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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES

Computational Engineering and Design Group

Thesis for the degree of Doctor of Philosophy

NUMERICAL INVESTIGATION OF FLAPPING FOILS FOR ENERGY
HARVESTING IN FREESTREAM AND GROUND EFFECT

by Sarah A’fifah Abdullah Sani

In recent years, as an alternative to rotary wind turbines, flapping foils or oscillating
airfoils are under increasingly active investigation to extract energy from wind/water. The aim
of this research is to investigate numerically the role of flapping foils on the performance of
energy harvesting in freestream and in ground effect. Their potentials for the generation of
electric power are studied here using two- and three-dimensional, unsteady Navier-Stokes solver
(Ansys Fluent) with a dynamic mesh and sliding interface, in both laminar and turbulent flows.
The performance efficiency and mean power coefficient are investigated here for different
geometry modifications, namely thickness distribution (NACA0012, NACAOQ0015 and
NACAO0018) and trailing edge shape modification (sharp, blunt and round) at a low and a high
Reynolds numbers (Re = 1100 and 5 x 10°) and under different operational parameters, to
explore the effect of geometry change on the energy harvesting performance efficiency. The
purpose of the truncation process is to eliminate the sharp and steep curvature at the trailing edge
portion which may in turn reduces the adverse pressure gradient caused in that area, and thus
helps in delaying flow separation. Modifying the airfoil trailing edge and thickness are found to
have influence on the lift coefficient, especially for a high Reynolds number, and that the blunt
trailing edge has a better efficiency (7% improvement) than the sharp and rounded trailing edges.
For all simulations which have been carried out for the 2D single oscillating airfoils, the highest
efficiency performance is found to occur at reduced frequencies f* = 0.14 — 0.18. This increase
in efficiency is mainly due to the LEVs (leading edge vortices) and a better synchronization

between C,and V, (i.e., good timing in the sign switch of C,and V, ). This study is then

extended to multiple oscillating bodies to investigate the interaction effect on the power
extraction for the two objects in tandem, which are airfoil-airfoil, and cylinder-airfoil. From this
study, it is observed that the multiple configurations of airfoil-airfoil interaction (for low inter
airfoil distance) can generate up to 30% higher efficiency more than the optimal single

oscillating airfoil, and the use of airfoil-airfoil interaction with blunt trailing edge airfoil is found



to have a better energy harvesting/efficiency for the two oscillating bodies, with a total efficiency
of more than 5% in comparison to the sharp airfoil-airfoil. Finally, for the cylinder-airfoil
interaction, the efficiency performance is found to decrease when compared to the two airfoils

interaction.

Next, a parametric study on the ground effect has been conducted to optimise the power
efficiency. The effects of Reynolds numbers at laminar and turbulent flows, the location of airfoil
pitching axis, the distance between the airfoil pitching axis and the ground, the amplitude and
frequency of oscillation on power extraction by the flapping wing were examined using URANS.
From this study, it is found that in all the cases there is an increase in the peak lift coefficient, as
height decreases. However, the improvement in power efficiency in ground effect is found to be
depended mainly on the perfect synchronization of the heaving velocity and the instantaneous
lift that happens at 0.12 < f* < 0.2. For lower and higher reduced frequencies, the increase in
lift is not always reflected in a better power efficiency, as the motion of the airfoil and the forces
are not well synchronized. Finally, a turbulent case with a higher Reynolds number was also
evaluated in ground effect, and it found that an improvement of more than 8% in the energy

efficiency was observed in comparison to its freestream case.

Finally, the 2D simulation has been extended to the 3D simulation at a low and a high
aspect ratios of 3.5 and 7. In addition, the effect of trailing edge geometry variation was
investigated. From these results, it is found that the 2D case over-predict the power efficiency as
compared to the 3D case, which is about 22% and 10% efficiency drop for aspect ratios of 3.5
and 7, respectively for the laminar case, and this is due to the well-known limits of the 2D models
which do not take into account the 3D effects like tip vortex. Increasing the aspect ratio of the
wing leads to a higher contribution to efficiency from heaving, as expected. Turbulent flow also
shows a similar efficiency drop in both aspect ratios. In addition, the effect of the aspect ratio on
efficiency from pitching is found to be negligible for laminar flow but quite significant for
turbulent flow. The 3D geometrical shape variation has also been investigated, where the results
of NACAO0015 sharp trailing edge has been compared to NACAO0018 blunt trailing edge in both
laminar and turbulent flow, and the results of the study are found to agree with the 2D results
where NACAO0018 blunt trailing edge gives slightly better efficiency. Thus, it may be concluded
that, the aspect ratio, 3D effects and geometrical shape modification have influence on the power

efficiency in both laminar and turbulent flows.
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Chapter 1. Introduction

1.1 Motivation of Research

Burning fossil fuel to produce electricity continue to be the major energy resource to
the world (World Energy Council, 2016). The rapid progress in industrial and social
development in the last hundred years have led to a sharp increase in the amount of fuel
being burnt such that more carbon dioxide is emitted than the amount that can be absorbed
by plant. This increased amount of carbon dioxide in the atmosphere has led to the

phenomenon of climate change, which is threatening the human being and environment.

The growing concern for the increasing levels of carbon dioxide being released in the
atmosphere due to burning of fossil fuel has intensified the urge to use renewable sources of
energy. This proposition has been strengthened by concerns for the depletion of the finite
supply of fossil fuel. For instance, oil deposits are estimated to last until 2052 while the
supply for natural gas will approximately last until 2060 (IPCC, 2014). Hence, conversion
from fossil fuel to renewable source of energy can contribute to the improvement of the

environmental sustainability and human wellbeing.

By 2015, only 9.6% of the global energy consumption was obtained from renewable
sources, with almost three per cent of which being attributed to wind, solar, geothermal and
biofuel source. Hydropower also contributes a significant proportion of the global energy

consumption with 6.8% (World Energy Council, 2016).

Existing technologies, which take benefit of these power sources, rely mainly on rotary
machines (Ashraf et al., 2011). There are many turbine farms have been constructed all over
the world. Currently, 85,000 big wind turbines are spinning on earth (50,000 only in Europe)
(Carcangiu, 2008). However, there are some of the drawbacks of using rotary machine. Other
than the excessive space that they take, which could impact the local wildlife, the rotary
turbine also require an average velocity of 2.5-3.6 m/s to be financial viable, while most of

the currents flow at lower speeds (Westwood, 2004).

In recent past years, there have been tremendous research efforts to develop rather

nonconventional renewable resources from design and scale perspective. One such
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technology includes the green energy production through the innovative concept of flapping
foils. As an alternative to rotary turbines, flapping foil systems or oscillating airfoils are
under increasingly active investigation. Moreover, the oscillating airfoil turbines promise
some key potential advantages than the rotary turbines including lower foil velocity (and
hence lower noise and wildlife impact), more effective small-scale and shallow water
operation (Shyy and Liu, 2007). In addition, the geometry structure of the oscillating airfoil
is much simpler and easier to manufacture as compared to the twisted rotor blade of the
rotary turbine (Xiao and Zhu, 2014). Other than that, the oscillating airfoil also provides a

better filling factor when compared to the rotary turbine as shown in Figure 1.1.

i A e S

(a) "™ free surface

T

river bed, seabed

L S S — — — ——— S S S S S S S S S S S

'\A'
24 _ 39.3%
Ay

filling factor (circular vs rectangular):

Figure 1. 1: Rectangular extraction plane versus the rotary extraction plane (Kinsey, 2011)

From this figure, it is shown that two rectangular extraction plane can sweep more area
as compared to an array of rotary turbine placing too close to each other (Figure 1.1 b), which

can only cover up to 78.5% area of rectangular. Unfortunately, this packed turbine is



Chapter 1

unrealistic since the EMEC (European Marine Energy Centre) has fixed the guidelines that
specify the lateral spacing between devices should be two and a half times the rotor diameter
(Legrand and Ltd., 2009) which is equivalent to Figure 1.1 c. Hence, even less area can be

covered by the rotary turbine.

This oscillating airfoil device can be installed for wind and hydrokinetic energy
extraction. However the use as hydrokinetic turbine is more appealing since water has
greater energy density and much better energy predictability, and are particularly suited in

shallow water or in ocean floor.

At the beginning, the flapping foil mechanism was used as a thrust generator for micro air
vehicles (MAV) or autonomous underwater vehicles (AUV). With the growing importance
of renewable energy, the interest in this novel concept has been used in the past few years
for energy harvesting. One notable phenomenon is the involvement of industry in developing
full-scale prototypes including, e.g. the Oscillating Marine Current Energy Converter
initially developed by The Engineering Business Ltd. (The Engineering Business Ltd
Technical Report, 2005) and further improved by Pulse Tidal Ltd.
(http://www.pulsetidal.com), the BioSTREAM device which is developed by BioPower

Systems Pty Ltd., Sydney, Australia (Kloos et al. , 2009), the European Marine Energy
Centre LDT (EMEC) [http://www.emec.org.uk/marine-energy/tidal-devices/], and the
DualWingGenerator which is an active wing rotation modelled on the bionic SmartBird and

developed by Festo Company (https://www.festo.com/group/en/cms/10222.htm).

The idea of using flapping foil to extract energy from the surrounding fluid was
inspired from the observation of dolphins and sharks who are able to swim at high speeds by
extracting energy from the surrounding water (Xiao et al., 2012) and from the observation
of insects such as the small fly which is able to fly for long distances (Lehmann, 2009). The
fluid mechanics of many swimming and flying animals involves the generation and shedding
of vortices into the wake (Dickinson et al., 2000). Observation of the behaviour of such
aquatic animals, insects and birds have led to a better understanding of the surrounding flow
characteristics that result in their forward propulsion and in the extraction of energy to
remain in flight for long periods of time. In flapping foil aerodynamics the vortices are shed
and form either a periodic or chaotic wake pattern, depending on the kinematics, notably
advance ratio and dimensionless flapping amplitude (Thaweewat et al., 2009, Lentink et al.,
2008). McKinney and DeLaurier (McKinney, W., DeLaurier, 1981) were the first to propose
this concept in 1981 and was further investigated by Jones et al. (D. and F, 1997). Since then,

3
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various experimental and analytical studies have been carried out based on this flapping
motion to analyse the aerodynamic forces produced and to study the wing-wake interaction
that takes place during the flapping process (Dumas, G., Kinsey, 2006; Kinsey and Dumas,
2008a; Kinsey et al., 2011a; Campobasso and Drofelnik, 2012; Liu, Xiao and Cheng, 2013;
Wu, Qiu, Shu, Zhao, Wu, et al., 2015). However, the study of flapping foil for power
generation is still largely remained unexplored. Hence, in this study, we will focus on the
oscillating foils under power extraction regime with the aim of improving efficiency.
Understanding the underlying physics of flapping foils in fluid is essential to improve the
efficiency of existing devices and to pave the way for the development of future novel
energy-efficient flapping foil devices which can extract energy from wind, streams, rivers,

and tidal flows.

1.2 Mechanism of Oscillatory Energy Harvesting System

The fundamental motion along with the governing equations to describe the motion of
the oscillating foil has been discussed below. Moreover, the key influential parameter of

oscillating foil dynamics is also summarized here.

1.2.1 Motion Description

Flow over oscillating foil has been analysed by using 2D and 3D symmetrical rigid
section. The flapping motion of a foil, which is based on the translational and rotational

motion, can be classified into three main modes of motion, namely:

i.  Pure heaving motion, h(t) (Figure 1.2 (a)).
ii.  Pure pitching motion, 6(t) around the pivot point x,, from the leading edge of an
airfoil (Figure 1.2 (b)).

iii.  Simultaneously heaving-pitching motion around the pivot point x,, (Figure 1.2 (c)).
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Figure 1. 2: Airfoil undergoing (a) pure heaving, (b) pure pitching, and (c) combine heaving and
pitching motion (Ashraf, 2010)

In this study, the combined pitch and heave case of foil motion are considered in detail.
For flapping foil operating in free stream velocity U, the pitch and heave motion is

mathematically expressed as sinusoidal functions:

0(t) = 0, sin(wt) = 0(t) = O,w cos(wt) (1.2
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h(t) = Hy sin(wt + ¢) = Vo (t) = h(t) = Hyw cos(wt + ¢) 1.2)

where 6, and H, are the pitching and heaving amplitudes, respectively, 6 is the pitching
velocity, Vy the heaving velocity, w is the angular frequency (w = 2rf), f is the oscillating

frequency and ¢ is the phase angle between the pitch and heave motion.

1.2.2 Oscillating Foil - Operating Regimes

The general operating cycle of an oscillating airfoil can be divided into the following
two different regimes, namely propulsion and power extraction. In the last decade, there has
been increasing and intense interest in the aerodynamics of flapping foils for propulsion (D.
and F, 1997; Dippold, 2003; Grue, Mo and Palm, 2006; Platzer, M.F., Young, J., Lai, 2008;
Ashraf, Young and Lai, 2011; Ashraf, Young and S. Lai, 2012; Peng and Chen, 2012)

compared to the use for power generator.

In Figure 1.3, the resultant force R is first constructed from typical lift and drag
forces (right-hand side), and then decomposed into X and Y components (left-hand side).
In the power extraction regimes, the resultant aerodynamics force R has a vertical component
Y, which is in the same direction as the vertical displacement of the airfoil; therefore, the
flow performs positive work and power is extracted from the flow because no negative work
is involved with respect to the horizontal component X (Figure 1.4) (Kinsey & Dumas,
2008Db). This is exactly the case of interest in our work here since our airfoil is actually not
moving horizontally, but only pitching and heaving into a uniform flow from left to right of
speed U,,. On the other hand, in the propulsion regime, a foil works on the fluid through the
vertical component of the resultant force opposing its vertical displacement which results in

a net propulsive force (X toward the left) in the horizontal direction (Figure 1.4).
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D

Figure 1. 4: Propulsion regime for an oscillating airfoil (Kinsey and Dumas, 2008b)

Further, the foil experiences an effective angle of attack a and an effective upstream

velocity Vg, expressed as follows (Kinsey and Dumas, 2008a):

a(t) = tan~? <_ZY®> — 000 (1.3)

Verr(t) = JUE + Vi (£)? (1.4)

Their maximum values in the cycle are expected to have a major impact on the peak
forces generated and on the possibility of dynamic-stall occurrence. The maximum effective
angle of attack a,,,, reached in one cycle is approximated by the modulus of its quarter-
period value (ar/,) (Kinsey and Dumas, 2008a):

wH
tan~! (U—0> -6,

o

(15)

Tmax = |aT/4-| =
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The maximum effective velocity also occurs at the quarter-period:

Vmax = eff(T/4) = Uc?o + (wHO)Z (16)

The effect of foil on the flow regimes is identified by feathering parameter y, which is
defined as (Anderson et al., 1998):

6
X = @ (1.7)

Based on a simple quasi-steady argument, one can show that, y < 1,ar,s >0 is
associated with propulsion regime, whereas y > 1, ar/, < 0 correspond to power extraction
regime and y = 1, ar/, = 0 related to feathering limit regime (Kinsey and Dumas, 2008a).
The feathering limit regime refers to a special case of oscillating airfoil in which neither
thrust is produced nor power is extracted. The motion imposed and upstream flow condition

on the airfoil for feathering limit is shown in Figure 1.5.

Figure 1. 5: Feathering regime of an oscillating airfoil (Kinsey and Dumas, 2008b)

Other than looking at the sign of the forces that the flow generates on the moving
airfoil, it is often one can identify which regime an oscillating airfoil belongs to by just

looking at it wake vortices.

In the case of power extraction, the wake behind the oscillating airfoil will always
experience a drag-producing wake. This means, the drag coefficient Cx will remain positive
throughout the overall cycle. This type of wake vortices was presented by the (Von Karman,
T., Burgers, 1934) where the vortices are arranged in a manner such that the upper row of
vortices consists of clockwise vortices and the lower row of anti-clockwise vortices (Figure
1.6a). Hence, the velocity induced by the wake vortices is in the negative direction which

results in a deficit of the net momentum of the flow downstream the body.
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On the other hand, for propulsion case, the wake vortices transform into a reverse VVon
Karman vortex street, i.e. the upper row of vortices becomes anti-clockwise and the lower
row clockwise as shown in Figure 1.6b. Now, the velocity induced by the wake vortices is
in the same direction as the flow, thereby causing an excess of momentum downstream of
the body. Due to this added momentum, the velocity profile downstream of the body appears
jet-like and the body experiences thrust.

(a) — —
—_— E—
—_— v\—>
— 2 o

—_—

o
(b) . —
— B @' —

R

Figure 1. 6: Instantaneous vorticity field with direction of wake-vortices induced velocities for (a)

power-extraction case, and (b) propulsion case (Ashraf, 2010)

1.2.3 Extracted Power and Efficiency

To quantify the value of extracted power, the time-averaged method is used, where it
defines as integrating the instantaneous power extracted in one cycle. The instantaneous
power extracted from the flow comes from the sum of a heaving contribution P, (t) =
Y(©)Vy(t) and a pitching contribution Py(t) = M(t)6(t), where Y(t) is the vertical
component of aerodynamic force; M (t) is the torque about the pitching axis x,,. The instance
power extraction and the time-averaged extracted power can be expressed as (Kinsey and
Dumas, 2008a):

P(t) = Pp(t) + Py(0) (1.8)
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t+T
P= %ft P(t) dt (1.9)

As the research work includes different layouts of flapping foils for the modified foil
geometries, the use of power coefficient C, provides better comparison. The power
coefficient Cp is defineds as the ratio of the extracted power P to the total available power

in free stream. Hence, the non-dimensional instantaneous power coefficient is defined as:

p

Cp = T v = UZbe [Y(©OVy (©) + M()6(1)]
20T (1.10)

[CLOVY () + C(D)O()c]

1
Uoo

Where b is an airfoil span, ¢ is the chord length, p is density of fluid, C,(t) is the
instantaneous lift coefficient and C,(t) is the instantaneous moment coefficient. These

coefficients can be expressed as:

Y (t)
) =q—— (1.12)
EpUEObc
M(b)
Cu() =7——— (L12)
7pU§obc2

Thus, the time-averaged extracted power in one cycle can be calculated and its non-

dimensional form can be expressed as follow:

Cp = _JHT Cp(t) dt = 1L (1.13)
TJ, EpUé”obc
_ 3 _ 1 t+T )
or
_ _ _ 1t .
Cp = Cpn + Cpg = U_f {CLOVy(8) + Cy (D)6 (t)c} d(t/T) (1.15)
o JO

10
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Similarly, the power extraction efficiency n can be induced from the time-averaged extracted
power. It is represented as the ratio of the total extracted power to the total incoming flow

energy flux within the swept area.

_ I
=7 1 1

- - .

(1.16)

Q| o

Where p is the density of fluid; b is the foil span; c is the chord length; and d is the overall
vertical extent of the foil motion. Power extraction efficiency is defined as the portion of

flow energy flux within the swept area extracted by the system.

1.2.4 Dimensional analysis

The chord-based Reynolds number is applied to both propulsion and energy-extraction
regimes. This fundamental relation can have a large impact on the boundary layer dynamics

of these systems.

The oscillation frequency, f = 27T/W, is an important governing parameter in the
operation of all oscillating-foils, but is non-dimensionalised differently for propulsion and
energy-extraction regimes. For propulsive cases, the Strouhal number, St, is defined as

where f is the frequency of vortex shedding, L is the characteristic length and U, is the flow
velocity. The Strouhal number provides suitable scaling for propulsive cases, where it has
been observed that the oscillation frequency for fins and tails in nature nearly universally
collapse into a range of Strouhal numbers between 0.2 < St < 0.4 (Rohr et al., 2004 & Saadat
et al., 2017). At these frequencies the oscillating-foil applies periodic disturbances to the
fluid corresponding to dominant frequency of the most unstable mode of the wake, leading
to an amplification of unsteady forces (Richards, 2013).

Although the Strouhal number could also be applied to energy-extraction applications, better

scaling has been found with the reduced frequency, f*, defined as

f*=fC/U

o

Here, the chord length of the foil is used as the characteristic length scale. Research by
Simpson, (2009) found that similitude in vortex modes and efficiency for energy-extraction

was possible with the use of reduced frequency, but this scaling failed when the Strouhal

11
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number was used. It has become standard in the context of energy-extraction applications to
therefore use the reduced frequency.

1.3 Thesis Outline

This section provides the snapshot of the research work outlined as following chapters.

Chapter 1 briefly introduces the motivation behind the research study, and describe the

mathematical model of oscillatory motion.

Chapter 2 mainly highlights the state of existing literature in the field of energy
harvesting using flapping foils including the gap in the literature and outline the research

objectives.

Chapter 3 presents an overview of the numerical approach used in this study. It
introduces the numerical method; the unsteady Reynolds averaged Navier-stokes equations,
the solver employed in this study (ANSYS Fluent), as well as the mesh generation by the
Pointwise software.

Chapter 4 examines the numerical study of 2D single and multiple bodies operating in
power extraction regime. For the single foil, this study explores the effect of the geometrical
shape variations (thickness distribution and trailing edge shape modifications) and its
correlation with the foil kinematic parameters and the flow fields around the foil at low and
high Reynolds numbers on the performance efficiency. For the multiple bodies’
configuration, the efficiency performance of the interaction between two bodies is analysed,
including airfoil-airfoil interaction, and airfoil-cylinder interaction. In addition, the effect of

trailing edge geometry variation was investigated.

Chapter 5 deals with ground effects on the performance characteristics of oscillatory
foils. The focus of this chapter is to explore different mechanisms that are beneficial to

maximise the power efficiency.

Chapter 6 extends the work to 3D flapping foils, where the 3D effect, low and high
aspect ratios and the geometrical shape variations are investigated for energy harvesting
performance efficiency. For this study, aspect ratios 3.5¢ and 7c¢ have been examined for
NACA 0015 and NACA 0018 airfoils.

Finally, the major conclusion and findings of this study are summarised and

recommendation for future work is outlined in Chapter

12
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Chapter 2. Literature Review

In this chapter, a review on the current improvement of energy harvesting and flow
interaction with the oscillating component is described. Also, the literature of various
experimental, analytical and computational approaches employed to study flapping foil
aerodynamics are given and the gaps in the previous research are identified as a justification

of this study.

2.1 Basic Design of Oscillating Foil for Energy Harvesting

Energy harvesting devices based on the oscillating foils have been classified into three
categories (Figure 2.1) namely (i) prescribed motion, (ii) semi-passive motion and (iii) fully

passive motion.

i.  Prescribed motion

In the absence of the actuation mechanism these devices are mainly theoretical.
However, these idealised models are simple and easier to formulate mathematically,
and thus are preferred in existing theoretical and numerical studies. The results
obtained can provide some useful theoretical insights and guidance for real devices
design at preliminary stage. Because of the specified pitching and heaving motion,
the power generation for this type of device is equal to the available aero-/hydro-
dynamic power input into the system. Most of the analysis of the oscillating motion
of energy harvesting devices has been conducted in this mode (Kinsey and Dumas,
2008a; Ashraf et al., 2009, 2011; Zhu, 2011; Campobasso and Drofelnik, 2012;
Usoh et al., 2012; Xiao et al., 2012; Le, Ko and Byun, 2013, Xiao and Zhu, 2014),
by prescribing a frequency, amplitude of pitch and heave mode. This mode of
motion has also been used in the current study. This approach has been broadly used
as the mathematical model to represent the extraction efficiency is simplified
greatly. Moreover, the results obtained can provide some useful theoretical insight

and guidance for real devices design at preliminary stage.

ii.  Semi-passive motion

Semi-activated systems are characterized by prescribing the pitching motion and
allowing the time-dependent forces and moments acting on the body to induce the
plunging motion of the oscillating body. As a result, the foil undergoes heaving
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oscillations which may be used for energy extraction. The existing flapping type
energy harvesters in industry are often based on this design. Hence, energy input is
needed to activate the pitching motion, whereas energy harvesting is achieved
through the resulting heaving motion generated by fluid dynamic lifting forces.
Such systems have been examined in literature (Isogai et al., 2003; Shimizu, Isogali
and Obayashi, 2008; Zhu and Peng, 2009; Abiru, H., Yoshitake, 2011; Huxham,
Cochard and Patterson, 2012, Wu et al., 2014, Deng et al., 2015, Javed et al., 2018)
as these provide a more realistic overview of the energy extraction efficiency of
oscillating bodies. Zhu and Peng (2009) examined the vorticity control mechanism
around the foil. They proposed that energy harvesting capacity could be increased
if leading edge vortex is partially recovered after being detached from the airfoil.
(Abiru, H., Yoshitake, 2011) who studied the semi-activated energy extraction
system by using a spring-dashpot model (Figure 2.1(b)) observed that in such
systems a positive net energy extraction efficiency is obtained only if the energy
during the heaving motion is greater than the energy required to active the pitching
motion. Wu et al. (2014) carried out a detailed investigation of wall effects on
energy extraction performance. Deng et al. (2015) studied the inertial effects on
semi-passive foil energy harvesters, and Javed et al. (2018) investigated the effect
of low Reynolds numbers on energy extraction performance of semi-passive

flapping foil.

