
DTU Wind

Unsteady aerodynamics and vortex shedding 
of a wind turbine blade

Sowmya Srinivasan Iyer
DTU Wind-M-0614
July 2023



M.Sc. Thesis

Unsteady aerodynamics and
vortex shedding of a wind turbine

blade
European Wind Energy Master
Rotor Design - Aerodynamics

Sowmya Srinivasan Iyer

Technical University of Denmark
and Delft University of Technology,
2023



Unsteady aerodynamics and vortex
shedding of a wind turbine blade

Thesis report

by

Sowmya Srinivasan Iyer

to obtain the degree of Master of Science
at Delft University of Technology and
the Technical University of Denmark

to be defended publicly on August 25, 2023 at 13:00
Thesis committee:
Chair: Professor Carlos Simao Ferreira
Supervisors: Senior Researcher Franck Bertagnolio

Assistant Professor Christian Grinderslev
Assistant Professor Wei Yu
PhD Candidate Guanqun Xu

External examiner: Associate Professor Bas van Oudheusden
Place: DTU Wind and Energy Systems, Lyngby, Denmark
Project Duration: November, 2022 - August, 2023
Student number: 5150477 / S213852

An electronic version of this thesis is available at http://repository.tudelft.nl/.

Faculty of Aerospace Engineering · Delft University of Technology

http://repository.tudelft.nl/


Technical University of Denmark
DTU Wind and Energy Systems

DTU Lyngby Campus
Nils Koppels Alle
Building 403
2800 Kgs. Lyngby, Denmark
Phone +45 45 25 25 25
reception@windenergy.dtu.dk
www.windenergy.dtu.dk

Delft University of Technology
Faculty of Aerospace Engineering

TUD Campus
Kluyverweg 1

2629 HS Delft, Netherlands
+31 (0)15 27 85170
DUWIND@tudelft.nl

https://www.tudelft.nl/duwind/



Copyright © Sowmya Srinivasan Iyer, 2023
All rights reserved.



Abstract
The thesis presents an analysis of unsteady vortex shedding and vortex induced vibra-
tions (VIV) on wind turbine blades using a combination of Stereoscopic Particle Image
Velocimetry (SPIV) and Computational Fluid Dynamics (CFD). A spanwise uniform
blade with a symmetric NACA0021 airfoil section, 0.075 m chord, and 0.4 m span was
tested experimentally for a static, plunging, and surging blade oscillating at 90 deg angle
of attack, 5 Hz, and 2.5 Hz frequency, 1 chord oscillation amplitude. Equivalent CFD
simulation cases were run to compare the results and validate the CFD setup, which was
used to analyse additional cases of interest. The extent of the three-dimensional flow
behaviour due to the tip vortex was described, along with determining the lock-in region
for the two motions using additional simulations. The results indicated that the spanwise
convection of the tip vortex and the transition to a ‘2D’ flow were only dependent on the
blade aspect ratio and independent of the freestream wind speed, the type of motion,
and the oscillation frequency. The lock-in region for the plunging and surging blades was
presented, noting that all the surging cases were locked in, most likely due to the large
oscillation amplitude. However, the surging cases had a positive aerodynamic damping
and hence, VIV would not be excited for a freely vibrating blade. It is suggested as
future work to test a flexible blade and study the onset and development of VIV.
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Executive Summary
The ever-growing demand for clean and sustainable energy requires longer blades to
reduce the LCOE. However, the increasing blade length is coupled with increasing
flexibility, making them more susceptible to vortex induced vibrations (VIV), especially
during standstill conditions due to the high aeroelastic response of the blades Horcas
et al. [2020], Skrzypiński [2012], Veers et al. [2023], which could lead to fatigue and failure
Heinz et al. [2016], Zou et al. [2015]. An understanding of the exact phenomena that
cause the onset and development of VIV on wind turbine blades is still unknown Horcas
et al. [2020] and hence, is the focus of this thesis. The edgewise mode is most susceptible
to VIV, and the phenomenon is most common during standstill. A combination of
experimental techniques using low-speed Stereoscopic Particle Image Velocimetry (SPIV)
and Computational Fluid Dynamics (CFD) with an Improved Delayed Detached Eddy
Simulation (IDDES) turbulence model was used to analyse a blade undergoing a forced
plunging and surging motion. The PIV experiment was performed at the Open Jet
Facility at Delft University of Technology. The CFD experiments were run on EllipSys3D
Michelsen [1992, 1994], Sørensen [1995].

There are four research questions addressed in this thesis: To what degree do the CFD
simulations accurately predict the flow around the blade? For a finite blade, how many
chords away from the tip is the transition point where the flow around the blade starts
to behave two-dimensional? At what range of frequency and amplitude combinations
does lock-in occur? How do the flow around the blade and the loads for a plunging and
surging airfoil compare over one cycle? For the PIV experiment, the flow around a static
blade at U∞ = 5m/s was analysed, followed by a plunging blade and surging blade at 90
deg angle of attack, 5 Hz, and 2.5 Hz frequency, 1 chord oscillation amplitude. The same
cases were simulated using CFD, along with many frequency amplitude combinations for
both motions so as to obtain a lock-in region.

The CFD results were validated against the PIV flow fields to confirm their accuracy
in predicting the flow around the blade. The tip effect was analysed for a static blade for
two different aspect ratios and for the plunging and surging blade examining the flow
fields around the blade as well as PSDs of the force coefficients, hysteresis loops, the
mean, median, and standard deviation of the force coefficients, and power and phase shift
over various spanwise positions. The analysis indicated that the spanwise convection of
the tip vortex is only dependent on the blade aspect ratio and not on the type of motion
or the frequency of oscillation. Next, the lock-in region for a plunging and surging blade
was presented, with a comparison of the plunging blade to results from Hu et al. [2021].
It was noted that all the tested cases for the surging blade were locked in, most likely due
to the high oscillation amplitude, but they were accompanied by positive aerodynamic
damping, and hence, VIV would not occur for a freely vibrating blade for the same
condition. Future work should focus on analysing the onset and development of VIV
around a flexible blade.
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Nomenclature
This list describes several acronyms and symbols that will be used later in the body of
the document

Acronyms

CDS Central Difference Scheme

CFD Computational Fluid Dynamics

DDES Delayed Detached Eddy Simulation

DES Detached Eddy Simulation

DNS Direct Numerical Simulation

FOV Field of View

IDDES Improved Delayed Detached Eddy Simulation

IEC International Electrotechnical Commission

ILES Implicit Large Eddy Simulation

LES Large Eddy Simulation

NACA National Advisory Committee for Aeronautics

PIV Particle Image Velocimetry

POD Proper Orthogonal Decomposition

PSD Power Spectral Density

QUICK Quadratic Upstream Interpolation for Convective Kinematics

RST Reynolds Stress Tensor

SIMPLE Semi-Implicit Method for Pressure-Linked Equations

SPIV Stereoscopic Particle Image Velocimetry

URANS Unsteady Reynolds Averaged Navier-Stokes

VIV Vortex Induced Vibrations

Greek Letters

α Angle of Attack



x

ω̄ Mean Vorticity

ρ Density of Fluid

τ Non-Dimensional Time, tU∞/c

Latin Symbols

P̄ Mean Aerodynamic Power in One Cycle, 0.5ρU2
∞c

ū Mean Streamwise velocity

v̄ Mean Vertical velocity

w̄ Mean Spanwise velocity

∆f Frequency Limit = 5% fst

νT Eddy Viscosity

A Oscillation Amplitude

A∗ Non-Dimensional Amplitude, A/c

ARCF D CFD Blade Aspect Ratio

ARexpt Experiment Blade Aspect Ratio

c Chord

cd Drag Coefficient, D/0.5ρU2
∞c

cl Lift Coefficient, L/0.5ρU2
∞c

cx Streamwise Force Coefficient, Fx/0.5ρU2
∞c

cy Vertical Force Coefficient, Fy/0.5ρU2
∞c

f Frequency

f ∗ Non-Dimensional Frequency, c/TU∞

fn Natural Frequency

fst Strouhal Frequency

k Reduced frequency, πfc/U∞

P ∗ Non-Dimensional Power, T/(ρcAU2
∞)P̄

SCF D CFD Blade Span

Sexpt Experiment Blade Span



xi

T Oscillation period, 1/f

T ∗ Non-Dimensional Period, TU∞/c

U∗ Reduced Flow Velocity, U∞/fc

U∞ Freestream Velocity

X/c Normalised Blade Position

2P 2 opposite sign vortex pairs shed per cycle

2S 2 opposite sign vortices shed per cycle

Re Reynolds Number, ρU∞c/µ

St Strouhal Number, fstc/U∞
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CHAPTER 1
Introduction and Literature

Review
1.1 Relevance and Motivation
Much of the previous research on vortex induced vibrations (VIV) comes from the field of
civil engineering and is for cylinders, which mimic cables, pipelines, and chimneys, with
the length and flexibility of the structure aggravating the problem Mottaghi et al. [2020].
Its relevance to the wind industry is becoming much more important as wind turbine
blades are getting longer and more flexible because they become more susceptible to VIV,
which could lead to failure Veers et al. [2023], Heinz et al. [2016], Zou et al. [2015]. This is
especially so when the blades are pitched out of the wind in standstill conditions, due to
the high aeroelastic response of the blade Horcas et al. [2020], Skrzypiński [2012]. Wind
turbine manufacturers have also begun to indicate vibrations for their larger designs,
the causes for which are still not fully known Horcas et al. [2020]. This phenomenon is
also expected to affect full-scale Vertical Axis Wind Turbines as they experience high
angle of attack variations at velocity regimes around the ‘lock-in’ regime Benner et al.
[2019]. Nevertheless, the physics of the flow around a cylinder can be used as a basis to
predict the flow around the blade and is a common starting point for much of modern
VIV research on wind turbines.

1.2 Report Structure
Chapter 1 provides a literature review that introduces relevant concepts of unsteady
aerodynamics, vortex induced vibrations, vortex shedding modes, state-of-the-art research,
and, details on the experimental technique used in this thesis. Finally, a summary of key
findings and research questions that guide the experimental design is presented. Chapter
2 presents a description of the experimental design, coordinate system, and test cases
for the experiment and simulations. Details on the experimental instrumentation and
setup as well as a brief description of the numerical simulation are provided. Chapter
3 presents the results and answers the research questions. First, the CFD results are
validated and the flow around the static blade is analysed to determine the effect of the
tip vortex. Next, the flow and loads around a plunging and surging airfoil are analysed,
providing insights into their shedding patterns, the spanwise flow, and the lock-in regions
for the motions. Finally, Chapter 4 presents a conclusion that summarises the key results
and provides insights on its implications as well as limitations and suggestions for future
work.
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1.3 Unsteady Aerodynamics and Vortex Induced
Vibrations

At high angles of attack, the flow behind an object can become highly separated, shedding
vortices that can cause vibrations on the blade itself, similar to the separated flow behind
a cylinder Heinz et al. [2016]. Although the vibration itself may not be an issue, in some
cases, the shed vortex is similar to a von Karman vortex street which exerts periodic
oscillation of aerodynamic forces perpendicular to the flow and structure, which can cause
the structure to oscillate, though not all periodic loading will lead to structural vibration.
The frequency of the shedding is related to the Strouhal number, St = fstc/U∞, where
fst is the vortex shedding frequency, c is the characteristic length of the object, such
as the chord at a certain blade section, and U∞ is the steady velocity around the flow,
usually the freestream flow velocity. Initially, the shedding frequency of the vortex will
simply follow the Strouhal number, i.e. the shedding frequency will change with wind
speed, but at a certain wind speed, the shedding frequency will approach the natural
frequency fn of the structure, and the vortices will no longer shed at fst, but rather they
will ‘lock-in’ to the natural frequency. For cylinders, the Strouhal number is relatively
constant around 0.2 over a range of Reynolds numbers from 300 to 2 × 105 Mottaghi
et al. [2020], Chen et al. [1984]. Chen and Fang [1996] performed a study on flat plates
at different inclination angles and bevel angles and found that at 90 deg angle of attack,
the Strouhal number is independent and is also around 0.2 for Reynolds numbers from
1.1 × 104 to 3.2 × 104. The symmetric airfoil at 90 deg angle of attack behaves very
similarly to a flat plate at 90 deg angle of attack and a cylinder, so it is expected that
the Strouhal number will also be around 0.2. Bull et al. [2021] shows that for a Reynolds
number of 2 × 104, the modified Strouhal number (modified to use the projected chord
for various angles of attack relative to the freestream) is around 0.18 for a static case.
When it is plunging, the Strouhal number collapses to a range between 0.1 to 0.17 for
a flat plate and between 0.1 to 0.2 for a NACA0021 airfoil. Blevins [1977] presents a
relation between the Strouhal number and Reynolds number for a slender cylinder, which
is stable around 0.2 for Reynolds numbers between 1×103 and 1×103. For a flat plate at
90 degrees angle of attack, the Strouhal number tends to be around 0.15 for a Reynolds
number around 1 × 104 Howell and Novak [1980]. The generally higher Strouhal number
seen in the blade over the flat plate is due to the sharp trailing edge separation on the
flat plate. The NACA0021 airfoil used in this test is expected to behave closer to the
NACA0012 airfoil section, though there may be some differences due to the increased
thickness.

When the frequency is locked-in, the oscillations become significantly larger, causing
much larger and possibly fatal forces on the structure itself. If the force and velocity are
in phase during this oscillation, power is injected into the system and if there is negative
damping, this can cause failure. Heinz et al. [2016], Grinderslev et al. [2022]. Within the
lock-in regime, the structure undergoes near-resonance vibrations Mottaghi et al. [2020].
In extreme cases, the deflections of the blade during ‘lock-in’ could be destructive. A
hysteresis behaviour may also be observed based on how ‘lock-in’ is approached - from
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low or high wind speeds, and this is associated with different vortex shedding modes
Sarpkaya [1979].

There is a threshold where this phenomenon is observed and only outside this region
will the vibrations decrease Heinz et al. [2016]. This ‘lock-in’ threshold generally forms
a ‘V-shaped’ region Hu et al. [2021], Besem et al. [2016], Pellegrino and Meskell [2013],
Hoskoti et al. [2018]. This range where lock-in occurs, i.e. where the vortex shedding
frequency locks into the structural frequency is dependent on the amplitude of oscillation
such that the larger the amplitude, the larger this frequency range will be Bearman
[1984]. This is what leads to it looking like a ‘V-shape’. An example can be seen in
Figure 1.1.

Figure 1.1: Experimental lock-in region of a NACA0012 airfoil forced to oscillate about
quarter-chord. The non-dimensionalized frequency is defined as fenforced = fshed. The
angle of attack is 40 deg and the Reynolds number is 100,000. The flow is assumed
incompressible. The circles are locked-in, the diamonds are unlocked, and the squares
have a chaotic behaviour. Reprinted from Besem et al. [2016].

The basis of VIV and vortex shedding phenomena goes back to the unsteady aerody-
namics of the blade geometry itself. The blade section for this project is the NACA0021
airfoil, which is a symmetrical airfoil with a 21% thickness-chord ratio. Critzos et al.
[1955] tested the NACA0021 airfoil at a Re of 1.8 × 106 and 0.5 × 106 from 0 to 180
degrees angle of attack, with Michos et al. [1983] extending the study to 360 degrees,
and the 0 to 180 degrees range was also tested for a Re of 0.76 × 106. The pressure
on the airfoil, as well as the lift and drag coefficients, were characterised, showing a
maximum drag coefficient around 90 degrees angle of attack. Numerical simulations have
also been conducted to study dynamic stall for high angles of attack, to see the effect on
the lift coefficient and phase Yu et al. [2010]. Studies on the unsteady aerodynamics of
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specifically plunging airfoils have also been conducted. Bull et al. [2021] found that loads
exhibited on aircraft wings have a strong dependence on the motion amplitude. Their
study was done using a NACA0012 airfoil, which also has a symmetric airfoil section. It
was found that the vortex shedding cycle occurs around the structural frequency, which
could lead to the lock-in phenomena for VIV. The Strouhal number, St = fstc/U∞ is
used to define the structure based on its shedding frequency.

A lot of modern VIV research, especially on wind turbines is at high Reynolds numbers
to match the flow regimes. Unfortunately for this project, the experimental capabilities
of the tunnel limit us to low Reynolds numbers. Thus, we can look to early VIV on
cylinders, where simulations and experiments were done at very low Reynolds numbers,
around 500 Wu and Wang [2018]. For simple shapes such as cylinders, especially in the
case of cables, VIV occurs at lower Reynolds numbers, with a transition to galloping,
which is also a flow-induced vibration in a single degree of freedom, at higher Reynolds
numbers Sourav and Sen [2019].

1.4 Vortex-Shedding Modes
Early VIV work around cylinders showed that there exist vortex shedding modes, showing
a resonance regime corresponding to "2S + 2P" mode, generally for elastically mounted
cylinders as seen in Figure 1.2 Wu and Wang [2018], Williamson and Govardhan [2008].
Khalak and Williamson [1999], Williamson and Roshko [1988] observed three responses.
The first was the "2S" mode, which is when two single vortices are performed in one
period, and the second and third referred to the "2P" mode where two vortex pairs
were formed each cycle, for transverse motion. Jauvtis and Williamson [2003, 2004]
further found another response for a two-degree-of-freedom VIV system. The character
of the mode influences the phase of the force and hence whether power is injected into
the system or not Mottaghi et al. [2020]. Williamson and Roshko [1988] present the
vortex synchronisation regions on the wavelength-amplitude plane as seen in Figure 1.2.
The amplitude ratio, A/D is defined as the amplitude of oscillation over the diameter
of the cylinder, which is its characteristic length, similar to the chord, c for an airfoil.
The wavelength ratio λ/D = UT/D where T = 1/f is the period of oscillation, in the
direction transverse to the incoming flow. This is often also referred to as the reduced
velocity U∗ = 1/St. Within the lock-in region, the oscillation period T ≈ Tv where Tv is
the vortex shedding period for a non-oscillating cylinder, i.e. its natural shedding period,
which is related to the Strouhal number of the cylinder. In most other literature, this
is presented as the frequency ratio, though the results present equivalent conclusions.
For a given amplitude ratio, a critical wavelength exists such that below this value, a
pair of like-signed vortices coalesce each half-cycle. This results in two vortices with
opposite signs fed downstream in the wake per cycle, like the von Karman vortex street.
This is referred to as the ‘2S’ shedding mode. Above this wavelength the like-signed
vortices convect away from one another and do not coalesce, resulting in them pairing
with vortices of the opposite sign. In each cycle, two vortex pairs of opposite signs
convect laterally away from the centre line in the transverse direction. This is referred to
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as the ‘2P’ shedding mode.

Figure 1.2: 2P-2S Vortex Patterns. Reprinted from Williamson and Roshko [1988].
Curves I and II from Bishop and Hassan [1964].

At the critical wavelength where Te = Tv, only 2 vortices are formed in each cycle that
undergo resonant synchronization, where the shed vorticity is more concentrated than at
other wavelengths, which is linked to the peaks in the lift curves Mottaghi et al. [2020],
Williamson and Roshko [1988]. Curves I and II in Figure 1.2 represent the locations
where a sharp change in the loads was observed. Changes in the phase angle of the lift
force around the critical wavelength are generally a result of the 2P shedding mode.

1.5 State of the Art VIV research
A lot of research work for full scale is done using Computational Fluid Dynamics (CFD),
while experimental work is often parametric and at smaller scales. Besem et al. [2016]
noted that the main issue with the available CFD solvers today is their inability to quickly
and accurately predict VIV. However, to the knowledge of the author, there is limited
work that compared equivalent cases of the two due to sparse experimental data available.
Figure 1.1 shows the lock-in region using CFD to be smaller than the experimental
region, though this could be due to the solver choice or the range of frequencies and
amplitudes tested. The lock-in region seen in the paper by Hu et al. [2021] using modal
analysis shows a prediction of the results using modal analysis, but it is limited to a
purely two-dimensional analysis.

VIV research for wind turbine blades is still relatively new, with a lot to still be
discovered. Most simulation work, such as works by Horcas et al. [2022] and Heinz et al.
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[2016] fix the pitch angle around 90 degrees to simulate the blade pitched out of the wind.
Young and Lai [2007] perform numerical simulations on a plunging NACA0012 airfoil
using a 2D Navier-Stokes solver at a Reynolds number of 20,000. The Reynolds number
for this experiment will be around 25,000 for a plunging symmetric airfoil, suggesting
that the results should be similar. They also show that the lock-in region may not be
symmetrical about the natural shedding frequency due to the sharp trailing edge of
the airfoil causing flow separation. However, the results may differ slightly due to the
increased thickness of the airfoil from 12% from the NACA0012 to 21% to the NACA0021.
Lai and Platzer [1999] experimentally found that for a plunging NACA0012 airfoil at
a Reynolds number of 20,000, the wake showed many transitional forms with multiple
vortices shed within a single cycle. For higher frequencies, there are more vortices per
cycle, leading to an increase in the load frequency and hence, a higher power. This
was also in good agreement with the results from Young and Lai [2004]. Unfortunately,
these results were only tested at a single Reynolds number and hence, the influence
of Reynolds numbers on the shedding for VIV has not been thoroughly studied either.
Besem et al. [2016] also states that the Strouhal number should be independent of
the Reynolds number, but this is usually for higher Reynolds numbers and may not
apply to Reynolds numbers around 25,000. However, most of these studies are for
two-dimensional cases, so a large deviation can be expected for the three-dimensional
study in this thesis, due to the effect the tip vortices would have on flow separation.
Williamson [1988] presents a discussion on the transition to a three-dimensional flow for
a cylinder wake. It is concluded that for Reynolds numbers larger than around 180, the
flow shows three-dimensional vortex structures in the wake. However, these conclusions
were drawn for a cylinder at very low Reynolds numbers and hence, do not necessarily
apply to flows in larger Reynolds number regimes. Choi et al. [2015] also notes that at
higher Reynolds numbers the viscous effects become more independent of the Reynolds
number and hence, two-dimensional simulations may not be realistic enough to account
for three-dimensional flow instabilities. Bearman [1984] presents a review of experiments
in vortex shedding around bluff bodies and states that the presence of shear layers is the
primary reason for vortex shedding and the body merely modifies the shedding through
interaction between the wake and circulation at the separation points. It is noted that
there is spanwise coupling between the two shear layers is weak, implying that quantities
such as the surface pressure are not constant along the span even for a two-dimensional
bluff body in the flow.

