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ABSTRACT  
 

Unsteady wakes are experimentally investigated in this thesis using a water tunnel facility, 

with a focus on the structure of the tip vortex and wake of a plunging wing, unsteady 

wakes of a plunging airfoil, and unsteady aerodynamics of the stationary downstream 

wing in the wake of a plunging airfoil. The flow structure of a NACA0012 airfoil/wing 

plunging sinusoidally at a chord Reynolds number of Re= 20,000 is investigated within a 

wide range of reduced frequencies (k) (from 0.00 to 3.14) and Strouhal numbers based on 

the peak-to-peak amplitude (St) (from 0.00 to 0.24).   

The amplitude of the tip vortex and the wake oscillation vary with wing oscillation 

frequencies and amplitudes. Both the tip vortex amplitude and wake oscillation amplitude 

have a weak relationship with the Strouhal number (St) and the reduced frequency (k). 

Wake amplitude decreases as the Strouhal number (St) and the reduced frequency (k) 

increase, resulting in a reverse Kármán Street in the mid-span plane and various vortical 

structures in the cross-flow plane due to the linked vortex loops. The ratio of the amplitude 

of the tip vortex to the amplitude of the wake oscillations is always smaller than unity. 

This means that wake oscillations are more likely to create bigger force variations than 

the tip vortex in interactions with the downstream wing.  

Unsteady wakes of a plunging airfoil are analysed in the streamwise flow and the cross-

flow in the near wake using two-point correlations and the Proper Orthogonal 

Decomposition (POD). It is shown that the unsteady characteristics are even better 

correlated with the Strouhal number (St) than the mean flow quantities and the reduced 

frequency (k). By increasing the Strouhal number (St), the percentage energy of the 

fundamental wake modes of the streamwise flow and the flapping mode of the cross-flow 

increases, but at different rates in the drag-producing and thrust-producing wakes. Results 

reveal that the Strouhal number (St) is the most important parameter in determining the 

degree of two-dimensionality of the wake. This implies that the spanwise coherence of the 

experimentally produced gusts should be considered when interpreting the amplitude of 

the lift fluctuations on the downstream wing. 
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Unsteady aerodynamics of a wing in the wake of a plunging airfoil is explored by altering 

vortex-street configuration, frequencies and amplitudes of the plunge oscillation. When 

the leading-edge of the wing is placed at the wake centreline or just above it, the amplitude 

of the lift variations is the largest. With increasing angle of attack of the wing, the lift 

amplitude increases and the flow separation at the leading-edge, formation of a leading-

edge vortex and formation of a vortex couple with the incident vortex become more 

noticeable. The lift time history has higher harmonics up to n=5 when the wing is close to 

the wake centreline. This is due to the cross-stream velocity profile in the undisturbed 

wake and can be also predicted by a point vortex model. For wing-asymmetric wake 

interactions, the lift amplitude of the wing is reduced as the asymmetry of the wake is 

increased (by increasing the angle of attack of the plunging airfoil), resulting in 

modification of geometry and circulation of the vortices in the reversed von Kármán 

Street. For an unloaded wing in the symmetric wakes, the peak lift coefficients increase 

with increasing frequency and amplitude of the plunging airfoil. The amplitude and form 

of the cross-stream velocity profiles, as well as the degree of two dimensionality in the 

undisturbed wake, are all determined by these kinematic parameters. The amplitude of the 

lift coefficient of the wing depends on a single wake parameter only, which is the Strouhal 

number based on the peak-to-peak amplitude of the upstream airfoil (St). 
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CHAPTER 1  Introduction 
 

Aerodynamics is a branch of fluid dynamics with a variety of applications, including 

determining force and moment over the aircraft, predicting flow patterns over the wing, 

and so on. This may also be seen in nature, where aerodynamicists face a variety of 

challenges that need computational and experimental research, such as bird flight 

formation. 

The formation flight of birds explained by a simple aerodynamic model (Lissaman & 

Shollenberger, 1970) becomes more complex when the flapping motion of the wing is 

also considered (Ghommem & Calo, 2014). Birds, fish and insects have all evolved and 

consequently used flapping-wing systems for millions of years. Animals generate lift and 

thrust as a consequence of the interaction between the flapping motions of the wing or fins 

and the surrounding air. For example, many big bird groups are known to migrate together 

for long-distance flights because power consumption and necessary energy may be 

reduced when they fly in close proximity to one another (Hummel, 1983). The bird rarely 

needs to flap its wings to generate thrust in either oblique and V-formations, and are 

aerodynamically the most advantageous, compared to solo flight, as shown in Figure 1-1 

(Weimerskirch et al., 2001). This leads to an aerodynamic benefit for all individuals, 

which may save energy. 

Early research revealed that large-scale bird formation flight might save up to 70% of 

energy (Lissaman & Shollenberger, 1970). Hummel (1983) proved that significant energy 

saving by aerodynamic interference effects can achieve the formation of flights in small 

and light birds. To achieve a similar performance, nature may present as the inspiration 

for an engineering approach to improve or succeed in common sources of propulsion 

(rotors in helicopters, jets, propellers in ships, aircraft, and submarines) and lift 

(helicopters and fixed wings). Similarly, theoretical studies in formation flight showed 

that considerable flight power reduction is about 15% for two aeroplanes (Hummel & 

Beukenberg, 1989).  
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The research within the field of flapping wings is developed from studying the nature of 

flight formation (Jones et al., 2005). Therefore, the nature of the flapping motion is birds 

migrating in V-formation, which combines with pitching and plunging oscillations 

(Ramamurti & Sandberg, 2002). Several researchers have proposed that the flapping 

motions of a wide range of animals might be explained by a single parameter, the Strouhal 

number (flapping frequency, amplitude and forward speed) (Taylor et al., 2003).  

Future MAVs could be designed better if we knew the link between forces produced and 

flapping parameters. Numerous attempts have been made to design flight vehicles using 

a flapping mechanism, especially since the beginning of the 20th century. Thanks to recent 

advances in technology, this knowledge has led to a growing interest in flow physics of 

the wings due to its relevance in developing micro air vehicles (MAVs), drones, 

oscillating flow energy harvesters, and unnamed underwater systems. Research interest is 

increasing in these vehicles because of their unique characteristics, such as manoeuvring 

and agility capabilities for many engineering applications. MAVs capable of being 

adaptable to different environments, are widely used for civil research, urban applications, 

wildlife survey, power-line inspections, and so on (Hassanalian et al., 2015). Future 

development of MAVs and nano micro air vehicles (NAVs) could become as smaller as 

many insects or fishes. An oscillating wing for optimum flight performance is one of the 

most noted applications, inspired by biological creations. There are examples of micro air 

applications in Figure 1-2 using quasi-sinusoidal flapping motion that minimises the 

weight to maximise endurance. Understanding the flow conditions and mechanism of the 

flapping wing leading up to leading and trailing edge vortex separation, the way the 

vortices interact with the airfoil and themselves, how they contribute to lift and propulsion, 

and how to optimise the process, will highlight the importance of creating lighter and 

highly efficient aero/marine vehicles. 

Combining lift and propulsive sources into a single flapping mechanism would benefit 

MAVs, where weight is limited, and components must perform multiple jobs. A helicopter 

does this via the main motor, although flapping may combine the hovering ability of rotary 

wings with some of the lifting benefits of the fixed wings by more efficiently using the 

aircraft's forward speed. Flapping wing aircraft are also used for a NASA Mars exploration 



 

26 

 

mission, where the low atmospheric density results in a low Reynolds number (Banke & 

Casas, 2020).  At low Reynolds number flows, MAVs receive more attention. Structures, 

materials, propulsion, aerodynamics, etc. are all the area of research. Due to the fact that 

MAVs typically operate at Rec from 2x104 to 2x105, some of the studies of birds and 

insects are promoting MAV’s evolution (Mueller, 2000). The comparison of the mass and 

Reynolds number of MAVs and other flying objects is shown in Figure 1-3. The 

oscillating wings are maybe one of the most well-known bionic applications.  

Aside from the biomimetic design aspects, understanding the aerodynamics of other-

human design and natural flapping wings might provide further inspiration. The following 

are some fields of research: 

• helicopter rotor blade flapping motion considering nonlinear aerodynamics (e.g. 

(Cesnik et al., 2004)); 

• wake vortex dynamics (e.g. (Gursul & Cleaver, 2019), (Garmann & Visbal, 2017), 

(Dong et al., 2006));  

• flow control and flow reattachment (e.g. (Gursul et al., 2014), (Tuncer & Platzer, 

2000) 

• gust loads on aircraft and aeroelasticity of aircraft wings and rotorcraft blades (e.g. 

(Theodorsen, 1935), (Garrick, 1936), (von Karman & Sears, 1938), (Sears, 1941), 

(Mccroskey, 1982), (Ekaterinaris & Platzer, 1998)),  

• buffeting, propulsion of swimming animals (Smits, 2019), and  

• flapping-wing propulsion of micro air vehicles (Shyy et al., 2010).  

The flapping wing generates a complex flow pattern (with variations in kinematic 

parameters, frequency, and amplitude of the motion) around and behind the wing, as 

illustrated in Figure 1-4 (Garmann & Visbal, 2015b). The unsteady forces on the airfoil 

are affected by the vorticity shed from the airfoil and the resulting unsteady wakes. This 

is especially beneficial in low-Reynolds-number flows, wherein they are separated and 

vortical flows are dominant, and where viscous effects of the wing performance may be 

notably reduced. Since the unsteady vorticity shed from the wing is a “footprint” of the 

travelling wing, understanding such complex flow physics would allow further insight 
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into other aero fluid dynamics problems, especially in the unsteady flow regime such as 

aeroelastic flutter and unsteady loading of turbo-machinery components. However, it is 

difficult to obtain accurate quantitative  measurements because of the highly unsteady 

flow around the flapping wing. Thus, research efforts have extended the significant 

elements of the oscillating airfoils: wake-body interactions, turbulence, and gusts. 

Vortices interacting with the bodies, which are cylinders, airfoil, and blades, can cause 

significant unsteady loading, vibration and noise. Rockwell (1998) has methodically 

summarised an excellent and extensive review of the characterisation of the vortex-body 

interactions. This interaction is based on the orientation of the incident vortex with respect 

to the leading edge or surface of the body. There are several classes of vortex-body 

interactions classified as streamwise (with and without vortex breakdown), parallel, and 

normal vortex interactions, as shown in Figure 1-5. Parallel vortex-body interactions are 

the most energetic of all and hence have received a lot of attention. The two-dimensional 

aspects of gust-airfoil interaction are largely understood, as shown in Figure 1-5a. The 

streamwise vortex interaction, as seen in Figure 1-5b and with breakdown Figure 1-5c, on 

the other hand, includes the encounter of a vortex whose axis is perpendicular to the 

leading edge of the body and aligned with the direction of the incoming flow. A three-

dimensional pattern of vorticity concentration increases if the streamwise vortex breaks 

upstream of the encounter. Lastly, Figure 1-5d indicates the interaction of the incident 

normal vortex. In some real-world applications, the vortex might be oblique and so does 

not precisely fit into any above categories.  

The evaluation of unsteady wing vortices has been a topic of considerable study due to 

their prevalence over the many applications as explained with examples above. In each 

example, the unsteady nature of a vortex governs the flow physics from upstream to 

downstream locations. While the unsteady physics of the vortex-body interaction has been 

described, the streamwise vortex interactions - particularly the unsteady nature of the 

wakes and their interactions - have received less attention. Some experimental and 

computational simulations focused on the interaction of tip vortices with downstream 

wings (Garmann & Visbal, 2015a; McKenna et al., 2017) and suggested that the 

displacements of the tip vortex may intensify the unsteady loads on the downstream wing 
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(Barnes & Visbal, 2018; Chen et al., 2018). These investigations inspired further research 

on the structure of the tip vortex from wings oscillating at small amplitudes (Fishman & 

Rockwell, 2018; Garmann & Visbal, 2017). However, parallel vortex-body interactions 

due to the vorticity shed from the trailing edge (and the leading edge) of upstream wings 

may be more substantial than the oscillating tip vortices, which cause locally confined 

unsteady loads. In addition, for large aspect-ratio wings, the unsteady wakes of oscillating 

wings become more important for oscillating tandem-wing configurations observed in 

nature and biomimetic vehicle designs (Alexander, 1984; Boschitsch et al., 2014; 

Lehmann, 2009). As a result of this, the studies of the streamwise vortex body interactions 

and parallel vortex body interactions still lack a complete understanding of their 

behaviour. The ultimate objective is to understand such interactions and thereby inform 

an aerodynamic model that can accurately predict unsteady loadings.    

 

Aim and Objectives 
 

This thesis investigates the unsteady characteristics of the wakes of a periodically 

plunging wing/airfoil and a stationary downstream wing in the wake of a periodically 

upstream airfoil at a low Reynolds number. The kinematic characteristics should be 

included in the research to correctly characterise the unsteady wake structure. Hence, 

plunging wing configurations are investigated with different Strouhal numbers (St) (hence 

amplitudes) and reduced frequencies (k) ranges. The experiments are conducted in a water 

tunnel at the University of Bath. Particular attention is given to: 

(i) Reviewing the relevant literature to characterise experimental parameters. 

(ii) Considering experimental parameters for different reduced frequencies, Strouhal 

numbers and the angle of attack at a Reynolds number of Re = 20,000 for two- and three-

dimensional flows.  

(iii) Understanding the relative importance of the tip vortex and vortex sheet (wake) 

amplitude using foil kinematic parameters (the Strouhal number (St) and the reduced 

frequency (k))   
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(iv) Investigating the time-averaged and unsteady characteristics of the wakes of an 

oscillating airfoil set at zero mean angle of attack to focus on the coherence of the 

oscillating wakes. This will be achieved through the streamwise and spanwise two-point 

correlations and the relative energy of the dominant Proper Orthogonal Decomposition 

(POD) modes - as well as the time-averaged flow - as a function of the reduced frequency 

(k) and the Strouhal number (St).  

(v) Exploring wake interaction with a stationary downstream wing and characterising the 

unsteady mechanisms and their impact on aerodynamic forces. Here, wake is physically 

generated by the plunging airfoil, and its position and strength are modified by changing 

the amplitude and frequency of the plunging airfoil. Force measurements are implemented 

to measure unsteady loading on the downstream wing. 

With further experiments and understanding of interaction, it may implement active and/or 

passive control devices. The vortex-body interaction, however, is the nonlinear process as 

mentioned by Rockwell (1998). However, this is altogether a different research topic and 

therefore is not one of this thesis’ aims.  

To meet the objectives stated above, this thesis has been structured into seven chapters. 

The next chapter (chapter 2) provides a detailed analysis of existing literature and a 

justification for the current study. Therefore, it begins with two-dimensional wakes and 

describes vortices and wakes of oscillating airfoils and their interactions. The next part 

delves into the three-dimensional wakes and vortices created by oscillating wings, as well 

as their interactions. 

The experimental set-up, wing models, and analytical techniques with theoretical 

approaches are all covered in chapter 3. Also, experimental methods (Particle Image 

Velocimetry, flow visualisation, force measurements, proper orthogonal decomposition) 

are described with uncertainty analysis. 

Chapter 4 is the first result chapter to characterise the tip-vortex dependence of kinematic 

parameters at the downstream locations. The flapping finite-span wing creates the three-

dimensional flow features. The special importance of the flow features at the downstream 

requires measuring, thereby to visualise the foil kinematics generated by the flapping wing 
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(the Strouhal number and the reduced frequency) and so to understand the unsteady nature 

of the formation of the wing-tip vortex and its vortex sheet (wake).  

Chapter 5 presents the coherence of the unsteady wake of a periodically plunging airfoil 

with the range of the parameters with quasi two-dimensional flow. The Strouhal number 

and the reduced frequency are important factors that impact the aerodynamics of a single 

plunging airfoil. Despite significant research efforts, such as those described here, there is 

still a gap in our understanding of the flow mechanics shed by a plunging airfoil with these 

kinematic parameters.  

The oscillating airfoil’s wake-wing interactions are discussed in Chapter 6. Still, greater 

challenges are offered by the interaction between the oscillating body and the wing. This 

analysis aims to investigate the influence of wake turbulence on the wing performance 

using force measurements and flow visualisation results. Also, the objective is to 

understand the effects of the wing offset ([y-axis direction] displacement of the wing in 

flow) and angle of attack of the wing on unsteady loading when the wing is placed in 

symmetric and asymmetric wakes (when the oscillating airfoil is at nonzero incidence), as 

well as effect of kinematic parameters of the plunging airfoil.  

Chapter 7 summarises the results (chapters 4,5,6) with recommendations for future 

research topics. A list of publications and references are presented.  
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Figure 1-1 Measured mean heart rate and wingbeat frequency for single pelican and in 

the formation (Weimerskirch et al., 2001). 
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Figure 1-2 Current MAV design examples a) Dragonfly micro UAV flies, developed by 

team from Georgia Technology, b) DelFly MAV (Herrero et al., 2018), c) Bat wings 

MAV, developed by researchers at the University of Southampton.  

 

Figure 1-3 Reynolds number range for flight vehicles (Mueller, 2000) 
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Figure 1-4 Example of the complex structure of the flapping airfoil (Garmann & Visbal, 

2015a).  

 

Figure 1-5 Classification of the vortex-body interactions a) parallel vortex-body 

interaction, b) streamwise vortex-body interaction, c) streamwise vortex-body interaction 

with breakdown, d) normal vortex interactions (Rockwell, 1998).  
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CHAPTER 2 Literature Review 
 

This chapter is intended to provide a brief overview of the unsteady aerodynamics of 

airfoils/wings and their interactions.  

2.1 Unsteady Aerodynamics 
 

Unsteady aerodynamics of oscillating bodies and their wakes have received attention due 

to their relevance to gust loads on aircraft and the aeroelasticity of aircraft wings and 

rotorcraft blades, buffeting, propulsion of swimming animals and flapping-wing 

propulsion of micro-air vehicles (Garrick, 1936; Gursul & Cleaver, 2019; Sears, 1938; 

Sears, 1941; Smits, 2019; Theodorsen, 1935). Early unsteady aerodynamics models were 

developed in the 1930s based on the attached potential flow assumption (Sears, 1941; 

Theodorsen, 1935; von Karman & Sears, 1938). An important aspect of the assumptions 

is the two-dimensionality of the vortex sheet shed from the trailing edge to satisfy the 

unsteady Kutta condition.  

Studying the pure pitching, plunging, or combination of these two motions is a starting 

point for understanding unsteady wake structures. However, distributed plunging and 

pitching parameters - such as pitching angle and plunging oscillations at a certain phase 

angle to get the desired thrust and lift- remain unexplored. Combined pitching and 

plunging (heaving) motions have more kinematic parameters which result in complex 

vortex-vortex and vortex-wing interactions. The pitching oscillation is not the effective 

motion itself; however, the combination of plunging oscillation can reduce flow separation 

and high propulsive efficiency with an accurate phase angle (Parker et al., 2005; Platzer 

et al., 2008).‘Pure plunging motion exhibits all the essential features: vorticity shedding 

from the trailing edge, rolls-up and formation of concentrated vortices, their convection 

downstream, and flow separation and formation of the leading edge vortices for 

sufficiently high frequency and amplitude.  
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2.1.1 Main Parameters 

There are two main parameters for plunging wings/airfoils: the Strouhal number and the 

reduced frequency.  

If the flow stays attached, vorticity is shed from the trailing edge, and TEVs are 

responsible for thrust generation. In this case, the Strouhal number is the dimensionless 

number that characterises unsteadiness and oscillating flow mechanisms and describes the 

thrust-drag transition. In this particular case, a characteristic length is a peak-to-peak 

amplitude of the plunging motion for an amplitude based Strouhal number. It is defined 

in the following (Gursul & Cleaver, 2019): 

𝑆𝑡 =
𝑓𝐴

𝑈∞
 (peak − to − peak Amplitude 𝑏𝑎𝑠𝑒𝑑 )                        (2.1) 

where f is the oscillating frequency, c is a chord of the wing, A is peak-to-peak amplitude, 

and 𝑈∞ is free-to-stream velocity. From these definitions, the oscillating frequency (f) and 

peak-peak amplitude (A) are the main parameters that will induce unsteadiness. 

Although the Strouhal number based on amplitude is the most important parameter, a 

second parameter - the Strouhal number based on chord length - is also important. 

𝑆𝑡𝑐 =
𝑓𝑐

𝑈∞
 (𝐶ℎ𝑜𝑟𝑑 𝑏𝑎𝑠𝑒𝑑)                                                               (2.2) 

Another parameter, which is usually called the reduced frequency, is k: 

𝑘 =
𝜋𝑓𝑐

𝑈∞
                                                                                  (2.3) 

The reduced frequency (k) is equal to the ratio of the timescale of the motion to the 

convective timescale. The convective motion appears in the wake as the vorticity sheds 

from the trailing edge (and from the leading edge if there is flow separation) and travels 

downstream while affecting the flow around the airfoil. Similarly, to the Strouhal number 

based on chord length, the oscillating frequency f is used to demonstrate the unsteadiness. 

