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ABSTRACT

The flapping flight, which is governed by the unsteady aerodynamics, deals with
inherent complexities especially at low Reynolds number (Re). Understanding the flow
physics behind these intricacies may lead to a great chance of enhancing the aerodynamic
performance of Flapping Wing Micro Air Vehicles (FW-MAVs). Nature provides a vari-
ety of small flying birds and insects to achieve this goal via biomimicry. However, direct
copying of concepts available in nature may not lead to feasible solutions. The balance
between engineering implementation and exploitation of concepts from nature may lead
to successful designs. The work presented in this dissertation attempts at bringing this
vision a little closer to realization.

In the first part of the work, a biomimetic wing is modelled by considering the Passer
Domesticus wing as a reference. Initial investigations are carried out to analyse the aero-
dynamic characteristics of the biomimetic wing and its performance is compared with
commercially available rectangular and elliptical wing planforms under fixed condition.
From the present findings, it is observed that the elliptical planform offers less drag than
that of other wing planforms. This indicates that the elliptical wing planform might be
suitable for studies where the drag reduction is primary objective. It is also observed
that the presence of the sharp edges in the rectangular wing planform encourages the
flow separation and affects the overall aerodynamic performance of the wing. In the
case of biomimetic wing, the change in wing profile allows to have a variable angle of
attack along the span which delays the flow separation and improves the wing’s aerody-
namic performance. Due to this, a 57.9% increase in lift coefficient is observed for the
biomimetic wing than that of elliptical wing. A 22.4% increase in lift to drag ratio of
the biomimetic wing is observed than that of rectangular wing under same conditions.
In the next part of the work, the kinematics of flapping flight of birds are discretised
into three different motions, namely: pitching, plunging and flapping motion (combina-
tion of rotation about wing chord and span). The unsteady flow characteristics of the
biomimetic wing subjected to these motions are numerically analysed.

When the wing is subjected to the pitching motion, it is observed that, the unsteady
vortex shedding over the pressure side of the wing creates the negative suction at lower
pitch amplitudes. This opposes the positive suction created over the suction side and
affects the wing’s performance. However the adverse effects of the oppositely signed
circulation diminish with increase in the frequency due to substantial reduction in the
growth of the vortex over the pressure side of the wing. This improves the instantaneous
values of lift and thrust force coefficients at higher frequencies in combination with lower
pitch amplitudes. At higher mean angles of attack, a substantial diminution in the
instantaneous force coefficients is observed due to large flow separation which makes it
hard for the separated flow to reattach. From the flow investigations, it is also observed
that the shifting of pitching axis away from the leading edge encourages the retardation
of vortex coherence which has adverse impact on the thrust force generation of the wing.

The observations from the flow field investigations reveal a superior convection of the
leading edge vortex along the axial core at smaller plunge amplitudes when the wing is
subjected to the plunging motion. The presence of local peaks in the amplitude spec-
trum of instantaneous force coefficients confirms that there exist an adverse interaction
between leading and trailing edge vortices at higher plunge amplitudes. With increase
in the frequency, a more prominent vortex formation is observed near the leading edge
and also closer to the wing’s surface. As the cycle continues, this vortex roll-up and in-
teracts with the trailing edge vortex which was formed closer to the wing’s trailing edge.
These vortices shed in the wake in the form of the alternating vortices. From the flow
investigations, it is observed that the additional advantage of increasing the frequency is
that, it remarkably increases the strength of these vortices which eventually roll-up over
the suction side of the wing. Due to this, the instantaneous force coefficients of the wing
rises towards higher values at higher frequencies.

The investigations are further carried out to analyse the unsteady flow characteristics
of the biomimetic wing subjected to flapping motion. Asymmetric variation of instan-
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taneous force coefficients despite of having symmetrical flapping kinematics reveals that
the optimal aerodynamic performance of the biomimetic wing demands proper selection
of operating conditions. It is observed that, at lower flapping amplitudes, the formation
of Leading edge vortex (LEV) over the suction side happens farther away from the sur-
face and roll up away from the wing at the beginning of the flapping cycle. As the cycle
continues, this LEV convects farther downstream and affects the suction created due to
the positive vortex circulation. Increasing the flapping amplitude increases the wing’s
influence over its surrounding fluid and vortex formation happens closer to the wing’s
surface. This enhances the positive suction and remarkably influences the thrust force
generation of wing. The observations from the flow field Investigations reveals that the
formation and the convection of the LEV not only influences the drag-thrust transition
but also the wake pattern. The increase in the mean angle of attack has a significant
impact on the wake pattern. Different types of transitional forms of wake are observed at
different mean angles of attack due to shedding of multiple votices per cycle. Especially
at 160, the alternating vortices exhibit irregular patterns in the wake region and form
clusters due to adverse interference between the vortices shed between the previous cycle
and next cycle. This impinges the wing’s performance with increase in the mean angle of
attack. From the flow investigations, it is also noticed that, increasing the flapping fre-
quency not only increases the vortex strength but also ensures that the flow is attached
during major portion of the flapping cycle.

In overall, it is observed that the proposed form of the biomimetic wing has shown a
remarkable aerodynamic performance when subjected to different unsteady conditions at
low Re. We hope the findings reported in this dissertation might be helpful in practical
wing design applications.
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Chapter 1

Introduction

1.1 Overview

Flying birds caught the attention of researchers from many centuries. Leonardo da Vinci,

a great researcher in many areas had a vision of people flying through the sky like birds.

With time, the research on flying took several turns; resulted in new inventions like

parachutes, Unmanned Aerial Vehicles (UAVs). Further, the extensive research in the

aviation field had shown a great deal of interest in the design of small uninhabited and

highly manoeuvrable aerial vehicles particularly in applications such as: surveillance,

search rescue operations and reconnaissance. One such category of these aerial vehicles

is Micro Air Vehicle (MAV). The MAV is a class of unmanned aerial vehicle having

overall dimensions less than 6 inch [8]. Usually MAVs fly in the low Reynolds number

(Re) regime (2 ×104 ≤ Re ≤ 2 × 105) where the inertial forces are dominated by the

viscous forces [1]. In addition to that, one of the major challenges of MAV design is wing

design, where the wings have low aspect ratio (LAR) with LAR ≤ 2. The flow around

the wing at low Re is mostly viscous in nature and associated with non-linear vortex

shedding which further increase these complications [9, 10]. This motivates us to model

a biomimetic wing inspired from the wing planform of natural flyer and investigate its

unsteady flow characteristics subjected to different unsteady conditions at low Re.

1.2 Objectives

In the light of an extensive literature survey, the broad aim of the present work has been

divided into the following objectives:

1. Study of biomimetic wing

In the present work, a biomimetic wing is modelled and its aerodynamic perfor-
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mance is analysed. The modelling of the biomimetic wing is done by considering

the wing planform of natural flyer (Passer Domesticus) as a reference. The cross

sectional shape of the biomimetic wing is modelled by introducing a thin and highly

cambered airfoil at different sections of the wing planform. Preliminary investiga-

tions are carried out to explore the aerodynamic characteristics of the biomimetic

wing at fixed condition. The current objective is sub-divided as follows:

(a) Wing modelling

(b) Analysis of the aerodynamic performance of biomimetic wing

2. Performance comparison of biomimetic wing with conventional wings

The conventionally opted rectangular and elliptical wing planforms are modelled

with similar cross section and dimensions as that of the biomimetic wing for com-

parison. Both numerical and experimental studies are carried out to investigate

and compare the aerodynamic performance of all three wing planforms at fixed

condition. Towards this end, an extensive parametric study is conducted to un-

veil the reasons behind the better aerodynamic characteristics of biomimetic wing

compared to that of other wings. The current objective is sub-divided as follows:

(a) Comparison via numerical simulation method

(b) Comparison via experimental method

3. Numerical investigation of the biomimetic wing’s aerodynamic perfor-

mance subjected to different unsteady conditions at low Re

Thorough numerical investigations are carried out to analyse the propulsive per-

formance of the biomimetic wing subjected to different unsteady conditions. These

unsteady conditions are kinematically discretized from the flapping flight of actual

birds. The flow around the wing is also analysed to provide a conceptual overview

of how the kinematics affect the wing’s performance. The unsteady conditions

considered for the present study are as follows:

(a) Pitching motion

(b) Plunging motion

(c) Flapping motion

1.3 Thesis contribution

In this thesis, numerical study is carried out on the Passer Domesticus inspired biomimetic

wing at low Re regime under different unsteady flow conditions. The contributions of
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this research are categorized into two parts:

1.3.1 Modelling of biomimetic wing and performance compar-

ison

A biomimetic wing is modelled by considering a natural flyer (Passer Domesticus) as

a reference. To model the wing cross section, Bergey BW-3 airfoil which is a thin and

highly cambered airfoil is introduced at different sections of the wing. The aerodynamic

characteristics of this biomimetic wing is analysed with respect to different parameters at

different conditions. Further, the performance of the biomimetic wing is compared with

commercially opted rectangular and elliptical wing planforms. The investigations reveals

that the biomimetic wing has shown remarkable aerodynamic characteristics compared

to that of other wing planforms. This can encourage the designers to consider the

proposed biomimetic wing for innovative wing designs rather than commercially opted

wing planforms.

1.3.2 Investigation of the flow characteristics at low Re

The numerical work carried out throughout this thesis is accompanied by extensive three

dimensional studies. The work aims to contribute towards addressing the unsteady flow

characteristics at low Re regime by analysing the flow field around the biomimetic wing

subjected to different unsteady conditions. These unsteady conditions are obtained by

kinematically discretizing the flapping flight of actual birds. This may provide useful

insights for practical wing design applications. Through the extensive parametric in-

vestigations, the work reported in the thesis contributes towards understanding on how

the system parameters can remarkably influence the instantaneous force coefficients and

eventually the wing’s performance. A conceptual overview of the fluid phenomena is

provided to address the valuable insights on three dimensional unsteady flows at low Re

by exploring the behaviour of high viscous phenomena and its adverse effects on the flow

field.

1.4 Thesis organisation

The results of all the investigations are elucidated and summarised in this thesis in the

form of chapters. The thesis is divided into eight chapters.

• Chapter-1: Introduction

Chapter-1 describes about the motivation, objectives, contribution and overall out-
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line of the thesis.

• Chapter-2: Literature review

Chapter-2 discusses about the physics behind the flow at low Reynolds number

(Re). A brief review of the findings reported and existing solution methods to

investigate the low Re flows are also presented.

• Chapter-3: Numerical Simulation Method

Chapter-3 presents the governing equations, their numerical formulation and the

baseline problem setup employed in this work.

• Chapter-4: Aerodynamic Investigation of the Stationary Biomimetic

Wing Inspired from Passer Domesticus

Chapter-4 presents the study of a biomimetic wing which is modelled by considering

the wing of a natural flyer (Passer Domesticus) as a reference. To investigate the

aerodynamic characteristics of the biomimetic wing, numerical and experimental

studies are carried out at low Reynolds number (Re). The performance of the

biomimetic wing is compared with rectangular and elliptical wings in terms of

instantaneous force coefficients. Further, the flow field around the biomimetic wing

is also analysed in order to understand the reasons behind its better performance

than that of the other wing planforms.

• Chapter-5: Low Re Flow Investigations of the Biomimetic Wing Under-

going Pitching Motion

Chapter-5 deals with the aerodynamic performance of the biomimetic wing under-

going pure pitching motion. The numerical study systematically investigate the

influence of pitch amplitude, location of pitching axis and the mean angle of at-

tack on the thrust force generation of the biomimetic wing. Further, the associated

flow field is analysed to understand the reasons behind the positive thrust force

generation.

• Chapter-6: Unsteady Flow Characteristics of the Biomimetic Wing Per-

forming Plunging Motion

Chapter-6 stages the study of biomimetic wing undergoing pure plunging mo-

tion. An extensive numerical study is carried out to investigate the effect of non-

dimensional plunge amplitude, reduced frequency and the Reynolds number. The

details of the generated vortical patterns and their effects on the flow field are also

discussed.
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• Chapter-7: Aerodynamic Investigation of the Biomimetic Wing Sub-

jected to Flapping motion

Chapter-7 discusses about the propulsive performance of the biomimetic wing sub-

jected to a flapping motion. The flapping motion in the present study refers to

the combination of the rotations about the axis along the wing chord and the wing

span with a phase difference of φf . The influence of the flapping amplitude, mean

angle of attack and non-dimensional flapping frequency on the thrust force gen-

eration of the biomimetic wing are investigated. The corresponding flow field is

also further analysed to systematically understand the reasons behind drag-thrust

transition.

• Chapter-8: Concluding Remarks

Chapter-8 draws the major conclusions of the thesis and recommendations for

future works.
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Chapter 2

Background and Literature Review

This chapter briefly addresses the physics behind the flow at low Re. A brief review of

the findings reported and existing solution methods to investigate the low Re flows are

also presented. The literature pertaining to the complex nature of the flow at different

unsteady conditions is further addressed in the beginning of each individual chapter.

2.1 Flow physics at low Re

The flow field around the wing at low Re is mostly viscous in nature and associated with

non-linear vortex shedding. The respective phenomena at low Re regime can be classified

as: suction at leading edge, separation at trailing edge, dynamic stall and nature of the

wake. These phenomena are briefly addressed in the following sections based on the

findings reported in the literature.

2.1.1 Suction at leading edge

For a wing which is fixed at a given angle of attack, the lowest pressure can be noticed

wherever the stream line curvature is high, mostly near the leading edge of the wing. This

is also valid for a flapping wing where the lift and thrust forces are highly dependent

on the amount of suction at the leading edge [11, 12]. Most of the numerical and

experimental studies suggest that the vortex shedding due to the flow separation at

the leading edge can remarkably influence the aerodynamic performance of the wing

[13, 14, 15, 16]. It was also reported that the interaction between the Leading Edge

Vortex (LEV) and the wing surface can also influence the wing motion which can be

optimised by controlling the flow parameters for better MAV designs [17, 18].
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2.1.2 Separation at trailing edge

In general, the sharp trailing edge of the airfoil is a natural point of separation. The

analytical and inviscid computational methods are developed by assuming all the vortex

shedding into the wake, happens tangential to the trailing edge which is known as Kutta

condition. A number of studies were carried out to investigate the application of Kutta

condition on the unsteady flows over the sharp trailing edge airfoils.

To investigate the validity of Kutta condition, Katz and Plotkin [19] analytically

studied the roll-up of the vorticity of a thin airfoil in the wake region (downstream of

the trailing edge). Their findings are compared with the experimental findings reported

by Katz and Weihs [20] under same conditions. It was reported that they had observed

a very similar shape of wake pattern in both findings which is a result of flow circulation

over the airfoil surface. Katz and Plotkin [19] also reported about possible flow separa-

tion at higher angles of attack, amplitudes and frequencies near the trailing edge which

violates the Kutta condition. However, there was no noticeable effect on the lift and

thrust force coefficients of the airfoil. Archibald [21] reported that when kf ≥ 0.6, the

stream lines do not leave parallel to the trailing edge which violated the Kutta condition

but there was no effect on the lift and pressure distributions even at higher values of kf .

2.1.3 Nature of the wake

The early findings on the flapping flight of insect and bird are based on the assumption

of quasi-steady aerodynamics where the angle of attack (θi) varies as the wing moves

and the force is estimated from the θi of a static wing without considering the previous

motion. Ellington et al [13] reported that some of the flying animals like bumble bee

won’t follow the laws of aerodynamics. By considering these studies, Wang [22] reported

that the assumption of quasi-steady aerodynamics may yield promising results at high

Re (Re ≥ 105) but fails at low Re (Re ≤ 105) due to increase in the unsteady vortex

dynamics with respect to decrease in Re (below 105).

Katz and Plotkin [19] reported about Kelvin’s theorem which was proposed by

analysing the combination of translation and rotation of the airfoil in incompressible

inviscid flow. Kelvin’s theorem states that the total circulation with respect to time

must remain constant in the flow field [19]. If there is any change in the bound vorticity

(in the wake region of the airfoil), there must be an equivalent circulation of opposite

sign. Therefore, the airfoil exhibiting periodic motion is expected to have a periodic vor-

ticity in the wake region [19]. Krasny [23] reported that the strength of the vortex street

depends on the induced velocities due to which the wake of the oscillating airfoil may

consists of an array of alternating vortices with positive and negative signs. Von Karman
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and Burger [24] first modelled such phenomena of alternating vortices by analysing the

wake of the bluff body which was named as Karman vortex street. In this configuration,

the vortices above the mean line rotate clockwise and the vortices below the mean line

rotate counter clockwise, this wake structure is referred as drag-producing wake. The

opposite nature of the alternating vortices where the vortices above the mean line rotate

counter clock wise and the vortices below the mean line rotate clockwise is named as

reverse Karman vortex street which is a thrust-producing wake.

The early theoretical studies [25, 26] and the experimental studies [27, 28, 29] on

oscillating airfoil reported about thrust producing reverse Karman vortex street at cer-

tain combinations of flapping amplitude and frequency. A lot of pioneering experimental

works [28, 29, 30, 31] characterised the wake of the plunging airfoil as drag-producing,

neutral and thrust-producing depending on the operating conditions. However, the ex-

perimental studies carried by Lai and Plazer [32] on plunging airfoil at Re = 2×104

with 0≤ kf ≤8 observed that the wake pattern doesn’t have a smooth transition from

Karman-Neutral-Reverse Karman. Rather there were a different types of transitional

forms of wake where the shedding of multiple vortices per half cycle is witnessed instead

of single vortex per half cycle. Lai and Plazer [32] also reported that these transition

forms of the wake are highly dependent on the flapping frequency.

2.1.4 Dynamic stall

As the wing performs the prescribed motion, the flow over the wing surface separates

and forms a LEV before reattachment. This LEV increases the instantaneous force co-

efficients noticeably by providing extra suction [13]. The LEV remains attached to the

wing surface up to certain chord lengths and finally shed into the downstream of the

wing forming a wake region. As the number of cycles increase, this process happens

repeatedly and forms chaotic vortical pattern downstream of the wing due to which the

instantaneous force coefficients suddenly drop [33]. This stalls the aerodynamic perfor-

mance of the wing, such phenomenon is named as dynamic stall [34]. This phenomenon

can be usually seen when the instantaneous angle of attack (θi) of the wing rapidly varies

towards higher values [35, 36].

2.2 Modelling of low Re flows

To analyse the unsteady flow over the wing at low Re regime, different methods and

techniques are employed. These methods can be categorised into three types, namely:

Analytical, Experimental and the Numerical approach. The available methods are briefly
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discussed in the following sections:

2.2.1 Analytical methods

A lot of analytical studies were carried out to model the unsteady flow at low Re regime.

However, the complex nature of flow has limited the application of analytical methods at

low Re. The quasi-steady approach is one such analytical method which was developed

based on linear classical aerodynamic theories and employed in early days to analyse the

unsteady flows at low Re regime. In this method, the forces are estimated by varying

the instantaneous angle of attack without considering the pervious motion of the wing.

Ellington [37, 38] first employed this quasi-steady approach to estimate the forces during

flapping flight. After comparing the obtained findings with the experimental findings

under same conditions, Ellington [37, 38] reported that this analytical approach yields

much lower values of force coefficients than that of the experimental values. Sane and

Dickinson [39] improved this quasi-steady approach by considering the effects of added

mass and the rotational forces, but still didn’t achieve closer values of resultant force

coefficients compared to that of experimental results. The quasi-steady approach always

underestimates the experimental measurements of force coefficients since the unsteady

effects like dynamic stall, LEV formation and convection are not considered [40, 41].

Therefore, the quasi-steady approach is not a sufficient and reliable tool to model the

unsteady flow at low Re.

The potential flow panel approach is another analytical method which was developed

based on the inviscid flow assumption used in many studies to model the flow at low

Re [19, 42, 43]. In the prediction of the trailing wake, this approach has shown a

reasonably good accuracy. However, this approach fails to resolve the effect of LEV

near the wing/airfoil surface due to the assumption of inviscid flow [14]. Further, the

studies were carried out on some of the analytical methods reported in [25, 44, 35],

which were developed based on unsteady aerodynamic thin airfoil theory with linear

assumptions. The studies reported that these methods had shown a reasonable accuracy

in 2D incompressible fully attached flows and 3D rotating flows [45]. Using these methods

Garrack [46, 47] predicted the peak values of lift and thrust coefficients. Theodorsen [25]

considered the added mass effect as a non-circulatory term and the shedding in the wake

as a circulatory term to estimates the frequency domain solution of pitching and plunging

plates. However, the extensive simplifications and omission of high viscous phenomena

(which usually occurs at low Re regime) made the analytical methods as less reliable

approach to model the low Re flows at high amplitudes and frequencies.
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2.2.2 Experimental methods

Experiments were carried out in order to understand the unsteady flow characteristics

of low Re flows [48, 49, 50, 51]. Fuchiwaki et al [50] reported that the vortical patterns

of airfoil pitching at low Re are highly influenced by reduced frequency (kf ). It was also

reported that the complex behaviour of these unsteady flows cannot be characterised

by a single parameter like kf , but a combination of multiple operating parameters like

pitch amplitude (αp), mean angle of attack (θm) and kf . Koochesfahani [28] carried

out a series of experiments at low Re pitching conditions, reported about the influence

of kf and αp on thrust force generation and wake pattern. However, Koochesfahani

[28] has shown less attention on exploring the actual three dimensional flow structures.

The Particle Image Velocimetry (PIV) investigations carried out by Shih et al [52] on

pitching airfoils reported that, the interaction between the vortices may affect the force

coefficients and flow separation which may cause dynamic stall. It is observed that, Shih

et al [52] considered only the effect of Re regime and the influence of other governing

parameters is ignored. Buchner et al [53, 54] conducted a series of experiments using

PIV to analyse the dynamic stall of the flat plate undergoing rapid pitching motion.

They have discussed about the evolution of dynamic stall vortex and its interaction with

the surface of the pitching plate. Widmann and Tropea [55] investigated the influence

of Re on the formation of LEV on flat plate undergoing pitching motion. They have

reported that the Re as a parameter which is responsible for the LEV separation from

the airfoil surface. Yu and Bernal [56] experimentally analysed the unsteady flow around

the pitching flat plates by using 2D PIV measurements at three different locations of

the plates. It was reported that they have observed a reasonably good agreement with

that of the findings reported using quasi steady potential flow methods. They have

also reported that the reduction in the pitch rate and the location of pivot point can

influence the formation of LEV. Machowski and Williamson [57] directly measured the

thrust and propulsion efficiency of an airfoil performing pitching motion using a pair

of force transducers. They have reported that the linear theory over predicts the mean

thrust of the foil and concluded that the thrust force generation of the airfoil is largely

insensitive to the wake vortex arrangements.

Apart from pitching, the plunging motion is also one of the most common unsteady

condition at low Re flows. A lot of studies were reported on plunging/heaving motion

of cylinders rather than airfoils/wings [58, 59]. The PIV investigations carried out by

Lam et al [60] and Techet et al [61] reported that the formation and convection of

vortices around the plunging cylinders vary with respect to the change in kf and plunge

amplitude (ha). Lau et al [62] investigated the flow around the 2D airfoil performing

plunging motion through PIV measurements. It was reported that the wake pattern is
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highly influenced by LEVs and Trailing Edge Vortices (TEVs). Heathcote and Gursul

[63] observed a deflection in this wake pattern by an angle with respect to the chord length

of the airfoil depending up on the plunging amplitude and frequency. It was also reported

that the TEVs have more predominant role in determining the aerodynamic performance

of two dimensional plunging foils [64]. The PIV studies conducted by Freymuth [30] and

Lai and Platzer [32] reported that the flow structure and the wake pattern downstream

stream of the airfoil has almost similar variation with respect to plunging frequency as

that of in the plunging cylinders. The experimental findings of Triantafyllou et al [65] also

demonstrated that the resultant wake pattern could be in the form of drag producing,

neutral or thrust producing. The literature also provided enough experimental evidence

that the plunging airfoils can also produce thrust by forming reverse Karman street

downstream of the airfoil. It was also reported that the wake pattern and the topology

of the vortices have major contribution in the enhancement of propulsion efficiency of

the plunging airfoil.

