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ABSTRACT

In general, the flow separation phenomenon influences the aerodynamic
performance of an aircraft highly. Flow separation is inevitable as the flow is
viscous, but it can be delayed, i.e. the separation point can be moved
downstream further by energising the boundary layer. Hence, the wake region
and the drag can be reduced. The development of various flow control methods
helps the aircraft to enhance its operation economically. The flow control

methods mainly categorised as passive and active method.

This paper mainly aims to achieve an optimum flow separation control over the
airfoil using a passive flow control method by introducing a bio-inspired nose
(Cetacean species - aquatic marine mammals) near the leading edge of the
NACA airfoil. In addition, to find the optimized leading-edge nose design for

NACA 4 and 6 series airfoils for flow separation control.

To achieve the flow control, two distinguished methods have been implemented
on the leading edge of the NACA 2412 airfoil: i) Forward Facing step - which
induces multiple acceleration at low angle of attack ii) Cavity/Backward facing
step - which creates recirculating region (axial vortices) at high angle of attack.
The computational analysis has been done for NACA 2412 airfoil with different
bio-inspired nose designs at low subsonic speed. 54 different bio-inspired nose
designs which are inspired by the cetacean family marine mammals have been

considered for the analysis.

It has been found that at low angle of attack, longer bio-inspired nose enhances
the aerodynamic efficiency because of multiple accelerations on the nose by

forming a forward-facing step. However, it is not effective at a high angle of



attack due to early flow separation starting at the leading edge of the longer
nose. At a high angle of attack, deeper depth nose design is more effective than
the shallow depth nose design due to the vortex formation by forming a cavity
shape on the nose, which delays the flow separation. However, deeper depth
nose design is not effective at low angle of attack due to the movement of the
stagnation point above the nose, which affects the pressure distribution and
reduces the aerodynamic force. The shorter nose with a medium depth cavity
shows optimum enhancement within the operative range of angles of attack.
The length and depth of the bio-inspired nose play an important role to change

the aerodynamic performance of the airfoil than the diameter of the nose circle.

The optimum bio-inspired nose airfoil (The porpoise airfoil: shorter length and
medium depth i.e., depth - 2.25 % of chord, nose length - 0.75 % chord, and
nose diameter — 2 % chord) delay the flow separation and improves the
aerodynamic efficiency by increasing the lift and decreasing the parasitic drag
within the operative range of angle of attack. As the angle increase the effect of

flow separation control also increases.

Different bio-inspired noses that are inspired by the cetacean species have been
analyzed for different NACA 4 & 6 Series airfoils at low and high subsonic
speeds. Bio-inspired nose with different nose length, nose depth, and nose circle
diameter have been analyzed on airfoils with different thicknesses, different
camber, and different camber locations to understand the aerodynamic flow
properties such as vortex formation, flow separation, aerodynamic efficiency
and moment. The porpoise nose design (shorter length and medium depth i.e.
depth - 2.25 % of chord, nose length - 0.75 % chord, and nose diameter — 2 %
chord) delays the flow separation and improves the aerodynamic efficiency by
increasing the lift and decreasing the parasitic drag (without affecting the
pitching moment) for all the NACA 4 & 6 series airfoils irrespective of airfoil
geometry such as different thicknesses, different camber and different camber

location.

The addition of bio inspired nose (porpoise nose) on the thin airfoil increases

the stalling characteristics of low thickness airfoil, and its stalling performance



matches with the thick airfoil. Hence, it is found that the low thickness airfoils
with porpoise nose can be used instead of thick airfoils, which produces lesser
drag at low angles of attack than thick airfoils and gives more or less same
performance as the thick airfoils at high angles of attack. And it is also found
that the airfoil aerodynamic performance has been altered and matched with
other NACA airfoils by adding the porpoise nose. Hence it is found that this
porpoise nose can be used to alter the aerodynamic performance of the airfoil

instead of morphing of wing upto certain extend.

The maximum improvement in aerodynamic efficiency is achieved using the
porpoise nose after the stall angle. The porpoise nose on NACA 2412 airfoil
shows maximum increment in aerodynamic efficiency by 66.5% at 18° angle of
attack for Re. No. of 3 x 10"6. The porpoise nose on NACA 66215 shows
maximum increment in aerodynamic efficiency by 77.7%, at 12° angle of attack

for Re. No. of 9 x 1076.

The porpoise nose design effectively controls the flow separation until the shock
formation occur on the airfoil. It is effective upto the critical Mach number.
Hence it can be incorporated in UAV’s, propeller aircrafts, turbo-prop aircrafts,

and short-range jet transport aircrafts.

This universal optimum nose design (porpoise nose) improves aerodynamic
performance and increases the structural strength of the aircraft wing compared
to other conventional movable high lift devices and flow control devices. This
universal leading-edge flow control device can be adapted to aircraft wings

incorporated with any NACA 4 & 6 series airfoil.