The difference between Stc and k is the product of π, where k= π Stc . According to 
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Leishman (2002), the reduced frequency (k) is considered to show unsteadiness as 

follows: 

• k = 0 – Steady flow.  

• 0 < k ≤ 0.05 – Quasi-steady flow. Unsteady effects are minor and often negligible. 

• 0.05 < k ≤ 0.2 – Flow is unsteady. Effects of unsteadiness cannot be ignored.  

• k > 0.2 – Highly unsteady flow. Time-dependant phenomena might dominate. 

Unsteady sources include gusts, manoeuvres, and any wing/body motion caused by these 

disturbances, including rigid and flexible body/wing. From a foil kinematic viewpoint, 

Leishman (2002) divides the unsteady motions of the wing sections into four components 

as illustrated in Figure 2-1; pitch ( a rotation of about ¼ chord), plunge (vertical translation 

of the airfoil dependent on the plunge velocity), surge (translation along to free-stream 

velocity) and normal velocity (normal velocity perturbations).  

At a low Reynolds number Re = 100, Karniadakis and Triantafyllou (1989) investigated 

the behaviour of laminar wakes behind circular cylinders. The response of the forced 

wakes may be classified as lock-in (when the dominant frequency in the wake is the same 

as the excitation frequency) or non-lock-in. Lock-in and non-lock-in of vortices, resulting 

in periodic, quasi-periodic, or chaotic flow responses were observed depending on the 

amplitude and frequency of the forcing. Therefore, the recent focus has been to test the 

range of reduced frequencies (k) and Strouhal numbers (St) to better understand the 

coherence of the wakes and their interactions with the wing in an unsteady environment.  

2.2 Wake Structures of flapping wings 
 

The wake structure of flapping wings is influenced by many kinematic parameters such 

as motion (pitch, plunge, etc.), amplitude, frequency, material properties of the wing (rigid 

or flexible), and two-dimensional versus three-dimensional moving surfaces. Even though 

the various parameters suggest these complexities, it is well-known that unsteady wakes 

contain significant ingredients of the issues generated by vorticity, its shedding and rolls-

up, and the result of the dynamics.  
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An important aspect of the classical analysis is the two-dimensional potential flow and 

small perturbation velocities, linearised boundary conditions, and assumption of a planer 

vortex-wake (Koochesfahani, 1989). However, even if there is evidence of vortex couples 

in two-dimensional flows, it is unlikely that the shed from the vortex couples remains two-

dimensional due to the variation of the axial velocity, causing the flow to be three-

dimensional (Calderon et al., 2014; Koochesfahani, 1989; Marshall & Krishnamoorthy, 

1997). For a nominally two-dimensional wake of a circular cylinder, at a Reynolds number 

based on the diameter Red = 13,000 and in the intermediate wake region x/d = 20, they 

reported significant three-dimensionality and estimated the spanwise scale of vortical 

structures around 1.8d (Hayakawa & Hussain, 1989).  

These sections summarise existing literature, with emphasis on the unsteady structure, 

including two-dimensional and three-dimensional flows of unsteady wakes.  

2.2.1 Two-dimensional wakes 

 

A two-dimensional study can serve as both a reliable tool and a useful reference point 

compared with three-dimensional studies (Wang, 2000b). Previously, Freymuth et al. 

(1992) and Gustafson and Leben (1991) computed two-dimensional hovering flight. 

These results show qualitative agreement with the experiments. Although three-

dimensional flow can be presented in real applications- geometry and equations only get 

more complex and involved- the principle of two-dimensional and three-dimensional flow 

is the same. This was done to establish two-dimensional (rather than three-dimensional) 

flow over the wing, thus capturing the phenomena of interest (such as thrust generation, 

inversion of vortex street, and vortex separation) (Lewin & Haj-Hariri, 2003).  

2.2.1.1 Vortex-wakes of oscillating airfoils 

 

In fluid dynamics, a vortex is a region in a fluid that mostly revolves around the vortical 

flow axis, which can be straight or curved. Vortices are swirling or rotating fluid flows 
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that are typically turbulent. The vortex can be classified as such: the lowest velocity is at 

the centre and it progressively increases as moving away from the centre (Anderson, 

2007). Many researchers have studied the phenomenon of vortex formation and shedding.  

Early unsteady aerodynamics models were developed in the 1930s based on the attached 

potential flow assumption. The first theoretical model was defined by von Kármán, while 

Burgers (1934) defined the first theoretical theory of drag and thrust production based on 

the observed orientation and placement of vorticities at the downstream. The vortex street 

created by an oscillation airfoil behind the trailing edge is defined as drag-producing, 

neutral, or thrust-producing, as shown in Figure 2-2 (Koochesfahani, 1989). Drag 

producing wake states momentum deficit; commonly, with von Kármán vortex street 

wake configurations with clockwise above and anticlockwise below as shown in Figure 

2-2a. Neutral wakes, where the thrust due to plunging balances the inherent drag, may 

align along the straight line (Young & Lai, 2004), as shown in Figure 2-2b. As oscillating 

frequency increases, a thrust-producing wake has a velocity profile that indicates a 

momentum jet, which is generally reverse von Kármán street with two rows of alternating 

vorticities, anticlockwise above and clockwise below, shown Figure 2-2c (Jones & 

Platzer, 1997). Besides the three wake structures already explained, some authors have 

explored a fourth wake structure (vertically deflected reverse von Kármán Street) at high 

plunge velocities (Gursul & Cleaver, 2019; Jones et al., 1998; Shinde & Arakeri, 2013), 

as shown in Figure 2-2d.  

Bohl and Koochesfahani (2009) described the rearrangement of vortex spacing with 

transverse locations with increasing frequency, as shown in Figure 2-3. For the high 

reduced frequency (k=11.5), the vorticity orientation changed to the low frequency case 

(k=5.2), with a positive transverse position indicating thrust producing wake and a 

negative transverse position indicating drag producing wake. As illustrated in Figure 2-4, 

the wake structure behind the oscillating structure is strongly dependent on the amplitude 

(h) and the reduced frequency (k).  

Another study found that the vortex sheet observed at lower Strouhal numbers has an 

amplitude usually larger than the airfoil motion amplitude. The vortex sheet amplitude 

can reach as much as five times the amplitude of the airfoil motion for a Strouhal number 
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of St = 0.08 (Cleaver et al., 2013). By increasing the Strouhal number, the vortex sheet in 

the wake develops into concentrated vortices forming a vortex street, which is a reversed 

Kármán Street that produces thrust. Typically the wake amplitude defined by a reversed 

Kármán street at higher Strouhal numbers is relatively small (Gursul & Cleaver, 2019). 

Cleaver et al. (2013) demonstrated that two examples with different amplitude and 

frequencies have obtained different flow separation and strength, as shown in Figure 2-5. 

For the small-amplitude case, vorticities are shed from the trailing edge, whereas the large 

amplitude case is dominated by the leading edge. Thus, larger amplitudes at low Strouhal 

numbers provide higher thrust until St=0.12. This is because the LEVs are becoming more 

dominant and have a negative impact on the thrust generation on the airfoil. This is valid, 

however, only for plunging motion.  

Even at a zero angle of attack, there is a possibility of asymmetric flow fields at high 

Strouhal numbers. Cleaver et al. (2012) demonstrated PIV measurements for A/c=0.3 and 

α=0°, as shown in Figure 2-6. According to these results (Figure 2-6(a)), the flow fields 

are aligned horizontally at Stc=0.15. Increasing the Strouhal number, the flow field is 

deflected upwards for mode A in Figure 2-6(b), and the opposite is true at mode B in 

Figure 2-6(b). This might be a possible method of lift generation in hovering natural flyers 

(Wang, 2000a), and also might be useful for MAV design and control.  

The lift variation over the oscillations of the airfoil is predicted by the Theodorsen model, 

which is the most common method in the literature. This model assumes that flow is 

attached and irrotational and is defined for small sinusoidal oscillations of the airfoil (both 

plunging [vertical] and pitching oscillations). This method, however, is inconsistent after 

the angle of attack 12° (Theodorsen, 1935). Garrick applied Theodorsen’s theory to show 

the determination of the thrust force over the whole range of frequency for an airfoil or 

hydrofoil undergoing heaving, pitching, and/or flap motions. This theory assumes 

potential flow over, incompressible and inviscid flow, plunging at low amplitude, and the 

non-deforming wake behind the airfoil (Garrick, 1936). According to Garrick’s analysis, 

the thrust coefficient depends on both the reduced frequency (k) and the amplitude (A), 

showing the parabolic trend.  
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The early theoretical analysis has shown that the drag or thrust generated by an oscillating 

airfoil or hydrofoil is predicted by measuring the momentum deficit downstream of the 

body. The variation of momentum thickness (𝜃) is defined as,  

𝐹

𝜌𝑈∞
2 = ∫

𝑈

𝑈∞
(

𝑈

𝑈∞
− 1)

∞

−∞

𝑑𝑦 = 𝜃                                                    (2.4) 

where U is the mean velocity profile, and 𝑈∞ is the free-stream velocity. This equation 

gives reasonable results when the velocity components are selected far downstream of the 

airfoil when the wake eddies are no longer coherent and energetic. The mean streamwise 

force (thrust/drag) is estimated by using the integral momentum thickness where 

contribution due to the fluctuating quantities and the pressure term has been ignored, as 

shown below, 

𝐶𝑇 = −𝐶𝐷 =
2𝜃

𝑐
                                                                             (2.5) 

The change in sign means a change from drag to thrust. In most cases, the positive value 

implies thrust, and the negative value presents drag.  

Koochesfahani (1989) reported that thrust values were substantially lower, and the 

difference was attributed to missing components, fluctuating quantities, and the pressure 

term. The calculation method is explained by Bohl and Koochesfahani (2009), a more 

detailed analysis that’s performed to calculate the force coefficient from experimental 

data, allowing an analysis of missing components in equation 2.4. The following equation 

shows corrected the thrust coefficient formulation: 

𝐶𝑇 =
2

𝑐
∫ {

𝑈

𝑈∞
(

𝑈

𝑈∞
− 1) +  휀 (

𝑈

𝑈∞
− 1) + (

𝑢𝑟𝑚𝑠

𝑈∞
)
2

− (
𝑣𝑟𝑚𝑠

𝑈∞
)
2

+
1

2
(1 −

𝑈𝑜
2

𝑈∞
2)} 

∞

−∞

    (2.6) 

where U is the mean velocity, and c is the chord. It can be noted that this calculation 

assumes variation of the free-stream velocity along into control volume before and after 

the airfoil. Thus, there is a second term (휀) in the equation (2.6). This value is calculated 

using the mass flux by 
1

2
(𝑈∞+ 𝑈0) = (1 − 휀)𝑈∞ and accounts for the small variation in 

downstream velocity (𝑈0) and upstream/freestream velocity (𝑈∞). Similarly, the last three 
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terms are estimated by the change in pressure, from the momentum equation and 

Bernoulli’s equation.  

Both parameters (St, k) appear in the small-amplitude potential flow theory. According to 

Garrick (1936), the time-averaged thrust coefficient varies as St2, although there is a 

significant effect of the reduced frequency (k) (which is often overlooked): These results 

compare with the estimated theoretical thrust coefficient CT, which is given by Garrick 

from an oscillating airfoil in the following equation (2.7),  

𝐶𝑇 = 𝜋3𝑆𝑡2(𝐹(𝑘)2 + 𝐺(𝑘)2)                                                   (2.7) 

where F(k)and G(k) are the real and imaginary parts of the Theodorsen function, and St is 

the Strouhal number based on peak-to-peak amplitude. The term (𝐹(𝑘)2 + 𝐺(𝑘)2)= 1 at 

k = 0, (𝐹(𝑘)2 + 𝐺(𝑘)2) =0.3 at k = 1 and tends to 0.25 for larger k. Therefore, for k ≤ 1, 

it is not clear which parameter, if any, may be dominant in the experiments, not only for 

the time-averaged quantities but also for the unsteady characteristics, including the 

coherence of the oscillating wake. 

Chiereghin et al. (2019) investigated the periodically plunging airfoil at a low Reynolds 

number of Re=20,000 to simulate the effects of gusts and manoeuvres. The range of 

normalised amplitudes is from 0.05 to 0.5 at the angle of attack from 0° to 15°. The 

amplitude of lift fluctuations observed a good correlation compared with Theodorsen’s 

model, even for a high angle of attack. Time-averaged load, however, is not good enough 

to predict lift with Theodorsen’s model when plunging frequency increases. The coherent 

structure is available at a high angle of attack, but it has a low effect on the amplitude of 

lift unsteadiness. Therefore, the new model needs to predict unsteady forces because 

experimentally measured lift values are different and invalid using Theodorsen’s model. 

Similarly, Lai and Platzer (1999) presented the dye visualisations result of the flow 

structure in the vortex patterns generated by a pure plunging motion. The variation of the 

determined thrust coefficient from the wake shows good agreement with the linear 

analysis of Garrick when k (reduced frequency) and A (amplitude) are lower than 0.36. 

However, Garrick’s analysis becomes inaccurate for the large amplitude and the reduced 

frequency values, as shown in Figure 2-7. 

https://tureng.com/en/turkish-english/theoretical


 

42 

 

2.2.1.2 Vortex-Airfoil Interactions 

 

Parallel vortex-body interactions can be observed in formation flying, helicopter blades, 

turbomachinery, etc. Usually, the vortex or vortex street sheds from upstream bodies and 

interacts with downstream bodies. The size and circulation of the incident disturbances 

have a significant impact on the unsteady vorticity field-body interaction. An essential 

factor that affects the kind of interaction mechanism is the magnitude of the incident 

vorticity field in relation to the body dimensions (Gursul & Rockwell, 1990). Even if the 

turbulent character of the incident wake is disregarded, the interaction of highly coherent 

vortices with the body is still an unresolved issue. Therefore, the main focus of this section 

is to understand highly coherent vortices and their interactions.  

Some of the most recent investigations to present parallel vortex-body interaction have 

been conducted in blade-vortex interaction for turbomachinery applications. Two-

dimensional blade-vortex interaction has been experimentally explored by Booth and Yu 

(1986), and Straus et al. (1990). In all these experiments, a single vortex is shed from far 

upstream and passes through the airfoil. The vortex trajectory changes because of the 

blade presence and dissipation of the vortex results from the encounter.  

Mook and Dong (1994) used the numerical simulation to show the variation of lift 

coefficient with the position of the vortex. The single vortex (𝛤 = 2.0) is introduced at 

five chord lengths upstream from the airfoil. The lift coefficient becomes negative on the 

airfoil if the vortex is far from the airfoil. As the vortex is shed towards the airfoil, the lift 

coefficient becomes more negative. It reaches its maximum negative value when the 

vortex arrives at the leading edge of the airfoil. The lift coefficient changes from negative 

to positive when the vortex passes through the airfoil. The lift coefficient gradually 

decreases to zero after the vortex passes the trailing edge.  

In their impressive examination of the interaction of a von Kármán street with an elliptical 

edge, Gursul and Rockwell (1990) showed that three primary interactions are 

characterised: (case-A) vortex street keeps its structure; (case-B) it is divided into separate 

vortex rows; (case-C) it is divided at the leading edge into the row of vortices, then 
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diffusing. In addition, these interaction types gave different responses to the body, as 

shown in Figure 2-8. The magnitude of the amplitude of fluctuating pressure is linked to 

the dimensionless length scale for the first type of interaction (case-A). The other 

interactions (case-B and case-C), and the pressure amplitude occur at an obvious peak 

near the tip. In these cases, however, the boundary layer separation was not detected, and 

the pressure was only due to passing incident vortices. Furthermore, around 1/2 

wavelength from the leading edge, the deformation of the vortices happens. The distortion 

of vortices causes significant vorticity oscillation during the interaction. Depending on the 

circulation, wavelength and the offset distance from the body, the interaction and the 

distortion of the incident vortices produced different unsteady pressure fields. 

A few efforts have employed numerical analysis to assess the parallel vortex-airfoil 

interaction. Barnes and Visbal (2018) used a NACA0012 to simulate the vortex-airfoil 

interactions with a Reynolds number of Rec=200,000 and an angle of attack of α=4°. 

Figure 2-9a indicates contour plots of the vortex-airfoil interactions. The strong noise of 

the source is apparent when the vortex embeds at the leading edge at 𝜏 = 1.45. The inset 

frame at 𝜏 = 2.00 demonstrates the coherent structure propagating with the airfoil, 

resulting in high-surface pressure fluctuations, which appear to radiate high-frequency 

acoustic waves. Figure 2-9b compares the aerodynamic loads for lift, drag and pitching 

moment for such interaction. As expected in previous reviews, the larger lift variation is 

evident before interaction with strong thrust (lowest drag). When the vortex passes 

through on the airfoil, a secondary minimum lift coefficient is seen around 𝜏 = 2.00, 

which is increased by drag. However, when it reaches the trailing edge, the vortex on the 

lower surface causes only minor disturbances. After the vortices are shed from the wing, 

the pressure wave propagates upstream, resulting in oscillation. 

2.2.1.3 Wake-Airfoil Interactions 

A quantitative environmental specification in which an aircraft - and in particular its 

structure for instance - can withstand the loads acting on it without structural damage 

during wind gusts, is a key condition for the design, assessment, and certification of 

aircraft and their accompanying control systems. The gust loads are caused by a change 
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in the freestream velocity amplitude and/or direction (Frost & Reddy, 1978). Gust loads 

could cause damaging effects, such as increased aerodynamic and structural loads, 

structural deformation as well as the loss of flight dynamic performance. Therefore, one 

of the classic issues in aerodynamics, CFD simulation or detailed experimental analysis is 

that it is often expensive and time-consuming to estimate the unsteady load response of 

an airfoil in unsteady flow. This is why engineers use analytical transfer functions that 

assume idealised flow and the airfoil behaviour in the wake. 

The Theodorsen (1935) function is the first-order transfer function and assumes that an 

airfoil oscillates in a constant free-stream. Theodorsen’s model is effective for unsteady 

lift at a moderate mean angle of attack. One of the other transfer functions is the Sears 

function which used the first-order transfer function of an airfoil encountering a sinusoidal 

vertical gust using thin-airfoil and potential flow theories (Sears, 1938). These first-order 

transfer functions (the Theodorsen and Sears functions) are extensively applied in the 

engineering sectors (Dowell, 2014). 

Based on unsteady thin-airfoil theory, Sears function assumes sinusoidal vertical gust 

interacting with a thin airfoil, which only depends on the reduced frequency of a single 

gust because it is a one-wavenumber transfer function, as shown in Figure 2-10. An 

essential aspect of the function of transfer is that it decreases monotonically from the unit 

value at k = 0, indicating that at no reduced frequency will the fluctuating loads be 

amplified above their quasi-steady values. Application of the model requires that gust 

disturbances are small enough such that thin airfoil theory applies, and that vortices remain 

in-plane with the airfoil. However, the measured lift response in turbulent flow does not 

match the Sears function’s theoretical values (Jackson et al., 1973; Lamson, 1957). The 

velocity fluctuations are therefore variable both in the streamwise and spanwise directions. 

Here, the interaction of the velocity fluctuation with the strip of the wing depends not only 

on the local velocity fluctuation but also on the velocity fluctuation at other spanwise 

positions. Atassi (1984) modelled two wavenumber transfer functions: the gust is 

distorted, causing a dependence of the fluctuating lift on the gust wavenumber in the 

direction perpendicular to the airfoil. A second-order model agrees well with the 

experimental transfer function. 
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There have been extensive research efforts to understand the force production of the wing 

in the wake, for example, pelicans in V-formation may save approximately 12% of their 

energy (Weimerskirch et al., 2001). Similarly, flow interactions between airfoils and their 

configurations can improve thrust performance while reducing energy expenditure. As 

shown Figure 2-11, these collective configurations may be divided into three categories; 

in-line, side-by-side, or tip-to-tip arrangement (Kurt et al., 2020). Boschitsch et al. (2014) 

investigated the behaviour of two hydrofoils in a line configuration using a pitching 

motion, as shown in Figure 2-12. It is important to note that the aerodynamic performance 

of the downstream foil depends on the spacing between foils and the phase relation 

between the oncoming vortices from an upstream foil. The other observation is that thrust 

production of an upstream foil is affected negatively as spacing between the foils 

decreases, as shown in Figure 2-12a. These results help to understand why both foils 

experience an important change in aerodynamic performance in the near wake 

configuration, and how obtaining benefits of the one foil can cause a decrease in the 

performance of the other. Chatterjee et al. (2020) used a two-dimensional numerical 

approach to examine the performance of a foil undergoing flapping motion in the wake of 

another flapping foil. They concluded that the strong LEV was created on the downstream 

foil due to the wakes shed by the upstream foil to increase the flow angle. The lag of phase 

between the two foils is the critical parameter for the range of thrust improvement. 