The flapping motion which is a combination of rotation about the axis along the

wing chord and span, is a most common approach of thrust force generation in low Re

applications. The flapping motion indeed has gained a considerable amount of atten-

tion. Freymuth [66] demonstrated about the importance of dynamic stall on the thrust

force generation of airfoil by conducting experiments on 2D flapping airfoil. The 3D

experimental studies carried out by Nagai et al [67] also discussed about the significance

of dynamic stall and its influence on the instantaneous force coefficients which can be

controlled by varying the flapping kinematics. The 3D flapping experiments conducted

by Wang et al [68] reported that the variation in the instantaneous force coefficients

are highly influenced by kf and ha. Singh and Chopra [69] have also drawn similar

conclusions from their experimental observations as well.

The experimental studies have their own reputation and believed to ensure most ac-

curate results of all the available methods. However, the distinct nature of experimental

conditions, limitation of number of allowable tests and the availability of infrastructure

all together makes it hard to generalise the unsteady nature of low Re flows. Therefore,

the numerical approach can be an excellent candidate to govern the unsteady flow at

low Re.

2.2.3 Numerical methods

Computational Fluid Dynamics (CFD) is widely used to analyse the complex nature of

the flow at low Re. From the literature, most of the reported numerical studies at low

Re can be characterised into three unsteady conditions namely: pitching, plunging and
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flapping motions, which are elaborately discussed in the following sections.

2.2.3.1 Pitching motion

Most of the 2D and 3D studies where the pitching motion is considered were investigated

at Re order of 105 or less. The inviscid numerical simulations cannot accurately resolve

the high viscous nature of flow at these Re regimes [70, 71]. Therefore, most of the

numerical studies use the Navier-Stokes (N-S) equations to represent the actual physics of

the problem with desired accuracy. By utilizing the N-S equations, Akbari and Prince [72]

simulated the flow field around the pitching airfoil using a vortex method. It was reported

that the instantaneous forces and the resultant flow field are highly influenced by pitching

frequency but Re has less impact on these force coefficients and the corresponding flow

field. Okang and Knight [73] carried out 2D pitching numerical simulations at different

Re. It was reported that the increases in Re causes the flow to recirculate on the leeward

side of the airfoil and decrease in Re encourages the recirculation to happen near the

leading edge. The numerical studies performed by Hamdani and Sun [74] on pitching

airfoils, discussed about large unsteady forces and their resultant vortical structures.

Visbal and Shang [75] reported that the increase in the reversed flow of the boundary

layer increases the LEV formation and TEV shedding which eventually magnifies the

unsteady nature of the flow around the airfoil.

2.2.3.2 Plunging motion

Plunging motion is one of the most common unsteady condition which also gained a

lot of attention, same as that of pitching motion. Early studies of plunging motion

are mainly focussed on cylinders rather than airfoils/wings due to their wide range of

applications at high Re [76, 77, 78]. Later on the studies were also carried out on

plunging airfoils and wings as well. The numerical studies performed by Andro and

Jacquin [79] on plunging airfoil investigated about the significance of LEV, added mass

and wake capturing. They have shown that the contribution of the LEV can be described

as a quasi-steady analysis at lower frequencies. The added mass can be compared as a

rotational force at higher frequencies. They have also reported that the wake capture

shown to be greatly dependent on the frequency of oscillation and contributes higher

lift force at particular frequencies. The 2D studies on plunging motion are further

carried out to investigate the influence of the governing flow parameters like Strouhal

number (St), Re regime, thickness ratio on different types of airfoils [80, 81]. It was

reported that the viscous unsteady mechanisms also have a remarkable effect on the

force coefficients and resultant flow field of plunging airfoils. Lewin and Haj-Hariri [82]
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numerically investigated the flow characteristics of plunging airfoil, estimated the trust

and power coefficients, also analysed the influence of LEVs and TEVs on the aerodynamic

efficiency of the airfoil. It was reported that, the maximum efficiency was observed at

a particular St where the LEV separation leads to a decrease in thrust force generation

of the airfoil. Young and Lai [83] reported that instantaneous force coefficinets and the

wake pattern of the plunging airfoil are highly influenced by kf and St. They have

also shown that the resultant flow field is strongly dependent on the LEV and TEV

separation.

2.2.3.3 Flapping motion

The flapping motion is also one of the popular unsteady flow condition at low Re regime.

A wide variety of studies are reported in the literature with different kinds of flapping

motions. The flapping motion in most of the works is referred as the combination of

rotations about the axes along the wing chord and span. The numerical simulations

carried out by Lee et al [84] on flapping airfoil analysed about the role of LEVs and

TEVs, reported that the LEVs can be more detrimental to the thrust rather than lift.

It was also reported that the force generation mechanisms are different at upstroke

and down stroke. Mittal et al [85] numerically investigated the flow field around the

flapping airfoil and observed a reverse Karman vortex street at certain conditions which

yields higher values of thrust force generation. Tang et al [86] investigated about the

importance of delayed stall and wake capturing mechanism on a flapping airfoil. Bos et

al [87] also found similar variation in the force coefficients of the flapping airfoil. Kaya

and Tuncer [88] performs an optimization study on the flapping kinematics in order to

estimate the maximum thrust and propulsion efficiency of a 2D airfoil by considering a

non-sinusoidal flapping motion. They have reported that the maximum thrust coefficient

can be achieved when the angle of attack is maintained almost constant during upstroke

and down stroke and the pitching motion occurs at end of each stroke. However, such

conditions are satisfied only when a very high acceleration is provided to the airfoil during

pitching and plunging motion which may affect its propulsion efficiency. Sun and Tang

[89] used N-S equations to examine the delayed, symmetrical and advanced rotations of

the three dimensional hovering wing. Young et al [90] carried out a parametric study

on three dimensional flapping wing and reported that, both lift and thrust forces are

remarkably influenced by flapping frequency. Li and Dong [91] investigated the wake

structure of finite aspect ratio wing undergoing a harmonic flapping motion. They have

also extended their studies to investigate the effect ofRe and St on the force coefficients of

finite aspect ratio wing. They have reported that the topology of finite aspect ratio wing

is different compared to the infinitely long wing. Ramamurthi and Sandberg [92] used
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the three dimensional Finite Element Method (FEM) to simulate the flapping motion.

They have investigated about the effect of phase angle between the pitching and plunging

motions on the instantaneous force coefficients. They have reported that the advanced

rotations may lead to higher thrust force generations than that of symmetrical and

delayed rotations. Ramamurthi and Sandberg [93] also studied the three dimensional

flapping motion at different conditions such as flexibility of wing and gust loading and

compared the lift and thrust coefficients to assess the overall performance.
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Chapter 3

Numerical Simulation Method

This chapter discusses about the governing equations, numerical formulation and the

baseline problem setup employed in this work.

3.1 Introduction

Fluid dynamics is a branch of fluid mechanics, deals with the study of fluids in motion

and the forces associated with it. The Computational Fluid Dynamics (CFD) is a set of

numerical methods used for different purposes such as analysing the real time fluid flow

problems. The equations representing the flow of the fluid are the governing equations of

CFD. The current study employs the ANSYS FLUENT v 18.1 as a CFD package which

uses the Navier-Stokes (N-S) equations to govern the fluid flow as the N-S equations

has the potential to define the actual flow physics of real time problems with desired

accuracy. The N-S equations can be compared as the application of Newton’s second

law of motion on the fluids. The N-S equations are defined based on three laws, namely:

Conservation of mass, Conservation of momentum and the Conservation of energy [94].

3.2 Governing Equations

The first governing equation which is the law of conservation of mass (defined in Eq. (3.1)),

states that the rate of change of mass within the control volume is equal to the net flow

rate of the mass into the control volume.

d

dt

∫
Ω

ρ(x, t)dΩ =

∫
Ω

Sm(x, t)dΩ (3.1)

where, ρ(x, t) is the density of the fluid in the control volume Ω and Sm(x, t) is the net

mass flow rate per unit volume at given time t and position x. By considering Sm(x, t)
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= 0, the Eq. (3.1) can be re-written as:

∂ρ

∂t
+∇ · ρU = 0 (3.2)

where U is the velocity vector. For the current study, the incompressible flow is con-

sidered for which the density is constant. Therefore, Eq. (3.2) can be transformed as

Eq. (3.3) which is also known as the continuity equation.

∇ · U = 0 (3.3)

The second governing equation which is the law of conservation of momentum states

that the rate of change of momentum within the control volume is equals to the sum-

mation of all the forces exerted on the control volume. Generally two types of forces act

on the control volume, namely: body force and surface force.∫
Ω

ρ
DUi
Dt

dΩ =

∫
Ω

ρFidΩ +

∫
s

ρRids (3.4)

The surface integral in Eq. (3.4) must be converted into volume integral which can

be done by defining stress tensor Tij which is given by Eq. (3.5).

Tij = −pδij + τij (3.5)

Then the Eq. (3.4) can be transformed as follows:

ρ
DUi
Dt

= ρFi +
∂Tij
∂xj

(3.6)

The relation between the viscous stress and strain from Newtonian fluid is given as:

τij = µ(
∂ui
∂xj

+
∂uj
∂xi
− 2

3

∂ur
∂xr

δij) (3.7)

By using Eq. (3.7), the final form of law of conservation of momentum of Navier-

Stokes equation is presented in Eq. (3.8).

∂U

∂t
+ (U · ∇)U = −∇P + (

1

Re
)∇2U (3.8)

The non-dimensional form of Eq. (3.8) is presented in Eq. (3.9) and Eq. (3.10).

(St)
∂U

∂τ
+ (U · ∇)U = −∇P + (

1

Re
)∇2U (3.9)

(kf/π)
∂U

∂τ
+ (U · ∇)U = −∇P + (

1

Re
)∇2U (3.10)
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where kf and St are non-dimensional flapping frequency and Strouhal number defined

in Eq. 3.14 and Eq. 3.15 respectively, U = (u/U∞, v/U∞, w/U∞), here u, v, w are

components of the velocity vector U in X, Y and Z directions respectively, U∞ is the

free-stream velocity, P = P/ρU2
∞ and τ = t/T (where T is flapping period). The resultant

equations are the partial differential equations for which the exact analytical solution

doesn’t exist [94]. Therefore, the N-S equations are solved through numerical approach

such as Finite Difference Method (FDM), Finite Element Method (FEM), Finite Volume

Method (FVM) and spectral methods [94].

3.3 Turbulent flow

In general, the fluid flow is turbulent in nature which can be characterised as nonlinear,

chaotic, irregular, time dependent. The flow of water released from a dam, the flow

around a moving body such as cars or aeroplanes, smoke released from a cigar or chimney,

stirring of coffee in a cup, etc., are the examples of real life turbulent flows. The Reynolds

number (Re) is defined as the ratio between the inertia forces to the viscous forces, given

from Eq. (3.11) to Eq. (3.13), generally used to define the nature of the flow i.e., laminar

or transitional (laminar to turbulent) or turbulent [95].

Re =
Inertiaforce

V iscousforce
(3.11)

=
ρU∞C

µ
(3.12)

=
U∞C

ν
(3.13)

The flow characteristics of the present study are also defined by two additional non-

dimensional numbers, namely the reduced frequency or non-dimensional flapping fre-

quency (kf ) and Strouhal number (St) given in Eq. 3.14 and Eq. 3.15 respectively,

kf =
2πfC

U∞
(3.14)

St =
fεw
U∞

(3.15)

where, U∞, µ and ν are the velocity, dynamic viscosity and kinematic viscosity of the

incoming fluid, C is the characteristic length (which is the chord length of the wing for

present study), f is the frequency of oscillation and εw is the wake width which is twice
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the plunge amplitude when only plunging motion is considered. The Direct Numerical

Simulation (DNS) is one of the commercially available numerical techniques used to sim-

ulate the turbulent flows. The DNS solves the N-S equations for all scales of motions

without considering approximations and averaging. This makes the DNS computation-

ally expensive. The literature reported that the number of grid points required for DNS

is of order of Re9/4 which is extremely expensive for the flows with Re ≥ 103 [96]. The

Large Eddy Simulation (LES) is another numerical technique used to simulate the tur-

bulent flow. The LES resolves the eddies greater than the grid size and model the eddies

smaller than the grid size. As per the literature, the number of the grid points require for

LES is of order of Re1.8 which is also quite expensive [97]. Therefore, the present study

uses the two equation model k-ω Shear Stress Transport (SST) which is computationally

less expensive compared to DNS and LES to achieve the desired accuracy. The further

details of k-ω SST model are discussed in details in the following sections.

3.3.1 k-ω SST model

Literature suggest that the ω equation (in standard k-ω model) offers different types

of advantages over the ε equation (in k-ε model) [98, 99]. One of the most prominent

advantage is that the ω equation can be integrated through the viscous sublayer with-

out additional terms. This gives a relative straight forward formulation of robust y+

Enhanced Wall Treatment (EWT). Further, it was also reported that the standard k-ω

model is efficient in boundary layer flow and separation where adverse pressure gradients

are involved. In ANSYS FLUENT, the standard k-ω model is incorporated based on the

Wilcox’s k-ω model which considers low Re effects, compressibility effects and the shear

flow spreading [100]. However, the major limitation of the ω equation (in standard k-ω

model) is that the ω equation is highly sensitive to the solution and over dependent on

the free-stream values of k and ω outside the shear layer [101]. Due to this reason, the

standard k-ω model is less popular in ANSYS FLUENT. Studies were carried out to fix

the issues with the standard k-ω model and finally come up with the k-ω SST model

where SST stands for Shear Stress Transport [98, 99, 101, 102].

The k-ω SST model was designed to overcome the free-stream sensitivity of standard

k-ω model by combining elements of both the ω equation of standard k-ω model and the ε

equation of k-ε model. By default, the k-ω SST model uses the enhanced wall treatment.

The k-ω SST two equation model is generally in complete form and provides a closed

system for modelling of CFD problems. Basically, the k-ω SST is an improvement over

the standard k-ω and k-ε models. The k-ω SST model uses the definition of standard k-ω

model at the inner parts of the boundary layer and the definition of k-ε at the outer parts
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of the boundary layer. It was reported that the k-ω SST model can accurately estimate

the flow separation from the smooth surfaces. With time, the k-ω SST model gained lot

of attention and especially for aerodynamic flows, the k-ω SST model is considered as

one of the most accurate and widely used models. It was also reported that the accuracy

of the SST model is somewhat better than the Spalart-Allmaras model in predicting the

characteristics of wall boundary layer.

∂(ρk)

∂t
+
∂(ρkui)

∂xi
=
∂(Γk

∂k
∂xj

)

∂xj
+Gk − Yk + Sk (3.16)

The transport equations for the k-ω SST model are defined in Eq. (3.16) and Eq. (3.17)

which are used to estimate the turbulent kinetic energy (k) and the specific dissipation

rate (ω) respectively.

∂(ρω)

∂t
+
∂(ρωuj)

∂xj
=
∂(Γω

∂ω
∂xj

)

∂xj
+Gω − Yω +Dω + Sω (3.17)

where, Γk and Γω represents effective diffusivity of k and ω respectively (defined

in Eq. (3.30) and Eq. (3.31) respectively). The terms Gk and Gω are the generation

of turbulent kinetic energy (k) and specific dissipation rate (ω) due to the gradients of

mean velocity respectively (defined in Eq. (3.18) and Eq. (3.19) respectively). The terms

Yk and Yω represents the dissipation of k and ω respectively (defined in Eq. (3.40) and

Eq. (3.49) respectively). The term Dω is the cross diffusion term (defined in Eq. (3.54)).

The terms Sk and Sω are user-defined source terms for k and ω respectively.

Gk = −ρu1
iu

1
j

∂uj
∂xi

(3.18)

Gω =
α

νt
Gk (3.19)

where the coefficient α is given as:

α =
α∞
α∗

(
α0 +Ret/Rω

1 +Ret/Rω

) (3.20)

α∞ = F1α∞,1 + (1− F1)α∞,2 (3.21)
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α∞,1 =
βi,1
β∗∞
− k2

σω,1
√
β∗∞

(3.22)

α∞,2 =
βi,2
β∗∞
− k2

σω,2
√
β∗∞

(3.23)

where k =0.41 and the coefficient α∗ is defined as:

α∗ = α∗∞(
α∗0 +Ret/Rk

1 +Ret/Rk

) (3.24)

where

Ret =
ρk

µω
(3.25)

Rek = 6 (3.26)

Rek = 2.95 (3.27)

α∗0 = βi/3 (3.28)

βi = 0.072 (3.29)

for high Re, α = α∞ = α∗ = α∗∞ ≈ 1. The terms Γk and Γω in Eq. (3.16) and

Eq. (3.17) are the effective diffusivity of k and ω respectively,

Γk = µ+
µt
σk

(3.30)

Γω = µ+
µt
σω

(3.31)

where, σk and σω are turbulent prandtl numbers for k and ω respectively. The

turbulent viscosity µt can be computed by combining k and ω as follows:

µt = (
ρk

ω
)(

1

max( 1
α∗
, SF2

a1ω
)
) (3.32)

where S is the magnitude of the strain rate, and
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σk =
1

F1/σk,1 + (1− F1)/σk,2
(3.33)

σω =
1

F1/σω,1 + (1− F1)/σω,2
(3.34)

F1 = tanh(Φ4
1) (3.35)

Φ1 = min[max(

√
k

0.09ωy
,
500µ

ρy2ω
),

4ρk

σω,2D+
ω y

2
] (3.36)

D+
ω = max(2ρ

1

σω,2

1

ω

∂k

∂xj

∂ω

∂xj
, 10−10) (3.37)

F2 = tanh(Φ2
2) (3.38)

Φ2 = max(
2
√
k

0.09ωy
,
500µ

ρy2ω
) (3.39)

where y is the distance to next surface. The terms Yk and Yω in Eq. (3.16) and Eq. (3.17)

are the dissipation of k and ω due to turbulence defined in Eq. (3.40) and Eq. (3.49)

respectively.

Yk = ρβ∗f ∗βkω (3.40)

where, the piece wise function f ∗β = 1 for k-ω SST model.

β∗ = β∗i (1 + ξ∗F (Mt)) (3.41)

β∗i = β∗∞(
4/15 + (Ret/Reβ)4

1 + (Ret/Reβ)4
) (3.42)

ξ∗ = 1.5 (3.43)

Reβ = 8 (3.44)

β∗∞ = 0.09 (3.45)

here F (Mt) is the compressibility function which is given as: F (Mt) = 0 when Mt ≤
Mt0 otherwise F (Mt) = M2

t -M2
t0

. where,

M2
t =

2k

a2
(3.46)

M2
t0

= 0.25 (3.47)

a =
√
γRT (3.48)
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the dissipation of ω is defined as:

Yω = ρβfβω
2 (3.49)

where fβ =1 for k-ω SST model and βi is evaluated using Eq. (3.52)

β = βi(1−
β∗i
βi
ξ∗F (Mt)) (3.50)

βi = F1βi,1 + (1− F1)βi,2 (3.51)

Ωij =
1

2
(
∂ui
∂xj
− ∂uj
∂xi

) (3.52)

Sij =
1

2
(
∂uj
∂xi

+
∂ui
∂xj

) (3.53)

To blend both the standard k-ε and k-ω in order to define the k-ω SST model, the

cross-diffusion term Dω is introduced in Eq. (3.17) which is given in Eq. (3.54). The

model constants σk,1 = 1.176, σω,1 = 2.0, σk,2 = 1.0, σω,2 = 1.168, a1 = 0.31, βi,1 =

0.075, βi,2 = 0.0828. All the additional model constants has the same values as that of

the standard k-ω model.

Dω = 2(1− F1)ρ
1

ωσω,2

∂k

∂xj

∂ω

∂xj
(3.54)

3.3.2 Near wall region

The velocity profile for the turbulent flow can be divided into two regions namely: the

viscous sub layer and the inertial layer. The outer line position of the inertial layer de-

pends on Re. The increase in Re influences the extension of the inertial layer. In general,

the higher grid resolution fully resolves the boundary layer near the walls. Therefore,

the first cell height from the wall in the present study is computed using Eq. (3.55) by

maintaining y+ = 1 [99].

y+ =
u∗yd
ν

(3.55)

where u∗ is the friction velocity, yd is the nearest distance from the wall and ν is the kine-

matic viscosity of the fluid. The analytical expression in the viscous sub-layer is known

for the k-ω model and the wall functions are approximated only for the logarithmic layer

[103]. However, for the k-ε model, there is no analytical representation for the viscous
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sub-layer. This indicate that the wall functions need to be approximated throughout the

boundary layer and a lot of wall functions assume that the first grid point is within the

fully turbulent low-law region. This assumption has a considerable amount of impact

on the obtained results. Due to these reasons, the k-ω model can ensure more accurate

solutions than that of the other models for the wall bounded flows [99, 101, 103].

3.4 Discretization

The computers do not directly solve the governing equations in the differential form

rather consider in a discretized form. The process of discretization can also be referred

as grid generation or meshing, which consists of dividing the fluid domain into discrete

points (nodes or vertex) and volumes (cells or elements). There are two types of meshes,

namely: Structured mesh and Unstructured mesh. The structured mesh usually consists

of hexahedral elements and each grid point inside the mesh will be uniquely defined

by the indices i, j and k. The advantage of using structured mesh is that it is easy to

locate the cell and its neighbouring cells. This allows the solvers to quickly and easily

calculate the data of any given cell by adding or subtracting the indices. However, the

main drawback is that the process of achieving structured mesh becomes complicated

with respect to the geometry. In some cases, advanced level skills required to the user to

achieve structured mesh for complex geometries. The unstructured mesh can consists of

all types of elements like tetrahedral, hexahedral, prism, wedge and pyramids. Depending

on the choice of elements the unstructured mesh can also be referred as mixed or hybrid

mesh. The grid points in the unstructured mesh do not have a particular order. Due to

this, the unstructured mesh demands a more complex data structure to keep the track of

each cell and its neighbouring cells which leads to high memory requirements than that

of structured mesh. However, the biggest advantage of using unstructured mesh is that

any complex geometry can be easily discretized and doesn’t require much skills. Another

advantage is that the user can provide the refinement and coarsening of the mesh as per

the requirements.

3.4.1 Spatial discretization

Once, the fluid domain is discretized to form a mesh, the equations needs to be dis-

cretized. The three main methods most commonly used for the discretization are: Finite

Difference Method (FDM), Finite Element Method (FEM) and Finite Volume Method

(FVM) [104]. The ANSYS FLUENT utilises the FVM where the domain is discretized

into control volumes and the surface integrals are calculated. The accuracy of the dis-
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cretization highly influenced by the schemes employed to define the control volume. Most

commonly used schemes are cell-centred scheme and cell-vertex scheme. The ANSYS

FLUENT uses the cell-centred scheme to define the shape and position of the control

volume (ΩI,J) [105].

Figure 3.1: Schematic representation of cell-centered scheme

The control volumes in the cell-centred scheme are identical to the grid cells and the

flow variables are stored at the centre of each cell as shown in Fig. 3.1. The variables will

be obtained by utilizing the average of the fluxes which are computed from the values of

the cells to the left and to the right. The cell-centred scheme strongly depends on the

smoothness of the mesh. If the mesh is sufficiently smooth then the cell-centred scheme

can reach second or higher order accuracy. For unstructured mesh, the control volumes

formed by using cell-centred scheme are approximately 3-6 times greater than that of

cell-vertex scheme. Due to this, the cell-centred scheme is considered more accurate (in

the case of unstructured mesh) however it requires twice the memory as this scheme

saves more data of the field variables than that of the cell vertex scheme. For structured

meshes, both the schemes have almost equivalent control volumes and the computational

advantage is almost same.

3.4.2 Temporal discretization

In order to perform transient simulations, the equations of motion must be discretized in

both space and time. The spatial discretization of time-dependent equations is equivalent

to the steady-state case. The temporal discretization of the equations in the differential

form consists of integration of each term over a time step (t∗). The ANSYS FLUENT by

default uses the implicit time integration when pressure-based solver is selected [105, 104].

The explicit time integration is only available with density-based solver. The major

advantage of using implicit time integration is that the scheme is unconditionally stable

with respect to the size of the time step. Therefore the time-step is not limited by the
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Courant-Friedrichs-Lewy (CFL) condition [104]. The velocity components are presented

in both continuity and momentum equations and the convective terms are non-linear.

Therefore, these problems are addressed by considering iterative solution methods and

setting up the solver as follows:

• For pressure-velocity coupling, coupled scheme is opted.

