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Abstract

Unsteady flow separation and leading-edge vortices (LEV) profoundly impact the aero-
dynamics of insect wings, helicopter rotor blades, and similar systems. The dynamics of such
systems depend on wing pitch rate and pivot location. This study employs direct force measure-
ment and particle image velocimetry to analyze a rotating and pitching flat plate that pitches
from O to 90 . The effects of changing reduced pitch rates (K = 0.02, 0.03, 0.05, 0.075,
0.1, 0.2), five non-dimensional pitch pivot locations (X,=c = 0, 0.25, 0.50, 0.75, 1) and two
Reynolds numbers (Re = 5,000 and 10,000) on the aerodynamic lift (C ), drag (Cp) and mo-
ment (Cpy) coefficients, as well as on the LEV system are investigated. The results show that
the combined effect of K and X,=C governs the resultant aecrodynamic response of the rotating
and pitching flat plate. Increasing K at X,=C = 0 results in highest C,, ..., Cbyax a0d Cpppay
across all cases. The increase in the respective coefficients starts to decrease for the aft pivot
locations and eventually becomes nonexistent at X,=C = 1. A higher K results in a delayed
pitch angle for LEV formation and an increase in LEV strength. Moving X,=C towards the
trailing edge also delays the pitch angle for LEV formation, but results in a decrease in LEV
strength. Based on the induced camber effect of pitching motion, the study introduces a new
trailing edge velocity-based scaling analysis that found to collapse the C; and Cp trends for
all K and Xp=cC cases. Furthermore, the study discusses a noteworthy phenomenon — the dy-
namic convective time shift. Across various X,=C values, a successful temporal shift leads to
the convergence of time histories of C, and Cp evolution at a same non-dimensional effective
convective time (t.¢¢). Lastly, changing Reynolds number from Re = 5,000 to 10,000 reveals
a noticeable decrease in C_ and Cp, which is accompanied by a lower vorticity growth rate at

Re = 10,000.
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Chapter 1

Introduction
1.1 Motivation

The evolution of apping wing ight over 150 million years has fascinated people for centuries.
In recent decades, scientists have been exploring insects and birds like hummingbirds, dragon-
ies, bees, and fruit ies[1, 2, 3, 4, 5, 6], adding a contemporary touch to this age-old narrative.
The ight of biological insects inspires the designs of micro air vehicles (MAVS) that make use
of a combination of rotating, pitching, or plunging motions to enhance its aerodynamic per-
formance. Various vehicle design concepts such as rotary wing, xed wing, and apping wing
have been proposed for MAVs [7, 8, 9, 10, 11, 12, 13]. For small wings, xed wing vehicles
face the fundamental limits of ight control and lift generation and apping wings provide rapid
maneuvers, high lift, and thrust at a small scale [14]. Flapping wing ight has been extensively
studied and several reviews have been provided by Sane [15], Lehmann and Dickinson [16],
and Shyy et al.[17]. The single most important aerodynamic phenomenon that is largely re-
sponsible for the success of apping ight at low Reynolds numbers has been shown to be the
leading edge vortex (LEV) [18, 19]. Figure 1.1 shows the kinematics and prominent features
in insect ight. Research is still ongoing to unfold the exact intricacies involved in apping
ight due to the mechanical and aerodynamic complexities [20] involved in nature's optimized
locomotive.

The development of LEVs can also be observed in various other disciplines as well. For
example, large scale vortical structures are produced during time-dependent large amplitude
pitching motion of helicopters due to unsteady ow separation, which are associated with the

phenomenon of dynamic stall [21]. The reports of Ekaterinaris and Platzer [22] con rmed



Figure 1.1: Kinematics and prominent features in insect ight (Adapted from Hao et al. 2016)

that the dynamic stall phenomenon was initially observed in turbines and rotating wing ap-
plications. Such unsteady maneuvers generate distinct ow structures and aerodynamic loads
which have been a specic area of interest in the recent past. Researchers are keenly inter-
ested in understanding and mitigating dynamic stall as it can affect the stability and control
of helicopters. Dynamic stall process is in uenced by various parameters like the free stream
conditions, geometric parameters of the airfoils and pitch rate. Additionally, the pivot location

is also a parameter worth considering, which plays an important role in the unsteady response
of the pitching airfoil as it affects the generation and evolution of important ow structures in
pitching motion such as LEV and wake vortex [23]. Nowadays, researchers adopt a decompo-
sition strategy to simplify the complex kinematics of apping wing and helicopter ight into

basic canonical motions of translation, rotation, and pitch. This approach enables a systematic



investigation of motion combinations, facilitating the understanding of LEV physics and laying

the groundwork for future studies involving complex wing kinematics.