Gopalkrishnan et al. (1994) investigated the interaction of a flapping foil with wakes shed 

by a bluff body. In their experiments, a foil was placed in the wake of a D-section cylinder, 

far enough behind the cylinder to not interfere with the vortex forming process, as shown 

in Figure 2-13a. Similarly, the oscillating foil was shown to have a considerable impact 

on the position and strength of the approaching cylinder wakes. They also noticed that the 

propulsive efficiency varied depending on the distance between the cylinder and the foil. 

Three main interaction modes were identified: MODE1: expanding wake (oncoming 

cylinder vortices combined with vortices shed by the foil to generate mushroom-like 

formations), MODE2: destructive interaction with cylinder wake (resulting in weakened 

vortices or even vortices of the opposite circulation), and MODE3: constructive 

interaction with cylinder wake (cylinder wakes combine with vortices of the same sign 
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shed by the foil, generating significantly stronger vortices than before), as shown in Figure 

2-13b. The airfoil performance in the wake were investigated across a wide range of angle 

of attack from -20° to +20° by Lefebvre and Jones (2019). The cylinder-airfoil interactions 

were measured for changing the cylinder-airfoil streamwise distance x/D, where D is the 

cylinder diameter. When the airfoil is positioned at x/D= 2, the wake from the cylinder 

rolls-up into a big coherent structure on the downstream airfoil. Lift reduces as the angle 

of attack increases but drag remains negative and decreases as the angle of attack 

increases. When the airfoil is placed x/D=3, as shown in Figure 2-14, two important flow 

structures are shown as the phase angle (ϕ) increases. A von Kármán vortex street is 

formed by the shedding of counterrotating vortices. This combination of vortical 

structures creates a velocity field between the cylinder and the airfoil with substantial flow 

angle oscillations, effectively alternating updraft, and downdraft. The incidence flow 

angle to the airfoil is measured to fluctuate sinusoidally from 45° to -45° across a range 

of 0 to 180 degrees. The second important flow features occur when an updraft encounters 

a NACA 0012 airfoil pitched at 20°: the flow separates at the leading edge, forming shear 

layers that grow and form into a leading edge vortex (LEV) which delays the airfoil stall. 

These studies provide crucial insight into how large turbulent scales impact airfoil 

performance in ship–aircraft aerodynamics.  

Wakes and vortices of oscillating aerofoils are often used in wind tunnel experiments as 

gust generators to simulate downstream airfoils in gusts. Examples include the use of 

oscillating aerofoils or cascade of aerofoils (Booth & Yu, 1986; Gilman & Bennett, 1966; 

Wu et al., 2020), and fixed aerofoils with oscillating flaps (Bicknell & Parker, 1972; Jones 

et al., 2005).  

While it is recognised that specific unsteady characteristics of the unsteady wakes 

generated by the above methods will differ, some essential features are expected to be 

similar. The unsteady wakes of plunging airfoils represent more realistic gusts, though the 

cross-stream length scale will depend on the kinematic parameters for the oscillating 

airfoil. For example, one may expect that the effect of the frequency and the amplitude 

can be qualitatively similar. It is believed that a pure plunging motion study can shed some 

understanding of the effects of the reduced frequency (k) and the Strouhal number (St) on 
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the wake coherence. It is noted that these parameters determine whether vortices are rolls-

up and also a reverse Kármán Street is generated and that St is a measure of the amplitude 

of the wake velocity fluctuations, hence the amplitude of the gust angle. The circulation 

and wavelength may be adjusted to some extent by altering the frequency and amplitude 

of the airfoil plunging motion that generates the unstable wake. In a larger sense, the 

oscillating wake of a plunging airfoil reflects "periodic travelling gusts" with a limited 

cross-stream length scale. 

 

2.2.2 Three-Dimensional Wakes 

 

Until now, two-dimensional wakes have only been reviewed for oscillating airfoils and 

their interactions (parallel-vortex interactions). A complete understanding of the wakes 

and their interactions requires the three-dimensional flow field during their encounters. 

Drag and lift coefficient variations in finite wings at a low Reynolds number are 

fundamentally explained by three systems: the wing-tip vortex (Garmann & Visbal, 2017; 

Lee & Pereira, 2010; Thompson, 1983), the turbulent separated shear layer (Gad-el Hak, 

1990; Huang & Lee, 1999), and the vortex shedding in the wake behind the wing 

(Blondeaux et al., 2005; Von Ellenrieder et al., 2003). The flow behaviour was the focus 

of the majority of this computational or experimental research. Therefore, lift and thrust 

coefficients involve the fluid-structure scenario, giving us an overview of the interaction 

between the wing and the flow pass over it. 

When the wing is finite, the upper and lower surface pressures tend to have the same value 

at the tips, because of the pressure imbalance. Therefore, the air is forced to move from 

the higher pressure to lower to balance by curling just underneath the tips. This 

phenomenon generates a vortex, rotating inwards behind the wing. In practice, however, 

this condition is known as unstable and this phenomenon constitutes a vortex rotating 

inward behind the wing (Anderson, 2007). These vortices are known as trailing vortices 

or wing-tip vortices.  
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The tip vorticities or trailing vorticities are likewise named wake vorticities or wake 

turbulence. The rotational flow field indicates these vortices, and the vortex cores continue 

along the flight path direction. Furthermore, the circulation around the vortex core is 

related to aeroplane speed and vortex span, which is also linked to the lift distribution on 

wings and geometric wingspan (Crouch, 2005).  

The formation of a vortex starts from the wing-tip and extends from the trailing edge to 

some chord behind the aircraft in the near field. Vortex behaviour depends on numerous 

factors, including the wing profile and the wing-tip geometry, the Reynolds number, and 

the wing’s incidence, as well as different Strouhal numbers and reduced frequencies. Most 

studies focus on a fixed wing to characterise vortex life in different zones. The formation 

of a vortex starts from the wing-tip and extends from the trailing edge to some chord 

behind the aircraft in the near field. In this range, secondary flow structures such as the 

secondary tip vortex, flaps and tail vorticities, and the wake sheet all affect each other and 

merge with wing-tip vortices (Gerz, 2001).  

The three-dimensional flow around the wing can be classified into three major parts. 

Specifically, these major parts are the starting vortex, the trailing vortex system and the 

bound vortex system (Houghton & Carpenter, 2003). The vortex ring presents the 

boundary layer of the lower and upper surfaces of the wing, and it is a source of the lift 

and drag through pressure and shear stress distribution at the upstream. The vortex 

filaments from upstream structures eventually impinge into the trailing vortex system on 

the downstream. The resulting system, which models the wing and its wake, is named as 

horseshoe vortex. The horseshoe is a significant representation of the lifting wing and an 

accurate tool for designing the wing configuration and geometry. The simplified 

horseshoe vortex model has two trailing vorticities and a single bound vortex. According 

to the Helmholtz Second Law, vortex filament continues downstream as two infinitely 

trailing vorticities, and the strength of the bound vortex is equal to the strength of trailing 

vortices (Wu et al., 2006).   
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2.2.2.1 Vortex-wakes of oscillating wings 

 

Developing of the tip vortex and the vorticity sheet shed from the trailing edge of a 

stationary (left) and an oscillating (right) wing is seen schematically in Figure 2-15. The 

tip vortex is usually the main vortical feature in stationary wings. Both the tip vortex and 

the trailing edge vorticity sheet are very unsteady and periodic in the unsteady wake of 

oscillating wings (see Figure 2-15). The sketch in Figure 2-15 (right) illustrates the 

unsteady wake for low Strouhal numbers (St < 0.01). 

The vorticity sheet shed from the trailing edge does not roll-up into coherent vortical 

structures as long as there is no flow separation at the leading edge. Early research has 

shown that the tip vortex can be highly unsteady due to the vortex meandering which is 

defined as the fluctuations of the vortex core (Baker et al., 1974). Typically, the tip vortex 

completes its roll-up between 2-3 chord lengths downstream of the trailing edge 

(Shekarriz et al., 1993). Birch and Lee (2005) also investigated the three-dimensional flow 

structure of a wing-tip vortex using a rectangular and square-tip NACA0015  oscillating 

wing at Re=20,000. Overall, the tip vortex circulation remained constant up to x/c = 3 and 

the roll-up was completed approximately at x/c = 1.5, where the tangential velocity, lift-

induced drag, and circulation were directly proportional to the angle of attack. Changing 

or redesigning tip geometry was searched to minimise and control the tip vortex. 

Therefore, Chigier and Corsiglia (1971) examined the vortex structure on a square tip 

NACA0015. The vortex becomes strong from the trailing edge to x/c=3.75 on the 

downstream because of the vortex stretching. Thompson (1983) and Francis and Katz 

(1988) concluded that the flow separation around the square tip promoted weak main 

vorticities and the secondary vortex because of sharp edges on the square tip.  

For oscillating wings, previous experimental and numerical simulations documented 

spatially periodic trajectory and strength of the tip vortex for low Strouhal numbers based 

on the amplitude in the range of StA = 0.01 - 0.03, where A is the peak-to-peak amplitude 

of the plunging oscillations of the wing. The vortex evaluation presented substantial 

fluctuations in axial velocity and circulation at the small amplitude and low frequency 
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during the heaving cycle. The vortex wandering was examined due to separation and 

stretching caused by the formation of shear layers. In addition, the vortex core is increased 

and decreased depending on the wave-like behaviour of the axial flow (Fishman et al., 

2017). Fishman and Rockwell (2018) have investigated the development of the orbital 

motion of the tip vortex for a wing plunging at a small amplitude (A/c = 0.03). The effect 

of the Strouhal number based on the chord length was significant. At a low Strouhal 

number (Stc = 0.08), the vortex amplitude remained roughly constant in the streamwise 

direction, whereas the vortex amplitude increased nearly one order of the magnitude in 

the streamwise direction for a higher Strouhal number (Stc = 0.67).   

Further research by Garmann and Visbal (2017) has discussed a plunging wing’s effect 

on the development of the tip vortex in computational simulations. The measurements 

were implemented at the NACA0012 wing at a Reynolds number of 20,000 with the angle 

of attack at 8°, which indicates the flow structure of the vortex from a wing undergoing 

the small amplitude and heaving oscillations. The effect of the plunging amplitude and the 

frequency was analysed emphasising the formation of the vortex along the wing tip. The 

tip vortex experienced significant fluctuations in its structure due to the unsteady 

separation, formation of shear layers and stretching, as well as increasing and decreasing 

core size depending on the wake-like and jet-like behaviour of the axial flow. Associated 

spiralling substructures were present for part of the oscillating cycle. The vortex 

meandering amplitude increased as much as three times the initial displacement in the 

near wake and developed into a self-induced orbital motion, as shown in Figure 2-16. This 

produces respectable fluctuations of the vortex core, which could be hazardous in 

downstream aerodynamic surfaces or reliable vortex behaviour in real-world applications. 

By increasing the Strouhal number and the motion amplitude, the wake rolls-up into 

coherent vortices. Reversed Kármán Street observed in the wake (say, in the mid-span 

plane of the wing) is part of the interconnected discrete vortex rings (Calderon et al., 2014; 

Dong et al., 2006; Von Ellenrieder et al., 2003). Von Ellenrieder et al. (2003) showed dye-

flow visualisation results to demonstrate a geometric model of the vortical skeleton for 

the three-dimensional thrust-producing flapping wing. In Figure 2-17, they found that the 

trailing edge ( marked with T in the figure) and leading edge ( marked with L in the figure) 
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vortices interreacted with wing-tip vortices to create a vortex loop over one side oscillation 

cycle. Similarly, Calderon et al. (2013) highlighted the effect of the Strouhal number on 

the general vortical structure of the plunging wings. A leading edge vortex may also 

emanate during the downward plunging motion, due to an increased effective angle of 

attack. In addition, tip vortex and trailing edge vorticities merge, forming a vortex loop as 

shown in Figure 2-18(b). On the upward plunging motion, leading edge vorticities 

detached and enhanced the structure as an ‘arc-type’. The formation and evolution of the 

leading edge vortex were investigated depending on the Strouhal number, and the vortex 

ring is evident at high Strouhal numbers. Figure 2-18(a) indicates the isometric view of 

the vortex loop system. It is typical of reverse von Kármán Vortex Street. Hence, the total 

circulation of trailing vorticities will always remain equal. However, other species, such 

as eels, do not produce reverse von Kármán wakes. They generate a series of vortex rings 

that propagate beside each other, which is frequently called bifurcating wake (Tytell & 

Lauder, 2004), as shown in Figure 2-19. 

Various physical mechanisms may cause three-dimensionality of the oscillating wakes. 

Separated shear layers, shed from the leading edge or the trailing edge, may exhibit 

transition. High-fidelity simulations revealed that early signs of the onset of the three-

dimensionality of leading edge vortices can be found at a chord Reynolds number of Re = 

10,000 (Visbal, 2009). An abrupt breakdown of the leading edge vortex due to the onset 

of small-scale spanwise instabilities is possible at Re = 40,000. These instabilities may 

have similarities to those observed in mixing layers (Bernal & Roshko, 1986) and wakes 

(Williamson, 1996a). At high frequencies concentrated vortices are fully formed quickly, 

and as the recent experiments on high-aspect-ratio wings suggest, spanwise waves with a 

wavelength of the order of the chord length may appear on the leading edge vortices 

(Chiereghin et al., 2020; Son et al., 2021). 

Due to the onset of three-dimensionality of the flow, one may expect a streamwise decay 

of the vortical structures in the streamwise direction. Bohl and Koochesfahani (2009) 

experimentally investigated the downstream development of a pitching airfoil for x/c< 1.1 

at a Reynolds number of Re =12,600 and suggested that the three-dimensionality of the 

vortices causes faster diffusion of the peak vorticity in the streamwise direction for k > 5. 
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In addition, the turbulent diffusion due to the small-scales is likely to reduce the coherence 

of the vortical flow in the streamwise direction, even if flow separation at the sharp trailing 

edge is two-dimensional. 

 

2.2.2.2 Vortex-Wing interactions 

Studying the characteristics of the vortex generated at the wing-tip on a finite static and 

plunging wing seems to have received lesser attention. This is crucial because the tip 

vortex generates noise, induces drag, and creates the vortex-wing interaction issue. It is 

necessary to have an accurate understanding of the trailing tip vortex and its emancipation 

downstream of the wing since the flow in the tip region affects the performance of the 

wing. The interactions between the tip vortices are the major subject of this section.  

The nature of a wing-tip vortex is one of the great significant research topics because it 

impacts aerodynamic perspectives, such as aircraft performance, aviation safety, and 

energy consumption possibilities. During taking off and landing at an airport, the speed of 

an aircraft is low and creates high lift coefficients to control flight. Therefore, the tip 

vortex may extend to hundreds of chords downstream and affect two consecutive aircraft. 

This is one limitation of airport throughput (Garmann & Visbal, 2017). If an aeroplane 

flies through a tip vortex, it has a greater tendency to roll over the vortex, causing a pilot 

to lose control or bring about the most pessimistic scenario, experiencing structural failure 

so called wake-vortex hazard. Some safety regulations have forced aeroplane separation 

requirements by operating flight rules. However, separation or break-up needs time to 

occur and specifically influences airport capacity. Therefore, if vortices can minimise or 

modify in the downwash region, it could be beneficial. For example, it could increase the 

capacity of airports and enhance the safety of air-traffic management systems (Crouch, 

2005).  

Vortex-wing interaction is prevalent in the formation flight of birds as well. Lissaman and 

Shollenberger (1970) concluded that V-formations and a flock of birds flying enhance 

aerodynamic performance because of induced drag reduction. This benefit can be applied 
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to aircraft and MAV applications to increase aerodynamic performance. Similarly, Rubin 

et al. (2020) presented the effect of the wings in a V-formation for the drag coefficient 

with different wingtip spacing (Figure 2-20(a)) and the angle of attack (Figure 2-20(b)). 

In these scenarios, the wingtip vortices interact and create unsteady wakes in those 

regions. The results stated that the drag coefficient becomes constant for positive wingtips 

spacing, with no interactions. However, the drag coefficient was increased for negative 

wingtips spacing because the interaction creates a different pressure distribution on the 

following wings. At negative wingtips spacing (-10), the minimum drag coefficient 

reduction (28.5%) was achieved at a zero angle of attack. With increasing the angle of 

attack, the drag coefficient reduction is decreased.  

While some studies have focused on the performance of the aircraft and birds flying in the 

formation, other investigations have focused more on the underlying flow physics that 

occurs in these examples. This helps to understand the fundamental problem of unsteady 

interaction.‘Chen et al. (2018) focus on the more complex cases of the interaction of 

meandering tip vorticities with downstream wings, implemented in a water tunnel and 

analysed experimentally using PIV, as shown in Figure 2-21. In these cases, the trailing-

wing incidence or vortex location was modified but the strength of the leading wing vortex 

was maintained constant at αLW= 10°. Figure 2-21(a) and Figure 2-21(b) (for the same 

location of the leading vortex, but different trailing wing incidence) show that the 

deformation of the leading vortex pattern accelerates right before the mid-chord location 

of the trailing wing in both cases, although the elongation of the leading vortex seems 

larger and expands quicker at αTW= 10°. In Figure 2-21(c), the deformation of the leading 

vortex pattern begins significantly earlier. In conclusion, the upstream vortex forms a pair 

with the vortex shed from the downstream wing, causing large displacement near the 

wing-tip and substantial lift fluctuations on the downstream wing.’ 

Most of the literature focuses on the details of the unsteady nature of a pair of vortices or 

single vortex structure in relation to instability mechanisms and their evolution. 

Instabilities classify into two main classes, commonly known as long-wave instabilities 

and short-wave instabilities. The long-wave instabilities occur with a pair of counter-

rotating vorticities, similar to Crow (1970)’s description of an aircraft’s wake. Co-rotating 
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vorticities occur when amplitudes of vorticities become sufficiently large and combine 

with the form of a vortex ring on the downstream. Short-wave instabilities can be on the 

order of the vortex diameter, which is smaller than described long-wave instabilities (Roy 

et al., 2011). 

More recently, Garmann and Visbal (2015b) presented the unsteady interaction of 

streamwise-oriented vortices impinging at different spanwise locations on the NACA0012 

finite wing at Re=20,000 using a numerical simulation, as shown Figure 2-22. Inboard 

positioning developed unsteady fluctuations of the incident vortex pinching off the suction 

and pressure side of the wing. In all cases, however, the core dynamics of the impingement 

produce a spiral instability, which deflects the vortex over the top and bottom surface of 

the wing. McKenna and Rockwell (2016) employed a particle image velocimetry 

technique to examine the impingement of a tip vortex on a wing to better understand the 

interaction's physics using streamline patterns. Their results demonstrated that they are 

identical with modes of the interactions characterised by Barnes et al. (2016) and Garmann 

and Visbal (2015b) concerning developing an instability. McKenna et al. (2017) show that 

the impact of the impingement location in interaction mode depends highly on spanwise 

locations along the downstream wing, as well as upstream influence on the evolution of 

the incident vortex. The critical value, namely the stability of properties of the vortex 

structure, of swirl ratio is √2. When the swirl ratio is lower than the critical value, the 

vortex structure becomes unstable. In particular, with spanwise locations close to or 

intersecting the vortex core, the swirl ratio approached lower than the critical value and 

increased the root-mean-square fluctuations of streamwise vorticity and the axial velocity 

on the incident vortex. These are good illustrations of how the interaction with the 

following wing can cause major changes in the vortex formation. These unsteady aspects 

could lead to structural vibrations of the wing, buffeting, and flight control problems. 

2.2.2.3 Wake-Wing Interactions 

Wing-wake interaction and associated unsteady aerodynamics are particular interests in 

this section. Understanding the aerodynamic mechanism of this wing-wake interaction is 

challenging due to the complexity of the flow field and has been the subject of extensive 
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study. This relates to many applications such as aircraft wings in ship air wakes (Zan, 

2005), tandem-wing models (Lehmann, 2009), aircraft flying in turbulence, flight 

refuelling (Li et al., 2020), and energy harvesting in bluff body wakes. Wake-wing 

interactions might relate to industrial applications such as wind farms (Araya et al., 2014) 

and energy-harvesters (Allena & Smits, 2001; Hobbs & Hu, 2012). Recent research on the 

aerodynamics of wings in the bluff-body wakes (Lefebvre & Jones, 2019; Zhang et al., 

2020) found significant impacts on unsteady and time-averaged forces. 