Fully passive motion

Fully passive systems depend on the instabilities present in the flow to induce
motion in the energy extraction devices or in other words the pitch and heave
motions are generated directly by fluid forces. Thus, these systems do not require an
actuation system and therefore all the energy extracted from the system can be used
for the generation of electricity. Previous studies which have used this system are
(Jones, Davids and Platzer, 1999; Jones, K. D., Linsey, K., Platzer, 2003; Platzer,
M.F., Young, J., Lai, 2008; Peng and Zhu, 2009; Young, J., Ashraf, M. A., Lai, J.
C. S., Platzer, 2010; Kinsey et al., 2011a; Zhu, 2012; Young et al., 2013, Ghasemi
et al., 2016). Young et. al. (Young, J., Ashraf, M. A., Lai, J. C. S., Platzer, 2010;
Young et al., 2013) have showed that, the promising efficiencies reported for
prescribed motion and semi-passive motion studies by (Kinsey and Dumas, 2008a;
Ashraf, M. A., Young, J., Lai, 2009) could be replicated with the fully flow driven
motion. Young et al. (2013) proposed a flywheel and linkage mechanism to
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constraint the pitching motion of foil with heave motion. They observed that
controlling the timing and location of leading edge vortex and its interaction with
trailing edge can result in significant improvement in the efficiency of the system.
Similar model of a tethered undersea kite was studied by Ghasemi et al. (2016) for
power generation. In other fully passive systems, pitch and heave motions of the foil
are independent of each other and oscillation amplitudes are controlled using linear
and rotational springs and dampers (e.g. Peng and Zhu (2009), Zhu (2012)).

(a) (k) (c)
forced
pitching
forced
pitchin

rator
tj genera

generator

forced heaving /_/ 7

Vs

Figure 2. 1: Schematics (a) a system with fully prescribed motion, (b) a system with semi-passive

motion, (c) a system with fully passive motion (Xiao and Zhu, 2014)

2.2 Influence of Parameters on Energy Harvesting using Oscillating

foils

From the description in section 1.2, it is clear that the oscillating airfoil system operate
under two motions which are known as heaving and pitching motion. Since 1981, Mckinney
and Delaurie has applied these two motions in the energy harvester oscillating system and
the development of these two motions have been studied extensively previously in the

oscillating airfoil for propellers (Anderson et al. 1998, Read et al. 2003).

Hence, to assess the feasibility of using oscillating foils to harvest energy from
renewable sources, studies have been carried out to assess the optimum efficiency that is
produced when varying parameters such as the oscillating frequency, the heaving and
pitching amplitudes, the location of the pitching axis, the shape of the foil, the magnitude of
the Reynolds number, the aspect ratio (AR) of the foil and the use of multiple configurations.

The efficiency obtained from these studies is often compared to the Betz efficiency (59%)
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which is the maximum theoretical efficiency of wind turbines as calculated from the actuator
disc theory.

Oscillating Freguency

The effect of oscillating frequency in the power extraction region is the same as in the
propulsion region in which, when other parameters have been fixed, the efficiency of the
system will increase proportionally with the frequency f. After it reach the peak value, the
efficiency will decrease if the frequency is further increase (Campobasso et al., 2013). The
same phenomena can be observed in the present study. Moreover, Dumas and Kinsey
(Dumas, G., Kinsey, 2006; Kinsey and Dumas, 2008a) have shown that the oscillating
frequency determines whether the heaving velocity of the foil is in synchronization with the
vertical force acting on it. When the frequency is set such that both parameters are positive
or both are negative, energy is extracted throughout the whole cycle. In the case when the
two parameters are synchronised for only a small portion of the cycle, the energy extracted
during the synchronized region is consumed when they are out of sync. Such a
synchronization between the pitching amplitude and the pitching moment is also valid. In
addition, by varying the oscillating frequency, Zhu and Peng (Zhu and Peng, 2009) have
shown that, at the optimum frequency, interaction between the leading edge vortices and the
surface of the airfoil takes place close to the trailing edge. The low pressure generated as a
result of this interaction will produce a pitching moment. Maximum energy efficiency is
achieved when the direction of this pitching moment corresponds to the motion of the airfoil.
A performance comparison between various non-sinusoidal motions was performed by Lu
et al. (2014, 2015) and Xie et al. (2014, 2016), and their results showed that a suitable
combination of non-sinusoidal heaving motions and non-sinusoidal pitching motions
provides superior energy extraction performance, and a relatively large oscillating frequency
and pitching amplitude should be used for optimal energy extraction performance.

Heaving Amplitude

The heaving amplitude influences the area through which the foil oscillates thereby affecting
the power available. This implies that increasing the heaving amplitude will result in an
increase in the power coefficient (Kinsey and Dumas, 2008a, Xiao et al., 2012). However,
this trend is not always true for efficiency especially when the heaving amplitude already
reach one chord length (c). This is because, by increasing the heave amplitude, the swept

area (d) will keep increasing while from Equation (1.16), the relationship between



Chapter 2

efficiency and total swept area is inversely proportional, hence this contributes to the
efficiency decrease.

Pitching Amplitude

The energy extracted from the flow by the heaving motion is generally higher that that
extracted through the pitching motion (Dumas, G., Kinsey, 2006; Kinsey and Dumas, 2008a;
Xie, Lu and Zhang, 2014). However, Zhu, Haase et al. (Zhu, Haase and Wu, 2009a) have
shown that increasing the pitching amplitude does increase the efficiency of the system. This
was confirmed by Zhu and Peng (Zhu and Peng, 2009) who used computational simulations
to exhibit how the pitching amplitude influences the location where the leading edge vortices
interact with the airfoil. At low pitching amplitudes the flow remains attached to its surface
throughout the entire cycle while at higher amplitudes, flow separation takes place causing
shedding of leading edge vortices. For maximum efficiency, the pitching amplitude is such
that vortices interact with the airfoil surface as close to the trailing edge as possible.
Furthermore, the direction of the pitching moment induced on the airfoil should match the
instantaneous pitching motion. This is comparable to the effects that varying the oscillating
frequency has on the shedding of leading edge vortices as described by Xie, Lu et al. (Xie,
Lu and Zhang, 2014).

By using numerical modelling, Xie, Lu et al. (Xie, Lu and Zhang, 2014) have shown
that for an airfoil having a particular Strouhal number, there is an optimum amplitude beyond
which the efficiency of the system decreases. A negative correlation is also found between
the Strouhal number, there is an optimum pitching amplitude beyond which the efficiency
of the system decreases. A negative correlation is also found between the Strouhal number

and the pitching amplitude so that as the Strouhal number increases, the maximum pitching

0.87mc 1.487mc
rr Oomax = 15°for St =
0

amplitude  decreases (HOmax = 25°for St = and

0

Oomax = 10° for St = ZHE) The best energy extraction performance presented by Xie, Lu
0
et al. (Xie, Lu and Zhang, 2014) was achieved for a pitching amplitude in the range of 5 —
10° and a Strouhal number in the range of (2.4— 4 xg) at which the mean power
0

coefficient was found to be equal to 0.9.

Pitching Axis

The location of the pitching axis is considered an important parameter in maximizing the

energy efficiency of the system. For most of the oscillating foil system, the pitching axis is
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located at one third or one quarter chord length from the leading edge (Kinsey and Dumas,
2008a). This is because the location of the pitching axis has been shown to be attributed to
the shedding of leading edge vortices. Foils pitching about a point closer to the leading edge
shed vortices at an earlier period within the cycle. Similar to that described for the oscillating
frequency, the shedding of the vortices can influence the synchronization between the
plunging velocity and the vertical force acting on the foil thereby influencing the efficiency

of the system.

Airfoil Shape

At the moment, the existing study related to different airfoil shapes focusses on laminar flow
field (Linsey, 2002; Kinsey and Dumas, 2008a; Usoh et al., 2012). The one that commonly
cited in literature is the study that has been carried out by Kinsey and Dumas (Kinsey and
Dumas, 2008a) (Re = 1100) on three symmetric airfoils — NACA0002, NACA0015 and
NACAO0020. The conclusion they have made is that the correlation between the efficiency
of energy extraction and the thickness of the airfoil was weak. Earlier study by Linsey
(Linsey, 2002) performed a very limited comparison of NACA0010, 0014 and 0018 foils.
He found a measurable effect on power and efficiency by reducing the foil thickness. He has
concluded that thickness distribution does affect the efficiency performance, with the thinner
airfoil performing better. However, this study has ignored the flow separation because of the
viscous effect and only consider the inviscid flow. Hence, it is believed that the validity of
this conclusion may not be justified. Le et al. (2013) investigated the effect of corrugation
combined with camber of the foil. They found that the best corrugated section (008-100)
provided approximately 6% more efficiency than a NACAO0012 section, but was still inferior
to a NACAO0008 section.

Although some factors which influence the energy harvesting performance of the flapping
foil generator (including foil kinematics, flow physics effects, flapping motions, etc) have
been widely discussed, only a few brief studies have been done to examine whether foil
thickness might have any impact on the power generation efficiency. In addition, the studies
on the effects of foil shapes for other NACA series on energy harvesting performance and

its mechanical mechanism are also lacking.

Reynolds Number

Most of the existing studies focus on the performance of semi-passive oscillating foils at low
Reynolds numbers (~1000). As pointed out by Deng et al. (2015), the results at low Reynolds
number cannot be directly applied to actual engineering projects. A few groups have
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computationally explored moderate and higher Reynolds numbers, including Jones, Linsey
et al. (2003), Dumas and Kinsey (2008a), Ashraf et al. (2011), Xiao et al. (2012),
Campobasso et al. (2013), Kinsey and Dumas (2015), and Javed et al. (2018). Jones, Linsey
et al. (Jones, K. D., Linsey, K., Platzer, 2003), investigated the effect of increasing the
Reynolds number of 1 x 10* and 2 x 10° for a NACAO0015 airfoil, and have shown that
increasing the Reynolds number of the system increases the energy extracted from the flow.
This result was validated by Dumas and Kinsey (Kinsey and Dumas, 2008a) who have
shown that increasing the Reynolds number from 500 to 10,000 can result in a 10% increase
in the energy efficiency of the system. Ashraf et al. (2011), Xiao et al. (2012) explored non-
sinusoidal effects at moderate Reynolds numbers of 10,000-20,000 using a two-dimensional
Navier-Stokes solver. At much higher Reynolds numbers, Campobasso et al. (2013)
compared low (Re = 1100) and high (Re = 1.5 * 10°) Reynolds number results of a pitching
and heaving foil using a compressible Navier-Stokes solver with a k — w Shear stress
transport model, and found that the two regimes offer different dynamics in terms of optimal
parameters for energy harvesting. Kinsey and Dumas (2015) used an unsteady Reynolds
Averaged Navier-Stokes (RANS) model with a Spalart-Allmaras turbulence closure for two-
dimensional and three-dimensional hydrofoils to investigate tip effects and found good
agreement with experimental results from a 2 kW prototype with two-foils in a tandem
configuration. Javed et al. (2018) investigated the effect of low to moderate Reynolds
numbers ranging from 5000 to 50,000, on energy extraction performance of semi-passive
flapping foil using a meshfree method. They found that net power extracted by the system
increases at high Reynolds numbers. Moreover, re-attachment of leading edge separation

vortex plays an important role in the overall system performance.

The increase of power efficiency at high Reynolds number is believed to be caused by
the presence of large flow separation due to dynamic stall which creates more lift and power
(Jones, K. D., Linsey, K., Platzer, 2003). Moreover, the different characteristics of the
turbulent and laminar boundary layers are also contributing to the higher efficiency as the
Reynolds number increases. The additional effective viscosity associated with the turbulence
model delayed the formation of leading edge vortices (LEV), so that a much larger leading-
edge suction was maintained during the up and downstrokes, which is beneficial to energy
extraction during these portions of the flapping cycle. The later formation of the LEV meant
that it was not convicted as far aft by the time of the pitch reversal compared to the laminar
case, and so the interaction with the trailing edge was also quite different (Young et al.,
2013).
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To conduct computational studies at high Reynolds number using CFD software such
as Fluent, turbulence models must be used. The choice of the turbulence model is largely
influenced by the state of the flow. For oscillating foils, the turbulence model used should
provide reliable results for unsteady flows with large boundary layer separation and vortex

shedding.

Three-Dimensional Effect

The real foil always has a limited aspect ratio and thus the three dimensional flow structure
can be generated due to the end effect. Taira and Colonius (2009) used direct numerical
simulations (DNS) to investigate the wake structures of rectangular plates with different
aspect ratios and non-rectangular plates under the state of inclination. von Ellenrieder et al.,
2003; and Parker et al., 2007 performed experiments to discuss the effect of amplitude and
frequency of an oscillating finite-span wing on three-dimensional vortex structure at low
Reynolds number. Except for rectangular plate, there are many studies on oscillating plates
of other shapes, such as the circular disk (Yang et al., 2014; Tian et al. 2017a,b), the elliptic
disk (Dong et al., 2006; Yilmaz and Rockwell, 2012; Harbig et al., 2013; Wang et al., 2016)
and the trapezoidal plate (Green et al., 2011). However, Zhang (2017) specially pointed out
that the problems on how to make an oscillating foil generate maximum thrust and have

energy harvesting efficiency up to the optimal state are still unclear.

For the 3D simulations with varying aspect ratios, most of the previous studies focused
mainly on the thrust/propulsion, i.e., to understand how flapping low-aspect-ratio foils work
for propulsion (Triantafyllou et al. 1991, Dong et al. 2006, Bleischwitz et al. 2015). For the
energy harvesting, Simpson, Licht et al. (Simpson et al., 2008), Simpson, Hover et al.
(Triantafyllou et al., 2008) and Haase et al. (Zhu, Haase and Wu, 2009a) have shown that
increasing the aspect ratio of the airfoil has a positive effect on the energy efficiency of the
system. Using water-based experiments for airfoils having aspect ratios of 4.1, 5.9 and 7.9,
Simpson, Lich et al. (Simpson et al., 2008) reported that a maximum efficiency of 52 + 3%
is achieved with the airfoil having an aspect ratio of 7.9 for a Strouhal number of 0.5 while
Simpson, Hover et al. (Triantafyllou et al., 2008) reported a maximum efficiency of 43 +

3% for an airfoil under the same conditions but with a Strouhal number of 0.4.

Zhu, Haase et al. (Zhu, Haase and Wu, 2009a) investigated the system at lower
Strouhal number (St < 0.12) in order to be able to use the 2D thin-plate model and the 3D

boundary-element model which assumes negligible leading-edge separation. Using this

technique, the maximum efficiency was calculated to be equal to ":Zﬁ where c is the chord
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length of the airfoil, 6, is the pitching amplitude, w is the angular frequency and U, is the
free-stream velocity. Using this analysis, a foil having a pitching amplitude of 30°, aspect
ratio of 10 and impinging free-stream velocity of 2ms~1 has a maximum efficiency of 25%
which is much lower than the Betz efficiency. Hence, for both cases it has been shown that
the increase in the energy efficiency of the system achieved through an increase in the aspect

ratio is less compared to that produced when considering other parameters.

Kim et al. (Kim et al. 2017) investigated the energy harvesting performance and the flow
structures of a 3D hydrofoil oscillating in pitch and heave experimentally in a water flume
for different aspect ratios, Kinsey et al. (Kinsey et al., 2011b) designed, built and
experimentally tested a hydrokinetic turbine using oscillating hydrofoils to extract energy
from water currents/tidal, and Deng et al. (Deng et al. 2015) investigated numerically the
effect of variation of the aspect ratio and the structure of pitching motions on the energy

extraction efficiency and wake topology of flapping hydrofoils in laminar flow.

Multiple Configurations

The majority of studies are concentrated on single foil devices. A few works discussed the
multiple foils in tandem or parallel configuration. The propulsive performance of tandem
flapping wings has been studied by Akhtar et al. (2007), Gong et al. (2015), Gravish et al.
(2015), Pan et al. (2016) and Muscutt et al. (2017). In addition, Kumar and Hu (2010)
investigated flow structures in wakes of tandem flapping wings. Peng et al. (2018a,b) studied
the propulsion efficiency of two or more self-propelled flapping flexible wings. For the
energy harvesting, the efficiency of oscillating foils in tandem or parallel configuration has
been investigated by some researchers (e.g., Kinsey and Dumas (2012) and Karbasian et al.
(2015).

In 2002, Lindsey (Linsey, 2002) suggested in his experiment study that operating
oscillating airfoil in tandem configuration might have a positive impact on the efficiency
performance. The same suggestion has been given by Jones (Jones, K. D., Linsey, K.,
Platzer, 2003) and Platzer (Platzer et al., 2008). Lefrancois (2008) has investigated the power
extraction performance of dual-foil turbine in both parallel and tandem configurations. He
run the numerical simulation by using an in-house Lagrangian vortex method at low Reynold
number (Re = 1100). He found that tandem configuration give better efficiency as
compared to parallel configuration which are 41% and 31% respectively. This happened due

to the overall system sweeping area, d. For tandem configuration, the total sweeping area is
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the same as single airfoil, whereas for parallel configuration, it is not and the sweeping area
Is more. Hence, it is effecting the calculation of efficiency as shown in Equation (1.16).

In 2011, Ashraf, Young et al. (Ashraf et al., 2011) have conducted numerical simulations
and shown that by using a tandem configuration, the energy efficiency of the multiple-foil
configuration was increased to 59% when compared to the efficiency extracted by a single

airfoil.

Kinsey and Dumas (2012) have further simulated tandem configurations to determine
optimum spacing and phase between upstream and downstream airfoils. They found that a
parameter global phase shift (i.e. combination of airfoil spacing, L, and phase, ¢) allowed
predictions of different favourable spatial configurations. They also emphasised the critical
role in terms of power extraction performance played by the downstream airfoil position

relative to the upstream airfoil.

Later in 2013, Liu, Xiao et al. (Liu, Xiao and Cheng, 2013) have also shown that
placing wings in twin configuration have a positive effect on the increase in energy
efficiency of the system. The maximum efficiency is found to increase by decreasing the gap

between the two airfoils as a result of a stronger vortex interaction.

Karakas and Fenercioglu (2017) experimentally investigated the inter-foil phase
effects on power generation of a two-foil fixed set of kinematics and obtained an optimal
inter-foil phase of 135 from the observation of wake-foil interactions through an inter-foil
phase variation of -180° to +180°. Numerical work from Ma et al. (2019) has coupled the
motion of the leading and trailing foils in passive tandem arrays and noted how the inter-foil

distance impact the system dynamics.
Ground Effect

One of the parameters that is beneficial for a wing to enhance the lift generation and reduce
the drag formation is the ground effect (the wings that placed close to the ground). This
behaviour is usually explained by two fundamental changes. The first one is the limitation
of the trailing wing tip vortices imposed by the ground, which decrease the downwash
intensity cause by those vortices, leading to an increase in the effective angle of attack of the
wing and a reduction in the induced drag. The second modification is the presence of an
effective air cushion that leads to an additional lift (Cui and Zhang, 2010). This is explained
by the venturi-type phenomenon that modifies the pressure on the lower surface of the wing,

which is closer to the ground, due to the modification in the area ratio. These both effects
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lead to increase in the lift-to-drag ratio. However, it is important to remember that all the
simulations carried out in the present work (for ground effect) are in two-dimension (Molina
and Zhang, 2011; Truong et al., 2013; Wu, Yang, et al., 2015; Molina, Zhang and Alomar,
2016), therefore only the venturi effect will be felt. A great number of fields take advantage
of this effect, such as racing cars and ‘wing-in-ground’ craft, which can operate with more
efficiency than conventional aircraft. However, usually the aim on each application is
different: for ground effect racer cars, the objective is to increase the generation of lower
pressure under the wing close to ground, whereas the aircraft application is more focus on

the desirable increase of the lift-to-drag ratio, increasing the overall performance.

Most of the studies related to ground effect are largely focused on fixed wings. Only
few works are about the ground effect on flapping/oscillating wings. Maryossef and Levy
(Moryossef and Levy, 2004) numerically investigated this field analysing the flow field
around vertically oscillating airfoil (only heaving, no pitching) close to the ground. Their
conclusion is that, when the airfoil is close to the ground and it is subjected to low frequency
oscillation, the viscous effect become dominant, however, at high frequencies the inviscid
behaviour is acceptable. Gao and Lu (Gao et al., 2008) studied the ground effect applied to
insect wing on a normal hovering flight (rotating and translating horizontally) using an
immersed boundary-lattice Boltzmann method at Re = 1100. They used an elliptic foil to
investigate how parameters such as the distance between the foil and surface, the phase
difference between rotation and translation and the amplitude of oscillating rotation would
affect the aerodynamic forces. They observed three different force regimes: force
enhancement, force reduction and force recovery. The first type is when the clearance
between the airfoil and the ground is small enough, in which the lift force is increased. As
the clearance increases, the flow enters in the force reduction, in which the lift force is
remarkably reduced. The force recovery is denominated in the region where the force
recovers to the level without ground effect, when the clearance continuous to increase. An
experimental study by (Truong et al., 2013) investigated the aerodynamic performance of
the beetle take-off with considering the ground effect. They observed an increase of 18.4%
in the total vertical force production for the first stroke and 8.6% for the second stroke.

The study of ground effect on flapping foil for energy harvesting is very limited. One
of the study by Zhu et al. (Zhu, Haase and Wu, 2009b) using the force pitching model
investigate numerically the flow around oscillating foils in 3D applying nonlinear boundary-
element model. They found that the presence of the ground increases the heaving response

and notably enhances both the power and efficiency. The research findings of (Molina
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2011a, 2011b), in case of purely plunging airfoils under the influence of ground classified
the response of aerodynamic coefficients in three different regimes by varying the ground
clearance between airfoil and the ground. The numerical findings indicate that maximum
downforce is obtained at high effective angles of attacks. The downward force initially
increases following a reduction as the ground clearance is further reduced from a critical

value.

A heaving airfoil can improve the performance in the force reduction region at certain
frequencies (Molina and Zhang 2011a). The pitching motion could also prove useful to
reduce the loss of downforce in the force reduction region. It is also of capital importance to
study the case of combined pitching and heaving, because both motions usually appear
simultaneously.Very limited information is available on the ground effect related to flapping

wings

Recently, Wu et al. (Wu, Yang, et al., 2015) investigated the ground effect on the
power extraction by flapping wing based biomimetic energy generator in a laminar flow
numerically using the immersed boundary-lattice Boltzmann. In their simulation, a
NACAOQ015 airfoil was placed in a laminar flow imposed a harmonic heave and pitch
motions at Re = 1100. By changing the clearance between the airfoil and the ground, the
amplitude and frequency of motion, the power extraction was systematically evaluated.
Compared to the situation without ground effect, they obtained an improvement in the
maximum efficiency of 28.6%. They also concluded that most of the increase from the

proximity of the ground came from the heaving motion rather than pitching motion.

Therefore, it is clear that there is a lack of information on the influence of the ground
effect in the energy extraction of flapping wings; and on the understanding of how some key
parameters would change the energy extraction efficiency when the wing is in close

proximity to the ground. The only paper available has only worked with the laminar flow.

Shape Flexibility

Up till now, most of the work on rotatory wing structures or oscillating foils for energy
extraction are for rigid structures. Recent studies conducted on the wing flexibility for
propulsion performance have shown that flexibility could improve the aerodynamic
efficiency in flapping wing significantly. Yamamoto et al. (Yamamoto et al. 1995) have
studied the propulsion performance of a flapping foil with the front part rigid and the rear
part flexible, and it was reported as much as 27% increase in propulsion efficiency compared
with a rigid foil. Heathcote et al (Heathcote, Martin and Gursul, 2004) , and Mazaheri &
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Ebrahimi (Mazaheri et al., 2012) carried out experiments on the wing flexibility using
heaving-only airfoils or membranous wing, and found that both chordwise and spanwise
deformations can have positive impact on the thrust performance of the wing. In 2014,
Cleave et al. (Cleaver et al., 2014) studied experimentally the thrust enhancement due to
flexible trailing-edge of plunging foils (short thin plates attached to the foil have been tested
for a wide range of flexibilities), and found up to 28% more thrust than the rigid case.
Recently, Bleischwitz & Ganapathisubramani (Bleischwitz, Kat and Ganapathisubramani,
2015, 2016) performed an experimental study on the FSI of membrane wings near the
ground. They found that ,higher aspect-ratio wings exploit better the benefit of wing
flexibility with a gain of 60% for an AR (Aspect Ratio) of 2 and 31% for an AR of 1
(compared to rigid flat plates) for propulsion. In addition, membrane wings in ground effect
are found to be up to 30% more efficiency than rigid flat plates. In the area of animal
propulsion, previous studies on the role of flexibility of insect and bat wings suggest that
some degree of flexibility can achieve a higher level of aerodynamics propulsive thrust; and
this could have interesting implications to design, e.g., for micro aerial vehicle (MAV) and
autonomous underwater vehicles (AUV) [Sfakiotakis et al. 1999, Triantafyllou et al. 2004,
Fish et al. 2006]. In contrast to various studies on foil flexibility for performance
enhancement in thrust, there are only a few studies on the effects of foil flexibility on the

performance of flapping foil power generation.

For this work, however this effect was initially planned but has not been considered
due to time constraint. In this thesis, we have to compromise on this parameter since the
computational involvement is also expensive and need comprehensive work due to mesh

distortion arising from flexible oscillating foil in heaving and pitching.

