity distribution of AR 5.1 at 25°
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a) Baseline wing

b) WLE wing
Figure 4.12 Streamline distribution of AR 5.1 at 25°
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Figure 4.13 Velocity distribution of AR 7.9 at 25°
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a) Baseline wing

b) WLE wing
Figure 4.14 Streamline distribution of AR 7.9 at 25°

87



4.4 Aspect Ratio Effect

Next, the distribution of pressure coefficient (Cp) is investigated to clarify the WLEs
effect on various aspect ratios. The attack angle of o = 25° is compared to examine the pressure
distribution in the stall angle on various aspect ratios. Figure 4.15 shows the surface distribution
of Cp at the all aspect ratios in both wings. The symmetry plane in those figures is denoted as
“SP”. The lower pressure region is indicated as blue area in Figure 4.15. We can find significant
differences in the Cp distribution in both wings. The lower pressure is dominant around the
WLEs area, and then this lower pressure area indicates that the fluid flow goes smoothly
through around the WLE compared with that of the baseline wing at the all aspect ratios.
Therefore, the WLEs could control fluid flow and hydrodynamic stall around the leading edge
of the upper surface of the wing, and then the lift force could be increased at the larger attack
angle, especially after the dynamic stall. The separation flow could be also controlled by the
WLE. The WLE could improve the hydrodynamic performance of the wing. In the wing tip
area, the wider low-pressure area can be found in the WLE wing at the all aspect ratios.
Nevertheless, the WLE located near the SP, has no significant effect on the whole flow field

and pressure distribution.

In the Figure 4.15, we can see that an interesting phenomenon between AR 7.9 and 9.6 in
both wings baseline and WLE wing in pressure distribution. In the baseline wing comparison,
AR 9.6 has wider area of low pressure than AR 7.6. It indicates with the deep blue region is
wider at AR 9.6 than 7.9 in the wing tip area. In the baseline wing comparison, AR 9.6 has the
best pressure distribution. Opposite phenomenon was found in the WLE wing comparison. On
the WLE wing at AR 7.9 wing has wider area around the wing tip. In this research, we are
focused on an improvement of hydrodynamic performance using WLE. Therefore, it is no
problem if baseline wing at AR 9.6 has the best performance. We are focused on find out WLE
effect regarding the AR on the wing. So, we can conclude that AR 7.9 on the WLE wing has
the best performance in this case. To ensure the comparison of AR, the next section will be

discussed the Cl and Cd comparison of each AR.
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(a) Baseline wing

SP

AR 3.9

AR 7.9

AR 9.6

(b) WLE wing

Figure 4.15 Pressure distribution, Cp on the upper surface of the wings
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Next, further analysis is focused on the WLEs located around the wing tip. The middle
section between the second and the third WLEs from the wing tip is focused to investigate the
WLE effect on various aspect ratios. We can see that on the right side, i.e. separation point of
the wing is delayed than that of the baseline wing. As mentioned in previous chapter, the
streamlines are directed toward to the trailing edge of the baseline wing, while the streamlines
are rotating to the wing tip direction for the WLE wing. These streamlines are affected by the
flow separation on the wing. As described in the references [25] the vortical flow streamlines

around the WLE could contribute flow separation control.

In the following Figures 4.16-4.18 are a comparison of experimental and CFD method
each AR at angles 20°, 25° and 30°. As reference, AR 1.6 was added in this section. The CFD’s
tendencies were similar to the experimental results. To find out the effective AR, a comparison
of Cl and Cd at each AR is necessary. These figures show the C/ and Cd at the angles 20°, 25°
and 30°, respectively. In these figures, the infinity wing was conducted to make clearly
explanation of optimization AR. Highest lift coefficient was found in aspect ratio 7.9 at three
angles i.e. 20°, 25° and 30° on the WLE wing. From C/ and Cd aspect ratio analysis, 7.9 aspect
ratio has the best performance. Therefore, to approach the Humpback whale flipper shape, the

wing is modified to taper wing. This modified wing will be discussed in the next chapter.
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Figure 4.16 Comparison of C/ and Cd at the angle 20°
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Figure 4.17 Comparison of C/ and Cd at the angle 25°
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Figure 4.18 Comparison of C/ and Cd at the angle 30°
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4.5 Summary