Constructing an aerodynamic explanation for the forces created during the flapping flight 

of insects is a significant issue in studying both animal locomotion and fluid mechanics. 

It is possible that insects might benefit from some unsteady wake and wing interactions, 

clap and fling mechanism, delayed stall etc. Wing motion used by small insects suggests 

that their wing may interact with the unsteady wakes of oscillating wings at the end of the 

upstroke and beginning of the downstroke of prior strokes, which results in the lift force 

enhancement (Ellington, 1984). Large insects like dragonflies create wakes that rely on 

the unsteady nature of flapping flight and generate lift and thrust (Alexander, 1984). 

Figure 2-23 shows a hypothesis for such wing-wake interaction. While the wing interacts 

with its wake, it encounters the enhanced velocity fields, resulting in high aerodynamic 

forces as illustrated in Figure 2-23 (e-f) with light blue arrows (Sane, 2003).  

Flapping wings may encounter and interact with the leading wing’s wake to increase lift, 

saving energy consumption. Sane and Dickinson (2002) and Birch and Dickinson (2003) 

investigated the experimentally unsteady effect in the wake capture. Their findings 

indicated that wake capture plays a key role in lift generation. Grodnitsky and Morozov 

(1993) proposed that birds may employ a specific method to extract energy from the near 

wake which contains energy provided to the surrounding fluid in the form of momentum 

and so improves flight performance. Experimental investigation and numerical models on 

pairs of the oscillating wings showed that wing-wake interactions between leading and 

trailing wings produce varied lift and thrust productions as well as the efficiencies, 

depending on phase lag and spacing on wake-wing interactions (Usherwood & Lehmann, 

2008). Lehmann (2009) showed that wing phasing improves aerodynamic efficiency 

(around 22% more aerodynamic power expenditure than insects flapping with two wings 
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only) during the flight by removing the kinetic energy from the wake. Jones et al. (2015) 

examined the aerodynamic features of biplane and tandem wing configuration at the 

Reynolds number Re= 100,000. The aerodynamic performance of the wings were shown 

to depend on the strength of the inter-wing flow and the interaction of the separated 

leading edge and trailing edge shear layers with the trailing wing. Figure 2-24(a) illustrates 

the lift coefficient response of both leading and trailing wings separately with PIV images 

in Figure 2-24(b). The unsteady forces are experienced by the trailing wing, and the 

leading wing is highly dependent on the certain two-wing configuration and its 

interactions, compared to the single wing. In this type of flow, it is known that the arrival 

time of the incident vortices with respect to the wing motion is critical. 

Recent studies have explored different types of gust configurations such as the streamwise 

turbulence and wake behind the bluff bodies. Gust-wing interactions have been an 

important topic of research for many years, particularly due to the importance of light 

unmanned vehicles to atmospheric disturbances. The aerodynamics of the stationary wing 

has recently been studied by Zhang et al. (2020) in bluff-body wakes. Unsteady loading 

is affected by unsteady characteristics such as the flow separation, the leading edge vortex 

formation, the vortex shedding and the wing location in the wake. They observed that the 

maximum lift enhancement (around 34%) and stall delay (around 9°) is obtained when the 

wing is located at an ideal offset distance from the wake centre line. Qian et al. (2021) 

investigated the interaction of gust with swept and upswept wings using the transient 

motion. As presented in Figure 2-25(a) and Figure 2-25(b), the lift variation begins to 

increase when the incident vortex approaches the leading edge of the wing, and reaches 

its maximum value at 𝑈∞𝑡/𝑐=3.5 due to obtaining the maximum effective angle of attack, 

as shown in Figure 2-25(c). After that, the lift coefficient of the wing declined and 

exhibited a minimum value at 𝑈∞𝑡/𝑐=5.5 (Figure 2-25(d)) before recovering to zero due 

to the vortex’s induced downwash velocity. Moreover, the lift variations show similar 

fluctuations in the swept downstream wing, while the magnitudes of the peaks are lower.  
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2.3 Literature review summary 
  

A significant number of studies have been published on the unsteady wakes and their 

interactions of pitching and/or plunging airfoils/wings. Section 2.1 explained kinematic 

parameters that characterise the unsteadiness. Section 2.2.1 described two-dimensional 

wakes and their interactions with several examples from literature. Section 2.2.2 described 

three-dimensional wakes, both vortex-wing and wake-wing interactions. Under 

experimental conditions, it has been demonstrated that unsteady loading is affected by the 

wake and vortex interactions.  

The two-dimensionality of the experimentally generated gusts, wakes, and vortices has 

not been considered so far as a function of generating parameters, such as the frequency 

and the amplitude of the airfoil motion. Spanwise correlation length must be important 

when the unsteady forces on the downstream wings are measured and interpreted.  

The wake structure behind the oscillating structure depends highly on the Strouhal number 

(St) and the reduced frequency (k) of the oscillating body, but knowledge of the vortex 

behaviour in the unsteady wakes and interactions remains unclear and the role of each 

parameter is incomplete. For example, one may expect the frequency and the amplitude 

effects to be similar. Triantafyllou et al. (1991) and Anderson et al. (1998) used a 

generalized the Strouhal number based on the total excursion of the trailing edge of the 

airfoil for different airfoil motions. They discovered an extremely strong agreement 

between the mean thrust coefficients for the pure plunging and pitching, suggesting that 

the Strouhal number is the primary dominant parameter (Triantafyllou et al., 1991). 

Although the time-averaged thrust force cannot be directly interpolated to the wake 

coherence, it does show the significance of the Strouhal number. 

One application is wake-body interactions, where the two-dimensional vortex passes 

sufficiently close to the wing, meaning the form of its velocity distribution might affect 

the magnitude of the unsteady loads. These instabilities and unsteady features cause large 

force fluctuations because of parallel vortex-body interactions such as tandem wings or 

fins and other members within the formation. Also, there are still some ‘secrets’ about 
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wake-wing interactions to be discovered. This requires more knowledge of the fluid-

structure interaction and vortex structures under the influence of different oscillation 

frequencies and amplitudes.  

There is limited experimental data published about the unsteady lift response of the wing 

in the unsteady wake. By varying the reduced frequency (k) and the Strouhal number (St) 

of the airfoil plunging motion to generate the unsteady wake, the circulation and the 

wavelength can be altered to some extent. By increasing the Strouhal number of airfoil 

oscillations, the Kármán vortex street with net drag force transforms into a reverse von 

Kármán vortex street with net thrust force. This is relevant to vortex-body interactions 

(Rockwell, 1998), bird flight formation (Lissaman & Shollenberger, 1970), and flapping-

wing MAV (Ghommem & Calo, 2014), as well as fixed-wing MAV in the gust and 

turbulence (Jones et al., 2021).  
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Figure 2-1 Types of unsteady aerofoil motions (Leishman, 2002) 

 

Figure 2-2 a) Drag producing wakes, b) neutral wakes, c) thrust producing wakes, d) 

deflected wakes (Cleaver et al., 2012; Young & Lai, 2004). 
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Figure 2-3 Phase-averaged vorticity contour plots of the oscillation airfoil for k=5.2, 5.7, 

11.5. The counter levels adjust to highlight peak vorticity in the left column, and lower 

vorticity values in the region in the right column (Bohl & Koochesfahani, 2009). 
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Figure 2-4 Wake maps with the amplitude and the oscillating frequency (Young & Lai, 

2004). 
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Figure 2-5 a) Vorticity contour plots for different amplitudes at the same SrA=0.16 with 

two phases b) the drag reduction as a function of the Strouhal number with the Garrick 

approximation (Cleaver et al., 2013).  
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Figure 2-6 Time-averaged velocity magnitude contour plots for A/c=0.3, α=0°; a) Stc=1.5 

b) Stc=2.025-ModeA, and c) Stc=2.025-ModeB (Cleaver et al., 2012). 
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Figure 2-7 Comparison of thrust coefficient variations with the amplitude (h) and the 

reduced frequency (k) (Lai & Platzer, 1999). 

 

Figure 2-8 Summary of three primary interactions (Gursul & Rockwell, 1990). 
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Figure 2-9 a) Vorticity fields for interactions, b) unsteady loads for the vortex-wing 

interactions (Barnes & Visbal, 2018) 

 

Figure 2-10 Sketch of the airfoil gust encounters modelled by the Sears function (Young 

& Smyth, 2021). 
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Figure 2-11 Schematic of the wing arrangements; a) in-line, b) side-by-side, c) tip-to-tip 

(Kurt et al., 2020). 
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Figure 2-12 Aerodynamic performance of unsteady tandem hydrofoils in a line 

configuration a) normalized thrust coefficient for the downstream airfoil as a function of 

the streamwise spacing between two airfoils (b, c) time-averaged velocity fields for b) the 

far wake configuration, c) the near wake configuration (Boschitsch et al., 2014). 



 

68 

 

 

Figure 2-13 a) The sketch of the concept tested, b) wake interaction modes 

(Gopalkrishnan et al., 1994). 
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Figure 2-14 Vorticity counters of an airfoil in the wake of the cylinder when x/D=3, D/c=1 

and α=20° (Lefebvre & Jones, 2019).  



 

70 

 

 

Figure 2-15 Schematic of the tip vortex and trailing edge vortex sheet for the steady flow 

(left) and the plunging wing at a low Strouhal number (St < 0.01) (right). 

 

Figure 2-16 Tip Vortex Structures from the phase-averaged solution at the near-wake 

evolution (Garmann & Visbal, 2017) 
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Figure 2-17 A geometric model of the vortical skeleton for the flapping wing (Von 

Ellenrieder et al., 2003).  

 

 

a) Isometric view of Vortex Chain b) Spanwise vorticity for the 

effectively infinite wing and finite 

wing 

Figure 2-18 Vortex Structures using volumetric three-dimensional velocimetry 

(Calderon et al., 2013). 
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Figure 2-19 Schematic representation of the wakes behind the pitching wing in eel-like 

swimming (Kurt et al., 2020).  

 

 

Figure 2-20 a) Total drag coefficient in different wingtip spacing at zero angle of attack, 

b) Drag reduction percentage as a function of the angle of attack for wings in the formation 

(Rubin et al., 2020). 
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Figure 2-21 The counter-rotating vortices interacting with the downstream wing a) αLW= 

10°, αTW= 5° at ∆y/c= 0, ∆z/c= 0.1; b) αLW= 10°, αTW= 10° at ∆y/c= 0, ∆z/c= 0.1; c) αLW= 

10°, αTW= 10° at ∆y/c= -0.1, ∆z/c= 0.2; (Chen et al., 2018). 

 



 

74 

 

 

Figure 2-22 Unsteady vortex-wing interactions (Garmann & Visbal, 2015b) 
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Figure 2-23 Wing-wake interactions mechanism (Sane, 2003). 
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Figure 2-24 a) Lift coefficient as a function of a different wing location ∆y/c in tandem 

at ∆x/c=0.5, and α= 25°, b) Corresponding the normalised velocity magnitude is indicated 

as j to n. (Jones et al., 2015).  
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Figure 2-25 Lift variation of the downstream wing a) Γ/U∞c= 0.55, b) Γ/U∞c= 1.07, (c, 

d) vorticity counter of at Γ/U∞c= 1.07 c) U∞t/c= 3.5, d) U∞t/c= 5.5 (Qian et al., 2021).  
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CHAPTER 3 Experimental Methodology 
 

This chapter aims to discuss, in-depth, the experimental set-up, methods, and uncertainty 

analysis. In addition, data processing and post-processing techniques are discussed, as 

well as foil kinematics and dimensionless parameters.   

 

3.1  Experimental Set-up 
 

The experiments were conducted in a closed-loop, free surface water tunnel (The Eidetics 

model 1520) at the University of Bath. The main test section of the facility is 381mm 

wide, 508 mm deep, and 1520 mm long, with optical access provided via tempered glass. 

There are four viewing windows in the tunnel: three around the test section and one the 

downstream for laser access. The schematic representation of the water tunnel is shown 

in Figure 3-1. It is significant to have clean water inside the tunnel to avoid generating 

noise. To eliminate this possibility, the tunnel was drained and refilled periodically. 

Moreover, the water passes through the filter for approximately two hours to obtain clear 

water after the tunnel was filled. There are some honeycomb meshes and screens before 

the testing section in order to achieve a turbulence intensity of less than 0.5% (Heathcote, 

2006). 

Before and during testing, both the water temperature and level were measured, since 

these values were required to determine the free-stream velocity of the tunnel to achieve 

the desired Reynolds number. This could be subsequently achieved by varying the speed 

of the water tunnel pump. The free-stream velocity was also used for determining the non-

dimensionalisation of the results. The freestream velocity of the water tunnel can be varied 

between 0 to 0.5 m/s by changing the water pump speed. 

Chiereghin et al. (2019) designed the test rig, which was built at the University of Bath. 

The plunging rig consisted of a moving mechanism mounted to a fixed platform and 

supported by four air bearings and was located at the top of the water tunnel in the test 
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section. The upstream oscillating wing (in Chapter 4) and airfoil (in Chapter 5-6) was 

connected to the moving mechanism through a rotation stage that allowed the wing to 

rotate, thus adjusting the required geometric angle of attack with an accuracy of ±0.2º. 

The plunging motion, provided by a Zaber LSQ150B-T3 translation stage, was powered 

by a stepper motor with an X-MCB1 controller that connects mounted on two shafts that 

run through two frictionless air bushings each, see Figure 3-2. The position of the root of 

the wing/airfoil was measured by an encoder, which was located on the shaft attached to 

the motor. This encoder was used to trigger the PIV system to achieve the desired phase 

in the experiment. The maximum error of the sinusoidal plunging motion had been 

previously verified as 0.02a (Chiereghin et al., 2019). 

Figure 3-3 demonstrates the stationary rig model (for Chapter 6) and consists of the angle 

of attack adjustment, the wing model mounting and the binocular force balance device. 

The downstream wing is mounted on the stationary rig with the binocular force balance 

equipment. In addition, the wing had to be rotated manually to alter the necessary the 

angle of attack for the measurements.  

 

3.1.1 Model Geometry 

 

The Reynolds number based on the chord length was 20,000. The wing model had a 

NACA0012 profile for wings and an airfoil. The NACA 0012 profile was chosen for this 

project because of the large experimental data available for comparison. The airfoil and 

wing dimensions were chosen to match the length of the water tunnel test section. The 

chord length of the plunging wing was 62.7 mm, with a semi-aspect-ratio of sAR=5. The 

stationary wing had a chord length of 62.7 mm and a semi-aspect-ratio of sAR=3. The 

chord length of the upstream airfoil was c = 62.7 mm, with an aspect ratio of AR = 5, but 

represented an airfoil as the end-plates were used at both ends. A rigid airfoil and wing were 

used, and the dimensions and properties are presented in Table 3-1. The wing and airfoil 

were mounted vertically regarding free-stream velocity. The coordinate system was 
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located at the root of the upstream plunging wing (Chapter4) and airfoil (Chapter 5-6) at 

the trailing edge. 

Both the airfoil and the wing were manufactured by selective laser sintering using 

Polyamide (PA) 2200, with a smooth finish and subsequently spray-painted matte black 

to eliminate laser reflections during the visualisation. To provide the spanwise stiffness, 

the T800 carbon fibre inset was slotted along the wing span at the quarter chord. To reduce 

free surface effects, a fixed plate was placed at the root of the wing/airfoil for both the 

upstream wing/airfoil and the downstream wing. 

 

 3.1.2 Foil kinematics and dimensionless 

parameters  

 

Figure 3-4(a) prescribes the plunging motion of the wing/airfoil, where A is the peak-to-

peak amplitude (from top to bottom of the motion) in one period T, f is the oscillation 

frequency, and t is the time. The wing is at the top of the plunging motion at T/t=0, and it 

performs the position function as given in the equation below. Here the displacement h(t) 

is measured from the mean location of the airfoil/wing. For each cycle, the motion 

comprises of the downstroke motion, between t/T = 0 to 0.5 (or 0 to π), and the upstroke 

between t/T = 0.5 to 1 (or π to 2π). 

ℎ(𝑡) =
𝐴

2
cos(2𝜋𝑓𝑡)                                                              (3.1) 

Figure 3-4b shows the plots of the amplitude versus the reduced frequency. Maximum 

values (at a fixed amplitude and the reduced frequency) are dictated by the limits of the 

stepping motor, which roughly corresponds to a constant value of the maximum plunge 

velocity. As it will be shown, this range of k and A/c in these experiments captures the 

essential features of different flow regimes. 
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In general, turbulent eddies generate fluctuations in the velocity when the turbulent flow 

is time-dependent, rotational and three-dimensional. There is no turbulence deviation if 

the flow is steady and laminar. When studying unsteady flow, the velocity components at 

a fixed point in space are not constant with time but fluctuate irregularly (Schlichting, 

2006). For the turbulent flow, the longitudinal (u) and vertical (v) velocity records 

comprise both mean and turbulent deviation as stated in the equation below (Charonko & 

Vlachos, 2013). 

 

 

  Mean 

velocity 

Turbulent 

deviation 

 

𝑢(𝑡) = �̅�         + 𝑢′(𝑡)                                    

(3.2) 

𝑣(𝑡) = �̅�         + 𝑣′(𝑡)   (3.3) 

According to the experiment cases, velocities can be recorded with respect to both time 

and phase. Therefore, mean velocity is determined via time and phase average record. 

 Time Average Record Phase Average 

Record 

 

  Mean Velocity: 
�̅� = ∫ 𝑢(𝑡)𝑑𝑡

𝑇+𝑡

𝑡

 < 𝑢 >=
1

𝑁
∑𝑢𝑖

𝑁

1

 

(3.4) 

 
�̅� = ∫ 𝑣(𝑡)𝑑𝑡

𝑇+𝑡

𝑡

 < 𝑣 >=
1

𝑁
∑𝑣𝑖

𝑁

1

 

(3.5) 

Turbulent Deviation: 𝑢′(𝑡) =  𝑢(𝑡) − �̅� 𝑢′
𝑖 = 𝑢𝑖 − �̅� (3.6) 

 𝑣′(𝑡) =  𝑣(𝑡) − �̅� 𝑣′
𝑖 = 𝑣𝑖 − �̅� (3.7) 

Root-mean-square (r.m.s.) velocity is defined as the standard deviation of random velocity 

fluctuations. This concept applies urms. and vrms., which represent longitudinal and vertical 

velocities.  
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 Continuous Record Phase Record  

R.M.S. Velocity: 
𝑢𝑟𝑚𝑠 = √𝑢′(𝑡)2̅̅ ̅̅ ̅̅ ̅̅  

𝑢𝑟𝑚𝑠 = √
1

𝑁
∑(𝑢′

𝑖)2

𝑁

1

 

(3.8) 

 
𝑣𝑟𝑚𝑠 = √𝑣′(𝑡)2̅̅ ̅̅ ̅̅ ̅̅  

𝑣𝑟𝑚𝑠 = √
1

𝑁
∑(𝑣′

𝑖)2

𝑁

1

 

 

𝑣𝑟𝑚𝑠𝑚𝑎𝑔 = √𝑢𝑟𝑚𝑠
2 + 𝑣𝑟𝑚𝑠

2                                                              (3.9) 

 

Effective angle of attack 

 

The geometric angle of attack (𝛼) is proportional to the direction of the free-stream 

velocity, whereas the changing angle of attack relative to the locally deflected free-stream 

is called the ‘aerodynamic’ or ‘effective angle of attack’ (𝛼𝑒𝑓𝑓) (Lissaman & 

Shollenberger, 1970). An airfoil plunging at a velocity (𝑈𝑝𝑙) experiences a change in the 

effective angle of attack. Such a change can lead the effective angle of attack to exceed 

the geometric angle of attack (𝛼), causing flow separation from the leading edge and the 

formation of leading edge vortices (LEV). When an airfoil is plunged at the same effective 

angle of attack, the lift curves may be substantially abrupt, resulting in larger lift peaks, 

an effect that becomes more evident as stall penetration rises (Carta, 1979). The effective 

angle of attack calculates as follows: 

𝛼𝑒𝑓𝑓 = 𝛼 + 𝑡𝑎𝑛−1 (
𝑈𝑝𝑙

𝑈∞
)                                                                   (3.10) 

𝛼𝑒𝑓𝑓 = 𝛼 + 𝑡𝑎𝑛−1 (
𝑎𝑤

𝑈∞
) = 𝛼 + 𝑡𝑎𝑛−1 ( 

2𝜋𝑓𝑎

𝑈∞
) = 𝛼 + 𝑡𝑎𝑛−1( 𝜋𝑆𝑡)               (3.11) 

where 𝑈𝑝𝑙 is the maximum plunging velocity and 𝑈∞is the free-stream velocity. The 

amplitude based Strouhal number - given in equation 2.3 - is proportional to the plunge 
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velocity and the free-stream velocity, it may be used to determine the effective angle of 

attack, as shown in 3.10 (Gursul & Cleaver, 2019).  