The 3D simulation is done to find the optimum span wise length and the position
of nose on finite wing. Nose with spanwise length of 100%, 50%, and 25% of
a finite wingspan (1b, 0.5b, and 0.25b) and positions such as root, mid portion,
and tip of the finite wing were considered for the analysis. The porpoise nose
design delays the flow separation and improves the aecrodynamic efficiency at
high angles of attack (> 6°) without adversely affecting the performance
significantly at low angles of attack (< 6°). The effectiveness of porpoise nose

on flow separation control increases with increasing angles of attack and speed.
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The finite wing with porpoise nose of full spanwise length showed better

aerodynamic efficiency than other spanwise length nose models.

The porpoise nose on the finite wing with NACA 2412 shows maximum
increment in aerodynamic efficiency by 42% at 18° angle of attack for Re. No.
of 3 x 10"6. The effectiveness of porpoise nose on flow control decreases as the
spanwise length of porpoise nose decreases. Even the porpoise nose with 25%
of wing span length shows the increment in aerodynamic efficiency by 15% at
18° angle of attack for Re. No. of 3 x 10”6 without adversely affecting the
aerodynamic performance at low angles. The smaller length porpoise nose
located at wing root can be effectively used for the flow control of UAV’s and

smaller aircrafts.

The effectiveness of porpoise nose 50% of wing span length was decreasing
when its location moved from wing root to wing tip. because the flow is merely
two dimensional near the root section of wing and it becomes three dimensional
near wing tip. However, after stalling angle, the porpoise nose positioned at
different location along the wing span shows almost similar improvement on

increase in aerodynamic efficiency, as the flow separates form the surface.

Finally, the effectiveness of porpoise nose on flow separation control has been
compared with other conventional flow control methods and high lift methods.
It is found that most of the methods augment the aerodynamic efficiency only
during the take-off / landing and adversely affect the cruise performance of the
aircraft. Hence it is observed that the fixed leading edge porpoise nose design
shows the increment in aerodynamic efficiency within the working range of
angle of attack and it is feasible to mount in the existing aircraft wing without

many practical complications.
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CHAPTER 1

INTRODUCTION

1.1 Boundary layer separation

Flow around the airfoil has two regions such as viscous region near the
wall (boundary layer) and inviscid region away from the wall (free stream).
Boundary layer starts with laminar boundary layer (LBL) which is thin and has
low velocity gradient, then transit to turbulent boundary layer (TBL) which is
thick and has higher velocity gradient near the wall as mentioned in Fig 1.1.
Outside boundary layer velocity gradient are so small and shear stress is
negligible. Within the boundary layer, normal component of the velocity is
usually much smaller than streamwise component of velocity. In laminar
boundary layer, transverse transport of momentum takes place on a microscopic
scale. But in turbulent boundary layer it happened in macroscopic scale. In
turbulent boundary layer slow moving lower layer particles moves upward and
fast-moving higher layer particles moves towards the surface. The shear stress

at the wall for TBL is higher than LBL.
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Figure 1.1: Structure of boundary layer on an airfoil



Turbulent flow consists of irregular three-dimensional fluctuations (mixing/
eddying motion), and velocity at point is a function of time. These fluctuations
increase the viscosity, shear forces, skin friction drag etc. Turbulent boundary
layer penetrates the increasing pressure region and extend for longer distance,

1.e. delays the separation and reduces the pressure drag.
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Figure 1.2: Structure of boundary layer on a flat plate (Shahmohamadi and
Rashidi, 2017)

The velocity profile of laminar and turbulent boundary layer is different (Fig
1.2 and 1.3). In LBL, the energy of freestream is conveyed to the flow near the
wall. So appreciable proportion of boundary layer flow velocity is reduced. In
TBL, the large mass interchanges are present in the transverse direction to the
surface so freestream easily penetrates to the layer closer to the surface. Thin
region adjacent to the surface is purely viscous layer, this is called viscous sub
layer (where velocity falls sharply). So viscous shear stress relation should be
applied only in this viscous sublayer not throughout TBL. Under favourable
pressure gradient conditions, the streamwise pressure force suppress the shear
stress, so flow is attached. But in unfavourable pressure gradient, the pressure
force enhances the shearing action. So, flow decelerates, then separates and
reverses for strong positive pressure gradient. From the separation point,
boundary layer separates from the surface. The mass flow in front and behind

the separation point is same above the separation region (Fig 1.3).

LBL has greater extend of lower energy flow near wall, so causes separation.

But TBL stick better to surface. Because of separation wake thickness increases,



it reduces the pressure near trailing edge and increases the pressure drag. At
larger angles, separation points move forward and results in larger wake. This
affects the larger low-pressure region on the airfoil suction side and lift which
leads to stall. For low Reynolds number, disturbances will be damped by
viscous effect and boundary layer will remain laminar. At high Reynolds
number disturbance may grow, so boundary layer become unstable and transits
to TBL. Boundary layer transition is due to pressure gradient, surface
roughness, compressibility effect, surface temperature, suction/ blowing at

surface, turbulence in freestream, etc.