1.2 Background

1.2.1 Studies on translating and pitching wing

In the eld of uid dynamics, the pitch rate is normally de ned in terms of non-dimensional
reduced pitch rateK(), which is the ratio of the pitching velocity to the translational velocity.

It is mathematically represented Es= c¢=2U; . Figure 1.2 shows the schematic represen-
tation of reduced pitch rate in terms of pitching speednd translational velocity; . In

case of translating and pitching at plates or airfoils, a lot of research has been conducted for
investigating the aerodynamic forces and ow structures. For example, Granlund et al. [24]
did experiments on translating pitching at plates. They performed direct force measurements
by changing pitch rates and pivot locations and concluded that higher pitch rates give rise to
higher aerodynamic forces. Yu and Bernal [23] conducted experiments on a nite wing in
which they varied the reduced pitch rat&s)( They noted that the increase in the coef cient of

lift (C_) was directly proportional to values &f greater than 0.065. Recently, Yu et al. [25]
conducted a comprehensive investigation of unsteady lift, drag, and moment coef cients for a
thin pitching airfoil. Their results indicated that for reduced pitch rates lower than 0.03, the
unsteady aerodynamics is limited to a stall delay effect. For higher pitch rates, the unsteady
response is dominated by a buildup of the circulation, which increases with the pitch rate and
ultimately results in higher aerodynamic forces. They also proposed a Wagner function based
new time-dependent model to capture the trends of normal force and moment coef cients. The
numerical investigation performed by Visbal et al. [26] for unsteady laminar ow past a pitch-
ing NACA 0015 airfoil focused mostly on the development of ow structures. They concluded
that, for a given pitch axis location, increasing the pitch rate caused the dynamic stall vortex to
form at a higher incidence. Pradeep et al. [27] did an investigation on cycle to cycle variations
of pitching cycle for NACA 0012 airfoil using immersed boundary framework. At low fre-

guencies, they observed that the pitching cycles evolved in distinct patterns whereas for higher



pitching frequencies, LEVs from different cycles merged and evolved to form a vortex cluster
which signi cantly altered the aerodynamic forces. All these studies show that higher pitch
rates result in increased aerodynamic forces, displaying a linear relationship with the lift co-
ef cient. The pitch rate in uences unsteady aerodynamics, circulation buildup, dynamic stall
vortex formation, and leading-edge vortex merging, leading to notable changes in aerodynamic

forces.

Figure 1.2: Schematic representation of reduced pitch kKaje (

The pitch pivot location also plays an important role in the unsteady response of the pitch-
ing airfoils and this parameter is mostly investigated along with the reduced pitch rate. In
literature, pivot location is de ned in terms of non-dimensional pitch pivot locatigF@ as
the ratio of the distance of the pivot axis from the leading-edge to the chord leg)gthf (
the pivot location is at the leading edge, thejyc = 0 and if we start moving towards the
trailing edge, we can de ne other pivot locations in terms of their location along the chord.
Figure 1.3 shows the schematic representation of non-dimensional pitch pivot locations at dif-
ferent locations along the chord. Most researchers related the in uence of pivot location on
the aerodynamic forces by co-relating with the development of aerodynamic ow structures.
Experiments by Yu and Bernal [23] concluded that the effect of the pivot location caused a
delay of time due to free stream convection from the leading edge to the pivot location and thus
the force data for the pivot location other than the leading edge (LE) could be shifted by the
time delay. Various other researchers [26, 25, 26, 27] also made similar observations that pitch

pivot location affected the LEV evolution and caused a delay in the evolution of the lift and

4



drag forces. They established that the impact of LEV was found to increase with the absolute
distance between the pivot axis and the 3/4-chord location. Therefore, for a given pitch rate, the
downstream displacement of the pivot axis resulted in a delay in the formation of the dynamic
stall vortex and in a reduction in the aerodynamic forces of the airfoil. Li et al. [28] found
that the leading-edge vortex grows earlier and the lift coef cient increases with the forward
movement of the pivot location during the upstroke motion, which shows an opposite trend
during the downstroke motion. Such a trend stems from the phase lag in the ow evolution for
different cases. They concluded that the effective angle of attack is the dominant factor of pivot
effect for most time of a period. Therefore, we can say that the pitch pivot location in pitching
airfoils signi cantly impacts unsteady response, aerodynamic forces, and leading-edge vortex
evolution, emphasizing the need for optimization to enhance aerodynamic performance and

ef ciency of pitching wings.