 

Two point cross-correlation calculations 

 

The length scales associated with coherent turbulent motions might be determined using 

two-point correlations. Bendat and Piersol (1986) defined the two-point correlation as 

follows: for various time instants (t) with regard to reference location time (tref): 

𝐶 =
∑ (𝑣1(𝑡𝑟𝑒𝑓)−𝑣1̅̅ ̅(𝑡𝑟𝑒𝑓))(𝑣2(𝑡)−𝑣2̅̅ ̅(𝑡))𝑛

𝑖=1

√∑ (𝑣1(𝑡𝑟𝑒𝑓)−𝑣1̅̅ ̅(𝑡𝑟𝑒𝑓))
2𝑛

𝑖=1  √∑ (𝑣2(𝑡)−𝑣2̅̅ ̅(𝑡))2𝑛
𝑖=1

         (3.12) 

where ‘v1’ is the velocity at the reference point, and ‘v2’ is the velocity at the spatial 

location in the measured velocity field. The correlation coefficient is performed using the 

velocity field from PIV measurements to understand greater insight into the dynamics of 

wake vortical flow structures downstream which contains most of the vortex structures. 

The correlation is the product of the fluctuating components, which are significant in 

characterising the turbulent flows.  

The correlation coefficient (C) takes values from 1 to -1. When the vorticity field at any 

location at PIV is the same magnitude as the reference point, C would be 1. Similarly, 

when the vorticity field is the same magnitude as the reference point but opposite sign, C 

would become -1. Furthermore, the correlation coefficient would encounter around 0 if 

the vorticity field is highly dissimilar to the reference point. The correlation coefficient is 

a function of time that could indicate whether the wake pattern is the periodic field, the 

vorticity field repeats periodically and close to unity, or the dissimilar field, where the 

vorticity field remains around 0.  
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3.2  Particle Image Velocimetry 
 

Particle Image Velocimetry (PIV) provides instantaneous ‘snapshots’ of the flow structure 

and a better understanding of the large-scale unsteady motion. PIV creates two-

dimensional velocity flow fields that can process flow parameters using velocity vectors. 

This technique uses micron-sized tracer particles embedded in the flow field.  

In all experiments, the PIV system was a commercially available TSI system that includes 

a synchroniser (TSI model 610036), a double-pulsed laser (ND: YAG 50mJ, repetition 

rate 3.75 Hz) - which was not a subharmonic or higher harmonic of the plunging frequency 

- the time interval between two laser pulses at about t = 0.8 ms, and an 8MP camera. To 

optimise laser energy and beam quality, the highest laser repetition rate was chosen. 

Insight™ software included the software module calibration used to spatially calibrate the 

camera images. The calibration was employed in experimental data during the post-

processing stage to translate image displacement into the metric coordinate system. Two-

dimensional calibration allowed entering a calibration factor (the ratio of mm/pixel) to 

compute the flow velocity using meters per second. The focus of the camera and laser 

sheet was positioned via a calibration target (ruler) where images were collected to a target 

location. The key was to precisely calibrate the laser and camera so that the measurements' 

coordinate system could be properly recorded in the post-processing.  

Commercially available hollow glass spheres (8-12 μm in diameter) were used to seed the 

water. The phase-averaged data were produced from 60 image pairs acquired for each 

phase point in the oscillation, while the time-averaged data (continuous sampling) were 

derived from 2000 sequential instantaneous flow fields. 

Figure 3-5 is an example of the pipeline of image processing of PIV. Frame-A and frame-

B pictures are captured by a camera at periods t and t+∆T, where t is the time for frame-

A and ∆T is the interval between image captures. The time interval of 0.8ms was chosen 

according to the one-quarter rule (Adrian & Westerweel, 2011). This value is at least 

twenty-five percent less than laser thickness (3mm) divided by the maximum free-stream 
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velocity (0.5m/s). This is to ensure that particles stay in the integration window, which is 

used to compute particle displacement between two frames.  

The images were processed via algorithms provided by TSI’s software package INSIGHT 

4GTM using the Fast Fourier Transform (FFT). The image processing was carried out 

with an interrogation window-size of 32 by 32 pixels with 25% overlap, resulting in a 

spatial resolution of 2.5%c. In the post-process, the vector conditioning and validation 

were applied to fill the holes in the vector field or to smooth the vector field if necessary. 

In addition, a common image enhancement method is background image subtraction. The 

images might have some constant parts like walls, background scattered light, and variable 

particles that are being measured (Manuel, 2015). By removing the constant parts of the 

images, the variable part was more apparent, and the signal-to-noise ratio of the image 

was improved. 

 

3.3  Dye Flow Visualisation 
 

Dye flow visualisation is a reliable first-off approach for determining the behaviour of 

vortex formation on a plunging wing. The experimental system consisted of a 24.3-

megapixel CCD camera fitted with a NIKKOR 50mm lens and a continuous laser beam 

(Innova 70C Series argon-ion laser). The laser system consisted of three primary 

components which are heat exchanger, the laser head and plasma tube and the power 

supply. The laser beam was generated by the laser system and linked to an optical fibre 

cable that was connected to portable equipment and projected onto a laser sheet. The 

laser’s focus and divergence were adjusted by changing the width and thickness of the 

laser sheet. The goal was to have a lower laser sheet height so that the laser energy could 

be concentrated more effectively, as well as a thin laser sheet to decrease blurriness, 

resulting in a final thickness of around 3 mm.  

The dye was injected into water by the wingtip vortex passing through the laser sheet, thus 

recording the wing tip vortex structure by the camera using a downstream viewing 



 

86 

 

window. The camera was used to record videos throughout the test section with a sampling 

frequency of 60fps (frames per second) and a resolution of 1920x1080 pixels was attained.  

For the dye flow visualisation, a 0.5 mm hole was placed near the wingtip, 0.6 chord 

lengths from the leading edge, as shown Figure 3-6. Another pump system supplied the 

dye emulsion, which was pressurised with compressed air, and the flow rate was fine-

tuned using a needle valve to achieve the desired outflow velocity. The visualisation agent 

was Rhodamine 6g, which was employed at a dosage of 40 mg per litre of water. The need 

of keeping the water reasonably free of excess colour was critical. To do this, the water 

was drained after two hours and filtered on a regular basis. 

Once the raw data were collected from the camera, the video was altered to pictures 

indicating oscillation cycle numbers using certain periods and frequencies. This was 

achieved using MATLAB and Adobe Premiere Professional. Once individual frames were 

extracted, photo editing software, such as Lightroom, was used to further process the data 

to demonstrate vortices.  

 

3.4 Force Measurements 
 

Figure 3-7a shows a two-component binocular load cell used to measure the unsteady lift 

force. The force balance was employed with four strain gauges per axis, connected in a 

Wheatstone bridge arrangement to provide a voltage proportional to the applied force. In 

this study, the force device was aligned in one axis only (for the lift), acting on the 

(downstream) wing, and so ignored the drag force.  

A pulley system was used to calibrate the force load device, which aligned toward the 

force axis to be calibrated when the wing was set at an angle of attack of 0°. Using the 

pulley mechanism, known masses were added to the wing’s mid-chord. Forces 

perpendicular to the load cell could cause a measurable strain, thus altering the output 

voltage for each weight. Voltage signals were amplified through an AD624 circuit and 

then filtered through a 30Hz low pass filter using LABVIEW. A MATLAB algorithm was 
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used to get an average value, and a linear curve fit was utilised to obtain a force per voltage 

gradient. The calibration line is shown in Figure 3-7(b). 

Before beginning force measurements - and with the tunnel running at the present speed - 

a 180-second waiting interval was tested to enable the water to settle to a constant flow. 

The lift data for the wing in freestream (in the absence of the plunging upstream airfoil) 

were collected for 60 seconds at a sampling rate of 1 kHz. When the plunging airfoil is 

submerged upstream of the stationary wing, an integrated LabVIEW program ensures the 

synchronisation of the plunging motion of the airfoil and the lift force data on the wing. 

For each case, 60 cycles were recorded, with 2,000 samples per period. The phase-

averaged lift force was then calculated. 

 

3.5 Proper Orthogonal Decomposition  
 

The Proper Orthogonal Decomposition (POD) has been extensively used in literature 

(Chen et al., 2017; Graftieaux et al., 2001; Wang & Gursul, 2012), which extracts the 

major significant properties that may otherwise be hidden within flow structures and 

instantaneous snapshots (Bennacer & Sefiane, 2016; Berkooz et al., 1993). POD was first 

introduced into fluid dynamics by Lumley (Bakewell & Lumley, 1967) so as to understand 

dominant flow structures and examine their stability. POD has been discovered as a 

powerful method to decompose the coherent large-scale flow unsteadiness as spatial 

information (dominating flow structures), and for extracting the most energetic (spatial) 

eigenfunction to represent the eddies of the flow (Bennacer & Sefiane, 2016).  

The snapshot version of POD is based on the cross-correlation between an individual 

image of velocity fluctuations (Sirovich, 1987). The fluctuating component of each 

snapshot is obtained by subtracting the ensemble averaged velocity field using statistical 

analysis. The corresponding eigenvector represents the basis function or mode shape. The 

first and most essential characteristic of POD is that it is an optimal form of an energetic 

point of view (Graftieaux et al., 2001). The energy is given by the sum of the eigenvalues, 

so each eigenvalue taken individually performs the energy contribution of the 
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corresponding deterministic function (Berkooz et al., 1993). Usually, most of the energy 

in the flow can be captured in the first few modes.  

Another important characteristic of the POD eigenmodes is that they use the velocity field 

to determine the position of the vortex's centre and boundary. The POD computed for the 

collected velocity fields indicates that two spatial modes cause most of the fluctuations 

observed in the vicinity of the location of the mean vortex centre. These two modes were 

also responsible for the large-scale coherence of the fluctuations. The POD computed 

from the scalar field shows that the displacement and deformation of the large-scale vortex 

are correlated to these modes. The proper orthogonal decomposition analysis of the 

measured velocity field was also performed to understand the nature of the vortex 

unsteadiness (Graftieaux et al., 2001). 

The analysis was performed using commercial software TSI GRAD-POD TOOLBOX, 

which employs the spatial-temporal data analysis technique proposed by Heiland (1992). 

The POD decomposes the fluctuating flow fields as,  

𝑣(𝑥, 𝑦, 𝑡) = 𝑉(𝑥, 𝑦) + 𝑣′(𝑥, 𝑦, 𝑡) = 𝑉(𝑥, 𝑦) + 𝑏1(𝑡)𝑃𝑂𝐷1(𝑥, 𝑦) + 𝑏2(𝑡)𝑃𝑂𝐷2(𝑥, 𝑦)+. . (3.14) 

where V is the mean velocity component, and 𝑢′ is the fluctuating velocity component of 

velocity fields. Here ‘b’ and ‘POD’ are modes and corresponding mode coefficients 

(Sirovich, 1987). In particular, the fluctuation component of the data is dominated by 

turbulence, as the wake-vortex is studied here and identified in this POD analysis. For 

oscillating wakes of plunging airfoils, most of the energy in the flow can be captured in 

the first few modes. 

 

3.6 Experimental Conditions 
 

3.6.1 Measurements Uncertainty Analysis  

Previous researchers have not estimated the expected error-range for experimental studies. 

The uncertainty approach plays a significant role in evaluating error which is defined as 
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the difference between its measured value and ‘true’ value (Manuel, 2015). Errors are 

categorized either as random or systematic (or bias) errors (Adrian, 2005). The systematic 

errors are associated with calibration errors, but also with the inadequacy of the integration 

procedures. Random errors occur through hardware/experimental set-up (seeding density, 

failure of the camera focus, background noise, out-of-plane motion, among others ) and 

algorithm selection (integration window size, peak detection scheme, etc.)(Boomsma, 

2015; Westerweel, 1997). The knowledge of the uncertainty level of the experiment 

should ensure significant advantages when implementing the results of the experimental 

analysis in engineering design studies and computational fluid dynamics validation 

efforts. For each experimental set-up, however, measurement error is unknown. It is, 

therefore, critical that uncertainty analysis has reported along each measurement to 

understand and determine each potential error.   

The general equation for estimating uncertainty shows following equations (Moffat, 1982, 

1988). Hence, the error in the function of Z (dz) is calculated by the following rule: 

𝑍 = 𝑅(𝑋1, 𝑋2, . . 𝑋𝑛)                                                                                (3.15) 

𝑑𝑧 = √(
𝜕𝑅

𝜕𝑋1
)
2

𝑑𝑥1
2 + (

𝜕𝑅

𝜕𝑋2
)
2

𝑑𝑥2
2 + ⋯(

𝜕𝑅

𝜕𝑋𝑛
)
2

𝑑𝑥𝑛
2                                        (3.16) 

where X represents the variables, which address the main source of the uncertainty. Each 

X value must be a variable independent from the other. It can be noted that errors because 

of the digitisation of a measured signal by data acquisition software were not considered 

important for all uncertainty calculations.  

 

Uncertainty of PIV measurements 

Particle Image Velocimetry (PIV) has shown to be a reliable and accurate approach for 

measuring non-invasive fluid velocity (Adrian, 2005). Different approaches have been 

recently proposed to estimate the unknown error in each velocity component from PIV in 

the literature: primary peak ratio (PPR), mutual information (MI) and image matching 

(IM). According to Boomsma (2015), the most effective method is PPR, followed by MI 
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and lastly IM for experimental analyses. The method suggested by Charonko and Vlachos 

(2013) presents PIV uncertainty measurements using the peak ratio of the cross-

correlation peak algorithm. This PPR method has been used and calibrated by Insight 4G 

software within the post-processing of the PIV images. In Insight 4G, uncertainties are 

calculated with either standard uncertainty and/or expanded uncertainty (Manuel, 2015). 

A measurement’s uncertainty is characterised as a bound-in which, at some level of 

confidence, it is considered that the measurement error resides. The standard uncertainty 

specifies that the real value is evaluated at 68% of the confidence level. The expanded 

uncertainty defines that real value is estimated within 95% of the confidence level. This 

distinction is referred to as "uncertainties," and it is quantified by a confidence level (a 

percentage). Given an uncertainty, the true value can be expected to be within that range 

this percentage of the time. Eventually, a larger confidence level needs a larger uncertainty 

range and wider distribution of possible errors to encompass the true value. Using a 

theoretical model of the relationship derived from synthetic data sets, the uncertainty 

bounds at a 95% confidence level are then computed for several artificial and experimental 

flow fields and the resulting errors are shown to match closely to the predicted 

uncertainties (Charonko & Vlachos, 2013). Estimation of uncertainty bounds for 

individual particle image velocimetry measurements was determined by using Insight 4G 

wherein a 95% confidence level was utilised. Once the uncertainty of each PIV grid point 

was obtained from each instantaneous data, it is assumed that Δ𝑣𝑥 = Δ𝑣𝑦. The mean value 

of uncertainty of all images were determined by using the following formula: 

𝛿𝑈𝑥,𝑦 = (
Δ𝑣95

√2
) 𝑈∞⁄                                                      (3.17) 

where Δ𝑣95 is the magnitude of the uncertainty at a 95% of confidence level. This TSI 

program calculates uncertainties by seeding, pixel displacement, pre-processing, etc. 

(Manuel, 2015). According to the flow field results, the variation of the r.m.s. cross-stream 

velocity in the streamwise plane (Figure 3-8(a)) suggests that the maximum r.m.s. velocity 

reveals along the wake centre line. Similarly, the highest uncertainty is seen along the 

wake centre line, as shown Figure 3-8(b). Uncertainties up to 3.04 % U∞ are present for 

this case, with a mean value of about 1.92 % U∞.  
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Uncertainty of Force Measurements 

The lift coefficient is calculated using the equation below. 

𝐶𝐿 =
𝐹

𝑞∞𝑆
                                                                                  (3.18) 

𝑤ℎ𝑒𝑟𝑒, 𝑞∞ = 0.5𝜌∞𝑈∞
2                                                                      (3.19) 

𝛿𝐶𝐿 = √(
𝛿𝐶𝐿

𝛿𝐿
𝛿𝐿)

2

+ (
𝛿𝐶𝐿

𝛿𝑞∞
𝛿𝑞∞)

2

+ (
𝛿𝐶𝐿

𝛿𝑆
𝛿𝑆)

2

                                        (3.20) 

The equation's variables are directly computed or calibrated. The level of uncertainty for 

each parameter must be calculated in this equation. 

Density Uncertainty: The density of the water is estimated by the temperature of the 

water. Here, the digital thermometer has an accuracy of ±1K. At 20°C (293.15K), the 

uncertainty of the density of the water (𝛿𝜌∞ 𝑈𝜌∞)⁄  is 0.02%.  

Velocity Uncertainty: To find free-stream velocity uncertainty, the tunnel is calibrated 

using different pump power to achieve a range of the free-stream velocity. The relative 

free-stream uncertainty (𝛿𝑈∞ 𝑈∞)⁄  is 0.01% including the pump power uncertainty.  

Wing Area Uncertainty: The accuracy of the manufacturing wing models is ±0.01mm 

for each dimension. Therefore, the uncertainty of the wing area(S=b*c) is calculated in 

the equation which is 𝛿𝑆 𝑆⁄ = ((𝛿𝑏 𝑏)⁄ 2
∗ (𝛿𝑐 𝑐)⁄ 2

)1/2. Thus, the relative uncertainty of 

the wing area is 0.39%.  

The uncertainty of the sensor for lift measurements is around 1~5%. Therefore, the 

maximum uncertainty for force measurement is 5.2%.  

 

3.6.2 Tunnel Interference Effects 

 

There is a difference between the flow field in the free-field and the experimental 

conditions in the tunnel. Since, the tunnel interfaces can alter the flow, which leads to 

https://tureng.com/en/turkish-english/thermometer
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solid and wake blockage impacts. It is the solid blockage that changes the velocity profile 

caused by the submerged bodies. The error could be around 0.8% in the tunnel to free-

flight velocity (Pankhurst and Holder, 1965). Wake blockage, on the one hand, is the wake 

from the bluffing body that affects the flow field.  The wake blockage becomes significant 

at the high angle of attacks. The Strouhal number is unaffected and the fluctuation of the 

pressure disruption and drag coefficient can be ignored by blockage when the blockage 

ratio is less than 6% at Re=104 and 105(West and Apelt, 1982). Generally, blockage effects 

are neglected by under 6%. In this project, we can be confident to ignore blockage effects 

because the blockage ratio is less than 6% at Re= 20,000.  
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Figure 3-1 The University of Bath Water Tunnel. 

 

Figure 3-2 Downstream view of a plunging rig. 
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Figure 3-3 Stationary wing model 

 

Airfoil/Wing Profiles  NACA0012 

Chord length, c 62.71 mm 

Semi aspect-ratio, sAR 3 (downstream-wing) and 5 (upstream-

wing )  

Aspect-ratio, AR 5 (upstream-airfoil ) 

Material Polyamide(PA) 

 

Table 3-1 Properties of the wing/airfoil tested. 
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a) 

 

b) 

 

Figure 3-4 a) Airfoil/wing displacement, b) Maximum limits of test ring as a function of 

the reduced frequency. 
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Figure 3-5 Overview of particle image processing, raw data, pre-processed images and 

post-processed vector fields. 

 

Figure 3-6 Wing modification for the dye flow visualisation. 

 

 



 

97 

 

a) 

 

b) 

 

Figure 3-7 a) Two-component binocular load cell, b) calibration plot.  

 

 

 

 



 

98 

 

             a) 

 

              b) 

 

Figure 3-8 Contour plots for A/c=0.1, k=3.14, α=0° a) of r.m.s. cross-stream velocity 

fluctuations, b) PIV Uncertainty Analysis using PPR method.  
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CHAPTER 4 Structure of Tip Vortex and 

Wake of Unsteady Wings 
 

The main objective of this chapter was to understand the variations of the amplitude and 

phase of the tip vortex and vortex sheet for a plunging wing. Plunging cases were 

investigated to understand vortex behaviour at the near wake with the latter motion 

producing significant three-dimensional flow structures of the tip vortices. The vortex core 

and wake structure behaviour were also observed, which due to the vortex wandering 

phenomena were amplified with the wing incidence and streamwise distance. The wave-

like motion of the wake in the mid-span plane and the periodic variations of the tip vortex 

and wake in a cross-flow plane were captured in flow visualisation and velocity 

measurements. The amplitude and phase of these oscillations vary with the wing 

oscillation frequency and the amplitude. Both the amplitude of the tip vortex and the 

amplitude of the wake oscillation weakly correlate with the Strouhal number (St) and the 

reduced frequency (k), but the latter is always smaller at a low Strouhal number (St) and 

the reduced frequency (k). With increasing the Strouhal number (St) and the reduced 

frequency (k), wake oscillations become smaller as a reverse Kármán Street develops in 

the mid-span plane, while multiple vortical structures appear in the cross-flow plane due 

to the interconnected vortex loops. These results have implications for vortex interactions 

with downstream wings. 