Figure 1.3: Velocity profiles around the separation point

The laminar flow separates from the nose and reattaches again on the
surface of the airfoil after certain distance and forms the recirculation region
between the separation and reattachment point. This region is called laminar
separation bubble (Fig.1.4). Within the bubble region, the separated flow under
goes laminar to turbulent transition, hence energies the flow and makes it
reattaches again on the wall of airfoil. As the Reynolds number increases,
bubble length decreases. The bubble length increases for increase in the incident
angle of airfoil before airfoil stalls. Thinner airfoil produces longer bubbles than
thicker airfoils (Owen and Klanfer, 1955). The separation bubble is adversely

affecting the aerodynamic and stall performance of airfoils.
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Figure 1.4 Mean features of boundary layer on a low Reynolds number airfoil.
At moderate angles, separation bubble will appear on airfoil upper surface.
Small disturbances grow at low Re. No. in separated boundary layer. Separated
boundary layer undertakes transition and reattaches again as TBL on surface.
Below this the fluid is trapped and forms bubble shape streamline. It has
constant pressure at the front and increasing pressure with circulatory motion at

the back.

A short separation bubble (SSB) covers a chordwise extent of less than one
percent. Therefore, it does not influence the peak suction pressure and pressure
distribution around the airfoil to a large extent. If angle increases bubble moves
slowly forward and final stall happens. On the other hand, a long separation
bubble (LoSB) can cover several percent of the airfoil chord or extend even in
wake region with large effect on the peak suction value. therefore, severely
affects the pressure distribution and forces generated by the airfoil (Fig 1.5).
Bubble length increases with increase in incidence angle. This causes
continuous reduction of leading edge (L.E.) suction peak and lift (common in
thin airfoil). If Reynolds number is <400, then long bubble would appear. If
Reynolds number is >550, then short bubble will form. According to Owen
Klanfer criterion, both the above conditions may occur for intermediate
Reynolds number. SSBs are commonly observed on thin airfoil sections near
the leading edge where large pressure gradients exist and have been studied

extensively (Crabtree, 1959; Von Doenhoff, 1938; Tani, 1939; Owen and



Klanfer, 1953). It has been shown that an increase in the angle of attack or a
reduction in the Reynolds number can lead to the ‘bursting’ of the bubble

resulting in the formation of a LoSB or an unattached free shear layer.
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Figure 1.5: Cp distribution of airfoil with separation bubble (Choudhry et al.
2015)).

Figure 1.6 Movement of separation point on airfoil surface at different angles

of attack (Brendel and Mueller, 1988).

As the angle of attack increases the separation point moves forward towards the
leading edge (Fig 1.6). Hence at high angles, flow separates from the leading
edge of the airfoil, so airfoil stalls. At high angles of attack, high lift devices are
the main lift augmented method, which increases wing area, angle of incidence,
camber and circulation. The high lift devices increase lift and drag. So, it is used

only at take-off and landing phases. Maximum lift is limited by boundary layer

separation and onset of supersonic flow.

Laminar airfoils are associated with laminar separation bubble (LSB) and

transition. LSB is easily formed in laminar flow and increases drag due to



bubble and turbulent flow after the bubble. Unfortunately keeping the surface
smooth is not possible as there will be a surface roughness, dust deposits, ice
and moisture formation, rivets, etc. So, these affects the laminar flow, and cause
B.L. transition and increase the drag. Because of these drawbacks, variety of
flow control methods and devices are used to extend the laminar flow and to
avoid separation or promote the transition and eliminates the bubble and reduces

the drag.
1.2 Flow separation control methods

In general, the flow separation phenomenon influences the aerodynamic
performance of an aircraft highly. In an aircraft wing, flow separation occurs
when the kinetic energy of the boundary layer decreases due to surface friction.
This causes a wake region, which produces a pressure difference in the direction
of the flow and creates an undesirable force called drag. Flow separation is
inevitable as the flow is viscous but it can be delayed, i.e. the separation point
can be moved downstream further by energising the boundary layer (B.L). So
that the wake region and the drag can be reduced. The development of various
flow control methods helps the aircraft to enhance its operation economically.
Flow separation is delayed by two methods. The active flow control technique
consumes external energy to alter the flow condition such as tangential blowing,
synthetic jets, pulsed jets, suction, and plasma actuators. Passive flow control
method includes, (i) fixed mechanical devices installed at leading edge and
trailing edge (turbulators, riblets, vortilons, vortex generators (VG) etc.) and (i1)
profile modifications (surface roughness, dimples, bumps etc.) to alter the flow
condition without using external energy. Both active and passive methods are
employed in aerodynamic research. Mostly the passive control method is used
for the flow control on an aircraft wing/airfoil as well as in commercial
applications. Most of the passive control methods concentrate on modifying the
flow structure near the leading edge (L.E) and trailing edge (T.E) of the airfoil.
Particularly the leading-edge portion is focused because the flow separation
point will be in and around that region at high angles of attack, which causes

highly separated flow and drag. Similarly, most of the methods are applied on



the suction side of the airfoil where high quality attached airflow must be

maintained for better acrodynamic efficiency.