• The evaluation of the gradients is performed using least squares cell based method.

• The pressure interpolation is carried out using second order scheme.

• The Bounded central differencing scheme is used for the convective term of mo-

mentum.

• For turbulent kinetic energy and specific dissipation rate, the second order upwind

scheme is used.

• An implicit second order accurate scheme is employed for time integration.

3.5 Boundary conditions

The present study investigates about the flow field around the wing performing different

motions. Therefore the solution of the respective governing equations require the flow

properties like velocity and pressure to be specified on the computational domain. The

boundary condition on each surface of the domain are described as follows:

• On the inflow surface, the velocity is specified (Dirichlet condition) based on cor-

responding Re and zero gradient condition of pressure (Neumann condition) is

maintained.

• On the outflow surface, the free stream value of pressure is maintained (Dirichlet

condition) and the velocity is kept at zero gradient condition (Neumann condition).

• The symmetry boundary condition is given to the surface which is in contact with

the wing to ensure all the fluxes are zero.

• All the other surfaces including the wing and the wing tip are provided with no-slip

wall boundary condition to ensure a fixed velocity and zero pressure gradients.
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3.6 Mesh motion

The conservation equation for the any moving body ( for the present study the moving

body is the wing subjected to the prescribed motion) in the integral form is defined in

Eq. (3.56).

∂

∂t

∫
Ω

ρΨdΩ +

∮
s

ρn.(Vf −Vm)ΨdS −
∮
s

ρ(ΓΨ)n.(∆Ψ)dS =

∫
Ω

SΨ(Ψ)dΩ (3.56)

where Ψ refers to the conservative intensive property for which Ψ = 1 for conservation

of mass and Ψ = Vf for conservation of momentum. The terms Vf and Vm are the

velocities of the fluid and the moving mesh respectively. The term s denotes the surface

surrounded by the control volume Ω where n is the outward unit vector perpendicular to

the surfaces. Also, ΓΨ refers to the diffusion coefficient of Ψ, ∆Ψ is the gradient of Ψ and

SΨ refers to the source of Ψ per unit volume. The solver calculates the time derivative in

Eq. (3.56) using first-order backward difference formula as shown Eq. (3.57) to Eq. (3.61)

if the first order differencing scheme is selected [104].

∂

∂t

∫
Ω

ρΨdΩ =
(ρΨΩ)i+1 − (ρΨΩ)i

∆t
(3.57)

where, i and i+1 indicates the respective quantities during current and next time

steps respectively. The volume Ωi+1 at i+ 1th time step can be estimated as:

Ωi+1 = Ωi +
dΩ

dt
∆t (3.58)

where dΩ
dt

is the volume time derivative of the control volume Ω. To ensure the mesh

conservation law is satisfied, the volume time derivative of control volume is estimated

as follows:

dΩ

dt
=

∮
s

Vm.dS (3.59)

and finally the solver calculates the volume time derivative of control volume as follows:

dΩ

dt
=

Tf∑
j=1

Vm,j.Sj (3.60)

where, Tf is the total number of faces on the control volume Ω and Sj is the face area

vector. The dot product Vm,j.Sj can be calculated from Eq. (3.61):

28TH-2858_166103007



Vm,j.Sj =
δVj

∆t
(3.61)

where, δVj represents the volume swept out by the control volume face j on a given time

∆t. Whenever the second order differencing scheme is selected then the solver calculate

the time derivative in Eq. (3.56) using second order backward difference formula using

Eq. (3.62) [104].

∂

∂t

∫
Ω

ρΨdΩ =
3(ρΨΩ)i+1 − 4(ρΨΩ)i + (ρΨΩ)i−1

2∆t
(3.62)

where i-1, i and i+1 represent the respective quantities from successive time steps. In

the second order differencing scheme, on each face of the control volume, the dot product

Vm,j.Sj is estimated using Eq. (3.64).

(Vm,j.Sj)
i+1 =

3

2
(Vm,j.Sj)

i − 1

2
(Vm,j.Sj)

i−1 (3.63)

=
3

2
[
δVj

δt
]i − 1

2
[
δVj

δt
]i−1 (3.64)
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Chapter 4

Aerodynamic Investigation of the

Stationary Biomimetic Wing

inspired from Passer Domesticus

This chapter presents the study of a biomimetic wing inspired from a natural flyer

(Passer Domesticus). Since the birds have thin wings, Bergey BW-3, a thin and highly

cambered airfoil, is used to model the wing cross-section. To investigate the aerodynamic

characteristics of the biomimetic wing, numerical and experimental studies are carried

out at low Reynolds number (Re). It is observed that the numerical findings has similar

trend as that of the experimental observations. The performance of the biomimetic

wing is compared with rectangular and elliptical wings in terms of instantaneous force

coefficients. Further, the flow field around the biomimetic wing is also analysed in

order to understand the reasons behind its better performance than that of other wing

planforms.

4.1 Introduction

Most of the studies reported in the literature have investigated the aerodynamic char-

acteristics of commercially available wing planforms. Selig et al [106] performed a series

of experiments on different airfoils at Reynolds number ranging from 6×104 to 3×105

but paid very less attention towards wings with small aspect ratio. Gabriel and Mueller

[107] carried out wind tunnel experiments on four distinct wing planforms namely rect-

angular, elliptical, Zimmerman and inverse Zimmerman with aspect ratios varying from

0.5 to 2 at 7×104 ≤ Re ≤ 2 × 105. They reported the aspect ratio as the primary,

wing planform as secondary and Re regime as the ternary influencing parameter on the
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aerodynamic performance of low aspect ratio wings at low Re. Laitone [108] carried

out wind tunnel experiments on rectangular planform at 2.07×104 and concluded that

sharp leading edge has better aerodynamic lift than that of sharp trailing edge at low

Re. Kalpan et al [109] carried out water tunnel experiments at 8×103 and 24×103 on

semi elliptical, delta and rectangular wing planforms. Kalpan et al [109] had shown that

the wake structures of the above mentioned wing planforms were different but the slope

of lift-curve was almost same at those conditions. Okamoto and Azuma [110] conducted

wind tunnel tests on elliptical, rectangular and triangular wing planforms at low Re =

1×104. They have reported a non-linear variation in lift and drag coefficients at different

aspect ratios over a wide range of angle of attack. Pelletier and Mueller [1] performed

wind tunnel experiments on flat and cambered plates by varying the Reynolds number

from 6×104 to 2×105. They have reported that the turbulence intensity and trailing

edge effects do not have a major impact on the lift and drag coefficients at low Re.

Most of the aforementioned studies had investigated the aerodynamic characteristics

of commercially available wing planforms. The present work aims to establish a novel

wing planform in a simplified manner by considering the wing planform of Passer Do-

mesticus (House sparrow) as a reference. Passer Domesticus uses its wings to generate

almost all of the aerodynamic forces required for flight. Even though the tail and the

body also contribute to flight control and lift enhancement, in fixed wing MAVs such

features can be taken care by introducing either jets or propellers. The current chapter

mainly focuses on modelling of the biomimetic wing with the dimensions correspond-

ing to that of a MAV and make efforts towards gaining a preliminary understanding of

its aerodynamic characteristics. While modelling the wing cross section, Bergey BW-

3 airfoil is introduced at different sections of the wing planform. After modelling of

biomimetic wing, its aerodynamic characteristics are investigated numerically and ex-

perimentally at 2.5×104 ≤ Re ≤ 1 × 105. Thereafter, the aerodynamic performance of

the biomimetic wing is compared by modelling rectangular and elliptical wing planforms

using the same dimensions and cross section. Additionally, the flow field around the

biomimetic wing is also explored at Re = 5×104. The details of geometry, the associated

numerical and experimental analysis are presented in the following sections.
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4.2 Method

4.2.1 Wing geometry

(a) B-spline interpolation

(b) CAD model of the wing (c) Inside the wing

Figure 4.1: 3D modelling of Passer Domesticus wing planform

A biomimetic wing is modelled by considering the wing planform of Passer Domesticus

bird as a reference. The schematic representation of 3D modelling of the biomimetic

wing is presented in Fig. 4.1.
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(a) CAD model of the wing (b) Inside the wing

Figure 4.2: 3D modelling of rectangular wing planform

As for the cross sectional shape of the Passer Domesticus wing, a thorough review

of the literature was carried out. It is observed that most of the pioneering works

reported about the changes in the wing structure of Passer Domesticus at different flight

conditions and had shown very little attention on cross sectional shape of the Passer

Domesticus wing [111, 112, 113]. Therefore, the cross section of the wing is modelled by

introducing an ad hoc airfoil into the wing planform. Since the birds have thin wings

with thickness to chord length (t/C) ≤ 6% [1], the cross section of the wing is modelled

by introducing a thin and highly cambered airfoil. In the present study, Bergey BW-3

airfoil is considered because of its unique design of having a pultruded section which

yields to a relative thickness of 5% and helps in designing and manufacturing wings with

close dimensional cross sections.

(a) CAD model of the wing (b) Inside the wing

Figure 4.3: 3D modelling of elliptical wing planform

Further, it was reported that the Bergey BW-3 airfoil doesn’t experience the for-
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mation of large separation bubble in the low Re regime ranging from 6×104 to 10×104

which makes this airfoil as a more suitable candidate for the current study [106]. As

the wing planform varies with respect to span, the Bergey BW-3 airfoil is introduced at

different sections (S1 to S6) of the wing while designing the wing cross section as shown

in Fig. 4.1(c). The wing has a chord length of 75 mm at the wing root with a wing area

of 82.84 cm2 and the semi-span aspect ratio of the wing is 1.2. The wing has a maximum

thickness of approximately 3.75 mm at a distance of 5.5 mm from the leading edge. For

the upcoming discussions of the present study, the combination of wing planform of the

Passer Domesticus and the Bergey BW-3 wing cross section is referred as a biomimetic

wing. The conventionally adopted rectangular and elliptical wing planforms are con-

sidered for comparative assessment on the aerodynamic performance of the biomimetic

wing. Both the wings are modelled using same dimensions and cross section as shown

in Fig. 4.2 and Fig. 4.3.

4.2.2 Numerical procedure

The mass and momentum conservation equations in the dimensionless form which gov-

erns the incompressible flow over the wing are already defined in Eq. (3.3) and Eq. (3.8)

of Section 3.2 in Chapter 3. The mean lift and drag coefficients of the wing are calculated

using Eq. (4.1) and Eq. (4.2):

CL =
1
T

∫ T
0
fl(t)dt

1
2
ρAU2

∞
(4.1)

CD =
1
T

∫ T
0
fd(t)dt

1
2
ρAU2

∞
(4.2)

where fl(t) and fd(t) are the instantaneous lift and drag forces respectively, T is the

time period of the cycle. The flow around the wing is simulated by solving the afore-

mentioned three dimensional Navier-Stokes equations using a commercial Computational

Fluid Dynamics (CFD) package ANSYS FLUENT v18.1 based on finite volume approach

assuming the flow is incompressible. The modelling of turbulent flow around the wing,

details regarding the near wall region, spatial and temporal discretization, solver settings

and boundary conditions are elucidated from Section 3.3 to 3.5 in Chapter 3. In order

to achieve a converged solution, the residuals are set to fall below 10−15. An initial time

refinement study was carried out with time step (t∗) = 5×10−3 s, 1×10−3 s, 5×10−4 s

and 1×10−4 s. It is observed that there is no variation in instantaneous force coefficients

at t∗ = 5×10−4 s and 1×10−4 s. Therefore, the time step is fixed at t∗ = 5×10−4 s with
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a total number of time steps of 1×105. There are 35 iterations in each time step. The

higher number of iterations is not considered since there is no improvement in the con-

vergence during each time step. The stopping criteria for each simulation are set in such

a way that, the simulation will stop either all the residuals fall below the specified value

(10−15) or the total number of time steps is reached (1×105). Also the same simulation

will be continued by increasing either the residual value or the number of time steps if

considerable variation between the instantaneous lift and drag coefficients between 10

consecutive time steps is observed. The efficiency and the accuracy of the solver are

thoroughly verified and well documented in the literature [114, 115].

4.2.2.1 Computational domain

(a) Computational domain (b) Structured mesh

Figure 4.4: Details of computational domain and the mesh around the wing

A semi-spherical fluid domain is modelled for the present numerical study as shown

in Fig. 4.4(a). The blocking strategy is used in combination with O-grids to achieve

structured mesh to the whole domain and to the wing with hexahedral elements in Inte-

grated Computer-aided Engineering and Manufacturing - Computational Fluid Dynam-

ics (ICEM-CFD) as shown in Fig. 4.4(b). In order to effectively capture the development

of the flow, the first cell height of 2.85×10−5 is maintained and the corresponding y+

value is 1. The inner O-grid of the domain is provided with a cell growth rate of 1.03

and the rest of the domain has a growth rate of 1.5. This ensures a denser mesh around

the wing. An initial domain dependence test was carried out at mean angle of attack

(θm) = 4◦ with Re = 5×104 to assess the sensitivity of the results with respect to domain

size. The dimensions of the different domains and the corresponding mean lift coefficient

(CL) are presented in Table 4.1. The error percentage is calculated based on the CL

values of two consecutive domains. It is observed that the overall error is less than 1%.
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Table 4.1: Comparison of mean lift coefficients of biomimetic wing using different sizes
of domain at θm = 4◦ and Re = 5× 104 (where C refers to the chord length at the wing
root)

Domain radius (r1) distance (x1) CL Error(%)
Type 1 15C 25C 0.5275 –
Type 2 30C 50C 0.5289 0.26
Type 3 45C 75C 0.5283 0.11

The only drawback in the dimensions of the Type 1 domain is that the inlet and outlet

surfaces are not far enough from the wing leading edge and trailing edge respectively.

Due to this, reversed flow occurs in the domain at every time step of the simulation

for higher angles of attack when θm ≥ 10◦. Therefore in order to minimise the outer

boundary effects, the inlet surface is kept at a distance of 30C from the leading edge of

the wing root. The outlet surface is maintained at a distance of 50C from the trailing

edge of the wingtip. The velocity inlet and pressure outlet conditions are applied at

inlet and outlet surfaces. The symmetry condition is specified to the surface which is

attached to the wing. The no-slip wall boundary condition is applied on the wing and

also to the rest of the surfaces. The no-slip boundary condition of current study ensures

zero velocity (∂u
∂y

= 0, v = 0, w = 0) at the wall with a temperature of 288.15 K. The

dimensions and boundary conditions of the computational domain are presented in Fig.

4.4.

4.2.2.2 Mesh sensitivity analysis
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Figure 4.5: Variation in the pressure coefficient of the biomimetic wing at θm = 12◦ and
Re = 5×104 with three different grids
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To inspect the accuracy of the results with respect to grid size and grid quality, the

grid independence test is carried out on the biomimetic wing by calculating pressure

coefficient at θm = 12◦ and Re = 5×104. The obtained findings are presented in Fig.

4.5. The mean lift and drag coefficients of the biomimetic wing at θm = 12◦ and Re =

5×104 are also calculated using three different grids, presented in Table 4.2 along with

the size and quality of each grid. From Fig. 4.5 and Table 4.2, it is observed that the

highest error of 6.47% is observed between the findings of Grid 1 and Grid 2. Also, a

maximum error of 2.46% is noticed between the findings of Grid 2 and Grid 3. The

findings obtained using Grid 2 and Grid 3 do not show much variation than that of Grid

1, further evaluation is carried out to validate the accuracy of each grid by considering

the findings reported by Pelletier and Mueller [1] as a reference using the same grids.

Pelletier and Mueller [1] carried out experimental investigations on cambered plates with

4% camber and semi span aspect ratio of 1.5 at Re = 6 ×104 over a wide range of angle

of attack.

Table 4.2: Comparison of mean lift and drag coefficients of biomimetic wing at θm = 12◦

and Re = 5×104 using different grids (Min OQ refers to Minimum orthogonal quality)

Mesh type No. of elements Min. OQ CL Error(%) CD Error(%)
Grid 1 4.5×105 1.12×10−1 1.0602 – 0.1382 –
Grid 2 8.1×105 2.23×10−1 1.0315 2.78 0.1298 6.47
Grid 3 15.4×105 2.96×10−1 1.0114 1.95 0.1266 2.46

A numerical study is carried out using the three grids having same specifications

as that of presented in Table 4.2 at θm = 4◦ by considering the above conditions as a

reference and the obtained mean lift and drag coefficients with respect to the grid size

and quality is presented in Table 4.3. The mean lift and drag coefficients of cambered

plates at θm = 4◦ reported by Pelletier and Mueller [1] is used to calculate the error

percentage. It is observed that the Grid 1 predicts slightly higher values than that of the

other grids with respect to the findings reported by Pelletier and Mueller [1]. But the

findings obtained using both Grid 2 and Grid 3 have encouraging agreement with the

findings reported by Pelletier and Mueller [1]. However, a computationally less expensive

grid i.e., Grid 2 in the present study is opted for further numerical analysis.

Table 4.3: Comparison of mean lift and drag coefficients of cambered plate (4% camber)
using different grids at θm = 4◦ and Re = 6× 104

Mesh type Avg lift coefficient(CL) Error(%) Avg drag coefficient(CD) Error(%)
Grid 1 0.5621 12.42 0.0679 19.12
Grid 2 0.5179 3.58 0.0593 4.03
Grid 3 0.5177 3.54 0.0591 3.68
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4.2.3 Experimental procedure

Figure 4.6: Schematic view of wind tunnel

The experiments were carried out using a low turbulence, open-circuit wind tunnel with

closed type test-section located at the Indian Institute of Technology Guwahati. The

wind tunnel consists of three sections namely, converging section, interchangeable test-

section and diverging section. The entrance and test section has square cross section.

The dimensions of the test section are 60 cm×60 cm×200 cm. An impeller is mounted

at the end of the diverging section which is driven by high speed electric motor. The

experiments in the wind tunnel can be performed up to a maximum speed of approxi-

mately 50 m/s by varying the motor speed. The schematic view of the wind tunnel is

presented in Fig. 4.6.

Figure 4.7: Wind tunnel front view

In the current study, all the wind tunnel experiments are performed at the chord

Reynolds number range of 2.5 ×104 ≤ Re ≤ 1 × 105 and the corresponding range of
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velocities are easily maintained. The aerodynamic loads are measured using specially

designed six component force balancing instrument (WBAL-00106). The functional com-

ponents of the balancing instrument consists of balance mechanism, strain gauge based

instrumentation amplifiers and the micro-controller based measuring system. From the

outer side, the balancing instrument is designed to look like a vertical sting like section

with a length of 355mm which can be protruded into the test section as shown in Fig.

4.7. The wing models can be hinged to the top of the vertical sting through a metric

plate where the mounting mechanism is provided. The sting was covered by a stream-

lined cover to minimise the sting’s interference on the drag coefficient of the wing. As per

the manufacturer, ±0.5% variation in the aerodynamic drag can be observed due to tare

effects and sting interference. The metric plate which is fixed to the top of the vertical

sting transfers all the loads generated on the wing model to six straining components

through a linkage system. These straining components are arranged in the form of a

cantilever linkage system in order to sense or respond with respect to the loads gener-

ated on the wing models. The strain gauges are attached to the root of the cantilever

system such that the whole arrangement forms a full-bridge circuit and the output of the

full-bridge circuit is directly proportional to the load which acts on the cantilever linkage

system. In overall, the balancing instrument is equipped with six straining components

with six full-bridge circuit arrangements capable of measuring forces and moments in X,

Y and Z directions which in total are the six components of forces. Additionally, the

signal-conditioning amplifiers with low drift and high stability are used to amplify the

output from the strain gauges which were fixed on the straining elements to obtain a

large gain of up to 3100. A micro-controller based measuring system is used to measure

the output from these signal-conditioning amplifiers. Finally, the measured signals of

voltages or loads are transferred to the computer through an external cable (RS-232)

for further post-processing. From the literature, a lot of the experimental analyses are

carried out to investigate the aerodynamic characteristics of three dimensional wings

without using end plates and achieved good accuracy [116, 117]. Therefore, the end

plates are not used in the present study as the end plates are usually installed to miti-

gate the three dimensional effects. The 3D printed wing models were with appropriate

angle of attack before closing the test section (as shown in Fig. 4.7), by following the

procedure similar to that of Roy et al [116]. The force balance is designed in such a

way that the maximum angle of attack can be set from -15◦ to 15◦. Therefore, all the

experimental measurements were carried out up to 14◦ angle of attack, starting with -8◦

in steps of 2◦. Thereafter, the angle of attack was reduced to 0◦ from 14◦ to check the

presence of hysteresis. In all of the measurements, no hysteresis was found.
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4.2.4 Uncertainty and Validation
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Figure 4.8: Experimental and numerical comparison of aerodynamic performance of
cambered plate (4% camber) with respect to angle of attack at Re = 6×104 along with
the experimental findings of Pelletier and Mueller [1]

The least count of the balancing instrument is approximately 1 gram. For the purpose of

calibration, the calibration plate along with its arm is bolted to the balancing instrument,

this ensures to apply the loads (in steps) in the primary load directions. The calibration

of the balancing instrument is achieved by applying the calibrated weights (in steps)

in each of the primary load direction. The reading are taken before and after loading

the weights. It is observed that the response of the balancing instrument is effectively

linear over the full range. The uncertainties in the experimental measurements are

carried out by adopting the prescribed methods [118]. The uncertainties related to

independent parameters of the present experimental analysis are as follows: the angle of

attack settings over the load cell is ±1.25%. The uncertainty during velocity adjustments

are ±0.7%. The uncertainties in load calibrations of the six-component force balance

has ±0.25% in x-direction and ±0.8% in y-direction. The effect of blockage on the

force coefficients is estimated by using empirical relations, methods and charts provided

by Pankhrust and Holder [119] and Rae and Pope [120]. As per the literature, the

experimental findings of lift and drag coefficients are mainly affected by three types

of blockages, namely: solid blockage (εsb), wake blockage (εwb) and the streamlined

curvature (εsc). The estimated values of these correction factors are: εsb = 0.0044, εwb =

0.0024 εsc = 0.0007. The dynamic pressure is corrected by a factor qc/q, which is given
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by Eq. (4.3) [121]:

qc/q = (1− εm)2 (4.3)

where, εm is the maximum blockage (εm = εsb+εwb+εsc) estimated from the wind tunnel.

The corrected values of force coefficients are given by Eq. (4.4) and Eq. (4.5) [122]

Clexp = C1
l (qc/q) (4.4)

Cdexp = C1
d(qc/q) (4.5)

where, C1
l and C1

d are the measured values of lift and drag coefficients respectively from

the wind tunnel, Clexp and Cdexp are the corrected values of lift and drag coefficients

respectively by considering total blockage from the wind tunnel. It is observed that

the variation between the measured values and the corrected values of lift and drag

coefficients is around 1.8%. Since the thickness and volume of the wings are small, a

very limited effect of blockage is observed. In order to estimate the overall deviation in

the mean lift and mean drag calculations, an initial experimental analysis is carried out

on a 4% cambered plate at Re = 6×104. The obtained readings were compared with the

findings reported by Pelletier and Mueller [1] along with the numerical findings obtained

using ANSYS FLUENT (v 18.1) under the same conditions. The mean lift and drag

coefficients which are calculated numerically (using Ansys Fluent) and experimentally

at different angles of attack (0◦ to 14◦ in steps of 2◦) are presented in Fig. 4.8 along with

the findings reported by Pelletier and Mueller [1]. From the experimental findings, it is

observed that the overall error in mean lift and drag coefficients is about 6% at lower

angles of attack (θm ≤ 8◦) and 9.15% at the higher angle of attack (8◦ ≤ θm ≤ 14◦) when

compared with the findings reported by Pelletier and Mueller[1]. But an overall error

of about 9.75% is observed between the present numerical and experimental findings in

almost all of the angles of attack.