It should be noted that real wind turbine blades are much more complicated than many
of the models used in experimental studies, and they have many vibration modes that
can be excited Bearman [1984]. This, however, requires much more complex experimental
campaigns or high-fidelity CFD to understand the complexity of the problem.

1.5.1 Free vs Forced Vibrations
For oscillating bluff bodies in the flow, they can generally be classified into free vibration
and forced vibration experiments. In free vibrations, the wake from the body due to
the incoming wind will excite the body, causing it to oscillate in the flow. Generally,
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the maximum amplitude of oscillation will be observed at the ‘resonant point’, which is
just 1/St Bearman [1984]. In forced vibration experiments, however, the body itself is
forced to oscillate in a certain manner, often at a certain fixed frequency and amplitude
for each case. For such cases, the extent of the frequency range over which lock-in
occurs is dependent on the amplitude of oscillation Bearman [1984]. This range is always
expected to encompass the reduced flow velocity U∗ = U∞/fc, i.e. the ‘resonant point’
Bearman [1984]. The shape of the ‘V-region’, i.e. the range of frequencies and amplitudes
over which there is lock-in is dependent on the shape of the bluff body in the flow.
Unfortunately, most literature on vortex-induced oscillations, and shedding around bluff
bodies are for cylinders, which leads to some expected differences in the results and
assumptions for blades due to the sharp trailing edge, leading to a different type of
separation Bearman [1984]. Unfortunately, no clear pattern for the shape of this region
for a forced vibration experiment was determined.

1.5.2 Surging airfoil
To the knowledge of the author, there is little research on vortex-induced vibrations and
other flow-induced instabilities on an airfoil undergoing surging motion, i.e. motion in
the streamwise direction. Choi et al. [2015] presents an analysis of a surging and plunging
airfoil at low Reynolds numbers, ∼ O(102). The CFD simulation was performed using a
2D assumption, but they note that this assumption may not be adequate to describe the
transition around the supercritical Reynolds number. For the experiment presented in
this thesis, the Reynolds number will be well above the supercritical Reynolds number
so this may not be an issue, though the effect of the leading edge vortex could play a
larger role. The results of the simulations from Choi et al. [2015] show that the wake
instabilities synchronise with the unsteady airfoil motion leading to a change in the forces,
i.e. the shedding locks into the motion frequency, causing peaks in the force coefficient
power spectral density plot (PSD) at the motion frequency and its subharmonics. At
a 90 deg angle of attack, the critical Reynolds number, Recrit is around 300, with a
critical reduced frequency, k = πfc/U∞ of round 0.4. The critical Reynolds number is a
threshold value below which a steady separated flow is obtained. A comparison of the
plunging and surging results shows that a plunging airfoil shows a higher fluctuating lift
amplitude due to the larger added mass and effective angle of attack. It should be noted
that this analysis was done with a steady angle of attack at 15 deg. Choi et al. [2015]
show that lock-in is obtained, where the wake instability is synchronised to the forcing
frequency, similar to how it is seen for a plunging or pitching airfoil section. Lock-in
diagrams are presented for a small range of amplitudes and a somewhat ‘V-shaped’ region
around the non-dimensional reduced frequency ratio, k/kst = 1, along with a secondary
peak at k/kst = 0.5. This pattern was seen for both the plunging and surging airfoil. The
width of the lock-in region was also seen to grow faster for the plunging airfoil. However,
it seems that the first region may not be related to the vortex lock-in phenomena, but
rather the phase of the leading edge vortex convecting along the airfoil surface. However,
this may no longer be valid for airfoils at 90 deg angles of attack since the flow regime is
well beyond dynamic stall and it is acting like a bluff body.
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1.6 Particle Image Velocimetry
Flow visualisation techniques have developed over the years, allowing us to achieve
higher resolution results, higher frequency acquisition as well as resolving flows in all
three dimensions and in time. Particle Image Velocimetry (PIV) is one such technique
where tracer particles are introduced into the flow to follow the flow field as it deforms
around a body. These particles are illuminated by a laser and captured by a camera.
The flow field at a specific fixed location, i.e. the field of view (FOV) of the camera is
captured at two instances in time that is separated by a small time step, ∆t such that the
particles have moved only a few pixels. This image pair is processed to track the relative
distance travelled by the particles between the images, and, using the known time step,
the velocity travelled by the particles, i.e. the flow velocity, is known. Stereoscopic PIV
(SPIV) uses a pair of cameras placed at an angle to each other such that together they are
able to resolve the velocity in the dimension perpendicular to the laser sheet. High-speed
PIV can also be used to capture many images at a very high frequency such that they
essentially act as if it was a time-resolved image capture. For rotating or oscillating
bodies with fixed amplitudes, the data can also be phase-locked, such that the image is
captured at the same phase over each period, and averaged over that single phase. This
can then be done over many phases to achieve a phase-locked flow field over the cycle.

These flow fields can be useful visual tools to see the vortex shedding behind the
body, but it is also important to be able to calculate the loads. Van Oudheusden [2013]
presents a technique to infer the pressure field from the velocity field using the Navier-
Stokes equation and the Bernoulli equation. The three steps described to determine the
pressure are: 1. acquiring the PIV data, 2. process the velocity field to compute the
pressure gradient terms needed for the Poisson equation, and 3. compute the pressure
field by spatially integrating the pressure gradient or by using the Poisson equation.
To accurately determine the pressure field from this method, however, would require
the fully time-resolved three-dimensional flow field. Van Oudheusden [2013] states that
this technique is predominantly applied to cases where the flow is considered ‘quasi-2D’
since the resolution of the out-of-plane velocity and pressure gradients would require
techniques such as tomographic PIV to get the full 3D FOV.

Noca et al. [1997, 1999] propose a method to measure the instantaneous forces using
only the velocity fields and their derivatives for an incompressible flow. This method
only requires knowledge of the velocity and vorticity field within a chosen control volume
around the body. The equation removed the need to calculate the pressure gradient and
the force is the sum of three terms: the volume integral, the surface integral of the flux,
and the extra term to describe the unsteady motion, Sb(t). For a steady flow, the force
will be equal to the flux across the surface. The force can be expressed as

F = − 1
N − 1

d
dt

∫
V (t)

x × ωdV +
∮

S(t)
n · ΘdS − 1

N − 1
d
dt

∮
Ss(t)

x × (n × u)dS (1.1)

where N is the dimension of the space under consideration (N = 2 in a two-dimensional
space) and ω the vorticity. The tensor Θ is given by
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Θ =1
2u2I − uu − 1

N − 1 (u − us) (x × ω) + 1
N − 1ω(x × u)

+ 1
N − 1[x · (∇ · T)I − x(∇ · T)] + T

(1.2)

where T is the viscous stress tensor.
Van Oudheusden et al. [2007], van Oudheusden et al. [2007] evaluates the unsteady

load using the NOCA method Noca et al. [1997, 1999] around a chosen control volume
using the time mean flow statistics, such that the mean and turbulent momentum terms
are used. The work showed that for a predominantly steady flow, an ensemble size of
100 vector fields was sufficient to calculate the forces with sufficient accuracy.

1.7 Computational Fluid Dynamics
The field of computational fluid dynamics has been developing rapidly over the years, with
the capability to model complex flows at scales that are not always possible experimentally.
For incompressible fluid flows, the Navier-Stokes equations can be solved to obtain the
exact solution of the velocity and pressure in time, through Direct Numerical Simulation
(DNS), though this is computationally very expensive and currently can only be applied
at low Reynolds numbers Ferziger and PeriC [2002]. However, many other turbulence
models have been developed to predict and simulate the flow. Lower fidelity models
include Reynolds Averaged Navier-Stokes (RANS) and Unsteady Reynolds Averaged
Navier-Stokes (URANS) models that decompose the velocity components of the Navier-
Stokes equations into their mean and fluctuating quantities and averaging them Pope
[2000]. The RANS equation is seen in Equation 1.3.

∂ūiūj

∂xj

= −1
ρ

∂p

∂xi

+ ν
∂2ui

∂x2
j

−
∂u′

iu
′
j

∂xj

(1.3)

where u′
iu

′
j is the Reynolds-Stress-Tensor (RST).

This model relies on the use of the Boussinesq hypothesis that relates the RST to the
eddy viscosity νT and the turbulent kinetic energy in the flow through the eddy viscosity
approximation. The model also relies on relating the eddy viscosity to a characteristic
length scale, known as Prandtl’s mixing length, which is indicative of the size of the eddies
in the flow at a given point Pope [2000]. RANS models are modelled using two-equation
models such as the k − ϵ, k − ω and k − ω Shear-Stress-Transport (SST) models, where k
is the turbulent kinetic energy, ϵ is the rate of dissipation of turbulent kinetic energy and,
ω is the specific rate of dissipation of turbulent kinetic energy Menter [1992], Mansour
et al. [1989], Wilcox [2006].

A higher fidelity model is Large Eddy Simulation (LES), which relies on the Kol-
mogorov hypothesis that large eddies are geometry dependent and smaller eddies (sub-grid
scale) are universal. The velocity components from the Navier-Stokes equations are split
into a filtered velocity and the residual velocity at the sub-grid scale. The filtered and
sub-grid scale velocity terms are substituted into the Navier-Stokes equation, which leads
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to an extra non-linear advection term known as the sub-grid scale tensor. This tensor is
modelled using the Boussinesq hypothesis and the turbulent viscosity term resulting in
Equation 1.4.

∂ui

∂t
+ uj

∂ui

∂xj

= −1
ρ

∂p

∂xi

+ ∂

∂xj

(
(ν + νT ) ∂ui

∂xj

)
(1.4)

Here, the incompressibility constraint is exploited to simplify the equation and the
pressure is now modified to include the trace term 1

3δijτkk. The viscous dissipation at the
sub-grid scale is modelled by the Smagorinsky model which postulates a linear relationship
between the sub-grid scale shear stress and the strain rate tensor. A Smagorinsky constant
is estimated for different flows at different Reynolds numbers Pope [2000], Katopodes
[2019], Germano et al. [1991]. However, the LES model is computationally very expensive.

To achieve the high fidelity results of the LES model with a lower computational
cost, the Detached Eddy Simulation (DES) model was developed, which combines the
RANS and LES models. This model switches explicitly between an LES or RANS model
based on the grid spacing and turbulent length scale. However, this model comes with
drawbacks in that a sudden change in grid spacing directly impacts the length scale
and can trigger separation, known as grid-induced separation Menter et al. [2003]. A
Delayed Detached Eddy Simulation (DDES) model was then developed to eliminate
this error by developing a formulation for the shielding function that depends only on
the eddy viscosity and wall distance Spalart et al. [2006]. Unfortunately, this resulted
in a logarithmic layer mismatch between the inner RANS and outer LES regions for a
wall-mounted LES formulation of the original DES model. The model was then further
developed into an Improved Delayed Detached Eddy Simulation (IDDES) that fixed this
issue Shur et al. [2008], Gritskevich et al. [2012]. The IDDES model features intricate
blending and shielding functions that allow it to be used for wall modelling as well as
modelling the flow further away Gritskevich et al. [2012].

1.8 Key Findings

Table 1.1: Key Values from Literature. References in order from left to right Hu et al.
[2021], Besem et al. [2016], Pellegrino and Meskell [2013], Skrzypiński et al. [2014,]
*Values are calculated based on values stated in papers. Not all numbers are specified.
Different airfoil sections are studied.

Motion Pitching Plunging Plunging Plunging Pitching
Reynolds Number (×106) [-] 1 12 2 0.7 0.55
Wind Speed [m/s] 14.6 88 29.2 10.2 9
Angle of Attack [deg] 40, 140 24 90 90 90
Chord [m] 1 2 1 1 0.25
Oscillation Frequency [Hz] 2.16 1 4.96 1.30 6
Strouhal Number [-] 0.15 0.23 0.17 0.13 0.165
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Figure 1.1 shows the lock-in region from the experimental results range from 0.8 to 1.1
fst. Similarly, Hu et al. [2021] shows the lock-in region for a plunging airfoil between 0.9
to 1.1 fst for a plunging amplitude from 0 to 16% of the chord.

Benner et al. [2019] did experimental work using PIV for a NACA0021 blade section
in the cross-flow direction, showing the largest lock-in range at 90 degrees angle of attack.
In wind turbine blades at standstill condition, the orientation of the blade leads to the
excitation of the edgewise mode in the cross-flow direction Pellegrino and Meskell [2013],
Skrzypiński et al. [2014]. This could be simplified to the plunging motion of an airfoil
at 90 deg angle of attack. However, it is worth noting that for a real blade, there will
be taper, twist, and a change of chord so it will not be a pure plunging motion but a
combination of pitching, plunging, and surging motions.

1.8.1 Key Non-Dimensional Parameters
Skrzypiński et al. [2014] presents key parameters involved in defining such vortices and
flows that can be used to non-dimensionalise parameters for a more accurate comparison
of results. Key non-dimensional parameters include the reduced frequency, k = πfc/U∞,
the reduced flow velocity, U∗ = U∞/fc, the Reynolds number, Re = ρU∞c/µ and
the Strouhal Number, St = fstc/U∞ . Skrzypiński et al. [2014] adds key parameters
related such as the non-dimensional amplitude, A∗ = A/c, non-dimensional frequency,
f ∗ = c/TU∞, non-dimensional power, P ∗ = T/(ρcAU2

∞)P̄ , non-dimensional period,
T ∗ = TU∞/c = 1/f ∗ and the non-dimensional time, τ = tU∞/c, with f being the
frequency, T being the period, c being the chord, U∞ being the inflow velocity and P̄
being the mean aerodynamic power in the cycle.

1.9 Research Gaps
There are still many questions left unanswered, including, 1. the shape of the lock-in
region for larger amplitudes and whether or not it is symmetrical about the Strouhal
frequency, 2. the difference in loading for a surging versus a plunging airfoil, 3. the
effect of 3D aerodynamics and the interaction of the tip vortices with the rest of the
wake, and 4. the validation of numerical models against equivalent experimental data.
These questions lead to the main research objectives of this project, noting that all of
these cannot be answered within the scope of this thesis. Knowledge of the physics
behind what conditions cause VIV and what effect that has on the blade could be vital
to understanding how to design blades to avoid this, or at least prepare for it. If it is well
understood, it could be included in future IEC certifications for large blades to prevent
catastrophic failure.

1.10 Research Questions
There are four research questions that will be addressed in this project to address the
research gaps.
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1. To what degree do the CFD simulations accurately predict the results? Where
does it differ and what information is it not able to predict? What extra information are
we able to attain from CFD? This is an extremely important research question because
it is very difficult to experimentally verify VIV at full scale. However, CFD results are
not always reliable, especially if they have not been validated against experimental data.
Thus, being able to validate the accuracy of the simulation for the matching cases will
allow us to determine the validity of the CFD results and let us expand on those to
cases that we cannot test, such as with higher oscillation amplitudes and frequencies
that cannot physically be obtained with the available hardware.

2. How many chords away from the tip do we no longer observe the effect of tip
vortices in the spanwise direction i.e. what is the transition point where the flow around
the blade starts to behave 2D? This would be analysed in several ways, such as plotting
a hysteresis loop of cl − α and cd − α for a plunging blade and cx − X/c and cy − X/c
for a surging blade from their time series or measuring the spanwise velocity component
in the wake. This will help determine if there are different results expected around a tip
that is specifically due to the vortices and not the geometry of the blade, since the airfoil
section is constant for this study. The effect of the blade aspect ratio on the spanwise
convection of the tip vortex would also be studied.

3. At what range of frequencies and amplitudes does lock-in occur for a plunging and
surging blade? The goal is to try and find a similar lock-in region that will ideally follow
the same ‘V-shape’ and to determine the lock-in patterns at large oscillation amplitudes.
This will be done by analysing hysteresis loops and power spectral density plots based
on the time series from CFD results.

4. How do the flow around the blade, and the loads for a plunging and surging airfoil
compare over a cycle? This will aid in further research for flexible blades that undergo
a combination of motions so that the most probable excitation modes could possibly
be pre-determined. Given that the blade tested in this experiment is rigid, the effect
of structural damping for the flap and edgewise modes can be eliminated and the pure
aerodynamic force comparisons can be analysed. Structural damping does not play a role
in this experiment since the tested blade is rigid and the motion is forced, as compared
to a rigid body setup with a spring-damper system for a freely vibrating blade such as in
Skrzypiński et al. [2014].



CHAPTER 2
Design of Experiment

This chapter presents the details of the experimental design, including the choice of
motions, frequencies, and amplitudes to test experimentally using PIV and to simulate
using CFD. It details the specifics of the experimental setup used as well as the simulation
setup. Lastly, it presents an overview of the test cases chosen for this thesis.

2.1 Methodology
2.1.1 Experimental Design
To answer the research questions, the problem needed to be specifically defined and
simplified. Skrzypiński et al. [2014] states that the edgewise mode is excited by VIV
under standstill conditions, however, as mentioned earlier, a real blade would be twisted
and tapered and undergo a combination of pitching, plunging, and surging. Due to
experimental design limitations, the pitching motion was not analysed in this experimental
campaign. Many have found large VIV responses occur at 90 degrees angle of attack
Hu et al. [2021], Benner et al. [2019], Besem et al. [2016], Pellegrino and Meskell
[2013], Skrzypiński et al. [2014], leading it to be the single angle of attack choice for
this experiment, especially since it mimics the angle of attack of a blade at standstill.
Furthermore, to quantify the aerodynamic loads and the 3D tip effect while removing
aeroelastic effects and other unknown complexities, a rigid blade with a constant chord
and no taper was chosen. A symmetric NACA0021 airfoil section with a 0.075m chord
and 40cm span was chosen to also avoid the additional effect a cambered blade may have
on the flow. Figure 2.1 shows the orientation of the blade with respect to the incoming
wind at 90 degrees angle of attack, such that the plunging motion excites the edgewise
mode. The surging motion, which is perpendicular to the plunging motion, would excite
the flapwise mode.

A summary from literature suggests that the fluctuation of the lift coefficient is
around the Strouhal frequency and that the ‘lock-in’ region is between 0.8 to 1.2 fst, with
the plunging amplitude ranging up to 16% of the chord Hu et al. [2021], Benner et al.
[2019], Besem et al. [2016], Pellegrino and Meskell [2013]. Choi et al. [2015] investigates
larger amplitudes and lower frequency ranges as well, though the analysis is purely 2D,
and hence, the results are expected to differ. The freestream wind speed was set to 3m/s,
with a Reynolds number of around 15000 and an expected Strouhal number of around
0.16, suggesting a frequency of around 6.4Hz.

The CFD simulations were set up to mimic the exact experimental tests along with
many extra cases for a more in-depth analysis. To the knowledge of the author, there is
limited work on larger amplitudes and much larger frequencies, so it was decided to expand
the test matrix to analyse these cases as well for the lock-in diagram. The choice of the
solver for the CFD simulations is based on the available software. EllipSys3D Michelsen
[1992, 1994], Sørensen [1995] was chosen due to its high fidelity and its availability at
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the Technical University of Denmark. The details of the solver and set-up are, however,
beyond the scope of the thesis. Table 2.1 presents a summary of the design parameters
for the experiment.

Figure 2.1: Velocity Triangle showing Orientation of Blade

Table 2.1: Summary of Experimental Design Parameters

Variable Symbol Value
Freestream Velocity U∞ 3 m/s
Airfoil Section NACA0021
Airfoil Chord c 0.075 m
Reynolds Number Re 15000
Expected Strouhal Number St 0.16 (0.1∼0.2)
Blade Angle of Attack α 90 deg
Experiment Blade Span Sexpt 0.40 m
Experiment Blade Aspect Ratio ARexpt 5.33
Experiment Boundary Condition Fixed on one end with flat plate
CFD Experiment Blade SCF D 0.75 m
CFD Blade Aspect Ratio ARCF D 10

CFD Boundary Condition Free on both ends with a symmetric
mesh about the midspan

Motions Crossflow (plunging) and Streamwise (Surging)
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2.2 Particle Image Velocimetry
The instrumentation of PIV can be divided into four parts: seeding production, laser,
CCD camera, and the PIV acquisition software.

2.2.1 Seeding production:
The SAFEX fog generator produces a non-toxic water-glycol droplets. The mean diameter
is 1µ m. In order to have stable seeding conditions the knob on the remote control
unit should be set at the third tick with the lower button on 10%. Uniform seeding
distribution in the flow is achieved by introducing it before the diffusion so that it mixes
with the flow and is accelerated with it. The size of the seed is chosen to balance the
reflection of the laser light to the camera while maintaining a similar density to air so
that it stays well-mixed throughout the flow.