Numerous boundary layer control methods delay the flow separation and greatly
reduce the parasite drag thereby increases the aerodynamic performance of
aircraft wing/airfoill at low speeds. Mostly flow separation control methods are
employed on the aircraft wing at high angle of attacks such as Take-off and
Landing phase of the aircraft where the separation is prominent. The subsequent
section describes the previous studies done on the different flow control

methods as follows.

a. Active Flow Control
1. Blowing or Suction Jet
ii. Vibrating Mechanism
b. Passive Flow Control
1. Vortex Generators
ii. Profile Modifications

iii. L.E. and T.E. Devices

1.2.1 Active Flow Control

The tangential injection of air from the upper surface of the airfoil near
to the leading edge (before the separation point) adds the momentum to the
slow-moving B.L, moves the separation point rearwards, hence reduce the drag.
The suction slots positioned near the rear portion of the airfoil (after the
separation point) removes the slow-moving flow and separated flow. This adds
momentum to the B.L, sucks the separated flow so that flow is attached to
further distance, and reduce the wake and drag. In some cases, both tangential
injection near the L.E. and suction near the T.E. (Fig. 1.7) reduce the drag
effectively [Zhang et al. 2018]. The position of suction slots near the L.E. (to
enhance the flow control at high angle of attack) and the position of blowing of
air near the T.E. (to maintain the attached flow over the airfoils) show increase

in aerodynamic efficiency.



baseline symmetric airfoil

injection suction

Figure 1.7: blowing and suction slots on airfoil [Zhang et al. 2018]

A synthetic jet [Donovan et al. 1998 and Tang et al. 2014] is formed by drawing
and pushing air through the same opening at high frequencies (Fig. 1.8). This
jet increases momentum to airflow without adding mass (zero mass jet).
Oscillatory injection of jet was further efficient than steady blowing of jet.
Instead of using pump / compressor to inject / suck the air through the slots,
synthetic jet actuators are used to create the synthetic jet. Actuator may consist
of vibrating diaphragm, moving piston, or rotating blade placed inside the
cylinder (Arif et al. 2017) which reciprocates the air through the slot due to their

up and down movement.

Figure 1.8: A synthetic jet actuator (Donovan et al. 1998)

1.2.2 Passive Flow Control

Usually, to energies the slow-moving B.L on the upper surface, a small
vane is attached near L.E., which is called a vortex generator (Fig. 1.9). The
vane produces the axial vortex due to the pressure difference across vanes.
Therefore, it increases the kinetic energy of B.L near the wing surface, and
delays the flow separation and aerodynamic stalling. However, the fixed vane
type VGs are high drag devices when the airfoil/wing is at low angle of attack
as it disturbs the smooth flow. So, it is desirable only during a small part of the

total operating time. It was preferred that the height of the VG is equal to the



B.L height. However, it will cause excess drag at low angles. It is found that the
low-profile VGs with the device heights of 10% to 50% of boundary-layer
height produces the same or even larger amount of normalized circulation
downstream of the vane with much lower device drag [Gamiz et al. 2014].
Particularly vortex generator with 20% of the boundary-layer thickness is
preferable. The most effective range is about 5 — 30h (h — height of vortex
generator) upstream of baseline separation. The inclined pair of vortex
generator arranged near L.E. and T.E. demonstrates improved control of
separation and L/D of the airfoil [Haipeng et al. 2017]. The vortex generator
placed closer to the separation point is more effective. The spacing between the

VG affect the performance of the VGs [Zhen et al. 2011].

Vane-type VGs Wheeler VGs

- 5 >
Counter-rotating Co-rotating Wishbone Doublet

Figure 1.9: Different vane type vortex generators (Lin, 2002)

The separation point on the airfoil will vary as the angle varies. As the angle
increases, the point of separation shifts frontward to the L.E. and finally
separates from airfoil. For the effective operation of VGs, its position should be
varied as the angle changes. However, it is practically not possible/difficult to
incorporate a movable vortex generator in the aircraft wing. In commercial
aircraft wing, the fixed position of VGs near the L.E. portion is chosen to reduce
the drag at high angle where the drag is very high. Moreover, the smaller
number of low-profile VGs are used to get the enough flow control at high angle
and to avoid additional drag by the vortex generates at low angle of attack such
as cruising. Another passive control method is the bio-inspired riblet surfaces
(Fig. 1.10) used for reduction of the skin friction drag. It will be efficient if it is

in same orientation (<10°) [ Viswanath 2020].