4.3 Results

4.3.1 Aerodynamic characteristics of biomimetic wing

To investigate the aerodynamic characteristics of the biomimetic wing, the numerical

study is carried out by varying the angles of attack from -8◦ to 48◦ with an increment

of 4◦. The variation in mean lift and drag coefficients of biomimetic wing with respect

to the angle of attack at different Reynolds numbers ranging from 2.5×104 to 1×105 are
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presented in Fig. 4.9.
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Figure 4.9: Numerical findings of variation in lift and drag coefficients of biomimetic
wing with respect to angle of attack at different Re (2.5×104 to 10×104)
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Figure 4.10: Numerical findings of variation in drag polars and lift to drag ratio of
biomimetic wing with respect to angle of attack at different Re (2.5×104 to 10×104)

A slight variation in the lift curve slope is observed with the increase in Reynolds

number which indicates that the biomimetic wing is almost independent of the Re regime

(from 2.5×104 to 1×105). Since the flow is fully attached from θm = 0◦ to 12◦ (can be

seen from Fig. 4.17(b)), a sharp rise in the lift curve at 0◦ ≤ θm ≤ 12◦ is observed in Fig.

4.9(a). From Fig. 4.9(b), it seems the drag coefficient is less affected with the increase in
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Re since Cd slightly decreases with an increase in Re. From Fig. 4.10(a), it is observed

that the drag polars of the wing are relatively constant (especially at Re = 2×104) along

the span at 2.5 × 104 ≤ Re ≤ 10 × 104 indicates the existence of two-dimensional flow.

Except at Re = 2 × 104, a sudden drop in the lift coefficient is observed with a slight

increase in drag when θm exceeds the stall angle.
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Figure 4.11: Comparison lift and drag coefficients of biomimetic wing with respect to
angle of attack at different Re (2.5×104 to 10×104)
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Figure 4.12: Comparison of drag polars and lift to drag ratio of biomimetic wing with
respect to angle of attack at different Re (2.5×104 to 10×104)

From the flow field investigations, it was found that the lift coefficient is affected by

the formation of the separation bubble over the wing surface (as shown in Fig.4.20(a) and
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4.20(b)) at 5× 104 ≤ Re ≤ 10× 104 when the angle of attack increases beyond the stall

angle. This drop in the lift coefficient is also noticed in the quantitative analysis of the

experimental investigations as shown in Fig.4.11(a) and 4.12(a) which further confirms

that the formation of separation bubble over the wing surface has adverse effects on the

lift generation of the wing when the mean angle of attack exceeds stall angle, with an

exception in the regime where Re = 2× 104.

It seems that the separation bubble which was formed over the wing surface beyond

12◦ at Re = 2 × 104 is not large enough to influence the lift coefficient as that of at

5 × 104 ≤ Re ≤ 10 × 104. Still, a dramatic increase in the drag coefficient is observed

when θm ≥ 18◦ possibly due to flow separation. Bastedo and Mueller [123] reported that

the decrease in the slope of the lift curve is usually associated with longer separation

bubbles which further strengthens the current findings. From Fig. 4.10(b) it is observed

that, the lift to drag ratio (L/D) also followed the same trend as that of lift coefficient.

But the maximum L/D ratio was found at θm = 4◦ (see Fig. 4.10(b) and Fig. 4.12(b))

and decreased with further increase in the angle of attack due to the drastic increase

in the viscous drag than that of lift. From this quantitative analysis of the current

study, the stall is observed around θm = 12◦ for the biomimetic wing in the chord Re

regime of 2.5×104 to 1×105. It is quite natural to have lower stall angles for the wings

of low aspect ratios (AS ≤ 2). As per the findings reported by Gabriel et al [107],

higher stall angles can be achieved at high aspect ratio wings. To further verify the

numerical findings, the wind tunnel experiments are performed from 0◦ to 14◦ in steps

of 20 at different Re; the obtained results are presented in Fig. 4.11 and Fig. 4.12. A

good agreement between both numerical and experimental findings is observed. At lower

angles of attack, a deviation (6% - 9.5%) between the numerical and experimental values

of the drag coefficient is observed since the values are close to zero. At higher angles of

attack, the error is less than 6% since the lift and drag coefficient values are higher due

to the involvement of large aerodynamic forces. With the increase in the Re, a decrease

in the deviation between the numerical and experimental findings is also observed. From

the experiments, the stall is found to be around 12◦ for all Re which also supports the

numerical findings and the maximum lift coefficient is observed at this point.

4.3.2 Performance comparison

For the comparative assessment of presently modelled biomimetic wing, conventionally

opted rectangular and elliptical wing planforms were chosen and modelled using the same

Bergey BW-3 airfoil. Thereafter, the numerical investigation is carried out on all three

wings at Re = 5 × 104 and the obtained findings are presented in Fig. 4.13 and Fig.
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Figure 4.13: Numerical findings of lift and drag coefficients of different wings with respect
to angle of attack at Re = 5× 104
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Figure 4.14: Numerical investigation of performance comparison of different wings with
respect to angle of attack at Re = 5× 104

A positive lift coefficient is observed even at 0◦ due to the presence of highly cambered

airfoil at different sections of the wings. It is observed that the highest lift coefficient at

θm = 12◦ (from Fig. 4.13(a)) as well as the maximum L/D ratio at θm = 4◦ (From Fig.

4.14(b)) are found in biomimetic wing than that of other wings under same conditions.

This is due to the change in the shape of the wing along the span which has a high

impact on its effective angle of attack with respect to the incoming flow.
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Figure 4.15: Comparison of lift and drag coefficients of different wings with respect to
angle of attack at Re = 5× 104
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Figure 4.16: Comparison of drag polars and lift to drag ratio of different wings with
respect to angle of attack at Re = 5× 104

For rectangular and biomimetic wings, lift increases till 12◦, and then stall is noticed.

For the elliptical wing, the stall occurs at 16◦. The lift coefficient decreases (beyond

stall angle) with further increase in the angle of attack due to the presence of viscous

drag. From Fig. 4.13(a), it is observed that the elliptical wing offers the lowest lift

coefficient than that of the other wings. It seems the interaction between the separation

bubble which was formed over the surface of the elliptical wing and the tip vortex has

adverse effects on the lift force generation of the wing. It is also observed that the L/D
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ratio of the elliptical wing is greater than that of the rectangular wing (see Fig. 4.14(b)

and Fig. 4.16(b)) despite of low lift coefficient which indicates that the elliptical wing

induces less drag than that of rectangular wing as shown in Fig. 4.13(b). From the

present findings, it is observed that the elliptical planform is highly suitable for studies

where the drag reduction is primary objective with considerable lift coefficient. From

Fig. 4.13(a) and Fig. 4.14(a), it is observed that the drop in the lift coefficient is

higher in the case of the rectangular wing. Possibly the presence of the sharp edges in

the wing planform influences the flow separation over the wing and affects the overall

aerodynamic performance of the wing. On the other hand, the drop in the lift coefficient

of the biomimetic wing is less than that of rectangular and elliptical wings since the wing

profile varies along the span. This allows to have a variable angle of attack along the span

and delays the flow separation process which improves the aerodynamic performance of

the wing. Due to this, a 57.9% increase in lift coefficient is observed for the biomimetic

wing than that of elliptical wing under same conditions. A 22.4% increase in lift to drag

ratio of the biomimetic wing is observed than that of rectangular wing.

The numerical findings of the current study are compared with the experimental

findings by performing wind tunnel experiments from 0◦ to 14◦ angle of attack with 2◦

increment at Re = 5×104. The obtained results are presented in Fig. 4.15 and Fig. 4.16.

A good agreement in the overall trend of both numerical and experimental findings is

observed. From Fig. 4.15 it is observed that, the lift curve is non-linear which is due to

low aspect ratio (AS ≤ 2) of wings. A linear variation in the lift curve can be observed in

wings at higher aspect ratios. The experimental work carried out by Gabriel et al [107]

has also reported non-linear variation in lift curve at aspect ratio of 0.5 on rectangular

and Zimmerman wing planforms at Re = 1×104. Gabriel et al [107] also reported about

point of inflection at aspect ratio of 0.5 for rectangular wing where a slight decrement

in lift curve is seen before a sharp rise. There was no point of inflection for other wing

planforms. At certain conditions, the boundary layer may separate from the wing surface

causing the recirculation of the flow over the suction side of the wing at given angle of

attack (θm) other than the stall angle (θs). Due to this the lift curve at that θm slightly

drops before reaching θs. The α at which the lift curve drops other than θs is termed

as point of inflection. In such cases, it is hard to locate θs, requires the investigation to

be carried out over a very wide range of θm. In the current findings, there is no point

of inflection (indicating that there is no intermediate boundary layer separation up until

stall angle) and has a similar trend with the findings reported by Gabriel et al [107].
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4.3.3 Flow field analysis

4.3.3.1 Pre-stall events

(a) Pressure contour (b) Iso-surface of the Q-criterion at Q = 100

Figure 4.17: Flow over the biomimetic wing at θm = 12◦ and Re = 5× 104

To further understand the reasons behind the variation in aerodynamic characteristics

of the biomimetic wing, a qualitative analysis is carried out by analysing the flow around

the wing at Re = 5×104. The overall flow field investigations are sub divided into two

categories: one is pre-stall event and the other is post stall event. The development of

the flow structure over the biomimetic wing when θm ≤ 12◦ is presented in Fig. 4.17

to Fig. 4.18. From pressure contour of Fig. 4.17(a), a clear difference in the pressure

distribution over the suction side and the pressure side of the wing is observed. The

flow over the wing is analysed by calculating the iso-surface of vorticity magnitude at a

value of 100 and flooded with pressure with a range of -15 Pa to 15 Pa, presented in Fig.

4.17(b). It is observed that the flow structure is non-uniform along the span; most of

the wing surface is covered with the turbulent boundary layer. The flow over the wing

surface is fully attached and there is no involvement of vortical structures during the

development of the flow up to stall angle (θm = 12◦). The shedding of tip vortices in the

wake region is observed as the flow past the wing surface. The pressure coefficient of the

biomimetic wing is calculated at a spanwise position (y/s) of 0.3 and presented in Fig.

4.18. From Fig. 4.18(a) and 4.18(b), a non-linear variation in the pressure coefficient

is observed over the wing surface. At a given spanwise location, the suction over the

suction side of the wing increases along the chord with respect to increase in the angle

of attack up to stall angle (θm = 12◦). The suction is seen to be more at the root of

the wing in comparison with the wingtip (from Fig. 4.17(b)) which is why a non-linear
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variation in the lift is observed over the wing surface (as shown in Fig. 4.9(a)). From the

structural point of view, it can be seen that more load is acting at the wing root (fixed

end) than that at the wingtip (free end) which provides more stability during flight.
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Figure 4.18: Variation of pressure coefficient of biomimetic wing at Re = 5× 104

At lower angles of attack (θm ≤ 4◦), the pressure decreases over the pressure side

of the wing along the chord and eventually forms negative pressure (as shown in Fig.

4.18(a)). This negative pressure over the pressure side creates negative suction which

opposes the suction created over the suction side. Due to this, the lower values of

instantaneous lift coefficient is observed at lower angles of attack.

4.3.3.2 Post stall events

The behaviour of the flow over the biomimetic wing when the mean angle of attack

exceeds stall angle is presented from Fig. 4.19 to 4.21. From Fig. 4.19(a) and 4.19(b),

only a slight variation is observed in the suction of the suction side of the wing along

the chord. At θm = 48◦, there is almost no variation between the suction at the wing

root and the suction at the wing tip. This indicates the formation of a thick separation

bubble which covers the major portion of the wing surface and convects over the suction

side of the wing. As the angle of attack increases beyond stall angle, the flow over

the suction side of the wing separates at the leading edge and forms large separation

bubbles as shown in Fig. 4.20(a) and 4.20(b). From Fig 4.20(a), it is observed that the

flow separation for θm = 18◦ occurs approximately at quarter chord region. However, at

θm = 48◦ as seen from Fig. 4.20(b), the flow separation happens at the leading edge with

no sign of reattachment. Therefore the separation point moves towards the leading edge
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as the angle of attack exceeds 12◦. It is observed that the separated flow forms multiple

stall vortices over the suction side of the wing due to which the drop in instantaneous

values of lift coefficient is observed in Fig 4.9(a) as θm ≥ 12◦.
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(b) Pressure coefficient at θm = 48◦

Figure 4.19: Variation of pressure coefficient of biomimetic wing at Re = 5 × 104 with
respect to the angle of attack

(a) Velocity contour at θm = 18◦ (b) Velocity contour at θm = 48◦

Figure 4.20: Contours of velocity magnitude of biomimetic wing at Re = 5 × 104 with
respect to the angle of attack

From Fig. 4.20(a) and 4.20(b), small scale vortices are observed within the large stall

vortex due to the recirculation of the flow over suction side of the wing surface. This

indicates strong suction in the core of the stall vortex and the strength of this vortex

increases with increase in angle of attack which has adverse effects on the aerodynamic

performance of the wing when θm ≥ 12◦. As the flow past the wing, these vortices sheds
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into the wake as alternating vortices as shown in the Fig. 4.21(b). The behaviour of the

flow over the wing surface beyond the stall angles can also be observed from vorticity

contours of Fig. 4.21(a). The spanwise and chordwise variation of the flow is non uniform

and the flow is developed in the form of vortical structures due to recirculation over the

suction side of the wing. From the flow field investigations, it is observed that some part

of the flow is partially attached to the wing surface upto quarter chord in the region

12◦ ≤ θm ≤ 18◦ which is why a gradual increase in the mean drag coefficient is observed

in Fig. 4.9(b) As θm ≥ 24◦, the flow separation over the wing surface dramatically

increases the mean drag coefficient which can also be observed in Fig 4.13(b).

(a) Iso-surface of the Q-criterion at Q = 100 (b) Wake region

Figure 4.21: Flow over the biomimetic wing at θm = 48◦ and Re = 5× 104

4.4 Summary and conclusions

A biomimetic wing, inspired from Passer Domesticus, is successfully designed using a

thin and highly cambered Bergey BW-3 airfoil as a wing cross section. The numerical

and experimental studies are carried out to investigate the aerodynamic characteristics of

the biomimetic wing at low Reynolds numbers ranging from 2.5 ×104 to 1 ×105. A good

agreement between numerical and experimental findings is observed. Since the wing’s

aspect ratio is small (AS ≤ 2), stall is observed at 12◦. Note that higher stall angles can

be achieved at high aspect ratios [1]. A slight drop in lift coefficient is observed in the

regime 5 ×104 ≤ Re ≤ 1× 105 due to the adverse effects of the separation bubble which

was formed over the surface of the wing when the mean angle of attack exceeds the stall

angle. However, at Re = 2.5×104, the slope of the lift curve is almost constant which

indicates that the separation bubble is not strong enough to influence the lift coefficient

in this regime but a dramatic increase in the drag coefficient is observed when θm ≥ 18◦.
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In order to compare the aerodynamic performance of the biomimetic wing, commer-

cially opted wing planforms namely rectangular and elliptical wings are designed using

the same dimensions and cross section and the investigations were carried out at Re =

5×104. It is observed that the rectangular wing offers the highest drag compared to that

of other wings due to the presence of sharp edges in the wing planform which affects

the overall lift to drag ratio (L/D) of the wing. But the elliptical wing offers the lowest

drag coefficient and the lowest lift coefficient compared to that of the other wings due

to the interaction between the separation bubble and the tip vortex which can be highly

suitable for the studies where the drag reduction is the primary objective. On the other

hand, the highest lift coefficient is observed in the biomimetic wing with a considerable

amount of drag. In overall, a highest of 57.9% increase in lift coefficient is observed in

the biomimetic wing compared to that of the elliptical wing at stall angle with Re =

5 ×104. Also, 22.4% increase in lift to drag ratio of the biomimetic wing is observed

compared to that of the rectangular wing. The better performance of the biomimetic

wing is due to the change in the shape of the wing along the span which has a strong

influence over its effective angle of attack with respect to the incoming flow.

The overall flow structure of the biomimetic wing is categorised into two main phases:

one is pre stall event where the flow is fully attached and no vortical structure is formed

over the wing surface. The other one is the post stall event where the flow is no longer

attached and creates multiple stall vortices over the wing surface due to the recirculation

of the flow. In the pre stall event, it is observed that the flow is fully attached up to

12◦ angle of attack and a non-linear variation of suction is observed along the span. It

is also observed that the suction is more at the wing root (fixed end) than that of the

wingtip (free end) which allows a good stability during flight. In the post-stall event, it

is observed that the flow is partially attached to the wing surface up to the mid chord in

the region where 12◦ ≤ θm ≤ 18◦ due to which a gradual increase in the drag coefficient

is observed. It is also observed that the flow separation point moves towards the leading

edge as the angle of attack increases beyond 12◦. As θm ≥ 24◦, the flow is fully separated

and a rapid rise in the mean drag coefficient is observed with respect to increase in the

angle of attack. In overall, the present study recommends this biomimetic wing inspired

from Passer Domesticus for better aerodynamic performance at low Re in combination

with low aspect ratios while designing wings for aerial vehicles by maintaining θm ≤ 24◦.

53TH-2858_166103007



54TH-2858_166103007



Chapter 5

Low Re Flow Investigation of the

Biomimetic Wing Undergoing

Pitching Motion

In this chapter, the aerodynamic characteristics of the biomimetic wing subjected to

pitching motion are investigated using FVM based three dimensional time dependent

incompressible Navier-Stokes (N-S) equations at low Re regime. The influence of pa-

rameters like amplitude of oscillation, location of pitching axis and mean angle of attack

on instantaneous force coefficients are analysed. Further, the flow field around the wing is

also explored. The study reveals that the investigated parameters has a remarkable influ-

ence on the thrust force generation and the propulsion efficiency of the wing. Therefore,

the optimal aerodynamic performance of the biomimetic wing demands proper selection

of operating conditions which can be achieved by analysing aforementioned parameters.

5.1 Introduction

The process of unsteady flow separation was first identified on the rotor blades of he-

licopters when rotating at high speeds. This phenomenon of flow separation is named

as dynamic stall. Due to this, the conventional aerodynamics unable to estimate the

overall performance of the high speed helicopters. To address this, extensive amount of

research was carried out on the blades of helicopters, turbines, compressors and also on

aircrafts which have high manoeuvrability.

To model and characterise the formation of dynamic stall vortex, numerous compu-

tational and experimental studies are carried out on different types of airfoils undergoing

harmonic oscillations at different conditions. Jones et al [31] investigated the Knoller-
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Betz effect by simulating the flow over the NACA 0012 airfoil with Reynolds number

(Re) ranging from 5×102 to 5×104 operated at a frequency range of 5-60 Hz. Their

observations suggest that, the airfoil is able to generate thrust when Strouhal Number

(St) is greater than 1. Koochesfahani [28] experimentally investigated the wake behind

the trailing edge of NACA 0012 airfoil operated at Re = 12 × 103 and 0.5-6 Hz. Ac-

cording to Koochesfahani [28], the thrust is observed at reduced frequency (kf ) of 1 and

also reported that the flow separation over an airfoil surface and the wake behind the

trailing edge have high influence on thrust generation of oscillating airfoils. Ramamurthi

and Sandberg [3] numerically studied the flow past NACA 0012 airfoil between 1-8 Hz

and observed positive thrust when kf ≥4. The NACA 0012 airfoil has been shown to

develop positive thrust at different conditions. Freymuth [30] experimentally investi-

gated the aerodynamic performance of NACA 0015 airfoil subjected to pitching and

plunging separately. It was reported that, a thrust generating vortex street is observed

at Re = 5.2 × 103 with kf = 2.7 having non-dimensional plunge amplitude of 0.2 and

positioned at 5◦ angle of attack during plunging. It was also reported that NACA 0015

airfoil produces positive thrust at Re = 12 × 103, kf = 2.9 at 20◦ pitching amplitude

and positioned at 5◦ angle of attack while oscillating at quarter chord length. Picard

et al [124] investigated the energy extraction of oscillating NACA 0020 airfoil at Re =

5 × 105 with large plunge amplitudes and observed that a propulsive efficiency of 44%

can be achieved at large plunge amplitudes, approximately 15 times the chord length.

The numerical investigations performed by Taira and Colonius [125] on low aspect ratio

plates in translation reveals that the tip vortices stabilize the separated flow. It was also

reported that the stability of the wake region can be characterised over a wide range of

aspect ratio and the angle of attack. The findings of Granlund et al [126] and Jantzen

et al [127] on high aspect ratio plates performing pitching motion, reveals that the tip

effects have high influence on the formation and the evolution of leading edge vortex.

As evident from above discussion, depending on the design constraints, the operating

conditions can be varied and best possible performance can be investigated.

Most of the aerial vehicles perform either the pitch up or pitch down motion to

improve the aerodynamic performance of the aircraft in gusty conditions. In order to

analyse such performance, most of the studies used two dimensional wing cross sections

and a very little attention is devoted towards actual three dimensional wings. Out of

which, most of the studies used commercial wing planforms like rectangular or elliptical

shapes to estimate the development of flow during pitching motion. The findings reported

in this chapter attempts to address aforementioned shortcomings from the literature.

This chapter presents the numerical investigation on the aerodynamic characteristics of

the biomimetic wing subjected to pitching motion with respect to the incoming viscous
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flow. The modelling of the biomimetic wing is already presented in section 4.2.1 of

Chapter-4. The findings presented in this chapter aims to understand the influence of

parameters like amplitude of oscillation, location of pitching axis and mean angle of

attack on the instantaneous force coefficients and the flow around the wing.

5.2 Method

5.2.1 Problem definition

(a) Pitching wing (b) Left side view

Figure 5.1: Schematic view of biomimetic wing subjected to pitching motion

Figure 5.2: Schematic view of wake patterns observed in the wake region of the wing

The modelling of the biomimetic wing is already discussed in section 4.2.1 of Chapter-

4. In the current numerical investigations, the biomimetic wing will be subjected to

a pitching motion (α(t)) with respect incoming incompressible viscous flow having free

stream velocity U∞ as shown in Fig. 5.1. In order to describe the three dimensional

pitching motion of the biomimetic wing, two coordinate systems with same origin (fixed

at the leading edge of the wing root) are considered. The inertial coordinate system

OXYZ is fixed on the ground, in which the OXY plane is parallel to the horizontal plane

and the OX axis is directed towards the wing’s trailing edge. The OY axis is opposite
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to the direction of the gravity and the direction of the OZ axis can be visualize using

right hand thumb rule. The coordinate system OX1Y 1Z1 is located on the wing. The

OX1 and the OZ1 axes are along the spanwise and the chordwise directions of the wing

respectively. The direction of the OY 1 axis can be imagined using right hand thumb rule.

The pitching axis is fixed at the quarter chord location from the leading edge (see Fig.

5.1(b)). A schematic representation of different types of wake structures encountered

during the course of this study are presented in Fig. 5.2. The KV wake and RKV wake

in Fig. 5.2 stands for the Karman Vortex wake and the Reverse Karman Vortex wake.

The pitching motion of the wing is defined in Eq. 5.1.

α(t) = θm + αpSin(2πft) (5.1)

where θm is the mean angle of attack, αp is the amplitude of oscillation and f is the

frequency of oscillation.

5.2.2 Propulsion Model

The propulsive performance of the oscillating wing is characterised by two non- dimen-

sional parameters, namely the time averaged thrust coefficient (Ct) and the propulsion

efficiency (ηp). The time averaged thrust coefficient (Ct) is defined as follows:

Ct =
1
T

∫ T
0
Px(t)dt

1
2
ρAU2

∞
(5.2)

The propulsion efficiency (ηp) is the ratio of time averaged thrust coefficient (Ct)

and time averaged power coefficient (Cp). For the computation of Cpc, the power (Pi) is

defined by Eq. 5.3:

Pi =
1

T

∫ T

0

[Py(t)
dy(t)

dt
+ Px(t)

dx(t)

dt
+ M(t)

dα(t)

dt
]dt (5.3)

and the time averaged power coefficient (Cpc) is given by Eq. 5.4:

Cpc =
Pi

1
2
ρAU3

∞
(5.4)

Finally, the propulsion efficiency (ηp) is given by Eq. 5.5.

ηp =
Ct
Cpc

(5.5)

where Px(t) is the instantaneous force in the x direction, Py(t) is the instantaneous force

in y direction, ρ is the density of air, x(t) is the motion in x-direction, y(t) is the motion
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in y-direction and M(t) is the pitching moment.

5.2.3 Computational details

5.2.3.1 Domain independence test

The details of wing modelling, meshing of computational domain and the association of

boundary conditions are already discussed in the sections 4.2.1 and 4.2.2.1 of Chapter-4

respectively. To oscillate the wing with respect to the incoming flow, an User Defined

Function (UDF) is developed using Eq. 5.1. The smoothing and re-meshing methods are

also activated with 10 re-mesh intervals to update the mesh after completion of every

time step. In order to fix the time step (t∗) for each simulation, an initial time refinement

study (ranging from 1×10−4 s ≤ t∗ ≤ 1×10−3 s) was carried out.