2.2.2 Laser:
The Quantel Evergreen 200 laser is used as light source. The laser system is a double
pulsed Nd:YAG laser, consisting of two cavities producing infrared light of a wavelength
of 1064 nm. A second harmonic generator halves the wavelength to λ = 532 nm (visible
green). The pulse duration is 8 ns and the maximum repetition rate is 15 Hz for each
pulse. At the laser exit, the beam diameter is 6 mm. At maximum power, the energy in
each laser pulse is 200 mJ.

The laser is controlled from the Davis 8 software. With this software, the repetition
rate and time separation between two laser pulses can be determined. Based on the
number of pixels and the size of the field of view, a pixel displacement criteria of around
10 pixels was set. With a U∞ = 3m/s, the separation time used was 417µs, based on
the characteristics of the camera, the test section, and the flow. The information is sent
from the computer to the digital delay control unit, producing triggering signals for the
laser and CCD camera.

2.2.3 CCD Camera:
The PIV images are recorded with two Bobcat IMPERX IGV-B1610 CCD camera. It
has a resolution of 2560 × 2160 pixel with 6.5µ m pixel pitch. It can record 10-bit
black-and-white images. In double shutter mode, which is used in double frame PIV, the
maximum recording rate is 8.3 Hz (120 ms separation time between image pairs). The
camera is controlled by the DaVis software.

The first camera exposure (frame A) has a duration of 10µ s and the second exposure
(frame B) lasts about 100 ms. This means that, in double shutter mode, frame A
collects less light from the ambient with respect to frame B. This leads to more intense
background light and noisier particle images. This is used in the post-processing stage,
where the brightness of the two images differ, and is used to calculate the difference for
the calibration procedure.
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To obtain the velocity component perpendicular to the plane captured by a single
camera, in this case, the flow perpendicular to the airfoil section at a given span along
the blade, a second camera was used, with a different incidence angle to the desired
planes, and an angle of 45 deg between the two cameras for the best resolution. When
a particle is seen moving in opposite directions by the cameras, then it is resolved as
moving in the direction perpendicular to the plane and resolved as the third velocity
component.

For the imaging of particles onto the camera sensor, a Nikon f = 50 mm lens was
used for the camera on top and f = 80 mm at the bottom. The optimal f# was set to
5.6 on both cameras.

2.2.4 PIV Software:
The illumination and acquisition were controlled (with laser and camera settings). Phase-
locked PIV was used for this experiment, which was enabled via a trigger in the plunging
mechanism. A time delay was set in the DaVis software, which was calculated based on
the known frequency, to capture the image at the chosen phase.

2.3 Experimental Setup
Several 60 x 60 cm aluminium profiles were used to construct a frame to mount the
plunging mechanism. The large structures would cause perturbations that would affect
the flow around the blade and hence, a flat plate was mounted at the fixed end of the
blade. this also served as a wall boundary condition, which would mimic the symmetry
boundary condition seen in the spanwise flow around the CFD simulated free blade,
though there will still be some differences.

2.3.1 Plunging Mechanism
Figure 2.2 shows the front view of the plunging mechanism mounted onto an aluminium
profile and Figure 2.3 shows the CAD assembly of the plunging mechanism. The motor
is located at the bottom below the rotating disk and is connected to the platform that
the blade is mounted to via the slider. The motor is connected to the metal disk via a
gear, and the disk is connected to a 3D-printed plate via a hardened plastic rod. The
airfoil is mounted onto the plate, which is mounted onto rods such that it can slide
laterally. Figure 2.4 shows the working mechanism of the slider-crank system. The
plunging mechanism was limited to a maximum oscillation frequency of 6 Hz for an
amplitude of 1 chord (0.075 m). Even at this frequency, the motor would shut down
after around 16 seconds of use, so the test cases had to be limited by this operational
restriction.
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Figure 2.2: Plunging Mechanism Front View

Figure 2.3: Plunging Mechanism CAD Assembly

2.3.2 Wind Tunnel Test Setup
The PIV experiment was performed at the Open Jet Facility at Delft University of
Technology, Delft, the Netherlands. Figure 2.5 shows the PIV setup for the plunging
configuration. The setup for the surging configuration is nearly identical, with the
mechanism rotated 90 degrees such that it is in the direction of the flow, and the flat
plate was rotated with it to fit the blade in the hole.

Once the structure was built, the cameras had to be focused and calibrated. A
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Figure 2.4: Schematic of Slider-Crank Working Mechanism (Not to Scale)

Figure 2.5: Labelled Diagram of PIV Setup

three-dimensional calibration plate was mounted to the structure as seen in Figure 2.6.
The laser sheet was then aligned with the plate and the calibration was done to obtain
the combined corrected field of view from both cameras.

The cameras and laser were mounted onto a traverse system such that their relative
positions would remain unchanged, but they could be moved together to scan different
spanwise positions along the blade and to scan different streamwise positions to obtain a



2.3 Experimental Setup 19

Figure 2.6: Calibration Plate Setup. The plate is outlined in red. The laser shoots from
the bottom.

larger total field of view.
The maximum field of view that was possible was 26.6cm x 30.6cm. However, this

size was insufficient to get data upwind, in the near wake and in the far wake with this
small field of view (FOV). Hence, three streamwise positions were chosen to obtain a
larger combined field of view, with a small overlap region for stitching together later.
The total field of view was 58.5 cm or 7.8 chords in the x direction and 30.6 cm or 4
chords in the y direction. This is seen in Figure 2.7.
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Figure 2.7: PIV Field of View, with positive X in the flow direction, positive Y upwards,
and positive Z out of the page. Total overlap length = 58.5 cm.

Figure 2.8: Front view (left) and side view (right) of the laser sheet illuminating the
blade
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2.4 Test Cases
First, a static test was run at this wind speed to capture the flow around the blade
at various spanwise positions. A proper orthogonal decomposition (POD) analysis was
performed on the wake to determine the shedding frequency though in the future, it will
be complemented with a hot wire measurement. Next, a matrix of different frequency
and amplitude combinations would need to be done to determine the shape of the lock-in
diagram. Due to time limitations for the experiment, a single oscillation amplitude of 1c
was chosen at two frequency ratios: 0.4 and 0.8 fst. This was done to ideally capture
one frequency that undergoes lock-in and the other that does not, though it is seen later
that both undergo lock-in. The same case was chosen for the plunging and surging cases
to compare their loads for the same conditions.

Three test case matrices were set up for the static blade test, the plunging test, and
the surging test as seen in Table 2.2, Table 2.3 and Table 2.4 respectively. First, a static
test was done to measure the Strouhal number of the blade. Originally, an 80 cm blade
was used to replicate the CFD blade that has an aspect ratio of 10. The actual blade
used for the plunging and surging tests was only 40 cm due to torque limitations on the
motor used, so a static test was also done on the 40 cm blade to compare the effect of
the aspect ratio on the results and see if a 40 cm blade was long enough to analyse the
spanwise flow and convection of the tip vortex.

The test was originally planned with a freestream velocity of 5 m/s. With an expected
Strouhal number of 0.16, this would lead to a Strouhal frequency of around 10.7 Hz.
However, the plunging mechanism was limited to operating at lower frequencies, so it was
decided to lower the freestream velocity to 3 m/s such that the Strouhal frequency would
be around 6.4 Hz. Hence, tests with the 40 cm blade that was used for the plunging and
surging experiments were done at 5 m/s, 4 m/s, and 3 m/s. The static test at 5 m/s for
the 80 cm and 40 cm blades can be found in Appendix E and Appendix F respectively.

Table 2.2: Static Cases Test Matrix

Wind Speed FOV Blade Length Spanwise Position No of Images
5 m/s 1 80 cm -0.5 c – 9 c in steps of 0.5 c 100
5 m/s 2 80 cm -0.5 c – 9 c in steps of 0.5 c 100
5 m/s 3 80 cm -0.5 c – 4 c in steps of 1 c 100
5 m/s 1 40 cm -0.5 c – 4 c in steps of 0.5 c 300
5 m/s 2 40 cm -0.5 c – 3 c in steps of 1 c 100
4 m/s 1 40 cm 0 c – 2 c in steps of 1 c 100
4 m/s 2 40 cm 2 c 100
3 m/s 1 40 cm 0 c – 4 c in steps of 1 c 200

To get the flow field over one full cycle for the dynamic cases using low-speed PIV, a
phase-locked approach was implemented. This was done by calculating the time delay
for the data acquisition relative to a fixed phase, in this case, the 0 deg phase. 12 phases
were chosen for the data collection: 0, 45, 80, 90, 100, 135, 180, 260, 270, 280 and 315
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deg. For cases where only 4 phases were recorded, 0, 90, 180, and 270 deg were chosen to
get a reasonable estimation of the extreme positions. The same procedure was followed
for both the plunging and surging experiment, where the same spanwise positions and
frequencies were recorded. The spanwise positions were measured inboard, starting from
the tip. An extra study was done on the flow field around the tip for a plunging blade at
5 Hz to analyse the spanwise convection of the tip vortex.

Table 2.3: Plunging Cases Test Matrix

FOV No of Phases Spanwise Position No of Images Frequency of Motion
1, 2, 3 12 Tip, 3c 200 5Hz, 2.5 Hz
1 4 1c, 2c 200 5Hz, 2.5Hz
1 4 -0.5c, -0.25c, 0.25c, 0.5c 200 5Hz

Table 2.4: Surging Cases Test Matrix

FOV No of Phases Spanwise Position No of Images Frequency of Motion
1, 2, 3 12 Tip, 3c 200 5Hz, 2.5 Hz
1 4 1c, 2c 200 5Hz, 2.5Hz

2.4.1 Results Output and Post Processing
All the results were captured and processed using the DaVis 8 software. First, the time
filter was used where the minimum value was subtracted from all the images with a filter
length of 5 images. This was done to remove the noise from the images. Next, the PIV
image processing was done, where a geometric mask was manually defined for each data
set to cover the airfoil and shadow region. A multi-pass decreasing size window was
used with the larger window being 128 × 128-pixel interrogation window, a round 1:1
Gaussian weight function, and a 50% overlap with a single pass. The smaller window
was 64 × 64-pixel interrogation window with the same 1:1 round Gaussian weight but
with a 75% overlap using 3 passes. Post-processing was also done using a 32 × 32-pixel
interrogation window for the smaller one, but this led to a larger noise in the final result
so 64 × 64-pixel interrogation window was chosen. Vector post-processing was also done
by setting an allowable vector range to filter outliers in the measured particle velocities.
Finally, the average and standard deviation of the velocity fields was calculated.

The average velocity fields were exported and post-processed in a self-written MAT-
LAB code that combined the three fields of view into a single larger flow field. A Gaussian
weight function was used to combine the flow fields in the overlapping regions between
two fields of view. A POD analysis was performed on some static cases to determine the
Strouhal frequency, but it should be noted that this is still just a preliminary estimation.
A complementary hot wire experiment was planned to measure the shedding frequencies
but due to unforeseen circumstances, it was not completed so POD analysis could not be
validated for this thesis.



2.5 Computational Fluid Dynamics 23

2.5 Computational Fluid Dynamics
2.5.1 Flow Solver
CFD simulations were run on EllipSys3D Michelsen [1992, 1994], Sørensen [1995] over a
range of cases for a static blade as well as a plunging and surging blade. This CFD code
solves the incompressible Navier Stokes equations using the finite volume methods in
general curvilinear coordinates with a collocated grid arrangement Grinderslev [2020].
An IDDES turbulence model was used Gritskevich et al. [2012], which is a combination of
a URANS turbulence model and LES turbulence model. The URANS method used the
k − ωSST model. The decision to use a URANS or LES turbulence model is determined
within the EllipSys3D CFD code. A central difference scheme (CDS) was used for the
LES portion of the simulation and a quadratic upstream interpolation for convective
kinematics (QUICK) scheme was used for the URANS portion of the simulation. The
semi-implicit method for pressure linked equations (SIMPLE) algorithm was employed
for the pressure correction using Rhie-Chow interpolation to avoid odd/even pressure
decoupling. The SIMPLE algorithm solves the momentum equation for the velocity fields
within each discrete cell, then uses this velocity to solve for the pressure field within
the cell. The pressure correction is used to determine the velocity field again using the
momentum equation, and this process is repeated till the momentum and continuity
equation are satisfied for the velocity and pressure. A similar setup of the flow solver is
seen in Grinderslev et al. [2020].

2.5.2 Simulation Setup
A spherical mesh with a diameter about 150 times the chord containing around 5.25
million cells were generated as seen in Figure 2.9a. The 75mm chord, 750mm span blade
was free on both ends with 256 chordwise cells and 128 spanwise cells, being more refined
closer to the tips, as seen in Figure 2.10. A laminar inflow condition was set and the
outflow is determined by the CFD code within EllipSys3D that determines the outflow
in the direction opposing the inflow vector. However, due to the large mesh, the inflow
near the blade was only in the z-direction as seen in Figure 2.9a. The time step dt was
set to 3e-5 seconds with a minimum of 6 and a maximum of 20 sub-iterations in each
time step and an allowable convergence error of 10e-6.

Similar to the PIV experiment, a static case was run for the CFD simulations as well.
Although an IDDES model was chosen for all the simulations, an Implicit LES (ILES)
simulation was also run for the same blade and for a blade with twice the aspect ratio to
assess the sensitivity of the chosen turbulence model. The ILES model is simply an LES
simulation without a sub-grid-scale dissipation term, i.e. the Smagorinsky constant set
to account for viscous dissipation within a cell. This tested the impact of the URANS
model for the IDDES simulations because if the ILES and IDDES models provide similar
results to the IDDES model, then the added turbulent viscosity in the URANS part
of the IDDES simulation is not dominant. The details on the static tests are seen in
Table 2.5.
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(a) Schematic of the blade in the domain with
the freestream wind (not to scale)

(b) Spherical Mesh around the Blade. The
arrow points to the blade.

Figure 2.9: CFD Mesh

Mid-span Tip

Figure 2.10: Mesh over the blade with the resolution increasing towards the tip (left)
and the blade in the domain mesh (right). The Red dashed line shows the chord section.

Table 2.5: Static Blade Test Matrix for CFD Simulations

Test Case Solver Freestream Velocity
Static Blade AR 10 Implicit LES 5 m/s
Static Blade AR 20 Implicit LES 5 m/s
Static Blade AR 10 IDDES 5 m/s

Initially, the CFD cases for a static and plunging airfoil were decided and a few cases
were run before the experimental campaign to get an idea of the flow to help plan the
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experiment. A PSD analysis was performed on the velocity and the shedding frequency
was found to be 8.3 Hz at U∞ = 5m/s leading to a Strouhal number of 0.12. This value
was used to determine the frequency ratios seen in the test matrix for the plunging airfoil
simulations, seen in Table 2.6. The frequencies chosen were 6 Hz, 8 Hz, 9 Hz, 10 Hz, 11
Hz, 12 Hz, 14 Hz, 16 Hz, 18 Hz, and 20 Hz, and these values were normalised by the
fst found from the static CFD case. Due to experimental limitations of the plunging
mechanism, the freestream wind speed was reduced to 3 m/s, and hence, additional
simulations were run for a 2.5 Hz and 5Hz plunging airfoil at U∞ = 3m/s and A/c = 1
to compare to the PIV results.

Table 2.6: Plunging Blade Test Matrix for CFD Simulations. U∞ = 5m/s using an
IDDES Solver. fst = 8.3 Hz

Frequency [Hz] Frequency Range (f/fst) Amplitude Range (A/c)
6 0.72 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0
8 0.96 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0
9 1.08 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0
10 1.20 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0
11 1.33 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0
12 1.45 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0
14 1.69 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0
16 1.93 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0
18 2.17 0.2, 0.4, 0.6, 0.8, 1.0
20 2.41 0.2

The test matrix for the surging airfoil was designed after the PIV experiment had
been completed, so U∞ was changed to 3m/s. The expected Strouhal frequency was also
changed to 6.4 Hz to mimic the value used from the experimental results, however, a
static CFD simulation at 3 m/s and a hot wire measurement would be needed to confirm
this. The test matrix for the surging airfoil simulations is seen in Table 2.7. Additionally,
simulations were run for a 2.5 Hz and 5Hz surging airfoil at U∞ = 3m/s and A/c = 1 to
compare to the PIV results.
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Table 2.7: Surging Blade Test Matrix for CFD Simulations. U∞ = 3m/s using an IDDES
Solver. fst = 6.4 Hz

Frequency [Hz] Frequency Range (f/fst) Amplitude Range (A/c)
3.32 0.52 0.33, 0.67, 1.0
4.15 0.65 0.33, 0.67, 1.0
4.98 0.78 0.33, 0.67, 1.0
5.81 0.91 0.33, 0.67, 1.0
6.64 1.03 0.33, 0.67, 1.0
7.47 1.17 0.33, 0.67, 1.0
8.30 1.28 0.33, 0.67, 1.0
9.13 1.43 0.33, 0.67, 1.0
9.96 1.56 0.33, 0.67, 1.0
10.79 1.69 0.33, 0.67, 1.0

2.5.3 Personal Involvement
All simulations were set up and performed by Assistant Professor Christian Grinderslev
from the Technical University of Denmark, Lyngby. The CFD was used as a black box
tool and making the mesh and running the simulations was not within the scope of the
thesis. The test matrix of cases to run was decided by the author, with suggestions from
the supervisors. The output files containing the forces and flow fields at various planes
were provided to the author and all the further post-processing of the data was done
by the author. The planes containing the velocities and pressure values as well as the
load file was provided as an output to the author. Further post-processing of the planes
to attain the velocity and pressure fields to compare to the PIV flow fields. Codes to
post-process the loads and time series were also written by the author.



CHAPTER 3
Results

This section presents the results of the experiments and simulations performed. It
attempts to answer the research questions and give an insight into the vortex shedding
around the blade undergoing different motions. First, a validation of the CFD results is
done, so that the simulation results could be further used for analysis to answer other
research questions. Then, an analysis of the different motions at different frequencies is
performed, analysing the spanwise convection of the tip vortex, the time series of the
loads, hysteresis loops, and aerodynamic power, followed by an overall analysis of lock-in.

3.1 Validation of CFD Results
In order to draw conclusions from the CFD results, they must first be validated against
the experimental data to ensure that the simulations accurately predicted the flow. This
is done for a static blade as well as the plunging and surging blade.

3.1.1 Static Cases
For the static blade, two aspect ratios were run for both the PIV experiments and the
CFD simulations, as seen in Table 2.2 and Table 2.5 respectively. The flat plate boundary
for the experimental results was supposed to act as a reflection boundary condition
such that a free blade with twice the aspect ratio would behave the same in the CFD
simulations. In all the cases, we see the common trend that the streamwise wake deficit
and vorticity increase from the tip and are at a maximum at the root for the fixed blade
and at the mid-span for the free blade and that the spanwise velocity increases from the
tip till around 2.5 chords inboard.

3.1.1.1 3D Flow Around a Finite Blade
To analyse the flow pattern around the blade and quantify the tip effect, the spanwise
velocity component was used to determine the convection of the tip vortex inboard. A
qualitative comparison of the spanwise flow and the vorticity in the wake at different
spanwise positions will be presented. For the dynamic CFD results, the time series of
the cl and cd will also be analysed to see if there is a phase shift in the loads and how
they travel across the span from the tip to the mid-chord.

For the static 80 cm blade in the experiment, the flow field was measured at 19
different chordwise positions from 0.5 chords in front of the tip to 9 chords inboard for an
81 cm (aspect ratio of 10.80). All three velocity fields and the vorticity field can be seen
in Appendix E. Figure 3.1, which shows the spanwise velocity field for chosen spanwise
locations is presented below. The spanwise velocity at all the available fields of view can
be found in Figure E.4.
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Figure 3.1: Spanwise velocity, w̄/U∞ around a static blade from 0.5c in front of the
tip to 4c inboard from PIV data, freestream velocity coming from the left. The flow is
positive into the page. Grey portions of the plot indicate no available data.

As can be seen from the figures, the positive spanwise velocity (seen in red) immediately
behind the airfoil as well as the large negative velocity (in blue) increases in magnitude
from negative 0.5 chords up to around 3 chords inboard but then begins to decelerate as
we move further inboard and is 0 at the wall. This suggests a suction of the flow around
the blade, which pulls in flow from upwind of the airfoil and sucks it downwind in the
spanwise direction. The flow is visualised in Figure 3.2.
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Figure 3.2: Spanwise velocity, w̄/U∞ around the blade

To validate that a blade with twice the aspect ratio that is free on both ends would
produce similar results, we can qualitatively compare it with the ILES case with an
aspect ratio of 20, seen in Figure 3.3. Here we see that the flow follows the same pattern
of accelerating till around 2.5 chords in the wake and then decelerating to 0 at mid-span.
This resembles the flow pattern visualised in Figure 3.2, confirming that a free blade with
twice the aspect ratio accurately predicts the flow around a blade with a fixed end and
flat plate boundary condition while being geometrically less complicated to save meshing
and computational effort. It is worth noting that with a limited number of planes that
are spread far apart, it is difficult to judge if the maximum flow acceleration is further
inboard at around 3 chords like in the experimental results. Furthermore, the planes
available from CFD and PIV data differ, so only a general qualitative comparison is
possible. It should also be noted that the ILES simulation was used as a comparison
because of the blade aspect ratio, but the IDDES simulations will be more accurate. For
a static blade, the model sufficiently predicts the flow, so the comparison is still valid.
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Figure 3.3: Spanwise velocity, w̄/U∞ around a static blade using an Implicit LES on a
blade free on both ends with an aspect ratio of 20 (left) and PIV measurements on a
cantilevered blade with an aspect ratio of 10 (right). The flow is positive into the page.
Freestream velocity coming from the left.
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3.1.1.2 Effect of Blade Aspect Ratio
To see the effect of the blade aspect ratio and further evaluate the spanwise acceleration
of the flow, the spanwise flow for PIV measurements on the 80 cm and 40 cm blades
were compared for the same spanwise position inboard of the tip, seen in Figure 3.4. The
spanwise velocity fields for all the available fields of view from the PIV experiments for
the static blade can be found in Figure E.4 for the 80 cm blade and in Figure F.4 for the
40 cm blade.
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Figure 3.4: Spanwise velocity, w̄/U∞ around an 80 cm, 10.7 aspect ratio static blade
(left) and 40 cm, 5.3 aspect ratio static blade (right) from PIV data. Far wake data is
unavailable for the 40 cm blade. Freestream velocity coming from the left. The flow is
positive into the page.