Riblet Film

Figure 1.10: Riblets (Viswanath, 2002)
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Figure 1.11: leading edge serrations (Soderman, 1972)

The laminar to turbulent flow transition on the airfoil helps the flow
separation control. The highly sticking turbulent flow reattaches again on the
surface and delays the separation. To induce the transition, tripwire, micro
cylinders are placed in front of the leading edge of the airfoil/wing. It increases
the L/D after the stalling angle (Luo et al. (2017)). The turbulent transition on
the airfoil is induced by many methods such as the dimples (small size cavities)
on the upper surface of the airfoil [Sobhani et al. 2017]. Trip wire placed in front
of the L.E. and on the upper surface [Leknys et al. 2018], Stationary and
oscillating cylinder[Shi et al. 2019] in front of the airfoil, vibrating diaphragm
strips on the upper surface of the airfoil, the leading edge serrations (Fig. 1.11)
at the L.E. of the airfoil [Soderman 1972], and Turbulators such as roughness
strip, zig-zag strip placed on the L.E. of the airfoil. The larger serration causes

to stall sooner because it obstructed the flow over the upper surface. So, the
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smaller serration is used to eliminate the L.E. separation and to delay the T.E.
separation at higher angles. Small cavities on the upper surface of the airfoil
used to trap the vortex in it. The low-pressure region inside the cavity sucks the
separated flow and enhance the aecrodynamic efficiency at high angles of attack
[Fatehi et al. 2019]. The oscillating cylinder delays the separation and increases
the L/D more than the stationary cylinder. A similar effect of improvement can
be achieved by increasing the static cylinder about 4 times the initial diameter
(Shi et al. (2019)). The tripping device promotes the early transition of flow and
shows a reduction in the bubble, upgrades the L/D, and stall angle (Choudhry
et al. (2015)). Under dynamic stall, the flow is in a high flow separation
condition, which makes the airfoil behaves as a bluff body. The thin tripwire
placed near a leading edge reduces the maximum lift and flow fluctuations. The
change in diameter of thin wire does not have any impact on the flow separation.
It is quantified that the tripwire is not a possible mode of flow control under
dynamic stall (Leknys et al. (2018)). A small plate placed near the L.E, produces
an interference flow, and the plate effectively reduces the detachment of the
flow and provides a relatively high C; at a large angle. A small plate suppresses
the separation bubble formed at high angles of attack. However, after a stalling
angle, the bubble appears again and reduces the effect of the plate (Zhou et al.
(2017)). The B.L trip reduces/removes the laminar separation bubble (LSB). It
increases the L/D with a noticeable increase in drag at large angles (Sreejith &
Sathyabhama (2018)). The pitching flat plate attached to L.E. and T.E. of wing
become inactive at high incident angles (Leknys et al. (2018)). The maximum
size leading-edge serrations barricade the flow on the suction side, and
minimum size serration eliminates or delays the separation depending on the
location on the airfoil at maximum angles (Soderman (1972)). The L.E serration
with the highest amplitude and wavelength shows significant improvement in
both performance and noise reduction (Juknevicius et al. (2018)). The leading-
edge imperfection (a slight displacement of half aerofoil profile with respect to
the other) increases the drag higher than the lift, therefore, aerodynamic

efficiency decreases as the displacement grows (Ayuso and Meseguer (2014)).
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Figure 1.13: Krueger flap (Bahrff et al. 2016)

The flaps (Salmi 1950) fixed to the L.E. and T.E. of the airfoil /wing
(Fig. 1.12) increases the lift by increasing the camber. These high lift devices
increase the flow separation and drag. So, the slots (gap between the flap and
the airfoil) are introduced on the aircraft wing to allow the air to pass through
the slot and to add the energy to the B.L. Moreover, this flaps and slots are
effective only at high angles. The Krueger flap (Fig. 1.13) exhibited a more
prominent flow acceleration in the gap region and deceleration around the cavity

region than a conventional slat [Bahrff et al. 2016].
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Increasing the leading-edge radii and camber enhances the maximum
lift without affecting stall behaviour. Increasing the leading-edge radii without
changing the camber revealed no enhancement on the lift and stalling properties.
The camber modifications and a slight L.E. droop along with an increased L.E.
radius is effective enough in delaying the L.E. separation and substantial
increases in the maximum C,. The thickness increased near L.E. on upper
surface improves the maximum C; and stall than thickening on lower surface or
L.E. radius [Kelly J. A 1950, Szelazek and Hicks 1979, Hicks 1975 and Sankar
et al. 2000]. In the drooped leading-edge airfoil (Fig. 1.14), maximum of 25%
of chord of the airfoil near the L.E. is deflected downwards so that the nose of
the airfoil is aligned with flow streamlines. This ensures the attached flow over
the airfoil upto certain distance over the upper surface of the airfoil even at high
angles. It has lower suction peak, milder adverse pressure gradient, smaller
separated flow and better stalling characteristics. In addition, lower drag even
at high angles. Lower suction peak decreases the maximum lift slightly.
Moreover, using the T.E. Gurney flap of 0.01¢ height, recovers the loss of lift
due to drooped L.E., without increasing the drag penalty [Chandrasekhara
2010]. At low angles, the lift coefficient increases by increasing the thickness
but not affected by the leading-edge profile modifications. Adverse pitching
moment increases with additional thickness and with leading-edge profile
exponent (Merz and Hague (1975)). At low speed, the leading-edge
modification increases the maximum lift coefficient and stalling angle with no
increment in pitching moment. However, at high-speed, it decreases the
maximum lift coefficient because of compressibility effects (Maki and Hunton
(1956)). The drooped leading-edge delays the L.E separation (Fortin (2019)).
The Drooping leading edge with increased leading-edge nose circle radius
increases the maximum C; and decreases the drag at high angles of attack. But
at low and moderate angles, it shows an increased drag penalty and pitching
moment (Hicks et al. (1975)). The drooped airfoil shows a lesser adverse
pressure gradient and no stall at modest angles of attack. But it stalls
dynamically with lesser drag and pitching moments at higher angles of attack
(Sankar et al. (2000)). The drooped leading edge reduces the dynamic stall and