2.3 Numerical approach

Nowadays, Computational Fluid Dynamics (CFD) based on high fidelity methods is
the main method used for researches on the dynamics of flapping foils or plates. However,
low fidelity methods developed earlier are still used today. For example, the panel method
is one of the widely used methods in early days (Jones and Platzer, 1997; Jones et al., 1999).
Guglielmini and Blondeaux (2004) solved governing equations of an oscillating foil using a
stream-function vorticity formulation for a two-dimensional problem. This method is also
adopted recently (Zhu et al., 2009a; Zhu, 2011, 2012). Andersen et al. (2017) performed the
numerical simulations of wake structure of a flapping foil in 2D flow using the particle
vortex method (PVM). This method has been described and validated by Walther and Larsen
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(1997), Larsen and Walther (1997), Rasmussen et al. (2010) and Hejlesen et al. (2015). The
use of low-order methods are more attractive given their low computational cost (despite the
accuracy drawbacks due to using laminar models), and high fidelity CFD methods are more
desirable for their higher accuracy despite the increased computational load. Due to maturity of
computer technology, CFD has become the main method to investigate fluid problems. The
implementation of CFD is mainly based on using some commercial or open-source codes,
such as Fluent, CFX, StarCCM+ and OpenFOAM, most of which are based on finite volume
method (FVM) and a few of which are based on finite element method (FEM) and finite
difference method (FDM). Boiron et al. (2012) used the FEM to simulate the flow around
the foil and then compared the hydrodynamics of a flapping foil through experimental and
numerical methods. Yu et al. (2012, 2013) used an unsteady compressible Navier-Stokes
(N-S) solver with high-order spectral difference (SD) method to investigate the wake
structure and the effects of foil thickness and kinematics on flapping foil propulsion.
Medjroubi et al. (2011, 2012) simulated the 2D unsteady flow around a heaving NACAQ0012
airfoil using the spectral element method (SEM), which reproduced well the wake flow
behind the heaving foil. Wu et al. (2014, 2015a,b,c) used the immersed boundary-lattice
Boltzmann method (IB-LBM) to simulate the flow over the foil and the energy extraction
performance. Yu et al. (2017) investigated the effect of kinematic parameters on the
propulsion performance of an oscillating foil using FVM with the Spalart-Allmaras (S-A)
turbulence model. Javed et al. (2018) used the hybrid approach based on meshfree RBF and
Cartesian finite difference method to study the effect of low Reynolds numbers on energy
extraction performance of semi-passive flapping foil. For the numerical study of an
oscillating foil, moving mesh method is an essential issue for solving these types of

problems.

2.3.1 Turbulence models

There are three kinds of methods to simulate the turbulence flow of flapping foils,
namely Direct Numerical Simulation (DNS), Large Eddy Simulation (LES) and Reynolds-
Averaged Navier-Stokes (RANS). Based on the literature review, RANS is the early method
used to solve the issues of turbulence. For flapping foils, as the flow is unsteady, URANS
(unsteady RANS) has been used for a wide range of Re. The use of DNS can accurately get
all information of turbulence and do not consider the closeness of the equations, but it is
limited to low Re and simple boundary problems due to its high demand on computational
resources. Actually, LES is superior to RANS/URANS in terms of model construction and

is computationally more efficient than DNS (although its computational cost is still high),
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but its development is not yet mature and is only used for simple shear and tube flows. For
energy harvesting, at the moment there are very limited research on using DNS and LES,
and they are used with low Reynolds numbers (Ribeiro et al., 2018, Zhongying et al, 2019),
and coarse meshes. Amongst the turbulence models used for flapping foil are the single-
equation Spalart-Allmaras (S-A) turbulence model, k- turbulence model, k-o two-equations
SST turbulence model and zero-equation Baldwin—Lomax (B-L) algebraic turbulence
model. Tuncer and Kaya, (2005, 2007) used the B-L algebraic turbulence model to optimise
the thrust and propulsion efficiency of flapping foils using different methods. Miinch et al.
(2010) proposed a method using SST k-o and k-¢ turbulence model that can predict fluid-
structure coupling for a rigid hydrofoil with forced and free pitching motions. Kinsey and
Dumas (2012) carried out a numerical research based on 2D unsteady RANS simulations
using S-A model and analysed the different tandem configuration for two oscillating foils
within a hydrokinetic turbine to maximise the energy harvesting efficiency. Liu et al. (2013)
used a bio-inspired flexible flapping foil to discuss the energy harvesting performance, using
K- turbulence model for unsteady RANS closure. Lu et al. (2013a,b) used SST k- model

to investigate the effects of asymmetric sinusoidal motion on pitching airfoil aerodynamics.

For our simulations, the unsteady-RANS is used as it offers improved predictions of flow

separation under adverse pressure gradients, which is mainly the case for oscillating foils.

2.4 Importance of this Study/Contribution

From the survey of the literature review of this emerging field of study, it has been
found that the majority of the work is mainly focused on the standard 2D rigid foil devices
for energy harvesting at low and intermediate Reynolds number. In this study, numerical
simulations using CFD have been carried out on oscillating bodies in 2D and 3D to reveal
the flow aerodynamics and their potential for power extraction efficiency. Mainly, we have
explored the effect of trailing edge geometry modifications, ground effect, and 3D effects
on the potential energy harvesting performance and efficiency of oscillating foil system at
low and high Reynolds numbers. The following ‘gaps’ have been identified and they will be

investigated in this thesis.

e The effect of geometrical shape modifications on energy harvesting potential. At the
moment, studies on foil shape are mainly focussed on different thickness distribution
for laminar flow. This study explores the effect of different foil thicknesses
(NACA0012, NACA0015 and NACAO0018) and different trailing edge shapes
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modification at laminar and turbulent flow fields, under different operational
parameters, on the energy harvesting performance efficiency. For the modified foils,
three different trailing edge modifications (blunt, round and sharp) are proposed for
the oscillating foils in this work. These three NACA profiles were chosen
(NACAO0012, NACAO0015 and NACAO0018) as they provide benefit in structural
rigidity.

This work is inspired from the previous study on trailing edge modifications for lift
performance/thrust of airfoil and hydrofoil (Ramjee et al. 1986, Law et al. 1987, Thompson
and Whitelaw 1988, Gomez and Pinilla 2006, Murcia and Pinilla 2011). Ramjee et al. (1986)
run a simulation of NACA 0012 with trailing edge modifications and the numerical results
obtained are validated by his own experiments. The trailing edge was truncated by 5%, 10%,
15%, and 20% of chord length and found that the modifications influenced the lift force. He
stated that by increasing the bluntness, the maximum lift coefficient increased to the point
when 15% of chord length was being cut, and beyond that, the lift coefficient is decreased.
The truncation was also found to affect the foil lift and drag ratio in the same result as the
lift force is affected. Lift and drag ratio are improved when 15% of truncation was applied
and decreased if any further length was being cut off. These results are adopted in this work
for choosing the cut off length for modifying the foil model. Other researchers have shown
also that allowing modifications at the trailing edge of NACA profiles influences the
behaviour of both lift and drag coefficients. These studies are focused mainly on the lift
enhancement/thrust, and no study, however, is done on the effect of the shape modifications
of the airfoil on the power extraction efficiency. In this work, we investigate the effect of

trailing edge modifications on energy harvesting performance potential for oscillating foils.

e At the moment the majority of studies are concentrated on single foil devices. Few
works discussed the multiple foils in tandem or parallel configuration. This study
looks at the effect of flapping foils operating in tandem with different configurations
(including geometry shape modifications) on energy harvesting. Other than
investigating the effect of kinematics parameters, distance between two bodies and
trailing edge geometry modification, this study has also explored the effect of bluff
body (cylinder) and the foil in tandem configuration which has not been studied
before.

e The effect of near ground on energy efficiency performance. The previous studies

are mainly focused on lift enhancement in laminar flow field. This work looks at the
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effect of near ground on the potential energy harvesting at low and high Reynolds
numbers with the optimal geometrical airfoil being considered.

The 3D effect and geometric modifications potential on the energy efficiency
performance. Due to the complexities of three-dimensional flow, the studies of foils
are still focused on two-dimensional structures at low or moderate Reynolds number.
This has been far from the real applications, where the effects of three-
dimensionality, should be considered. The use of 2D simulation normally over-
predicts the performance of the system since it does not include the 3D effect. Hence,
this study on the 3D simulation of oscillating foils is to allow for more accurate
prediction of energy harvesting. In addition to the study of different aspect ratios

(AR), we have also extended the study of geometrical variation effect in 2D to 3D.

Aim and Objectives

The aim of this research is to investigate numerically the role of fluid-structure

interaction dynamic systems on the performance of energy harvesting (through its nonlinear

characteristics) of oscillating foils. To achieve this aim, it is anticipated that the following

objectives will be fulfilled:

1.

Explore the effect of geometry shape variations (including thickness distribution and
trailing edge shape modifications) and the impact of different kinematics on the flow
behaviour and energy harvesting performance of single 2D oscillating foils (with a
combined heave and pitch motio

n), for laminar and turbulent flows.

Investigate the influence of multiple oscillating bodies configurations for different
arrangements (including airfoil-airfoil and cylinder-airfoil interactions) and shape
modifications on energy harvesting performance and power optimisation.

Explore the effect of near ground on the energy efficiency increase of oscillating foils
in laminar and turbulent flows.

Investigate the influence of 3D effects, aspect ratios and geometry shape variations

on oscillating foils for energy harvesting extraction.
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Chapter 3: Methodology

This chapter contains the details of the numerical methodology that is used in the present
study. All solutions are based on computational analysis known as Computational Fluid
Dynamic (CFD). The numerical analysis was conducted by commercial code ANSY'S Fluent
(V.14.5) and another commercial software known as Pointwise which has been used as the

pre-processing meshing tool.

3.1 Structure of CFD Code

An overview of the CFD techniques used to tackle the fluid flow problems is given in
(Versteeg and Malalasekera, 2007). In order to gives the user the possibility of easy setup to
their problem, all commercial CFD packages include a friendly user interfaces to input
problem parameters and to examine the results. The necessary computational tools required
to carry out these steps can be classified into three categories: (i) pre-processor, (ii) solver
and (iii) post-processor (Ferziger and Peric, 1999; Versteeg and Malalasekera, 2007).

i.  Pre-processor
In the first stage of CFD code, the physical problem is implemented into the

mathematical problem by first making simplifying assumptions that would enable
the problem to be analysed accurately. Therefore, in this stage, the computational
domain is defined and it is then discretized into a number of elements, which
constitute the mesh or grid. The fluid properties and the boundary conditions are then
set. Since the CFD solution of a fluid dynamic problem is given locally, the accuracy
of the results obtained are strongly depending on the total number of cells in the grid.
In general, the larger is the number of elements, the better is the solution accuracy,
even though the computational time will be higher as well. Consequently, the optimal
grid should not be uniform, but finer where higher are the variables gradients and
coarser in the region characterized by smooth changes in the flow. The final success
of a CFD simulation strongly depends on the pre-processing and therefore a special
attention might be paid to the choice of the mesh and of boundary condition.
ii.  Solver

In the second stage, the numerical solution algorithm is the core of CFD code. All
the main CFD solvers work with the following procedure:

e Modelling the problem unknown by means of simple analytical functions.
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e Discretising the governing equations for the fluid flows, properly modified
by substituting the former mentioned functions.

e Solving the algebraic system of equations.

Most of the commercial CFD codes (e.g. Fluent) are based on a finite volume (FV)
discretization which consists of the following steps:

¢ Integration of the governing equations over each control volume within the
computational domain.

e Discretisation — the flux terms, which deal with convection and diffusion
process, are approximated with a finite differential approach as well as the
source terms when being present, in order to obtain an algebraic system of
equations.

e Solution of the algebraic equations by an iterative method.

The integration phase distinguishes between FV methods and other numerical
techniques. By integrating the governing equations, a new set of equations is
obtained, which states the conservation of the fundamental properties for each of the

cells (finite control volumes) within the computational domain.

Post-processor

Finally, in this stage, the analysis of solution results is provided. The solver output is
a set of solution variable, associated to the given grid nodes or volumes. These data
must be collected elaborated in the most suitable way for the analysis, in order to
produce a physical representation of the solution. Some CFD software packages (like
Fluent) contain a post-processing section. Other solvers need an external tool for data
treatment, which can be a commercial one (several complete package exit for the
scope) or a dedicated in-house code. Anyhow, one might be able to do the following
post-processing operations:

e Domain and grid visualization

e Vectorial plots of solution variables

e Contour plots of solution variables

e Drawing 2D and 3D plots

e Tracking path-lines, stream traces, etc.

e Algebraic and analytical operations within the variables

¢ Dynamic representations, animations etc.
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In general, we should refer to the solved flow field as it had been an experimental test
situation. Among the given data set, we could operate as we were using real instruments, by

selecting the position of “virtual” probes or control surfaces where our interest is focused.

3.2  Governing Equation

The mathematical model used to represent the fluid flow around a body is based on the

principles of conservation of mass and conservation of momentum.
The conservation of mass or continuity equation is defined as,

dp _
E+V-(pv) =0 (3.1)

meanwhile the conservation of momentum is described by,

dpv
%+V-(pvv)=—Vp—pg+V-T (3.2)

where,
e pis the density of the fluid,;
e visthe velocity vector;
e pisthe pressure of the fluid;
e g is the acceleration due to gravity; and

e T s the stress tensor.

Assuming the Stokes’ hypothesis for Newtonian fluids which states that the
components of stress are linearly related to the components of the rate of strain and that a
Newtonian fluid is isotropic, the stress tensor 7 in the Navier-Stokes equation is given by
(Versteeg and Malalasekera, 2007),

T=u [(vV + W) - gv - VI] (3.3)

where,
e u is the molecular viscosity of the fluid; and

e [ isthe unit tensor.

According to Reynolds, for each of the instantaneous dependent variables in the

Navier-Stokes equations a time-average and a randomly fluctuating component can be

found, for instance the velocity i-component u; (of velocity V) will be
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u; = 'L_Li + u'i (34)

where,
e u; is the time-averaged component of the velocity; and

e u'; is the fluctuating component of the velocity.

The time-averaged component of the velocity is obtained by

1 to +At

u; = E . Uu; dt (35)
Substituting Equation (3.5) in the Navier-Stokes equation gives the incompressible time-
averaged Navier-Stokes or RANS equations (in tensor notation),

Por TP oy

— 0
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(3.6)

The last term in Eqgn. (3.6) is known as the Reynolds stress. This term causes the closure
problem of the Navier-Stokes equations which can only be solved by including a turbulence

model to relate the Reynolds stress to the mean velocity field.

3.3 Turbulence Closure

The turbulence modelling is an approximation to seek solution of unsteady Reynolds-
Averaged Navier-Stokes (URANS) equations by modelling the effect of velocity fluctuation
in the flow. Hence, to obtain the close form solution the turbulence models are included to
obtain the numerical solution of the URANS equations. Selection of turbulence model is
highly dependent on the flow characteristics, level of accuracy required and computational
power available (Ferziger and Peric, 1999). k—w,k—wSST, k —
¢, and Spalart-Allmaras (S-A) model are among the significantly researched models to
model the turbulent in flow. Each of these turbulent models have its own strength and

limitation.

In the present work, k — w SST model is chosen due to its superior characteristic to
accurately predict the flow separation and performance curve and to deal with the advance

pressure gradients that are expected to occur over the entire cycle of oscillation airfoil.

The k — w SST model also make use of individual strength and weakness of two

turbulence models namely k — € model and k — w turbulence model. The k — & turbulence
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model has the performance limitation of modelling the viscous sub layer. This limitation has
been compensated by the adoption of k — w turbulence model in the viscous boundary layer
region. Outside the boundary layer and wall boundary regions, performance of k — ¢

turbulence model is satisfactory.

The shear-stress transport (SST) k — w model was developed by Menter to effectively
blend the robust and accurate formulation of the k — w model in the near wall region with
the free-stream independence of the k — € model in the far field. The SST k — w model is
similar to the standard k — w model, but includes a number of features that make the SST
k — w model more accurate and reliable for a wider class of flows than the standard k — w

model. The SST k — w model equations are (Ferziger and Peric, 1999)

O o) + = (o) =~ (1,2 4 6, — v, +5 3.7
a( )+a( )—a Faw +G,—Y,+D,+S 3.8
ot pw axi pwu; _(’)xj waxj w w w w ( : )

3.4 Flow Solver

In the present work, finite volume base fluid dynamics code Ansys Fluent (V. 14.5) is
used to solve the Navier-Stokes equations with the pressure-based solver using URANS. The
main properties of flow were assumed by unsteady, incompressible, viscous laminar and

turbulent flows.

For laminar flow fields, a second order upwind spatial discretization is done with
second-order central differencing scheme. A second order implicit scheme is used to
discretize time. Semi-implicit method for pressure-linked algorithm SIMPLE is used for the
velocity-pressure coupling, and Gauss-Seidel linear equation solver is used for the

discretized equations.

For turbulent flow fields, the turbulence modelling of two equations k — w SST has
been chosen (as mentioned in section 3.2). Again, the SIMPLE algorithm has been selected
for pressure-velocity coupling, and second order schemes are used for pressure, momentum
and turbulent viscosity resolution. The unsteady formulation is based on a second order
implicit scheme and absolute convergence criteria of 10~ are set for continuity and velocity

components while 10~* is used for the turbulent viscosity.
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3.5 Sliding Mesh Theory

Sliding mesh model has been chosen for oscillating foil in this study due to the
computational of the unsteady flow field. This model is the most accurate method for
simulating flows in multiple moving reference frame in Fluent. The sliding mesh model
allows the motion of multiple domains sliding relative to one another along interface
boundaries. The unsteady solution which is sought in a sliding mesh simulation is time
periodic. That is, the unsteady solution repeats with a period related to the speeds of the
moving domains. The minimum number of cell zone that is required in sliding mesh
technique is two, and each of the zones must be bounded by at least one interface zone. The
interface zones of adjacent cell zones are associated with one another to form a mesh

interface. The two cell zones will move relative to each other along the mesh interface.

Figure 3. 1: Example of sliding mesh on interface nodes (a) initial position (b) end position (Ansys,
2005)

3.6 Grid Generation

Pointwise commercial mesh software has been used to model the simulation domain
and IGES file is the compatible geometrical format required by this package. For this
particular requirement, the coordinate data points of NACA profiles has been imported in
the SolidWorks CAS modeller before it then saved in the IGES file format. Mesh generation
has presented many difficulties owing to the different range of geometric scales, length of
the domain, size of the rotor, typical chord length, and boundary layer thickness. Hence, in
this study, the simulation domain was built by the structured and unstructured grid. Any
domain created by the structured grid will have quadrilateral surface grid, while the domain
created by the unstructured grid will contain triangular surface elements (Figure 3.2).
However, even for the unstructured grid domain, we are still use the structured grid at the

boundary layer for better prediction (Figure 3.3).
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The structured grid control for boundary layer thickness and first cell height estimation

Is based on the applied velocity and the airfoil chord length. As outlined in Table 3.1, the

estimation of first cell height and boundary thickness have been made for fully resolved

boundary layer i.e. y*value of 1:

Table 3. 1: Shape classification and mesh generation

Shape approximation

Boundary layer thickness

First cell height

Flat plate

§=0370c (Re) /s

Ay = 5.87123 cy*(Re)” /10

where Ay defines the normal distance of first layer from the solid surface, § denotes the

boundary layer thickness value and y* is non-dimensional wall distance. Within the

boundary layer grid, at least 60 node points are placed and the mesh expansion normal to the

airfoil surface is based on the expansion ratio of 1.05 to 1.2.

Other than the boundary layer grid, the overall simulation domain consists of two

different mesh zones (stationary and rotational zones) separated by a sliding interface

between these zones (details given in the next chapter). The fine mesh bounded by the

circular interface was set to rotate, thereby inducing the rotational pitching motion. This

approach for representing the pitching motion of the airfoil ensures that the quality of the

grid remains intact as the airfoil rotate.

Table 3. 2: Mesh information

Single Airfoil Tandem
Configuration | NACA0012 | NACA0015 | NACAQOL8 |  Airfoil- Bluffbody-
airfoil airfoil
Cells 67,245 67,257 67,272 261,836 287,769
Faces 136,161 136,184 136,214 478,304 531,969
Nodes 68,077 68,089 68,104 215,519 242,935
Partitions 2 2 2 2 2
Cell zones 2 2 2 3 3
Face zones 10 10 10 15 15
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Figure 3. 2: Types of domain grid

In 2D simulation, for the structured grid, the mesh was generated in the butterfly
topology (Pointwise, 2011) (or known as “O-H” topology) which differ to the unstructured
grid where triangular elements have been used. These two different meshes have been used
for different cases. For all single airfoils analysis (2D and 3D cases), structured mesh has
been used. Meanwhile for tandem cases (airfoil-airfoil and cylinder-airfoil), the unstructured
mesh is used, as the mesh quality is found to be better within the foils’ swapped regions and
less difficult to generate, as compared to the structured mesh. Specifically, for the tandem
cases an unstructured grid is constructed within the foils” swapped regions, while structured-
boundary layer grids are adopted for each of the foils, to ensure the accuracy of the foil-forces
calculation (Figure 3.3). A structured grid is then used for the rest of the calculation domain to
ensure an accurate and quick simulation (Figure 4.28). This mesh is found to work well for the
tandem cases. For all the meshes used in this study, the highest value of skewness fell in the
range of 0.4 - 0.45 which means the mesh quality is good. In order to have high quality of
mesh grid, the pointwise software has a special feature name ‘Solve’ which is used to
improve the grid quality of structure and unstructured domain and structure and unstructured

block. Hence, this ‘solve’ command has been widely used in the grid generation process.
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Figure 3. 3: Close-up of the boundary layer in unstructured grid

3.7  Validation Study

Fluid structure interaction study of oscillating airfoil is complex in nature due to
aerodynamic behaviour of moving airfoils and resulting large flow separation over the
periodic cycle of oscillation. To validate the Navier-Stokes computation, a rigorous 2D mesh
sensitivity analysis together with numerical validations of similar airfoil geometry under
identical case setup of (Kinsey and Dumas, 2008a, 2014, 2015) has been carried out for
laminar and turbulent flow regimes. Due to time and computational resource constrains, it is
not feasible to numerically resolve all the instances of parametric design space of geometric
and fluid flow parameters. Therefore, to carry out this two-steps validation process, a base

line NACAO0015 sharp trailing edge airfoil system is selected.

First, to optimize the discretization error for both space and time and to assess the
independence of the numerical solution, a set of three-structured grid were generated. For
coarse, medium and fine mesh, the number of computational nodes on the airfoil surface are
250, 350 and 500 respectively. The corresponding total cells count of 2D cross sections of

simulated domain are shown in Table 3.3.

The simulations were run for sufficiently large number of cycles before the targeted residual
values of 10~> for pressure, velocity and turbulence parameters have been achieved.
Statistically averaged values of aerodynamic performance coefficients of oscillating airfoil
systems, i.e. C;, and Cy from converged solution have been setup to estimate the mesh
resolution and numerical discretization errors. The Case setup involves NACAOQ0015

undergoing sinusoidal pitching and heaving motion at Reynolds number of 1100 in order to
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examine the power extraction performance, with parameters setup of Hy, = ¢, 6, = 76.3°
and f* = 0.14, where the dimensionless frequency is defined as (f* =§) These

parameters values were chosen as they are found to have an optimum performance by
(Kinsey and Dumas, 2008a).

Table 3. 3: Description of mesh sensitivity analysis

Mesh Resolution Nodes on Airfoil Cells
Profile

Coarse 250 38,934

Medium 350 67,257

Refine 500 111,369

E————coarse

== = medium

== irefine

_2 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t/T

Figure 3. 4. Comparison of performance for coarse, medium and refine mesh

Figure 3.4 shows the comparison of coefficient of lift force (Cy) performance between
the coarse, medium and refine mesh. As can be seen, the medium and refine mesh show
much closer results. Therefore, for further simulations run in this study, the medium mesh

resolution is selected.
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For the time simulation, a second-order implicit time-marching scheme was used, with 30
sub-iterations per time-step. A time refinement study with a time-step varied from
2x1073Tto1x 1073T, is used which ensured a minimum number of time-steps per
period while also keeping an acceptable Courant—Friedrichs—Lewy number (based on the
free stream velocity) in all the cells of interest. Lower time-steps did not yield a more

accurate solution. For the results in Figure 3.4 they are obtained for a time-step of 0.001.

For the second steps of the validation process, Table 3.4 shows the results for the mean
values of coefficient of drag (Cx), maximum values of coefficients of lift () and moment
(Cy), efficiency (17) and cycle-averaged power coefficient (Cp), while Figures 3.4 and 3.5
show the vorticity contours for two representative cases of pitching amplitude and reduced
frequency (Case 1: f* = 0.14,6, = 76.33°and Case 2: f* = 0.18,0, = 60.0).

Table 3. 4: Parametric study of flow over flapping NACAO0015 airfoil at Re = 1100

— — — f—

Study Cyx Cy Cu n[%] Cp

Casel: f* =0.14,0, = 76.33°,Hy = c

Present 2.063 1.937 0.626 33.3 0.86

Kinsey and Dumas (2008) 2.014 1.910 0.646 33.7 0.86
Liu et al. (2016) [DVM with TEFSC] - - - - 0.86
Bryan model (2013) - - - - 0.87

Case 2: f* = 0.18,6, = 60.0°, Hy = ¢

Present 0.72 1.245 0.299 11.4 0.27

Kinsey and Dumas (2008) 0.69 1.256 0.299 115 0.27
Liu et al. (2016) [DVM with TEFSC] - - - - 0.37
Bryan model (2013) - - - - 0.24
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Figure 3. 5: Comparison of vorticity contour of present study (left) and Kinsey and Dumas work
(right) for laminar Case 1: (1) at 0.25T and (2) at 0.45T
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Figure 3. 6: Comparison of vorticity contour of present study (left) and Kinsey and Dumas work
(right) for laminar Case 2: (1) at 0.25T and (2) at 0.45T
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From the results presented in Table 3.4, and Figures 3.5 and 3.6, it is evident that the
results obtained from the present study compare very well with those of Kinsey and Dumas
(2008). The averaged C, (Cp) are also compared with the discrete vortex method (DVM)
with TEFSC (trailing edge flow separation corrections) Liu et al.(2016) and Bryant model
(2013) (using Reduced-Order Aerodynamic Modelling). Liu et al.(2016) have compared
their results to Kinsey and Dumas (2008) and stated that the DVM provides better
approximations of the time history of C,, to the CFD method of Kinsey & Dumas compared
with the Bryant model (2013). In comparison to our work, the DVM method and the Bryan
model show a very good agreement for Case 1, while for case 2 they show less accurate
results (Table 3.4). This is expected as Liu et al. uses DVM method and Bryan model uses a
reduced-order model with some empirical values. The % errors for averaged C, between our
present method and Liu et al. method for Case 2 is 37%, while for Bryan method it is 10%.
Case 2 (f* = 0.18 and 8, = 60°) in Figure 3.6 shows a smooth aerodynamics flow with a
moderate efficiency of n = 11.4%, while Case 1 (f* = 0.14 and 6, = 76.33°) in Figure 3.5
shows a higher efficiency of n = 33.3% for lower reduced frequency and higher pitching
amplitude. Moreover, Figure 3.5 exhibits dynamic (delayed) stall vortex shedding
characterised by the delay in boundary layer separation and the formation of leading edge
vortices (LEVs), which are known to play an important role in the capability of extracting

energy from the flow during cycles.