Figure 1.3: Schematic representation of non-dimensional pitch pivot locatien) (

Reynolds number also affects the ow evolution and resulting aerodynamics forces on
a pitching airfoil. It is the ratio of the inertial forces to the viscous forces in the ow eld.
The impact of varying Reynolds number on the leading edge vortex dynamics of pitching at
plate was investigated by Widmann and Tropea [29] . It was found that Reynolds number was
responsible for the transition of leading-edge vortex separation from the feeding shear layer on

the airfoil surface. Ramesh et al. [30] introduced a leading edge suction parameter (LESP)



to predict the initiation of LEV on the surface of wing. They postulated that LEV formation
initiates at a critical value of LESP for a given airfoil shape and Reynolds numbers. Therefore,
for a given Reynold number, the critical value of LESP may be calibrated and it can be used
to predict the LEV formation for various other motion kinematics. Various other researchers
[31, 32, 33, 34, 35, 36, 37, 38, 34] have explored the in uence of Reynolds number on force
generation and leading-edge vortex (LEV) development. For example, Garmann and Visbal
[34] studied the effect of Reynolds number (Re = 5,000 — 40,000) on a at plate and showed
that the aerodynamic loading and ow structure exhibited relative insensitivity to changes in
Reynolds number. Most of the studies [31, 32, 39, 37, 38, 34] have shown insensitivity to
changing Reynolds number. In contrast, some other investigations [33, 35, 36] showed that
increasing Reynolds number led to higher aerodynamic loads and noticeable changes in ow
structures. To conclude, Reynolds number is an important parameter which in uences leading-
edge vortex initiation and separation and may or may not in uence the aerodynamic loading on

the surface of wing.

1.2.2 Studies on rotating and pitching wing

The combined pitch up and rotation maneuver yields more resemblance to the perching motion
of a bird [40, 41, 42, 38] and is more applicable to the rotorcraft and turbine aerodynamics
[21, 22]. The combination of rotation and pitch remains relatively underexplored in the liter-
ature, with limited studies dedicated to investigating the ow characteristics and aerodynamic
forces. Percin and Oudheusden [43] compared two motion kinematics: pitching while revolv-
ing and surging with a xed angle of attack. They found that the pitching wing generated higher
forces during the buildup phase due to increased magnitude and growth rate of the leading-edge
vortex (LEV) circulation, favorable LEV position and trajectory, and generation of bound cir-
culation. In contrast, the revolving-surging wing had negligible force generation during the
acceleration phase. Ozen and Rockwell [44] compared the ow structure on the rotating plate
and the equivalent of a purely translating plate and revealed that the vorticity level in the dis-
tributed layer from the leading-edge of translating plate is signi cantly lower than the vorticity

magnitude of the concentration formed at the leading-edge of the rotating plate. Bross and



Rockwell [45] discussed the presence of distinctive vortical structures for revolving pitching
wings in comparison with translating—pitching and pure revolving wing cases. They showed
that the vortex system involving the LEV and the TV preserves its coherence in the case of the
revolving—pitching wing, while it is degraded in the case of a pure revolving wing. It is also
revealed that compared to the translating—pitching wing case, in which the LEV moves away
from the leading-edge region relatively quickly, a more stable vortex structure is present in the
revolving—pitching motion. Manar et al. [46] analyzed forces and leading edge vortex charac-
teristics on a at plate for different wing kinematics. Based on integrated leading edge normal
velocity, a novel time scale was introduced which effectively captured the trends for pitching
and surging cases. Furthermore, the rotational motion demonstrated extended leading edge
vortex stabilization as compared to translating cases. Based on these previous studies, it can
be said that the combined pitch and rotational maneuver generates higher forces in the buildup
phase through increased circulation and favorable LEV trajectory. It also exhibits a more sta-
ble vortex structure and enhanced LEV circulation compared to pure revolving or translating-
pitching motions. However, the scope of these studies was limited to only one aspect of ow
eld and was inconsistent in establishing a broader relationship between the effect of reduced
pitch rate, pitch pivot location and Reynolds number on the ow eld and aerodynamic loads

of simultaneously pitching and rotation maneuvers.

1.2.3 Quasi-steady estimation of aerodynamic forces

A quasi-steady model [47] can also be used to estimate the evolution of unsteady forces for
the given kinematics. In this model, the instantaneous fé&tciss composed of three main

contributions:

Fi = Frevolution * Finertiar + I:pitching (1.1)

Here,F evotion 1S the force component as a result of the circulatory force due to rotational
motion of the wing. The circulatory force includes the bound circulation at a constant pitch

angle and an additional component due to LEV circulation which would differ for different



pitch rates and pitch pivot location§:eriay IS the force due to inertia of the added mass of

the uid acting normal to the wing surface. As the body accelerates or decelerates, it induces
a change in the uid ow around it. The uid in turn exerts an equal and opposite force on
the body that manifests itself in terms Bferial - Lastly, Fpiching is the force due to pitch