drags with lesser pitching-moment and positive damping (Chandrasekhara et al.
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(2004)). It reduces the lift due to a drooped edge. The loss in lift can be
recovered with the help of a small Gurney flap attached at the trailing edge
without increasing the drag (Chandrasekhara (2010)). The drooped-nose with
extensible L.E. flap and round leading edge increases the Cimax. It helps to
reduce the drag increment due to the T.E. split flap (Lange and May (1948)).
The drooped leading edge and trailing edge increase the stall angle and L/D
after stall (Aziz et al. (2019)). Compared to the trailing-edge modification, the
leading-edge modification shows a higher increment in the maximum lift
coefficient (Allison et al. (1995)). The triangular protrusion at the leading edge
can significantly enhance the lift produced by an airfoil (Bodavula, et al., 2019).
At low Reynolds number the pre-stall aerodynamic characteristics of airfoil is
greatly improved and the stall is mitigated with smaller protrusion near the

leading edge (Bodavula, et al., 2019).

..

0.25¢ |
Figure 1.14: Airfoil with drooped leading edge and trailing edge gurney flap
(Chandrasekhara, 2010).

The bio-inspired flow-separation control method is an emerging field.
This includes the design inspired by marine mammals, birds, etc. The wavy
leading edge (Fig. 1.15) on the airfoil profile is inspired by the flipper of a
Humpback whale. The wavelength and amplitude are the important geometrical
parameters to design the L.E. tubercles. The wavy leading edge shows
enhancement in the lift to drag ratio with suppressed fluctuations. This is due to
the generation of vortex pair from the peak (Tong et al. (2018), Rostamzadeh et
al. (2013)). The wavy design increases the aerodynamic efficiency (lift

increases and drag decreases) at high angles (Kobak and Hansen (2016),



Colpitts et al. (2020)). The L.E. flow remains attached after stall. However, the
strong spanwise pressure gradients reduce a lift coefficient for the angles less
than the stall angle. The addition of wave shape increases the surface area of the
wing and increases the friction drag at low angles. The greater number of waves
on the wing lowers the aerodynamic efficiency. Hence, for higher aerodynamic
performance, the less count of waves is preferable [Lin et al. 2012]. In post-
stall, the sinusoidal leading edge with the largest wavelength and smallest
amplitude improves the lift coefficients (Chong et al. (2015), Fernando et al
(2018)). The wavelength and the leading-edge radius show a minor effect than
the amplitude of protuberances on the forces and moments (Johari et al. (2007)).
The protuberances on the nose decrease the aerodynamic force (lift) for a lesser
incident angle because of flow disturbance by protuberances ((Chaitanya et al.
(2017)). But shows a smooth stall trend at larger angles. The bumps acted as a
vortex generator which creates a high momentum vortex that prevents deep stall
(Asli et al. (2015)). As the airfoil thickness and flow Reynolds number
increases, the effectiveness of wavy leading-edge decreases (De Paula and
Meneghini (2016), De Paula et al. (2017)). The wavy leading edge adversely
works on L/D but eliminates the lift coefficient fluctuations as the wavelength
increases. The flow tries to attach behind the waviness crest, detach behind the
troughs (Serson et al. (2015)). The tubercle design reduces the maximum lift
value but increases the lift coefficients after stall situations. The full span
tubercles amplify the lift and slightly increases the drag but overall, increases
the aerodynamic efficiency. However, the effect reduces with a reduction in the
length of the tubercle along with the span of the wing. It also reduces the
induced drag (Shi et al. (2016)). The sinusoidal serrations on the L.E. improve
the power output for the turbine at a low Tip-Speed Ratio (TSRs). The flow
separation is considerably decreased with a positive torque generation (Wang
and Zhuang (2017)). The tubercle leading edge (TLE) with sinusoidal and
spherical shape reduces the aerodynamic efficiency. This reduction by spherical
TLE is less than sinusoidal TLE. The spherical TLE controls the leading-edge
separation bubble at high angles and improves the Cimax (Aftab et al. (2017)).
The improvement in stall delay and the maximum lift coefficient by the

sinusoidal leading-edge wing after stall is boosted by a smart flap (Mehraban et
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al. (2020)). A corrugated dragonfly airfoil gives significantly improved
aerodynamic performance than the conventional airfoil / flat plate at low Re.
numbers. The protrusion of the corners on the corrugated airfoil act as
“turbulators” and generates the unsteady vortices. This promotes switching of
laminar to turbulent and avoids laminar separation. The unsteady vortices
confined in the valleys of the corrugated airfoil pushes the high momentum flow
to near wall and increase the energy for the B.L flow and reduce the adverse

pressure gradient, and separations [Tang et al. 2020].