Figure 3.4 shows that the spanwise flow accelerates and peaks around 3 chords for
the 80 cm blade but at around 2.5 chords for the 40 cm blade. Both cases were measured
with a freestream wind speed of 5 m/s. However, the far wake region was also measured
for a freestream wind speed of 3 m/s and the development of the wake showed the
same pattern, seen in Figure G.4, suggesting that the spanwise convection of the tip
vortex is independent of the freestream wind speed. This hypothesis needs to be further
studied since the tested wind speeds are very close and only the far wake data was
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available at limited spanwise positions. All the flow fields for the 40 cm static blade at
3 m/s freestream can be found in Appendix G. However, this conclusion is once again
a qualitative analysis of the flow field. To support the visual analysis and quantify the
flow, the top view of the blade and the wake velocity was plotted for the CFD results as
seen in Figure 3.5.

Figure 3.5: Left to right: Averaged Streamwise Velocity ū/U∞, Spanwise Velocity w̄/U∞
Field, and Downstream Velocity Deficit from CFD data.. IDDES blade with AR 10 (top),
ILES blade with AR 10 (middle), and ILES blade with AR 20 (bottom). Only half of
the AR 20 blade from the tip to mid-span is presented.
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The largest fluctuations in the velocity deficits are in line with the largest spanwise
acceleration at 2.5 chords for the AR 10 blade and 3 chords for the AR 20 blade, as
seen by the portion that is the darkest blue in the spanwise flow field (middle). This
point also matches the region where the tip vortex recirculates in the wake, as seen in
the streamwise flow components (left). It is also seen that the effect of the tip vortex
circulation is not as pronounced for the longer blade, which is an expected result, since as
the blade tends to infinity and becomes ‘2D’, the effect of the tip vortex can be ignored.
It is important to characterise when the flow around the blade becomes somewhat 2D
so that the shedding at different spanwise locations can also be characterised. Since
the blade is symmetric with a constant cross-section, data taken at around 3 chords
inboard from the tip can be considered ‘2D’ while spanwise positions between the tip
and 3 chords can be considered ‘3D’, with increased complexity in the flow.

The PIV and CFD flow fields show an excellent agreement, and it was concluded
that for the shorter blades with an aspect ratio of around 10, the spanwise flow is largest
between 2 to 2.5c chords inboard, and for the longer blades with an aspect ratio of
around 20, the spanwise flow was largest around 3 to 3.5 chords inboard. It was also
concluded that the ILES model showed excellent agreement with the IDDES model and
hence, the earlier analysis using the ILES results to compare with the PIV results from
the 80 cm blade are reasonable. However, the IDDES model was used for all the dynamic
cases because the effect of the smaller eddies and viscous dissipation will be larger for a
moving blade.

All the flow fields around the static blades for the PIV and CFD results can be found
in the Appendix.

3.1.2 Plunging and Surging Blade
Next, a comparison of the flow fields for the plunging and surging blade was performed
to validate the CFD simulation. This also allowed further conclusions on the loads and
lock-in phenomena which were done using CFD data only, since time series data was
not available from the experiment. The PIV flow fields were phase-locked and the phase
average flow field over the 12 phases was plotted. To have a fair comparison, a similar
analysis was performed on the CFD results. The same 12 phase angles were defined
and the time series was processed such that the flow field was extracted at the given
phase over all the cycles, averaged, and then plotted. A comparison of some flow fields
is presented in Figure 3.6. All flow fields for the dynamic cases can be found in the
Appendix.

The vorticity field at 0 deg phase, at 3 chords inboard for a plunging and surging
blade at 2.5 Hz and 5 Hz are plotted for all the dynamic cases.
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(a) CFD, 2.5 Hz plunging, 3 chords inboard (b) PIV, 2.5 Hz plunging, 3 chords inboard

(c) CFD, 5 Hz plunging, 3 chords inboard (d) PIV, 5 Hz plunging, 3 chords inboard

(e) CFD, 2.5 Hz surging, 3 chords inboard (f) PIV, 2.5 Hz surging, 3 chords inboard

(g) CFD, 5 Hz surging, 3 chords inboard (h) PIV, 5 Hz surging, 3 chords inboard

Figure 3.6: Vorticity, ω̄c/U∞ 3 chords inboard from the tip with the freestream velocity
coming from the left. Flow fields from CFD results (left) and PIV results (right).

Once again, the flow fields show excellent agreement between the CFD and PIV
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results, though the vorticity is slightly over-predicted by the CFD simulation. The vortex
structures in the flow are also less noisy in the CFD simulations since the PIV results are
limited by the number of samples, and with a highly unsteady flow, a larger sample size
would be needed for a higher resolution of the smaller structures in the wake. The CFD
results also tend to under-predict the vertical velocity component very close to the airfoil,
but it could also be due to the fact that the PIV result has a shadow region around the
blade that cannot be resolved. The benefit of the CFD result is that there is no data lost
to a shadow region and that the flow fields are resolved in time, so time series analysis
on the frequencies and unsteady loads can be performed. It can also provide valuable
information for parts of the flow that are missing from PIV, such as in Figure 3.6d where
the upstream data was not captured during the experiment but can be inferred from the
CFD results. It was concluded that the CFD simulations for the static and dynamic
cases were visually similar enough to consider accurate and therefore, the results from
simulations at other frequencies and amplitudes as well as the integrated forces over the
blade could be considered accurate and used for further analysis.

3.2 Plunging Blade
Figure 2.1 shows the orientation of the plunging airfoil with respect to the incoming
wind. Figure 3.11 shows the velocity triangles at four phases during the plunging cycle.

3.2.1 Effect of Motion Frequency on the Shed Vortex
In the experiment, two frequencies, 2.5 Hz and 5 Hz were tested at the same oscillation
amplitude of 1 chord. With an expected Strouhal frequency of 6.4 Hz based on a POD
analysis of the experimental results, it was predicted that the 5 Hz case would be locked
in and the 2.5 Hz case would not. Figure 3.7 shows a comparison of the vorticity over
four phases at the two frequencies 3 chords inboard from the tip so as to analyse the ‘2D’
flow characteristics.

However, due to the extremely large oscillation amplitude, both frequencies showed
von Karman-like vortex shedding, with the vortices shed twice per cycle at the motion
frequency, suggesting lock-in. Unfortunately, without a time series or hot wire analysis,
a frequency analysis cannot be performed to confirm the shedding frequency of the flow
from experimental data. A notable difference between the flow fields is the convection
of the vortices downwind, which is largely affected by the motion frequency, due to its
influence on the relative velocity experienced by the vortices leaving the body. The
shedding of the von Karman-like vortex structures begins around 2 chords inboard for
both frequencies and is significant at 3 chords inboards. This suggests that the frequency
of motion does not influence the convection of the tip vortex inboard and when the blade
starts to behave 2D, and that it is only dependent on the aspect ratio of the blade.
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Figure 3.7: Vorticity, ω̄c/U∞ around a plunging airfoil 3 chords inboard from the tip
at 5 Hz (left) and 2.5 Hz (right) with the freestream velocity coming from the left from
CFD data.

Vorticity and other flow fields at all 12 phases for the plunging blade at all available
spanwise positions can be found in Appendix L for 2.5 Hz and in Appendix M for 5Hz for
the CFD simulations and in Appendix H and Appendix I for the 2.5 Hz and 5 Hz PIV
measurements respectively. At both frequencies, two counter-rotating von Karman-like
vortices are once per cycle at each extreme position. The shedding is clearer at 5 Hz and
not very obvious at 2.5 Hz, initially suggesting that it may not be locked in. However,
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this could be due to the increased effect of the freestream velocity on convecting the
vortices further downstream and out of the available field of view.

3.2.2 Spanwise Vortex Shedding and 3D Flow Around the
Tip of a Finite Blade

To characterise the spanwise convection around a blade in motion, first, the spanwise
velocity and vorticity were captured around the tip, seen in Figure 3.8.

(a) Vorticity, ω̄c/U∞ (b) Spanwise Velocity, w̄/U∞

Figure 3.8: Flow Around the Tip for a 5 Hz plunging airfoil at 0 deg phase for 1 chord
motion amplitude from PIV data. Blade is at y/c = 0, x/c = -2, z/c = 0 to 0.5.

Figure 3.8 shows the flow field from half a chord in front of the tip to half a chord
inboard to visualise the flow just around the tip. The figure shows that although the
spanwise flow begins accelerating in front of the blade, there is no vorticity present in
that region. The flow gets sucked from the tip towards the root immediately downstream
of the blade, and this also convects the tip vortex towards the root of the blade. However,
no clear von Karman vortex is shed so close to the tip.

Next, the development of the flow from the tip to 3 chords inboard is analysed.
Figure 3.9 presents a comparison of the vorticity around the airfoil at 0 deg phase for
2 frequencies, 5 Hz and 2.5 Hz, at four spanwise positions: 3 chords inboard, 2 chords
inboard, 1 chord inboard and at the tip. Other phases and spanwise positions are seen in
Appendix M and Appendix L. CFD data is presented instead of the PIV data because
some fields of view are missing from the PIV measurements at 1 chord and 2 chords
inboard. The equivalent PIV flow fields are available in Appendix I and Appendix H
respectively.
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(a) 3c inboard (b) 3c inboard

(c) 2c inboard (d) 2c inboard

(e) 1c inboard (f) 1c inboard

(g) tip (h) tip

Figure 3.9: Vorticity, ω̄c/U∞ around a plunging airfoil at 5Hz (left), and at 2.5Hz (right)
from 3 chords inboard (top) to the tip (bottom) with the freestream velocity coming
from the left from CFD data.
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Figure 3.9 shows that as we move from 3 chords inboard towards the tip, the strength
and size of the shed vortex becomes smaller, with no clear ‘vortex blob’ being shed at
the tip. At 5 Hz, the shed vortex at the tip is smaller and is only convected around
2 chords downstream. The vortex shed 3 chords inboard and is much larger in both
its width as well as its convection 4 chords downstream. The flow fields at 2.5 Hz on
the right show that the shed vorticity extends longer in the wake. This is because at a
lower frequency, the period is longer and hence, there is more time for the wake to be
convected downstream within one cycle before the same motion phase occurs again. The
freestream wind speed is the same in both cases, but its effect in convecting the vorticity
downstream is larger for the lower frequency case since it has a higher influence on the
relative velocity experienced at the airfoil. Already 1 chord inboard from the tip we
see the ‘vortex blob’ leaving the airfoil and this phenomenon becomes stronger further
inboard. The difference in the shedding pattern is clearer with a visualisation of the
whole cycle. A comparison is presented 3 chords inboard and at the tip for four phases:
0 deg, 90 deg, 180 deg, and 270 deg seen in Figure 3.10 at 5 Hz and in Figure 3.19 at 2.5
Hz.
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3.2.3 Spanwise Development at 5 Hz

Figure 3.10: Vorticity, ω̄c/U∞ around a plunging airfoil at 5Hz, 3 chords inboard from
the tip (left) and at the tip (right) with the freestream velocity coming from the left
from CFD data.

Over the four phases, it is clear that at 3 chords inboard, there are two counter-rotating
vortices shed per cycle, which resembles a von Karman vortex, which is not seen at the
tip. This is also reflected in the flow around the static blade, where the spanwise flow
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stopped accelerating around 2 chords inboard, and beyond that point, the 3D effects no
longer dominate the flow. This suggests that VIV may be more likely further inboard,
though VIV is not really experienced for a forced motion since the blade itself cannot
naturally lock-in to the shedding frequency.

It is also important to note that the vortex shed at 90 deg when the airfoil is at
the top, is more pronounced than the vortex shed at 270 deg, and this is most likely
due to the sharp trailing edge at the top, leading to a less attached and more unsteady
flow. Figure 3.11 shows a diagram showing the airfoil at four phases over one cycle,
with the direction of the relative flow and angle of attack over the cycle. It is clear that
as the airfoil moves upwards and has an angle of attack greater than 90 deg with the
relative incoming flow, the sharp trailing edge experiences the velocity due to the motion.
Compared to the part of the cycle between 90 deg and 270 deg phase when the airfoil
moves downwards and the smooth leading edge is facing the flow against the motion, the
forces on the blade and the shed vortex are less steady when the flow separates from the
sharp trailing edge. This is also reflected in the time series plots presented in Figure 3.12
and Figure 3.13, where the time series data does not present as a smooth sinusoid due to
the high unsteadiness from such a high frequency.

Figure 3.11: Velocity Triangles for a Plunging Airfoil

Figure 3.12 shows the time series of the lift coefficient of a plunging airfoil at 5 Hz,
1 chord amplitude at various spanwise positions from the tip to mid-span for 5 cycles.
At the tip, the value is in the order of e-5 and hence, can be taken as 0, i.e. there is
no lift produced at the tip. The cl follows a sinusoidal pattern at all the positions but
has a large variation in the magnitude which peaks around 2.6 chords inboard and then
stabilises.

The cl and cd were found using the relative flow velocity and resolving the normal
and tangential force components with the angle of attack defined in Figure 3.11.
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cl = cx · cos(α) − cy · sin(α) (3.1)
cd = cx · sin(α) + cy · cos(α) (3.2)

with cx as the force coefficient in the streamwise direction and cy as the force
component in the vertical direction.
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Figure 3.12: Time series of the cl at various spanwise positions from the tip to mid-span
for a plunging airfoil at 5 Hz, 1 chord amplitude for 15 cycles from CFD data.
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Figure 3.13: Time series of the cd at various spanwise positions from the tip to mid-span
for a plunging airfoil at 5 Hz, 1 chord amplitude for 15 cycles from CFD data.

Figure 3.14 presents a PSD analysis of the lift coefficient and drag coefficient at five
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different spanwise positions, 1 chord, 2 chords, 3 chords, 4 chords, and 5 chords inboard
from the tip, and confirms that both 5 Hz plunging blade are locked in, with a peak at
the motion frequency and its harmonic, as defined by Hu et al. [2021], Choi et al. [2015].
The PSD is normalised by the maximum value.

(a) PSD cl (b) PSD cd

Figure 3.14: PSD of cl (left) and cd (right) for a plunging blade at 5 Hz ∼ 0.78fst, 1
chord motion amplitude at various spanwise positions from CFD results.

The PSD in Figure 3.14a shows that at all the spanwise positions, the blade appears
to be locked in, though some peaks are seen at fst, though their energy is 0.001% of
the maximum peak and hence, negligible in comparison. It is interesting to see that all
the spanwise positions show lock-in despite the flow fields in Figure 3.9 showing a large
difference in the shed vorticity pattern between 1 chord and 3 chords inboard from the tip.
This is likely because the cl is a periodic force as seen in Figure 3.12 and is dependent
on the shed vorticity over one cycle. Figure 3.14b shows a dominant peak at twice the
motion frequency, which is expected since the cd has a peak each time a vortex is shed,
which is twice in one cycle. It is also interesting to note that the peak at the motion
frequency generally tends to increase further inboard, with the exception of the peak at
2 chords that is lower than at 1 chord. To further analyse the load and investigate the
effect of the tip vortex being convected in the spanwise direction on the loads experienced
by the blade, hysteresis loops of the lift and drag coefficient were plotted over the angle
of attack, seen in Figure 3.16. The mean and standard deviation of the cl and cd over 15
cycles are plotted from 1 chord inboard to 5 chord inboard (mid-span).
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Figure 3.15: Lissajous figure, A – the amplitude, width – the phase lag. Reprinted from
Yu [2018]. Method from Al-Khazali and Askari [2012].

Figure 3.15 presents a method developed by Al-Khazali and Askari [2012] that analyses
the shape and direction of the hysteresis loop and gives an idea about the phase lag and
amplitude. The direction of rotation and positive or negative slope of the loop influence
whether the phase lag is positive or negative.
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Figure 3.16: Hysteresis loops of the cl (left) and cd (right) against the angle of attack at
different spanwise positions inboard from the tip for a plunging blade at 5 Hz frequency,
1 chord amplitude. Measured in chords away from the tip. The solid line shows the
mean load as the blade moves upwards, the dashed line shows the mean load as the blade
moves downwards and the surrounding translucent region is the standard deviation over
15 cycles from CFD data. Both loops rotate counter-clockwise.

The solid lines represent the motion from phase 270 deg to phase 90 deg in Figure 3.11
where the blade moves up and the trailing edge faces the flow from the blade motion.
The dashed lines represent the motion from 90 deg to 270 deg phase where the blade
moves down and the leading edge faces the flow from the blade motion.

Hu et al. [2021], Hoskoti et al. [2018], Choi et al. [2015], Skrzypiński and Gaunaa
[2015], Meskell and Pellegrino [2019] and many others suggest that when lock-in occurs,
the cl − α hysteresis loop will be smooth. In Figure 3.16 the cl − α hysteresis loop
is relatively smooth at all the plotted spanwise positions, suggesting that lock-in has
occurred, with a slight deviation at 2 chords inboard. This deviation occurs during the
solid line portion of the loop when the blade moves upwards, which is expected to be
less smooth due to the sharp trailing edge facing the flow. The standard deviation is
relatively small and gets smaller further inboard, suggesting that the load becomes more
stable and the oscillation becomes more quasi-steady and more ‘2D’. Figure 3.9 shows
the spanwise development of the shed vorticity and the shed vortex becomes less chaotic
and has clearer vortex structures further inboard, leading to a lower standard deviation
in the load. The counter-clockwise rotation and negative slope angle indicate a phase lag,
though the width of the loops is very small, so the lag over the cycle is minimal. The
cd − α hysteresis loop on the other hand is chaotic and crosses over itself. The cd time
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series plot is much more chaotic, with sharper peaks, and it does not follow a smooth
sinusoidal pattern. With large variations in the angle of attack and relative floe faced by
the airfoil section, the drag force variation is also large. This is especially so since the
angles of attack experienced are well above the stall regime of the airfoil and hence, the
drag forces are much more pronounced and the stall contributes to the high drag on the
blade. The horizontal figure 8 shape is because the cd is at twice the frequency of the cl
because there are two vortices shed each cycle, which cause a peak in the load, and this
is in line with the definition for the loops by Al-Khazali and Askari [2012], and seen in
Figure 3.14. It is also interesting to note that the loops move further downward as we
move further inboard from the tip with the exception of the loop at 2 chords which is
higher than at 1 chord, i.e. the drag coefficient is lower, and the loops are also smoother,
which agrees with what was observed in Figure 3.14b. The smooth hysteresis loops
suggest that the effect of the tip vortex may not be dominant further inboard, as seen in
Figure 3.9 where the shed vortices are smoother further inboard and from Figure 3.5
where it was concluded that the spanwise convection of the tip vortex is no longer as
dominant beyond 2.5 chords inboard. This is why there is such a large difference between
the cd loops at 1 and 2 chords inboard which are similar to one another but with a larger
magnitude than the loops at 3, 4, and 5 chords inboard, that has a similar shape and
magnitude to one another, but a lower drag force at 1 and 2 chords. cd − α hysteresis
loops also show a slight positive slope, suggesting a small phase lag.

To quantify the phase shift seen in the loads as the tip vortex moves inboard from the
tip towards the mid-span, the mean, median, and standard deviation about the mean
are calculated for the cl, cd, and the phase angle for the cl and cd at different spanwise
positions over 15 cycles, as seen in Figure 3.17. The phase angle plot shows the phase
angle in the cycle between -180 and 180 deg where the maximum or minimum cl or cd
occurs at that given spanwise position. The maximum and minimum points are taken as
discreet points from the time series, and a Gaussian interpolation may have resulted in
higher accuracy. However, there was a high resolution of points in the time series so the
error is minimal.
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(a) cl (b) cd

(c) phase cl (d) phase cd

Figure 3.17: Plunging airfoil at 5 Hz, 1 chord amplitude. Mean and Median values for cl
(a), cd (b), and their phases (c) and (d) respectively at different spanwise positions over
15 cycles from CFD data. Bars represent the standard deviation away from the mean.

The legend shows the mean value of the peak in the time series, denoted by the dot,
and the median value of the peak denoted by the star, both in black with the subscript
‘max’. The mean value of the trough, denoted by the dot, and the median value of
the trough, denoted by the star are in red, with the subscript ‘min’. The phase angle
corresponds to the phase at which the maximum or minimum force coefficient occurs in
a cycle. The bars represent one standard deviation from the mean on either side.