Table 5.1: Comparison of average drag coefficients (CD) of biomimetic wing with dif-
ferent domain dimensions pitching at Re = 5× 104, kf = 2, θm = 0◦ and αp = 30◦

Domain Radius(r1) Distance (x1) Avg. Cd Error(%)
Domain 1 25C 50C -0.0815 –
Domain 2 50C 100C -0.0813 0.246
Domain 3 75C 150C -0.0812 0.123
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Figure 5.3: Comparison of instantaneous drag coefficients of biomimetic wing pitching
at Re = 5× 104, θm = 0◦, αp = 30◦ and kf = 2 with different domain dimensions

It is observed that, when 1×10−4 s ≤ t∗ ≤ 5×10−4 s the variation between the in-

stantaneous force coefficients is almost negligible. Therefore, t∗ = 5×10−4 s is considered
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with 35 iterations in each time step for all the simulations of current chapter. Further,

the domain independence test was carried out to verify the variation of the results with

respect to the dimensions of the fluid domain when the wing is subjected to pitching

motion. The findings obtained with respect to the dimensions of each domain are pre-

sented in Table 5.1. The error percentage of Table 5.1 is calculated from the findings of

two consecutive domains. Also, the variation in the instantaneous drag coefficient (Cd)

of the wing pitching at θm = 0◦, αp = 30◦ and kf = 2 with respect to the domain di-

mensions are presented in Fig. 5.3. It is observed that the findings are almost invariant

with respect to the dimensions of the domain. However, when kf ≥ 3, reversed flow

is observed at pressure outlet for certain number of time steps for Domain 1 since the

outlet boundary is not far enough from the wing’s trailing edge. Therefore, in order

to minimize the influence of outer boundaries on the flow field around the wing, the

dimensions of the Domain 2 are opted for all the simulations where the inlet boundary

is at a distance of 50C from the leading edge and the outlet boundary is maintained at

100C from the trailing edge of the wing. No sign of reversed flow is observed at pressure

outlet during the course of each simulation.

5.2.3.2 Grid independence

Table 5.2: Comparison of average lift and drag coefficients of biomimetic wing pitching
at Re = 5× 104, θm = 0◦, αp = 20◦ and kf = 1 with respect to different grids (Min. OQ
refers to minimum orthogonal quality)

Mesh type Size Min. OQ Avg. Cl Error(%) Avg. Cd Error(%)
Grid 1 18.7x105 0.182 1.2977 — 0.0305 —
Grid 2 41.3x105 0.237 1.2625 2.78 0.0286 6.64
Grid 3 87.4x105 0.323 1.2444 1.43 0.0281 1.75

Further, the grid independence test was carried out to examine the sensitivity of

results with respect to the size and quality of grid. Towards that end, three grids

with different sizes and qualities (shown in Table 5.2) were generated. The numerical

simulations are carried out on the biomimetic wing pitching at θm = 0◦, αp = 20◦, kf =

1 and Re = 5×104. The obtained values of mean lift and drag coefficients with respect

to grid size and quality are presented in Table 5.2. The error percentage is calculated

using the corresponding values of each grid. The variation of instantaneous lift and drag

coefficient with respect to aforementioned grids is presented in Fig.5.4. From Table 5.2

and Fig.5.4, it is observed that the findings obtained using Grid 1 are slightly higher

than that of Grid 2 and Grid 3. It is also noticed that the findings of Grid 2 and Grid 3

are almost invariant.
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Figure 5.4: Comparison of instantaneous lift and drag coefficients of biomimetic wing
pitching at Re = 5× 104, θm = 0◦, αp = 20◦ and kf = 1 with respect to different grids

Table 5.3: Comparison of average thrust force coefficient (Avg. Ct) of NACA 0012
airfoil with different grids pitching at Re = 1.2× 104, θm = 0◦, kf = 10 and αp = 2◦

Mesh type Size Min. OQ Avg. Ct Error(%)
Grid 1 2.3x104 0.293 0.0068 13.33
Grid 2 3.5x104 0.446 0.0065 8.34
Grid 3 6.2x104 0.495 0.0064 6.67

To further verify the accuracy of the above mentioned grids, the findings reported

by Ramamurti and Sandberg [3] are considered as a reference. The results of a typical

grid independence test through simulations for 20 amplitude of oscillation at kf = 10 for

NACA 0012 airfoil at Re = 1.2 × 104 are shown in Table 5.3. The error percentage for

each grid was computed based on the average thrust coefficient (Ct) obtained and the

average Ct reported by Ramamurthi and Sandberg [3] at same conditions. It is observed

that the findings of Grid 1 slightly deviates than that of Grid 2 and Grid 3 with respect

to the findings reported by Ramamurthi and Sandberg [3]. It is also noticed that the

variation between the findings of Grid 2 and Grid 3 are almost negligible. In conclusion

to the grid independence, Grid 2 which is computationally less expensive with not much

deviation from the findings of Grid 3 is opted for further simulations.

5.2.3.3 Validation

To validate the current numerical approach, different validation studies are carried out.

The procedure for mesh generation and the association of boundary conditions are similar
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to that of presented in the section 4.2.2.1. For the first validation study, the findings

reported by Kurtulus [2] on pitching NACA 0012 airfoil at θm = 0◦, αp = 1◦ and kf =

4.3 are considered.
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Figure 5.5: Comparison between the findings obtained using current numerical approach
and findings reported by Kurtulus [2]
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Figure 5.6: Comparison between the findings obtained using current numerical approach
and findings reported by Ramamurthi and Sandberg [3]

The instantaneous values of lift coefficient (Cl) and drag coefficients (Cd) are calcu-

lated at aforementioned conditions and the obtained findings are presented in Fig. 5.5. It

is observed that the findings obtained using current numerical approach has similar trend
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as that of the findings reported by Kurtulus [2]. A maximum error of 2.55% is observed

in the lift coefficient and a maximum error of 4.47% is observed in the drag coefficient

with respect to the findings reported by Kurtulus [2]. For the second validation study,

the findings reported by Ramamurthi and Sandberg [3] on pitching NACA 0012 airfoil

at αp = 2◦ and αp = 4◦ over a range of reduced frequencies varying from 0 to 13.5 are

considered. The time averaged thrust coefficients (Ct) of NACA 0012 airfoil at different

reduced frequencies (kf ) are obtained using present numerical approach and compared

with the findings reported by Ramamurthi and Sandberg [3] at the same conditions as

shown in Fig.5.6.

Figure 5.7: Contours of velocity magnitude (Vm) in m/s along with stream lines at 22◦
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Figure 5.8: Comparison between experimental data and CFD results at 22◦ upstroke

It is observed that the findings obtained from present numerical approach has en-

couraging agreement with the findings reported by Ramamurthi and Sandberg [3]. A
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maximum error of 9.76% is observed during the calculations of mean thrust coefficient

(Ct). The experimental investigations carried out by Wernert et al [128] on pitching

NACA 0012 provided the information regarding the near-wall velocity magnitude pro-

files over the suction side of the airfoil which are used as a benchmark by many researchers

to validate their numerical simulations [129, 130, 131]. Therefore, to further validate the

current numerical simulations, the experimental investigations carried out by Wernert

et al [128] are considered. The Kinematic and operating parameters are: αp = 10◦, f

= 6.67 Hz and θm = 15◦, C = 0.2 m, U∞ = 28m/s with pivot point being located at

0.25C. The obtained velocity field along with the stream lines is presented in Fig. 5.7.

It is observed that the flow is no longer attached due to the formation of the vortical

structures over the suction side of the airfoil.
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Figure 5.9: Comparison between the findings obtained using current numerical approach
and findings reported by Jantzen et al [4]

The velocity profiles during upstroke (with 220 angle of attack) of the airfoil at x/C =

0.25, 0.5 and 0.75 are presented in Fig. 5.8 along with the findings reported by Wernert et

al [128]. The slight deviation between the present CFD study and the experimental data

is due to the complex nature of the flow at 220 upstroke angle (as shown in Fig. 5.7). It

is observed that overall variation between the findings of current numerical investigation

is in good agreement with respect to that of the Wernert et al [128]. Another validation

study is carried out by considering the findings reported by Jantzen et al [4] on pitching

flat plate of aspect ratio 2 and kf = π/8 as a reference. The instantaneous values of lift

and drag coefficients of pitching flat plate are obtained and presented in Fig. 5.9 along

with the findings reported by Jantzen et at [4]. It is observed that a maximum error

of 6.99% is observed in instantaneous lift coefficient and a maximum error of 9.87% is
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observed in drag coefficient with respect to the findings of Jantzen et al [4].

From these validation studies, it is noticed that the current numerical approach is

efficient to explore the unsteady aerodynamics of the wing subjected to pitching motion.

5.3 Results

From the findings of Chapter-4 we have observed that the biomimetic wing has shown

remarkable performance in terms of lift coefficient and lift to drag ratio. When the wing

is subjected to motion, the average lift coefficient (Cl) curve is almost symmetric with

slight deviation in its sinusoidal nature. Further, the values of Cl increases with respect

to increase in the system parameters. Since the wing is performing exceptionally well

in terms of lift force coefficient, a dedicated analysis is not presented. We focused on

analysing the thrust force coefficient, propulsion efficiency and the parameters affecting

the flow around the wing in the subsequent chapters.

5.3.1 Effect of pitch amplitude

To investigate the effect of pitching amplitude (αp) on the performance of the biomimetic

wing subjected to pitching motion, the numerical study is carried out by varying αp from

10◦ to 30◦ in steps of 10◦. In this case, the wing is maintained at θm = 0◦ with the pitching

axis being at leading edge.
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Figure 5.10: Variation of instantaneous drag coefficient of pitching biomimetic wing at
αp = 30◦, θm = 0◦

From the preliminary investigations, it is observed that, at lower frequencies (when

65TH-2858_166103007



kf ≤ 0.25), the re circulation of the flow over the wing’s surface is so high. Due to

this, the wing is unable to overcome the viscous drag offered by the fluid. Therefore the

minimum value of reduced frequency (kf ) is considered as 0.5 with an increment of 0.5

up to a maximum value of 3 for almost all of the cases.
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Figure 5.11: Variation of instantaneous drag coefficient of pitching biomimetic wing at
αp = 20◦, θm = 0◦
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Figure 5.12: Variation of instantaneous drag coefficient of pitching biomimetic wing at
αp = 10◦, θm = 0◦

The instantaneous values of the drag coefficient (Cd) of biomimetic wing pitching at

different αp are presented from Fig. 5.10 to 5.12. It is observed that the variation in

Cd is periodic and has a sinusoidal pattern. A deviation in the sinusoidal pattern of Cd
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is observed with decrease in αp. It is also noticed that, as αp decreases, the Cd curve

rises towards the positive values which indicates an increase in the drag offered by the

surrounding fluid. The negative values of Cd curve indicates the thrust force generation of

the wing. To further analyse the variation in Cd at different αp, the amplitude spectrum

of Cd is calculated using the Fourier transform algorithm, presented in Fig. 5.10(b),

5.11(b) and 5.12(b).
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Figure 5.13: Aerodynamic performance of the pitching wing with respect to reduced
frequency at different amplitudes of oscillations with θm = 0◦

(a) Upstroke (b) Mean position (c) Down stroke

Figure 5.14: Contours of velocity magnitude (Vm) and streamline flow of the wing pitch-
ing at αp = 30◦, θm = 0◦ and kf = 1

Multiple peaks with different amplitudes are observed at different αp. From the

flow field investigations, it is observed that these peaks are due to the formation and

convection of the vortices over the suction side and pressure side of the wing as shown
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from Fig. 5.14 to 5.18. It is also noticed that, the variation in the amplitude of these

peaks with respect to αp indicates the variation in the strength of the corresponding

vortex street. This signifies that a denser and higher amplitude spectrum at 30◦ pitch

amplitude indicates higher thrust force generation than that of at αp = 20◦ and αp =

10◦. To further investigate the influence of αp on the aerodynamic performance of the

biomimetic wing subjected to pitching motion, the variation in mean thrust coefficient

(Ct) and propulsion efficiency (ηp) are estimated using Eq. 5.2 to Eq. 5.5. The obtained

findings of Ct and ηp at different αp with respect to the reduced frequency (kf ) are

presented in Fig. 5.13. It is observed that, for αp = 30◦, the Ct and ηp rises towards

the positive values when kf ≥1. To understand the reasons behind the positive thrust

generation at αp = 30◦ in combination with kf = 1, the flow field around the wing is

investigated and presented in Fig. 5.14.

(a) Upstroke (b) Mean position (c) Wake pattern

Figure 5.15: The streamline flow along with the contours of velocity magnitude (Vm) of
the wing pitching at αp = 20◦, θm = 0◦, kf = 1

(a) Downstroke (b) Mean position (c) Wake pattern

Figure 5.16: Velocity magnitude (Vm) plots along with stream line flow field of the wing
pitching at αp = 10◦, θm = 0◦ and kf = 1

It is observed that, during upstroke, the flow is separated at the leading edge, forming
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a leading edge vortex (LEV) on the suction side of the wing. It is also observed that,

the flow reattaches to the surface before leaving the trailing edge satisfying the Kutta

condition. The flow past the trailing edge forms trailing edge vortex (TEV) on both

suction side and pressure side of the wing. As the cycle continues, the TEV from suction

side sheds in the wing’s wake as a rotating counter clockwise (CCW) vortex above the

mean line. At the same time, the TEV which was formed over the pressure side of the

wing sheds into the wake as a clockwise rotating (CW) vortex below the mean line as

shown in Fig. 5.14. These two vortices form a thrust producing Reverse Karman Vortex

(RKV) street as shown in Fig. 5.18(a). Due to this, the wing generates positive thrust

at at αp = 30◦ in combination with kf = 1. However, at αp = 20◦, in combination with

0.5 ≤ kf ≤ 1, negative values of Ct and ηp are observed. These negative values are even

higher when αp decreases to 10◦. To understand the reasons behind such behavior, the

flow field around the wing is analysed at αp = 20◦ and 10◦ with kf = 1 in both the cases,

presented in Fig. 5.15 and Fig. 5.16 respectively.

(a) αp = 10◦ (b) αp = 30◦

Figure 5.17: Iso surface of Q-criterion of flow around the biomimetic wing at Q = 50
with respect to αp at θm = 0◦, kf = 2

From Fig. 5.15, it is observed that, at the end of the upstroke, the flow is separated

at the leading edge and forms a LEV on the suction side of the wing. At the same time

an unsteady LEV which was formed over the pressure side of the wing moves towards

the trailing edge of the wing. This unsteady LEV is named as Residual LEV (RLEV)

for better explanation purpose. At the mean position of the wing, the flow is fully

attached on the suction side of the wing. But the RLEV which was formed due to the

flow separation on the pressure side of the wing creates negative suction, opposing the

positive suction created on the suction side. This makes hard for the wing to generate
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positive thrust. Due to these reasons negative values of Ct and ηp are observed upto kf

= 1 at αp = 20◦ (shown in Fig. 5.13). From Fig. 5.16, it is observed that, the further

decrease in αp to 10◦, not only increases the unstable nature of the RLEV (which was

formed over the pressure side of the wing) but also decrease the wing’s influence on the

surrounding fluid. Due to these reasons, the negative values of Ct and ηp at αp = 10◦ are

higher than that of at αp = 20◦ and affects the aerodynamic performance of the wing at

0.5 ≤ kf ≤ 1.5.

(a) αp = 30◦ (b) αp = 20◦ (c) αp = 10◦

Figure 5.18: Wake pattern of wing pitching at different amplitudes at kf = 3 and θm = 0◦

The flow around the wing is further analysed by calculating the iso-surfaces of Q-

criterion with Q = 50 at different αp, presented in Fig. 5.17. A more prominent con-

vection of LEV is observed with respect to increase in αp. As αp increases from 10◦ to

30◦, the LEV changes its nature from flat to arch (∧) type LEV along the span. As the

number of cycles increases, this vortex roll-up and interacts with the tip vortex which

was formed closer to the wing’s tip as shown in Fig. 5.14. These vortices shed in the

wake in the form of the alternating vortices and eventually forms a thrust producing

RKV wake as shown in Fig. 5.18(a). From the Fig. 5.13(b) it is also observed that,

the ηp decreases after a critical value of kf at any given αp. From the flow field anal-

ysis it is observed that, the drop in the ηp is due to the change in the nature of wake

structure. It is observed that, as kf increases, the number of vortices shed per cycle

increases. This causes an interference between the vortices shed between the previous

cycle and the next cycle, leading to the formation of the flat and fixed wake which affects

the propulsion efficiency of the wing. Due to this a drop in ηp is observed in Fig. 5.13(b)

after a critical value of kf is reached. However, the Ct rises continuously (as shown in

Fig. 5.13(a)) despite of the drop in ηp is due to increase in the overall strength of the

vortices with respect to increase in kf . To qualitatively analyse the influence of pitching

amplitude (αp) on the vortex strength, the spanwise vorticity (ωs) structure of the wing
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pitching at different amplitudes is presented in Fig. 5.18. The increase in αp increases

the growth of the ωs which can be observed from the ranges of ωs provided from Fig.

5.18(a) to 5.18(c). At αp = 30◦, the alternating vortices shed in the form of a strip

shaped positive vortex (spc) and negative vortex (snc) during each cycle. These vortices

form the RKV street along with the positive and negative vortices shed in the previous

cycles (snp and snp respectively). The center to center distance between two adjacent

dipoles is approximately same, indicating that the corresponding RKV street is stable.

At αp = 20◦, the alternating vortices shed in the form of an irregular shaped positive

vortex (ipc) and negative vortex (inc) during each cycle. These vortices form the RKV

street and transform in the form of a circular shaped positive and negative vortices (cpp

and cnp) as the cycle progresses as shown in Fig. 5.18(b). At αp = 10◦, a transformation

from aligned wake to the RKV wake is observed. The centers of the alternating vortices

almost aligned and forms an aligned wake structure. Thereafter, the alternating vortices

exhibit a change in the behavior due to which the RKV street is observed after certain

number of cycles as shown in Fig. 5.18(c).

5.3.2 Effect of pitching axis

To analyse the effect of pitching axis, the numerical study is carried out at three different

locations. In this case, αp = 30◦ and θm = 0◦ is maintained constant.
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Figure 5.19: Variation in instantaneous drag coefficient of the wing pitching at kf = 2
with different pitching axis locations with θm = 0◦ and αp = 30◦

The variation in instantaneous drag coefficient (Cd) when the pitching axis shifted

to quarter chord and mid chord locations is presented in Fig. 5.19. The variation in Cd
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when pitching axis is located at leading edge in combination with θm = 0◦ and αp = 30◦

is already presented in Fig. 5.10 and elaborately discussed in section 5.3.1.
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Figure 5.20: Amplitude spectrum of the wing pitching at kf = 2 with different pitching
axis locations with θm = 0◦ and αp = 30◦
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Figure 5.21: Aerodynamic performance of the pitching wing with respect to reduced
frequency at different pitching axis locations with θm = 0◦ and αp = 30◦

It is observed that the Cd curve exhibits periodic motion and also has a sinusoidal

pattern. However a rise in the Cd curve (towards positive values) with a slight deviation

in the sinusoidal pattern is observed when the pitching axis shifts towards the mid chord.

This indicates that the wing is unable to overcome the drag offered by the surrounding

fluid in order to generate the positive thrust during the major portion of the cycle when

the pitching axis is shifted towards trailing edge. As seen in Fig. 5.20, the higher
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amplitude spectrum at low frequency indicates that the presence of viscous drag is more

when the pitching axis is located at mid chord than that of at quarter chord.

(a) Upstroke (b) Wake pattern

Figure 5.22: Flow around the wing pitching at θm = 0◦, αp = 30◦ and kf = 1.5 with
pivot point being at quarter chord point

(a) Down stroke (b) Wake pattern

Figure 5.23: Flow field around the wing pitching at θm = 0◦, αp = 30◦, kf = 2 with
pivot point being at mid chord point.

The investigations are further carried out by estimating the mean thrust force coef-

ficient (Ct) and propulsion efficiency (ηp) using Eq. 5.2 to Eq. 5.5. The variation in Ct

and ηp of wing pitching at different pitching axis locations with respect to the kf are

presented in Fig. 5.21. From Fig. 5.21 it is clearly observed that the performance of
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the wing decreases as the pitching axis moves towards the trailing edge, possibly due to

the flow separation as shown in Fig. 5.22 and 5.23. It is also observed that the critical

frequency (kc) increases as the pitching axis shifts towards the trailing edge. The wing

is able to generate positive thrust only if kf ≥ 2 when the pitching axis is located at

quarter chord length. Only drag is observed upto kf = 2.5 when the pitching axis is at

mid chord length. To understand the reasons behind such performance, the flow field

around the wing at quarter chord and mid chord locations is investigated and presented

from Fig. 5.22 to Fig. 5.23 respectively. The flow field at θm = 0◦ with αp = 30◦ with

pitching axis at leading edge is already discussed in Fig. 5.14 of section 5.3.1. From Fig.

5.22(a), it is observed that the flow separates due to massive vortex shedding over the

suction side of the wing. The lift and thrust force coefficients of the wing decreases as

long as these vortices are attached to the surface. Due to this, the wing is unable to gen-

erate enough thrust at frequencies upto kf = 2 as shown in Fig. 5.21 when the pitching

axis of the wing is at quarter chord location. The shedding of alternating vortices form

the RKV wake at kf = 3 as shown in Fig. 5.22(b) and the wing generates thrust which

can be seen from Fig. 5.21(a) . The flow field at kf = 2, θm = 0◦, αp = 30◦ with the

pitching axis location at mid chord is shown in Fig 5.23. It is observed that the flow

over the suction side of the wing is fully attached during down stroke and the alternating

vortices form the KV wake (Fig. 5.23(b)). Also, the negative suction created due to the

opposite re circulation over the pressure side (Fig. 5.23(a)) has adverse effects over the

wing’s aerodynamic performance. Due to these reasons, only drag is observed when the

pitching axis shifts towards mid chord upto kf = 2.5 as shown in Fig. 5.21.

5.3.3 Effect of mean Angle of Attack

The study is further extended to investigate the influence of mean angle of attack (θm)

on the aerodynamic characteristics of the biomimetic wing subjected to pitching motion.

In this case a constant value of αp = 30◦ is maintained and the pitching axis is fixed at

leading edge. The variation in instantaneous drag coefficient (Cd) with respect to non

dimensional time is presented in Fig. 5.24. The variation in Cd is periodic but a large

deviation in the sinusoidal pattern is observed in the case of θm = 8◦. It is also noticed

that the wing experiences only drag (since Cd rises towards positive values) during major

portion of the cycle. From the flow investigations, presented in Fig. 5.26, it is observed

that the increase in θm encourages early flow separation and formation of strong vortical

structures over the wing surface. This makes it hard for the separated flow to reattach.

Due to this, higher positive values of Cd are observed in Fig. 5.24. From Fig. 5.25,

it is observed that, the presence of multiple peaks in the amplitude spectrum at low
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frequency when θm = 8◦ is greater than that of at θm = 4◦. This indicates that the flow

separation at θm = 8◦ is much higher than that of at θm = 4◦ which can also be seen by

comparing Fig 5.28(a) and 5.29(a).
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Figure 5.24: Instantaneous drag coefficient (Cd) of biomimetic wing with respect to
different θm pitching at αp = 30◦
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Figure 5.25: Amplitude spectrum of biomimetic wing with respect to different θm pitch-
ing at αp = 30◦

The aerodynamic performance of the biomimetic wing subjected to pitching motion

is further analysed by calculating the mean thrust force coefficient (Ct) and propulsion

efficiency (ηp) at different θm. The variation of Ct and ηp at different θm with respect

to kf are presented in Fig. 5.27. It is observed that when θm ≤ 4◦, the thrust force
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coefficient (Ct) increases with respect to kf at a given θm. At the same time the Ct

decreases with increase in θm for a given kf .