With Leading-edge Serrations
Baseline (NACAQCO018) \ :
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Figure 1.15: leading edge tubercles (Wang and Zhuang, 2017)

For the flow separation control of airfoil /wing, the passive flow control
methods are preferable compared to the active flow control methods due to this
simplicity and ease of mounting in existing aircraft wings. In passive flow
control methods, controlling the flow near the leading edge is most preferable
as most of the flow changes occur on this region than the trailing edge of the
airfoil/wing. Hence, this research focus on the flow separation control method

near the leading edge of airfoil/wing using the passive flow control.
1.3 Structure of thesis

This current chapter discuss the boundary layer formation, flow separation
phenomenon, and drag of an airfoil/wing. It also discuss the different flow
separation control methods to delay the flow separation and decrease the drag.

At the end of the chapter, the structure of the thesis is included.

Chapter 2 discuss previous researches done on the flow separation control of

airfoil and wings at subsonic speed. It is mainly focus on the passive flow
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separation control methods, particularly the modifications done near the leading

edge of the airfoil or wing, as it is the interest of this current research.

Chapter 3 discuss the design and computational methodology used for the
analysis. It explains the governing equation of numerical methods, turbulence
models, boundary conditions. It also discuss the geometry creation of various
bio-inspired designs, computational domain creation, mesh generation for 2D

and 3D models, mesh independence study, and solver validation.

Chapter 4 discuss the numerical results for the effect of different bio-inspired
design on flow separation control on NACA 4 and 6 series at low and high
subsonic speeds. It discusses the geometrical parameters of optimum bio-
inspired design (porpoise nose), and the effect of porpoise nose on flow
separation control on 2D airfoil and 3D wing at low and high subsonic speeds.
It also presents the optimum bio-inspired nose aerodynamic performance

enhancements compared to the conventional airfoils.

Finally, Chapter 5 discuss the important findings of the current research on the
flow separation control by the bio inspired nose. It also suggest the ways to

extend this current research in future works.
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CHAPTER 2

LITERATURE SURVEY

Several flow control methods are used to delay the flow separation and
to achieve better acrodynamic efficiency on airfoil/aircraft wing. The following
section explains the previous researches done on the different flow control

methods to improve the aerodynamic performance of an aircratft.

2.1 Active Flow Control:

A L.E. suction slot on an NACA 631-012 (Fig. 2.1) was studied by
McCullough G. B., and Gault D. E. (1948). The separation originating from
the L.E. was moved downstream so boosts the lift until separation originate
from the T.E. and control the stall. It was noticed that the best control of stall
and separation will be obtained if the suction slot is located after the separation
point. Ravindran S. S. (1999) examined the oscillating type suction and blowing
tangential jet at L.E., and discovered the improvement in separation delay and
lift enhancement. James et al. (2018) explored the secondary blowing jet at 0.6¢
position for angles 2 - 18° for NACA0012 and 2 - 20° for LA203 A with blowing
jet speed equals to max of 0.4V(free stream velocity). The results indicated that
the Steady flow jet on suction portion of aerofoil achieved good boundary

separation, stall delay with increases in lift for both cases.

Figure 2.1: Airfoil with L.E. suction slot (Mccullough and Gault, 1948).
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Anderson et al. (1957) performed a study of flow control on an airplane (F-
86F) with T.E. flaps, slat, and inflatable rubber boot on L.E. of the aerofoil (Fig.
2.2). The aerodynamic enhancement of the flap was increased by the inflatable
rubber boot L.E. than the L.E. slat (C; from 0.39 to 0 .50). Comparing the
blowing and suction L.E. flaps, the blowing flap influence the boundary layer

twice as effective as L.E. suction flap in landing angles.

0.0353E R

0.0376¢ R

20 psig

Figure 2.2: The swept wing with area suction ejector flap (Anderson et al.

1957).

Tavella and Roberts (1983) designed a wing (straight and swept) with blowing
jets comes out from the tips near the leading edge using the slot at wingtips.
Which helps increasing the effective span, injected at an angle will work as a

control surfaces used for roll and lateral control of aircraft.

Kupper and Henry (2003) suggested the jet vortex generator than vane type
VG and done a CFX simulation with the k—e model. From the velocity plot
vortex strength and size were analysed. The simulation and experiments show
slight variation in vortex prediction. The simulation predicted weak vortex than
experiment. The results disclosed that the jet VG not affecting the flow

behaviour downstream.

Ciuryla et al. (2007) inspected the active control using synthetic jet actuators
for separation and roll control on a small-scale prototype of Cessnal82 (Fig.
2.3). Using synthetic jets, mounted in the wingtips, delays separation by 2
degrees whereas the maximum lift coefficient is increased by up to 15%. It was

shown that synthetic jets can provide similar control authority as conventional
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ailerons, where proportional control in pitch and roll was achieved for angles of

attack larger than 6 degrees.