From these plots, there is a very clear pattern in the loads that stabilises around 3
chords inboard, which once again agrees with the earlier conclusion that the spanwise
vortex convection travels to around 2.5 chords inboard and then the flow becomes ‘2D’,
and this seems to hold for a plunging blade as well. The largest standard deviation in
the loads is seen at around 2.5 c inboard. The standard deviation for the phase angle is
relatively large for both the cl and the cd though the mean phase angle does not vary
much from 3 chords inboard. The large variation in the cd is also because of the double
peak occurring per cycle.
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(a) Power (b) Phase Power

Figure 3.18: Plunging airfoil at 5 Hz, 1 chord amplitude. Mean and Median values for
Non-Dimensional Power (a), and its phase (b) respectively at different spanwise positions
over 15 cycles from CFD data. Bars represent the standard deviation away from the
mean.

The non-dimensional power was also calculated over 15 cycles as seen in Figure 3.18,
with the non-dimensional power P ∗ = T/(ρcAU2

∞)P̄ where P̄ is the mean aerodynamic
power. The power stabilises around 3 chords inboard but sees an increase in the magnitude
of the negative power from the tip to 2.5 chords in. The minimum power dominates over
the positive power because the velocity and load are not in phase, leading to positive
damping in this case. The integrated power over the blade is negative for this case, and
for a free vibration case, the blade would probably be damped out. There is a phase shift
in both the minimum and maximum power values over the cycle, which is likely due to
the phase lag in the loads as seen from Figure 3.16, with the standard deviation in the
phase becoming smaller further inboard as the hysteresis loops also become less wide.

3.2.4 Spanwise Development at 2.5 Hz
Figure 3.19 shows the vorticity field at 3 chords inboard and at the tip for a plunging
airfoil at 2.5Hz. Similar to what was seen at 5 Hz, von Karman-like vortices are shed at
the 3 chord position but not at the tip. As mentioned earlier, the vortex is convected
further in the wake due to the lower motion velocity and hence the higher effect of the
freestream velocity. The flow also seems less chaotic and with a lower frequency, the flow
is also much less unsteady.
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Figure 3.19: Vorticity, ω̄c/U∞ around a plunging airfoil at 2.5Hz, 3 chords inboard from
the tip (left) and at the tip (right) with the freestream velocity coming from the left
from CFD data.

Similar to the previous analysis, a time series plot of the cl and cd were plotted, as
seen in Figure 3.20 and Figure 3.21 respectively. Similar to the case at 5 Hz, the cl
presents as a smooth sinusoidal plot. The cd time series plot is much more chaotic than
the cl, but a more regular pattern compared to the 5 Hz case is visible. The flow fields in
Figure 3.19 already indicate this because the shed vortices are somewhat smoother and
there is less difference between the vortex leaving the leading and trailing edge. In all
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cases, the values of the forces at the very tip do not show any pattern, and the magnitude
is negligible.
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Figure 3.20: Time series of the cl at various spanwise positions from the tip to mid-span
for a plunging airfoil at 2.5 Hz, 1 chord amplitude for 15 cycles from CFD data.
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Figure 3.21: Time series of the cd at various spanwise positions from the tip to mid-span
for a plunging airfoil at 2.5 Hz, 1 chord amplitude for 15 cycles from CFD data.

From the time series plots, a PSD analysis was performed on the cl at various spanwise
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positions and is presented in Figure 3.22. The analysis shows that at all the measured
spanwise positions, the blade appears to be locked in with a peak at the motion frequency
and its harmonics. There seems to be very little variation between the different spanwise
positions.

(a) PSD cl (b) PSD cd

Figure 3.22: PSD of cl (left) and cd (right) for a plunging blade at 2.5 Hz ∼ 0.39fst, 1
chord motion amplitude at various spanwise positions from CFD results.

Figure 3.22a shows a clean PSD of the cl which shows all the spanwise positions
in lock-in. This was seen earlier for 5 Hz as well, which is once again surprising since
the flow fields show less strong vortices shed close to the tip. The PSD of the cd in
Figure 3.22b on the other hand is very chaotic, with many smaller peaks, though at
much lower energy levels. A clear dominant peak occurs at twice the motion frequency
which is due to the shedding of two vortices per cycle. It is interesting to see that the
magnitude of the energy in the peak decreases further inboard from the tip. To further
analyse the loads and the spanwise convection of the tip vortex, a hysteresis loop of the
cl and cd was plotted.
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Figure 3.23: Hysteresis loops of the cl (left) and cd (right) against the angle of attack at
different spanwise positions inboard from the tip for a plunging blade at 2.5 Hz frequency,
1 chord amplitude. Measured in chords away from the tip. The solid line shows the
mean load as the blade moves upwards, the dashed line shows the mean load as the blade
moves downwards and the surrounding translucent region is the standard deviation over
15 cycles from CFD data Both loops rotate clockwise.

Hysteresis loops of the mean cl and cd and their standard deviation over 15 cycles
were plotted against the angle of attack, and they are much smoother than those at 5
Hz, as seen in Figure 3.23. The cl − α curve is extremely smooth across all spanwise
positions, suggesting that once again, this case resembles lock-in. The negligible standard
deviation suggests that the flow is quasi-steady. This is also seen from Figure 3.20 where
the time series is extremely smooth with little to no visual difference across the spanwise
positions, leading to smooth cl − α loops that overlap one another. It can also be seen
that as we move further inboard from the tip, the cl − α loop becomes slightly less steep,
indicative of a smaller amplitude as seen in Figure 3.15, though the difference is marginal.
The clockwise rotation indicates a phase lead, though the width of the loop is smaller
than that at 5 Hz, suggesting an almost negligible phase difference.

The cd − α hysteresis loop once again forms a figure 8 as it crosses over itself. As
previously mentioned, this is because the two vortices shed per cycle causing two peaks
in the cd per cycle. The curves also shift further downward, i.e. have a lower cd further
inboard from the tip which was seen in the peak at twice the motion frequency in
Figure 3.22b, and the loops as well as their standard deviations become smaller. The
difference in how much each loop shifts downwards decreases further inboard, with the 4c
and 5c loops almost overlapping. This was also seen in Figure 3.22b where the peak at
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twice the motion frequency reduced further inboard, and the peaks at 4c and 5c inboard
almost overlapped. Once again referring to Figure 3.9 and Figure 3.5, the spanwise
convection of the tip vortex lasts till around 2.5 chords inboard, which is seen by how the
drag force becomes smaller further inboard since the effect of the tip vortex decreases.
This analysis further confirms the earlier hypothesis that the spanwise convection of
the tip vortex is not dependent on the oscillation frequency, since the same pattern was
seen at both 5 Hz and 2.5 Hz for the plunging blade. The cd − α slope angle is more
pronounced than at 5 Hz, and with a clockwise rotating loop, there is a phase lead. The
width of the loops gets smaller further inboard, suggesting that the phase difference over
the loop decreases further inboard.

To further validate the earlier hypothesis that the spanwise vortex convection is
independent of the motion frequency, the forces, and their phase were analysed.

(a) cl (b) cd

(c) phase cl (d) phase cd

Figure 3.24: Plunging airfoil at 2.5 Hz, 1 chord amplitude. Mean and Median values for
cl (a), cd (b), and their phases (c) and (d) respectively at different spanwise positions
over 15 cycles from CFD data. Bars represent the standard deviation away from the
mean.
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The mean, median, and standard deviation plots of the cl, cd and their phase over the
blade span were plotted, as seen in Figure 3.24. As seen in the hysteresis loops earlier,
major unsteadiness is not observed, however, the plot does show minor fluctuations in the
phase, which seem to stabilise by 3 chords inboard, as the standard deviation decreases
and the mean phase angle varies less. This is in line with all the results seen earlier,
confirming that the spanwise tip vortex convection is indeed independent of the motion
frequency, and constant for a given blade aspect ratio. This would of course need to
be further investigated over a range of blade aspect ratios to validate the theory. Once
again, the same plots were also made for the power, and the power and phase resembled
the cl plots almost exactly, once again suggesting that the velocity and force are in phase.

(a) Power (b) Phase Power

Figure 3.25: Plunging airfoil at 2.5 Hz, 1 chord amplitude. Mean and Median values for
Non-Dimensional Power (a), and its phase (b) respectively at different spanwise positions
over 15 cycles from CFD data. Bars represent the standard deviation away from the
mean.

The variation in the magnitude of the power and phase is minimal overall spanwise
positions seen in Figure 3.25. The magnitude of the cl and cd for the 2.5 Hz plunging
blade are around half the magnitude of the loads at 5 Hz, but the power at 2.5 Hz is
about four times smaller. Once again, the magnitude of the negative power is larger
than the positive power, indicating that the integrated blade power will b negative for
this frequency-amplitude combination and would probably damp out in the case of a
free vibrating blade. The standard deviation is the phase is much smaller than what was
seen at 5 Hz, and this is likely because of the smaller phase difference in the loads in
Figure 3.23 with the loops having a smaller width. The phase at which the minimum
power occurs for the 2.5 Hz plunging blade is around 5 deg and the phase at which
the maximum power occurs is around 35 deg as compared to around 0 deg and 50 deg
respectively at 5 Hz from 3 chords inboard. This phase difference at which the minimum
and maximum powers are observed could be because of the rotation of the loop, where the
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clockwise rotation for the 2.5Hz plunging blade leads to a phase lead, causing the phases
between the minimum and maximum to be closer together and the counter-clockwise
rotation at 5 Hz results in a phase lag causing the phases at which the minimum and
maximum power occur to be further away.

Compared to the plunging blade at 5 Hz, the loads are much smoother at 2.5 Hz since
the flow is less unsteady. This is reflected in a smoother sinusoidal pattern in the time
series, cleaner peaks in the PSD, and a smoother hysteresis loop with a lower standard
deviation. There is also less variation in the magnitude of the load coefficient, normalised
power, and their phases across the spanwise positions.

3.3 Surging Blade
The same two frequencies of 2.5 Hz and 5 Hz were tested for a surging airfoil as well,
so as to compare the flow and load for the ‘edgewise’ and ‘flapwise’ motions. A similar
analysis of the motion frequency on the spanwise convection of the tip vortex and the
growth of the shed vortex over the blade at these two frequencies was also performed.

3.3.1 Effect of Motion Frequency on the Shed Vortex
Figure 3.26 presents a comparison of the vorticity around a surging blade at 0 deg phase
at two frequencies, 5 Hz and 2.5 Hz, for four spanwise positions: 3 chords inboard, 2
chords inboard 1 chord inboard, and the tip.
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(a) 3c inboard (b) 3c inboard

(c) 2c inboard (d) 2c inboard

(e) 1c inboard (f) 1c inboard

(g) Tip (h) Tip

Figure 3.26: Vorticity, ω̄c/U∞ around a surging airfoil at 5Hz (left), and at 2.5Hz (right)
from 3 chords inboard (top) to the tip (bottom) with the freestream velocity coming
from the left from CFD data.
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As seen earlier, at 2.5 Hz, the motion velocity is not large enough to force the shedding
of von Karman-like vortex structures, and this is for all spanwise positions visualised in
Figure 3.26. However, the strength of the shed vortex does increase further inboard from
the tip and begins to look somewhat stable around 2 chords inboard, with minimal visual
difference between the shedding 2 chords inboard and 3 chords inboard positions. This
comparison also holds at 5 Hz, where the flow fields look very similar. These distinct
shed vortices are not present at the tip or 1 chord inboard, but it becomes very clear
2 chords inboard. This suggests that around 2 chords inboard from the tip, the flow
becomes relatively ‘2D’, which is in agreement with what was observed from the static
blade as well as from the plunging blade.

Figure 3.27 shows the shed vortices at four phases: 0 deg, 90 deg, 180 deg, and 270
deg for two frequencies, 5 Hz and 2.5 Hz. Vorticity and other flow fields at all 12 phases
for the surging blade at all available spanwise positions can be found in Appendix N
for 2.5 Hz and in Appendix O for 5Hz for the CFD simulations and in Appendix J and
Appendix K for the 2.5 Hz and 5 Hz PIV measurements respectively.
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Figure 3.27: Vorticity, ω̄c/U∞ around a surging airfoil 3 chords inboard from the tip at 5
Hz (left) and 2.5 Hz (right) with the freestream velocity coming from the left from CFD
data.

The flow around the airfoil in surging motion is significantly different than that of
a plunging airfoil since it is moving in the direction of the freestream wind and hence
the forcing on the flow is much larger. Figure 3.28 shows the flow experienced on the
blade due to the surging motion. As can be seen, the maximum and minimum relative
velocities are at 0 and 180 deg phase, where the airfoil is either at its maximum motion
velocity pushing against the incoming wind at 0 deg or at its maximum velocity in the
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direction of the wind at 180 deg and hence faces the lowest relative flow. The flow fields
show that at 5 Hz, larger vortices are shed at 90 deg as compared to 270 deg because of
the larger relative building up to 90 deg, which leads to a larger convection speed to carry
the vortices away. Two vortex pairs are shed per cycle, one pair at 90 deg and the other
at 270 deg when the blade is experiencing a change in the direction of its acceleration.
This is also similar to the shed vortices seen for the plunging blade that released a vortex
each half cycle during the change in acceleration, but since there is no change in the angle
of attack and the blade motion is symmetric with respect to the freestream at all points
during its cycle, it sheds a vortex from both the leading and trailing edge each half cycle.
Clear vortices are shed because Vm|max ≈ U∞ at 5 Hz, with Vm|max = 2.36m/s, versus
at 2.5 Hz where Vm|max = 1.18m/s for 1 chord oscillation amplitude. With U∞ = 3m/s,
the freestream velocity dominates over the motion frequency at 2.5 Hz, and hence no
distinct von Karman-like vortex structures are shed. The vorticity is still the strongest
and most concentrated at 0 deg phase where Vrel is maximum, and smallest at 180 deg
where Vrel is minimum, but the motion frequency is not high enough to shed distinct
vortex structures. Since there is no real angle of attack with respect to the incoming
flow, the streamwise and vertical force coefficients were analysed.

(a) Orientation of a Surging Blade (b) Relative Velocity during Surging Motion

Figure 3.28: Flow on a Surging Blade over one cycle. U∞ > Vm|max

3.3.2 Spanwise Development at 5 Hz
Figure 3.29 shows the shed vortices at four phases: 0 deg, 90 deg, 180 deg, and 270 deg
for two spanwise positions, 3 chords inboard and the tip at 5 Hz.
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(a) 3 chords inboard (b) tip

Figure 3.29: Vorticity, ω̄c/U∞ around a surging airfoil at 5Hz, 3 chords inboard from the
tip (left) and at the tip (right) with the freestream velocity coming from the left from
CFD data.

Similar to the static blade and plunging blade, the vorticity shed 3 chords inboard
of the tip is much stronger than the vorticity shed at the tip. 3 chords inboard, von
Karman-like vortices are observed, with a pair of counter-rotating vortices shed every
half cycle, whereas, at the tip, there is no distinct vortex structure. As seen earlier, the
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distinct vortex structures were visible 2 chords inboard, but to quantify the spanwise
convection of the tip vortex, the time series of the streamwise force coefficient cx and
vertical force coefficient cy were analysed.
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Figure 3.30: Time series of the cy at various spanwise positions from the tip to mid-span
for a surging airfoil at 5 Hz, 1 chord amplitude for 10 cycles from CFD data.
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Figure 3.31: Time series of the cx at various spanwise positions from the tip to mid-span
for a surging airfoil at 5 Hz, 1 chord amplitude for 10 cycles from CFD data.

Looking at the flow around the blade in Figure 3.28, the maximum streamwise
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force occurs at 0 deg phase, where the blade experiences the largest relative inflow.
Furthermore, at this point in the cycle, the blade also has the largest added mass effect
since it is pushing directly against the incoming flow. The cx time series plot shows
distinct peaks and troughs, with the maximum occurring at 0 deg phase and the minimum
occurring at 180 deg phase. Figure 3.32 shows the streamwise flow around the blade at
the four phases. At 180 deg, it is clear that there is a large flow in the direction opposite
the freestream just downwind of the blade and an almost equal magnitude component
upwind of the blade as well. The cx calculated on the blade is the integrated force at that
spanwise blade element and hence, the effect of the relative flow results in the smallest
force at this point. The cy time series does not show much of a pattern and is chaotic
even further inboard, since there is no actual angle of attack relative to the incoming
flow, the airfoil remains as a bluff body against at 90 deg throughout the cycle.

Figure 3.32: Streamwise velocity, ū/U∞ around a surging airfoil at 5Hz, 3 chords inboard
from the tip with the freestream velocity coming from the left from CFD data.

Figure 3.33 presents a PSD analysis of the streamwise force coefficient cx and vertical
force coefficient cy at four different spanwise positions, 1 chord, 2 chords, 3 chords, 4
chords, and 5 chords inboard from the tip, and confirms that both 5 Hz surging blade is
locked in, with a peak at the motion frequency and its harmonics, as defined by Hu et al.
[2021], Choi et al. [2015].



70 3 Results

(a) PSD cy (b) PSD cx

Figure 3.33: PSD of cy (left) and cx (right) for a surging blade at 5 Hz ∼ 0.78fst, 1
chord motion amplitude at various spanwise positions from CFD results.

Figure 3.33b clearly shows that the 5 Hz surging blade is locked in across all the
spanwise positions plotted. It also shows peaks at harmonics of the motion frequency,
and is somewhat chaotic with peaks around fst, though their energy is less than 1% of
the dominant peak and hence, they are not significant. The peak at the second harmonic
seems to increase in energy as the spanwise position moves further inboard from the
tip. Figure 3.33a on the other hand is much more chaotic and shows a large secondary
peak at twice the shedding frequency. This is most likely because there are two vortex
pairs shed per cycle as seen in Figure 3.29 and the blade passes through these large
vortices, causing a large peak only in cy that is not just a peak due to the harmonic. It
is interesting to note that at 3 chords inboard, the energy of the first peak is the lowest,
but the energy of the second peak is the highest. The energy of the second peak at 1
chord inboard is significantly lower than the other spanwise positions.

To further analyse the loads, hysteresis loops of the streamwise and vertical force
coefficient were plotted as seen in Figure 3.34.
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Figure 3.34: Hysteresis loops of the cy (left) and cx (right) against the normalised blade
position at different spanwise positions inboard from the tip for a surging blade at 5 Hz
frequency, 1 chord amplitude. Measured in chords away from the tip. The solid line
shows the mean load when the blade moves against the freestream, the dashed line shows
the mean load when the blade moves in line with the freestream and the surrounding
translucent region is the standard deviation over 10 cycles from CFD data. Both loops
rotate clockwise.

The solid lines represent the motion from phase 270 deg to phase 90 deg in Figure 3.28
where the blade moves against the freestream. The dashed lines represent the motion
from 90 deg to 270 deg phase where the blade moves in the direction of the freestream.

Hysteresis loops of the mean cx and cy and their standard deviation over 10 cycles
were plotted against the normalised blade position X/c as seen in Figure 3.34. Choi et al.
[2015] presents a definition for lock-in for a surging blade having a smooth hysteresis
loop for the force against the motion rather than the angle of attack, which is analysed
here. Both the cx − X/c and cy − X/c curves form large hysteresis loops, though the cx
loop is much smoother. In both plots, the loop at the 1 chord inboard position does not
follow the same pattern as the rest and is not as smooth. From 2 chords inwards, the
loops seem to follow a similar shape suggesting that the flow around the blade behaves
‘2D’. In the cy − X/c curve, the loop seems to get larger and with less variation further
inboard, and the extremely low value at 1 chord is reflected in Figure 3.33a, whereas,
in the cx − X/c curve, the loops get smaller further inboard, not counting the loop
at 1 chord. The solid line portion of both plots is less smooth than the dashed lines,
which is expected since the blade motion is opposing the freestream wind, causing larger
unsteadiness. At 1 chord inboard, the cx loop is always positive, as compared to the
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other spanwise positions where the solid line portion as the blade moves against the
freestream is negative and the dashed line portion where the blade moves in the direction
of the wind is positive. This is also seen from the vortex shedding pattern presented
in Figure 3.27 that compares the spanwise shedding from the tip to 3 chords inboard.
At 1 chord inboard in Figure 3.26e, the vorticity behind the blade is spread out and
there is no distinct vortex blob being shed behind the blade. At 2 and 3 chords inboard,
however, there are distinct vortices shed from both the leading and trailing edge of the
blade, which causes the induced velocity on the blade to change, resulting in a negative
streamwise force. Both loops rotate clockwise indicating a phase lead, but with a very
positive slope in the cx and a negative slope in the cy. The width of the loop is large,
especially for cx, indicating a large phase difference over the loop. Figure 3.29 shows
the vorticity around the surging blade, and at 3 chords inboard, the shed vortex blobs
are significant. Over the cycle, it is clear that the shed vortices from the previous half
cycle still remain within about 6 chords downwind and thus, may still have some effect
on the induced velocity seen at the blade. Especially in the dashed line portion of the
hysteresis loop where the blade moves from 90 deg back to 270 deg in the direction of
the freestream wind, the blade interacts with the vortices shed from the previous half
cycle, seen clearly at 180 deg phase when the blade moves into two very large vortex
structures. It is around this portion in the hysteresis loop where the normalised position
is 0 where the largest width is seen, and the largest deviation from the centre line, i.e.
the largest phase difference is observed.

To analyse the effect of the tip vortex, the mean, median, and standard deviation of
the force coefficients and their phases were plotted.
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(a) cy (b) cx

(c) phase cy (d) phase cx

Figure 3.35: Surging airfoil at 5 Hz, 1 chord amplitude. Mean and Median values for cy
(a), cx (b), and their phases (c) and (d) respectively at different spanwise positions over
10 cycles from CFD data. Bars represent the standard deviation away from the mean.