To get maximum applications on the WLE effect, the various aspect ratios has been
performed in this study in the rectangular wing and steady case only. There are 1.6, 3.9, 5.1,
7.9, and 9.6 of aspect ratios. The best aspect ratio in this study is 7.9, which has the best lift
coefficient in each angle compared to all aspect ratio. The WLE effect location also observed
in this chapter. There are three sections to verify the WLE effect i.e. on the symmetry plane,
mid-span, and area close to the wing tip. The WLE in the mid-span to the area close to the wing

tip has the strongest effect to suppress the separation.
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CHAPTER S
UNSTEADY ANALYSIS OF WAVY LEADING-EDGE EFFECT ON THE
RECTANGULAR WING WITH ASPECT RATIO SERIES

The most important of the aim of this research was implementation of WLE on some fluid
machineries such as fin stabilizer or wind turbines. These applications suffer the dynamic stall
due to its in unsteady motion. Therefore, unsteady analysis with various aspect ratios is
necessary to explore. In the chapter 3, the unsteady case analysis was carried out only at aspect
ratio (AR) 1.6. The WLE wing has superior value of C/ than the baseline wing, especially in
the upstroke motion. In this chapter, unsteady analysis of 3.9, 5.1 and 7.9 aspect ratio will be
employed. As mentioned before in the chapter 2, AR 3.9, 5.1 and 7.9 using rectangular wing of
NACA 0018 profile with the chord length (c) 125 mm. The shape of WLE has wavelength (W)
equals 8% of ¢ and amplitude (d) 5% of c.

5.1 Unsteady analysis of rectangular wings

The unsteady analysis was performed after stall condition, i.e. at the angles 25°-35° only.
Figure 5.1 shows the C/ and Cd at AR 3.9 in steady and unsteady cases. As a comparison, the
steady case of experimental result was shown in this section. The baseline wing at the upstroke
motion was completely similar to the experimental results at the angles 28°-35°. But at the
downstroke motion, the C/ were lower. A similar result was found on the WLE wing, the C/
value in the upstroke motion has similar value with the steady case at the angles 30°-35°.
Meanwhile, in the Cd comparison, the baseline wing has a lower value than the steady case.
For the WLE wing, the Cd results were quite good with the steady case result. Since the
unsteady result during the upstroke motion at the angle 30° has been similar with steady one,
then the pressure coefficient and velocity distribution in this angle was explored as comparison

as shown in the Figures 5.2-5.3, respectively.

Figure 5.2 shows the pressure coefficient at the angle 30° at AR 3.9. This figure shows
that the WLE wing has the low pressure comparing the baseline in the steady and unsteady
cases. Significant differences were found in the WLE wing during upstroke motion. The low
pressure is dominant along its surface. It indicates that the flow was easier through the wing
surface. Then the separation is possible to be postponed. In the Figure 5.3 shows the velocity

magnitude distribution in the mid span. At the first glance the differences are the separation
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point which is located near the leading edge. On the WLE wing, the separation point is slightly
delayed compared to the baseline wing. Beside that the wake area formed is narrower on the

WLE wing. Next in the Figures 5.4-5.6 show discussion the performance of AR 5.1 wing.
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Figure 5.1 The C/ and Cd at AR 3.9 in steady and unsteady case
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Unsteady SP
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Figure 5.2 Pressure coefficient distribution of AR 3.9 in steady and unsteady case at 30°

Steady Unsteady
30° 30°1

Baseline

Vel (m/s) 0 0.75

Figure 5.3 Velocity Magnitude distribution of AR 3.9 in steady and unsteady case at 30°

In the Figure 5.4, similar results were found in the AR 5.1 wing, where after stall

condition in the range angle 25°-35° the WLE wing has higher C/ compared to the baseline
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wing during upstroke motion. The C/ in the baseline wing during upstroke motion were same
in the angles 30°-35°. During downstroke motion, the WLE and baseline wing has similar
tendency. An interesting fact is in the angle of attack 30°, the steady and unsteady case meet in

the same C/ value. So, a comparison was employed in this angle as shown in the Figures 5.5-

5.6.

Pressure coefficient (Cp) on the suction wing surface were shown in the Figure 5.5. In
the left side were the pressure coefficient distribution in steady case, then in the right side were
unsteady case result during upstroke motion. There are no significant differences between
steady and unsteady case in the baseline wing. But we can see the significant differences in the
WLE wing between steady and unsteady case result. The deep blue colour almost covered up
along its surface. This colour distribution indicates the lower pressure on the surface. So, we
can say that in the WLE wing during upstroke motion the flow was easier through the wing

surface. The unique fact is unsteady motion has better performance in this case.