4.1  Experimental Parameters 
 

In order to highlight the vortex interactions with downstream wings, it is vital to discover 

the variations of the amplitude and phase of the tip vortex and vortex sheet for a plunging 

wing. In both the streamwise and cross-flow planes, two-dimensional particle image 

velocimetry (PIV) was employed for velocity measurements. Figure 4-1 shows the 

schematic of the experimental set-up in the streamwise plane at the wing mid-span and in 

the cross-flow plane. Laser-induced fluorescent dye flow visualisation was performed at 

different cross-flow planes downstream of the wing, x/c = 1, 2, 3, and 5, as shown in 
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Figure 4-1. PIV was performed at a cross-flow plane downstream of the wing, x/c= 5. In 

some analyses, the stationary case is included for reference in the analysis. 

The measurements were taken for the mean angle of attack  = 0(just for dye flow 

visualisation), 5 and 10 (both for PIV and dye flow visualisation), at various Strouhal 

numbers based on the peak-to-peak amplitude (St), the reduced frequency (k) of the 

plunging motion, as shown Table 4-1(a) for PIV and Table 4-1(b) for dye flow 

visualisation measurements. For dye-flow visualisation, experimental cases had been 

performed for low Strouhal numbers to eliminate vortex structure distortion at high 

oscillation frequencies (the main limitation of the ink visualisation). The corresponding 

minimum and maximum effective angles of attack due to the plunging motion are also 

listed in Table 4-1(a).  

The velocity measurements for PIV and dye flow visualisation were taken at eight phases, 

with t/T = 0.125 increments. At t/T = 0, the wing is at the top of the plunging motion.  

 

4.2  Results and Discussion 
 

The dynamics of the vortical structures are expected to depend strongly on the Strouhal 

number (St) and the reduced frequency (k). However, it is unclear whether the Strouhal 

number (St) or the reduced frequency (k) is more important. The displacement amplitude 

of the trailing tip vortex may amplify at selected frequency bands, which implies that k 

may be significant (Viola et al., 2016). However, the initial excitation amplitude (the wing 

motion amplitude), and the amplitude of the initial excitation velocity (plunge velocity, 

thus St), may also be important. On the other hand, if the two-dimensional wake of an 

airfoil at incidence is considered, the free shear layer that develops at the trailing edge is 

expected to have selective amplification in a frequency range, resulting in scaling with k.  

Figure 4-2(a) and Figure 4-2(b) show tip vortex behaviour at four downstream planes for 

St=0.04, k=0.26, A/c=0.5 and St=0.016, k=0.51, A/c=0.1 at =10 respectively. 

Instantaneous images were selected as a representative location and structure of the tip 

vortex and the swirling pattern was detected in most cases. For both cases, the horizontal 
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shadow of the wing can be seen at x/c = 1. In this plane, the vertical motion of the tip 

vortex appears to be mostly in-phase with the wing motion. The vortex is fully rolled-up 

at two to three chords downstream. With increasing streamwise distance from the wing, 

the vortex displacement amplitude grows. The size of the vortex core defined by the dyed 

region generally increases with distance but also exhibits a growth-decay cycle at a given 

cross-flow plane. At the most downstream situation (x/c = 5), the vertical motion of the 

vortex core is virtually out-of-phase with the motion of the wing for both cases, but it is 

clearly seen for the highest amplitude case A/c= 0.5. According to Fishman et al. (2017), 

the vortex is stable and strong at most phases at downstream locations, x/c= 2 and 3. 

Furthermore, with a low strength of vorticity present, the axial vorticity gets attenuated at 

x/c= 5. Similarly, with these results, the vortex structure is not discernible at a higher 

Strouhal number (St) where the vortex is very weak and diffused at x/c= 5. Especially 

given the upstroke wing plunges, the vortex structure is more disorganised, resulting in 

decreased vortex strength. This could be the reason for the decreasing axial velocity deficit 

at the mean vortex core centre and the generation of the diffused vortex structure (Iungo, 

2017). Further PIV measurements in cross-flow planes were focused on the x/c= 5 plane 

for all cases tested.  

Figure 4-3 shows the r.m.s. of the cross-flow velocity for St= 0.02, k= 0.13, A/c= 0.5, at 

α= 5°. High r.m.s. velocity regions can identify both the tip vortex and the shear layer shed 

from the trailing edge. At phase t/T = 0, the tip vortex is below the shear layer shed from 

the trailing edge, but the opposite is true at phase t/T = 0.375. In this case, the shear layer 

shed from the trailing edge appears to have a larger vertical amplitude than the tip vortex.  

Figure 4-4 indicates the fluctuation of the r.m.s. velocity for the same kinematic 

parameters but at a higher angle of attack α= 10°. Both the tip vortex and vortex sheet in 

the wake reveal a large amplitude motion compared to the angle of attack α= 5°. At high 

r.m.s. velocity, it is suggested that the tip vortex at the angle of attack α= 10° is stronger 

than the angle of attack α= 5°. Although the shear layer in the cross-flow plane is visible 

in all phases, its precise location is more difficult to quantify. As a result, the 

measurements in the streamwise plane were used later to calculate the wake displacement 

for further calculations. On the other hand, in the cross-flow measurements, one can 
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identify the tip vortex from the vorticity distribution. An example is shown in Figure 4-5 

for St= 0.04, k= 0.26, A/c= 0.5, and α = 5°. In this case, the minimum effective angle of 

attack is small (Table 4-1(a)). The tip vortex is relatively weak at the beginning of the 

cycle. The largest and strongest tip vortex is observed as the wing moves up from the 

bottom of the motion (t/T= 0.5) to achieve the minimum effective angle of attack at t/T= 

0.75. The previously mentioned phase lag between the wing motion and vortex motion 

also exists. The evolution of the wake is shown by measurements in the streamwise plane 

at the mid-span.  

Figure 4-6 shows the wake development in the streamwise plane for the same case as 

shown in Figure 4-5. The vertical displacement of the tip vortex reaches the maximum in 

Figure 4-5, when the wing is at t/T = 0.375, which is consistent with the large phase lag 

mentioned earlier. The development of the wake in Figure 4-6 explains the large phase 

lag that exists for the tip vortex in Figure 4-5. The large amplitude wavelike motion of the 

wake shear layer is apparent. Similar to the tip vortex displacement, the wake sheet 

displacement is maximised around t/T = 0.375. The amplitude at x/c = 5 was used for 

comparison with the tip vortex amplitude later in the section. 

Both measurements in the cross-flow and streamwise plane are combined in Figure 4-7 

for the same case as in Figure 4-4. For this example, only four phases are shown, 

demonstrating large-amplitude displacements of the tip vortex and the shear layer shed 

from the trailing edge of the wing. At these phases, the tip vortex appears to be above the 

wake shear layer at x/c = 5. The phase-locked locations of the tip vortex and the shear 

layer in the wake can be analysed from such plots. The locations of the tip vortex and 

wake shear layer are shown in Figure 4-8 for four different cases. For clarity of the 

presentation, the phase-averaged data are shown for three cycles. Depending on the 

kinematic parameters and angle of attack, the tip vortex and wake shear layer exhibit 

different behaviour, depending on the Strouhal number (St), the reduced frequency (k) and 

the angle of attack (α). In all cases, however, the wake exhibits larger displacement than 

the tip vortex. This is critical when the relative contributions of the tip vortex and the wake 

are considered for the interactions with the following wing and resulting unsteady loads. 

For α = 10°, small amplitude and small frequency plunging motion (Figure 4-8(a)) 
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produces small variations of the locations of the tip vortex and wake sheet. With an 

increasing reduced frequency for the same amplitude (Figure 4-8(b)), the wake amplitude 

grows dramatically. In both cases, the tip vortex is above the vortex sheet throughout the 

cycle. With an increasing frequency and amplitude (Figure 4-8(c)), the amplitudes of the 

tip vortex and vortex sheet motions become comparable. The phase lag of the tip vortex 

is also evident. Even though the tip vortex is always above the vortex sheet, the distance 

between the two varies significantly during the cycle. For the same kinematic parameters 

as Figure 4-8(c), but at the smaller angle of attack α = 5° (Figure 4-8(d)), the much higher 

amplitude motion of the wake shear layer and the phase lag of the tip vortex are again 

visible. In this case, there are parts of the cycle where the wake is located above the tip 

vortex. 

Figure 4-9 presents the vorticity contour plots for streamwise measurements plane with 

streamlines in the wake for A/c= 0.2 and varying the reduced frequency at the angle of 

attack α = 10°. Figure 4-10 shows the cross-flow measurements for the same case as 

shown in Figure 4-9. The results are shown in both figures for 4-phases. For a low reduced 

frequency, k= 0.31 (St= 0.02), the orientation of wake is the same as the vorticity in the 

wing boundary layer (i.e. negative vorticity in the top surface boundary layer and positive 

in the bottom), as shown in Figure 4-9a. After x/c= 3, there is a diffusion of the velocity, 

which makes the structure very disorganised, concluding that the wake is very vague and 

weak in the streamwise plane. On the other hand, the tip vortex appears to be larger and 

stronger than in other cases at a low reduced frequency (Figure 4-10(a)) where the wake 

is weak in the streamwise plane at x/c= 5. As the plunge oscillation frequency is increased, 

k= 0.63, St= 0.04, the vortex sheet amplitude grows larger than of the wing motion (Figure 

4-9(b)). In addition, as illustrated in Figure 4-10(b), the tip vortex reveals a larger 

amplitude than the low reduced frequency case (k= 0.31). With a further increase in the 

reduced frequency to k= 1.26 (St= 0.08), large-scale travelling wave motion of the wake 

is clearly observed with strong vorticities (Figure 4-9(c)). This could be due to instabilities 

in the shear layer behind the trailing edge of the wing, where secondary vortical structures 

are formed and shed in the cross-flow (Figure 4-10(c)). Here, the tip vortex in the cross-
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flow plane seems extremely dispersed, whereas the vorticity sheet becomes stronger in 

the streamwise plane. 

Figure 4-11 shows vorticity counters for a single-phase in the wake for a fixed reduced 

frequency k= 1.26 and varying Strouhal numbers (St). At the lowest Strouhal number St= 

0.02, the tip vortex appears to be stronger, as it manifests with a larger diameter and is 

denser in Figure 4-11(a). With increasing the Strouhal number (St), the tip vortex appears 

to be weaker in the cross-flow plane while the vortex sheet becomes stronger in the 

streamwise plane.  

An increasing the Strouhal number (and decreasing streamwise wavelength), discrete 

vortex loops start to dominate the development of the flow in the wake. Figure 4-12 shows 

an example where two vortical structures appear in the cross-flow plane during some parts 

of the cycle (Figure 4-12(a)). Multiple vortical structures exist for t/T ≥ 0.5. The 

corresponding r.m.s. of the cross-flow velocity also reveals these vortical structures as 

well as the shear layer development as it rolls-up into the tip vortex (Figure 4-12(b)). It 

appears that the lower vortex of the two vortical structures is connected to the wake shear 

layer. The combined cross-flow and streamwise plane vorticity shown in Figure 4-13 

confirms that the reverse von Kármán vortex street exists in the mid-span plane. In 

general, it has found multiple vortices in the cross-flow plane whenever the flow in the 

mid-span plane was a reverse von Kármán Street. 

In some cases, there were complex vortical structures in the cross-flow plane as shown by 

the case in Figure 4-14 at different phases. In particular, periodic structures are noted in 

the cross-flow plane at phase t/T = 0.375, which might suggest the existence of a spanwise 

instability in the vortices shed from the trailing edge. Also, a “hollow vortex” in the cross-

flow plane is peculiar to this case. The “hollow vortex” might be an artefact of the phase-

averaging process. A comparison between the phase-averaged flow and three 

instantaneous flow fields for t/T = 0 are presented in Figure 4-15. Figure 4-15(b) shows 

the Q-criterion for the phased-averaged as well as the instantaneous flow fields. The Q-

criterion was first proposed by Hunt et al. (1988), and has since been a widely accepted 

and well documented vortex identification method. The definition of the Q-criterion is as 

follows: 
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𝑄 =
1

2
 (‖Ώ‖2 − ‖𝑆‖2                                                     (4.1) 

where S is strain component and Ώ is a rotating component. The Q-criterion allows better 

distinction between the vortical structures and shear flows (Jeong & Hussain, 1995), and 

positive values of Q indicate a vortex dominated region in the flow. Figure 4-15(b) 

confirms the vortical nature of the “hollow” structure. These are thought to be formed due 

to the rolls-up of the vorticity shed from the trailing edge. 

The phase average is a powerful way to obtain valuable information. However, one should 

also pay attention to the instantaneous flow field to eliminate misleading flow features 

(Margaris et al., 2008). Therefore, probability analysis should be performed to calculate 

instantaneous vortex core locations for each phase location in one cycle. These plots are 

essentially visualisations of vortex diffusion. The highest probability values present a 

reduced diffused vortex core, whereas lower probability values present a more diffused 

and weaker vortex core. Probability analyses were examined for all cases, but the lowest 

(A/c= 0.05 at Figure 4-16(b)) and the highest (A/c= 0.5 at Figure 4-17(b)) amplitude at the 

angle of attack α=10° present here because of having a different vortex meandering 

amplitude behaviour than other cases. Therefore, Figure 4-16 illustrates normalised 

vorticity and probability analysis as a function of phase angle for A/c= 0.05. Figure 4-17 

shows contour plots of vorticity and probability of vortex core position for A/c= 0.5. As 

the amplitude based on Strouhal number (St) increases, the vortex structure also seems 

more diffused than lower St when comparing probability analyses. According to Shekarriz 

et al. (1993), the diameter of the vortex structure depends on the several shear layer 

vorticities produced around the wingtip. These shear layer vorticities combine with tip 

vorticities, resulting in larger diameter vortex structures. It is hypothesised that the shear 

layer can affect vortex core structure at lower Strouhal numbers to obtain enlarge the 

vortex diameter. The tip vortex core is easily detected at low Strouhal numbers where the 

wake is not strong in the streamwise plane. On the other hand, the main tip vortex structure 

reduces strength and becomes diffused, resulting in secondary vorticities in the cross-flow 

plane and reverse von Kármán Street exists in the streamwise plane, especially with higher 

Strouhal numbers.  
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The peak-to-peak amplitude of the wing plunging motion versus the reduced frequency in 

Figure 4-18(a) and the Strouhal number in Figure 4-18(b) is plotted for the cases tested at 

 = 10. Different colours indicate different amplitudes, and the open symbols show the 

cases for which the reverse von Kármán vortex street exists. These results suggest that the 

transition from one type (wake shear layer) to the reverse Kármán vortex street occurs in 

a range of St= 0.04-0.08. It is very hard to determine the wake line in some cases, 

especially with high Strouhal numbers. The high Strouhal numbers’ wake lines and vortex 

structures are disorganised, and secondary vorticities can be distinguished from the main 

vortex structure. For the cases in which the reverse von Kármán vortex street (hence, 

multiple tip vortices in the cross-flow plane) exists, it is difficult to determine the tip 

vortex motion, and therefore they were excluded from the following analysis.  

Figure 4-19 shows the variation of the normalized peak-to-peak amplitude of the tip vortex 

as a function of the reduced frequency (Figure 4-19(a)) and the Strouhal number (Figure 

4-19(b)). Although there is a significant scatter of the data, there is an observed trend of 

increasing the tip vortex amplitude normalized by the wing plunging amplitude with the 

reduced frequency (k). However, there is a larger scatter of the data in the plot with the 

Strouhal number (St). In these figures, the data from references (Fishman et al., 2017; 

Garmann & Visbal, 2017) are also included for comparison. The experimental parameters 

from references are not exactly the same, but the same profile of NACA 0012 and same 

the Reynolds number Re= 20,000 are implemented. The experimental result was 

conducted by Fishman et al. (2017) and is marked as ‘R’, and numerical simulation 

performed by Garmann and Visbal (2017), marked as ‘G’, showing also consistent results 

with PIV.   

Figure 4-20 shows the amplitude of the vortex sheet in the wake as a function of the 

reduced frequency (Figure 4-20(a)) and the Strouhal number (Figure 4-20(b)). For the 

cases in which the reverse von Kármán vortex street exists, the wake amplitude was 

defined by the distance between the vortex rows. In both plots, there is a large scatter of 

the data. However, there is an observed trend suggesting a peak at a low reduced frequency 

and the Strouhal number.  
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Finally, Figure 4-21 shows the ratio of the amplitude of the tip vortex to the amplitude of 

the wake vortex sheet. This quantity is always less than unity. As the wake amplitude is 

larger than the tip vortex amplitude, it implies that parallel vortex interactions are likely 

to cause larger unsteady force fluctuations than the streamwise vortex interactions. 

 

 

4.3  Conclusion 
 

Experiments were carried out with plunging wings in order to investigate the unsteady 

features of the tip vortex and wake using particle image velocimetry (PIV) and dye-flow 

visualisation. The stationary and plunging wing configurations were analysed with 

different wing incidences, plunging amplitudes and frequency ranges. 

The amplitude and phase of the tip vortex and wake oscillations are expected to determine 

the unsteady loading in vortex-body interactions. The main parameters are the reduced 

frequency and the Strouhal number based on the wing amplitude, which influence the tip 

vortex displacement as well as the wake shear layer amplification. The effects of the main 

parameters were investigated by varying the frequency and the amplitude of the wing 

motion. 

The wave-like motion of the wake in the mid-span plane as well as the periodic variations 

of the tip vortex and wake in a cross-flow plane were captured in flow visualisation and 

velocity measurements. It was observed that the tip vortex has a smaller amplitude than 

the amplitude of the wake oscillations at low Strouhal numbers. There may be a phase lag 

between the vertical displacement of the tip vortex and that of the wake. The tip vortex 

may also be above or below the wake at certain phases of the cycle. 

With an increasing Strouhal number, interconnected discrete vortex loops develop, 

resulting in much more complex vortical flows in the cross-flow plane. Multiple vortices 

in the cross-flow plane are always associated with the reverse von Kármán vortex street 

in the mid-span plane. Complex vortical flow in the cross-flow is thought to be due to the 
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trailing edge vorticity rolling-up into interconnected loops. It is difficult to define the tip 

vortex oscillations, but the wake oscillations are generally small for this flow regime. 

The amplitude data for the tip vortex oscillations, in the absence of the reverse Kármán 

vortex street, reveal a large scatter, although there is a trend of increasing the tip vortex 

amplitude with the reduced frequency. There is also a large scatter of the wake amplitude 

with the reduced frequency and the Strouhal number, although there is a suggestion of a 

peak at the low Strouhal number and the reduced frequency. In the absence of the reverse 

Kármán Street, the ratio of the amplitude of the tip vortex to the amplitude of the wake 

oscillations has a poor correlation with the Strouhal number and the reduced frequency 

but is always less than unity. This implies that wake oscillations are likely to cause larger 

force fluctuations than the tip vortex in the interactions with downstream wings.  
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Figure 4-1 Side view and front view of the test rig for experimental set-up at α=0°. 
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a) 

 

b) 

 

Table 4-1 Summary of the experimental parameters for a) PIV measurements, b) Dye 

flow visualisation measurements. 
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a) 

 

 

 

 

 

 

 

 

 

 

b) 

 

Figure 4-2 Dye flow visualisation at different downstream planes, a) St= 0.04, k= 0.26, 

A/c= 0.5, = 10, and b) St= 0.016, k= 0.51, A/c= 0.1, = 10. 
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Figure 4-3 Contour plots of r.m.s. cross-stream velocity fluctuations, St= 0.02, k= 0.13, 

A/c= 0.5, = 5.  

 

Figure 4-4 Contour plots of r.m.s. cross-stream velocity fluctuations, St= 0.02, k= 0.13, 

A/c= 0.5, = 10°. 
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Figure 4-5 Vorticity contours in the cross-flow plane, St= 0.04, k= 0.26, A/c= 0.5, = 5. 