(a) θm = 0◦ (b) θm = 8◦

Figure 5.26: Iso surface of Q-criterion of flow around the biomimetic wing at Q = 150
with respect to θm at αp = 30◦, kf = 2
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Figure 5.27: Aerodynamic performance of the biomimetic wing with respect to kf at
different θm with αp = 30◦

The propulsion efficiency (ηp) follows the same trend as that of the Ct upto a critical

value of kf and drops with further increase in kf (θm ≤ 4◦). It is observed that, the wing

is able to generate thrust at θm = 0◦ (when kf ≥ 1) and 4◦ (when kf ≥ 1.5). However,

at θm = 8◦ there is only drag. The flow field around the wing at θm = 4◦ with αp = 30◦
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and kf = 2 is further investigated, presented in Fig 5.28. It is observed that the flow

is fully attached over the suction side of the wing. However, vortex shedding over the

pressure side is observed due to flow separation.

(a) Mean position (b) Wake pattern

Figure 5.28: Flow around the wing pitching at kf = 2, θm = 4◦, αp = 30◦

(a) Upstroke (b) Wake pattern

Figure 5.29: Flow field around the wing pitching at kf = 2.5, θm = 8◦, αp = 30◦

The rise in lift and thrust coefficients of the wing can be seen once these vortices shed

into wake. The shedding of the alternating vortices in the wake region is shown in Fig

5.28(b). It is observed that the irregular positive and negative vortices from the previous

cycle (ip1
c and in1

c) aligned almost in a straight line and forms aligned wake for certain

number of cycles. As the number of cycles increases, the irregular alternating vortices
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slowly transform into circular shape and forms the RKV wake which is why the positive

values of Ct and ηp are observed at θm = 4◦ when kf ≥ 1.5 (shown in Fig. 5.27). In

order to understand the peculiar behavior of the wing at θm = 8◦, the flow field around

the wing are analysed at θm = 8◦ with kf = 2.5 and αp = 30◦. The obtained findings

are presented in Fig. 5.29. From the stream line plot (flooded with contours of velocity

magnitude) which is presented in Fig. 5.29(a), the formation and convection of multiple

vortices over the suction side of the wing are observed. Due to the development of these

vortical structures, the flow is no longer attached to the wing’s surface. This complex

nature of the flow not only affects Cd curve with a large deviation in sinusoidal pattern

(shown in Fig. 5.24(b)) but also the Ct and ηp of the wing with negative values (shown in

Fig. 5.27). Since the wing is no longer in a position to overcome the drag offered by the

surrounding fluid, this stalls the overall performance of the wing indicating the presence

of dynamic stall. The shedding of alternating vortices is presented in Fig. 5.29(b). It is

observed that the wake region at θm = 8◦ consist of strip shaped positive vortex (sp1
c)

and the circular shaped negative vortex (cn1
c). The dipoles of these alternating vortices

are almost aligned in a straight line which indicates that the alternating vortices fail

to form RKV wake. This further confirms that the wing is unable to generate positive

thrust under these conditions.

5.4 Summary and conclusions

The present work focuses on investigating the propulsive performance of the wing pitch-

ing at Re = 5×104. The effect of pitching amplitude (αp), mean angle of attack (θm),

location of pitching axis and reduced frequency (kf ) on thrust force generation and

propulsion efficiency are thoroughly investigated. Further, the flow over the wing is also

analysed to understand the reasons behind the positive thrust force generation. The

obtained results were compared with the findings reported in the literature. A reason-

able explanation to the current findings is obtained. At αp ≤ 20◦ in combination with

kf ≤ 1.5, unsteady vortex shedding on the pressure side of the wing is identified. At

αp ≥ 30◦ with kf ≥ 1 a thrust producing reverse Karman street is observed. There-

fore, in order to achieve positive thrust, one can opt for either kf ≤ 3 in combination

with αp ≥ 30◦ or kf ≥ 3 in combination with αp ≤ 30◦ depending upon the operating

conditions and design constrains while designing wing cross sections for MAVs. Since a

large flow separation happens when θm ≥ 8◦, by maintaining θm ≤ 4◦ in combination

with αp ≥ 30◦, enhancement in the propulsive performance can be observed. Also it is

observed that shifting of pitching axis away from the leading edge decreases the wing’s

performance. Therefore, by fixing the pitching axis nearer to the leading edge, positive
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thrust generation can be achieved. We hope that the findings reported in this chapter

might be helpful to enhance the thrust force generation of the aerial vehicles.
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Chapter 6

Unsteady Flow Characteristics of

the Biomimetic Wing Performing

Plunging Motion

This chapter presents the aerodynamic performance of the biomimetic wing subjected

to plunging motion. An extensive numerical study is carried out to systematically un-

derstand the influence of the non-dimensional plunge amplitude (ha), reduced frequency

(kf ) and Reynolds number (Re) regime on the drag-thrust transition of biomimetic wing.

It is observed that the investigated parameters remarkably influences the instantaneous

force coefficients. It is also observed that these parameters significantly affect the topol-

ogy of the leading edge vortex which dramatically changes the aerodynamic performance

of the biomimetic wing. The details of the generated vortical patterns and the effect of

investigated parameters on the flow field are also discussed throughout the chapter.

6.1 Introduction

To understand the complex flow physics behind the nature inspired flights, extensive

studies are carried out on different types of airfoils and thin plates undergoing differ-

ent motion. Out of which the plunging motion of two dimensional airfoils and three

dimensional wings grabs substantial interest in recent years.

Chiereghin et al [132] investigated the unsteady lift and pitching moment of har-

monically plunging NACA 0012 airfoil at Re = 2 × 104 with different mean angles of

attack. It was reported that, the unsteady lift generation depends on the presence of

Leading Edge Vortex (LEV). It was also reported that the flow over the airfoil varies

from fully attached to vortex dominant at higher values of kf and ha depending on the
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mean angle of attack (θm). Cleaver et al [133] carried out experimental investigation

of aerodynamic performance over harmonically plunging NACA 0012 airfoil at Re =

1× 104, observed increase in lift coefficient and decrease in drag coefficient with increase

in frequency of oscillation. Young and Lai [134] numerically analysed the flow over pure

plunging NACA 0012 airfoil at Re = 2 × 104 with low plunging amplitudes (ha ≤ 0.1)

with the frequency range of 1 ≤ kf ≤ 10. They had observed multiple vortex shedding

per cycle at higher plunging frequencies. Visbal [135] carried out numerical simulations

over plunging SD7003 airfoil at Re = 6× 104. It was reported that flow is fully attached

and an approximate 40% reduction in drag is observed at kf = 3.93, ha = 0.05 with 4◦

mean angle of attack. Cleaver et al [136] compared the forces and flow fields of a plunging

NACA 0012 airfoil and flat plate at Re = 1 × 104 at 0◦ and 15◦ mean angles of attack

with small plunging amplitudes. It was observed that, NACA 0012 airfoil experiences

high lift coefficient with stable vortex street at θm = 0◦ with high Strouhal numbers (St)

whereas the flat plate at the same conditions experiences fluctuations in lift coefficient.

At θm = 15◦ large flow separation is observed and the flat plate is unable to produce

thrust even at high Strouhal numbers. Likewise, a lot of numerical and experimental

investigations were carried out to assess the aerodynamic performance of the different

airfoils at different conditions [137, 138, 139]. It is observed that, most of the above

mentioned studies had shown less attention towards the propulsive performance of the

harmonically plunging wing with the conditions prior to that of a MAV. Calderon et al

[140, 141] performed Particle Image Velocimetry (PIV) studies on low aspect ratio wings

undergoing pure plunging motion. They have reported that the thinner profiles encour-

age an early flow separation and strong vortex formation. It was also reported that the

formation of vortices at high Strouhal number results in loss of lift force generation. The

numerical investigations performed by Gross et al [142] on plunging rectangular wing,

reported that intermittent flow reattachment increases the mean lift coefficient. But they

had shown less attention towards the analysis of propulsive performance of the wing.

The critical insights on flow structure of low aspect ratio wings during plunging

motion provided by most of the studies are either at very low Re (Re ≤ 1 × 103) or at

high Re (Re ≥ 1 × 105). It is observed that the most of the studies used commercial

wing planforms like rectangular and elliptical planforms, to investigate the unsteady

flow characteristics at low Re. The Re regime of the present study is from 2.5× 104 to

7.5×104 which is the regime of interest to the most of the MAV designers where the flow

is turbulent in nature. The numerical analysis of present chapter attempts to investigate

the unsteady aerodynamics of biomimetic wing inspired from Passer Domesticus. The

influence of the non-dimensional plunge amplitude (ha), reduced frequency (kf ) and Re

regime on the drag-thrust transition of biomimetic wing are systematically analysed.
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Additionally the initial stage development of LEV and its influence over the propulsive

performance of the wing undergoing plunging motion are also investigated.

6.2 Method

6.2.1 Problem definition

The modelling of the biomimetic wing is discussed in section 4.2.1. The discussions re-

garding the inertial coordinate system OXYZ and the local coordinate system OX1Y 1Z1

are already presented in section 5.2.1 of Chapter-5. A schematic view of the biomimetic

wing performing plunging motion is presented in Fig. 6.1. The biomimetic wing is sub-

jected to a plunging motion Ω(t) in an incompressible viscous flow which has a constant

free stream velocity of U∞. The plunging motion of the wing is given by Eq. (6.1)

Ω(t) = Ω0 sin(2πft) (6.1)

where Ω0 is the initial plunge amplitude from the mean position and f is the frequency

of oscillation.

Figure 6.1: Schematic view of the biomimetic wing subjected to plunging motion

The change in effective angle of attack of the wing undergoing plunging motion with

respect to the incoming flow is given by:

φf (t) = φ0 + tan−1(
˙Ω(t)

U∞
) (6.2)

where, φ0 is the initial mean angle of attack which is 00 for the current study. From
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Eq. (6.2), the instantaneous non-dimensional positon of the wing is given as:

¯Ω(t) = h0 sin(kfδt) (6.3)

where h0 is the initial dimensionless plunge amplitude (h0 = Ω0

C
), δt is the non-dimensional

time (δt = tU∞
L

) and ¯Ω(t) = Ω(t)
L

From Eq. (6.3), the instantaneous dimensionless plunge

velocity of the wing is given as:

¯ϑ(t) = kfh0 cos(kfδt) (6.4)

where kfh0 is the maximum dimensionless plunge velocity at δt = 0. From the

definition of Strouhal number (St) provided in Eq. (3.15), the dimensionless plunge

velocity can be defined as:

kfha = πSt (6.5)

where ha is the non-dimensional plunge amplitude at any given time t (ha = h0 for

t = 0). From Eq. (6.5) it can be observed that the non-dimensional plunge velocity is

related by a factor of π to the Strouhal number (St). In the present study, all the results

were categorised in terms of non-dimensional plunge velocity (kfha) since thrust and

propulsion efficiency are strong functions of kfha when plunging motion is considered

[82]. However, conversations in terms of St are also made wherever necessary.

6.2.2 Computational details

6.2.2.1 Domain independence

The details of the wing modelling and meshing of the computational domain are pre-

sented in sections 4.2.1 and 4.2.2.1 of Chapter - 4 respectively. The plunging motion is

provided to the wing by using a compiled User Defined Function (UDF) developed based

on Eq. (6.1) to Eq. (6.5). From the initial time refinement study (carried out from t∗

= 1×10−3 s to 1×10−4 s), it is observed that there is no variation in the instantaneous

force coefficients from time step t∗ = 5×10−4 s to 1×10−4 s. Therefore, t∗ = 5×10−4 s

is considered with 35 iterations for each time step in all the simulations of the current

chapter. To verify the variation in the results with respect to the size of the computa-

tional domain, an initial domain independence test was carried out with different domain

dimensions (see Table 6.1). The obtained findings are presented in Table 6.1 and Fig.

6.2 respectively. The error percentage is calculated based on the findings obtained be-

tween two consecutive domains. It is observed that the instantaneous force coefficients

are almost invariant with respect to the dimensions of the fluid domain at ha = 0.1 in
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combination with kf = 1.5. However, the dimensions of Domain 2 are considered for

further studies in order to avoid the influence of outer boundaries at higher values of ha

and kf .

Table 6.1: Comparison of mean lift and drag coefficients of biomimetic wing for different
domains plunging at Re = 5× 104, ha = 0.1, kf = 1.5 and θm = 0◦

Domain type Radius (r1) Distance (x1) Mean Cl Error(%) Mean Cd Error(%)
Domain 1 25C 50C 4.8071 — -1.0278 —–
Domain 2 50C 100C 4.7981 0.187 -1.0249 0.28
Domain 3 75C 150C 4.7905 0.158 -1.0226 0.22
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Figure 6.2: Comparison of instantaneous lift and drag coefficients of biomimetic wing
using three different domains plunging at Re = 5× 104, θm = 0◦, ha = 0.1 and kf = 1.5

6.2.2.2 Grid independence

To investigate the sensitivity of the results with respect to the grid size, the grid indepen-

dence test was carried out with grids of three different sizes (shown in Table 6.2). The

obtained findings of lift and drag coefficients of biomimetic wing with respect to three

different grids are presented in Table 6.2 and Fig. 6.3. The percentage of error (shown

in Table 6.2) is calculated using the findings obtained between two consecutive grids. It

is noticed that the findings obtained using Grid 1 are slightly higher than that of Grid

2 and Grid 3. It is also observed that the variation between the findings obtained using

Grid 2 and Grid 3 is almost negligible. In overall a good agreement is obtained between

the findings of both Grid 2 and Grid 3. Since Grid 2 offers less computational time than

that of Grid 3, further investigations are carried out by using Grid 2 configurations.
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Table 6.2: Comparison of average lift and drag coefficients of biomimetic wing for
different grids plunging at Re = 5 × 104, ha = 0.1, kf = 2.5 and θm = 0◦ (Min. OQ
refers to the minimum orthogonal quality)

Mesh type Size Min. OQ Avg. Cl Error(%) Avg. Cd Error(%)
Grid 1 18.7×105 0.182 7.2401 — -2.9552 —–
Grid 2 41.3×105 0.237 7.0176 3.073 -2.7835 6.17
Grid 3 87.4×105 0.323 6.9312 1.23 -2.7256 2.12
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Figure 6.3: Comparison of instantaneous lift and drag coefficients of biomimetic wing
using three different grids plunging at Re = 5× 104, ha = 0.1, kf = 2.5 and θm = 0◦

6.2.2.3 Validation

To validate the current numerical approach, the experimental findings reported by Heath-

cote et al [5] on rectangular wing with NACA 0012 airfoil cross section at Re = 2× 104

and 3 × 104 are considered. Heathcote et al [5] conducted the experiments by varying

kf from 0 to 3 at constant plunge amplitude of 0.175. The chord length is maintained

as 100 mm. The numerical simulations were carried out by considering aforementioned

conditions as a reference. The mean thrust coefficient (Ct) and propulsion efficiency (ηp)

in the range of 0 ≤ kf ≤ 3 is computed at Re = 2 × 104 and 3 × 104. The obtained

results were compared with the findings reported by Heathcote et al [5] and presented

in Fig.6.4. A maximum error of 9.46% and 9.82% is observed between current findings

and the findings reported by Heathcote et al [5] while calculating Ct and ηp respec-

tively. It is observed that, the findings obtained using present numerical approach has

an encouraging agreement with the experimental findings reported in the literature.
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Figure 6.4: Comparison between the findings obtained using present numerical approach
and experimental results of Heathcote et al [5]

6.3 Results

6.3.1 Effect of dimensionless plunge amplitude
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Figure 6.5: Variation of Cd of the biomimetic wing plunging at different ha at Re =
5× 104 and θm = 0◦

To analyse the influence of dimensionless plunge amplitude (ha), the numerical study

is carried out at ha = 0.1, 0.3 and 0.5 (which indicates the variation in corresponding

Ω0 as 10%C, 30%C and 50%C respectively) at Reynolds number (Re) 5 × 104. The

instantaneous drag coefficient (Cd) of the wing at different ha is presented in Fig. 6.5. It

is observed that the variation in Cd is periodic but not pure sinusoidal and the deviation
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from the sinusoidal nature of Cd varies with respect to ha. This is due to the change

in the nature of the flow around the wing with respect to change in ha which can be

observed from Fig. 6.7. It is also noticed that the convection of vortices over the wing

surface have a remarkable influence on the cycle to cycle variation of Cd curve with

respect to ha. The negative value of Cd in Fig. 6.5 indicates the thrust force generation

of the wing during plunging motion.
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Figure 6.6: Amplitude spectrum of Cd of the biomimetic wing plunging at different ha
at Re = 5× 104 and θm = 0◦

(a) ha = 0.1 (b) ha = 0.3 (c) ha = 0.5

Figure 6.7: Comparison of streamline flow along with contours of velocity magnitude of
the biomimetic wing plunging at different (ha) with Re = 5× 104 and θm = 0◦

From this preliminary analysis, it is observed that the increase in ha decreases the

thrust force generation of the wing. The investigations are further carried out by cal-

culating the amplitude spectrum of Cd of the wing using the Fourier transformation

algorithm. The findings obtained at different ha are shown in Fig. 6.6. Multiple peaks

with different amplitudes are observed in the spectrum of Cd. This is due to the forma-
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tion and shedding of the Karman vortices over the suction side and the pressure side of

wing as shown in Fig. 6.7.
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Figure 6.8: Aerodynamic performance of biomimetic wing plunging at different ha with
Re = 5× 104 and θm = 0◦

(a) Down stroke (b) Upstroke

Figure 6.9: Contours of velocity magnitude (in m/s) and streamline flow of the
biomimetic wing plunging at Re = 5× 104 with ha = 0.1 and θm = 0◦

It is observed that the higher amplitude peak indicates that the shedding period

of the Karman vortices is longer at a given frequency. This increases the strength of

the vortices in the wake region and contributes towards thrust force generation of the

wing. The lower peak in the spectrum indicates that the shedding period of the Karman
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vortices happens only for a very short duration at the corresponding frequency. As it

can be seen from Fig. 6.7, the vortices shed into the wake at ha = 0.3 and 0.5 are not

strong as that of at ha = 0.1 which is why the thrust force at ha = 0.1 is higher than

that of at ha = 0.3 and 0.5.

(a) kfha = 0.3 (b) kfha = 0.7

Figure 6.10: Flow around the wing in the form of iso surface of Q-criterion (at Q = 100)
plunging at Re = 5× 104 with ha = 0.1 and θm = 0◦

(a) Down stroke (b) Upstroke

Figure 6.11: Plots of streamline flow and velocity magnitude around the biomimetic
wing plunging at Re = 5× 104 with ha = 0.3 and θm = 0◦

The investigations are further carried out to estimate the mean thrust coefficient (Ct)

and propulsion efficiency (ηp) of the wing using Eq. 5.2 to Eq. 5.5 presented in section
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5.2.2. The obtained findings of Ct and ηp of the wing with respect to non-dimensional

plunge velocity (kfha) at different values of ha are presented in Fig. 6.8.

(a) Down stroke (b) Upstroke

Figure 6.12: Streamline flow and velocity magnitude of the biomimetic wing plunging at
Re = 5× 104 with ha = 0.5 and θm = 0◦

It is observed that the positive values of Ct and ηp are due to the formation of thrust

producing reverse Karman street (shown in Fig. 6.7). The smaller values of Ct and ηp

at lower non-dimensional plunge velocities (kfha) are due to presence of viscous drag in

those regimes. It is also noticed that, the Ct and ηp increases with increase in kfha for

a given ha. From the flow investigations presented in Fig. 6.10, it is observed that the

increase in kfha increases the influence of the wing over the surrounding fluid. This allows

the flow to remain attached during the major portion of plunging cycle and decreases the

interference between the Leading Edge Vortex (LEV) and tip vortex. From Fig. 6.10, it

is also noticed that the increase in kfha increases the strength of the alternating vortcies

which shed in the wake region. Due to these reasons, a rise in Ct and ηp is observed with

respect kfha for a given value of ha. It is also observed that, Ct and ηp decreases with

increase in ha for a given value of kfha. From the flow field investigations, it is observed

that the major portion of the plunging cycle suffers with a large flow separation at higher

values of ha due to massive vortex shedding which can be observed from Fig. 6.9 to 6.12.

Also, the increase in ha decreases the strength of the vortex in the wake region as shown

in Fig. 6.7. Due to these reasons, the Ct and ηp decreases with increase in ha. From Fig.

6.8(b), a drop in propulsion efficiency is observed after a certain value of kfha is reached

which is a critical value for a given ha. By analysing the flow field around the wing, it

is observed that, once a critical value of kfha is reached, the alternating vortices which

shed in previous cycle interact with the vortices of the next cycle and the wake structure
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becomes flat after a critical value of kfha due to which the drop in ηp is observed. The

numerical simulations carried out by Young and Lai [134] on NACA 0012 airfoil from

2×104 ≤ Re ≤ 4×104 had also observed drop in propulsion efficiency at higher Strouhal

numbers (St) and reported the drop is due to flat and finite width of the wake which

also supports the findings reported in the present study.

The flow over the wing plunging at ha = 0.1 and Re = 5 × 104 is analysed and

presented in the form of stream line flow along with contour plots of velocity magnitude

as shown in Fig. 6.9. During down stroke, the flow over the suction surface of the wing

separates at the leading edge and forms a Leading Edge Vortex (LEV); it reattaches

approximately at the quarter chord length. At the same time a LEV is also formed

due to the flow separation over the pressure side of the wing which flows towards the

trailing edge. For better explanation, the LEV over pressure side of the wing is named

as Residual Leading Edge Vortex (RLEV). This RLEV creates opposite suction over the

pressure side which opposes the suction created over suction side as long as it attached

to the wing’s surface. From Fig. 6.9, it is observed that, the strength of the RLEV

during upstroke is greater than that of the down stroke. Due to this, the lift and thrust

coefficients has the lowest values during the upstroke, a rise in these force coefficients

can only be seen during down stroke. As the cycle continues, the flow past the trailing

edge forming a trailing edge vortex (TEV) over the suction side of the wing. This TEV

sheds into the wake above the mean line as a counter clockwise (CCW) rotating vortex.

At the same time, the TEV which was formed over the pressure side shed below the

mean line as a clockwise (CW) rotating vortex. This forms a thrust producing reverse

Karman street in the wake region. From the Fig. 6.9, it is observed that the strength of

the TEV clearly outweights that of LEV. This nullifies the adverse effects of LEV and

the thrust coefficient has the maximum values at ha = 0.1 which can also be observed

from Fig. 6.8.

The stream line flow along with velocity magnitude plots of the wing plunging at ha

= 0.3 and Re = 5 × 104 is presented in Fig. 6.11. The vortex formation and shedding

at different positions of the wing for ha = 0.5 with Re = 5 × 104 is presented in Fig.

6.12. In both the cases, the formation of LEV is observed due to flow separation at the

leading edge over the suction side of the wing and the flow reattaches to the surface

before leaving the trailing edge satisfying the kutta condition. During upstroke of the

cycle, the formation and shedding of the vortices over the pressure side of the wing is

observed. By comparing Figs. 6.9, 6.11 and 6.12, an increase in the strength of the LEV

is observed with respect to ha. This increase in the strength of the LEV has detrimental

effects on the aerodynamic performance of the wing as it makes hard for the flow to

reattach with increase in ha. Also, the increase in strength of RLEV with respect to ha
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increases the negative suction on pressure side. Due to these reasons, the aerodynamic

characteristics of the wing decreases with increase in ha which can also be observed from

Fig. 6.8.

6.3.2 Effect of reduced frequency
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Figure 6.13: Variation in Cd of the biomimetic wing plunging different kf with Re =
5× 104 and θm = 0◦

Frequency (Hz)

A
m

p
li

tu
d

e 
(C

d
)

0.1 0.2 0.3 0.4 0.5

0

0.5

1

1.5

2

2.5

3

3.5

k
f
 = 0.5

k
f
 = 1.5

k
f
 = 2.5

Figure 6.14: Amplitude spectrum of Cd of the biomimetic wing plunging different kf
with Re = 5× 104 and θm = 0◦

The numerical investigations are further carried out to analyse the influence of reduced

frequency (kf ) on the aerodynamic performance of the biomimetic wing subjected to

plunging motion. From the preliminary investigations, it is observed that the wing

experience only drag when kf ≤ 0.4. Therefore, the study is carried out by maintaining

kf ≥ 0.5 with an increment of 0.5 upto 2.5 at Re = 5× 104.
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Figure 6.15: Aerodynamic performance of the biomimetic wing plunging at different kf
with Re = 5× 104 and θm = 0◦

(a) kf = 0.5 (b) kf = 2.5

Figure 6.16: Wake pattern of the biomimetic wing plunging at different kf with Re =
5× 104 and θm = 0◦

The variation in instantaneous drag coefficient (Cd) of the wing plunging at different

values of kf is presented in Fig. 6.13. A non-sinusoidal periodic motion is observed in

Cd with respect to kf . The deviation from the sinusoidal nature of Cd is different at

different kf . The higher negative values of Cd in Fig. 6.13 indicates high thrust force

generation. This can also be seen from the amplitude spectrum of Cd presented in Fig.