The next figure was C/ and Cd in steady and unsteady case at AR 7.9. This kind of

figure will make clear understanding about WLE effect regarding aspect ratio in unsteady case.
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Figure 5.4 The C/ and Cd at AR 5.1 in steady and unsteady case
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Figure 5.5 Pressure coefficient distribution of AR 5.1 in steady and unsteady case at 30°
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Figure 5.6 Velocity Magnitude distribution of AR 5.1 in steady and unsteady case at 30°
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Figure 5.7 shows a performance of AR 7.9 in steady and unsteady motion. As mentioned
before in the chapter 4, there is no experimental result in the AR 7.9. Therefore, only numerical
result has been shown in these figures. In the Figure 5.7 was the CI and Cd result for range
angles 20°-35°. The steady and unsteady result shown with the straight line and dash line,
respectively. An interesting fact C/ of AR 7.9 is in steady case at 30° has similar trend with the
unsteady case during upstroke motion. This tendency also found in Cd in both cases. In the
unsteady result, the baseline and WLE wing have similar tendencies during upstroke motion,

the baseline wing is higher than the WLE wing during downstroke motion.

The flow pattern in this angle was chosen to be explored in this section as shown in the
Figures 5.8-5.9. In the Figure 5.8 shows the pressure coefficient (Cp) on the suction surface of
the wing. In the left side was the steady case results, while in the right side was unsteady case
results during upstroke motion. In the pressure coefficient distribution, dominant lower pressure
almost covered up the WLE wing surface during upstroke motion. It is shown with the deep
color along WLE wing during upstroke motion. It means that the flow was easier to go through
the wing than other cases. In the Figure 5.9 shows the velocity distribution on the mid span

section. But in this case, there are no significant differences among them.

In the chapter 4 was mentioned that AR 7.9 has the best performance compared to other
aspect ratio variation in steady case. Opposite in the unsteady case, the performance of AR 7.9

is not so good compared to the baseline wing.
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Figure 5.8 Pressure coefficient distribution of AR 7.9 in steady and unsteady case at 30°
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Figure 5.9 Velocity Magnitude distribution of AR 7.9 in steady and unsteady case at 30°
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5.2 Summary

The WLE effect on the rectangular wing with three aspect ratios 3.9, 5.1, and 7.9 in the
unsteady case has been observed. In this case, consistent results were found in the aspect ratio
(AR) 3.9 and 5.1 where the WLE wing has a better performance than the baseline wing in the
post-stall condition. Meanwhile, in the aspect ratio (AR) 7.9, there are no significant differences
between baseline and WLE wing. A similar tendency was found with an aspect ratio (AR) 1.6
was mentioned in the previous chapter, better performance of the WLE wing was found during

upstroke motion than downstroke motion.
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CHAPTER 6
A COMPARISON OF RECTANGLE WING AND TAPERED WING
USING WAVY LEADING EDGE

In chapter 3, the optimum aspect ratio has been analyzed among various aspect ratio
series on the rectangle wing. We found that aspect ratio 7.9 has the best performance in steady
case only. So, only AR 7.9 was used in this chapter. This rectangle shape of the wing is an
approach of Humpback whale flipper. But this shape is easier to build for some applications
such as fin stabilizer or wind turbine if we compare it with the flipper shape. As we knew that
the flipper shape is close to the taper shape, but we do not know what the taper ratio is. As we
know that the taper shape has the best performance to reduce the separation area if compared
to the rectangular shape. An overview of the wing was performed in this chapter is a rectangular
wing with NACA 0018 profile with the chord length (c) equals to 125 mm, and taper wing with
the average of the chord length (¢) 128,5 mm. Three types of taper ratio (TR) were used in this
chapter i.e. TR 0.1, 0.3 and 0.5. Aspect ratio of the humpback whale flipper varies from 3.6 to
7.7 [49]. Thus, a study about approaching the flipper shape is needed. In this chapter a

comparison of rectangle and tapered wing will be discussed.