In order to further test the validation of the numerical model, simulations of imposed
pitching-heaving motion of NACAO0015 have also been carried out in turbulence flow field
regimeat Re = 5 x 10°. As mentioned earlier, the turbulence model that is used in this study
is the k — w SST with low-Re correction. The turbulent inlet boundary condition for this
model has been characterized as an intensity of 0.1% and a turbulent viscosity ratio of 0.01.
These stated parameters have been chosen in order to validate the current results with the
published work by (Kinsey and Dumas, 2014, 2015) for the two cases (see Table 3.5). Table
3.5 shows the comparison between the results obtained in the present study with those of
Kinsey and Dumas. From this table, it can been seen that the results are in good agreement
for both the forces and moment coefficients, as well as for the efficiency.
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Table 3. 5: Parametric study of flow over flapping NACA0015 airfoil at Re = 5 x 10°

Study Cy Cy Cy 7, % Cp
Casel: f* =0.14,60, = 75°,Hy = c

Present 1.894 2.884 0.574 40.31 1.028
Kinsey and Dumas (2015) 1.937 2.772 0.577 39.94 1.018

Study Cpy Cpo - 1, % Cp

Case 2: f* = 0.16,0, = 85°,H, = 1.5¢
Present 2.03 -0.50 - 43.7 1.53
Kinsey and Dumas (2014) 2.07 -0.51 - 44.6 1.56

(right) and for turbulent Case 1: at 0T, 0.125T and 0.25T

Figure 3. 7: Comparison of vorticity contour of present study (left) and Kinsey and Dumas work
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(1)

(2)

Figure 3. 8: Comparison of vorticity contour of present study (left) and Kinsey and Dumas
work (right) for turbulent Case 2: (1) at 0.25T and (2) at 0.45T
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Figure 3. 9:Instantaneous vertical force Cy, heaving velocity V,,, pitching contribution to power Cpg

and total power coefficient Cp over a periodic cycle of present study (left) and Kinsey

and Dumas work (right) for Cases 1 and 2
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Figures 3.7-3.8 show the vorticity contours, and Figure 3.9 shows the time evolution
of the instantaneous vertical force Cy, heaving velocity Vy, pitching power, and the total
power Cp. In comparison to the laminar cases, where the optimum results are characterised
by the presence of dynamic stall and LEVs, the turbulent results show a different outcome,
i.e. without LEVs, which are not necessary in this case to reach a high energy efficiency.
This can be seen in Figure 3.8, where the vorticity contours show no LEVs but the efficiency
is high (Table 3.5). This may be due to a good timing (synchronization) in the sign switch
of Vy and Cy (exhibiting the same sign at times, Figure 3.9) with high instantaneous force
coefficients (as opposed to Case 1, which have LEVs but having the instantaneous vertical
force that is smaller than Case 2); which resulted in positive values of total extracted power.

In comparison to the previous work, it can be seen that from the above graphs that a
good agreement is achieved in these two cases. Therefore, it can be concluded that the

numerical methodology used in the present work is suitable for the current investigation.

3.8 Mesh Sensitivity Analysis

Mesh sensitivity analysis were carried out in multiple bodies analysis to ensure the numerical
predictions are grid independent. Similar to Section 3.7, three grid resolution have been
developed which are coarse, medium and fine. Due to the time constrain, the mesh sensitivity
analysis has been conducted with two airfoils configuration only. The details of the number

of cells generated are presented in Table 3.6.

Table 3. 6: Mesh sensitivity analysis for tandem case

Mesh Resolution Nodes on Each Airfoil Cells
Profile
Coarse 350 222,196
Medium 700 261,836
Fine 1000 300,531

One of the simulation cases was selected to perform the grid independency study for the
combined pitch and heave motions. The parameters used for this test case are:
Re =5x10°% f* = 0.14,0, = 76.3°,Hy = ¢,¢p = 90°,¢;_, = 0,L, = 2.5
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(‘Y Upstream
C v Downstream

(‘X Upstream
CX Downstream

C W Upstream
C\1 Downstream

0 0.2 0.4 0.6 0.8 1 ) 0.2 0.4 0.6 0.8 1
/T /T

Figure 3. 10: Comparison between coarse, medium and fine mesh for upstream and
downstream NACAO0015 airfoil

Table 3. 7: Comparison results of grid independence study for tandem airfoil, NACA0015 (sharp
edge), Re = 5 x 10%, f* = 0.14,0, = 76.3°, Hy = ¢,¢p = 90°,¢;_, = 0,L, = 2.5¢C

Mesh Airfoil Cx Cy Cy Cp
Upstream 1.655 2.647 0.548 0.8891
Coarse Downstream 1.134 2.639 0.426 0.5634
Total 2.789 / / 1.4525
Upstream 1.671 2.676 0.550 0.8880
Medium Downstream 1.131 2.584 0.424 0.5612
Total 2.802 / / 1.4492
Upstream 1.672 2.678 0.550 0.8818
Fine Downstream 1.135 2.594 0.425 0.5673
Total 2.807 / / 1.4491
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The grid independence results of the test case are presented in Figure 3.10 and Table
3.7. A difference of 0.6% and 0.2% on the total mean horizontal force (Cy) are observed
respectively when comparing the results of the coarse mesh and the medium mesh to the fine
mesh. The total mean power extracted (Cp) is essentially the same between the medium and
refine meshes with a relative difference of less than 0.1%. Thus, the medium grid is

appropriate to be used for the rest of the 2D tandem simulations.
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Chapter 4. Effect of Geometrical Shape Modifications
on Power Extraction of Single and Multiple

Oscillating Bodies

This chapter explores the influence of trailing edge shape modifications, kinematics
parameters, and on the power extraction efficiency performance of single and multiple
oscillating bodies. For the single oscillating foil undergoing both heave and pitch motions,
numerical simulations for different geometrical shape modifications and kinematics
parameters have been conducted in the laminar and turbulent flow fields. For multiple
oscillating bodies, simulations are focussed on different body interactions in the turbulent
flow regime. The details of the simulations setup have been included in the sections below.

4.1 Single Airfoil Analysis

In this section, a single airfoil undergoing sinusoidal heave and pitch motion is considered.
A selective range of parameters has been investigated (simplify in Table 4.1 & 4.2),
including the airfoil geometrical parameters: thickness distribution (NACA0012,
NACAOQ0015 and NACAO0018) and trailing edge shapes modification (sharp, blunt and
round); the fundamental kinematics parameters: oscillating frequency (f* = 0.12 — 0.20),
pitching amplitude (8, = 60°,76.3°,80° and 85°) at fixed heaving amplitude, and the fluid
physics parameters: laminar flow field (Re =1100) and turbulent flow field (Re = 5 x 10°).
For the turbulent flow field, the highly resolved numerical simulations (y* < 1) are
performed at high pitch angle using k — w SST model, which is found to be well suited for
separating flow and strong adverse pressure gradients (Versteeg and Malalasekera, 2007),
and is of particular importance in a flatback or round airfoil wake. The power extraction
efficiency has been used as the performance comparison metric to map the efficiency into

the parametric space considered in this study.
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Table 4. 1: Various parameters investigated in this study

Airfoil geometrical

Fundamental kinematics

Fluid physics

e Thickness distribution:
NACAO0012,

NACAO0015, NACAO0018

e Oscillating frequency, f*:
f*=0.12,0.14,0.16,0.18, 2.0

e Reynolds number, Re:
Re = 1100,Re =5 X

e Trailing edge (TE):
sharp, blunt and round

60°,76.3°,80°, 85"

Pitching amplitude, 6,: 6, =

10°

Table 4. 2 : Parametric study of flow over the oscillating airfoil

Thickness Distribution

Pitching amplitude, 6,

Hy=c,f* = 0.14, Sharp TE NACA0012 60°, 76.3°, 80°, 85°
Re = 1100 NACA0015
Re =5 x 10° NACA0018
Hy=c,f* =0.18, Sharp TE NACA0012 60°, 76.3°, 80°, 85
Re = 1100 NACA0015
Re =5x 10° NACA0018

Trailing edge shape

Pitching amplitude, 6,

Hy=c,f*=0.14, Sharp 60°, 76.3°, 80°, 85
NACA0018
Blunt
Re = 1100
Round
Re =5x 10°
Hy=c,f*=0.18, Sharp 60°, 76.3°, 80°, 85
NACA0018
Blunt
Re = 1100
Round
Re =5x10°
Fluid Physical Oscillating frequency, f*
Hy=rc,0, =763 Re = 1100 0.12,0.14, 0.16, 0.18, 0.20
NACAO0018, Blunt TE Re =5x 10°
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411 Numerical Method
4111 Computational Modelling

The airfoil investigated in this study was set to oscillate in the vertical translation reference
frame. The reference frame associated with the domain was custom to follow the heaving
motion described by h(t) in Eqn (2.2). Based on the recommendations of the preliminary
test cases, a sufficiently large computational domain with reference to the oscillating airfoil
chord length ‘c’ is implemented in all of the simulations cases to avoid reverse flow. The
upstream inlet velocity boundary and the downstream pressure outlet were located at 35¢
and 40c from the pitching point, respectively. The upper and lower flow boundaries were
placed at 35¢ from the pitching point. The details of the simulation domain size is shown in
Figure 4.1 (a) and the domain was then split into two zones bounded by a circular non-
conformal sliding interface (the details of the sliding mesh theory is given in the previous
chapter) which is located at 2c from the pitching point as shown in Figure 4.1 (b). This imply
the mesh motion is necessary only for rotating (pitching) motion of the airfoil. The rotating
and translating motions applied in this study were implemented via user-defined function
(UDF) compiled within the solver (see, Appendix A).
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Figure 4. 1: (a) Simulation domain (b) close-up of the sliding interface and rotational region (c)

close-up view near the airfoil

41.2 Effect of Geometrical Shape modifications on Energy Harvesting

Performance Efficiency

To assess how the geometry of the airfoil influences the energy extraction efficiency of the
system, investigations were carried out on the oscillating airfoils having different thicknesses
distribution of 12%, 15% and 18% (i.e., NACA0012, NACA0015 and NACAQ018) and
different trailing edge shapes (sharp, blunt and round). The required geometrical
modifications of the trailing edge shapes have been carried out in the SolidWorks

environment and then exported the IGES file format into pointwise meshing tool.

The results for each geometry modifications were compiled distinctly for laminar
(Re =1100) and turbulent flow (Re =75 X 10°) at reduced frequencies f* =
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0.14 and 0.18. These values of reduced frequencies were chosen based on the previous
validation studies, which show that the maximum energy efficiency occurs when the non-
dimensionalised frequency is in the range of 0.14 — 0.18. Other fluid kinematics parameters
such as pitching amplitude (6, = 60°, 76.3°,80° and 85°) and heaving amplitude, H, = ¢
are held constant for the simulated cases to explicitly identify the effect of geometrical

parameters in different flow regimes.

4121 Oscillating Airfoils Response to Variation of Thickness Distribution at

Different Kinematics Parameters

The effect of thickness variation on three symmetrical oscillating airfoils: NACA0012,
NACAO0015 and NACAO0018 (Figure 4.2) for energy extraction were investigated in laminar

and turbulent flow regimes.

(b)

()

Figure 4. 2: Three different airfoils (a) NACA0012 (b) NACA0015 (c) NACA0018

Figures 4.3 and 4.4 show the result of the effect of varying the thickness distribution
on the energy harvesting efficiency at different pitching amplitude and two reduced
frequencies (f* = 0.14 and f* = 0.18) in laminar flow field.
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Variation of Thickness Distribution-Re =
1100, f* =0.14

NACA0012 —E—NACA0015 -—&—NACA0018

Efficiency, n (%)
N N N N w w w
N ES (o2} [oe] o N Ea

N
o

Figure 4. 3: Comparison between NACA0012, NACA0015 and NACAO0018 on power extraction

efficiency in laminar flow field at f* = 0.14,Hy = ¢, x, = €/3

Variation of Thickness Distribution-Re =
1100, f* =0.18

NACA0012 —#—NACAO0015 -—&—NACA0018
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Efficiency, n (%)
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Figure 4. 4: Comparison between NACA0012, NACA0015 and NACA0018 on power extraction
efficiency in laminar flow field at f* = 0.18,Hy = ¢, x,, = C/3

From these figures, it can be seen that for the tested frequencies (f* = 0.14 and
f* =0.18), as thickness increases efficiency increases, that is, NACA0018 shows higher
efficiency values as compared to NACA0015 and likewise NACAQ0015 as compared to
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NACAO0012 (prominently at reduced frequency f* = 0.18). Moreover, it can be seen that
the peak energy harvesting efficiency occurs at pitching amplitude 6, = 80 with 34.08%
efficiency (for f* = 0.14 ) and 31.70% efficiency (for f* = 0.18), and then the efficiency
starts to decrease for all the NACA profiles tested. Also, it is found that the highest
percentage difference of power efficiency performance between NACAQ0012 and
NACAO0018 occurs at 8, = 80° and 85° for the frequency, f* = 0.14 and 0.18, and hence

showing an overall variation of around 7.7% and 7%, respectively.

Another important observation which can be drawn from Figures 4.3 and 4.4 is that
the impact on the efficiency performance for different thickness distribution at low pitching
amplitude was rather weak as compared to high pitching amplitude where a more significant
change in the efficiency is noticed. The reason for this transition in behaviour is because of,
as the pitching amplitude increases, the vortex separation on the leading edge becomes more
significant (see, Figures 4.5-4.8) and therefore the effect of varying the thickness of an airfoil
is different for different pitching amplitudes. In addition to that, the plot of instantaneous
vertical force Cy, in Figure 4.9 emphasise that as the pitching amplitude increase,
(6, = 60° and 8, = 85°) the difference between Vy and C, of NACA0012 and NACA0018

are more obvious in both reduced frequencies tested (f* = 0.14 and f* = 0.18).

Vorticity [s™

NACA0012 NACAO0015 NACAO0018

S > » _
Figure 4. 5: Vorticity plot (red: counter-clockwise vorticity, blue: clockwise vorticity) in laminar

flow field for NACA0012, NACAO0015 and NACAO0018, f* = 0.14,0, = 60° att =0
and 0.25T
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Vorticity [5’1]
NACA0012 NACAO0015 NACAO0018

t=T/4

Figure 4. 6: Vorticity plot (red: counter-clockwise vorticity, blue: clockwise vorticity) in laminar
flow field for NACA0012, NACA0015 and NACAO0018, f* = 0.14,6, = 85°att=0and 0.25T

Vorticity [s'l]

NACA0012 NACA0015 NACAO0018

Figure 4. 7: Vorticity plot (red: counter-clockwise vorticity, blue: clockwise vorticity) in laminar
flow field for NACA0012, NACA0015 and NACAO0018, f* = 0.18,0, = 60° att = 0and 0.25T
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Vorticity s

NACA0012 NACA0015 NACA0018

Figure 4. 8: Vorticity plot (red: counter-clockwise vorticity, blue: clockwise vorticity) in laminar
flow field for NACA0012, NACAO0015 and NACAO0018, f* = 0.18,0, =85°att=0
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Figure 4. 9: Comparison of synchronization between heaving velocity V and vertical force Cy

and 0.25T
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The investigation on the variation of thickness distribution is then extended to the
turbulence flow field. All of the parameters were kept the same except for the Reynolds
number. Figures 4.10 and 4.11 show the results for the reduced frequency f* = 0.14 and
f* = 0.18, respectively.

Variation of Thickness Distribution-Re =
5x10° f*=0.14

—4¢—NACAQ0012 —l—NACAO0015 NACA0018

60 65 70 75 80 85
90

Figure 4. 10: Comparison between NACA0012, NACA0015 and NACA0018 on power extraction
efficiency in turbulent flow field at f* = 0.14,H, = ¢, x, = C/3
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Variation of Thickness Distribution-Re =
5x 10° f*=10.18
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Figure 4. 11: Comparison between NACA0012, NACA0015 and NACA0018 on power extraction
efficiency in turbulent flow field at f* = 0.18, Hy = ¢,x, = ¢/3

Overall, the data presented in Figures 4.5 and 4.6 indicates a similar trend as for
laminar flow field, in which the thicker airfoil I is performing better than thinner airfoils and
the efficiency start to drop after the pitching amplitude reaches 6 = 80° except for
NACAOQ0018. The efficiency for NACA0018 is continuously increasing for both reduced
frequencies tested.

The effect of variation thickness distribution in turbulent flow is more visible than in
the laminar case, in which the highest difference in efficiency is about 19% which occurs
between NACA0012 and NACAO0018 airfoils at reduced frequency f* = 0.14 and pitching
amplitude 6, = 85°. However, for NACA0015 and NACAO0018 airfoils, the difference in
efficiency is not very significant as the efficiency variation between these two airfoils is less
than 5%. To gain some insight into the flow behaviour as the thickness distribution varies,
the contours of vorticity are displayed in Figures 4.12 - 4.15 att =0 and 0.25T (peak pitching
amplitude) for the three airfoils and the plot of the instantaneous vertical force Cy is shown
in Figure 4.16.
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Vorticity [5'1]
NACAO0012 NACAO0015 NACA0018

Figure 4. 12: Vorticity plot (red: counter-clockwise vorticity, blue: clockwise vorticity) in turbulent
flow field for NACA0012, NACAO0015 and NACAO0018 f* = 0.14,0, = 60°att=0
and 0.25T

Vorticity s

NACAO0012 NACAO0015 NACA0018

t=T/4

Figure 4. 13: Vorticity plot (red: counter-clockwise vorticity, blue: clockwise vorticity) in turbulent
flow field for NACA0012, NACAO0015 and NACAO0018 f* = 0.14,0, = 85°att=0
and 0.25T
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Vorticity [s'l]

NACAO0012 NACAO0015 NACAO0018

Figure 4. 14: Vorticity plot (red: counter-clockwise vorticity, blue: clockwise vorticity) in turbulent
flow field for NACA0012, NACA0015 and NACA0018 f* = 0.18,0, = 60°att=0
and 0.25T

Vorticity s

NACAOQ012 NACAOQ015 NACA0018

t=T/4

Figure 4. 15: Vorticity plot (red: counter-clockwise vorticity, blue: clockwise vorticity) in turbulent
flow field for NACA0012, NACAO0015 and NACA0018, f* = 0.18,0, = 85°att=0
and 0.25T
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At low pitching amplitude, Figures 4.12 and 4.14 show smooth aerodynamics flow with
low efficiency (Figures 4.10 and 4.11). However, an obvious change in the formation of
leading edge vortices (LEV) and wake vortices are observed at higher pitching amplitude
(Figures 4.13 and 4.15), which are closely associated with the energy extraction efficiency
of the oscillating foil (Figures 4.10 and 4.11 for high pitch amplitudes). For the flow fields
of NACA0012, NACAOQ015 and NACAO0018 they show the same trends overall, i.e., without
LEVs (Figures 4.12 and 4.14) for low pitching amplitudes and dynamic stall vortex shedding
for higher pitching amplitudes (Figures 4.13 and 4.15). Moreover, Figure 4.16 (left hand side
plots) show a poor synchronization between Vy and Cy (i.e., exhibiting opposite signs at
times) which is causing the total power curve to go negative in some parts. On the other
hand, Figure 4.16 (right-hand side plots) exhibit dynamic stall, and show good timing in the
sign switch of V,, and Cy, resulting in positive values of total extracted power over almost all
of the cycle. Moreover, it can be seen from the right-hand side plots (Figure 4.16) that the
lift coefficient Cy of NACAO0018 is higher than the lift coefficients of NACA0012 and
NACAOQ015, and as such the extracted power of NACAO0018 is higher than those of
NACAO0012 and NACAO0015 (see, Figures 4.10 and 4.11) for high pitching amplitudes.

Coefficient of Lift at H =c, 0,=60°, £=0.14 and Re =5 x 10° Coefficient of Lift at H =c, 0,=85°, £=0.14 and Re = 5 x 10°
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Figure 4. 16: Comparison of synchronization between heaving velocity V; and vertical force Cy of
NACA0012, NACA0015 and NACAO0018 in turbulent flow
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From all the simulations that have been carried out in this section, it can be concluded
that, thickness distribution does have a positive impact on the power performance with the
thicker airfoil. However, the difference between NACAO0015 and NACAOQ018 is less in
comparison to the difference between NACA0012 and NACA0018.

4.1.2.2 Oscillating Airfoils Response to Variation of Trailing Edge Shapes at
Different Kinematics Parameters

In order to increase the yield of oscillating energy harvesting system, optimum geometrical
combination of thickness distribution and trailing edge shapes are searched. Therefore in this
section, following the conclusion from the above section (Section 4.1.2.1) that thicker airfoil
has a more positive impact on the power performance, here NACA0018 was chosen for
further investigation over the design space range of pitching amplitude and trailing edge
configuration. Figure 4.17 shows the modified trailing edge shapes (sharp, blunt, and
rounded) for NACAO0018. The trailing edge modification of 3% from the airfoil length were
implemented with the corresponding thickness of 0.0438m.

(@)

(b)

V

©

\

(d)

\

Figure 4. 17: (a) NACA0018 with different trailing edge shapes (b) close-up view of sharp edge (c)

close-up view of blunt edge (d) close-up view of round edge

The energy harvesting efficiency, n for all the tested trailing edge shapes at low
Reynolds numbers are presented in Figures 4.18 and 4.19.
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Variation of Trailing Edge Shape -Re =
1100, f* = 0.14
Sharp =#—Blunt == Round
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Figure 4. 18: Comparison between sharp, blunt and round trailing edge shape of NACA0018

on power extraction efficiency in laminar flow field at f* = 0.14,Hy = ¢, x,, = C/3
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Figure 4. 19: Comparison between sharp, blunt and round trailing edge shape of NACA0018 on

power extraction efficiency in laminar flow field at f* = 0.18,Hy = ¢,x, = C/3
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The results show that the sharp, blunt and round trailing edge shapes have similar
efficiency performance overall over the range of the pitching amplitude for both reduced
frequencies tested. The highest difference is only about 3% which occurs at reduce frequency
f* = 0.14 and pitching amplitude 6, = 76.3° with the blunt edge leading, followed by the
sharp and rounded edges. These outcomes may be due to the laminar flow characteristic
where the fluid flow is in the parallel layers with no disruption between the layers. Next, the

simulations are run in turbulent flow regimes, and the results are shown in Figures 4.20- 4.21.

Variation of Trailing Edge Shape -Re =5
x 10% f* =0.14

Sharp —#—Blunt =—#&— Round

Efficiency, n (%)
N N N w w w w w Y S H
(6] ~ [{e] [ w (8] ~ o [ w (8]

Figure 4. 20: Comparison between sharp, blunt and round trailing edge shape of NACA0018 on

power extraction efficiency in turbulent flow field at f* = 0.14,Hy, = ¢, x, = C/3
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Variation of Trailing Edge Shape -Re =
5x 10°% f* =0.18
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Figure 4. 21: Comparison between sharp, blunt and round trailing edge shape of NACA0018

on power extraction efficiency in turbulent flow field at f* = 0.18,H, = ¢, x, = C/3

The results in Figure 4.20 are for a range of pitching amplitude 6,. This figure indicates
that the blunt trailing edge shape steadily generates higher efficiency values as compared to
sharp and rounded shapes. The highest difference in efficiency is found at pitching amplitude
6, = 76.3° and a low reduced frequency f* = 0.14, with a 7% improvement for the blunt
edge shape, while the sharp and rounded trailing edge shapes do not show any significant
difference. The vorticity plot at pitching amplitude 6, = 76.3° is given in Figure 4.22. This
figure clearly shows the formation of small vortices shedding from the trailing edge of the
blunt edge; which is not the case for the sharp and round edges. By examining the plot of
the synchronization between the vertical force Cy and heaving velocity Vy in Figure 4.23, it
can be seen that the lift coefficient of the blunt edge is slightly higher than those of the sharp
and round edges, and as such this contributes to a better power efficiency for the blunt edge.

For a higher reduced frequency of f* = 0.18 (Figure 4.21), a similar trend as in
laminar flow is observed, where the efficiency performance is found to be less sensitive to

the trailing edge shape modification, which is about 3% better for the blunt edge.
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Vorticity [s™]

Sharp Blunt Round

Figure 4. 22: Vorticity plot (red: counter-clockwise vorticity, blue: clockwise vorticity) in turbulent
flow field for sharp, blunt and round edge for NACAO0018, f* = 0.14,0, = 76.3° at t
=0and0.25T

C, sharp
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Figure 4. 23: Comparison of synchronization between vertical force Cy of sharp, round and blunt
trailing edge shape for NACAO0018 and heaving velocity Vy at 6, = 76.3°% f* = 0.14

Overall, it can be concluded that the blunt trailing edge shows positive improvement
in efficiency in comparison to the sharp and rounded trailing edge shape modifications,
especially at a low reduced frequency and a higher Reynolds number. Moreover, the energy
efficiencies for the blunt, sharp and rounded edges are larger in the turbulent flow (high
Reynolds number) than in the laminar flow.