6.14 by observing the peaks at different values of kf . It is observed that the increase in

kf accelerates the plunging motion of the wing with respect to incoming fluid. Due to
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this, the number of vortices shed per cycle increases and contribute towards the thrust

force generation of the wing. The study is further carried out by estimating the mean

thrust coefficient (Ct) and propulsion efficiency (ηp) of the wing plunging at different kf .

(a) kf = 0.5 (b) kf = 2.5

Figure 6.17: Streamline flow along with contours of velocity magnitude over the
biomimetic wing plunging at different kf at Re = 5× 104 and θm = 0◦

The variation of Ct and ηp of the wing plunging at Re = 5 ×104 with respect to

non-dimensional plunge velocity (kfha) at different kf are presented in Fig. 6.15. It is

observed that the Ct and ηp increases with respect to kf for a given value of kfha. From

the flow field investigations presented in Fig. 6.17, it is observed that, when kf ≤ 0.5,

the LEV which was formed over the suction side of the wing seems to have detrimental

effect on the aerodynamic performance of the wing as it makes hard for the flow to

reattach (see Fig. 6.17(a)). As kf increases to 2.5, the wing plunges faster than that

of at kf = 0.5 which increases the interaction between the wing and the surrounding

fluid. This allows the flow to reattach as shown in Fig. 6.17(b) and the LEV (after the

formation) immediately sheds in the wake region as it doesn’t have enough time to fully

grow. This minimises the adverse effects of the LEV on the thrust force generation of

the wing with respect to increase in kf . From Fig. 6.17(a) and Fig. 6.17(b), it is also

observed that RLEV at kf = 2.5 is not strong as at kf = 0.5. Therefore the negative

suction created by RLEV at kf = 2.5 is less than that of at kf = 0.5. Further, from

the iso surface of Q-criterion (estimated at Q = 50) of the biomimetic wing plunging at

different kf presented in Fig. 6.18, it is observed that the flow seems to be more attached

at higher values of kf . It is also noticed that the strength of the alternating vortices in

the wake at kf = 2.5 is higher than that of at kf = 0.5 which further increases the lift

and thrust force coefficients. Due to all these reasons, the Ct and ηp of the wing rises
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towards higher values with respect to increase in kf as shown in Fig. 6.15. The drop

in propulsion efficiency after a certain value of kfha as shown in Fig. 6.15(b) is due to

the increase in the interference between the vortices shed in the previous cycle and the

next cycle. This forms a flat wake structure and affects the ηp of plunging wing after a

critical value of kfha.

(a) kf = 0.5 (b) kf = 2.5

Figure 6.18: Iso-surface of Q-criterion (Q = 50) of the biomimetic wing plunging at
different kf at Re = 5× 104 and θm = 0◦

6.3.3 Effect of Reynolds number
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Figure 6.19: Variation in Cd of the biomimetic wing plunging at different Re with ha =
0.1 and θm = 0◦
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Figure 6.20: Amplitude spectrum of Cd of the biomimetic wing plunging at different Re
with ha = 0.1 and θm = 0◦
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Figure 6.21: Aerodynamic performance of the biomimetic wing plunging at different Re
with ha = 0.1 and θm = 0◦

To analyse the influence of the Reynolds number (Re) on the aerodynamic performance

of biomimetic wing subjected to plunging motion, the numerical study is further carried

out at three different Re ranging from 2.5×104 to 7.5×104 in steps of 2.5×104 at constant

values of ha = 0.1 and θm = 0◦. The variation in instantaneous drag coefficient (Cd) of

the wing plunging at different Re is presented in Fig. 6.19. The variation of Cd curve

is periodic and non-sinusoidal. The deviation from the sinusoidal nature of Cd curve is

different at different Re. It is observed that the negative values of drag increases with

increase in Re. This indicates an increase in thrust force generation with respect to Re

97TH-2858_166103007



which can also be observed from amplitude spectrum of Cd as shown in Fig. 6.20. From

Fig. 6.20, multiple frequency peaks are observed at Re = 2.5×104 which indicates the

formation of the number of vortices over the wing surface are higher than that of at Re

= 5×104 and 7.5×104.

(a) Re = 2.5× 104 (b) Re = 7.5× 104

Figure 6.22: Streamline flow field along with velocity magnitude plot around the
biomimetic wing plunging at different Re with ha = 0.1 and θm = 0◦

(a) Re = 2.5× 104 (b) Re = 5× 104 (c) Re = 7.5× 104

Figure 6.23: Iso surface of Q-criterion (Q = 50) of the biomimetic wing plunging at
different Re with ha = 0.1 and θm = 0◦

The variation in mean thrust coefficient (Ct) and propulsion efficiency (ηp) at different

Re is presented in Fig. 6.21. It is observed that the Ct curve rises towards positive values

with respect to increase in kfha for a given Re. It is also noticed that ηp also shows similar

trend as that of Ct upto a certain value of kfha and drops with further increase in kfha.

To understand the reasons behind such behavior, the flow around the wing at different
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Re is analysed and presented in Fig. 6.22 and Fig. 6.23 respectively. From the flow field

investigations as shown in Fig. 6.22, it is observed that, the increase in Ct and ηp with

increase in kfha is due to both LEV and TEV shedding at a given Re. From Fig. 6.21,

it is also observed that the Ct and ηp increases with increase in Re for a given kfha. This

is due to the decrease in flow separation with increase in Re which can be observed by

comparing Fig. 6.22(a) and Fig. 6.22(b). Also, it is observed that the strength of the

TEV increases with increase in Re which overcomes the adverse effects of LEV (see Fig.

6.22(b)). From the iso surface of Q-criterion (calculated at Q = 50), presented in Fig.

6.23, a more prominent shedding of alternating vortices into the wake region is observed

with respect to Re. It is also noticed that the strength of the vortices in the wake region

increases with increase in Re. Due to these reasons, a rise in Ct and ηp are observed

with respect to Re as shown in Fig. 6.21. The drop in ηp after a critical value of kfha

as shown in Fig. 6.21(b) is due to the formation of flat and finite width of the wake due

to the interaction between the alternating vortices.

6.4 Summary and conclusions

The unsteady flow characteristics of biomimetic wing subjected to the plunging motion

are investigated with the dimensions and conditions corresponding to that of a Micro air

Vehicle (MAV). The effect of dimensionless plunge amplitude (ha), reduced frequency

(kf ) and the influence of Re regime with respect to non-dimensional plunge velocity

(kfha) on the coefficient of thrust force generation (Ct) and propulsion efficiency (ηp)

of the wing are thoroughly investigated. To understand the reasons behind the positive

thrust force generation, the flow over the wing is further analysed. A reasonable expla-

nation to the current findings is obtained by comparing with the findings reported in the

literature. From the current findings, when ha ≥ 0.3 in combination with kfha ≤ 0.5,

lower values of Ct and ηp are observed since the major portion of the plunging cycle

suffers with flow separation. However, at ha ≤ 0.1 in combination with 0.1 ≤ kfha ≤ 1,

the separated flow reattaches approximately at quarter chord location due which a rise

in the Ct and ηp is observed. Therefore, an enhancement in the Ct and ηp of the wing

can be observed by maintaining these conditions. It is also noticed that, when kf ≤ 0.5,

the LEV which was formed due to flow separation at the leading edge has detrimental

effects over the aerodynamic performance of the wing. By maintaining kf ≥ 1.5 in the

range of 0.5 ≤ kfha ≤, the LEV on the pressure side doesn’t have enough time to grow

and unable to convect farther downstream. Under these conditions, the LEV which was

formed over the suction side provides extra suction which can improve the aerodynamic

performance of the wing. By analysing the influence of Re ranging from 2.5 × 104 to
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7.5× 104, it is observed that vortex shedding from both leading edge and trailing edge is

responsible for the thrust force generation. When Re ≤ 2.5×104, the increase in adverse

interaction between LEV and TEV causes multiple peaks in the amplitude spectrum of

Cd than that of other Re regimes. By maintaining Re ≥ 5 × 104 combined with 0.3 ≤
kfha ≤1, rise in instantaneous force coefficients is observed.
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Chapter 7

Aerodynamic Investigation of the

Biomimetic Wing Subjected to

Flapping Motion

This chapter presents the investigation of aerodynamic performance of the biomimetic

wing subjected to flapping motion. The flapping motion in the present study is defined

as the combination of rotation about the axis (ξ(t)) along the wing’s chord and the

rotation about the axis (α(t)) along the semi span of the wing with a phase difference

(φ(t)).The influence of the dimensionless flapping amplitude, non-dimensional flapping

frequency and mean angle of attack on the propulsive performance of the biomimetic wing

performing flapping motion are investigated. In order to systematically understand the

influence of these parameters over the aerodynamic performance of the biomimetic wing,

the flow field around the wing is also further investigated. An asymmetric variation

of instantaneous force coefficients is observed despite of having symmetrical flapping

kinematics. It is observed that the investigated parameters affect the instantaneous force

coefficients both quantitatively and qualitatively. From the flow field investigations,

a thrust producing reverse Karman street is observed under certain conditions. It is

observed that the formation and the convection of the Leading edge vortex (LEV) not

only influences the drag-thrust transition but also the wake pattern. It is also observed

that the adverse effects of the LEV can be controlled by controlling aforementioned flow

parameters which can improve the mean thrust coefficient and propulsion efficiency of

the wing.

101TH-2858_166103007



7.1 Introduction

In general, the flapping wings are energy efficient and provide high manoeuvrability than

that of fixed or rotary wings at low speeds [143]. A number of numerical and experimental

studies are reported on investigation of the thrust force generation of the wing undergoing

different motions such as: pitching, plunging and a combination of rotation about the

axes along the wing chord and span [144, 131, 145, 146, 147, 148, 149]. Hover et al

[150] carried out experimental investigations on two dimensional oscillating NACA 0012

airfoil at Re = 3 × 104 with 0.2 ≤ St ≤ 0.8. Their investigations revealed that, by

modifying the flapping kinematics in a way that the resultant angle of attack leads to

the path of a square wave form or cosine wave form would enhance the thrust force

generation. It was also reported that the change in the resultant angle of attack would

influence the wake structures from drag producing to thrust generating. However, the

flow field investigations around the airfoil is not provided and in depth analysis on thrust

force enhancement is required. Also, the square wave form of resultant angle of attack

profile studied by Hover et al [150] has a limitation of presence of sharp corners which

may rapidly vary the acceleration of the airfoil during flapping motion. Dash et al [151]

carried out numerical and experimental investigations on two dimensional elliptical airfoil

undergoing flapping motion at Re = 5000 with 0.1 ≤ St ≤ 0.9 and the amplitude of effect

angle of attack varied from 10◦ to 20◦. They have reported that, at lower frequencies,

the variation in thrust force generation is almost negligible with respect to the resultant

angle of attack. But observed a considerable amount of enhancement in the thrust force

generation with respect to the angle of attack at higher flapping frequencies. However,

they had shown less attention towards the flow field investigations. Ramamurthi and

Sandberg [3] carried out numerical studies on NACA 0012 airfoil undergoing flapping

motion to investigate the unsteady flow past the airfoil at Re = 1.1 × 103. They have

reported that the maximum values of thrust coefficient and propulsion efficiency can be

obtained if the phase angle between pitching and plunging is 120◦ and 90◦ respectively.

Their investigations are limited only to study the effect of phase angle on the aerodynamic

performance of flapping NACA 0012 airfoil. Karbasian and Esfahani [152] investigated

on aerodynamic performance of NACA 0012 airfoil during flapping motion at Re =

4× 104 and reported about 20% improvement in the propulsion efficiency at St = 0.3.

Most of the studies considered the two dimensional scale models instead of actual

three dimensional models to investigate the complexity of the flow field at different

types of flapping conditions. This approach saves lot of computational time however,

the only drawback is that, the two dimensional approximations consider only the cross-

flow component of the vorticity. This leads to the overestimation of the mean propulsion
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efficiency of actual three dimensional model due to the underestimation of energy losses

in the wake region. From the literature, it is observed that very little attention is devoted

towards the actual three dimensional models and most of the models are commercially

opted wing planforms such as: Rectangular, trapezoidal and elliptical. The numerical

approach and the findings of this chapter is an attempt to address these shortcomings of

the literature. In the present numerical investigations, the biomimetic wing is considered

(the modelling of the wing is presented in the section 4.2.1) undergoing flapping motion

at low Reynolds number (Re) regime (Re = 5 ×104). The flapping motion of this study

is defined as the combination of rotation about the axis along the wing’s chord (ξ(t)) and

the rotation about the axis along the semi span of the wing (α(t)) with a phase difference

(φ(t)). The influence of the parameters like flapping amplitude, non-dimensional flapping

frequency and mean angle of attack on the propulsive performance of the biomimetic wing

during flapping motion are investigated. The flow field characteristics of the wing at low

Re regime are also discussed in order to analyse the viscous phenomenon of the fluid on

the propulsive performance of the flapping wing at low Re.

7.2 Method

7.2.1 Problem definition

The discussions regarding the inertial coordinate system OXYZ and the local coordinate

system OX1Y 1Z1 are already presented in section 5.2.1 of Chapter-5. While hovering,

the bird’s wing has three degree of freedom in which the motion normal to the direction

of the flapping plane is relatively small and can be neglected. Therefore, the overall

flapping motion of the wing can be approximately discretised into the combination of

rotation about the axis along the wing’s chord and span. In the present study, the

rotation about the axis along the wing span is given by α(t) which can also be described

as local pitching along OX1 axis, defined in Eq. (5.1) of section 5.2.1. In this chapter a

constant value of pitching amplitude (αp = 5◦) is provided. The rotation about the axis

along the wing chord (OZ1 axis) is shown in Fig. 7.1 and expressed in terms of ξ(t),

presented in Eq. (7.1). The direction of the fluid flow is along OX axis.

ξ(t) = θm + αf sin ((2πft) + φd) (7.1)

where θm is the mean angle of attack, αf is the flapping amplitude, f is the flapping

frequency and φd is the phase difference between rotations about the axis along the wing

chord and span.
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Figure 7.1: Schematic view of the biomimetic wing subjected to flapping motion

7.2.2 Computational details

7.2.2.1 Domain independence test

Table 7.1: Comparison of lift and drag coefficients of biomimetic wing with respect to
different domains flapping at kf = 3.5 with Re = 5×104, αf = 5◦, θm = 0◦ and φd = 45◦

Domain Radius(r1) Distance (x1) Avg.Cl Error(%) Avg.Cd Error(%)
Type 1 25C 50C 0.4459 – -0.0542 –
Type 2 50C 100C 0.4447 0.27 -0.0538 0.73
Type 3 75C 150C 0.4441 0.13 -0.0536 0.37

The details of the computational domain and generation of the structured mesh are

already discussed in the section 4.2.2.1. A compiled User Defined Function (UDF) is

developed using Eq. (7.1) and Eq. (5.1) to perform the flapping motion with respect to

the incoming viscous flow. The smoothing and remeshing methods are opted to update

the mesh during each time step. An initial time refinement study is performed at time

steps (t∗ = 5×10−3 s, 1×10−3 s, 5×10−4 s and 1×10−4 s) with 35 iterations in each time-

step, in order to fix the size of the time step (t∗) of each simulation. It is observed that

the instantaneous force coefficients doesn’t show any variation for t∗ = 5×10−4 s and

1×10−4 s. Therefore, the time step size is fixed at t∗ = 5×10−4 s for all the simulations.

In order to verify the variation in the results with respect to dimensions of the fluid

domain, an initial domain independence test is carried out on three different domains.

The details of the domain dimensions along with the obtained findings of average lift and

drag coefficients are presented in Table 7.1. The error percentage in Table 7.1 is obtained

from the findings of two consecutive domains. The variation in the instantaneous lift

104TH-2858_166103007



(Cl) and drag coefficients (Cd) of biomimetic wing flapping at kf = 3.5, αf = 5◦, θm = 0◦

and φd = 45◦ is presented in Fig. 7.2. It is observed that, the variation in Cl and Cd

is almost negligible with respect to the dimensions of the domain. However, at higher

flapping frequencies (when kf ≥ 5), the reversed flow is observed at the pressure outlet

for certain number of time steps during the simulation for Type 1 domain. Therefore,

to avoid the influence of outer boundaries, the Type 2 domain dimensions (as shown

in Table 5.1) are opted for the current numerical study and the reversed flow doesn’t

appear in any of the simulations.
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Figure 7.2: Variation of instantaneous force coefficients of biomimetic wing flapping at
kf = 3.5 with Re = 5× 104, αf = 5◦, θm = 0◦ and φd = 45◦

7.2.2.2 Grid independence

In order to investigate the sensitivity of the results with respect to grid size and quality,

three grids of different sizes and different qualities are considered. (as shown in Table

7.2). The numerical investigations are carried out to analyse the instantaneous force

coefficients of the biomimetic wing flapping at Re = 5 × 104 with kf = 3.5, αf = 10◦,

θm = 0◦ and φd = 45◦. The findings obtained using above mentioned conditions with

respect to mesh size and quality are presented in Table 7.2. The error percentage is

calculated using the findings obtained between two consecutive grids. The variation

of the instantaneous lift and drag coefficients of biomimetic wing undergoing flapping

motion with respect to the three different grids are presented in Fig. 7.3. It is observed

that the Grid 1 predicts slightly higher values than that of Grid 2 and Grid 3. It is

also observed that the variation of findings between Grid 2 and Grid 3 is also negligible.

Therefore, the Grid 2 configuration is opted for further numerical studies, since the total
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number of elements in Grid 2 are somewhat lesser than that of Grid 3. This gives a

slight edge in total computational time during each simulation.

Non dimensional time (δt)

In
st

a
n

ta
n

e
o
u

s 
li

ft
 c

o
e
ff

ic
ie

n
t 

(C
l)

0 0.5 1 1.5 2

­4

­2

0

2

4

6
Grid 1

Grid 2

Grid 3

(a) Comparison of instantaneous lift coeffi-

cients

Non dimensional time (δt)

In
st

a
n

ta
n

eo
u

s 
d

ra
g
 c

o
ef

fi
ci

en
t 

(C
d
)

0 0.5 1 1.5 2

­0.4

­0.3

­0.2

­0.1

0

0.1

0.2
Grid 1

Grid 2

Grid 3
Drag

Thrust

(b) Comparison of instantaneous drag coeffi-

cients

Figure 7.3: Variation of instantaneous lift and drag coefficients of biomimetic wing with
respect to different grids flapping at Re = 5× 104 with kf = 3.5, αf = 100, θm = 0◦ and
φd = 45◦

Table 7.2: Comparison of average lift and drag coefficients of biomimetic wing flapping
at Re = 5 × 104 with kf = 3.5, αf = 10◦, θm = 0◦ and φd = 45◦ using three different
grids (Min. OQ refers to the minimum orthogonal quality)

Mesh type Size Min. OQ Avg. Cl Error(%) Avg. Cd Error(%)
Grid 1 18.7×105 0.182 0.7978 — -0.1219 —–
Grid 2 41.3×105 0.237 0.7605 4.90 -0.1137 7.21
Grid 3 87.4×105 0.323 0.7475 1.74 -0.1105 2.8

7.2.2.3 Validation

In order to validate the current numerical approach, three validation studies are carried

out. In the first validation study, the instantaneous values of thrust coefficient (C∗t )

and propulsion efficiency (η∗p) reported by Ashraf et al [6] on NACA 0015 airfoil are

considered as a reference. The numerical investigations are performed at kf = 2, ha =

0.5, φd = 90◦ and αf = 15◦ with a free stream velocity of U∞ = 0.292 m/s. The obtained

findings are presented in Fig. 7.4. It is observed that the findings of the present study

has similar trend as that of the findings reported by Ashraf et al [6].
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Figure 7.4: Comparison of aerodynamic performance of NACA0015 airfoil undergoing
flapping motion obtained using current numerical approach and findings of Ashraf et al
[6] at kf = 2, φd = 90◦, αf = 15◦
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Figure 7.5: Comparision of aerodynamic performance of NACA0012 airfoil undergoing
flapping motion obtained using current numerical approach and findings of Ramamurthi
et al [3] at Re = 1.1× 103 with kf = 0.45 and αf = 30◦

An average error of 9.66% and 9.53%is observed in C∗t and η∗p values respectively

corresponding to the findings reported by Ashraf et al [6]. In the second validation study,

the findings reported by Ramamurthi et al [3] over a range of phase angle ranging from 30◦

to 140◦ on NACA 0012 airfoil are considered as a reference. The numerical investigations

are carried out on the NACA 0012 airfoil at Re = 1.1× 103 with a flapping frequency of
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(kf ) of 0.45 and a flapping amplitude (αf ) of 30◦. The mean thrust coefficient (Ct) and

mean propulsion efficiency (ηp) of NACA 0012 undergoing flapping motion are obtained

and presented along with the findings reported by Ramamurthi et al [3] as shown in

Fig.7.5. It is observed that the solver effectively captures the rise and drop in the mean

thrust (Ct) and propulsion efficiency (ηp). An average error of 9.75% and 9.79% is

observed respectively with respect to the findings reported by Ramamurthi et al [3].
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Figure 7.6: Comparison of aerodynamic performance of flat plate undergoing flapping
motion obtained using current numerical approach and findings of Siala et al [7] at Re
= 4× 103 and St = 0.033

In the third validation study, the experimental work carried by Siala and Liburdy [7]

on a flapping flat plate at Re = 4× 103, St = 0.033 with C = 20 cm are considered as

a reference. The instantaneous values of lift coefficient (Cl) and power coefficient (C1
p)

are estimated using current numerical approach and presented in Fig. 7.6. The obtained

findings are compared with the findings reported by Siala and Liburdy [7]. It is observed

that a maximum error of 8.87% and 9.89% are observed while calculating Cl and (C1
p).

In overall, it is observed that the present numerical approach is reliable enough to

investigate the aerodynamic performance of the wing subjected to flapping motion.

7.3 Results

7.3.1 Effect of flapping amplitude

The numerical investigations are carried out to analyse the influence of flapping ampli-

tude (αf ) on the aerodynamic performance of the biomimetic wing subjected to flapping
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motion.

(a) Down stroke (b) Upstroke

Figure 7.7: Contours of velocity magnitude along with stream lines over the biomimetic
wing flapping at Re = 5× 104, kf = 3.5, αf = 2◦, θm = 0◦ and φd = 45◦
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Figure 7.8: Variation in Cd of the biomimetic wing flapping at Re = 5× 104, kf = 3.5,
αf = 5◦, θm = 0◦ and φd = 45◦

From the preliminary investigations, at 1◦ ≤ αf ≤ 4◦, it is observed that the major

portion of the flapping cycle suffers with large flow separation due to vortex shedding as

shown in Fig. 7.7. Therefore, to investigate the effect of flapping amplitude (αf ), the

numerical study is carried out by varying αf from 5◦ to 15◦ in steps of 5◦ by maintaining

a constant value of dimensionless flapping frequency (kf ) which is kf = 3.5.
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Figure 7.9: Variation in Cd of the biomimetic wing flapping at Re = 5× 104, kf = 3.5,
αf = 10◦, θm = 0◦ and φd = 45◦
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Figure 7.10: Variation in Cd of the biomimetic wing flapping at Re = 5× 104, kf = 3.5,
αf = 15◦, θm = 0◦ and φd = 45◦

The variation of instantaneous drag coefficient (Cd) of the biomimetic wing under-

going flapping motion is presented in Fig. 7.8 to Fig. 7.10. It is observed that the Cd

curve is sinusoidal and periodic for αf = 5◦. As αf increases beyond 5◦, the Cd curve

loses its sinusoidal nature (still periodic as shown in Fig. 7.9(a) and Fig. 7.10(a)) due to

the formation and convection of the vortices over the wing surface. The negative values

of Cd indicates the thrust force generation of the wing which increases with respect to

increase in αf .
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Figure 7.11: Aerodynamic performance of biomimetic wing with respect to αf flapping
at Re = 5× 104, kf = 3.5, θm = 0◦ and φd = 45◦

(a) αf = 5◦ (b) αf = 10◦ (c) αf = 15◦

Figure 7.12: Contours of vorticity magnitude (Vz) of biomimetic wing with respect to
αf , flapping at Re = 5× 104, kf = 3.5, θm = 0◦ and φd = 45◦

The investigations are further carried out by calculating the amplitude spectrum of

the Cd using Fourier transformation algorithm, presented in Fig. 7.8(b), 7.9(b) and

7.10(b) for αf = 5◦, 10◦ and 15◦ respectively. The spectrum of Cd consists of frequency

peaks with different amplitudes. From the flow field investigations, it is observed that

the increase in αf increases the vortex strength in the wake region (see Fig. 7.12).