Lowest L/D ratio was found in aspect ratio 7.9 at three angles i.e. 20°, 25° and 30° on
the WLE wing. From C/, Cd and L/D ratio aspect ratio analysis, 7.9 aspect ratio has the best
performance. Therefore, to approach the Humpback whale flipper shape, the wing is modified
to taper wing. In the chapter 4 was mentioned about the effectiveness of WLE. The WLE on
the taper wing only located between mid-span and the wing tip. The WLE shape was similar
between rectangle and taper wing with wavelength () equals to 8% of ¢ and amplitude (d) 5%

of c.
6.1 Validation with Experimental Data

In the following figure is numerical validation of taper wing with the experimental results.
The root chord length was 200 mm with the tip chord length was 57 mm. This make the wing
has taper ratio about 0.285. The taper ratio of the wing was 7.74. This taper ratio has no big
differences with the rectangle wing. The validity was employed using numerical method which

has similar dimension of the experimental set-up. The validation was carried out at the angles
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20°, 25° and 30° for both wing types. The validation assumed as quite good results in the Figure

6.1. Next, the mesh set-up from this validation is used for taper wing.
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Figure 6.1 Validation with Nagaoka Experimental
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6.2 Taper Ratio Variation in Steady Case

In the chapter 5 was mentioned that from C/, Cd and L/D ratio aspect ratio analysis, 7.9
aspect ratio has the best performance. Therefore, to approach the Humpback whale flipper shape,
the wing is modified to taper shape with 3 types of taper ratio (TR) :0.1; 0.3 and 0.5. In this
section, the flow distribution will be discussed among three types of taper wing to find out the
best shape of taper ratio wing. In the Figure 6.2 shows the lift coefficient at three types of taper
ratio wing at the angles 20°, 25° and 30°, respectively. Regarding this figure, there is no
significant differences between baseline and WLE taper ratio wing. But taper ratio 0.3 wing has
the best value among them. Then, in the next section TR 0.3 wing is chosen to compare with

the rectangular wing.

The next figure will explain a comparison between rectangle wing at AR 7.9 and TR 0.3
wing at the angle 20°. Effectiveness of WLEs also evaluated based total number and
arrangement of WLE. The shape of WLE is same between rectangle and taper wing. From the
static pressure distribution, the low pressure indicated with the deep blue colour were found at
the rectangle and TR 0.3 wing. Next step is an investigation the flow distribution in the X-Y
plane to find out the effectiveness of WLE in each wing shape. In the Figures 6.3 shows the
pressure coefficient (Cp) distribution in XY-plane around the wing. There are 4 plane sections
will be discussed where the numbering was started from the wing tip illustrated in the Figure

6.4. This comparison was set in the angle 20° only.

Refers to the Figure 6.5, in the position 1, the low pressure was found in the suction side
(upper side) of the wing for all wing type. The lowest pressure coefficient indicates the deep
blue region around leading edge. The taper wings have wider low pressure in /* position than
the rectangle type. Similar result was found in the 2" position, the taper wings have wider low
pressure than the rectangle type. In the 3™ position, wider low pressure was found in taper wings.
Widest low pressure was found in TR 0.3 wing, it means the flow is easier through the wing
than other wings. Strong effect of WLE was found in the 3™ position. On the other hand, on TR
0.3 wing, the lowest Cp distribution were wider than the rectangular wing. It indicates that the

flow was easier through the wing.
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6.3 Unsteady Taper Ratio Analysis

As previous explanation stated in the above, TR 0.3 is the best taper shape among three
types of TR in steady analysis. Thus, unsteady analysis in this section only focused on TR 0.3
wing. Figure 6.6 shows a comparison unsteady case of TR 0.3 at the angles 25°-35°. Upper
figure shows the C/ result and the bottom one is the Cd result. In the C/ comparison, seems that
no significant differences between baseline and WLE wing in the Figure 6.7. The WLE wing
has a little higher than the baseline wing at the angles more than 30°-35° during upstroke motion,
but at the angle 30° is similar. In the Cd comparison, the baseline wing has higher Cd than the