4.1.3 Reduced Frequency and Reynolds numbers Effects on Energy Harvesting
Performance Efficiency

From the presented data in Section 4.1.2, all of the numerical cases were simulated in laminar
(Re = 1100) and turbulent (Re = 5 x 10°) flow fields. In order to evaluate the effect of
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oscillating frequency on the flow behaviour and the performance efficiency, simulations of
NACAO0018 with blunt trailing edge shape were carried over the range of reduced
frequencies and at fixed pitch and heave amplitude which are 6, = 85° and H, = c, in
laminar and turbulent flows. These values of pitch and heave amplitudes were chosen since

these parameters showed an optimal efficiency performance in Figures 4.20 and 4.21.

Comparing the results of the turbulent flow with those of laminar flow (Figure 4.24),
it can be seen that the energy extraction is higher in the turbulent flow over the range of
reduced frequencies. Moreover, it can be seen that for the laminar case, the efficiency
increases till it reaches a maximum (about n = 35%) which is at the reduced frequency of
f* = 0.14, then it reduces. For the turbulent case, the efficiency increases till it reaches the
maximum at f* = 0.16 (n = 46%), then decreases. This increase in the energy extraction
efficiency for the oscillating airfoil in a turbulent flow can be described by comparing the
vorticity plots obtained by oscillating airfoil in a turbulent flow (Figure 4.25) with those in
a laminar flow (Figure 4.26). From these plots, it can be seen that the vortices shed by the
oscillating airfoil in a turbulent flow are stronger than those shed when it is oscillating in a
laminar flow. This occurs because the vortices already present in the turbulent flow interact
with each other and with the shed vortices, thus it resulting in increasing the vortex strength.
Moreover, the graph of the synchronization between vertical force Cy and heaving velocity
Vy in Figure 4.27 shows that the turbulent flow has a better synchronization with airfoil

motion and higher lift, which result in a higher energy efficiency.

Variation of Flow Field for
NACAO0018 Blunt Trailing Edge

Laminar Turbulent

Efficiency, n (%
MNONOW W R AU
o v o v o o

0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.2

Figure 4. 24: Comparison between laminar (Re = 1100)and turbulent (Re =5 x 10°) flow on

power extraction efficiency at 6, = 76.3°,Hy = ¢, x, = ©/3
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t=3T/4

t=7T/8

Figure 4. 25: Vorticity field for NACA0018 with blunt trailing edge shape over one cycle at

Re = 5% 105; 6, = 85° f* =0.16
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Vorticiti [s'l]
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t=3T/4 t=7T/8

Figure 4. 26: Vorticity field for NACA0018 with blunt trailing edge shape over one cycle at
Re = 1100; 6, = 85°% f* = 0.16
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Figure 4. 27: Comparison of synchronization between vertical force Cy for laminar and turbulent
case and heaving velocity 1, at 6, = 85° f* = 0.16 and NACA0018 blunt edge

Thus, we may conclude that, the energy efficiency increase does depend on the
Reynolds number, and the reduced frequency. In addition, turbulent flow contributes to a
higher efficiency than the laminar flow over a wide range of reduced frequencies. Hence, in

the rest of the simulations in this study, we will just focus on the turbulent flow analysis.

4.2 Multiple Bodies Analysis

In this section, numerical simulations of oscillating bodies were focused on the multiple
interactions between different bodies such that: interaction between two airfoils (airfoil-
airfoil); and interaction between bluff body and an airfoil (cylinder-airfoil). A parametric
design includes the oscillation motion direction, distance between two bodies (L, =
2.5c and 4c), and kinematics parameters, i.e. reduced frequencies (f* = 0.12 — 0.18 ) and
pitching amplitude (6, = 60° — 85°). In this section, all of the simulated cases were run in
turbulent flow field with phase angle ¥ = 0 between the upstream and downstream bodies
and a pitching motion about an axis located at x,, = ¢/5 from their respective leading edge.
For the airfoils, NACAO0015 with sharp trailing edge shape and NACA0018 with blunt
trailing edge shape have been investigated for this multiple bodies analysis for turbulent

flow.
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421 Numerical Method
4211 Computational Domain and Boundary Condition

In tandem configuration (two objects), the mesh was generated through combination of
structured and unstructured grid as shown in Figure 4.28. The upstream inlet velocity and
the downstream pressure outlet were located at 35c and 40c from the pitching point of the
upstream body, respectively. The upper and lower velocity inlet were located at 35¢ from
the pitching body (same as in single airfoil). The distance of the interface has been varied
from 1.5c to 1c in order to investigate the effect of the distance between two bodies as
highlighted in Figure 4.29. Moreover, a high grid resolution is maintained around the
oscillating bodies and the inter-body region in order to accurately resolve the upstream body

wake structures up to their interaction with the downstream body.

The same method as implemented in the single airfoil analysis was used in order to
enable the pitching motion of the individual bodies within the system. Each body was
enclosed in a circular zone and that zone was set to rotate with respect to the outer domain
by using a user-defined function (UDF). The sinusoidal heave motion of the whole system

was also prescribe by a UDF.
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Figure 4. 28: (a) Simulation domain for tandem cases, (b) close-up view for structured and
unstructured mesh (c) close-up view of the boundary layer for the NACAQO015 airfoil
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Figure 4. 29: close-up view of tandem configuration (a) two airfoils at 3 diameter interface, (b) two

airfoils at 2 diameter interface, (c) cylinder and airfoil at 2 diameter interface

Three level of grid resolution have been established and the details are discussed in
the previous Chapter (Section 3.8).
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4.2.2 Effect of Oscillation Motion Direction on Energy Harvesting Performance

Efficiency

In this section, the effect of motion direction between upstream and downstream of the
oscillating airfoils in tandem configuration is studied. Two cases have been simulated. For
Case 1-0, the upstream and downstream airfoils were setup to oscillate in the opposite
direction, which means when the upstream airfoil starts to pitch down, the downstream
airfoil will pitch up (Figure 4.31). Meanwhile for Case 2-0, both upstream and downstream
airfoils will oscillate in the same direction (Figure 4.32). Simulation has been set at Re =
5x10% f* =0.14,H, = c,6, = 76.3° L, = 4c. The results presented in this section will
focus on the mean power coefficient, C» and energy harvesting efficiency n of upstream and

downstream airfoils.

Table 4. 3: Comparison of coefficient of power and energy harvesting performance efficiency on
oscillating motion direction

Case CP upstream nupstream CP downstream Mdownstream CP total Mtotal [%]

Case 0.9048 35.31% -0.8867 -34.60% 0.0181 0.71
1-0
Case 0.8861 34.58% 0.4452 17.37% 1.3313 51.95
2-0

Coefficient of Lift Case 1-0 Coefficient of Power Case 1-0

"o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 4. 30: Instantaneous vertical force Cy over a periodic cycle, Vy /U, and coefficient of power

Cp, for Case 1-0 and Case 2-0
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Table 4.3 compares the power output and their respective efficiency on the two airfoils
when treated individually and when considered for the whole system. About 2% difference
is observed from the outcome of the upstream airfoil between Case 1-0 and 2-0. However, a
marked difference results can be seen from the downstream airfoil of these two cases tested
which finally making up the total coefficient of power and efficiency. For Case 1-0, the
downstream airfoil contributes to the negative power to the system. This is because, from
Figure 4.30 (downstream airfoil Case 1-0), it clearly shows a bad synchronization between
the heaving velocity V,, and the vertical force coefficient Cy (i.e. they have opposite sign at
a time), causing the total power curve Cp to go negative throughout the whole cycle. On the
other hand, for the downstream airfoil Case 2-0, although less vertical force Cy is generated,
the phase difference between the airfoils provides better synchronization of C, and heaving
velocity Vy, resulting in net positive power output being maintained throughout the whole

cycle.

The details of the negative power produced by the downstream airfoil of Case 1-0 are
illustrated in the vorticity contours plots in Figure 4.31. The downstream airfoil exhibits
dynamic-stall over the entire cycle. This shows that the downstream airfoil and the flow
motion are in opposite manner. Hence, energy will be consumed in order to overcome the
damping effect of the surrounding flow. Meanwhile in Case 2-0, even though the vorticity
plots do show the dynamic stall (Figure 4.32), it is reattached as the airfoil flap in the cycle.
The reattachment vortex increase the lift and result in positive power generation (produced

the energy).

Case 2-0 is then were further investigated by varying the reduce frequency f* and
pitching amplitude 8, in order to observe their effects on the power generation. Other
parameters i.e. Reynolds number Re, heaving amplitude H, and distance between upstream
and downstream airfoil L, were kept the same. The results were shown in Table 4.4 including

the results of Case 2-0 in order to have a better comparison with the other simulation results.

From the overall results presented in Table 4.4, there are few observations which need
to be emphasized. First, it is clear that the major contribution to the total power coefficient
and efficiency comes from the upstream airfoil. This is because the downstream airfoil
operates in the upstream airfoil velocity deficit, hence there are not much power generated.
Secondly, when the pitching amplitude is fixed (6, = 76.3°) and the reduced frequencies
are varied f* = 0.12 — 0.18, the efficiency performance of the downstream airfoil drops

drastically as the reduced frequency increases. On the other hand, the efficiency performance
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of the upstream airfoil is slowly increasing until it achieved it maximum at reduced
frequency f* = 0.16 with 36.77% efficiency, then it starts to decrease. Moreover, when the
reduced frequency is fixed at f* = 0.12 and f* = 0.14 and the pitching amplitude is varied
6, = 60° —85°, the performance of the upstream airfoil is improved as the pitching
amplitude increases with efficiency increments of 24.9%, 5.8% and 5.4% for f* = 0.12 and
29.7%, 2.6% and 6.4% for f* = 0.14. Conversely, the performance of the downstream
airfoil decreases significantly as the pitching amplitude increases for both reduced

frequencies tested.
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Vorticiti [s7]

Figure 4. 31: Vorticity field for Case 1-0 over one cycle (blue: clockwise, red: counter-clockwise)
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Vorticity [s'l]

Figure 4. 32: Vorticity field for Case 2-0 over one cycle (blue: clockwise, red: counter-clockwise)
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Table 4. 4: Parametric study of Case 2 over a range of reduced frequencies and pitching

amplitudes
Case  Cpupstream Mupstream  Cp downstream Ndownstream  Cprotal  Meotar[ %]
study

fr=0.14,6, = 76.3°

Case 2-0 0.8861 34.58% 0.4452 17.37% 1.3313 51.95
fr=0.12,6, = 76.3°

Case 2-1 0.8659 33.79% 0.4408 17.20% 1.3067 50.99
f*=0.16,6, = 76.3°

Case 2-2 0.9423 36.77% 0.326 12.72% 1.2683 49.49
f*=0.18,6, = 76.3°

Case 2-3 0.9204 35.92% 0.1495 5.83% 1.0699 41.75
fr=0.12,6, = 60°

Case 2-4 0.6086 25.37% 0.5446 22.70% 1.1532 48.07
f*=0.14,6, = 60°

Case 2-5 0.5836 24.32% 0.5005 20.86% 1.0841 45.18
f*=0.12,6, = 80°

Case 2-6 0.9316 35.87% 0.3801 14.64% 1.3117 50.51
f*=0.14,6, = 80°

Case 2-7 0.9222 35.51% 0.3554 13.69% 1.2776 49.20
f*=0.12,6, = 85°

Case 2-8 0.9735 36.85% 0.2509 9.50% 1.2244 46.35
f*=0.14,0, = 85°

Case 2-9 1.0021 37.93% 0.2392 9.05% 1.2413 46.98
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Overall, the peak efficiency of the oscillating airfoils in tandem configuration occurs
at Case 2-0 (bold) with less than 2% difference in power efficiency, as compared to Case 2-
1. In another words, it can be concluded that, the maximum energy extraction efficiency of
the two airfoils in tandem configuration oscillating in the same direction happens at the
reduced frequencies f* = 0.12 — 0.14 and pitching amplitude 6, = 76.3° , with 24.6%

increase in power efficiency, as compared to the single airfoil.

4.2.3 Effect of the Distance between Upstream and Downstream Airfoils on
Energy Harvesting Performance Efficiency

The investigation on the oscillating airfoils were further studied in order to examine the
influence of the separation distance between upstream and downstream airfoil (measured
between the pitching axes of the two airfoils) on the energy extraction efficiency of the
system. The inter airfoil distance (L,) of Case 2-0 has been modified from 4c to 2.5c and

this new simulation setup is introduced as Case 3-0.

Table 4. 5: Comparison of coefficient of power and energy harvesting performance efficiency over
the distance between upstream and downstream airfoil

Case CPupstream nupstream CP downstream Wdownstream CP total ntotal[%]

study

Case 2-0 0.8861 34.58% 0.4452 17.37% 1.3313 51.95

Case 3-0 0.8799 34.34% 0.5503 21.48% 1.4302 55.82
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Figure 4. 33: Instantaneous vertical force Cy over a periodic cycle, Vi, /U, and coefficient of

power Cp, for Case 2-0 and Case 3-0

Table 4.5 compares the power generated by two airfoils in tandem configuration and
their respective efficiencies when they are placed at 4c and 2.5c apart. The results show
about 7% increment in the total power generation and energy extraction efficiency of the
system when the two airfoils are placed closer. This increase in the total coefficient of power
of the system can be described by comparing the plot of the heaving velocity V;, and the
vertical force Cy, coefficient for each airfoil (Figure 4.33). The plot by the upstream airfoil
in both tested cases shows a similar pattern however, it is not the same for the downstream
airfoil. The plot by the downstream airfoil of Case 3-0 shows the vertical force Cy is higher
than the vertical force Cy, of downstream airfoil of Case 2-0, and as such the power generated
by the downstream airfoil for Case3-0 is higher (see Figure 4.33, coefficient of power for
Case3-0).

The vorticity plot of Case 3-0 is shown in Figure 4.34 to illustrate the flow behaviour,
as compared to Case 2-0 in Figure 4.33. One obvious observation that can be seen in Figure
4.35 is the strong interaction of the wake vortices of the upstream airfoil and the downstream
airfoil. In general, the strong interaction of the wake vortices from the upstream body with
the downstream body in tandem configuration may lead to increase or decrease in energy

performance depending on two criteria: a local rise or a local loss of available dynamic
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pressure provided by the vortex-induced velocity. Hence, in this case, the strong interaction
of vortices was resulting in loss of performance especially at t = T/4, when the airfoils are
about to start rotating in a clockwise manner, a vortex shed from the upstream airfoil interacts
with the leading edge of the downstream airfoil. A vortex, which is in a region of fluid
rotating about an axis, is characterised by a region of low pressure at its centre. Att = T/4,
this region of low pressure is rotating in an opposite manner to its pitching motion. Similar
scenario happened at t = 3T/4 but having inverse sign. This poor synchronization of motion
imposed by the shed vortices on the airfoil and its pitching motion is therefore resulting in
the airfoil which would not be self-driving. Nevertheless, on most of the rest of the cycles,
the synchronization happened which contributes to increase in the energy extraction

efficiency of the system.
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Vorticiti [s'l]

Figure 4. 34: Vorticity field for Case 3-0 over one cycle (blue: clockwise, red: counter-clockwise)

Case 3-0 has also been investigated further by varying the reduced frequency f* and
pitching amplitude 8, as already been done in Case 2-0, in order to have a full comparison
of the effect of the distance between upstream and downstream airfoil. The results were
presented in Table 4.6.
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Table 4. 6: Parametric study of Case 3 over a range of reduced frequencies and pitching

amplitudes
Case  Cpupstream Mupstream Cp downstream Tdownstream  Cptotat  Mtotal [%]
study

fr=0.14,60, = 76.3°

Case 3-0 0.8799 34.34% 0.5503 21.48% 1.4302 55.82
fr=0.12,6, = 76.3°

Case 3-1 0.9307 36.32% 0.5654 22.06% 1.4961 58.38
f*=0.16,6, = 76.3°

Case 3-2 0.8808 34.37% 0.5183 20.22% 1.3991 54.59
f*=0.18,6, = 76.3°

Case 3-3 0.8686 89% 0.4891 19.09% 1.3577 52.98
fr=0.12,6, = 60°

Case 3-4 0.6118 25.50% 0.5174 21.56% 1.1292 47.06
fr=0.14,6, = 60°

Case 3-5 0.5781 24.09% 0.4995 20.82% 1.0776 4491
fr=20.12,6, = 80°

Case 3-6 0.9426 36.30% 0.5055 19.46% 1.4481 55.76
f*=0.14,6, = 80°

Case 3-7 0.8532 32.85% 0.4671 17.98% 1.3203 50.83
f*=0.12,6, = 85°

Case 3-8 0.9223 34.91% 0.3493 13.22% 1.2716 48.13
f*=0.14,6, = 85°

Case 3-9 0.8882 33.62% 0.2406 9.11% 1.1288 42.73
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The results presented above, showed that in most simulated cases, the shift of 4c to
2.5c distance between upstream and downstream airfoils gives a positive impact on
efficiency. The highest increment is observed at f* = 0.18,6, = 76.3° where 21.2%
improvement in total efficiency is achieved. Conversely, at f* = 0.12,6, = 60°, f* =
0.14,6, = 60° and f* = 0.14,6, = 85° the change to 2.5c separation distance shows a
decrease in energy efficiency performance by 2.2%, 0.6% and 10% respectively. Even
though 10% reduction in power efficiency is a lot, however the drop of 2.2% and 0.6%
difference in efficiency is negligible and in most of the other tested cases, the results show
an improvement of efficiency. Hence, it can still be concluded that the change of the
separating distance from 4c to 2.5c apart is beneficial on the overall power performance

efficiency.

Comparing Case 3-0 — Case 3-9 in Table 4.6, it can be seen that the peak value of
efficiency is obtained at f* = 0.12,68, = 76.3° (Case 3-1) which is 4.6% higher than total
efficiency of Case 3-0. Moreover, it can be seen from Table 4.6 that the upstream airfoil
contributes more in power generation than the downstream airfoil. Figure 4.35 shows
comparison results of the time histories for upstream and downstream airfoil for the higher
efficiency of Case 3-0 and Case 3-1 (Table 4.6). From this figure, it can be seen that it is
mainly the downstream power of Case 3-1 which contributed to its higher power (Figure
4.35, right hand-side plots), as the upstream power is nearly the same for both cases.
Moreover, Case 3-1 (Figure 4.35) shows better timing in the sign switch of Vy and Cy and
higher Cy over some cycles for the downstream airfoil, resulting in positive values of total

extracted power of the downstream (Figure 4.35, bottom right plot).
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Figure 4. 35: Instantaneous vertical force Cy over a periodic cycle, Vi, /U, and coefficient of

power Cp, for Case 3-0 and Case 3-1

Some insight can also be obtained by comparing the vorticity plots obtained for the
system oscillating in Case 3-0 (Figure 4.34) with those obtained for the system oscillating in
Case 3-1 (Figure 4.36). At t = 0, although the flow separates at the leading edge for both
cases and for both airfoils, it can be observed that the flow reattachment for upstream airfoil
of Case 3-1 occurs at a point further downstream of the pitching axis than that at which it
occurs for Case 3-0. Because of the region of low pressure present at the core of the vortex,
both airfoils are forced to rotate counter-clockwise similar to their pitching motion. Since
the leading edge vortex interacts with the surface of the upstream airfoil in Case 3-1 at a
point further downstream of the pitching axis than that in Case 3-0, the momentum of the
upstream airfoil in Case 3-1 is actually larger than that in Case 3-0 which finally resulting in
more energy extraction. A similar interaction is observed at t = T/2. Meanwhile, for the
overall simulation cycle, it can be observed that the vortices shed on the two airfoils and
their pitching motions of Case 3-1 are more synchronize than in Case 3-0. These results show

general agreement with those obtained in Figure 4.35.
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Next, additional simulations were computed at f* = 0.10, 8, = 76.3° in order to find
the optimum parameter of the reduced frequency for the effect of the distance between two
airfoils on the energy harvesting efficiency, and this new setup is introduced as Case 3-10.

The result of this simulation is presented in Table 4.7.

Table 4. 7: Parametric study of Case 3 over a range of reduced frequencies and pitching
amplitudes (continued)

Case CP upstream nupstream CP downstream Ndownstream CP total "total[%]

study

f*=10.10,6, =76.3°

Case 3- 0.7797 30.43% 0.3501 13.66% 1.1298 44.09
10

From the above result, the same conclusion can be made as in the previous section,
where the maximum energy extraction efficiency of two oscillating airfoils in tandem
configuration occurs at the reduced frequencies f* = 0.12 — 0.14 with pitching amplitude
6, = 76.3°. In addition, we can observe also that, in most cases simulated in this section,
the reduction of the inter airfoil distance L, from 4c to 2.5c is beneficial to energy harvesting
performance. Moreover, an increment of about 30% in energy harvesting efficiency has also
been observed when compared to the single airfoil configuration at the same kinematic
parameter setup. Hence, for further investigation, the simulation parameters are fixed at the
inter airfoil distance L, = 2.5c¢, reduced frequencies f* = 0.12 and f* = 0.14, and pitching
amplitude 6, = 76.3°.
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Vorticiti [s

Figure 4. 36: Vorticity field for Case 3-1 over one cycle (blue: clockwise, red: counter-clockwise
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424 Effect of Trailing Edge Modification on Energy Harvesting Efficiency

Apart from the conclusion that has been drawn previously, here we assess also the
geometrical shape modification influence on the efficiency performance for the most
optimum tandem configuration. From the previous simulations, we have observed that Case
3-1 has the highest efficiency. Hence, comparisons have been made between NACA0018
with blunt trailing edge (the most optimum geometry in single simulation) and NACA0015
with sharp trailing edge (Case 3-1), and the results are presented in Table 4.8 and Figures
4.37 & 4.38.

Table 4. 8: Comparison of power contribution between NACA0015 Sharp edge (Case 3-1) and
NACAO0018 Blunt Edge

Case StUdy EPupstream nupstream EPdownstream Ndownstream EP total ntotal[%]

fr=012,6, =76.3°

NACA0015

0.9307 36.32% 0.5654 22.06% 1.4961 58.38
Sharp Edge
NACA0018

0.8996 35.11% 0.6767 26.41% 15763 61.52
Blunt Edge

Coefficient of Lift Case 3-1 . Coefficient of Power Case 3-1

. . . . . . . n N R . . . . . . N L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
vT T

Coefficient of Lift-NACA0018 Blunt Edge
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Figure 4. 37: Instantaneous vertical force Cy over a periodic cycle, Vy /U, and coefficient of power

Cp, for NACAO0015 Sharp edge (Case 3-1) and NACA0018 Blunt Edge
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Figure 4. 38: Vorticity field for NACA0018 with blunt trailing edge shape over one cycle (blue:

clockwise, red: counter-clockwise)
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The presented data does shows an improvement in the power generation with the use of
NACAOQ0018 blunt trailing edge shape, as in the single blunt trailing edge airfoil. This
improvement relates mainly to the downstream airfoil, with a total efficiency of more than
5% in comparison to the sharp airfoil. The flow vorticity also shows the vortex of the
downstream airfoil is always attached to the airfoil surface throughout the cycle.
Furthermore, the wake shedding has also contributed to the higher power generation.

4.2.5 Effect of Bluff Body on Oscillating Airfoil Energy Harvesting Efficiency

In this section, the study of the oscillating airfoil system was further extended to
explore the interaction of the oscillating airfoil (NACAOQ0015 sharp edge) with the bluff body
(cylinder) on the energy harvesting efficiency. The upstream airfoil from the previous cases
(Section 4.2.3) has been replaced with the cylinder and the rest of the simulations setup were
remain the same. Based on the conclusion that have been made from the previous section,
the simulations were narrow down and the investigation were carried out at reduced
frequencies f* = 0.12 and f* = 0.14 and pitching amplitude 6, = 76.3°. These simulations
are referred as Case 4-0 and Case 4-1 for reduced frequencies f* = 0.12 and f* = 0.14,

respectively.

Table 4. 9: Parametric study of Case 4 over two reduced frequencies and pitching amplitude

Case StUdy CP upstream nupstream CP downstream Mdownstream CP total Ntotal[%0]

f*=0.12,60, = 76.3°

Case4-0C1  0.3321 11.07% 0.5510 21.50% 0.8831 32.57
Case4-0C2  0.3155 10.52% 0.6509 25.40% 0.9664 35.92
Case 4-0C3  0.3300 11.00% 0.6549 25.56% 0.9849 36.56
Case4-0C4  0.3579 11.93% 0.5207 20.32% 0.8786 32.25

fr=0.14,6, = 76.3°

Case 4-1 0.4594 15.31% 0.4908 19.15% 0.9502 34.46

From the results in Table 4.9, a special behaviour has been observed in Case 4-0, where

a periodicity occurred after fourth cycle. The C1, C2, C3 and C4 are referred to cycle one,
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two, three and four respectively. Figure 4.39 shows the vertical force C, of upstream and
downstream bodies of Case 4-0 in eight cycle. It can be clearly seen that, the same curve is
repeated after four cycle. Contrary to Case 4-1, a periodicity happens after each cycle (Figure
4.40). This shows that the reduced frequency has an expectedly strong effect on flow

dynamics.