The mean, median, and standard deviation of the cy (left) and cx (right) as well as
their phase for the time series data is presented in Figure 3.35. The minimum values in
the cx plot follow an interesting pattern that shows the largest force magnitude around
2.5 chords inboard. The standard deviation in the force coefficients is the largest near
the tip, and the magnitude of cy stays constant from around 2.5 chords inboard, but no
other significant pattern is visible from the plots. The mean of the phase angles for cy
is relatively constant, though there is the exception of the phase for the max cy at 3
chords. The standard deviation in the phase is rather large for cy, which is in line with
the rather chaotic time series. The large standard deviation in phase for the minimum
cx could be due to the small double peaks occurring at the troughs of the cx time series,
and this pattern was also seen in Figure 3.34 where the solid lines for the cx − X/c curve
have a much larger variation than the dashed lines.
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(a) Power (b) Phase Power

Figure 3.36: Surging blade at 5 Hz, 1 chord amplitude. Mean and Median values for
Non-Dimensional Power (a), and its phase (b) respectively at different spanwise positions
over 10 cycles from CFD data. Bars represent the standard deviation away from the
mean.

Figure 3.36 shows the non-dimensional power for a surging blade at 5 Hz, 1 chord
amplitude. The power values become constant with a low standard deviation around 2
chords inboard for the minimum power, and it is nearly constant at all spanwise positions
for the maximum power, which is close to 1. The negative power is over 15 times larger
than the positive power, and the integrated power is always negative for all the tested
surging blades as seen later in Figure 3.49. This is due to the positive damping during the
surging motion, which is also seen in wind turbine blades where the flapwise mode has
high aerodynamic damping, which is why it is less prone to VIV. The largest (negative)
power occurs at around 10 deg phase at all the spanwise positions. This could be a
combination of the highest relative velocity faced at phase 0 deg as seen in Figure 3.28b
combined with the largest negative streamwise force around that position in the cycle
seen in Figure 3.34 and the phase lead from the loop rotation and slope. The phase
angle where the highest positive power occurs would be when the velocity and load are in
phase, which seems to vary greatly over the spanwise positions, and with a large standard
deviation and hence, should be disregarded.

3.3.3 Spanwise Development at 2.5 Hz
At 2.5 Hz, the force exerted by the blade on the flow is not significant enough to cause
the shedding of a von Karman-like vortex. However, as mentioned earlier, the shedding
is stronger 3 chords inboard than at the tip.
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(a) 3 chords inboard (b) tip

Figure 3.37: Vorticity, ω̄c/U∞ around a surging airfoil at 2.5Hz, 3 chords inboard from
the tip (left) and at the tip (right) with the freestream velocity coming from the left
from CFD data.

Figure 3.26 showed that the vorticity pattern stabilised around 2 chords inboard, but
to quantify it, the time series and hysteresis loops were once again analysed.
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Figure 3.38: Time series of the cy at various spanwise positions from the tip to mid-span
for a surging airfoil at 2.5 Hz, 1 chord amplitude for 10 cycles from CFD data.
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Figure 3.39: Time series of the cx at various spanwise positions from the tip to mid-span
for a surging airfoil at 2.5 Hz, 1 chord amplitude for 10 cycles from CFD data.

Unlike for the 5 Hz surging airfoil, there seems to be a stronger sinusoidal pattern for
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the vertical force cy, though the peaks seem to plateau from around 3 chords inboard
as compared to sharper peaks from 0.5 chords to 2 chords. The cx time series plot
shows a similar pattern to the one seen for the 5 Hz surging blade, with sharp peaks but
slightly more rounded troughs. A PSD analysis was performed on cx and cy over various
spanwise positions, presented in Figure 3.40.

(a) PSD cy (b) PSD cx

Figure 3.40: PSD of cy (left) and cx (right) for a surging blade at 2.5 Hz ∼ 0.39fst, 1
chord motion amplitude at various spanwise positions from CFD results.

The PSD seen in Figure 3.40b clearly shows that the surging blade at 2.5 Hz is locked
in over all the spanwise positions. It also shows peaks at the motion frequency harmonics
that slowly become less energetic as the harmonics get higher. There are once again
some chaotic peaks near the shedding frequency, but similar to the previous cases, they
are around 1% the energy of the dominating peak and hence, are not significant. The
peak at the first harmonic shows that the energy decreases further inboard from the tip
with the exception of the load at 5 chords being slightly larger than at 4 chords, though
the difference is marginal. This pattern is also seen for the peak at the second harmonic.
The PSD of cy in Figure 3.40a is once again much more chaotic, with the peak at twice
the motion frequency being larger than the peak at the motion frequency. As seen in
Figure 3.37 where the shed vorticity is not as strong as at 5 Hz, but the blade still sheds
two vortex pairs per cycle. This could also be why the peak at the motion frequency is
lower because the load from the shed vorticity is more dominant than from the motion
since the motion frequency is lower than at 5 Hz. In the peak at the motion frequency,
we see that the magnitude of the peak decreases further inboard whereas at the second
harmonic, the energy increases further inboard.

Hysteresis loops of the forces against the normalised blade position are seen in
Figure 3.41.
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Figure 3.41: Hysteresis loops of the cy (left) and cx (right) against the normalised blade
position at different spanwise positions inboard from the tip for a surging blade at 2.5
Hz frequency, 1 chord amplitude. Measured in chords away from the tip. The solid line
shows the mean load when the blade moves against the freestream, the dashed line shows
the mean load when the blade moves inline with the freestream and the surrounding
translucent region is the standard deviation over 10 cycles from CFD data. Both loops
rotate clockwise.

Both hysteresis loops in Figure 3.41 have a more oblong shape and are at an angle.
With a clockwise rotation, both hysteresis loops have a small phase lead, though, with a
smaller width than at 5 Hz, the phase difference across the cycles is smaller. Significant
slope angles were not observed for the 5 Hz surging blade. The cy loop moves upwards
further inboard, but the loops at 3 chords, 4 chords, and 5 chords almost overlap each
other, which was also seen in Figure 3.40a where the same pattern was observed from
the peak at the second harmonic. The cx loop at 1 chord inboard differs greatly from
the others, which is seen in the second harmonic in Figure 3.40b, but in general, the
loops tend to move downwards further inboard, which is observed in the first harmonic
in Figure 3.40b, where the peaks decreased in energy further inboard. This difference
can be explained using Figure 3.26 where the vorticity shed at 1 chord inboard is not
as strong and large as the vorticity shed at 2 and 3 chords inboard. The difference
at 2 and 3 chords is also minimal, with the shedding being marginally stronger at 3
chords, which is seen from the solid line portion of the loop moving further down further
inboard. The solid line portion when the airfoil moves from 270 deg to 90 deg against the
wind seen in Figure 3.27 shows the vorticity from the leading and trailing edge growing
stronger and larger, thus having a greater effect on the induced velocity and hence a
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larger difference in the load and phase, hence the larger width of the cx loop. Unlike at
5 Hz, the dashed line portion where the blade moves from 90 deg to 270 deg in line with
the freestream wind, the shed vorticity from the previous half cycle is not very strong
to the interaction of the blade with the shed vorticity is minimal, resulting in a smaller
load and a smoother dashed portion of the cx loop. The dissipation of the vorticity seen
at 180 deg in Figure 3.27 results in a larger unsteadiness in the vertical force, which is
visible in the unsteady dashed portion of the cy loop. The magnitude of the forces at 2.5
Hz is also around half the magnitude of those observed at 5 Hz for the same oscillation
amplitude of 1 chord. This is expected since the lower motion frequency results in a
lower relative velocity and thus, a lower force. cx is always positive and cy is always
negative suggesting that the motion velocity is not strong enough against the freestream
to exert an opposing force. This was seen in the 5 Hz surging blade where the streamwise
force in the portion of the cycle opposing the freestream became negative.

(a) cy (b) cx

(c) phase cy (d) phase cx

Figure 3.42: Surging airfoil at 2.5 Hz, 1 chord amplitude. Mean and Median values for
cy (a), cx (b), and their phases (c) and (d) respectively at different spanwise positions
over 10 cycles from CFD data. Bars represent the standard deviation away from the
mean.
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Figure 3.42 presents the mean, median and standard deviation of the cy and cx and
their phase shifts. Interestingly, the standard deviation for the minimum cy increases
further inboard, and though the magnitude of the force coefficient becomes relatively
constant about 3 chords from the tip, the standard deviation varies greatly, which is seen
from the greater irregularity in the time series. The standard deviation of the maximum
cx is also larger further inboard, but this was observed earlier bu the plateaus in the
troughs in the time series. The phase angle becomes more or less stable from around
3.5 chords inboard for all the cases, though a large standard deviation is observed at all
spanwise positions. The mean value, however, remains relatively constant.

(a) Power (b) Phase Power

Figure 3.43: Surging blade at 2.5 Hz, 1 chord amplitude. Mean and Median values for
Non-Dimensional Power (a), and its phase (b) respectively at different spanwise positions
over 10 cycles from CFD data. Bars represent the standard deviation away from the
mean.

Figure 3.43 shows the non-dimensional power for a surging blade at 2.5 Hz. The
dominant power values are once again negative as stated earlier, but the magnitude of
the negative non-dimensional power is about half of what was observed at 5 Hz, but the
positive power is around twice the value, though the difference is still small since it is
now around 2. Since the blade is moving at a lower frequency, the relative flow velocity
experienced by the blade is lower, and combined with a lower force, the power is smaller.
Interestingly, the phase angle where the maximum negative power occurs seems to be
around 15 deg, possibly due to the increase in the slope of the streamwise hysteresis loop
at 2.5 Hz in Figure 3.41 as compared to at 5 Hz Figure 3.34, causing a larger phase lead
between the load and velocity to cause the phase shift in the power.

The 2.5 Hz surging blade is less chaotic than the 5 Hz surging blade, as was also seen
for the plunging blade. This is because the motion frequency is lower and hence, the
relative flow faced by the blade and therefore the loads it experiences from the induced
velocity and vorticity is lower. It should be noted that the 2.5 Hz surging blade PSD
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and hysteresis loops are significantly more chaotic than those seen on the plunging blade
at 2.5 Hz, which is most likely due to the larger unsteadiness experienced by the surging
blade as it is forced directly against the freestream.

3.4 Lock-In region
CFD simulations were run over a range of frequencies and amplitudes to determine the
lock-in region for both a plunging and surging blade. A detailed analysis of the cases
that match the PIV experiment was done in order to analyse the shedding, loads, and
phases over the blade.

Hu et al. [2021], Hoskoti et al. [2018], Choi et al. [2015], Skrzypiński and Gaunaa
[2015], Meskell and Pellegrino [2019] and many others suggest that when lock-in occurs,
the cl − α or cx − X/c hysteresis loop will be smooth and that a PSD of the time series
would show a peak only at the motion frequency (or its harmonics) since the shedding
has locked onto that frequency instead of shedding at the Strouhal frequency. Choi
et al. [2015] further defines the vortex lock-in region as when the dominant peaks in
the lift spectrum occur at the motion frequency and its harmonics. This is also seen in
the results of a 2D plunging blade by Hu et al. [2021], where the dominant peak is at
the motion frequency and secondary peaks at the harmonics are observed, and smooth
hysteresis loops were observed for locked in cases. However, this analysis has mostly been
performed on a 2D blade, which as stated earlier in chapter 1 will have some notable
differences in the 3D analysis, with less clear peaks or shifted peaks due to interactions
of vortices travelling in a spanwise direction, and also due to phase differences along
the spanwise shedding. Thus, to determine whether a certain case was locked in, a ∆f
threshold of the energy of secondary peaks near fst was set to allow for these effects.
Additionally, the cl and cd time series will be analysed to see if smooth sinusoidal patterns
are seen. All PSDs presented are taken at the mid-span position to try and mimic the
‘2D’ results as much as possible. This analysis was only done on the CFD results due to
the unavailability of a fully resolved time series for the experimental data.

A PSD analysis was performed on the time series data for each combination of
frequency and amplitude and the location and magnitude of the peak was used to
determine whether that combination was locked-in, was on the border, or was not locked-
in. the time series was taken at the mid-span position to try and eliminate any spanwise
tip effects and have a ‘2D’ analysis. Example PSDs for the three cases are seen in
Figure 3.44. The ∆f threshold was set to 5% fst about fst, with a maximum allowable
difference of 2∆f , or 10% fst. The PSD was normalised with the maximum value at
each amplitude, and the threshold of 10% of the maximum peak for lock-in and 1% of
the maximum peak for the border, i.e. a peak magnitude of 10−1 or 10−2 was set to
determine if the peak in the spectrum would be considered as locked-in or on the border
respectively. It is worth noting that the motion frequency peak will always be seen and
will generally be the largest one since the blade is being forced at that frequency, so the
loads will show it. The other frequencies present in the flow are due to the shedding
frequency and its harmonics.
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(a) 6 Hz ∼ 0.72fst

(b) 8 Hz ∼ 0.96fst

(c) 10 Hz ∼ 1.2fst

Figure 3.44: PSDs for a plunging airfoil from CFD data at 6 Hz (top) with amplitudes
below 0.4c in the border, at 8 Hz (middle) with all cases locked-in and, at 10 Hz (bottom)
with amplitudes below 0.4c unlocked
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In Figure 3.44b, all the peaks occur at the motion frequency for all amplitudes and
there are no secondary peaks within the threshold regions. It is worth noting that for
the three lowest amplitudes, 0.05c 0.1c, and 0.2c, secondary peaks begin to occur just
beyond the threshold region. This could be further investigated since there is no specific
literature on how such a lock-in region is defined for a 3D blade, or for when a 2D
assumption can be applied to a finite blade. The secondary peaks may also show a shift
in frequency even if they are locked in due to the spanwise convection of the tip vortex.
At 10 Hz in Figure 3.44c, the peaks at the three lowest amplitudes, 0.05c 0.1c, and 0.2c
are large around fst, clearly suggesting that these cases are shedding the vortices at the
Strouhal frequency and not at the motion frequency despite them having peaks at the
motion frequency as well. Lastly, at 6 Hz in Figure 3.44a, the peaks at the three lowest
amplitudes, 0.05c 0.1c, and 0.2c are within the ∆f threshold, but the magnitude of the
energy is between 10% and 1% of the maximum peak energy, so it was considered to be
a case on the border. It is interesting to note that the peaks are wider between 0.4c and
0.8c, though the specific reason is unknown.

The non-dimensional power was also calculated for all the cases using the definition
by Skrzypiński et al. [2014].

3.4.1 Plunging Blade
The PSD analysis was performed on all the simulations and the lock-in diagram of the non-
dimensional amplitude against the non-dimensional frequency was plotted. Additionally,
the non-dimensional power was also presented in the same plot, seen in Figure 3.45.
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Figure 3.45: V-shaped Lock-in region from CFD data for a Plunging Blade.

For free vibration experiments, lock-in usually occurs in the positive power region
where power is injected from the flow to the blade. This happens when the load and
velocity are in phase, causing a positive power, which is with negative aerodynamic
damping. However, for a forced vibration analysis like in this case, there can still be
lock-in even with negative power when the load and velocity are not in phase since the
motion is being forced on the blade. At amplitudes of 0.4c and larger, lock-in occurs at
all the simulated frequencies. This was also seen in an analysis performed by Choi et al.
[2015] which presented similar lock-in for very high amplitudes. Hu et al. [2021] presents
a lock-in diagram for a similar plunging blade and some of the frequency-amplitude
combinations were chosen for the CFD simulations presented here.
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affected by vibrations, even if the frequency has been unlocked. In
addition, the value of the dimensionless vortex shedding frequency at
r ¼ 2 is exactly 1, which indicates that the 2nd harmonic of the vortex
shedding frequency locks into the oscillation frequency. This kind of
nonfundamental harmonic lock-in is also found in Ref. 16.

1. Locked-in region and aeroelastic stability of the airfoil

The locked-in region is shown in Fig. 9 for different amplitudes
of chordwise oscillations. Generally, the locked-in region extends to
both sides with increasing vibration amplitude, presenting a “V” shape
from the r ¼ 1 point. This is consistent with the results in Refs. 18 and
27. Furthermore, each point is labeled according to the sign of the
dimensionless cycle work. In the figure, (þ) indicates that the dimen-
sionless cycle work values are positive, and (�) corresponds to a nega-
tive value. There are both positive and negative values in the locked-in
and unlocked regions, respectively. In the locked-in region, the airfoil

is in an unstable state in most cases, and only the airfoil near right
operating boundary is regressively stable. A similar result was obtained
in Ref. 18. In the unlocked region, the airfoil is always damped when
the frequency ratio exceeds the right boundary of the locked-in region.
However, it is interesting that in the unlocked region on the left, the
value of dimensionless cycle work goes from positive to negative just
before entering the locked region.

Furthermore, the quantitative index of the aeroelastic stability of
the airfoil is shown in Fig. 10 for an oscillation amplitude of 10% c. In
the figure, the yellow background area is the locked-in region, while
the blue dashed-dotted lines show the unstable region. Therefore, with
the increase in the frequency ratio, the oscillation and stability charac-
teristics of the airfoil go through five regions:

(1) r � 0:8. Although their absolute values are small, the dimen-
sionless cycle work values are positive and irrelevant to the fre-
quency ratio. The airfoil remains stable in this region;

FIG. 7. Time history of vibration displacement and lift coefficient under different ini-
tial phase differences.

FIG. 8. Dimensionless vortex shedding frequency as a function of the frequency
ratio of the forced oscillation of the airfoil.

FIG. 9. Amplitude of chordwise oscillations vs the oscillation frequency ratio at 90�

angle of attack.

FIG. 10. Dimensionless cycle work as a function of the frequency ratio of the forced
oscillation of the airfoil.
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Figure 3.46: V-shaped Lock-in region. Amplitude of chordwise oscillations vs the
oscillation frequency ratio at 90 angle of attack. Reprinted from Hu et al. [2021]

Referring to Figure 3.46 from Hu et al. [2021], it is expected that frequencies lower
than 0.95 fst or larger than 1.05 fst would be unlocked at 0.05c (5% Y/c) amplitude
and that frequencies lower than 0.93 fst or larger than 1.15 fst would be unlocked at
0.1c (10% Y/c) amplitude. A similar asymmetric region is observed, though the V-shape
is not distinct from the results in this thesis. Furthermore, at the equivalent frequency
and amplitude combinations presented in Hu et al. [2021], the lock-in region at 0.05 c
amplitude is wider, especially at the lower frequency analysed, where they are on the
border at 0.72 fst. Projecting the lock-in region to 0.2 c amplitude, it would be expected
that 1.2 fst would be locked in, but this is not the case. This could be because Hu et al.
[2021] performed a purely 2D study using modal analysis whereas a 3D blade is simulated
in this work. Differences may also be due to the difference in Reynolds numbers, where
the simulations from Hu et al. [2021] are at Re = 2 × 106 and the operating Reynolds
number for the CFD simulations presented in Figure 3.45 are Re = 2.4 × 104. A detailed
analysis at a motion amplitude of 0.1 c (10% Y/c) is seen in Figure 3.47.
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Figure 3.47: Dimensionless vortex shedding frequency as a function of the frequency
ratio of the forced oscillation of the airfoil. The red line is Reprinted from Hu et al. [2021]

Figure 3.47 presents a comparison of the non-dimensional shedding frequency fshed/fst

over against the non-dimensional motion frequency fmotion/fst that is compared to the
results at the oscillation amplitude of 0.1 c from Hu et al. [2021]. The red line shows the
reprinted data with the lock-in region from 0.95 < fmotion/fst ≤ 1.1. A straight line with
a linear relationship between the two frequency ratios is observed in the lock-in region.
The blue line presents the CFD result. The limits of the lock-in region from the CFD
results are not definite since a higher resolution of frequencies is needed to determine the
exact point where lock-in is not observed. However, the upper limit was set to fmotion/fst

= 1.15, which is in between fmotion/fst = 1.1 where lock-in is observed and fmotion/fst =
1.2 where the blade is no longer locked in. The lower limit, on the other hand, is much
more arbitrary. Below fmotion/fst = 1, there are only two points at 0.96 and 0.72. The
limit was set to 0.8 because the PSD at 0.72 fst, 6 Hz oscillation frequency with 1 chord
amplitude was considered to be a border case since there is a large peak at the motion
frequency and a peak of about 3% of its energy at fst. The point at fst is plotted in
Figure 3.47, but if the point was instead plotted at the motion frequency, the straight line
region where lock-in occurs would extend to include that frequency as well. In general,
there is surprisingly good agreement between the two lines over the lock-in region and
the general shape of the plot in the unlocked regions. Differences between the plots are
most likely due to the 2D versus 3D analysis of the blade. What is interesting to note
is the plot crossing over the point fshed/fst = 1 at fmotion/fst = 2. This could either be
because the frequency of motion is so large that it dominates the flow, or because it is a
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harmonic.
The non-dimensional power P ∗ = T/(ρcAU2

∞)P̄ where P̄ is the mean aerodynamic
power was also plotted against the non-dimensional period T ∗ = TU∞/c for all the
amplitudes as seen in Figure 3.48. The non-dimensional period is 1/St. The mean
aerodynamic power is integrated across the spanwise sections and is the total power over
the blade.

Figure 3.48: Non-dimensional Power against Non-Dimensional Period for Different
Amplitude Ratios for a Plunging Blade from CFD data.