WLE wing during the upstroke motion. Then, did during the downstroke motion.
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Figure 6.6 The C/ and Cd result of unsteady case of TR 0.3 wing
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Next, a comparison of AR 7.9 on rectangular wing and TR 0.3 wing in unsteady case.
In the following figure, only the WLE wing of TR 0.3 wing was given as comparison. In this
case we are focused on the comparison of WLE wing in both wings. Figure 6.7 shows the CI/
and Cd comparison between rectangular wing with AR 7.9 and taper wing TR 0.3. The WLE
wing was show as blue dash line where the TR 0.3 wing was show as the green dash line. It is
clearly seen that the TR 0.3 wing has higher C/ compared to the rectangular wing during
upstroke motion or downstroke motion. This phenomenon also found in the Cd comparison as

given in the bottom figure.
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Figure 6.7 A comparison of C/ and Cd in unsteady case of rectangular AR 7.9 wing and TR
0.3 wing
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To clarify the performance of both wing shape, the turbulent intensity (77) was
employed in this section. As comparison, the angle of attack 30° was chosen as shown in the
Figures 6.8-6.9. These figures are instantaneous turbulent intensity (77) at the angle of attack
30° during upstroke motion only. Figures 6.8 shows the 77 distribution on the suction surface
of the wing. In the rectangular wing, the 77 distribution has higher value compared to the TR
0.3 wing as shown with the green area around the leading edge. This phenomenon was agreed
with the pressure coefficient distribution as shown in the Figure 6.5 where the WLE on the

rectangular wing has wider of low pressure along its surface.

SP

Rectangle

TR 0.3

| ONE [ NEEEC
I 0 2.5% 5%

Figure 6.8 Instantaneous of 77 distribution on the suction surface in rectangular and TR 0.3

wing

While the fact that the C/ distribution of TR 0.3 wing has higher value compared to the
rectangular wing as shown in the Figure 6.7, the 77 distribution has no same manner. It is
interesting to find out the wake area after the flow through the wing surface. Figure 6.9 shows
instantaneous of streamline distribution in the wake area at the angle 30° in perspective view.
The streamline in this figure shows as the turbulent intensity where the red color indicates the
higher 77. It can be seen that the streamline on the wake area of rectangular wing has rotating

along the wing-span. But in the TR 0.3 wing, in the area close to the wing tip is not. The straight
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streamline was described from leading edge through the trailing edge area. The 77 distribution
as streamline form in the wake area indicates the separation area. Then, we can say that the

separation area in the TR 0.3 wing was controlled compared to the rectangular wing.
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Figure 6.9 Instantaneous of 77 as streamline distribution in rectangular and TR 0.3 wing
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6.4 Summary

A comparison of the rectangular and tapered wing with aspect ratio (AR) 7.9 was
employed in this chapter in steady and unsteady case. In this chapter, the WLE effect also
verifies based on its location close to the symmetry plane, mid-span, and close to the wing tip
area. The WLE which is located on the mid-span section to the wing tip area has the strongest
effect to suppress the stall. This result is similar to the WLE effect on the rectangular wing that

already mentioned in the previous chapter.

On the tapered wing, there are three types of taper ratios (TR) i.e. 0.1, 0.3, and 0.5. In
steady case analysis, the taper wing with TR 0.3 has the best performance. Then, this taper ratio
TR 0.3 has been used to compare with the rectangular wing at AR 7.9. Even though during
unsteady motion on the rectangular wing with AR 7.9 there are no significant differences
between baseline and WLE wing, the TR 0.3 wing has better performance among them. The
streamlines distribution in turbulent intensity (TI) was used to see the separation phenomenon
in this case. The streamlines on the wake area of the rectangular wing have rotating motion
along the wing-span. But, on the TR 0.3 wing the straight streamlines were found in the mid-
span to the wing tip direction. The separation area in the TR 0.3 wing was controlled compared

to the rectangular wing.
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CHAPTER 7
CONCLUSION

Learning from nature by inspired of humpback whale flipper which has the ingenious
ability to catch their prey. Its flipper has several WLE with the form blunt and rounded shape
along their leading edge. This flipper was expected to increase the performance during their
ability to catch their prey faster. Therefore, the WLE was used in this research where in the
beginning the rectangular wing was chosen to approach the flipper shape. The experimental and
numerical methods were used to find out the WLE effect regarding the aspect ratio and the wing
motion. The NACA 0018 profile was used with Reynolds number 1.4 x 10°. The chord length
of the wing was 125 mm and 250 mm, it depends on the aspect ratio (AR) variation. The WLE
shape has the wavelength () 8% of ¢ with the amplitude (d) equals to 5% of the c.