One similarity that can be observed from these two cases which differ from the case
of the interaction between two airfoils is, the downstream body is generating more power as

compared to the upstream body.

Figure 4. 39: Instantaneous vertical force Cy of upstream and downstream bodies of Case 4-0 over

eight cycle
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Figure 4. 40: Instantaneous vertical force Cy of upstream and downstream bodies of Case 4-1 over

eight cycle

In order to clearly examine the physics of the power generation, the instantaneous force
and power coefficients are phase-averaged. Figures 4.41 and 4.46 show time histories of the
heaving, pitching and total power coefficient for upstream and downstream bodies. It can

easily seen that the downstream airfoil reaches higher vertical force values compared to the
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upstream cylinder. This scenario is due to the aerodynamic shape that the airfoil has. The

aerodynamic shape of the airfoil was chosen to provide advantages to the high lift generation.

Another observation from Figures 4.41 and 4.46 that can be stressed is the
synchronization between the vertical force and the heaving velocity curve. By looking at the
vertical force curve in Figure 4.48 (Downstream Airfoil Case 4-0 C1 & Downstream Airfoil
Case 4-0 C3), it is clear that the vertical force of cycle one reached higher value as compared
to cycle three, however cycle three generates more power and reached higher efficiency than
cycle one. The same situation happened at Case 4-1 and Case 3-0 where the vertical force of
the downstream airfoil Case 4-1 achieved higher value than vertical force of downstream
airfoil in Case 3-0 but downstream airfoil in Case 3-0 achieved higher efficiency. This occurs
because although more vertical force value is attained, yet the synchronization of the vertical

force and the heaving velocity is imperfect.
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Figure 4. 41: Total power coefficient Cp, pitching contribution to power Cp,,heaving contribution

to power Cp,,, Vy /U, and instantaneous vertical force €, over a periodic cycle for
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Figure 4. 42: Vorticity field for Case 4-0 C1 (blue: clockwise, red: counter-clockwise)

Figure 4. 43: Vorticity field for Case 4-0 C2 (blue: clockwise, red: counter-clockwise)
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t=3T/4

Figure 4. 44: Vorticity field for Case 4-0 C3 (blue: clockwise, red: counter-clockwise)

Figure 4. 45: Vorticity field for Case 4-0 C4 (blue: clockwise, red: counter-clockwise)
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Figure 4. 46: Total power coefficient Cp, pitching contribution to power Cp,,heaving contribution
to power Cp,,, Vy /Uy, and instantaneous vertical force Cy over a periodic cycle for

Case 4-1

Figure 4. 47: Vorticity field for Case 4-1 over one cycle (blue: clockwise, red: counter-clockwise)

Furthermore, the vorticity plot in Figures 4.42 — 4.45 and Figure 4.47 show the strong
interaction between wake vortices from the upstream cylinder and the downstream airfoil.
Opposite to Case 3-0, this strong interaction of wake vortices was resulting in adding
dynamic pressure to the downstream airfoil, which finally contribute to the increase

performance efficiency.
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4251 Trailing Edge Modification-Bluff Body Effect on Energy Harvesting
Efficiency

Here, the effect of the airfoil trailing edge modification on bluff body for possible energy
harvesting improvements has been investigated by replacing NACAOQ015 sharp edge with
NACAOQ018 blunt edge; as the blunt edge showed improvement in efficiency performance
when two blunt edge airfoils are used (Table 4.8). The results of the new simulations
(denoted Case 5) have been compiled and presented in Table 4.10, and Figures 4.48-4.49.

Table 4. 10: Parametric study of NACAQ018 blunt edge

Case StUdy CP upstream nupstream CP downstream Tdownstream CP total ntotal[%]

fr=0.12,6, =76.3°

Case5-0C1  0.3713 12.38% 0.5771 22.52% 0.9484 34.90
Case 5-0C2  0.3582 11.94% 0.6621 25.84% 1.0203 37.78
Case 5-0C3  0.3292 10.97% 0.6805 26.55% 1.0097 37.52
Case 5-0C4  0.4199 14.00% 0.6645 25.93% 1.0844 39.93

f*=0.14,0, = 76.3°

Case 5-1 0.4849 16.16% 0.4994 19.49% 0.9843 35.65

Cylinder - NACA0018 Blunt Edge
T T T T

Cylinder - NACA0018 Blunt Edge
T T T T T

C\’ Upstream

Figure 4. 48: Instantaneous vertical force Cy of upstream and downstream bodies of Case 5-0 over

eight cycle
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Cylinder - NACA0018 Blunt Edge 5 Cylinder - NACA0018 Blunt Edge

C\v Upstream

Figure 4. 49: Instantaneous vertical force Cy of upstream and downstream bodies of Case 5-1 over

eight cycle

Figures 4.48 and 4.49 show similar trends to Figures 4.39 and 4.40, respectively.
However, the efficiency performance is slightly different with positive improvement in the

new simulations.

Hence, we can conclude that, apart from the aerodynamic shape of an airfoil which
contributes to the higher power generation, the airfoil’s geometrical shape (i.e., thickness
and trailing edge shape) does also play an important role in the improvement of the energy
harvesting performance. Moreover, the dynamic pressure provided in the wake vortices is

also important for the downstream airfoil to reach high vertical force value.

4.3 Summary

This chapter has focused on investigating the efficiency performance of energy
harvesting system of single and multiple oscillating bodies. For single oscillating airfoils,
simulations have been carried out for laminar and turbulent flows, and for multiple

oscillating bodies they were carried out only in turbulent flow field.

For single oscillating airfoils, the investigations of energy harvesting efficiency were
focused on the effect of the geometrical shape modifications for different thickness
distribution (NACAO0012, NACAO0015 and NACAO0018) and trailing edge shape
modifications. For the thickness distribution, it is found that the highest difference in the
efficiency performance between NACA0018 and NACAQ012 airfoils is about 8% and 19%
for laminar and turbulent flow fields, respectively. Hence, NACAOQ018 is used for further
investigation on the influence of trailing edge shape modifications for energy harvesting.
The modified trailing edge profiles applied to the oscillating airfoil are blunt, sharp and
rounded. Modifying the airfoil trailing edge is found to have influence on the lift coefficient,

especially for high a Reynolds number. From the results, it is observed that the blunt trailing
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edge has a better efficiency than the sharp and rounded trailing edges. About 3% and 7%
difference in performance efficiency between blunt, sharp and rounded edges occurred in
laminar and turbulent flow field, respectively, with the blunt edge leading followed by sharp
and rounded edges. Moreover, for all simulation cases that have been carried out for the
single oscillating airfoils, the highest efficiency performance is found to occur at reduced
frequencies f* = 0.14 — 0.18.

For multiple oscillating bodies, simulations have been carried out for a range of
parameters, such as the oscillation direction motion, the inter airfoil distance, airfoil trailing
edge modification, and the interaction of bluff body with an airfoil, to investigate their
effects on energy harvesting efficiency. For the two airfoils arranged in tandem configuration
with 4c apart and are set to oscillate in the opposite direction, the negative energy has been
produced, while when the same airfoils are forced to oscillate in the same direction, 24%
increment in energy harvesting performance has been observed, as compared to the single
oscillating airfoil produced energy. Secondly, when the separation distance of the two
airfoils is shifted to 2.5c apart, an increase of 7% in efficiency has been observed as
compared to 4c distance, and an increase of 30% in efficiency as compared to the single
oscillating airfoil. The effect of trailing edge modifications on the efficiency performance
for the multiple oscillating bodies has also investigated. Both the NACAOQ0015 sharp trailing
edge and the NACAO0018 blunt trailing edge have been used, and it is found that there is an
improvement in efficiency for the thicker and modified blunt trailing edge airfoil, with a
total efficiency of more than 5% in comparison to the sharp airfoil-airfoil.

The investigation of multiple oscillating bodies is then extended to explore the effect
of bluff body-airfoil interaction on the efficiency performance. From this study, a special
behaviour has been observed at reduced frequency f* = 0.12 where the periodicity happens
at every four cycles. However, the efficiency performance is found to decrease when
compared to the interaction between two airfoils (at 2.5c apart) with the loss of 37% - 45%
at reduced frequency f* = 0.12 and 38% at reduced frequency f* = 0.14. When compared
to single oscillating airfoils, at reduced frequency f* = 0.12, the efficiency increases
between 0.7% to 12%, but at reduced frequency f* = 0.14 the efficiency drops by 12%.
Simulations of bluff body were again run with NACAOQ018 blunt edge and a positive
improvement in efficiency is attained. Thus, in summary, for the cylinder-airfoil interaction,
the efficiency performance is found to decrease when compared to the two airfoils
interaction; and for a better energy harvesting of two oscillating bodies in tandem the use of

airfoil-airfoil interaction with blunt trailing edge is to be recommended.
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Chapter 5: Effect of Near Ground on Power Extraction

Two distinctly known research areas i.e. oscillating airfoils, and airfoil in ground effect when
studied together, oscillating airfoils in ground effect reveal a novel line of research. Studies
on oscillating airfoils investigate the exceptional aerodynamic and navigating abilities
shown by fish swimming and flying insects while in-flight or hovering motions (Wu,2011
Platzer,2008). An inverted airfoil operating under the influence of ground is known as wing
in ground effect (WIG). Under the influence of the ground, the oncoming flows compared

to free stream produce a higher lift and reduction in the induced drag.

Inspired from the advantages of ground effect on lift enhancement for fixed wings, in
this section we explore the effect near ground on the potential energy extraction of oscillating
airfoils. This chapter investigates the aerodynamic performance and energy harvesting of
oscillating wings in ground effect. It has been found that flow separation is promoted in
ground effect. Its underlying mechanism is that the pressure on lower surface of the wing
increases when the distance between the wing and the ground is below a critical value. The
WIG effect has been successfully applied to the racing cars and wing-in-ground aircraft.
However, the studies on the ground effect were mainly concentrated on the fixed wing. Very
limited information is available on the ground effect related to flapping wings.

The present study aims to investigate the flow of flapping foils NACAO0015 in ground
effect for potential energy harvesting increase. Their flapping motion modes were induced
through synchronous harmonic plunge and pitch rotation, on which the first type of existing
flapping type energy generators is based. The effects of Reynolds numbers at laminar and
turbulent flows, the location of airfoil pitching axis, the distance between the airfoil pitching
axis and the ground, the amplitude and frequency of oscillation on power extraction by the
flapping wing were examined using URANS. Based on the numerical results obtained, the
evaluation of ground effect on the force behaviour as well as power extraction performance

of the flapping wing were conducted.

5.1 Problem Description and Methodology

In this study, a NACAOQ015 airfoil were used to model the wing cross-section with the
flapping motion. The most common NACAOQ015 is used for a validation process. As shown
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in Figure 5.1, the foil which was placed in proximity to the ground experienced synchronous

pitching and heaving motions.
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Figure 5. 1: Schematic of an airfoil in ground effect at different position over the cycle

During this process, the actuating mechanism in the system was neglected, which implies
that the power was totally extracted from the kinetic energy of flow. Similar to the previous
studies (Kinsey and Dumas, 2008; Xiao et al., 2012; Liu et al., 2013), the flapping motion
of the foil was enforced and controlled. A simple harmonic motion mode was employed in
this study. In the current study, the airfoil pitching axis was located at one third of the chord
length from the leading edge and (¢) was fixed at 90 degrees. The parameter ¢ was the chord

of the airfoil.

One important parameter in ground effect is the height from the ground. Figure 5.1 shows
a schematic of an airfoil in ground effect during half of the cycle. It can be seen that the
minimum distance from the group occurs at t = 1/2T, whereas the maximum distance
happens at t = 0. Hence, the equation describing the heaving motion is redefined to include

the height, as shown in Egn. 5.1.
h(t) = Hyeq + Hy sin(2eft + ¢) (5.1)

where H,,.4 represents the medium height of the heaving oscillation and H, the amplitude

of the heaving oscillation.

5.2 Numerical Method

In this work, the unsteady flow-fields of oscillating airfoil in ground effect were

simulated using a 2D unsteady Reynolds-averaged Navier-Stokes (URANS) equations
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with Menter's shear-stress transport k-w turbulence model. This model has been widely used
for industrial and academic purposes and is well known to be able to deliver good predictions
for flows involving a strong adverse pressure gradient and separation, which are usually the
case for flows in ground effect. This has been also shown to work by previous studies for
oscillating foils in freestream, for examples as in [Kinsey and Dumas, 2008, Kinsey et al.,
2011]. The iterative solution algorithm to solve these equations consisted of an initial
approximation of the velocities, a Poisson equation for the pressure correction, followed by
velocity correction that allows the computation of the new velocity and pressure fields. The
governing equations are solved at the cell centers by a finite volume method. Second-order
upwind discretization was used for the convection terms, and a second-order central
difference scheme was used for the diffusion terms. The convection terms are interpolated
at the cell faces through a Taylor series expansion. A first-order implicit time-marching
scheme was used, with 30 sub-iterations per time-step. A time refinement study suggested
that the optimal non-dimensional time step depends on the frequency. The time-step varied
from 2 x 1073T to 1 x 1073T. That ensured a minimum number of time steps per period
while also keeping an acceptable Courant—Friedrichs—Lewy number (based on the free
stream velocity) in all the cells of interest. Lower time-steps did not yield a more accurate

solution.

5.2.1 Grid Structure

The mesh is based on structured block around the airfoil and ground and an additional
structured block 0.72c above the airfoil, extending up to the symmetry plane. The mesh was
C-shaped, with 500 points around the airfoil and 30 points inside the boundary layer. The
initial cell spacing normal to the surface was such that the wall - y* = 1 was close to unity.
A mesh refinement study yielded a 151,000-point grid with a grid convergence index
(Roache, 2013) of 0.26% in Cy. The grid extended 10c upstream and downstream of the
airfoil and10.5¢ above the airfoil. The distance to the ground was set according to the
different ride heights studied. In the case of the airfoil out of the ground effect, the domain
was extended 10.5¢ below the airfoil, and an additional unstructured block was inserted and
the dynamic motion was implemented by rotating and vertically moving the airfoil (see
section 5.2). The dynamic motion was implemented by allowing the cells around the airfoil
and boundary layer to deform as the airfoil moves. A combination of smoothing and layering
on the cells proved successful in keeping excellent aspect ratio and skewness on all cells

throughout all the simulation. The edges between nodes behave as springs that are free to
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adapt to the new boundaries. The deformation of the idealized springs results in imaginary
forces at the nodes. At each time step, the condition of net force equal to zero at each node
gives an iterative equation for the displacement of the interior nodes that must be solved.
Using the displacements at the boundaries as the boundary conditions, it was found that 750
iterations were required to obtain a smooth deformation of the nodes. Figure 5.2 shows how
the quality of the mesh is maintained at various incidences.

Inlet
Outlet

Ground

Figure 5. 2: Ground effect grid structure

5.2.2 Mesh Sensitivity Analysis

In this work, a mesh-independence study was conducted. This is because, at the moment
there is no available published data that can be used to benchmarking our results. Hence, a

rigorous grid resolution has been built in order to have a confident in our numerical

simulation.
3 K
e v
2k Medivm A9 o Medinvm
1 - - - 2 ~ =
¥ o / N 3 / ‘\ / \
- R B S y
= / i % \ / = .,/ \ g
( W, / \ ] \
3 7’ \ o/ \ s A
1 . il \ L~
\/ >
2 1§
3 i A .2 i 1
85 90 95 100 85 90 ] 95 100

time

Figure 5. 3: Grid sensitivity analysis
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Figure 5.3 highlights the convergence of the lift and drag coefficients over an oscillating
cycle. The convergence study was carried out for NACA 0015 sharp trailing edge airfoil.
Three discrete mesh resolutions namely coarse, medium and fine were tested subject to
parameters plunging amplitude H, = ¢, f*=0.18, and the airfoil pitching axis located at 1/3
of chord location. The instantaneous value of performance coefficients are throughout
consistent for various mesh spacing, and this indicate that the medium spacing grid
resolution is sufficiently refined, which enables accurate solutions to be obtained for this
research work. Therefore, for the rest of the simulations the medium mesh resolution grid
is selected to investigate the influence of the ground on the aerodynamic performance of foil
oscillating at various ride heights for the sharp trailing edge shape for NACAQ015. Table
5.1 shows the vertical and the horizontal force coefficients at two reduced frequencies, f* =
0.18 and 0.14. The cycle average value of lift and drag coefficients indicate less than 2

percent variation for selected range of grid spacing resolutions.

Table 5. 1: Comparison results of vertical and horizontal forces

Mesh resolution
Operating parameters
Hy=c Hy,y=c Coarse Medium Refine
éY C_X CY C_X CY CX
f*=0.18 0.462 1.21 0.495 1.243 0.502 1.245
fr=0.14 0.381 | 1.527 0.387 1.531 0.389 1.530

5.3 Results and Discussion

The numerical model is investigated for the sharp trailing edge NACA 0015. In these
investigations the parametric study is focussed on the variation of reduced frequency, f*,
plunging amplitude, H, and mean, H,,.4 ride hide while keeping the other kinematic and

geometrical parameters as constant.

107



Chapter 5

5.3.1 Ground Effect on Aerodynamic Coefficient and Efficiency

Under the influence of the ground the behaviour of oscillating airfoil is discussed here. In
these simulations the plunging amplitude and the medium plunging amplitude are varied at
c and 1.5¢ to model the influence of the ground for range of reduced frequency values.
Figure 5.4 below shows the mean values of coefficients of vertical and drag forces. In order
to compare the results, the standard free stream configuration placed far enough from the
ground is taken as the benchmark to highlight the ground influence.

Moving closer to the ground has a positive impact on the energy extraction behaviour
of the oscillating airfoil as shown in Figures 5.4 and 5.5. Similarly, the increase in effective
angle of attack indicates gain in vertical lift force over the simulated range of reduced
frequency values. As the mean ride height is decreased from 1.5c¢ to c, the venture effect
results in higher velocities through the section between ground and airfoil and consequently
the lower surface of the oscillating airfoil experiences higher pressure force. For the
simulated range, by gradually reducing the mean ride height increases this pressure and
hence the vertical force coefficient also increases as expected, and a similar trend in the value

of vertical force coefficient Cy is seen over the experimented range of the reduced frequency.
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Figure 5. 4. Comparison of the mean vertical lift coefficient
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Parametric variation of the mean moment coefficient is shown in Figure 5.6 for H, =
¢ and 1.5¢. The moment coefficients follow similar trends, i.e. ground proximity result in
larger magnitudes of the moment coefficients. Although effective angles of attack are lower,
the moment coefficient value is negative with reference to the benchmarked free stream case.
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Figure 5. 5: Comparison of the mean moment coefficient

5.3.2 Performance Coefficient and Efficiency

In this section, the power coefficient and system efficiency are discussed. Following similar
trends as in case of aerodynamic coefficients these two parameters also show positive
influence of the ground proximity for energy extraction applications and shown in Figures
5.6 and 5.7. The maximum gain in power coefficient while reducing the mean ride height
from 1.5¢ to 1c occurs at reduced frequency value of 0.18. The plots of power coefficient
also indicate that at a particular mean ride height and a higher incidence angle value this
result in a higher gain of power coefficient, irrespective of the reduced frequency used.
Moreover, the improvement obtained in ground effect depends mainly on the perfect
synchronization of the heaving velocity and the instantaneous lift which happen at 0.12 <
f* < 0.20. For mean ride height equal to 1c, varying the effective angle of attack from 10
to 20° modifies the system efficiency value from 10.2% to approximately 24%. Power
coefficient variable also follow a similar pattern in variation against the change in effective

angle of attack at a specific mean ride height.
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5.3.3 Parametric Analysis of Influence of Ground

In order to further investigate the ground effect on the vertical force and mean value of power
coefficient another set of simulation is carried out. The mean ride height distance for this
investigation is varied from H,,.; = 1c to 5¢ while fixing the other applied condition of
effective angle of attack at 10° and plunging amplitude H, = 0.5c. The response of the

vertical force coefficient and power coefficient are plotted in Figures 5.8 and 5.9.
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Figure 5. 8: Response of vertical lift coefficient for H, = 0.5¢ and H,,.4 = ¢ to 5¢

In case of vertical lift coefficient, the value of the parameter increases almost linearly
as the influence of the ground is increased by reducing the mean ride height from 5c to
1c. On the other hand, the values of power coefficients as highlighted in Figure 5.10
show that the efficiency values decrease after attaining their peak values which
correspond to a reduced frequency value of 0.2. This is due to the motion of the airfoil
and the forces are not well synchronized for f* > 0.2. For both parameters, power and
vertical lift coefficients, the ground has a stronger influence against mean ride height
range of 1c to 2c, and as such, values of these parameter show sharp variation. Whereas
for the remaining simulated range of mean ride height values 2c to 5c, the response of

power and vertical force coefficients show relatively less variation.
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Figure 5. 9: Response of power coefficient for H, = 0.5c and H,,.4 = ¢ to 5¢

5.34 Effect of Pitching Amplitudes and the Oscillating Frequencies on the Energy
Harvesting of Oscillating Foil in Ground Effect

To investigate the influence of the ground effect on the energy harvesting efficiency,

in this section the airfoil is forced to oscillate at Re = 1100, Hy = ¢, Hppeq = 2c and x,, =
C/3 and different pitching amplitude and oscillating frequencies. The reduced frequencies

were chosen as 0.08, 0.10, 0.12, 0.14, 0.16, 0.20 and 0.25, at two different pitching
amplitudes (6, = 70° and 80°). These were the same data used in the free-stream
simulation. Table 5.2 shows the results obtained for these operation values, together with
those obtained for the free-stream case.

Looking at Table 5.2, it is clear that there was an increase in the peak lift coefficient
(Cy), for all the cases tested in ground effect, and with the peak lift coefficient showing the
increment in percentage to be as high as 25.10%. However, in some cases, although there
was an increase in the peak lift coefficient, a small reduction is obtained in the efficiency.
Moreover, the improvement in power efficiency in ground effect is found to be depended
mainly on the perfect synchronization of the heaving velocity and the instantaneous lift that
happens at 0.12 < f* < 0.2. For lower and higher reduced frequencies, the increase in lift
from ground effect is not always reflected in a better power efficiency (Table 5.2). From
Table 5.2, the highest efficiency in ground effect is 36.92% which is found at f* =
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0.16 for 6, = 80°, and this corresponds to an improvement of about 8% in comparison to
the freestream case. Figure 5.10 and 5.11 show the increase in the lift coefficient and also
the mean lift coefficient (Cy) and mean moment coefficient (C,,) over one cycle. Since the
Cy and C,, are symmetric for the free-stream cases, it is logical to assume that the C, and
Cy are zero for the case far from the ground. Nonetheless, these coefficients become
asymmetric when they oscillate near to the ground, as shown in these figures. Moreover, it
can be seen that the mean lift coefficient increase consistently until f* = 0.15 for 6, = 70°
and f* = 0.20 for 8, = 80°, and then there is a decrease after this point. On the other-hand,
for 8, = 70° the mean moment coefficient does not shown a clear trend, and for 8, = 80°
the trend follows the same as observed for the lift coefficient.

Analysing Figure 5.10a and Figure 5.11b, it can be seen that there is an improvement
in the efficiency for cases where the reduced frequency is in the range of 0.12 to 0.20 (0.12
< f* <0.20). In order to better understand why there is a slight reduction in the efficiency
of the harvested energy for the others non-dimensional frequencies, a plot showing the
instantaneous coefficients for those cases is presented. The first case corresponds to f* =
0.14 and 8, = 80°, where there is an improvement from 33.92% to 36.22%, while the
second case corresponds to f* = 0.10 and 6, = 80°, with a reduction from 21.39% to

19.81%. Figures 5.12 and 5.13 show the first and second cases, respectively.