Zou et al. [2015] presents a similar analysis for a forced edgewise motion where
the non-dimensional power P ∗ is plotted against the non-dimensional period T ∗ for a
combination of non-dimensional amplitude A∗/T ∗ ratios where ∗ = A/c, and found that
a peak occurs at the Strouhal number, St = 1/T ∗. Figure 3.48 plots the non-dimensional
power against the non-dimensional period for certain non-dimensional amplitude ratios,
but they are not non-dimensionalised by the period. The plot shows four peaks in the
plot. The peaks at St = 0.27 and St = 0.18 may not be as relevant since they occur at
negative power values, which would be damped out in a free vibration case. The peak
at St = 0.24 occurs at very high frequencies, with a predicted shedding frequency of
16 Hz. The expected St is around 0.16, but with large 3D effects, a St of 0.15 could
be considered a decent representation. The peak at 0.24 could be a harmonic, but it is
more likely that the flow is simply dominated by the motion frequency since a very large
peak also occurs at 18Hz. This also agrees with Figure 3.45, where the blade is once
again locked in at 18 Hz at 0.2c amplitude after being unlocked earlier, which is most
likely because the forcing frequency is so high that it completely dominated the relative
flow seen by the airfoil and the resultant wake. However, it should be noted the drawn
conclusion may not be equivalent to the one presented in Zou et al. [2015] since the lines
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only represent a certain amplitude ratio which is not non-dimensionalised by T ∗ for that
value.

3.4.2 Surging Blade
Using the same methodology for a surging airfoil, the lock-in diagram is presented in
Figure 3.49. Unlike in the plunging case, there is no V-shaped region for the surging
airfoil, with all the simulations showing a peak at the motion frequency. This is because
the motion of the airfoil is forcing the flow so much that the shedding is forced to follow
the motion. This was already seen at 5 Hz, which is only 0.8 fst. At much higher
frequencies, the forcing becomes even stronger. The power is always negative because
the force experienced by the blade is always out of phase with the velocity, as seen in the
time series analysis earlier.

Figure 3.49: Lock-in region from CFD data for a Surging Blade.

Figure 3.50 presents the non-dimensional power against the non-dimensional period
for the surging airfoil. At T ∗ = 8 and above, i.e. at frequencies of 5Hz and below, P ∗

seems to stabilise and tend towards a plateau close to 0. At frequencies higher than this,
the power starts to diverge greatly, with the difference in the power at larger amplitudes
growing. This is because of the effect of the larger frequency of motion on the relative
velocity experienced by the blade as it forces the flow. The clear vortices visible at 5 Hz
already showed the large effect the flow had on the shedding. Furthermore, the amplitude
of motion also affects the relative flow seen by the blade, since a larger amplitude at
the same frequency requires a larger relative motion by the blade to complete the cycle.
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This effect grows as the frequency increases, as seen in the growing power at higher
amplitudes.

Figure 3.50: Non-dimensional Power against Non-Dimensional Period for Different
Amplitude Ratios for a Surging Blade from CFD data.



CHAPTER 4
Conclusion

This chapter presents an overview of the thesis and summarises the key points addressed
along with discussions about the results as well as future work.

The experimental design was limited by the motor and the type of PIV equipment,
so the extra numerical simulation was an excellent addition to the data. The experiment
was used to validate the CFD results, and with more available data regarding the loads
and time series from the simulation, it was possible to conduct a much deeper analysis of
the results.

4.1 Summary
A brief introduction on the relevance of VIV in the wind industry is presented, followed
by a literature review on the relevant research related to the topic. The key findings
and research gaps are summarised and the research questions to address these gaps are
established. Next, the design of the experiment is presented, introducing the experimental
technique PIV, the details on the specifications for the experiment, and the experimental
setup of both the wind tunnel and plunging mechanism. A summary of the test cases
is presented, followed by a brief overview of the CFD setup including details on the
flow solver and simulation conditions, noting that the simulations were run by Assistant
Professor Christian Grinderslev from the Technical University of Denmark. Then, the
results of the thesis, which aim to answer the research questions are presented. First,
the CFD results are validated against the experimental PIV results so that they can
be further used for analysis. This is done by analysing the flow around a static blade
to validate the 3D flow around the tip of a finite blade and the effect of chosen blade
aspect ratio, and by comparing equivalent flow fields for a plunging and surging blade to
ensure the CFD simulation is able to accurately predict the flow around both a static
and dynamic blade. Next, the flow around a plunging blade is analysed, first determining
the effect of the motion frequency on the blade by comparing the results for a blade
oscillating at 5 Hz and 2.5 Hz with the same oscillation amplitude of 1 chord. A brief
discussion of the spanwise flow and vorticity around the tip of a plunging blade at 5
Hz is presented, followed by a detailed analysis of the flow field and loads around the
blade at 5 Hz and 2.5 Hz to analyse the spanwise convection of the tip vortex and the
development of the flow. The same analysis on the effect of the motion frequency and the
spanwise convection of the tip vortex is performed for a surging blade at 5 Hz and 2.5
Hz frequency, 1 chord oscillation amplitude. Finally, the lock-in region for the plunging
and surging blade is presented, followed by a conclusion of the results is provided along
with limitations of the research and suggestions for future work.
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4.2 CFD Validation
Flow fields were captured during the PIV experiment and reproduced using CFD simu-
lations. The cases considered were a static blade with an aspect ratio of around 5 and
around 10 for the PIV experiment with a flat plate boundary condition at the fixed end,
which was replicated with twice the aspect ratio for the CFD simulations to ensure the
same boundary condition since the blade was free on both ends. Next, dynamic cases
for a plunging and surging blade for U∞ = 3m/s were simulated at 2.5 Hz and 5 Hz
oscillation frequency, 1 chord oscillation amplitude. All the flow fields showed excellent
agreement between the CFD simulations and the PIV flow fields, with some minor over
prediction of the vertical velocity components near the airfoil section from the CFD
simulations. This was attributed to possibly be due to a better resolution around the
airfoil from the CFD simulations that were unavailable from the PIV results due to the
shadow region in the flow. The flow fields were compared at various spanwise positions
from the tip and the development of the flow around the airfoil was nearly identical for
the equivalent test case. It was concluded that the CFD simulations were accurate and
hence the additional data such as the spanwise field of view for the static blade as well
as the time series and blade loads could be used for further analysis.

4.3 Tip effect
The study on the flow around a finite static blade and the effect of the blade aspect
ratio showed that the flow field around a cantilevered blade with a flat plate boundary
condition on the fixed end is equivalent to the flow around a blade that is free at both
ends and has twice the aspect ratio. The study also indicates that the maximum velocity
of the spanwise flow behind the blade is only dependent on the blade aspect ratio and
independent of the freestream wind speed, the type of motion (plunging or surging), or
the frequency of motion. This affects the spanwise convection of the tip vortex which
convects to a similar point inboard and thus, determines the transition point at which
the flow around the blade behaves ‘2D’.

The differences between the flow patterns at different oscillation amplitudes were
evaluated for a plunging and surging blade. For a plunging blade, von Karman-like
vortex structures were shed at 5 Hz, but these were less evident at 2.5 Hz. This could
be due to the lower relative flow speed experienced by the blade that causes the wake
to be convected further downstream and out of the available field of view from the PIV
results. Unfortunately, the output plane for the CFD result was chosen to reproduce
the available PIV field of view and hence, further analysis on the far wake is needed to
confirm this. Nevertheless, a PSD analysis of the cl and cd showed a peak in the motion
frequency for both cases over spanwise positions from 1 chord inboard to 5 chords inboard
suggesting that they were locked in. An analysis of the cl − α and cd − α hysteresis
loops, as well as the mean and standard deviation of the cl and cd and their phases over
many spanwise positions, showed a clear phase shift up till around 2.5 chords inboard,
after which the standard deviations about the mean became smaller and the phase was
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consistent, confirming that the effect of the tip vortex is no longer present. The cd − α
hysteresis loops formed a horizontal figure-8 because the frequency is twice that of cl.
The cl PSD showed a clean peak at the motion frequency despite the spanwise convection
of the tip vortex, though patterns of changing energy further inboard were observed in
the harmonics, and were reflected in the hysteresis loops, suggesting that the tip vortex
may not affect the onset of lock-in, but may affect the magnitude of load experienced by
the blade and hence, the amplitude of oscillation for a freely vibrating blade.

The flow around a surging blade was shown to be much more complicated, with
forcing in the streamwise direction opposing the incoming wind and causing two vortex
pairs to be shed each cycle. It was also seen that at 2.5 Hz, the motion velocity was not
large enough to force the flow against the incoming freestream, and von Karman-like
vortex structures were not observed. Upon analysing the cx−X/c and cy−X/c hysteresis
loops and the mean, median, and standard deviation plots, the same stability 2.5 chords
inboard from the tip was observed, and a PSD of the cx and cy were analysed to confirm
that both frequencies were locked in over spanwise positions from 1 chord inboard to 5
chords inboard. More prominent effects on the portions of the hysteresis loops moving
with and against the freestream were visible at 5 Hz where the blade velocity was large
enough to shed large vortex structures that interacted with the blade during the second
half of its cycle, thereby causing much more unsteady loading. Once again, the cx and
cy PSDs showed peaks at the motion frequency for all the spanwise positions, suggesting
that lock-in may not be spanwise dependent for a symmetric rigid blade, but as mentioned
earlier, the tip vortex may affect the magnitude of the load. The PSD of cy also showed
a stronger peak at twice the motion frequency, indicating that it is more influenced by
the two vortex pairs shed per cycle rather than the motion frequency.

For both the plunging and surging blade, the PSD plots of the force coefficients
showed peaks at the motion frequency across all the spanwise positions, but the hysteresis
loops, mean, median, and standard deviation plots, and spanwise power plots confirmed
the change in the loads and their phase, which was observed in the vorticity fields.

It was concluded that for a 40 cm blade fixed on one end with an aspect ratio of
around 5, the tip vortex was convected till around 2.5 chords inboard, and beyond that
point, the flow was considered to be ‘2D’ as the effect of the tip vortex was no longer
dominant. The results were independent of the freestream velocity for the static case and
the motion frequency for the dynamic cases. The static analysis of the 80 cm blade fixed
on one end with an aspect ratio of around 10 saw the tip vortex convected till around
3 chords inboard, though further analysis on this longer blade undergoing oscillatory
motion would be needed to confirm that the length that the tip vortex is convected
inboard is only dependent on the blade aspect ratio.

4.4 Lock-In
For the plunging blade, the V-shaped lock-in region seen in Hu et al. [2021], Besem
et al. [2016], Hoskoti et al. [2018], Meskell and Pellegrino [2019] and other literature is
not clearly observed. This was not an expected result, but it is most likely because the
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chosen oscillation amplitudes are too large. A comparison with the results from Hu et al.
[2021] showed reasonable agreement at 0.1 chords oscillation amplitude, though there
were differences which are most likely attributed to the 3D analysis of a finite blade
compared to the 2D analysis from literature. From the P ∗ vs T ∗ plot, two shedding
frequencies or Strouhal numbers were identified for the plunging blade. The value at St
= 0.15 is very close to the expected value of 0.16, and the second value at 0.24 could be
a harmonic that has shifted due to the 3D effect. Heinz et al. [2016], Grinderslev et al.
[2022], Skrzypiński et al. [2014] and others show that for free vibrations, once the lock-in
instability occurs, there is a positive energy transfer that will result in large oscillation
amplitudes since there is negative aerodynamic damping, which may lead to large fatigue
loading and catastrophic results. Since the motion in this thesis is forced, lock-in also
occurs when negative power is observed because the force and velocity are out of phase,
with positive aerodynamic damping. For a freely vibrating blade such as an actual wind
turbine blade, the oscillation would either damp out to an equilibrium where the power
injected into the blade is in equilibrium with the power extracted, causing a limit cycle
oscillation, or the vibration would damp out completely. What is most important to note
is that the initiation of lock-in and other aerodynamic instabilities should be investigated
more, to avoid the onset of large vibrations.

The surging blade always shows positive aerodynamic damping, with a negative power.
Though a V-shaped lock-in region may occur at lower amplitudes as seen in Choi et al.
[2015], at such large amplitudes, the oscillation in a freely vibrating blade will damp out
and such large deflections are unlikely to occur. This is also an expected result since the
surging blade was meant to resemble the flapwise motion which has a high aerodynamic
damping. Furthermore, previous research by Zou et al. [2015], Pellegrino and Meskell
[2013], Skrzypiński et al. [2014] indicated that lock-in is most prevalent in the edge-wise
motion for wind turbine blades at standstill, so future work should focus on this mode.
From the P ∗ vs T ∗ plot, no clear shedding frequency or Strouhal number was identified
for the surging blade.

4.5 Plunging vs Surging Airfoil
A comparison of a plunging versus a surging airfoil was not done because the magnitude
of the loads, as well as the motion of the vortex structures around the blade, were
significantly different. The surging blade experienced streamwise loads around an order
of magnitude larger than the cl and cd for the plunging blade, but it was along with a
much larger damping leading to a larger negative non-dimensional power. The lock-in
diagrams for the plunging and surging blade greatly differed, with all the surging cases
being locked in. However, this could be because the minimum tested amplitude was 0.3
chords, and at the same amplitude, all the plunging cases were locked in as well, though
some cases experienced positive power while others experienced negative power. At lower
amplitudes, the V-shaped region may occur. The most notable difference, however, is
that the non-dimensional power for the surging blade was negative for all cases. This is
because the load experienced on the blade is always out of phase with the motion velocity
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and accompanied by a large positive damping, which was confirmed by analysing the
blade motion and hysteresis loops. There would need to be a vortex street that induces
a force at twice the shedding frequency to have negative aerodynamic damping in this
direction.

4.6 Limitations
The largest limitation in the results is the inability to accurately confirm the shedding
frequency. A POD analysis on low-speed PIV data is not an accurate method for
obtaining the frequency of shedding and a hot wire measurement must be taken to
confirm the real shedding frequency. The shedding frequency from the CFD simulation
was also limited in accuracy as it was only tested for a single wind speed of 5 m/s, which
resulted in St = 0.13 for Re = 25000 as compared to the shedding frequency at 3 m/s
from the PIV data that gave St = 0.16 for Re = 15000.

Another limitation was the large spacing between the measured phase for the PIV
experiment. This limited the ability to calculate the unsteady load using the NOCA
method Noca et al. [1997, 1999], and hence, forces our results to rely on the loads from
the CFD simulations.

4.7 Future Work
This work sets a foundation for further development in many aspects, including an
expansion of the test cases for the experiment and simulation presented here as well as
modifications to better analyse the VIV phenomenon.

4.7.1 Expanding the Test Campaign
Future work would involve testing the static blade and oscillating blade for different
blade aspect ratios to better quantify the convection of the tip vortex inboard, and
find a relation between the blade aspect ratio and the point where the flow around
the blade becomes ‘2D’. The experimental campaign should be complemented with a
hot wire measurement to obtain the shedding frequency in the wake and compare it
to those obtained from the CFD results. Ideally, high-speed PIV is used such that the
experimental data is also time-resolved and a better comparison of the hysteresis loops
and phase shift can be done. The aerodynamic load from the flow field could also be
calculated using the Navier-Stokes equation in methods described by Van Oudheusden
[2013] to compare to those obtained using the NOCA method. Lower amplitude and
frequency combinations should also be simulated for both a plunging and surging blade
to better resolve the V-shape in the lock-in diagram. If the same blade could be mounted
to a free spring system such that it is free to vibrate, a comparison of the lock-in and
the loads for a free vibration case could be compared to the forced vibration results to
analyse which forced motions are realistic. This would also most likely result in either a
mix of the streamwise and crossflow motions being excited with the crossflow excitation
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being dominant. More focus should be devoted to a plunging blade, with the possible
inclusion of a pitching motion to better excite the edgewise mode and study the onset of
the instability.

4.7.2 Loads
The NOCA method was attempted to evaluate the loads on the blade using CFD flow
fields as an initial estimate. Though analysis of the static loads showed somewhat
promising results with a 7% error between the force coefficients measured from the
NOCA method compared to the integrated blade loads output from the CFD results,
the unsteady loads showed unreasonable results and need further improvement to be
accurate. The initial results are found in Appendix A, though the dynamic cases are
very inaccurate and will be considered as future work.

4.7.3 Beyond the Thesis
This thesis does an analysis of a rigid, symmetric blade with a constant cross-section and
no taper. The same setup could be used to test wind coming at different inclination angles
to the blade, but further work should be done using a flexible blade to include aeroelastic
phenomena. This will also allow for a more reasonable comparison between loads in the
streamwise and crossflow direction. Future tests should also use a dynamically scaled
wind turbine blade to understand the effect of twist, taper, and cambered airfoils on
VIV and the spanwise convection of the tip vortex. With different sections of the blade
experiencing different flow patterns and different Reynolds numbers, there may also be
spanwise lock-in at certain wind speeds.

The research on VIV in wind turbine blades is a young field with a long road ahead
of it and many things to discover. These results are just a start to characterise certain
aspects of the flow to help develop an understanding of the phenomenon so that it can
be prevented.
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APPENDIX A
Aerodynamic Loads using the

NOCA Method
The CFD simulations provided loads at 20 blade sections in the three directions. To
attain the aerodynamic loads from the experimental PIV data, the NOCA method was
used to determine the loads on the blade due to the flow around the blade within a
pre-defined control volume.

A.1 Steady Case
As an initial validation, the NOCA method was used to validate the steady case. The
chosen control volume was the maximum available flow field for the PIV results. The
analysis was only done on the CFD data and the streamwise load is presented in Figure A.1
and the crossflow load is presented in Figure A.2.

Figure A.1: Streamwise load calculation for a steady flow at U∞ = 5m/s
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Figure A.2: Crossflow load calculation for a steady flow at U∞ = 5m/s

The blue lines show the varying load against the non-dimensional time, with peaks
and troughs seen in the load due to the von Karman like vortices shed behind the blade.
The average load is calculated from the CFD time series and is presented as the solid
line. The velocity fields are then averaged over the entire time series and the NOCA
method is applied to it to calculate the load. The error in the streamwise load, Cy was
-6.77%, and the error in the crossflow direction, Cy was 7.53%. The streamwise force
was over-predicted and the crossflow force was under-predicted using the NOCA method,
however, with s relatively small error.

A.2 Plunging 2.5Hz
The analysis was then done on the CFD data for the 2.5 Hz plunging airfoil. Various
control volumes were defined, as seen in Figure A.5, and a sensitivity analysis was
performed on the control volume size.

First, however, the average force in the streamwise and crossflow direction was
calculated over the cycle. The phase average load was calculated as seen in Figure A.3.

The solid lines show the average load over all the cycles and the thinner lines show
the load experienced over one specific cycle.

Next, seven different control volumes were defined, as seen in Figure A.5, and the
relative error with respect to the average load from Figure A.3 was calculated. This
was normalised against the error from control volume 1 since this is the largest possible
control volume to calculate the load over. Relative to the average load, the streamwise
force coefficients were within ± 10%, whereas the crossflow force coefficient ranged from
50 to 180% away from the average for the largest control volume seen in Figure A.4.
The NOCA method only integrates the momentum due to the aerodynamic forces and
hence, only calculates the aerodynamic force on the blade. During the plunging motion,
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Figure A.3: Average Streamwise and Crossflow force coefficients (solid line)

however, the blade experiences high crossflow forces that are not due to aerodynamics
and hence, are not captured by the NOCA analysis. This leads to a larger discrepancy
in the crossflow load coefficients.

Figure A.4: Error between the largest Control Volume and CFD loads
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(a) 0 deg phase (b) 0 deg phase

(c) Streamwise relative Error (d) Crossflow relative error

Figure A.5: Control Volumes around plunging airfoil at 2.5 Hz 3 chords inboard from
the tip. Streamwise velocity field (left) and Crossflow/Vertical velocity field (right) and
the relative error with respect to integrated blade loads 3 chords inboard from the tip.

The streamwise error is relatively low for all the defined control volumes, without
significant differences between control volumes 4 and 5 with a shorter wake capture than
the rest. This suggests that capturing most of the wake in the streamwise position, like
in control volumes 4 and 5, is sufficient for the streamwise load. For the crossflow force
coefficient, however, there are a few points with significant differences in the load. These
occur at around 45 deg, 180 deg, 270 deg, and close to 0 deg phase. Control volume 6, in
purple, shows a high negative error around 45 deg. This control volume only captures
the lower half of the flow and does not capture data between around 45 deg phase and
135 deg phase. This could be why there is such a large error at 45 deg because a large
portion of the shed flow is missing from the control volume. However, this is still the
opposite of what is expected, because at 45 deg, the wake should be captured by the
control volume, and there should be a large deviation from 45 to 135 deg which is not
seen. Similarly, control volume 7 shows a large negative error around 180 deg, though
it misses information between 135 and 225 deg. Strangely, the largest error is seen in
control volume 2, which is the second largest control volume and hence, it captures
most of the flow instabilities. The sensitivity study is limited and requires much deeper
analysis to have a more reasonable conclusion. However, this analysis does show that
even the largest control volume is not sufficiently large enough to capture the loads in
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such an unsteady motion.

A.3 Plunging 5Hz
Figure A.6 presents the averaged force coefficients for a plunging airfoil at 5 Hz. Already
the loads calculated from the CFD simulations are not smooth and sinusoidal like for 2.5
Hz. This was already seen earlier in Figure 3.12 and Figure 3.13, where the time series
plots were much more chaotic at 5 Hz than at 2.5 Hz.

The streamwise force coefficient error was between 180 and 450 % and the crossflow
force coefficient error was between -170 and 700% seen in Figure A.7.

Even the largest control volume presents an extremely large error compared to CFD
blade loads. Nevertheless, the same seven control volumes were tested for the 5 Hz
plunging blade to see if any trends could be identified.