To understand the mechanism of fluid flow on the WLE wing, the numerical method by
using Autodesk® CFD was employed in this study. As a comparison, the experimental work
was given in Chapter 2. The NACA 0018 profile was used with the WLE shape with wavelength
8% and amplitude 5% of the chord length. In the beginning, the wing was used is rectangular.
This study was performed in steady and unsteady case with three reduced frequencies k = 0.09,
0.12, and 0.25. To get the maximum benefit of the WLE effect, this study is varied in various
aspect ratios (AR) 1.6, 3.9, 5.1, 7.9, and 9.6 in baseline and WLE wing. Besides that, to
approach the humpback whale flipper shape, the wing shape was modified into the taper wing
with three taper ratio (TR) variations i.e. 0.1, 0.3, and 0.5.

In Chapter 3, the WLE effect on the rectangular wing was performed in steady and
unsteady case. In this chapter, only one AR 1.6 was explored. As a comparison, the vortex
generator (VG) is given to make a clear understanding of the WLE effect. In a steady case, the
VG wing has the same manner as the baseline wing. While the WLE wing is able to acquire the
lift force after stall condition. The WLE wing has the best performance among three types of
the wing. Therefore, in unsteady case only focused on the post-stall condition. Three reduced
frequencies k = 0.09, 0.12, and 0.25 were given in this case to find out the WLE effect during
unsteady motion. Clearly, differences between baseline and WLE wing was found in the fastest
reduced frequency k = 0.25. Then, the streamlines distribution was explored around the WLE

to find out the mechanism delaying the stall due to the WLE. The stream-wise vortical flow
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around WLE is thought to contribute to the suppression of separation. In the present unsteady
study, a similar stream-wise vortical flow is observed around the WLE during the upstroke and
down-stroke motion. The twisted vortical flow observed at the upstroke motion is stronger than
the down-stroke motion, which is thought to be related to the fact that the higher lift is obtained

at the upstroke motion than the down-stroke motion.

To get maximum applications on the WLE effect, the various aspect ratio has been
performed in this study in a rectangular wing and steady case only was discussed in Chapter IV.
The best aspect ratio in this study is 7.9, which has the best lift coefficient in each angle
compared to all aspect ratio. The WLE effect location also observed in this chapter. There are
three sections to verify the WLE effect i.e. on the symmetry plane, mid-span, and area close to
the wing tip. The WLE in the mid-span to the area close to the wing tip has the strongest effect

to suppress the separation.

The WLE effect on the rectangular wing with three aspect ratios 3.9, 5.1, and 7.9 in the
unsteady case has been observed in the Chapter V. In this case, consistent results were found in
the aspect ratio (AR) 3.9 and 5.1 where the WLE wing has the better performance than the
baseline wing in post-stall condition. Meanwhile, in the aspect ratio (AR) 7.9, there are no
significant differences between baseline and WLE wing. A similar tendency was found with
aspect ratio (AR) 1.6 was mentioned in the previous chapter, better performance of WLE wing

was found during upstroke motion than downstroke motion.

A comparison of the rectangular and tapered wing with aspect ratio (AR) 7.9 was
employed in Chapter VI in steady and unsteady case. The WLE effect also verifies based on its
location close to the symmetry plane, mid-span, and close to the wing tip area. The WLE which
is located on the mid-span section to the wing tip area has the strongest effect to suppress the
stall. This result is similar to the WLE effect on the rectangular wing that already mentioned in
the previous chapter. On the tapered wing, there are three types of taper ratios (TR) i.e. 0.1, 0.3,
and 0.5. In steady case analysis, the taper wing with TR 0.3 has the best performance. Then,
this taper ratio TR 0.3 has been used to compare with the rectangular wing at AR 7.9. Even
though during unsteady motion on the rectangular wing with AR 7.9 there are no significant
differences between baseline and WLE wing, the TR 0.3 wing has better performance among
them. The streamlines distribution in turbulent intensity (TI) was used to see the separation

phenomenon in this case. The streamlines on the wake area of the rectangular wing have
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rotating motion along the wing-span. But, on the TR 0.3 wing, the straight streamlines were
found in the mid-span to the wing tip direction. The separation area in the TR 0.3 wing was

controlled compared to the rectangular wing.

It is interesting to explore the differences of rectangular and TR 0.3 wing such as the
pressure losses in the wake area. Besides that, the author suggests it analysis could be applied

in another wing profile to find out the best performance closest to the humpback whale shape.
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