Examining Figure 5.12a, it is evident that there is increase in the lift coefficient
in the last half of the cycle. Interestingly, in the first half of the cycle, when the airfoil
undergoes its downward motion, there is a reduction in the lift coefficient. To illustrate this
point, a sequence of instantaneous vorticity and pressure coefficient contours are shown in
Figures 5.14-5.15 and discussed at this end of this section. The largest reduction experienced
in the first half of the cycle (around t/T = 0.45), happens a little before the heaving velocity
Is changing signs (becoming positive), therefore, its magnitude is small. As such, the
reduction of lift in this point of the cycle does have a small impact on the lift power
coefficient, as it can be seen in the graph. However, for the second half of the stroke, the
increase experience in the instantaneous lift coefficient is seen over the entire half cycle, not
only on the peak. Therefore, the lift power coefficient for the case close to the ground shows

a significant improvement.
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Table 5. 2: Results of the oscillating NACA0015 at Re = 1100, Hy/c = 1, Hppegq/c = 2

f Cx Cy Cu n(%) Cx Cy Cy | 1(%) | A7 relative to
Freestream[%]
Free-stream 6, = 80° Ground effect 6, = 80°
0.08 | 1.802 | 2.275 | 0.359 11.60 1.824 | 2.608 | 0.409 | 11.20 -3.45
0.10 | 2.206 | 2.103 | 0.646 | 21.39 2.180 | 2.471 | 0.611 | 19.81 -7.37
0.12 | 2.322 | 1.988 | 0.694 | 29.64 2.422 | 2.443 | 0.864 | 30.23 1.99
0.14 | 2.237 | 2.232 | 0.741 | 33.92 2.385 | 2.427 | 0.880 | 36.22 6.78
0.16 | 2.040 | 2.192 | 0.576 | 33.72 2.319 | 2.563 | 0.781 | 36.46 8.13
0.20 | 2.130 | 2.540 | 0.622 | 26.84 2.204 | 3.178 | 0.700 | 28.86 7.53
0.25 ] 2.195 | 3.384 | 1.141 12.50 2.147 | 3.636 | 1.130 | 10.08 -19.36
Free-stream 6, = 70° Ground effect 8, = 70°
0.08 | 1.636 | 2.040 | 0.593 | 16.18 1.618 | 2.260 | 0.441 | 15.42 -4.70
0.10 | 1.781 | 1.948 | 0.648 | 24.69 1.788 | 2.177 | 0.571 | 23.40 -5.22
0.12 | 1.835 | 1.741 | 0.521 | 30.13 1.836 | 2.100 | 0.639 | 31.54 4.70
0.14 | 1.591 | 1.732 | 0.382 30.46 1.671 | 1.984 | 0.504 | 32.62 7.09
0.16 | 1.493 | 1.862 | 0.366 | 29.20 1.565 | 2.078 | 0.371 | 31.20 6.85
0.20 | 1.337 | 2.136 | 0.493 | 20.70 1.384 | 2.333 | 0.487 | 22.45 8.45
0.25 ] 1.199 | 2.881 | 0.793 3.99 1.231 | 3.066 | 0.771 | 4.56 14.29
6y, =70° 6, = 80°
Cy A
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f* | f.-stream g. (%)[A Cy] | f.-stream | g. effect (%) [A Cy]
effect
0.08 2.040 2.260 10.78 2.275 2.608 14.66
0.10 1.948 2.177 11.78 2.103 2.471 17.51
0.12 1.741 2.100 20.64 1.988 2.443 22.91
0.14 1.732 1.984 14.57 2.232 2.427 8.74
0.16 1.862 2.078 11.58 2.191 2.563 16.96
0.20 2.136 2.333 9.25 2.540 3.178 25.10
0.25 2.881 3.066 6.43 3.384 3.636 7.44

The differences shown in the drag coefficient (Figure 5.12b) are related to the fact that
for the freestream case, the first and second half of the cycle always exhibited equal curves.
However, in the cases when the airfoil is flapping in the proximity of the ground, the second
half of the curve is no longer equal to the first half. This behaviour is related to the differences

in the pressure around the airfoil as it moves close to the ground.

Comparing the curves in the Figure 5.12c, it can be seen that although the presence of
the ground has changed the instantaneous moment coefficient at some points, its effect is
compensated over the cycle. This can be seen when the efficiency is divided between the
two motions (heaving and pitching). In the free-stream case, for this frequency and heaving
amplitude, from a total of 33.92% efficiency, 31.08% were obtained from the heaving
motion and 2.84% from the pitching motion, whereas in ground effect, from the total of
36.22% efficiency, 33.25% were obtained from the heaving motion and 2.97% from the
pitching motion. Thus, the efficiency improvement is mainly obtained from the increase in
the heaving component of the power extraction coefficient rather than on the pitching
component. Similar trends were observed by (Wu et al. 2015) for different combinations of

f*, 6y ,Hy/c, using the immersed boundary — lattice Boltzmann method for laminar flow.
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Evaluating Figure 5.13a, a similar trend as in Figure 5.12a case is obtained here, that
is, there is a reduction in peak lift coefficient on the first half of the cycle and an increment
in the peak lift coefficient on the second half of the stroke. However, as it is quite different
than the previously case, the lift coefficient in the ground effect is smaller than the one
obtained for the free-stream case over the whole second half of the cycle. Additionally, as
there is not a perfect synchronization between the heaving velocity and the lift coefficient
for this combination of f* and 8, (a negative lift power coefficient takes place around
t/T=0.45), if the lift coefficient is increased in this portion of the cycle, there will be a
negative impact on the heaving power coefficient. This can be seen as the portion of the
negative heaving power coefficient is higher for the ground effect case. Therefore, adding
this two negative differences, a slight reduction is seen, which is about 1.58% in the
efficiency. This lead to the conclusion that cases which deviate from the perfect
synchronization between the motion and the force coefficient for a constant 6,, tend to
experience lower improvement or even worse efficiencies than the free-stream cases. This
is observed for f* = 0.08,0.10 and 0.25 for 8, = 80° and f* = 0.08 and 0.10 for 6, =
70°. These observations can also be seen in Figures 5.10 and 5.11, for cases where there was

an improvement due to the ground effect they happened around f* = 0.14.

In order to further investigate the reason of the force coefficients’ differences in free-
stream (i.e., out of ground effect) and in ground effect cases, Figures 5.14 and 5.15 show the
vorticity contours and the pressure coefficient, respectively, with plots over one whole cycle
around the flapping airfoil. First, by analysing the vorticity plots (Figure 5.14), it is possible
to identify the presence of the leading edge vortices (LEV) as a consequence of the dynamic
stall, as it was explained previously. At t=2/8T, it is possible to see the formation of LEV,
which at t=3/8T is already formed an is transferred along the airfoil surface. Also at t=3/8T,
a stronger LEV in the free-stream case can be seen. This is the reason why it is possible to
identify a more negative lift coefficient for the free-stream case around t=0.4T in Figure
5.12a. On the other hand, at t=6/8T and t=7/8T, the LEV formed in the ground effect case is
stronger than in the free-stream. Moreover, this difference is also noted in the Figure 5.123,
where around this time of the period, the ground effect shows a higher instantaneous lift

coefficient.

Examining Figure 5.15, the differences observed in the instantaneous force
coefficients can also be seen in the pressure plots. The most evident difference is seen when
the airfoil is moving away from the ground, at t=5/8T and t=6/8T. At these points, it is clear

that the pressure under the airfoil is higher in ground effect case. These differences in the
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pressure distribution around the airfoil can be explained by the venturi effect, which is
formed when the airfoil is close to the ground, due to the differences in the area ratio formed
from the ground to the leading-edge and to trailing edge. As the area ratio is changing, the
pressure under the airfoil is also modified.

Thus, it can be concluded that the differences in the lift coefficient between the free-
stream and the ground effect case are the result of two behaviours. Firstly, the interaction of
the vortices with the ground and with the different pressure distribution generated by the
presence of the ground. Secondly, the venturi effect that is observed in the points where the
airfoil is closer to the ground and there is area ratio formed from the ground to the leading-

edge and to trailing edge.
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Figure 5. 14: Comparison of the vorticity plot for NACA0015 oscillating at Re = 1100, Hy/c =
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Pressure Coefficient
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Figure 5. 15: Comparison of the pressure coefficient plot for NACA0015 oscillating at Re =
1100,Hy/c = 1,Hmeq/c = 2,x,/c = 1/3,f* = 0.14 6, = 80° for (a) free-stream
and (b) ground effect
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5.35 Effect of Height

In the previous section, only one value of H,,.,/c = 2 was used during the investigation.
Thus, to investigate the effect of changing the distance from the ground, numerical
simulations were performed by varying this parameter. The mean height (H,,.4 in Figure
5.1) was varied from H,.;/c =2,3,4,5,6,7and8 at Re =1100,H,/c =1, x,/c =
1/3,f*=0.2 6, = 70°, for a NACAO0015 oscillating airfoil. Figure 5.10 shows the peak,
mean lift coefficient and efficiency as the airfoil is moved away from the ground, keeping

all others parameters constant.

From Figure 5.16, it can be seen that as the airfoil is set to oscillate further from the
ground, the lift coefficient and the efficiency values tend to the free-stream ones. It is worth
mentioning though, that the drop in the efficiency is not as sharp as expected, thus a high
performance of energy harvesting can be obtained for a wider range of heights. The reason
is that the enhancements of the LEV'S and the venturi effect become less noticeable as the

distance from ground is increased.

Figure 5.17 shows the instantaneous lift coefficient over a whole cycle for different
heights and free-stream. From figure 5.17, it can be seen that the curves tend to follow the
free-stream, as the airfoil is oscillating away from the ground. Another relevant observation
is that the Cy improvement is usually found in parts of the cycle that are close to the peak
portions of the curve, which is different than the case shown in Figure 5.12 for f* = 0.14

and 8, = 80°, where the increase in Cy is found to be better spread along the cycle.
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5.3.6 Effect of the Reynolds Number

Finally, the effect of a higher Reynolds number (turbulent flow) on the energy harvesting
efficiency in ground effect was investigated. Here, an airfoil was forced to oscillate in a
turbulent flow with a Reynolds number of 5 x 10°. The other parameters were kept constant
as Hy/c=1Hpeq/c=2,x,/c=1/3,f* =014 6, =763° and they were the same
parameters as those used in the free-stream turbulent case. The turbulence model used is the
k — w SST with low-Reynolds correction, as in the free-stream turbulence case. The
turbulent inlet boundary condition at the inlet is set to 0.1% and the turbulent viscosity ratio
to 0.01. The initial cell spacing normal to the surface was such that the wall y* = 1 was

close to unity.
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Table 5. 3: Comparison of NACAQ0015 at Re =5 x 10°,Hp/c = 1,Hpyeq/c = 2,%p/c =
1/3,f* = 0.14 and 6, = 76.3°

An relative to

Source C_X ¢ Y CM EP n(%) Freestream[%]

Turbulent — freestream | 1.775 | 2.916 | 0523 | 0.998 | 39.12 |_

Turbulent- ground
2.008 | 3.129 | 0.527 | 1.085 42.34 | 8.23

effect

Table 5.3 shows the results obtained for the turbulent case in ground effect, together
the free-stream case for comparison. In comparison to the freestream turbulence, the
efficiency in ground effect has been increased by 8.23% (Table 5.3), i.e., slightly larger than
the improvements observed in the laminar cases (Table 5.2). Moreover, the efficiency for
the turbulent freestream in ground effect is 42.34% (Table 5.3), whereas for the laminar case
in ground effect the maximum efficiency is found to be 36.46% (Table 5.2). This
corresponds to an efficiency improvement of more than 16%. Compared with the laminar
cases, the improvement in peak lift coefficient of 7.3% (Table 5.3 for Cy) is below the
average obtained of 14.2% (Table 5.2). In spite of this, there is an improvement in the

average power coefficient, which is reflected in the increase in the efficiency.
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To better understand the differences not only on the peak and mean coefficients, but
also along the whole cycle, Figure 5.17 shows the evolution of the instantaneous lift
coefficient, drag coefficient and moment. In those graphs, it has been also included the
heaving velocity, angular velocity, lift power coefficient and moment power coefficient.
Initially, inspecting the coefficients related to the heaving motion (Figure 5.17a), it can be
seen that there is improvement in the lift peak coefficient in the second half of the cycle.
Moreover, it can also be seen that this enhancement is maintained for the whole range after
the second half of the cycle. As it was seen for laminar cases, there is also a reduction in the
lift coefficient in the first half of the cycle. The improvement however in the second half
overcomes the reduction in the first half, and this is reflected in the improvement of the
efficiency. This can also be seen by observing the difference between the lift power

coefficient curves for the free-stream and ground effect.

Figure 5.18b shows the instantaneous drag coefficient both in freestream and ground
effect. Differently than the laminar case (Figure 5.17b), the drag coefficient for the turbulent
in ground effect is higher at the two peaks. Aside from the peak, the main differences are
present in the second half of the cycle, as happened for the laminar in ground effect. In Figure
5.18b, the average drag coefficient Cy is positive, which indicates a net drag cycle. Since
the airfoil is actually not moving horizontally, but only heaving and pitching into a uniform
flow from left to right of speed U,,, hence only the lift force (vertical component) contributes
to the power extraction. However, while the drag does not directly influence the power
extraction capabilities, the drag on the foil is an important design consideration, as it will
influence how the device is mounted. Although it may yield optimal power, a large relative
angle of attack increases the drag forces significantly since the foil is acting like a bluff body
for much of its stroke, presenting significant structural engineering challenges.

Finally, from Figure 5.18c it can be seen that the moment coefficients for the cases in
ground effect and free-stream are quite similar (i.e., small difference between them).
Examining the time history of the moment coefficient, it can see that the main discrepancies
take place around t/T=0.6 and t/T=0.95, i.e., regions where the angular velocity has low
magnitude. As such, this does not have a large effect on the moment power coefficient. In
free-stream, the moment power coefficient was -9.12%, whereas for the ground effect, the
moment power coefficient is -8.23%. As already mentioned, the negative value of efficiency
means that in the majority of the cycle the moment coefficient and the angular velocity have
opposite signs, thus, instead of harvesting energy, work is being done over the flow (transfer

energy to the flow).
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From the analysis conducted for turbulent flows, it can be concluded that the ground
effect can also be used to enhance the energy extraction efficiency for turbulent flows.
However, although the peak lift coefficient had a lower improvement when compared to the
laminar cases, for the case analysed in the present study, it seems that turbulent flow have a
slightly larger potential of enhancing the energy efficiency. Thus, it would be interesting to
further investigate this potential for a wider variety of pitching amplitudes and frequencies

for turbulent flow.

a) T T T T T T T T T b) 4.5

—— Cd Free-stream
ar / Cd Ground Effect| /7

T \

-1 "
\ ——Cy Free-stream 1+ .
\ — — Cy Ground Effect
I —W 05 ]
\ - Cpy Free-stream
- o= Cpy Ground Effect of
3r "y
A . . . L " . L " 05 . . L A " . . " L
0 0.1 02 03 04 0.5 06 07 08 09 1 0 0.1 02 03 04 05 06 07 0.8 0.9 1
uT T

| |—Cm Free-stream

— — Cm Ground Effect
Cpm Free-stream
Cpm Ground Effect

0 0.1 0.2 03 04 05 06 0.7 08 0.8 1
uT

Figure 5. 18: Comparison of NACA0015 at Re = 5 x 10°,Hy/c = 1, Hpea/c = 2,xp/c =
1/3,f" = 0.14 and 6, = 76.3° in ground effect and free-stream for the (a) lift

coefficients, (b) drag coefficients and (c) moment coefficients

5.3.7 Comparison of the Airfoil Flapping in and out of ground effect for Energy

Harvesting

In this study, the results obtained show that airfoils flapping in ground effect for the
investigated cases, have larger peak lift coefficients than those ones obtained for free-stream.
This improvement is due to the venturi effect and the LEV's modification that is observed



Chapter 5

when the airfoil is flapping close to the ground. Though, these improvements have been
observed in all the cases tested, the power coefficient, and consequently, the energy
efficiency, have not always been increased. For some cases, there was even a slight reduction
in the efficiency. From the analysis conducted, it can be concluded that the improvement
obtained in ground effect depends mainly on the synchronization of the heaving velocity and
the instantaneous lift coefficient. If these increase in the lift coefficient occurs in a point of
the cycle where the heaving velocity and the lift have different signs, instead of increasing
the energy efficiency, there will be a reduction. This reduction has been observed for the
cases where the oscillating frequency is further from the perfect synchronization that
happens at 0.14 < f* < 0.16 for the two pitching amplitudes tested (6, = 70° and 80°).
The highest efficiency improvement was obtained for the case where the airfoil was flapping
at f* = 0.16 and 8, = 80°, from 33.72% to 36.46% (Table 5.2). It has also been observed
that this improvement is primarily due to the enhancement of the heaving component rather
than the pitching component.

As expected, varying distance from the ground has been shown to have an impact on
the peak coefficients and on the efficiency. Moreover, as the airfoil is set to flap further from
the ground, it tends to have the same results as of the free-stream case. The present study is
constrained by the minimum distance from the ground (H,,;,) of one chord because of the
numerical approach used. Thus, it would be of interest to investigate how the efficiency
would change for H,,;,, lower than one chord. Moreover, it is worth mentioning that it would
not be possible to reach much lower values, as a collision between the ground and the airfoil
would occur.

Finally, a turbulent case with a higher Reynolds number was also evaluated in ground
effect. Comparing to the turbulent case in freestream, a slight improvement was observed in
the energy efficiency, from 39.19% to 42.34% for f* = 0.14 and 6, = 76.3°, which
corresponds to about 8% increment in efficiency. Following on this, it would be interesting
to investigate the effect of different pitching amplitudes and frequencies on the enhancement

of the energy efficiency.

5.4 Summary

In this chapter, a parametric study on the ground effect has been conducted to optimise
the power efficiency. The effects of Reynolds numbers at laminar and turbulent flows, the
location of airfoil pitching axis, the distance between the airfoil pitching axis and the ground,

the amplitude and frequency of oscillation on power extraction by the flapping wing were
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examined using URANS. From this study, it is found that in all the cases there is an increase
in the peak lift coefficient, as height decreases. However, the improvement in power
efficiency in ground effect is found to be depended mainly on the perfect synchronization of
the heaving velocity and the instantaneous lift that happens. Moreover, it has also been
observed that this improvement is primarily due to the enhancement of the heaving
component rather than the pitching component. For the laminar flow, the maximum
efficiency in ground effect is 8.13% more than the freestream (Table 5.2). Finally, a turbulent
case with a higher Reynolds number was also evaluated in ground effect, and it found that
an improvement of 8.23% in the energy efficiency was observed in comparison to its
freestream case (Table 5.3).
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Chapter 6: 3D effects and Geometry variation influence

on Energy Harvesting Efficiency

The flow around oscillating devices involves three-dimensionality, turbulence transition,
and unsteady flow separation associated with large-scale vortex structures. All these aspects
are difficult to investigate computationally and experimentally. Thus, due to the complexities
of three-dimensional flow, the studies of foils are still focused on two-dimensional structures
at low or moderate Reynolds number. This has been far from the real applications, where the
effects of three-dimensionality, free stream turbulence and high Reynolds numbers should

be considered.

In this Chapter, the 2D numerical simulations have been further extended to 3D study to
investigate the 3D effects, geometry shape variation, and aspect ratios on energy harvesting
efficiency for oscillating wings in laminar and turbulent flows. For the 3D simulations with
varying aspect ratios, most of the previous studies focused mainly on the thrust/propulsion,
i.e., to understand how flapping low-aspect-ratio foils work for propulsion (Triantafyllou et
al. 1991, Dong et al. 2006, Bleischwitz et al. 2015), as opposed to energy extraction from
the flow. For the energy harvesting, only few studies were conducted in 3D. Kim et al. (Kim
et al. 2017) investigated the energy harvesting performance and the flow structures of a 3D
hydrofoil oscillating in pitch and heave experimentally in a water flume for different aspect
ratios, Kinsey et al. (Kinsey et al., 2011b) designed, built and experimentally tested a
hydrokinetic turbine using oscillating hydrofoils to extract energy from water currents/tidal,
and Deng et al. (Deng et al. 2015) investigated numerically the effect of variation of the
aspect ratio and the structure of pitching motions on the energy extraction efficiency and

wake topology of flapping hydrofoils in laminar flow.

In this study, two NACA profiles have been considered, which are NACA0015 with
sharp trailing edge and NACAO0018 with blunt trailing edge. NACAO0015 has been used for
experimental study by (Kinsey et al., 2011b), and choosing this will be consistent for the
validation process in 3D studies. NACAO0018 is used later for the study of geometrical effect
in 3D. This is because, from the conclusion in Chapter 4, the 2D NACAO0018 with blunt
trailing edge shows the higher energy efficiency value as compared to other NACA profiles.
For the numerical simulations, to reduce the computational time the spanwise extension has
been reduced to a half of the size by using the symmetry plane, and we also narrowed down

the simulations that will be carried out in this 3D study to the optimum set of parameters
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from the 2D simulation (which have a high energy efficiency, Chapter 4), and two different
aspect ratios (with low and high aspect ratios, i.e., 3.5 and 7). The previous study of (Kinsey
et al., 2011b) has used aspect ratio 7 and choosing this aspect ratio in current study is
necessary for the validation process. However, it is of interest to investigate how much the
efficiency will be drop if a low aspect ratio is used. For example, due to the expensive cost
and practical limitations (e.g., only small devices can be build), then the question is how
efficient this device will be affected by three-dimensionality as we reduce the foil aspect
ratio. For practical applications, one can design a variable wing using actuator (as in the case
of spanwise morphing wing) which can be used, e.g., in shallow water (e.g., with a low
aspect ratio) and in deep sea with a high aspect ratio. To investigate the effect of a low aspect
ratio, this study simply reduce the aspect ratio to half the size than the one we validated, as
usually aspect ratios of below 4 are considered to be low. Therefore, aspect ratio 3.5 has
been chosen. Moreover, in this study the effect of 3D geometry shape variation on the energy
harvesting was investigated.

6.1  Three-Dimensional Simulation Setup

For the 3D grid generation, the 2D grid was extended in spanwise 1.75c and 3.5c, as
shown in Figures 6.1(b)-(c). Figure 6.2 shows the overall mesh of 3D study and the mesh
details are given in Table 6.1. In these cases, only half of the spanwise has been extended
due to the implementation of the symmetry plane (Figure 6.3) that allows us to model only
half of the problem. Figure 6.4 shows the close-up view of the two airfoils at different aspect
ratios with the end plates. These end plates have been used here to be matched with the
geometry that has been used in the experimental study. Moreover, the end plates are also
found to be beneficial in reducing the loss of efficiency at the wingtip (Kinsey and Dumas,
2012). For the solver setup, a similar approach that has been used in 2D simulation has been
implemented here: Unsteady RANS with combined pitch-heave motions, and the non-
conformal sliding interface (Figure 6.5), which appears as a closed cylinder around the airfoil
with sealed at a half-chord distance farther from the endplate. This distance is used to avoid
interfaces interruption to occur at the wingtip plane. Figure 6.6 shows the 3D wing

parameters with the symmetry line.
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3.5(c)
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span for 3D computation of AR

Figure 6. 1: (a) Close-up view of 2D grid (b) half airfoil span for 3D computation of AR
half airfoil
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Figure 6. 2: Overall view of 3D mesh
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Table 6. 1: Mesh information

Aspect Ratio = 3.5

Aspect Ratio =7

Cells 3,874,192 4,774,997
Faces 11,062,523 13,581,399
Nodes 3,203,205 3,913,253
Partitions 2 2
Cell zones 2 2
Face zones 19 19
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Figure 6. 3: Domain size and boundary condition types for the 3D numerical simulation

(b)

Figure 6. 4: Airfoil with end plate at different aspect ratio
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(a) (b)

Figure 6. 5: (a) close-up view of the interface, (b) inside the interface, the airfoil equipped with the

endplates (same as on the experimental prototype)

Figure 6. 6: 3D airfoil parameters (c is chord length and b is airfoil span)

6.2 Grid Independency Study

Before we start the validation process, the grid and time independence study have been
carried out. Two sets of grid refinements have been built in the spanwise direction for each
aspect ratio tested (Table 6.2) and the chosen grid was run in three different time refinements
(Table 6.3). Then, the validation process begin by comparing the present results with the
published study of (Kinsey & Dumas 2012b, Kinsey et al. 2011b)) for the 2D case.



Table 6. 2: Grid independence study

Chapter 6

AR =35 AR=7.0
Nodes on Nodes on
Total cells o Total cells o
airfoil airfoil
Setl 3,874,192 500 x 26 4,774,997 500 x 52
Set 2 4,253,189 500 x 30 5,153,994 500 x 60
Table 6. 3: Time independence study
AR =35 AR=70
2381 2381
ts/cycle 3000 3000
7143 7143

The results of the grid and time independence studies are shown in Figures 6.7 and

6.8, respectively for both aspect ratios tested (AR = 3.5 and AR = 7).

Grid Scale Resolution - AR = 3.5
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Figure 6. 7: Grid refinement results for AR = 3.5 and AR = 7 at ts/cycle = 2381

(f*=0.14,6, = 75°,Hy = c,Re = 5 x 10%)
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From Figure 6.7, both grid refinement sets show a good agreement. Hence, grid
refinement of Set 1 with a smaller number of cells has been selected for further test at smaller

time steps.

Time Independence Study -AR = 3.5 Time Independence Study - AR =7
T T T T T T T T T T T T T

25

===t/T=7143 ||
=—t/T = 3000

—==t/T=7143

=—t/T = 3000 |

= =t/T=2381 - =t/T=2381
T T

, . , . . . i I , . . , . . \
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
/T t/T

Figure 6. 8: Time independence study for AR =3.5and AR =7
(f* = 0.14,6, = 75° Hy = ¢, Re = 5 x 10°)

Again, a very good agreement has been obtained for the time independence study, with a
difference of less than 0.1% between the largest and smallest time-steps used (0.003 and
0.001, respectively). Therefore, it can be concluded that the current mesh is space and time
independent, and consequently this mesh has been used for further validation.

For the second step validation process, the overall dimension of oscillating airfoil
geometry and endplate used in the present study are the same as the one used in the
experimental study of (Kinsey et al. 2011b). Table 6.4 summarizes the parameters as well as

the airfoil size that has been used in the experimental study.

Motion phase (¢) 90°

Table 6. 4: Oscillating airfoil turbine parametric details (Kinsey et al., 2011b)

Airfoil profile NACA0015
Chord length (c) 0.24m
Span(b) 1.68m
Pitching axis (x;) c/3
Heaving amplitude (H,) c

Pitching amplitude (6,) 75°
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Eight cycles were performed with a time steps size of 0.003 and periodicity from cycle
to cycle was excellent. Table 6.5 shows a comparison of our numerical simulations with the
published work. A difference of less than 5% has been observed between the results. Figure
6.9 shows the plots of the vertical and horizontal force coefficients (Cy and Cy), and the
power coefficient (Cp), and as can be seen good agreements were obtained with the
published work. Hence, it can be concluded that, the 3D approach in this study has been

successfully validated and the results obtained are reliable.