Synthetic jets

Shear stress sensor

Figure 2.3: The synthetic jet actuators on Cessnal82 model (Ciuryla et al.
2007).

Figure 2.4: The Piezo-stack vortex generator on MAV delta wing
(Mystkowski and Jastrzebski, 2013).

Mystkowski and Jastrzebski (2013) inspected Piezo-stack VG (small vibrating
plates) installed on MAV (delta wing) (Fig. 2.4) for boundary-layer control.

Due to the periodic vibration created by the VG flow separation got reduced.

Tang et al. (2014) experimented on the synthetic—jet—actuator (SJA) arrays
(Fig. 2.5) for flow control which is located at 0.23c and 0.43c on wing. From
the single SJA analysis It was obtained that the jet speed reaches a highest value
among 400 Hz and 500 Hz, relates to actuator resonance frequency using hot-

wire measurements. Force balance results showed that arrays are works well
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with separation control enhancement and gives 27.4% raise in C; and 19.6% fall

in Cq.
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Figure 2.5: The synthetic jet actuator arrays on wing (Tang et al. 2014).
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Figure 2.6: The synthetic and continuous jet actuators on cascade blade (De

Giorgi et al. 2015).

De Giorgi et al. (2015) done a numerical simulation on Active flow control
method applied on an airfoil and compressor cascade with SJA and CJA (Fig.
2.6). The synthetic jet actuators demonstrated desirable flow phenomena on
separation control for both external and turbomachinery aerodynamics. The
SJA showed two times the total pressure losses reduction than the CJA for

cascade.

Xu et al. (2015) analysed a newly developed synthetic jet device with non-linear
oscillation of the reciprocating piston actuator into the pipe is introduced and
applied to control flow field of backward-facing step (Fig. 2.7). The optimum jet
slot angle is 127.5 degrees and the optimum frequency is 35Hz. Sublayer fences
are used to measure wall shear stress and silk threads provide auxiliary visual

monitoring of the transient flow field.

21



P, long inflected pipe
C! y,
C : -

cylinder piston

connect to servo motor

Synthetic Jet Actuator

Figure 2.7: The synthetic jet actuators with backward-facing step (Xu et al.
2015).

Figure 2.8: The active flow control on heavy ground vehicles (Seifert et al.

2015).

Seifert et al. (2015) examined the Active Flow Control on fuel savings of heavy
vehicles (Fig. 2.8) by boosting the base pressure of large truck-trailer at highway
speeds. A quarter cylinder add-on device with array Suction and unsteady
blowing actuators is considered for study and found circular arc cover is not

effective.

Arif et al. (2017) studied a dynamic flow control on NACA 2412 airfoil
contains synthetic jet actuator (Fig. 2.9) which used a new method to produce
the jet by rotating blade placed inside the cylinder which submerged within
airfoil. different design parameters of rotating blade are discussed. The
numerical and the experimental result shows the raise in C; with growing angle

of attack.
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Figure 2.9: The synthetic jet actuators on NACA 2412 (Arif et al. 2017).
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Figure 2.10: The NACA 0012 airfoil with L.E. vibrating diaphragm (Di et al.
2017)).

Di et al. (2017) tested the vibration diaphragm of 0.1c length at suction side
near L.E. on aerofoil (Fig. 2.10) for stall angle and Re=1.2x10°. The results
indicated that the flow condition is affected by the amplitude and frequency of
the diaphragm but varies with different stall angles. The maximum C; happened
at low frequency - 0.5, and maximum Cy/Cq happened at frequency 1 - 1.5 at
16°. And highest vales (91.31%) are achieved at 0.015 amplitude and 1.4
frequency. it indicated as angles increases, the optimum amplitude increases but
optimum frequency decreases upto certain angles, then keep the certain value

1.1 and wavers betweenl.15-1.3.

Beyhaghi and Amano (2017) examined the effect of narrow drill channels
(with different Length, width, angle) near the L.E. of NACA 4412 airfoil (Fig.
2.11) for 1.6X10°. The drill allows air at L.E. and passes it to the bottom surface
of airfoil, which raise the pressure on lower side and gives the greater lift. It is
determined that the thin and long drill channel with flow leaves are parallel to
the free stream on lower side gives higher lift. To increase the benefit of slot at

higher angles, drill slot should be moved to lower surface with some inclination
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to the entry of slot. The average enhancement in C; is by 8% for working range

of AoA without substantial increase in drag.

N

c (1m)

Figure 2.11: The NACA 4412 airfoil with L.E. narrow drill channels
(Beyhaghi, and Amano, 2017).
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Figure 2.12: The HAWT with split blade (Moshfeghi et al. 2017).

Moshfeghi et al. (2017) modified the HAWT (S809 airfoil) (Fig. 2.12) by
introducing the split along the span which connects upper and lower side in
inclined angl