up motion of the wing. The pitching motion results in varying local velocities in the chord
wise direction which in turn generates a varying effective angle of attack distribution along the
chord. For leading-edge (LE) pivot, the wing motion creates an upwash along the chord just
downstream the leading edge. This upwash produces an upward induced angle of attack and
the wing sees a higheres than ge,. Higher ¢ leads to increased uid momentum being
exerted on the pressure side of the plate, resulting in a net upward force and consequently
generating additional lift for the leading edge pivot case. The magnitude of upwash is also
dependent on the pitch rate,fwash = r_). A higher reduced pitch rate would result in a
higher upwash and greategs; , subsequently, resulting in higher lift force. For mid-chord
(MC) pivot, it creates both an upwash and downwash on either side of the pivot location and
they cancel out each other. Therefore, we don't expect a signi cant contributi&i;gfng

for mid chord pivot location. For trailing-edge (TE) pivot, the pitching motion is inducing

a downwash along the chord that reduces . Therefore,Fpiching CONtributes negatively
towards lift for TE pivot location and the magnitude of downwash also increaseXwitthe
combined effect oF; = Fieyvoution + Finertial + Fpitching  9ives the resultant aerodynamic force

on the surface of wing.

1.3 Scope of current investigation

In reviewing prior research, most of the studies were focused on the translating and pitch-
ing wing cases. The prevailing literature often con ned its investigations to isolated aspects of
pitching motion, where the investigations primarily involved the systematic variation of a single
parameter. The resultant conclusions, although valuable, tended to provide generalized insights
into the impact of individual parameters on the ow eld and aerodynamic loads. However, in
practical applications, the relevance of rotation and pitch maneuvers becomes more signi cant,

particularly in contexts of insect wings, helicopter rotor blades, and turbines. Therefore, there is

8



a gap in the previous literature as only a limited number of studies have focused on the rotating
and pitching wings due to the challenges associated with the experimental setup and simula-
tions. Furthermore, the interdependency relation of various parameters is yet to be explored.
For example, what would happen if we investigate the effect of changing reduced pitch rate at
different pivot locations or at different Reynolds numbers and then make conclusions based on
those results.

This investigation aims to Il the gap in the previous literature by providing direct insight
into aerodynamic phenomena, ow structures, and the resultant loads on a simultaneously ro-
tating and pitching at plate. The study employs aerodynamic loads measurement and particle
image velocimetry (PI1V) technique in a rotating frame of reference which enables us to capture
instantaneous time resolved ow eld information. It systematically investigates the effects of
the reduced pitch rate& (= 0.02, 0.03, 0.05, 0.075, 0.1, 0.2), ve non-dimensional pitch pivot
locations kp=c= 0, 0.25, 0.50, 0.75, 1) and two Reynolds numb&s £ 5,000 and 10,000)
on the aerodynamic liftq, ), drag Cp) and momentQy, ) coef cients, as well as on the LEV
system. Furthermore, based on the induced camber effect of pitching motion, the study dis-
cusses a scaling analysis which successfully collapseS tledCp force data for alk and
Xp=ccases considered. Lastly, in contrast to the previous studies on pitch pivot location based
convective time scaling, a dynamic convective time shift analysis has been discussed. This ap-
proach is based on the induced ow at the leading edge of the plate and has been found to offer
a better collapse df, andCp trends for all pitch pivot locations at the same non-dimensional

convective time.



Chapter 2

Methodology
2.1 Experimental setup

The experiments were performed using a hydrodynamic hover rotor facility with the wing ro-
tated at a constant angular velocity. The facility comprised bRan x 1:2 m x 1:2 m acrylic
tank, as shown in gure 2.1. The arrangement was constructed such that the rotation motor
was positioned on a three-tier bearing mount assembly above the tank, while the camera was
mounted co-axially below the tank independently. The rotation motor, a NEMA 34 stepper
motor, was linked to the rotation shaft by belt and timing pulleys. The three-tier bearing mount
assembly was intended to decrease vibrations and maintain the straightness of the rotation shaft
by having multiple points of contact between the frame and the shaft. A mirror holder assem-
bly, speci cally designed to secure a mirror, was attached at the opposite end of the shaft. The
mirror holder assembly also housed a servo motor to control the pitch motion and a load cell to
measure aerodynamic loads. Such an arrangement eliminated any uid dynamic interference
resulting from the load cell and servo motor. For the study,12 m x 0:09 m elliptical glass
rst surface mirror with =4 atness was attached to the mirror holder assembiatincli-
nation to observe the ow eld in the rotating frame of reference (FoR). Imaging of the ow
eld was captured using a high-speed camera mounted beneath the tank. More details of the
experimental setup can be found in [48].

The wing model was pitched about different pitch pivot locations by a waterproof servo
motor that was placed inside the mirror holder assembly. The servo motor had an operating
voltage range oB:4 { 12:6 volts and was capable of no load pitching speed4 ®frad=s

and the maximum torque range wa24 { 4:9 Nm. A gear mechanism was meticulously
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