Table 6. 5: Comparison results of the numerical simulation and the published study for
Re =5x%10%f*=0.14,0, = 75°,Hy = ¢

Study Cp Efficiency, n[%]
(Kinsey et al., 2011b) 0.844 33.10
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Figure 6. 9: Comparison plot between present study (left) and published study (Kinsey and Dumas,
2012) (right)
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6.3 Comparison of 2D and 3D Results

In this study, the 3D effects on the potential power extraction of oscillating wing is
considered in laminar and turbulent flows and compared to the 2D case. In this section, only
optimum cases (with largest energy harvest efficiencies) obtained for 2D NACAOQ0015 with
sharp trailing edge in Chapter 4 (single airfoil analysis) have been considered for the
oscillating 3D wing. In laminar flow field (with Re = 1100), the simulations have been
conducted at a reduced frequency f* = 0.14, pitching amplitude 8, = 76.3° and heaving
amplitude H, = ¢, while for turbulent flow field (Re = 5 x 10°), the reduced frequency,
the pitching amplitude, and the heaving amplitude are taken to be as f* = 0.18, 6, =
80° and H, = c, respectively (from Chapter 4).

The results obtained from these simulations are presented in Table 6.6 and Figure 6.10
for laminar case, and Table 6.7 and Figure 6.11 for turbulent case. From these results, it can
be seen that the 2D case overestimates the power efficiency as compared to the 3D cases, as
this does not take into account the 3D effects. The power efficiency of the 3D case for aspect
ratio 7 is higher than the one for aspect ratio 3.5. These results agree with the other studies
on the aspect ratios where, as the aspect ratio increases, the lift force performance improves,
and which in turn can enhance the energy harvest performance.

Comparing the results of 2D and 3D cases, we can observe that, there is about 22%
and 10% efficiency drop in laminar case for aspect ratio 3.5 and 7 respectively, whereas in
turbulent flow, there is about 25% and 11% performance decrease. These efficiencies drop
is primary coming from the heaving contribution, and the percentage drop of the cycle
averaged coefficient of power from heaving motion is more significant as compared to the
pitching motion for both fluid flows. Indeed, one finds in this study that for the cases studied,
the heaving contribution significantly dominates the pitching contribution, especially for the
laminar case (Table 6.6). For the pitch contribution, it can be seen that the energy
consumption properties of the pitch motion are very different (Tables 6.6 and 6.7), and that
for the turbulent case the contribution from the pitching is quite significant as compared to
laminar case which is low.

The plots of the vertical and horizontal forces (Cy and Cy), pitching moment (C,,) and
coefficient of power (Cp) in laminar flow (Figures 6.10) show similar trends between the
2D and the 3D curves but with higher peaks for the lift force and pitching moment
coefficients in 2D characterised by the presence of dynamic stall and LEVs; and which is
not the case for turbulent flow (Figure 6.11), especially for the vertical force and pitching
moment. Moreover, it can be seen from the power coefficients (Figures 6.10-6.11) that these
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peaks are lower for the low aspect ratio, followed by the larger aspect ratio, and then the 2D
(infinite aspect ratio), which in turn contribute to a higher power efficiency. The vertical
force and pitching moment in 3D cases of turbulent flow show higher values and better
synchronization than the corresponding 3D laminar flow cases, resulting in a better power
efficiency. For the high aspect ratio, the efficiency results of the 3D are quite similar to the
2D case (i.e., infinite aspect ratio) as expected, while for the low aspect ratio there is a
significant difference between the 3D and 2D results, where the 2D results are over-
predicted, and drop in efficiency is about 22% for aspect ratio 3.5 and 10% for aspect ratio
7 for the laminar case (Table 6.6), and 24.5% . Thus, it can be concluded that to limit 3D
losses is to increase the foil aspect ratio.

Table 6. 6: Cycle-averaged power coefficients and efficiencies for 2D and 3D oscillating airfoils in

laminar flow field

_ _ Efficiency, An relative

Dimension AR Cp, Cp, Cp %] t0 2D[%]
2D - 0.8171 0.0458 0.8629 33.25 -
3D 3.5 0.6433 0.0209 0.6642 25.89 22
3D 7 0.7273 0.0279 0.7551 29.87 10

L L s L L L I T J _04l L L s L L L I T J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
/T /T

Figure 6. 10: Comparison of instantaneous forces, moment and power coefficient between 2D and

3D simulations and different aspect ratios, Re = 1100, f* = 0.14, 6, = 76.3°,Hy = ¢
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Table 6. 7: Cycle-averaged power coefficients and efficiencies for 2D and 3D oscillating airfoils in

turbulent flow field

. . - _ _ Efficiency, An
Dimension AR Cp, Cp, Cp
n[%] [%]
2D - 17098 -05911 1.1187 43.08 -
3D 35 15128 -0.6861 0.8267 32.52 245
3D 7 15953 -0.6833 1.0120 38.30 11
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Figure 6. 11: Comparison of instantaneous forces, moment and power coefficient between 2D and
3D simulations and different aspect ratios, Re = 5 x 105, f* = 0.18,

90 = 800,H0 =cC

Figure 6.12 shows the vorticity contours for the 3D and 2D for Re = 5 x 10°, f* = 0.18,
6, = 80° Hy, = c. Att/T = 0, it can be seen clearly that the shed vortex in 3D is not

perfectly correlated along the spanwise direction. At the midspan location, the 3D vortex
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looks similar to the corresponding 2D vortex but towards the wingtip of the airfoil it can be
seen that there is a significant difference between the 3D and the 2D shed vortex. At t/T =
0.75, the flow is mostly attached and the shed vortex of 3D and 2D plots look quite similar
along the chord line. Taking into account the 3D effect, the global performance namely
cycle-averaged lead to different results, as shown in Table 6.6-6.7 and Figures 6.10-6.11.

These differences will be even more for the low aspect ratio.

t/T=0

\ ’ /72

Figure 6. 12: Comparison of vorticity contour for 3D and 2D studies at Re =5 X 10°,f* =
0.18,8, =80",Hy = c

6.4 Geometrical Effect in 3D Studies

In this section we compare the results of power efficiency with the best geometrical
shape found in 2D studies. It is best to study this geometrical effect in 3D, hence NACA0018
with blunt trailing edge has been selected and the results compared with standard
NACAO0015 sharp trailing edge. We run the simulation in both laminar and turbulent flow
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with fixed aspect ratio equal to 7 (which is found to have the best efficiency for the 3D sharp
trailing edge). The results are shown in Table 6.8-6.9 and Figure 6.13-6.14.

Table 6. 8: Cycle-averaged power coefficients and efficiencies for NACA0015 sharp trailing edge
and NACAQ0018 blunt trailing edge in laminar flow field

_ _ _ Efficiency,
CPY CP@ CP 0
n[%]
NACAO0015 Sharp edge 0.7273 0.0279 0.7551 29.87
NACAO0018 Blunt edge 0.7385 0.0328 0.7713 30.63
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Figure 6. 13: Comparison of instantaneous forces, moment and power coefficient for AR = 7, at

Re =1100,f* = 0.14,0, = 76..3 ,Hy = ¢
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Table 6. 9: Cycle-averaged power coefficients and efficiencies for NACA0015 sharp trailing edge
and NACAO0018 blunt trailing edge in turbulent flow field

_ _ _ Efficiency,
Cr, Cr, Co 0
nl[%]
NACAO0015 Sharp edge 1.5953 -0.6833 1.0120 38.30
NACAO0018 Blunt edge 1.6486 -0.6160 1.0326 39.23
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Figure 6. 14: Comparison of instantaneous forces, moment and power coefficient for AR = 7, at

Re =5x10%f*=0.18,0, = 80", Hy = c

From the results presented in Table 6.8 and 6.9, we can observe that the turbulent flow have
a better efficiency than the laminar flow. For NACAO0015 sharp edge, the efficiency is
29.87% for the laminar case, while for the turbulent case it is 38.3%. For NACAQ0018 blunt
edge the efficiency is 30.63% for the laminar case, and 39.23% for the turbulence case.
Comparing NACAO0018 blunt edge to NACAO0015 sharp edge, it can be seen that there is
slight increments in overall numbers. In laminar flow, the increment in efficiency

performance for the blunt is 2.54% in comparison to the sharp edge, while for turbulent flow
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the increment is 2.43%. From practical application, using a blunt NACAQ018 in turbulence
flow instead of NACAOQ015 sharp edge in laminar flow, will give an improvement of
efficiency of 31.34%. Figure 6.13 for laminar flow field shows a clear slight difference
between the two NACA profiles with NACA0018 blunt edge shows an advance
performance, however this is not evident for turbulent flow case (Figure 6.14). Similar
trends were found for a lower aspect ratio of 3.5 between blunt and sharp edges, with a slight

increment in performance for the blunt edge.

In Chapter 4, it is found for the 2D cases that the blunt trailing edge has a better efficiency
(7% improvement) than the sharp and rounded trailing edges, for a high Reynolds number.
In 3D cases, it can be seen that the efficiency improvements are lower than the 2D cases.
This suggests that the implementation of efficiency improvement strategies obtained by two-
dimensional studies should be treated with caution when extended to real three-dimensional
flows. To limit the 3D losses and increase the 3D efficiency, a way is to increase the foil

aspect ratio and use the blunt edge shape.

6.5 Summary

In this chapter, the 3D effect and aspect ratios on oscillating wing for energy extraction
have been considered, and compared to the 2D airfoil case. Moreover, the effect of
geometrical shape variation has been on energy harvesting has been investigated. The
accuracy of the proposed 3D method has been validated first, and the results show a good
agreement. Then, the 3D model has been successfully applied to the symmetrical airfoil with
two different aspect ratios, which are 3.5 and 7. Numerical simulations of NACAO0015 with
sharp trailing edge have been conducted at laminar and turbulent flows, where in laminar
flow the chosen reduced frequency, heave and pitch amplitudes are 0.14, ¢ and 76.3°, while
in turbulent flow the simulation parameters are chosen as f* = 0.18, H, = c and 8, = 80°.
The simulation then been proceeded with comparing the results with NACAO0018 blunt edge

at aspect ratio 7 in both laminar and turbulent flow.

From these simulations, it is found that the 2D case overestimates the power efficiency
as compared to the 3D cases, as this does not take into account the 3D effect like tip vortex.
The relative drops of efficiency from 2D predictions for the aspect ratios of 3.5 and 7, were
found to be 22% and 10%, respectively for the laminar case, and 24.5% and 11% for the
turbulent case. Thus, as the aspect ratio increases, the difference in the 2D and 3D results are

small, while for a lower aspect ratio, there are significant differences between the 2D and
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3D results for both laminar and turbulent flows, as expected. The 3D case results of turbulent
flow show higher values and better synchronization for the vertical force and pitching
moment than the laminar flow cases, and thus resulting in a better power efficiency. The
geometrical effect in 3D study still have similar conclusion with 2D study in which 3D
NACAOQ018 blunt trailing edge give a slightly better efficiency compared to 3D NACA0015
sharp trailing edge, but again with a significant drop in efficiency as compared to the 2D
cases. From this study, it may be concluded that the 3D effect and aspect ratios do have
influence on power generation for the oscillating wing and the geometrical shape of the
oscillating airfoil contribute to the better performance. To limit the 3D losses and increase
the 3D efficiency, this could be achieved by increasing the foil aspect ratio and using a blunt

edge shape.
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Chapter 7: Conclusion and Future Work

7.1 Conclusion

In this study, numerical simulations have been carried out on oscillating bodies in 2D and
3D to reveal the flow aerodynamics and their potential for power extraction efficiency. The
aim is to analyse the flow around oscillating bodies and determine under which conditions
the system extracts the maximum amount of energy from the surrounding flow. To achieve
this aim, rigorous simulations had been conducted using computational fluid dynamics

software Fluent in laminar and turbulent flows.

Computational studies were first carried out to validate the proposed method and the
results have been compared with the published literature, and good agreements were
obtained. The effect of geometrical shape modification on energy harvesting performance of
2D oscillating airfoils were then investigated. A selective range of parameters have been
investigated for symmetrical airfoils (NACA0012, NACA0015, and NACAO0018), including
the airfoil geometrical parameters: thickness distribution and trailing edge shapes modification
(sharp, blunt and round); kinematics parameters, i.e. frequency oscillation (f*=0.10-0.20) at
fixed heaving and pitching amplitudes, and the effect of fluid physics at low and high Reynolds
numbers (laminar flow at Re = 1100 and turbulent flow at Re = 5x105). For the turbulent
simulations, the highly resolved numerical simulations (y+ ~ 1) are performed at high pitch
angles using the k-w SST turbulence model, and are found to model the flow separation
effectively. The power-extraction efficiency has been used as the performance comparison
metric to map the performance into the parametric space considered in this study. For the
thickness distribution, it is found that the thicker airfoil (NACAQ018) gives a better power
efficiency (that is, increasing the thickness increases the power efficiency), and the effect of
thickness variation is found to be more visible in turbulent case than in the laminar case;
where the highest difference in efficiency is found to be about 19% which occurs between
NACAO0012 and NACAOQ018 airfoils at reduced frequency f* = 0.14 and pitching amplitude
6, = 85°. Moreover, for the cases studied, it is found that the highest efficiency is 34.1% for
laminar flow, and 44.5% for the turbulent flow, for the clean NACAO0018 airfoil (sharp
trailing edge). Modifying the airfoil trailing edge shape is found to have influence on the lift
coefficient, especially for the high Reynolds number. And it is observed that the blunt trailing
edge has a better efficiency that the sharp and rounded trailing edges. About 3% and 7%

difference in performance efficiency between blunt, sharp and rounded edges occurred in
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laminar and turbulent flow field, respectively, with the blunt edge leading followed by sharp
and rounded edges. Furthermore, for all simulations that have been carried out for the 2D
single oscillating airfoils, the highest efficiency performance is found to occur at reduced

frequencies f* = 0.14 — 0.18. The increase in efficiency is mainly due to the LEVs (leading

edge vortices) and a better synchronization between C, and V, (i.e., good timing in the sign
switch of C, and V).

The simulations were then extended to investigate the performance efficiency of
multiple oscillating bodies. In this configuration, a parametric study involving the inter
airfoil distance, oscillating motion and the interaction of bluff body-airfoil is conducted in

order to quantify the effects of these parameters on the power extraction efficiency.

The results showed that, when the two airfoils (airfoil-airfoil) in tandem configuration
are set to oscillate in different direction, the system will not produce energy but rather
consumes energy. However, the same airfoils can generate 24% more energy than the single
airfoil when both of them oscillate in the same direction with 4c distance. Besides, the higher
increment in efficiency was also observed when the distance between two bodies was
reduced, that is, when the separation distance of the two airfoils is shifted to 2.5¢ apart, the
increase of 7% and 30% in efficiency has been observed as compared to 4c distance and the
single oscillating airfoil, respectively. The effect of trailing edge modifications on the
efficiency performance for the two oscillating airfoils has also been investigated for the
NACAOQ0015 sharp trailing edge and the NACAO0018 blunt trailing edge. From the results, it
is found that there is an improvement in efficiency for the thicker and modified blunt trailing

edge airfoil, with a total efficiency of more than 5% in comparison to the sharp airfoil-airfoil.

Next, the effect of a bluff body (cylinder) with an airfoil in tandem configuration
on the energy harvesting efficiency is investigated. From this study, it is found that the
efficiency performance of the bluff body-airfoil is lower as compared to the airfoil-airfoil
interaction. Nonetheless, the comparison of efficiency performance of cylinder-airfoil and
airfoil-airfoil interaction is at cylinder-airfoil interaction, where the downstream body is
generating more power than the upstream body, which is in contradiction with the airfoil-
airfoil interaction. This is due to the weak geometry design of bluff body which is not of
aerodynamics shape. Moreover, since the bluff body is in the upstream position, the vortex
formulation is bigger and the contact with the downstream airfoil increases the lift force,
which finally benefit in the power generation. When compared to the single oscillating
airfoils, at reduced frequency f* = 0.12, the efficiency increases between 0.7% to 12%, but

at a reduced frequency f* = 0.14 the efficiency drops by 12%. Simulations of bluff body
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were again run with NACAOQ018 blunt edge and a positive improvement in efficiency is
attained. For the multiple oscillating bodies, it maybe concluded that the use of airfoil-airfoil
interaction with blunt trailing edge is recommended for a better energy harvesting of two

oscillating bodies in tandem.

Next, a parametric study has been conducted to investigate the power efficiency in
ground effect. The effects of Reynolds numbers at laminar and turbulent flows, the location
of airfoil pitching axis, the distance between the airfoil pitching axis and the ground, the
amplitude and frequency of oscillation on power extraction by the flapping wing were
examined using URANS. From this study, it is found that in all the cases there is an increase
in the peak lift coefficient, as height decreases. However, the improvement in power
efficiency in ground effect is found to be depended mainly on the perfect synchronization of
the heaving velocity and the instantaneous lift that happens at 0.12 < f* < 0.2. For lower
and higher reduced frequencies, the increase in lift is not always reflected in a better power
efficiency, as the motion of the airfoil and the forces are not well synchronized. Finally, a
turbulent case with a higher Reynolds number was also evaluated in ground effect, and it
found that in comparison to the laminar case, an improvement of more than 8% in the energy

efficiency was observed.

Finally, 3D effects on oscillating wing has been considered for power extraction, and
then compared to the 2D airfoil case. The parameters change in this 3D numerical study were
the aspect ratio and the fluid flow. Aspect ratio 3.5 and 7 had been considered in laminar and
turbulent flow. From these simulations, it is found that the 2D case over-predict the power
efficiency as compared to the 3D cases, and this may be due to the well-known limits of the
2D models which do not take into account the 3D effects like tip vortex. For a higher aspect
ratio, the difference in the 2D and 3D results are small as expected, but for a lower aspect
ratio significant differences exist between the 2D and 3D results for both laminar and
turbulent flows. And it is found that there is a drop of about 22% efficiency for aspect ratio
3.5, and only 10% for aspect ratio 7 in laminar flow. Turbulent flow also shows a similar
efficiency drop in both aspect ratios. Comparing the 3D results of turbulent flow to the
corresponding 3D laminar flow, it shows a higher power efficiency for the former, as higher
values and better synchronization for the vertical force and pitching moment are obtained in
the turbulent case. Thus, it may be concluded that, the aspect ratio and 3D effects affect the
power efficiency in both laminar and turbulent flows, with a significant drop in efficiency in
both fluid flows, as compared to the 2D case. Also, this suggests that the efficiency

improvement obtained by the 2D studies should be treated with caution when extended to
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3D flows. The geometrical shape variation has also been included in this 3D study, where
the results of NACAO0015 sharp trailing edge has been compared to NACAOQ0018 blunt trailing
edge in both laminar and turbulent flow. The results of the study agree with the 2D results

where NACAO0018 blunt trailing edge gives better efficiency.

From this research, it maybe concluded that the use of geometry shape variation (blunt edge
foil), multiple foils configuration, ground effect, and high aspect wing ratios, in turbulent
flow, improve the power efficiency of flapping foils. These results give important insight for
both the fundamental flow physics of oscillating foils and the design of a more efficient foil
device for energy harvesting. For industrial applications, designing, for example, high aspect
ratio blunt edge flapping foils for multiple configurations (optimised for use in arrays), and
operating in near ground effect (e.g. for tidal energy harvesting), could improve the device'
efficiency and pave the way for a development of a new system device which may be

commercially profitable.

7.2 Future Work

The research presented in the current thesis provide the following insights for future

research:

e In this study, both the heaving and pitching motion of the airfoil were prescribed to
follow a sinusoidal motion. Hence, further work should take into account the
actuation mechanism that can induce the motion of the airfoil. The energy extraction
efficiency calculated from this system would give a better overview of the net power
generated as some of the power generated can be used by the actuating system.

e The other important and critical area that needs to be explored is the study of
oscillating airfoil at the laminar to turbulent transition. This transition time is
expected to play crucial role as the details of the laminar-turbulent transition can have
a large influence on the size, location and timing of shedding vortices consequently
affecting aerodynamic forces.

e Another approach for future work is the extension of ground effect and
flexibility/morphing study to 3D simulation of oscillating foils, i.e., to explore these
effects (ground effect and flexibility/morphing) on the potential increase of power
efficiency, as has been seen for the 2D simulations in ground effect (Chapter 5).

e At the moment the majority of studies are concentrated on single foil devices. Few

works discussed the multiple foils in tandem or parallel configuration. Future
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research could explore other multiple configurations, including in arrays (e.g.,
hydrofoil arrays for tidal energy harvesting), to find the ideal placement of a trailing
edge foil to optimise the energy density of the system by comparing it to the
efficiency of the individual foil, in both 2D and 3D.

LES and DES approach could be used to improve the prediction of flow especially
in a deep dynamic stall configuration (which is found to contribute to performance
enhancement). However, at the moment studies on pitching/heaving with LES or
DES approach are rare, as they are computationally very expensive.

Compared with rotary turbines, the flapping foil designs have some advantages:
simple structure and easy manufacture, less noise and environment-friendly, etc.
However, a systematic comparison between the rotary systems and the flapping foil
systems has not yet been investigated. The different wake structures may cause the
differences in energy harvesting efficiency. Further researches can perform specific
quantitative analysis between the two systems.

Carry out experiments on oscillating foils for energy harvesting to inform the

modelling capabilities, and further validate the results obtained.
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Appendix A

I.  UDF for Single Airfoil
# include "udfh"

DEFINE_ZONE_MOTION (plunge,omega,axis,origin,velocity,time,dtime)

{
real w = 2.0*M_PI1*0.14;
real wt = w*time;
real y, yd, ydd;
y = sin(wt-1.5708);
yd = w*cos(wt-1.5708);
ydd = -w*w*y;
*origin = 0;
velocity[1] = -yd;
}

# include "udfh"
DEFINE_PROFILE(bc_u,thread,position)
{

face_tf;

real time = CURRENT _TIME;

real xf[ND_NDJ;

begin_f loop(fthread)
{
F_CENTROID(xf,f,thread);
F_PROFILE(f,thread,position) = 1;
}
end_f loop(f,thread)

}

# include "udf.h"
DEFINE_PROFILE(bc_v,thread,position)
{

face_tf;

real y, yd, ydd;

real time = CURRENT _TIME;

real xf[ND_ND];

real w = 2.0*M_PI1*0.14;

real wt = w*time;

y =sin(wt-1.5708);

yd = w*cos(wt-1.5708);

ydd = -w*w*y;
begin_f loop(f,thread)
{

F_CENTROID(xf,f,thread);
F_PROFILE(f,thread,position) = -yd*0;

}
end_f loop(f,thread)
}

# include "udf.h"

DEFINE_ZONE_MOTION (pitch,omega,axis,origin,velocity,time,dtime)
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{
real w = 2.0*M_PI1*0.14;
real wt = w*time;
real th, thd, thdd;
th = 1.33221*sin(wt);
thd = 1.332*w*cos(wt);
thdd = w*w*th;
*origin = 0;
*omega = thd,;

}

#include "udf.h"
DEFINE_SOURCE(source_ymom,c,t,dS,eqn)
{

real source;

real y, yd, ydd;

real time = CURRENT _TIME;

real dens = C_R(c,t);

real Xxc[ND_ND];

real w = 2.0*M_PI1*0.14;

real wt = w*time;

y = sin(wt-1.5708);

yd = w*cos(wt-1.5708);

ydd = -w*w*y;

C_CENTROID(xc,c,t);

source = -dens*ydd;

dS[eqgn] = 0.0;

return source;

}
I1. UDF for Tandem Airfoil

# include "udf.h"
DEFINE_ZONE_MOTION(plunge,omega,axis,origin,velocity,time,dtime)
{
real w = 2.0*M_PI1*0.14;
real wt = w*time;
real y, yd, ydd;
y = sin(wt-1.5708);
yd = w*cos(wt-1.5708);
ydd = -w*w*y;
*origin = 0;
velocity[1] = -yd;
¥

# include "udf.h"
DEFINE_PROFILE(bc_u,thread,position)
{

face tf;

real time = CURRENT _TIME;

real xf[ND_ND];
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begin_f_loop(f,thread)

{
F_CENTROID(xf,f,thread);
F_PROFILE(f,thread,position) = 1;

}
end_f_loop(f,thread)
¥

# include "udf.h"
DEFINE_PROFILE(bc_v,thread,position)
{

face tf;

real y, yd, ydd;

real time = CURRENT _TIME;

real xf[ND_ND];

real w = 2.0*M_PI1*0.14;

real wt = w*time;

y = sin(wt-1.5708);

yd = w*cos(wt-1.5708);

ydd = -w*w*y;
begin_f_loop(f,thread)
{

F_CENTROID(xf,f thread);
F_PROFILE(f,thread,position) = -yd*0;
¥
end_f_loop(f,thread)

}

# include "udf.h"
DEFINE_ZONE_MOTION(pitchl,0mega,axis,origin,velocity,time,dtime)
{

real w = 2.0*M_PI1*0.14;

real wt = w*time;

real th, thd, thdd;

th = 1.33221*sin(wt);

thd = 1.33221*w*cos(wt);

thdd = -w*w*th;

*origin = 0;

*omega = thd,;

}

# include "udf.h"
DEFINE_ZONE_MOTION(pitch2,0mega,axis,origin,velocity,time,dtime)
{

real w = 2.0*M_PI1*0.14;

real wt = w*time;

real th, thd, thdd:;

th = 1.33221*sin(wt);

thd = 1.33221*w*cos(wt);

thdd = -w*w*th;

*origin = 2.5;

*omega = thd;
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#include "udf.h"
DEFINE_SOURCE(source_ymom,c,t,dS,eqn)
{

real source;

real y, yd, ydd;

real time = CURRENT _TIME;

real dens = C_R(c,t);

real Xxc[ND_ND];

real w = 2.0*M_PI1*0.14;

real wt = w*time;

y = sin(wt-1.5708);

yd = w*cos(wt-1.5708);

ydd = -w*w*y;

C_CENTROID(xc,c,t);

source = -dens*ydd;

dS[eqn] = 0.0;

return source;
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