Figure A.6: Average Streamwise and Crossflow force coefficients (solid line)
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Figure A.7: Error between the largest Control Volume and CFD loads

(a) 0 deg phase (b) 0 deg phase

(c) Streamwise relative Error (d) Crossflow relative error

Figure A.8: Control Volumes around plunging airfoil at 5 Hz 3 chords inboard from the
tip. Streamwise velocity field (left) and Crossflow/Vertical velocity field (right) and the
relative error with respect to integrated blade loads 3 chords inboard from the tip.
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Figure A.8 presents the control volumes as well as the streamwise and crossflow errors
relative to the largest control volume. For the streamwise error, a significantly larger
error is seen for control volumes 4 and 5 which do not capture the full wake, which
is expected. In general, the streamwise errors are higher around 45 deg and 225 deg,
suggesting that the inertia of the flow may have some effect on the load since it is 45 deg
after the maximum velocity at each point in the cycle at 0 and 180 deg. The crossflow
error is particularly high at 270 deg for all the control volumes, with negative errors for
control volumes 2 and 7, that capture a short wake and only the top half of the flow
respectively. The result for control volume 7 makes sense since it is not able to capture
the flow at 270 deg at all and hence, greatly under-predicts the load. The rest of the
control volumes show an over-prediction of the load at 270 deg, which could be due to the
large unsteady effects of the sharp trailing edge. However, in general, the errors between
the load calculated using the NOCA method and the CFD data are too large to consider
the method accurate. A larger control volume is needed to have a more accurate load
estimation. These discrepancies are expected between the NOCA method and the CFD
loads since the NOCA method only integrates the momentum from the aerodynamic
forces and does not take into account the crossflow forcing for the plunging blade. This
is also why the errors are significantly larger in the crossflow direction.

The NOCA method was not used to analyse the surging cases since the streamwise
forcing on the blade is much larger than the crossflow forcing experienced by the plunging
blade. This would result in an even larger discrepancy in the calculated loads.

The NOCA method was used to evaluate the loads on a static blade and for a plunging
blade. An analysis of the force coefficients of a static blade showed an error of around
7% for both the streamwise and crossflow directions. Large discrepancies were seen even
for the largest control volume for the plunging blade, with a much higher error in the
crossflow direction. The errors were also larger for a 5 Hz blade compared to a 2.5 Hz
blade.
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Figure B.1: Vorticity, ω̄c/U∞ around a static blade using an Implicit LES, with a blade
aspect ratio of 10. The blade is free on both ends, with a symmetry boundary condition
at the mid-plane. Freestream velocity coming from the left.
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Figure B.2: Streamwise velocity, ū/U∞ around a static blade using an Implicit LES
, with a blade aspect ratio of 10. The blade is free on both ends, with a symmetry
boundary condition at the mid-plane. Freestream velocity coming from the left.
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Figure B.3: Vertical velocity, v̄/U∞ around a static blade using an Implicit LES , with
a blade aspect ratio of 10. The blade is free on both ends, with a symmetry boundary
condition at the mid-plane. Freestream velocity coming from the left.
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Figure B.4: Spanwise velocity, w̄/U∞ around a static blade using an Implicit LES , with
a blade aspect ratio of 10. The blade is free on both ends, with a symmetry boundary
condition at the mid-plane. The flow is positive into the page. Freestream velocity
coming from the left.
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Figure C.1: Vorticity, ω̄c/U∞ around a static blade using an Implicit LES , with a blade
aspect ratio of 20. The blade is free on both ends, with a symmetry boundary condition
at the mid-plane. Freestream velocity coming from the left.
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Figure C.2: Streamwise velocity, ū/U∞ around a static blade using an Implicit LES
, with a blade aspect ratio of 20. The blade is free on both ends, with a symmetry
boundary condition at the mid-plane. Freestream velocity coming from the left.
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Figure C.3: Vertical velocity, v̄/U∞ around a static blade using an Implicit LES , with
a blade aspect ratio of 20. The blade is free on both ends, with a symmetry boundary
condition at the mid-plane. Freestream velocity coming from the left.
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Figure C.4: Spanwise velocity, w̄/U∞ around a static blade using an Implicit LES , with
a blade aspect ratio of 20. The blade is free on both ends, with a symmetry boundary
condition at the mid-plane. The flow is positive into the page. Freestream velocity
coming from the left.
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Figure D.1: Vorticity, ω̄c/U∞ around a static blade using an IDDES simulation, with
a blade aspect ratio of 10. The blade is free on both ends, with a symmetry boundary
condition at the mid-plane. Freestream velocity coming from the left.
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Figure D.2: Streamwise velocity, ū/U∞ around a static blade using an IDDES simulation,
with a blade aspect ratio of 10. The blade is free on both ends, with a symmetry boundary
condition at the mid-plane. Freestream velocity coming from the left.
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Figure D.3: Vertical velocity, v̄/U∞ around a static blade using an IDDES simulation,
with a blade aspect ratio of 10. The blade is free on both ends, with a symmetry boundary
condition at the mid-plane. Freestream velocity coming from the left.
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Figure D.4: Spanwise velocity, w̄/U∞ around a static blade using an IDDES simulation,
with a blade aspect ratio of 10. The blade is free on both ends, with a symmetry boundary
condition at the mid-plane. The flow is positive into the page. Freestream velocity
coming from the left.
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Figure E.1: Vorticity, ω̄c/U∞ around a static blade from 0.5c in front of the tip to 9c
inboard, freestream velocity coming from the left. Grey portions of the plot indicate no
available data.
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Figure E.2: Streamwise velocity, ū/U∞ around a static blade from 0.5c in front of the
tip to 9c inboard, freestream velocity coming from the left. Grey portions of the plot
indicate no available data.
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Figure E.3: Vertical velocity, v̄/U∞ around a static blade from 0.5c in front of the tip to
9c inboard, freestream velocity coming from the left. Grey portions of the plot indicate
no available data.
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Figure E.4: Spanwise velocity, w̄/U∞ around a static blade from 0.5c in front of the tip
to 9c inboard, freestream velocity coming from the left. The flow is positive into the
page. Grey portions of the plot indicate no available data.
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Figure F.1: Vorticity, ω̄c/U∞ around a static blade from 0.5c in front of the tip to 4c
inboard, freestream velocity coming from the left. White portions of the plot without
velocity vectors indicate no available data.
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Figure F.2: Streamwise velocity, ū/U∞ around a static blade from 0.5c in front of the
tip to 4c inboard, freestream velocity coming from the left. White portions of the plot
without velocity vectors indicate no available data.
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Figure F.3: Vertical velocity, v̄/U∞ around a static blade from 0.5c in front of the tip to
4c inboard, freestream velocity coming from the left. White portions of the plot without
velocity vectors indicate no available data.
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Figure F.4: Spanwise velocity, w̄/U∞ around a static blade from 0.5c in front of the tip
to 4c inboard, freestream velocity coming from the left. The flow is positive into the
page. White portions of the plot without velocity vectors indicate no available data.
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Figure G.1: Vorticity, ω̄c/U∞ around a 40 cm static blade from the tip to 4c inboard,
freestream velocity coming from the left. Grey portions of the plot indicate no available
data.
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Figure G.2: Streamwise velocity, ū/U∞ around a 40 cm static blade from the tip to 4c
inboard, freestream velocity coming from the left. Grey portions of the plot indicate no
available data.
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Figure G.3: Vertical velocity, v̄/U∞ around a 40 cm static blade from the tip to 4c
inboard, freestream velocity coming from the left. Grey portions of the plot indicate no
available data.
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Figure G.4: Spanwise velocity, w̄/U∞ around a 40 cm static blade from the tip to 4c
inboard, freestream velocity coming from the left. The flow is positive into the page.
Grey portions of the plot indicate no available data.
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Figure H.1: Vorticity, ω̄c/U∞ around a plunging airfoil at 2.5hz, 3 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure H.2: Streamwise velocity, ū/U∞ around a plunging airfoil at 2.5hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure H.3: Vertical velocity, v̄/U∞ around a plunging airfoil at 2.5hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure H.4: Spanwise velocity, w̄/U∞ around a plunging airfoil at 2.5hz, 3 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure H.5: Vorticity, ω̄c/U∞ around a plunging airfoil at 2.5hz, 2 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure H.6: Streamwise velocity, ū/U∞ around a plunging airfoil at 2.5hz, 2 chords inboard from the tip with the freestream
velocity coming from the left.



154
H
2.5

HzPlunging
C
asesPIV

Planes

Figure H.7: Vertical velocity, v̄/U∞ around a plunging airfoil at 2.5hz, 2 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure H.8: Spanwise velocity, w̄/U∞ around a plunging airfoil at 2.5hz, 2 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.



156
H
2.5

HzPlunging
C
asesPIV

Planes

Figure H.9: Vorticity, ω̄c/U∞ around a plunging airfoil at 2.5hz, 1 chord inboard from the tip with the freestream velocity
coming from the left.
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Figure H.10: Streamwise velocity, ū/U∞ around a plunging airfoil at 2.5hz, 1 chord inboard from the tip with the freestream
velocity coming from the left.
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Figure H.11: Vertical velocity, v̄/U∞ around a plunging airfoil at 2.5hz, 1 chord inboard from the tip with the freestream
velocity coming from the left.
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Figure H.12: Spanwise velocity, w̄/U∞ around a plunging airfoil at 2.5hz, 1 chord inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure H.13: Vorticity, ω̄c/U∞ around a plunging airfoil at 2.5hz, at from the tip with the freestream velocity coming from
the left.
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Figure H.14: Streamwise velocity, ū/U∞ around a plunging airfoil at 2.5hz, at the tip with the freestream velocity coming
from the left.
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Figure H.15: Vertical velocity, v̄/U∞ around a plunging airfoil at 2.5hz, at the tip with the freestream velocity coming from
the left.
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Figure H.16: Spanwise velocity, w̄/U∞ around a plunging airfoil at 2.5hz, at the tip with the freestream velocity coming from
the left. The flow is positive into the page.
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Figure I.1: Vorticity, ω̄c/U∞ around a plunging airfoil at 5Hz, 3 chords inboard from the tip with the freestream velocity
coming from the left.



I5
HzPlunging

C
asesPIV

Planes
167

Figure I.2: Streamwise velocity, ū/U∞ around a plunging airfoil at 5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure I.3: Vertical velocity, v̄/U∞ around a plunging airfoil at 5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure I.4: Spanwise velocity, w̄/U∞ around a plunging airfoil at 5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure I.5: Vorticity, ω̄c/U∞ around a plunging airfoil at 5Hz, 2 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure I.6: Streamwise velocity, ū/U∞ around a plunging airfoil at 5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure I.7: Vertical velocity, v̄/U∞ around a plunging airfoil at 5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure I.8: Spanwise velocity, w̄/U∞ around a plunging airfoil at 5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure I.9: Vorticity, ω̄c/U∞ around a plunging airfoil at 5Hz, 1 chord inboard from the tip with the freestream velocity
coming from the left.
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Figure I.10: Streamwise velocity, ū/U∞ around a plunging airfoil at 5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left.
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Figure I.11: Vertical velocity, v̄/U∞ around a plunging airfoil at 5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left.
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Figure I.12: Spanwise velocity, w̄/U∞ around a plunging airfoil at 5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure I.13: Vorticity, ω̄c/U∞ around a plunging airfoil at 5Hz, at from the tip with the freestream velocity coming from the
left.
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Figure I.14: Streamwise velocity, ū/U∞ around a plunging airfoil at 5Hz, at the tip with the freestream velocity coming from
the left.
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Figure I.15: Vertical velocity, v̄/U∞ around a plunging airfoil at 5Hz, at the tip with the freestream velocity coming from the
left.
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Figure I.16: Spanwise velocity, w̄/U∞ around a plunging airfoil at 5Hz, at the tip with the freestream velocity coming from
the left. The flow is positive into the page.
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Figure J.1: Vorticity, ω̄c/U∞ around a surging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure J.2: Streamwise velocity, ū/U∞ around a surging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.



186
J
2.5

HzSurging
C
asesPIV

Planes

Figure J.3: Vertical velocity, v̄/U∞ around a surging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure J.4: Spanwise velocity, w̄/U∞ around a surging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.



188



APPENDIX K
5 Hz Surging Cases PIV Planes



190
K
5
HzSurging

C
asesPIV

Planes

Figure K.1: Vorticity, ω̄c/U∞ around a surging airfoil at 5Hz, 3 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure K.2: Streamwise velocity, ū/U∞ around a surging airfoil at 5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure K.3: Vertical velocity, v̄/U∞ around a surging airfoil at 5Hz, 3 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure K.4: Spanwise velocity, w̄/U∞ around a surging airfoil at 5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure L.1: Vorticity, ω̄c/U∞ around a plunging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream velocity
coming from the left.



L2.5
HzPlunging

C
asesC

FD
Planes

197

Figure L.2: Streamwise velocity, ū/U∞ around a plunging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure L.3: Vertical velocity, v̄/U∞ around a plunging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure L.4: Spanwise velocity, w̄/U∞ around a plunging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure L.5: Vorticity, ω̄c/U∞ around a plunging airfoil at 2.5Hz, 2 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure L.6: Streamwise velocity, ū/U∞ around a plunging airfoil at 2.5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure L.7: Vertical velocity, v̄/U∞ around a plunging airfoil at 2.5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure L.8: Spanwise velocity, w̄/U∞ around a plunging airfoil at 2.5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure L.9: Vorticity, ω̄c/U∞ around a plunging airfoil at 2.5Hz, 1 chord inboard from the tip with the freestream velocity
coming from the left.
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Figure L.10: Streamwise velocity, ū/U∞ around a plunging airfoil at 2.5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left.



206
L2.5

HzPlunging
C
asesC

FD
Planes

Figure L.11: Vertical velocity, v̄/U∞ around a plunging airfoil at 2.5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left.
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Figure L.12: Spanwise velocity, w̄/U∞ around a plunging airfoil at 2.5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure L.13: Vorticity, ω̄c/U∞ around a plunging airfoil at 2.5Hz, at the tip with the freestream velocity coming from the left.
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Figure L.14: Streamwise velocity, ū/U∞ around a plunging airfoil at 2.5Hz, at the tip with the freestream velocity coming
from the left.
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Figure L.15: Vertical velocity, v̄/U∞ around a plunging airfoil at 2.5Hz, at the tip with the freestream velocity coming from
the left.
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Figure L.16: Spanwise velocity, w̄/U∞ around a plunging airfoil at 2.5Hz, at the tip with the freestream velocity coming from
the left. The flow is positive into the page.
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Figure M.1: Vorticity, ω̄c/U∞ around a plunging airfoil at 5Hz, 3 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure M.2: Streamwise velocity, ū/U∞ around a plunging airfoil at 5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure M.3: Vertical velocity, v̄/U∞ around a plunging airfoil at 5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure M.4: Spanwise velocity, w̄/U∞ around a plunging airfoil at 5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure M.5: Vorticity, ω̄c/U∞ around a plunging airfoil at 5Hz, 2 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure M.6: Streamwise velocity, ū/U∞ around a plunging airfoil at 5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure M.7: Vertical velocity, v̄/U∞ around a plunging airfoil at 5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure M.8: Spanwise velocity, w̄/U∞ around a plunging airfoil at 5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure M.9: Vorticity, ω̄c/U∞ around a plunging airfoil at 5Hz, 1 chord inboard from the tip with the freestream velocity
coming from the left.
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Figure M.10: Streamwise velocity, ū/U∞ around a plunging airfoil at 5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left.
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Figure M.11: Vertical velocity, v̄/U∞ around a plunging airfoil at 5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left.
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Figure M.12: Spanwise velocity, w̄/U∞ around a plunging airfoil at 5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure M.13: Vorticity, ω̄c/U∞ around a plunging airfoil at 5Hz, at the tip with the freestream velocity coming from the left.
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Figure M.14: Streamwise velocity, ū/U∞ around a plunging airfoil at 5Hz, at the tip with the freestream velocity coming
from the left.
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Figure M.15: Vertical velocity, v̄/U∞ around a plunging airfoil at 5Hz, at the tip with the freestream velocity coming from
the left.
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Figure M.16: Spanwise velocity, w̄/U∞ around a plunging airfoil at 5Hz, at the tip with the freestream velocity coming from
the left. The flow is positive into the page.
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2.5 Hz surging Cases CFD

Planes



232
N

2.5
Hzsurging

C
asesC

FD
Planes

Figure N.1: Vorticity, ω̄c/U∞ around a surging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure N.2: Streamwise velocity, ū/U∞ around a surging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure N.3: Vertical velocity, v̄/U∞ around a surging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure N.4: Spanwise velocity, w̄/U∞ around a surging airfoil at 2.5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure N.5: Vorticity, ω̄c/U∞ around a surging airfoil at 2.5Hz, 2 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure N.6: Streamwise velocity, ū/U∞ around a surging airfoil at 2.5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure N.7: Vertical velocity, v̄/U∞ around a surging airfoil at 2.5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure N.8: Spanwise velocity, w̄/U∞ around a surging airfoil at 2.5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure N.9: Vorticity, ω̄c/U∞ around a surging airfoil at 2.5Hz, 1 chord inboard from the tip with the freestream velocity
coming from the left.
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Figure N.10: Streamwise velocity, ū/U∞ around a surging airfoil at 2.5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left.
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Figure N.11: Vertical velocity, v̄/U∞ around a surging airfoil at 2.5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left.
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Figure N.12: Spanwise velocity, w̄/U∞ around a surging airfoil at 2.5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure N.13: Vorticity, ω̄c/U∞ around a surging airfoil at 2.5Hz, at the tip with the freestream velocity coming from the left.
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Figure N.14: Streamwise velocity, ū/U∞ around a surging airfoil at 2.5Hz, at the tip with the freestream velocity coming
from the left.
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Figure N.15: Vertical velocity, v̄/U∞ around a surging airfoil at 2.5Hz, at the tip with the freestream velocity coming from
the left.
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Figure N.16: Spanwise velocity, w̄/U∞ around a surging airfoil at 2.5Hz, at the tip with the freestream velocity coming from
the left. The flow is positive into the page.
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Figure O.1: Vorticity, ω̄c/U∞ around a surging airfoil at 5Hz, 3 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure O.2: Streamwise velocity, ū/U∞ around a surging airfoil at 5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure O.3: Vertical velocity, v̄/U∞ around a surging airfoil at 5Hz, 3 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure O.4: Spanwise velocity, w̄/U∞ around a surging airfoil at 5Hz, 3 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure O.5: Vorticity, ω̄c/U∞ around a surging airfoil at 5Hz, 2 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure O.6: Streamwise velocity, ū/U∞ around a surging airfoil at 5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left.
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Figure O.7: Vertical velocity, v̄/U∞ around a surging airfoil at 5Hz, 2 chords inboard from the tip with the freestream velocity
coming from the left.
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Figure O.8: Spanwise velocity, w̄/U∞ around a surging airfoil at 5Hz, 2 chords inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure O.9: Vorticity, ω̄c/U∞ around a surging airfoil at 5Hz, 1 chord inboard from the tip with the freestream velocity
coming from the left.
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Figure O.10: Streamwise velocity, ū/U∞ around a surging airfoil at 5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left.
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Figure O.11: Vertical velocity, v̄/U∞ around a surging airfoil at 5Hz, 1 chord inboard from the tip with the freestream velocity
coming from the left.
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Figure O.12: Spanwise velocity, w̄/U∞ around a surging airfoil at 5Hz, 1 chord inboard from the tip with the freestream
velocity coming from the left. The flow is positive into the page.
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Figure O.13: Vorticity, ω̄c/U∞ around a surging airfoil at 5Hz, at the tip with the freestream velocity coming from the left.
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Figure O.14: Streamwise velocity, ū/U∞ around a surging airfoil at 5Hz, at the tip with the freestream velocity coming from
the left.
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Figure O.15: Vertical velocity, v̄/U∞ around a surging airfoil at 5Hz, at the tip with the freestream velocity coming from the
left.
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Figure O.16: Spanwise velocity, w̄/U∞ around a surging airfoil at 5Hz, at the tip with the freestream velocity coming from
the left. The flow is positive into the page.
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APPENDIX P
PSD and Time-Series for

Plunging Cases
Criteria to determine lock-in:

• Single peak at motion frequency fm: Lock-in, marked with a circle
• Secondary peak at the Strouhal frequency fst with a PSD energy within 10% of

the largest peak: Unlocked, marked with an X
• Secondary peak at the Strouhal frequency fst with a PSD energy less 10% but

larger than 1% of the largest peak: Border, marked with a triangle

Figure P.1: Lock-in diagram, with non-dimensional power plotted on the non-dimensional
amplitude (a/c) against the non-dimensional frequency (fm/fst)
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Figure P.2: CFD simulations for plunging cases at different frequencies: PSD (left),
zoomed PSD (middle), and Time-Series (right).
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APPENDIX Q
PSD and Time-Series for Surging

Cases
Criteria to determine lock-in:

• Single peak at motion frequency fm: Lock-in, marked with a circle
• Secondary peak at the Strouhal frequency fst with a PSD energy within 10% of

the largest peak: Unlocked, marked with an X
• Secondary peak at the Strouhal frequency fst with a PSD energy less 10% but

larger than 1% of the largest peak: Border, marked with a triangle

Figure Q.1: Lock-in diagram, with non-dimensional power plotted on the non-dimensional
amplitude (a/c) against the non-dimensional frequency (fm/fst)
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Figure Q.2: CFD simulations for surging cases at different frequencies: PSD (left),
zoomed PSD (middle), and Time-Series (right).
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