 

 

Figure 4-6 Vorticity contours in the streamwise (mid-span) plane, St= 0.04, k= 0.26, A/c= 

0.5, = 5. 
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Figure 4-7 Vorticity contours in the streamwise plane and the cross-flow plane, St= 0.02, 

k= 0.13, A/c= 0.5, = 10.  
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Figure 4-8 Variations of the locations of the tip vortex and wake shear layer for various 

cases in the cross-flow plane at x/c=5, a) St= 0.005, k= 0.3, A/c= 0.05, α= 10, b) St= 0.01, 

k= 0.63, A/c= 0.05, α= 10, c) St= 0.02, k= 0.13, A/c= 0.5, α= 10, and d) St= 0.02, k= 

0.13, A/c= 0.5, α= 5. 
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Figure 4-9 Vorticity contours in the streamwise plane at fixed value of A/c= 0.2 for = 

10 a) k= 0.31, St= 0.02 b) k= 0.63, St= 0.04, and c) k= 1.26, St= 0.08. 
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Figure 4-10 Vorticity contours in the cross-flow plane at a fixed value of A/c= 0.2 for = 

10 with 4 phases a) k= 0.31, St= 0.02 b) k= 0.63, St= 0.04, and c) k= 1.26, St= 0.08. 
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Figure 4-11 Vorticity contours in the streamwise plane and the cross-flow plane at a fixed 

value of k= 1.26 for = 10  at t/T= 0 a) A/c= 0.05, St= 0.02, b) A/c= 0.1, St= 0.04, and c) 

A/c= 0.2, St= 0.08. 
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Figure 4-12 Contour plots of a) vorticity, and b) r.m.s. cross-flow velocity at x/c= 5 for 

St= 0.04, k= 2.51, A/c= 0.05, = 10. 
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Figure 4-13 Vorticity in the cross-flow and the streamwise plane for St= 0.04, k= 2.51, 

A/c= 0.05, = 10.  



 

121 

 

 

 

Figure 4-14 Vorticity in the streamwise plane and the cross-flow plane for St= 0.08, k= 

2.51, A/c= 0.1, = 5. 
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Figure 4-15 Phase-averaged and instantaneous flow images in the cross-plane at t/T= 0 

for St= 0.08, k= 2.51, A/c= 0.1, = 5, a) vorticity, and b) Q-criterion. 
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Figure 4-16 a) Vorticity in the cross-flow, and b) probability of the vortex core position 

for St= 0.005, k= 0.31, A/c= 0.05, = 10. 

 

 



 

124 

 

 

Figure 4-17 a) Vorticity in the cross-flow, and b) probability of the vortex core position 

for St= 0.08, k= 0.51, A/c= 0.5, = 10. 

 

Figure 4-18 Amplitude versus a) reduced frequency (k), and b) Strouhal number (St) for 

= 10. 
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Figure 4-19 The amplitude of the tip vortex as a function of a) reduced frequency (k), and 

b) Strouhal number (St).  

 

Figure 4-20 The amplitude of the wake vortex sheet as a function of a) reduced frequency 

(k), and b) Strouhal number (St). 
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Figure 4-21 The ratio of the tip vortex amplitude to the vortex sheet amplitude as a 

function of a) reduced frequency (k), and b) Strouhal number (St).  
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CHAPTER 5 Wakes of plunging airfoil 
 

The flow structure in the near wake of a NACA0012 airfoil plunging sinusoidally at a 

chord Reynolds number of Re= 20,000 is investigated experimentally for a wide range of 

the reduced frequency (k) and the Strouhal number based on peak-to-peak amplitude (St). 

Estimated mean thrust coefficients using the mean and fluctuating velocity fields confirm 

the St2 dependence and a significant effect of the reduced frequency for k≤ 1. Generally, 

time-averaged flow quantities are better correlated with St than k in the range tested 

(k≤.3.14 and St≤ 0.24). According to an analysis of the streamwise flow and cross-flow in 

the near wake using two-point cross-correlations and the proper orthogonal 

decomposition, it is reported that the unsteady characteristics are even better correlated 

with St than the mean flow quantities. With increasing St, the percentage energy of the 

fundamental wake modes of the streamwise flow and the flapping mode of the cross-flow 

increases, but at different rates in the drag-producing and thrust-producing wakes. There 

are similarities to the wake synchronisation behind oscillating bodies. The spanwise length 

scale is small and of the order of the airfoil thickness for the stationary airfoil. For an 

oscillating airfoil, the spanwise-averaged cross-correlation coefficient in the measurement 

domain rises linearly for small St (in the drag-producing wakes) and remains nearly 

constant at a high value for higher St (in the thrust-producing wakes). Results imply that 

the Strouhal number is the most significant parameter that determines the degree of two-

dimensionality of the wake and suggests that spanwise vortices are primarily quasi-two-

dimensional for  St≥ 0.05 at Re= 20,000 and x/c≤ 4.03. As the Strouhal number is an 

amplitude parameter for the wake forcing and affects the degree of two-dimensionality, 

the implications for experimental gust generators using oscillating airfoils are discussed. 

 

5.1 Experimental Parameters 
 

In order to provide the relevance of the reduced frequency and Strouhal number on wake 

coherence, this chapter investigates the near wake of a plunging airfoil. 2D-PIV is used to 
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ascertain streamwise and spanwise flow variations in the wake, which are quantified using 

POD and pointwise velocity cross-correlations. 

Nominally two-dimensional airfoil geometry is simulated by using an end plate with a 2 

mm clearance, as illustrated in Figure 5-1. The end plate at the root and glass-end plate at 

the tip extend 2c upstream and 10c downstream, covering the whole width of the water 

tunnel in the cross-stream with a clearance of 3 mm.  

The time-averaged particle image velocimetry (PIV) data were taken at Re= 20,000, and 

the geometric angle of attack  = 0. Tests were carried out at various plunging reduced 

frequencies (from 0.00 to 3.14) and peak-to-peak amplitudes A/c (from 0 to 1) as stated in 

Figure 5-2. 

This chapter showed velocity measurements in two planes: the spanwise plane at z/c = 

2.5, which captured the streamwise flow, and the streamwise plane at x/c = 4.03, which 

captured the cross-flow. Two laser sheets illuminating the two planes are illustrated in 

Figure 5-1. The cross-flow PIV measurements were carried out in an area limited between 

z/c= 1 and 4, which has a width of 60% of the span of the airfoil. To prevent the impact 

of the wall on the vortical flow,  the measurement zone is 1c away from both end-walls. 

Calderon et al. (2014) measured the influence of the wall boundary layer in the same 

facility for a similar chord length, gap, and Reynolds number, and found that the effect is 

limited to a region not bigger than 0.15c at x/c = 1, which can be used as a reference for 

our measurements at x/c = 4.03. 

The mean value of uncertainty was around 2% of the free-stream velocity, as mentioned 

before in Chapter 3.6. Also, a detailed uncertainty analysis is performed for calculations 

(Figure 5-7 through Figure 5-10) in Appendix-1. According to this calculation, the 

uncertainty of momentum thickness is around 3% and the uncertainty of thrust coefficient 

is around 8%. 

5.2 Results and Discussion 
The primary focus is on the coherence of the oscillating wakes. Discussion of the results 

is presented for a summary of the effects of kinematic parameters on the instantaneous 

flow fields, the mean velocity, the amplitude of the cross-stream velocity fluctuations, and 
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an estimate of the drag/thrust coefficient. The two-point cross-correlations and the POD 

analysis are presented for streamwise flow and cross-flow, and the impacts of k and St are 

explored. Finally, the consequences of these findings on measured unsteady lift force are 

explored in the wind tunnel gust generators.  

 

5.2.1 Streamwise measurements 

 

Figure 5-3 shows the instantaneous vorticity and streamlines in the wake of A/c= 0.1 and 

varying frequency, including the case of the stationary airfoil (k= 0). For the wake of the 

stationary airfoil, the vorticity sheets of opposite signs shed from the airfoil rolls-up into 

small, concentrated vortices in the wake. This instantaneous image may measure the 

wavelength of the vorticity concentrations, which is around 0.3c. Two-point correlation 

measurements, which will be discussed in the following section, can obtain a more 

accurate time-averaged estimate. The approximate wavelength of 0.3c for the wake of the 

stationary wake can also obtain an estimate of the frequency of the wake vortex shedding 

(the present PIV measurements are not time-resolved). If the convection velocity is 

assumed to be equal to the freestream velocity in the wake, one finds the reduced 

frequency of vortex shedding as k≈ 10, which is comparable to the prediction of the two-

dimensional unsteady laminar flow simulations of Young and Lai (2007) as for k≈ 9.28 

the same airfoil and the Reynolds number. As will be discussed later, the spanwise length 

scale for this example reduces to about L≈ 0.16 at x/c= 4.03. Considering the lack of two-

dimensionality in the experiments, the success of two-dimensional simulations is 

surprising. As the plunge oscillation frequency is increased in Figure 5-3, small vorticity 

concentrations remain evident while the large-scale travelling wave motion of the wake 

reaches a peak-to-peak amplitude that is one order of magnitude higher than that of the 

airfoil motion (A/c= 0.1) at k= 1.26, St= 0.04. With further increase in the reduced 

frequency to k= 1.88, St= 0.06, a reverse Kármán vortex street is observed, which is 

commonly linked with thrust generating wakes. (It is well known that the change in the 
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vortex configuration does not correspond to the transition from drag to thrust by Bohl and 

Koochesfahani (2009)). 

Figure 5-4 depicts the instantaneous vorticity with streamlines in the wake for a fixed 

reduced frequency k= 1.26 and varying the amplitude A/c (hence the Strouhal number 

based on amplitude St as well). The amplitude of large-scale travelling wave motion of 

the wake rises with increasing amplitude, A/c, but not as quickly as it increases with 

frequency. As a result, k is a more relevant parameter when it comes to the amplitude of 

the wake shear layer. This is also supported by the comparison of the two cases with the 

identical Strouhal number (k= 0.63, St= 0.02) in Figure 5-3 and (k= 1.26, St= 0.02) in 

Figure 5-4. For the largest amplitude in Figure 5-4, once again there is a thrust producing 

wake with a relatively large vertical distance between the two rows. 

The wake patterns and their variations with the plunging frequency and Strouhal number 

lead to interesting consequences for the velocity profile and r.m.s. velocity. The variations 

of the normalized mean stream velocity defect or excess and the normalized root-mean-

square (r.m.s.) of the cross-stream velocity fluctuations at x/c= 4.03 are shown in Figure 

5-5(a) and Figure 5-5(b), which correspond to the cases in Figure 5-4 along with the 

stationary airfoil case. The wake-like mean velocity profile seen for the stationary airfoil 

becomes jet-like only for St≥ 0.08, but for smaller values of the Strouhal number the mean 

velocity profile is neither jet-like nor wake-like. For the largest plunge amplitude, the 

corresponding variation of the r.m.s. of the cross-stream velocity profiles in Figure 5-5(b) 

reveals that the single peak of the stationary airfoil evolves into double-peaks at the 

approximate cross-stream coordinate of the row of the vortices in Figure 5-4 for A/c= 0.2, 

St= 0.08 and A/c= 0.4, St= 0.16. 

The normalized mean streamwise velocity at the wake centreline at x/c= 4.03 is shown for 

all cases as a function of the reduced frequency (k) in Figure 5-6(a) and the Strouhal 

number (St) in Figure 5-6(b). Whereas the reduced frequency (k) reveals no collapse of 

the data, the mean centreline velocity generally increases with increasing k and A/c. In 

contrast, there is a trend of the data to collapse with St, except for higher frequencies at 

each fixed amplitude (A/c). The corresponding variation of the normalized r.m.s. velocity 

of the cross-stream velocity component is illustrated as a function of the reduced 
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frequency (k) in Figure 5-7(a) and the Strouhal number (St) in Figure 5-7(b). It grows 

almost linearly with increasing k for lower values of k. When compared to the mean 

velocity at the centreline in Figure 5-6, the maximum r.m.s. velocity fluctuations exhibit 

similar patterns with k and St. A Slightly better collapse with St for lower values of k is 

evident. Figure 5-6(b) and Figure 5-7(b) show the better collapse of data with the Strouhal 

number St than the reduced frequency (k) because the Strouhal number is an amplitude-

based parameter (the ratio of the maximum plunge velocity to the freestream velocity).  

The value of the momentum thickness far downstream (x/c= 4.03) is derived by the 

following equation (2.4) and normalized by the chord length. Recalling equation 2.4: 

   𝜃 = ∫
𝑈

𝑈∞
(

𝑈

𝑈∞
− 1)

∞

−∞

𝑑𝑦                                                           

A comparison of momentum thickness for all experimental cases is shown as a function 

of the reduced frequency (k) in Figure 5-8(a) and the Strouhal number (St) in Figure 

5-8(b). The smallest momentum thickness is achieved in the static case. As the airfoil 

oscillates in plunge, the collapse of the data with St is excellent over the whole range of 

the data.  

As illustrated below, the mean streamwise force (thrust/drag) is calculated using the 

integral momentum thickness, with contributions from fluctuating quantities and the 

pressure term disregarded. Recalling equation 2.5: 

𝐶𝑇 = −𝐶𝐷 =
2𝜃

𝑐
                                                               

Figure 5-9 shows an estimated uncorrected thrust coefficient using equation 2.5 as a 

function of the reduced frequency (k) and the Strouhal number (St). It's noteworthy that 

whereas an integral quantity collapses regarding St in Figure 5-8(b) and Figure 5-9(b), the 

localised numbers in Figure 5-6 and Figure 5-7 don't. The uncorrected thrust coefficient 

is compared with the direct measurements of the thrust force with force balances (Cleaver 

et al., 2013; Heathcote et al., 2008) in Figure 5-9. Considering the high values of Strouhal 

numbers (see Figure 5-9(b)), data doesn’t agree very well with direct force measurements.   

Thrust generation has been reviewed in experimental research plunging and/or pitching 
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airfoils for many years (Bohl & Koochesfahani, 2009; Heathcote, 2006). Bohl and 

Koochesfahani (2009) demonstrated that the estimated thrust coefficient based on the 

mean velocity can be inaccurate in highly unsteady wakes of oscillating airfoils. The r.m.s. 

of the velocity fluctuations in the streamwise direction 𝑢rms. and the cross-stream direction 

𝑣rms. were discovered to contribute significantly to the time-averaged momentum 

coefficient. Bohl and Koochesfahani (2009) additionally considered the downstream 

mean velocity at the border of the control volume, which may differ slightly from the 

freestream velocity. The corrected thrust coefficient using the following equation from 

Bohl and Koochesfahani (2009) is compared with the direct measurements of the thrust 

force again here in Figure 5-10. 

𝐶𝑇 =
2

𝑐
∫ {

𝑈

𝑈∞
(

𝑈

𝑈∞
− 1) +  휀 (

𝑈

𝑈∞
− 1) + (

𝑢𝑟𝑚𝑠

𝑈∞
)
2

− (
𝑣𝑟𝑚𝑠

𝑈∞
)
2

+
1

2
(1 −

𝑈𝑜
2

𝑈∞
2)} 

∞

−∞

          (5.1) 

The results are plotted in Figure 5-10(a) as a function of the plunging frequency and 

Strouhal number using the PIV velocity field at x/c= 4.03. For the stationary case of a 

NACA 0012 airfoil at this Reynolds number, a close agreement was found between the 

determined thrust coefficient using the momentum equation (CT0= -0.027) and values 

reported in the literature by Heathcote (2006) (CT0= -0.028 from direct force 

measurements), Cleaver et al. (2013) (CT0= -0.029 from direct force measurements), and 

Koochesfahani (1989) (CT0= -0.027 using momentum equation).  

These results are confirmed in this plot, which shows that the thrust coefficient becomes 

negative, indicating a drag, at a low Strouhal number (St≈ 0.05). The flow field changes 

from drag to thrust as increasing with the Strouhal number and plunging frequency. 

Although the agreement between the calculated and directly measured thrust is reasonably 

good, there are still deviations for some data points, which are usually those with larger k 

values at each amplitude A/c. This raises the possibility of the increasing impact of k with 

increasing the reduced frequency. Garrick’s theoretical prediction already points out a 

decrease of over 70% at high reduced frequencies (k≥ 1) compared to the value at k = 0. 

To distinguish the impacts of the reduced frequency, and to make a comparison with the 
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Garrick’s inviscid theory (1936), his prediction of the thrust coefficient (see equation 2.4) 

is expressed as follows: 

𝐶𝑇 − 𝐶𝑇0

𝐹(𝑘)2 + 𝐺(𝑘)2
= 𝜋3𝑆𝑡2                                                           (5.2) 

The quantity on the left-hand side (𝐶𝑇 − 𝐶𝑇0) was plotted in Figure 5-10(b) using the 

predicted thrust coefficient using equation 5.3 from our experiments. The corresponding 

values of the functions F(k) and G(k) were calculated using the Theodorsen function. The 

Garrick theory is shown by the solid black curve. It is seen that the experimental data still 

have scatter as much as Figure 5-10(a). It is also noted that, although the agreement with 

the Garrick theory is not as good, a parabolic curve fit, shown with a red solid line. 

𝐶𝑇 − 𝐶𝑇0

𝐹(𝑘)2 + 𝐺(𝑘)2
= 23 𝑆𝑡2                                                           (5.3) 

It provides a better approximation of our data and the others. The coefficient of the 

parabolic curve fit is approximately 74% of 𝜋3 of the Garrick theory. 

The change of the constant in front of the parabola St2 in the above equation may also be 

interpreted as a change of the reduced frequency effect of π3(F(k)2+G(k)2) to 

23(F(k)2+G(k)2). The reduced frequency dependence remains within the same functional 

form as the original, but it is multiplied by a different constant. As the Garrick prediction 

implies the wake remains planar and the experimentally found coefficient can be 

considered as a correction for the rolls-up of vortex sheets. 

The contours of the cross-correlation coefficient of the cross-stream velocity fluctuations 

measured at two points are shown in Figure 5-11. The reference point is taken at (x/c= 

0.50, y/c= 0) for all cases presented in this chapter. In the left column, the cross-correlation 

of the cross-stream velocity fluctuations between the reference point and any arbitrary 

point is illustrated for all cases. The variation of the cross-correlation coefficient Cvv (x/c, 

y/c= 0) is given in the right column for clarification. The cases shown in this figure 

correspond to the instantaneous vorticity fields presented in Figure 5-3. For the stationary 

airfoil, the wake instability and the vortex shedding from the airfoil can be seen clearly. 

In this case, the average wavelength was 0.29c. For the smallest plunge frequency (k= 
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0.63, St= 0.02), as shown in Figure 5-11(b), the natural vortex shedding instability can be 

still identified in the near wake with decaying further downstream. With further increase 

in the frequency in Figure 5-11(c) and Figure 5-11(d), the peak cross-correlation 

coefficient increases, while the wavelength of the vortical motion can be easily estimated 

from the cross-correlation coefficient contours.  

In the same cases, the spatial structure of POD contour plots and the first two most 

energetic modes are shown in Figure 5-12. The first two modes in each case account for 

almost the same percentage of the total energy, and contain significantly more energy than 

the other modes, as shown in Figure 5-12(e). These two modes characterise the travelling 

wave in the wake that corresponds to the fundamental frequency, and therefore they are 

named fundamental “wake modes”. The second fundamental component (MODE-2) is 90 

degrees delayed (quarter wavelength shifted) to the first fundamental mode (MODE-1) 

which shows identical size and structure to the first mode. The main wake modes appear 

roughly circular with decreasing wavelength for the two largest reduced frequency cases 

in Figure 5-12. The first two modes in Figure 5-12(e), whose energies are almost equal, 

though the first mode energy can be slightly higher than the second mode, are increasing 

with the reduced frequency (k) and the Strouhal number (St) at the same amplitude of A/c= 

0.1. 

Figure 5-13 and Figure 5-14 represent the contours of the cross-correlation coefficient and 

the POD modes of the cross-stream velocity fluctuations for the cases in Figure 5-4. These 

figures show the effects of an increasing amplitude A/c (and, also St) at a fixed reduced 

frequency (k). For the smallest amplitude A/c = 0.05 in Figure 5-13, the natural wake 

shedding instability just downstream of the oscillating airfoil still exists, decaying further 

downstream. With an increasing amplitude, the peak cross-correlation coefficient 

(downstream of the reference point) increases, while the wavelength remains roughly 

constant. These graphs depict the wave-like behaviour, including the amplitude decay. 

The cross-stream extent of the cross-correlation coefficient also increases with increasing 

amplitude.  

The natural vortex shedding may be seen in Figure 5-11 and Figure 5-13 for Strouhal 

numbers below St ≤ 0.04. There is no trace of natural vortex shedding for St ≥ 0.06. Using 
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two-dimensional simulations, Young and Lai (2007) provided a similar diagram for the 

wake of a NACA0012 airfoil in plunging motion at a Reynolds number Re = 20,000. 