Therefore, the higher and denser harmonics at αf = 15◦ indicate that the thrust force

generation of the wing in this case is higher than that of when αf ≤ 10◦. To further

analyse the influence of αf on the aerodynamic performance of the wing, the mean thrust

force coefficient (Ct) and the propulsion efficiency (ηp) are calculated using Eq. 5.2 to

Eq. 5.5 which are defined in section 5.2.2. The obtained findings are presented in Fig.

7.11.
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(a) αf = 5◦ (b) αf = 15◦

Figure 7.13: Iso-surface of Q-criterion at (Q = 250) of biomimetic wing with respect to
αf , flapping at Re = 5× 104, kf = 3.5, θm = 0◦ and φd = 45◦

Figure 7.14: Wake pattern of biomimetic wing flapping at Re = 5 × 104, kf = 3.5,
αf = 10◦, θm = 0◦ and φd = 45◦

It is observed that Ct increases with respect to increase in αf . It is also noticed

that ηp has shown similar trend as that of Ct upto a certain value of αf and drops

with further increase in αf . To understand the reasons behind such behaviour, the

flow around the wing at different αf is analysed and presented in Fig. 7.12 and 7.13.

From the contours of vorticity magnitude (Vz) presented in Fig. 7.12, it is observed that,

increase in αf increases the strength of the alternating vortices shed into the wake region.

This can be noticed from the ranges of Vz provided from Fig. 7.12(a) to 7.12(c). From

the iso-surface of Q-criterion (calculated at Q = 250) presented in Fig. 7.13, a more

prominent vortex shedding is observed at αf = 15◦ compared to that of at αf ≤ 10◦.

From Fig. 7.13, it is also noticed that, increasing αf increases the wing’s influence over
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its surrounding fluid and vortex formation happens closer to the wing’s surface. This

enhances the positive suction and remarkably influences the thrust force generation and

the propulsion efficiency of the wing. From the contours of Z-vorticity (ωz) shown in

Fig.7.14, it can be observed that, the dipoles of the positive vortices are slightly above

the mean line and the dipoles of the negative vortices fall below the mean line. This

indicates the alternating vortices form the thrust producing reverse Karman street in

the wake region. However, it is observed that, increasing αf beyond a certain value

increases the interference between the vortices shed in the previous cycle and the next

cycle. This forms a flat wake in the wake region with respect to increase in number of

flapping cycles, which can be observed from Fig. 7.14 (where the vortices in the wake

region loses the alternating pattern and forms a flat wake).
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Figure 7.15: Variation of pressure coefficients of biomimetic wing with respect to αf
flapping at Re = 5× 104, kf = 3.5, θm = 0◦ and φd = 45◦

This abrupt change in the nature of wake pattern affects the propulsion efficiency

of the wing due to which a drop in ηp curve is observed in Fig. 7.11 after a certain

value of αf . However, the Ct curve still rises towards higher values due to increase in

the strength of the alternating vortices with respect to αf . By analysing the pressure

coefficients of the wing subjected to flapping motion presented in Fig. 7.15, It is observed

that, the wing clearly lacks in extra suction with respect to decrease in αf . As αf ≥ 5◦,

the difference between the pressure over the suction side and the pressure side increases

which is also one of the reasons for the rise in Ct and ηp with respect to αf as shown in

Fig. 7.11.
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7.3.2 Effect of mean angle of attack

To investigate the influence of mean angle of attack (θm), the study is carried out by

varying θm from 0◦ to 12◦ in steps of 4◦ with a constant value of kf = 3.5. The variation

of instantaneous drag coefficient (Cd) of the wing subjected to flapping motion at θm =

4◦ and 8◦ is presented in Fig.7.16 and 7.17 respectively. It is observed that the variation

of Cd curve is periodic and sinusoidal (with a slight deviation at θm = 4◦). It is also

noticed that the Cd curve rises towards positive values with respect to increase in θm.

This indicates that the drag offered by the surrounding fluid dominates the thrust force

generation of the wing.
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Figure 7.16: Instantaneous drag coefficients of biomimetic wing flapping at θm = 4◦ Re
= 5× 104, αf = 50, kf = 3.5 and φd = 45◦

The investigations are further carried out by calculating the amplitude spectrum of

Cd using Fourier transform algorithm. The obtained findings at θm = 4◦ and 8◦ are

presented in Fig. 7.16(b) and Fig. 7.17(b) respectively. The frequency peaks at θm

= 4◦ shown in Fig.7.16(b) indicates the thrust force generation of the wing. However,

the denser and higher peaks in the Fig.7.17(b) indicates dominance of drag over thrust

due to the formation of strong vortical structures over the suction side of the wing at

θm = 8◦. To further understand the influence of θm over the aerodynamic performance

of the wing subjected to flapping motion, the pressure coefficients (Cp) over the wing

surface are numerically analysed. The obtained findings of Cp with respect to θm are

presented in Fig.7.18. It is observed that the suction over the suction side of the wing

decreases with increase in θm.
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Figure 7.17: Instantaneous drag coefficients of biomimetic wing flapping at θm = 8◦ Re
= 5× 104, αf = 5◦, kf = 3 and φd = 45◦
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Figure 7.18: Variation in coefficient of pressure of biomimetic wing with respect to θm
flapping at Re = 5× 104, αf = 10◦ and φd = 45◦

It is also noticed that the fluctuations over the suction side of the Cp curve increases

with respect to increase in θm. From the flow investigations, it is observed that the

fluctuations in the Cp curve is due to the recirculation of the flow over the wing surface.

At θm = 12◦, multiple fluctuations are observed over the pressure side of the Cp curve.

This indicates the presence of opposite recirculation due to the formation of vortical

structures over the pressure side of the wing. This opposite recirculation causes negative

suction which opposes the positive suction created over the suction side of the wing and

eventually affects the wing’s performance. Further, the investigations are carried out
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to estimate the mean thrust force coefficient (Ct) and the propulsion efficiency (ηp) of

the wing at different θm. The variation of Ct and ηp with respect to θm are presented

in Fig.7.19. It is observed that the Ct and ηp decreases with increase in θm. This is

due to formation and convection of multiple vortices over the suction side of the wing

(as discussed from Fig.7.18). The negative values of Ct indicates the presence of drag.

It is observed that, when θm ≥ 8◦, there is only drag possibly due to massive flow

separation with respect to increase in θm and the wing doesn’t have any influence over

its surrounding fluid under these conditions.
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Figure 7.19: Aerodynamic performance of biomimetic wing with respect to θm flapping
at Re = 5× 104, αf = 5◦, kf = 3 and φd = 45◦

From the flow field investigations, it is observed that the increase in θm alters the

wake pattern and eventually affects the aerodynamic performance of the wing. Different

types of wake patterns are noticed at different θm as shown in Fig.7.20. At θm = 4◦,

a paired wake structure is observed in the wake region which consists of a strip shaped

positive vortex (sp2) and a circular shaped negative vortex (cn2). As the number of

flapping cycles increases, the strip shaped positive vortex transforms into a circular

shaped positive vortex (cp1
2) and flows with the circular shaped negative vortex of the

previous stroke (cn1
2) as shown in Fig.7.20(a). It is observed that the distance between

the dipoles of the alternating vortices is approximately same (δ1 ' δ2) which indicates

that the corresponding wake is stable. At θm = 8◦, the strip shaped positive vortex (sp1
1)

and the strip shaped negative vortex of the previous stroke (sn1
1) exhibit pure sinusoidal

wake. It is observed that the distance between the dipoles of the alternating vortices

slightly varies (δ1 6= δ2) from cycle to cycle. This indicates that the corresponding vortex

street is unstable. As θm increases beyond 8◦, the alternating vortices slowly loose their
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sinusoidal nature and exhibit paired vortex structure (PV1). As the number of flapping

cycles increases, this paired vortex structure breaks into a single vortex wake which

consists of circular shaped positive vortex (cp0) and strip shaped negative vortex (sn0).

It is observed that the dipoles of the negative vortices falls above the mean line and the

dipoles of the positive vortices are below the mean line. This indicates the formation of

drag producing Karman street which is why the negative values are observed in Ct and

ηp curves as shown in Fig.7.19 when θm ≥ 8◦.

(a) θm = 40 (b) θm = 80

(c) θm = 120 (d) θm = 160

Figure 7.20: Wake pattern of biomimetic wing with respect to θm flapping at Re =
5× 104, αf = 5◦, kf = 3 and φd = 45◦

With further increase in angle of attack, at θm = 16◦, the alternating vortices of

the previous cycle interacts with the vortices of the next cycle (cp2 and cp0 are the

circular shaped positive vortices of present and previous cycles). As number of flapping
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cycles increases, these vortices form clusters (where CT2 and CT 1
2 refers to the cluster

of alternating vortices during current and previous cycle respectively) above and below

the mean line in the wake region which further affects the aerodynamic performance of

the wing.

7.3.3 Effect of non dimensional flapping frequency
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Figure 7.21: Instantaneous drag coefficients of biomimetic wing flapping kf = 3 with Re
= 5× 104, αf = 5◦, θm = 0◦ and φd = 45◦

The investigations are further extended to analyse the influence of non dimensional flap-

ping frequency (kf ) on the aerodynamic performance of the biomimetic wing subjected

to flapping motion. The preliminary investigations of kf varying from 1 to 3 reveals that

the wing is unable to overcome the viscous drag offered by the surrounding fluid. There-

fore the conditions when kf ≥ 3 are investigated by varying kf from 3 to 7 in steps of

2. The variation in instantaneous drag coefficient (Cd) with respect to non-dimensional

time at kf = 3 and 7 is presented in Fig.7.21 and 7.22 respectively. It is observed that

the variation of Cd is periodic and sinusoidal. At kf = 3, it is noticed that the Cd

curve doesn’t contain any negative values which indicate that the wing cannot generate

positive thrust under these conditions. As kf increases to 7, it is observed that the wing

overcomes the resistance from the surrounding fluid and generates positive thrust. The

amplitude spectrum of Cd (obtained using Fourier transform algorithm) at kf = 3 and

7 is presented in Fig. 7.21(b) and 7.22(b) respectively. Multiple frequency peaks are

observed at kf = 3 due to vortex shedding indicating the presence of drag during most

of the flapping cycle.
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Figure 7.22: Instantaneous drag coefficients of biomimetic wing flapping kf = 7 with Re
= 5× 104, αf = 5◦, θm = 0◦ and φd = 45◦
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Figure 7.23: Aerodynamic performance of biomimetic wing with respect to kf flapping
at Re = 5× 104, θm = 0◦, αf = 5◦ and φd = 45◦

However, at kf = 7, the higher and denser peak in the spectrum indicates the thrust

force generation of the wing. To further analyse the influence of non dimensional flapping

frequency (kf ), the mean thrust coefficient (Ct) and propulsion efficiency (ηp) of the wing

are numerically estimated. The obtained findings of Ct and ηp with respect to kf are

presented in Fig. 7.23. The negative values in the Ct curve when kf ≤ 3 indicates that

the wing is unable to overcome the viscous drag from the surrounding fluid under these

conditions. However, further increase in kf beyond 3, the Ct curve rises towards positive

values which indicates the positive thrust force generation of the wing. It is also noticed
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that ηp also follows similar trend as that of Ct up to a certain value of kf and gradually

drops with further increase in kf . To analyse the reasons behind such behavior, the flow

around the wing at kf = 3 and 7 are analysed and the obtained findings are presented

in Fig.7.24 and Fig.7.25 respectively.

(a) Down stroke (b) Upstroke

Figure 7.24: Contours of velocity magnitude (Vm) ranging from 1 m/s to 10 m/s along
with the stream line plots around the biomimetic wing flapping at kf = 3, Re = 5× 104,
αf = 5◦, θm = 0◦ and φd = 45◦

From the flow field investigations at kf = 3 presented in Fig. 7.24, it is observed that

the flow is fully attached over the suction side of the wing during down stroke as shown

in Fig. 7.24(a). However, the flow separation over the pressure side of the wing forms

strong vortices with oppositely rotating nature which oppose the suction created over the

suction side. The rise in the instantaneous force coefficients can be observed once these

vortices shed into the wake region. During upstroke as shown in Fig. 7.24(b), massive

recirculation of the flow over the suction side of the wing is observed which makes it

hard for the separated flow to reattach. Due to this the instantaneous force coefficients

drops during this period of the flapping cycle. In overall, it is noticed that the whole

flapping cycle suffers with large flow separation due to the formation and convection

of the aforementioned vortical structures. Because of these reasons, the wing is unable

to generate positive thrust at kf = 3 in combination with αf = 5◦ which is why the

negative values of Ct and ηp are observed in Fig. 7.23 when kf ≤ 3. The flow over

the wing surface at kf = 7 is presented in Fig. 7.25. From Fig. 7.25(a), it is observed

that the flow is fully attached over the wing surface. The suction created due to the

formation of Leading Edge Vortex (LEV) can be observed along the semi span of the

wing. It must be noted that, as kf increases, the time period of the cycle decreases. Due
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to this, the LEV doesn’t have enough time to travel farther downstream. This limits the

detrimental effects of the LEV on the aerodynamic performance of the wing.

(a) Iso surface of vorticity mag-

nitude (at Vz = 50)

(b) Contours of vorticity magni-

tude

(c) Iso surface of Q-criterion (at

Q = 100)

Figure 7.25: flow field investigation of biomimetic wing flapping at kf = 7, Re = 5×104,
αf = 5◦, θm = 0◦ and φd = 30◦
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Figure 7.26: Pressure coefficient variation of biomimetic wing with respect to different
flapping frequencies (kf ) with Re = 5× 104, αf = 5◦, θm = 0◦ and φd = 45◦

From the overall investigations, it is observed that when kf ≤ 3, the dissipation of

the induced vortices in the fluid is gradual and the intensity of these vortices is weak. As

kf increases beyond 3, the number of vortices shed per given flapping cycle increases and

interact with the vortices shed with the previous flapping cycle. This local interaction

of the induced vortices not only increase the velocity of the fluid but also change the

diffusion angle of the vortices in the downstream. This affects the arrangement of the

vortices in the wake region and alters the vortex street from the drag inducing Karman
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Vortex to thrust producing Reverse Karman Vortex. It is observed that the further

increase in non-dimensional flapping frequency gradually increase the intensity of the

vortices however the interference between the leading and trailing edge vortices also

increases. This leads to the formation of more complex and irregular vortices in the

wake region. This inevitably affects the propulsion efficiency (ηp) of the wing which

drops with further increase in kf . From the findings, it is observed that the kf = 5 is

the critical value of the non-dimensional flapping frequency after which ηp drops with

further increase in kf .

From Fig. 7.25(a), it is observed that the flow leaves the trailing edge of the wing by

forming arch (∧) type vortex. As the number of flapping cycles increases, these vortices

shed into the wake region exhibiting alternating pattern as shown in Fig. 7.25(b) and

Fig. 7.25(c). However, when kf increases beyond a certain value (greater than 5 in this

case), it is observed that the interaction between alternating vortices of previous and

present cycle increases. This forms a flat pattern in the wake with respect to increase in

the number of cycles (as shown in Fig.7.14). Due to this, a drop in ηp curve is noticed in

Fig. 7.23 when kf greater than 5. The investigations are further extended to numerically

analyse the variation in the pressure coefficient (Cp) of the wing at different kf . The

obtained findings of Cp with respect to kf are presented in Fig.7.26. It is observed that

the fluctuations in the Cp curve over the suction side is due to the LEV formation at

the leading edge and its convection towards the trailing edge. It is also noticed that the

suction over the suction side of the wing increases with respect to increase in kf . This is

due to the increase in the number of vortices shed per cycle which increases the velocity

in the direction of flow and decreases the pressure on the wing surface which is also one

of the reason for the rise of Ct curve with respect to kf as shown in Fig. 7.23.

7.4 Summary and conclusions

In this chapter, the aerodynamic performance of the biomimetic wing (wing modelling

details are presented in the section 4.2.1) subjected to flapping motion is investigated at

Re =5×104. The flapping motion of this study is defined as the combination of rotation

about the axis (ξ(t)) along the wing’s chord and the rotation about the axis (α(t)) along

the semi span of the wing with a phase difference ((φ(t))). In order to systematically

study the propulsive performance of the biomimetic wing performing flapping motion,

the effect of mean angle of attack (θm), dimensionless flapping amplitude (αf ) and non

dimensional flapping frequency (kf ) are investigated. Additionally, the flow field around

the wing is also analysed to understand the viscous phenomenon of the fluid on the

propulsive performance wing. It is observed that the proposed motion has a remarkable
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influence on the flow structure and improves the propulsive performance of the wing

under certain conditions.

At lower flapping amplitudes (1◦ ≤ αf ≤ 4◦), there is not much improvement in the

aerodynamic performance of the biomimetic wing undergoing flapping motion. When

αf ≤ 5◦, a large flow separation over the suction side of the wing is observed which affects

the aerodynamic performance of the wing. Under the conditions when αf ≥ 5◦ with

kf ≥ 3.5, the Leading Edge Vortex (LEV) which was formed due to the flow separation

contributes towards increase in the suction over the suction side of the wing. Due to

this, the rise in mean thrust and propulsion efficiency is observed under these conditions.

It is observed that, at kf ≤ 3, the formation and the convection of the LEV affects the

thrust force generation of the wing. When kf ≥ 5 with θm = 0◦, the adverse effects of the

LEV are minimized due to the increase in the influence of the wing on the surrounding

fluid. By analysing the flow field at different θm, it is observed that the wing generates

positive thrust when θm ≤ 4◦. Further increase in θm encourages the alternating vortices

to exhibit irregular patterns in the wake region. This eventually leads to the formation

of cluster of vortices in the wake region (especially at θm = 16◦) due to the increase in

the interaction between the alternating vortices which gradually affects the aerodynamic

performance of the wing. By maintaining θm ≤ 8◦ with kf ≥ 3.5, better aerodynamic

performance is witnessed as the alternating vortices exhibiting thrust producing reverse

Karman street.
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Chapter 8

Concluding Remarks

8.1 Conclusions

A biomimetic wing is modelled using the Passer Domesticus wing planform as a refer-

ence. A thin and highly cambered airfoil, Bergey BW-3 airfoil is introduced at different

sections of the planform to model the wing cross-section. In order to compare the aero-

dynamic performance of the biomimetic wing, the conventionally opted wing planforms

namely rectangular and elliptical planforms are modelled with same dimensions and

cross-section. The investigations reveals that the elliptical wing planform may be suit-

able for studies where the drag reduction is primary objective since the average drag

coefficient of the elliptical wing is less than that of the other wings. On the other hand,

the rectangular wing encourages the early flow separation due to the presence of the

sharp edges in the wing planform. This led to a substantial increase in the drag coeffi-

cient and affects the overall lift to drag ratio (L/D) of the wing with respect to increase

in the mean angle of attack. In the case of the biomimetic wing, the change in the

shape along the span allows the wing to have a variable angle of attack with respect

to the incoming flow. This encourages the flow to stay attached longer which delays

the flow separation and improves the overall performance of the wing. This increases

lift coefficient of the biomimetic wing by 57.9% compared to that of the elliptical wing

and increases the L/D ratio by 22.4% compared to that of rectangular wing under same

conditions.

The flow investigations when the biomimetic wing is subjected to pitching motion

reveals that the unsteady vortex shedding over the pressure side of the wing is responsible

for the negative suction. At lower pitch amplitudes (when αp ≤ 200), this oppositely

signed circulation can have significant impact on the positive suction which was created

over the suction side of the wing and eventually affect the thrust force generation of

the wing. Further, the investigations reveals that the increasing the reduced frequency
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beyond 1.5 in combination with αp ≤ 200 can reduce the vortex growth over pressure

side and improves the wing’s performance. The findings from the influence of mean angle

of attack (θm) reveals that the separated flow is unable to reattach to the wing surface

due to large flow separation when θm ≥ 80. Also shifting the pitch axis towards the

trailing edge disrupts the vortex coherence and can adversely affect the instantaneous

force coefficients of the wing.

Further investigations are carried out to analyse the unsteady flow characteristics

of the biomimetic wing when subjected to plunging motion. The findings reveals that,

a remarkable improvement in the instantaneous force coefficients can be achieved at

smaller plunge amplitudes (ha ≤ 0.1) due to superior convection of the vortices along the

vortex core. However, increasing the plunge amplitude increases the adverse interaction

between the leading and trailing edge vortices and eventually affects the variation of

force coefficients. The findings from the influence of the reduced frequency reveals that

the increase in the frequency increases the vortex strength and encourages the vortex

to form closer to the wing surface which eventually roll-up over the suction side of the

wing. This remarkably influences the instantaneous force coefficients and improves the

wing’s performance.

Investigations are further carried out to analyse the aerodynamic performance of the

biomimetic wing and associated flow structure when the wing is subjected to flapping

motion. The flapping motion in the present study is defined as the combination of

the rotations about wing chord and the span with a phase difference. By performing

extensive parametric study, it is observed that there is an asymmetric variation in the

instantaneous force coefficients dispite of having symmetrical flapping kinematics. This

indicates that the optimal performance of the biomimetic wing can be achieved by proper

selection of the operating parameters. At lower flapping amplitudes (when αf ≤ 50),

the wing doesn’t have much influence over the surrounding fluid due to which the LEV

forms farther away from the surface and won’t have much contribution in providing

extra suction. Therefore, by maintaining αp ≥ 50 in combination with kf ≥ 3.5 not

only increases the wing’s influence over the surrounding fluid but also the LEV which

was formed under these conditions contributes in thrust force generation. By analysing

the influence of the mean angles of attack, different types of wake patterns are observed

which affect the drag-thrust transition. The findings reveals that the increase in θm

beyond 80 has detrimental effects on wing’s performance as the wing is no longer in

a position to overcome the drag offered by the surrounding fluid. It is observed that

the alternating vortices form clusters when θm = 160. This indicates that there is an

adverse interference between the alternating vortices which can eventually stalls the

wing’s aerodynamic performance.
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We hope the findings reported in this thesis might be helpful for practical implemen-

tation of innovative wing designs of MAVs to enhance their aerodynamic performance.

8.2 Future work

There are a number of possible ways, the work presented in this dissertation could be

naturally extended:

• Fluid-structure interaction is one of the most important extension to this work. In

the present study the wing is treated as a rigid body. However, a more realistic

approach on the wing’s performance can be explored by incorporating the flexible

nature. This allows a local deformation with respect to the incoming flow and can

lead to a wide variety of investigations.

• Although experimental investigations are extremely expensive but much needed

for practical MAV wing design applications as there is scarce for the three dimen-

sional investigations in the literature. Further analysis in this direction would be

interesting.

• By considering the advancement in the artificial intelligence from the past few

years, one such extension could be the development of tools using Artificial Neural

Networks (ANNs) and Adaptive Neuro-Fuzzy Inference System (ANFIS). This can

help in rapid prediction of the fluid forces when the wing is subjected to different

unsteady conditions.

• Three dimensional numerical and experimental studies can be conducted by con-

sidering multi wing configuration as the works reported in this direction are very

limited in the literature.

• One interesting extension could be training a neural network to achieve robustness

in the wing motion where the wing can automatically change its kinematics with

respect to the surrounding conditions. This can minimize the user interaction.

Further investigations need to be carried out in that direction.
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