According to this study, the ratio of the excitation (forcing) frequency to the natural vortex 

shedding frequency, and the amplitude of the forcing, are important factors. Young and 

Lai (2007) propose an approximate boundary for vortex lock-in for low frequency ratios, 

which was found to be St = 0.03 to 0.06. In our studies, the natural vortex shedding 

frequency is approximately k≈10, so the frequency ratio is lower than 0.31 for all cases. 

It's surprising that for St less than 0.05, a region of low coherence (both in streamwise and 

spanwise directions) was also discovered. 

The first two dominant POD modes of the cross-stream velocity component for the 

corresponding cases are shown in Figure 5-14(a)-(d). Again, the first two modes, which 

characterise the travelling main wake modes, are the most energetic modes compared to 

the other modes, and they account for approximately the same percentage of the total 

energy in each case (see Figure 5-14(e)). With an increasing amplitude, A/c, the spatial 

structure of the modes changes from an ellipse with a major axis in the cross-stream 

direction to one with a major axis in the streamwise direction as the cross-stream extent 

of the structures increases, while the wavelength stays constant. At a fixed value of 

reduced frequency k= 1.26, the relative energy of the first two modes increases with an 

increasing amplitude A/c (and St). 

As the first two POD modes represent the fundamental wake mode and have more energy 

compared to the higher modes, the sum of the energy of the first two modes as a fraction 

of the total energy, represents the relative contribution of the fundamental wake modes. 

Figure 5-15(a) shows the quantity (𝐸1 + 𝐸2) 𝐸𝑇⁄  as a function of the reduced frequency 

(k) and the Strouhal number (St) in Figure 5-15(b). It is seen that the collapse of the data 

with St is very good. As previously stated, the time-averaged quantities such as the mean 

velocity appear to strongly correlate with St, but the fluctuating field quantity 

(𝐸1 + 𝐸2) 𝐸𝑇⁄  is even more linked with St. For small values of St, the percentage energy 

of the fundamental wake mode behaves like a parabola, but there is a different trend for 

St>0.05. It should be noted that drag force switches to thrust force at approximately 



 

136 

 

St≈0.05(see Figure 5-10(a)). For larger values than 0.05, the percentage energy increases 

with increasing St, but at a decreasing rate. 

The concept of convection velocity is explained by Taylor (1938) which is of fundamental 

importance. The convection velocity, 𝑈𝑐, is defined as organized vortical motion 

proportional to the rate of fluid into the shear layer (Lin & Hsieh, 2003). In general, this 

indicates the speed at which structures within the flow are transported from one location 

to another. The studies on the convection velocity in turbulent shear flows were 

investigated by Wills (1964) and Zaman and Hussain (1991) in different jets. The method 

is to estimate wavelength using total length/ numbers in the cycles, 𝜆𝑐𝑐,𝑎𝑣𝑒,from the cross-

correlation function at the streamwise measurements.  

𝑈𝑐

𝑈∞
= (𝜆𝑐𝑐,𝑎𝑣𝑒)𝑓                                                                        (5.4) 

This helps to calculate a convection velocity and estimate the frequency and Strouhal 

number of vortex shedding. The convection velocity is mostly greater than the free-stream 

velocity and does not depend on the Reynolds number (Zaman & Hussain, 1991). In the 

present study, for k > 0.70, the mean convection velocity is roughly constant within 

𝑈𝑐 𝑈∞⁄ = 1.0 to 1.1, increasing with increasing St and k, as shown in Figure 5-16. 

 

5.2.2  Cross-flow measurements 

 

A similar analysis of the cross-correlation coefficient and the POD modes of the cross-

stream component is investigated in the measurement plane at x/c = 4.03. For the same 

kinematic parameters used in previous sections, the effects of the reduced frequency (k) 

and the Strouhal number (St) are presented and then summarized for all cases tested. 

Figure 5-17 shows the variation of the normalized r.m.s. of the cross-stream component 

of velocity (left column), the two-point cross-correlation coefficients of the cross-stream 

velocity component (middle column), and the cross-correlation coefficient Cvv (y/c = 0, 

z/c) along the wake centreline (right column), for the same cases in Figure 5-3. 
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The r.m.s. results are an indicator of the level of turbulence of the flow field, the velocity 

fluctuation level (a component in the y-direction) by contour level. In the static case, as 

shown in Figure 5-17(a), the variation of the r.m.s. cross-stream velocity implies that it is 

quasi-two-dimensional in the measurement domain. It should be highlighted, however, 

that this is a time-averaged quantity.  

When the reduced frequency is increased to k = 0.63 (Figure 5-17(b)) or k = 1.26 (Figure 

5-17(c)), the r.m.s. velocity vrms spreads out across a broader region in the cross-stream 

direction, while the highest value decreases compared to k= 0. The maximum value 

significantly increases in comparison to the other examples with the biggest reduced 

frequency k = 1.88 (Figure 5-17(d)). It should be noted that only this case has the reverse 

Kármán Street configuration (see Figure 5-3). 

The cross-correlation coefficients can be compared for all cases in the middle column. 

The cross-correlation coefficient is calculated by normalising the cross-correlation with 

the relative amplitudes at two points, as shown in Equation (3.11). As a result, the choice 

of the reference point has little impact as long as the two points are not chosen well beyond 

the wake (in freestream where there are no oscillations of flow). In addition, the wake 

centreline is used as the reference point in the cross-flow plane because of the substantial 

velocity variations. For the two-point cross-correlations, the reference point is always the 

centre of the wake (y/c= 0, z/c= 2.5). The cross-correlation contours for the stationary 

airfoil are nearly circular, but they only cover a small region. The cross-correlation 

coefficient Cvv (y/c = 0, z/c) along the wake centreline for the stationary airfoil is shown 

in the right column. The cross-correlation rapidly decreases with distance from the 

reference point. With this information, one can calculate an estimate of the spanwise 

length-scale L, which is defined as: 

𝐿

𝑐
= ∫ 𝐶𝑣𝑣  (

𝑦

𝑐
=  0,

𝑧

𝑐
) d (

z

𝑐
)                                                             (

𝑧
𝑐
=4

𝑧
𝑐
=1

5.5) 

 

For the stationary airfoil, it was found L/c≈0.15, which is on the order of the airfoil 

thickness and agrees with earlier observations in the near wake of bluff bodies. With the 

increasing reduced frequency in Figure 5-17, the cross-correlation of the cross-stream 
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velocity fluctuations improves significantly in the cross-flow plane (middle column). In 

the spanwise direction, the cross-correlation coefficient Cvv (y/c = 0, z/c) in the right 

column shows that the cross-correlation immediately decreases to a background level, 

which is not zero and increases with an increasing reduced frequency. For the cases of 

k≠0, the definition of the spanwise length-scale given above is not as meaningful. For 

these cases, the average cross-correlation in the measurement domain will be defined and 

discussed later.  

Figure 5-18 displays the first POD modes, the highest energy mode in the cross-flow 

measurements, for the same cases as Figure 5-17. In the static case, the relative energy is 

the lowest (see Figure 5-18(b)), with alternating velocity components along the wingspan 

(see Figure 5-18(a)). Only for k= 0, the first mode can be interpreted as a spanwise 

standing wave with the wavelength to be half of the measurement width. However, the 

energy of this mode is a small fraction of the total energy. The first POD mode, which can 

reach approximately 60% of the total energy at k= 1.88, can be described as a “flapping 

mode for all k≠0 cases. 

To present the effects of the amplitude A/c at a fixed reduced frequency k = 1.26, Figure 

5-19 shows the variation of the normalized r.m.s. of the cross-stream component of 

velocity (left column), the two-point cross-correlation coefficients of the cross-stream 

velocity component (middle column), and the cross-correlation coefficient Cvv (y/c = 0, 

z/c) as a function of spanwise distance (right column), for the same cases in Figure 5-4. 

The r.m.s. cross-stream velocity is approximately uniform in the spanwise direction and 

exhibits well defined double-peaks with an increasing amplitude A/c, with increasing peak 

values. 

The cross-correlation coefficient in the middle column of Figure 5-19 shows that the 

values away from the reference point increase with an increasing amplitude A/c, and also 

spread to a larger area in the cross-stream direction. The background cross-correlation at 

one chord length away from the reference point increases in value around 0.4 to roughly 

0.9 with an increasing amplitude A/c, as demonstrated by the variation of the spanwise 

cross-correlation in the right column. The increasing cross-correlation with an increasing 

amplitude A/c is consistent with the POD analysis shown in Figure 5-20. In every case, 
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the first mode is the only one that is dominant. The percentage energy of the “flapping 

mode” increases while its cross-stream extent grows with an increasing amplitude (A/c). 

For the largest amplitude, the single flapping mode has around 65% of the total energy of 

the oscillating wake. 

The ratio of the first mode energy to the total energy 𝐸1 𝐸𝑇⁄ , is plotted as a function of the 

reduced frequency (k) in Figure 5-21(a) and the Strouhal number (St) in Figure 5-21(b) 

for all cases tested, since the flapping mode contains the most of the energy of the 

oscillating wake in the cross-flow plane. The data collapse for the cross-flow with St is 

even better than that shown in Figure 5-15(b) for the streamwise flow. There are also 

similar regimes for small St in the drag-producing flows, in which the energy percentage 

of the first mode behaves like a parabola, and for large St in the thrust-producing flows, 

in which it behaves like an exponential curve with a negative exponent. The border 

between the two regions, which is around St≈ 0.05, corresponds to the net zero force for 

the oscillating wake. 

The spanwise length scale for the stationary airfoil was previously described using the 

integral of the cross-correlation coefficient in the spanwise direction.. This definition, if 

applied to the other cases (k≠0), would depend on the width of the measurement domain. 

(For instance, L=3c for the perfectly correlated hypothetical case as the width of the 

measurement domain is 3c). Instead, the following formula is used to obtain the average 

cross-correlation over the total width of 3c as: 

𝐶𝑣𝑣,𝑎𝑣𝑒  =
1

3
∫ 𝐶𝑣𝑣  (

𝑦

𝑐
=  0,

𝑧

𝑐
) d (

z

𝑐
)                                       (5.6

𝑧
𝑐
=4

𝑧
𝑐
=1

) 

The variation of the average cross-correlation coefficient in the measurement domain is 

shown as a function of the reduced frequency (k) in Figure 5-22(a) and the Strouhal 

number (St) in Figure 5-22(b). Again, a strong correlation is found with the Strouhal 

number (St), which is to be expected based on the good correlation with the percentage of 

the energy of the dominant POD mode seen in Figure 5-21(b) previously. For the spanwise 

averaged cross-correlation coefficient in Figure 5-22(b), two regions are defined: for small 
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St, there is a rapid increase with St, which is similar to a steep parabola (similar to Figure 

5-15(b) and Figure 5-21(b)) but can be approximated as a linear curve:  

Cvv, ave=20St                                                         (5.7) 

In the second region, for larger St, the spanwise averaged cross-correlation coefficient is 

roughly constant.  

Cvv, ave≈0.92                                                       (5.8)  

The spanwise-averaged cross-correlation coefficient would be unity if there was no small-

scale turbulence, and the flow was simply two-dimensional. The situation of perfect cross-

correlation in the spanwise direction (two-dimensional flow and independent of z) 

similarly corresponds to the existence of just one mode in the proper orthogonal 

decomposition. In general, dominant modes with a greater energy component and a bigger 

spatial POD mode have a higher spanwise mean correlation. Because of the small-scale 

turbulence in the vortical flow, the spanwise-averaged cross-correlation in our data is 

about 0.92.  

The r.m.s. of Equations (5.7) and (5.8) were chosen as the simplest cases as well as to 

emphasise the different regions of the Strouhal number. The two curves for the two regions 

intersect at around St≈0.05, which is the border between the drag and thrust forces. As 

the thrust force is commonly linked with the reverse Kármán vortex street composed of 

rolled-up vortices, it appears that spanwise vortices generated in this regime are expected 

to be highly two-dimensional. Though a weak spanwise velocity component which is 

around 10% of the freestream velocity was observed in some cases, it is impossible to 

make any conclusion about the spanwise flow in the vortex core from data taken at a fixed 

cross-flow plane x/c= 4.03. Especially at low Strouhal numbers, the flow is not fully 

coherent, so the spanwise velocity component can occur as a result of the deformation of 

the vortex filament in the spanwise direction. Spanwise vortices are not completely two-

dimensional, even if the r.m.s. velocity in the spanwise direction is nearly uniform. On the 

other hand, at large Strouhal numbers, it's safer to argue that spanwise vortices are quasi-

two-dimensional. 
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Oscillating wakes are commonly used as gust generators in various experimental 

simulations. Although limited to the pure plunging motion, the present study provides 

some insight into the degree of the two-dimensionality of the oscillating wakes. 

Experimentally generated gusts, wakes, and vortices may have distinct features, but the 

essential aspects, such as vorticity shedding, rolls-up, and spanwise vortices, are expected 

to have some commonality. According to findings, it is predicted that unsteady wakes can 

be assumed to be nearly two-dimensional if the Strouhal number (St), which is an 

amplitude parameter, is larger than a critical value. For smaller Strouhal numbers, the 

average cross-correlation increases with increasing Strouhal number (wake or gust 

amplitude). In our case of plunging airfoils, the critical value of the Strouhal number is 

about St≈ 0.05.  

This corresponds to a ratio of the maximum plunge velocity to the freestream velocity of 

about 0.16 and 𝛼𝑒𝑓𝑓,𝑚𝑎𝑥 = 9°. It is also seen in Figure 5-7(b) that 𝑣𝑟𝑚𝑠,𝑚𝑎𝑥 𝑈∞⁄  is 

generally less than 0.1, if Strouhal numbers are less than 0.05. If the maximum wake angle 

is taken as a rough approximation to the gust angle generated by the wake, it corresponds 

to a gust amplitude of approximately 6°. This value might be an upper limit for 

experimentally generated small-amplitude gusts. In summary, in our case, if wakes of 

plunging airfoils are to be employed as gust generators to create small-amplitude gusts, 

the wakes need to operate at St≤ 0.05. Unfortunately, in this range of Strouhal numbers, 

the unsteady wake can be far from being two-dimensional. A lack of two-dimensionality 

is expected to decrease the magnitude of the unsteady forces acting on downstream bodies. 

In the simplest two-dimensional aerodynamic model, the instantaneous lift is related to 

the instantaneous cross-stream velocity, with a well-known frequency correction for 

attached flows (Theodorsen, 1935). The amplitude of the lift fluctuations is given by: 

𝑐𝑙 = 2𝜋
𝑣

𝑈∞
(𝐶(𝑘) + 𝑖

𝑘

2
)                                                             (5.9) 

where the Theodorsen function C(k) is a complex number and i is the imaginary unit. This 

two-dimensional attached flow model can be extended to the three-dimensional wings, 

following the work of Massaro and Graham (2015) who used two-point cross-correlation 

coefficients of the cross-stream velocity fluctuations. The usage of the strip-theory 
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provides the physical basis for including cross-correlations in the spanwise direction. This 

technique, in which the two-dimensional lift is integrated throughout the span to compute 

the total lift over the whole span, was utilised by Massaro and Graham (2015). 

In this case, their approach may be used by integrating the sectional lift while also 

considering the cross-correlations of the cross-stream velocity: 

𝐶𝐿 =
1

𝑏
∫2𝜋𝐶𝑣𝑣

𝑣

𝑈∞
(𝐶(𝑘) + 𝑖

𝑘

2
) 𝑑𝑧                                                 ( 5.10) 

where b is the span of the wing. Therefore, for a rectangular wing and uniform velocity in 

the spanwise direction, it can be predicted that the ratio of the lift fluctuations is given by 

the spanwise averaged cross-correlation: 

𝐶𝐿

𝑐𝑙
=

1

𝑏
∫𝐶𝑣𝑣𝑑𝑧 = 𝐶𝑣𝑣,𝑎𝑣𝑒                                                           (5.11) 

This appears to be a more precise issue in the experimental simulation of small amplitude 

gusts, where the amplitude of wake excitation (St in our case) is also small, and the wake 

is far from being nearly two-dimensional. For small St, the spanwise-averaged cross-

correlation increased linearly for these experiments. 

To support this argument, we can present the results from various experimental facilities 

and compare alternative techniques of gust generation and unsteady wing motion. The 

different red symbols in Figure 5-23 show the ratio of the amplitude of the unsteady lift 

force to that of the quasi-steady lift force, as a function of the reduced frequency (k) from 

previous studies (Cordes et al., 2017; Wei et al., 2019; Wu et al., 2020), in which a cascade 

of oscillating airfoils is used to generate travelling-wave gusts. The data cover a range of 

gust amplitudes, Reynolds numbers, and airfoil profiles, but it is assumed that (mostly) 

attached flows are always maintained. The solid red line represents the (Sears, 1941) 

solution, which has good agreement with the experiments at higher k, but both the 

deviation from the theory and scatter of the data significantly increase at low reduced 

frequencies. In this range, the spanwise coherence of the oscillating wakes is most likely 

not two-dimensional. Conversely, the blue triangle symbols indicate the results for a 

standing-wave kind of gust generator (Fernandez et al., 2021), which demonstrates 
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excellent agreement with the theoretical solution of Theodorsen (1935). This particular 

standing-wave gust generator relies on the periodic deflection of freestream rather than 

oscillating wakes with travelling waves and is believed to have better two-dimensionality 

of the gusts generated. It is noteworthy that, even at low reduced frequencies, the 

agreement with the theory is very good.  

A plunging airfoil case is identical to a fixed airfoil in standing-wave gusts. The blue 

square symbols in Figure 5-23 show the case of the plunging airfoil (Chiereghin et al., 

2019), which also shows strong agreement with the Theodorsen theory. Although the 

difference between the Theodorsen and Sears solutions for k≤ 0.25 is negligible, the 

experimental results for the standing-wave gusts and travelling-wave gusts exhibit very 

large deviations from each other. Physically it is expected that, at the long-wavelength 

limit (very small k), both the travelling-wave and standing-wave gusts should produce 

similar lift responses, just like how the Theodorsen and Sears solutions merge. Our 

experiments suggest that the source of this discrepancy in the measured lift response of 

fixed airfoils in travelling-wave and standing-wave gusts may be due to the differences in 

the spanwise coherence of the simulated gusts. Unfortunately, measurements of the 

spanwise coherence of the experimentally produced gusts have been lacking in the 

literature. Our findings in this paper point out the importance of this long-neglected issue. 

 

5.3 Conclusion 
‘ 

Particle Image Velocimetry data were used to examine the unsteady wakes of a 

periodically plunging airfoil set at zero angle of attack at a chord Reynolds number of Re= 

20,000. The major goal was to figure out how the main parameters, which are the reduced 

frequency (k) and the Strouhal number (St) based on the peak-to-peak plunge amplitude, 

affected the oscillating wakes' unsteady characteristics and coherence. The measurements 

of streamwise flow and cross-flow in the near wake were analysed using two-point cross-

correlations and the proper orthogonal decomposition of the oscillating wakes for a wide 

range of parameters (k≤ 3.14 and St≤ 0.24). 
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At low Strouhal numbers, the instantaneous vortical flow in the near wake appears as a 

travelling wave with a much larger amplitude than the amplitude of the airfoil motion. 

The travelling wave's peak-to-peak amplitude is more dependent on the reduced 

frequency. With an increasing Strouhal number, a reverse Kármán Street vortex 

configuration with relatively smaller spacing between the two rows is observed. Within 

the range of kinematic parameters tested, the mean streamwise velocity at the centreline 

generally increases with increasing k and A/c. There is a better trend of the data to collapse 

with St than k, except for higher frequencies at each fixed amplitude A/c. Similarly, the 

maximum r.m.s. velocity fluctuations exhibit better collapse with  St than k, especially at 

smaller values of k. For the momentum thickness and the corrected thrust coefficient, the 

degree of collapse in the whole range of the data significantly increases. 

At this Reynolds number, estimates of the thrust coefficient using the method of Bohl and 

Koochesfahani (2009) show that drag force changes to thrust force at around St≈0.05. Our 

data for the whole range of the parameters tested confirm the significant effect of the 

reduced frequency on the time-averaged thrust coefficient. The same function provided 

by Garrick (1936) may be used to express the dependency on the reduced frequency, but 

it is smaller (multiply by 26%) than our trend. It can be proposed that this correction 

indicates the rolls-up of vortex sheets instead of remaining planar as assumed by the 

Garrick theory. 

The peak cross-correlation coefficient of the streamwise flow in the near wake increases 

as the frequency and the amplitude of the airfoil motion increase. The streamwise flow is 

characterised by the first two POD modes, which are the fundamental wake modes and 

describe a travelling wave. The relative energy of the first two modes increases with an 

increasing frequency and the amplitude of the airfoil motion. The relative contribution of 

the fundamental wake modes has a much better correlation with St than the time-averaged 

quantities of the flow. For drag producing wakes, the percentage energy of the 

fundamental wake modes increases rapidly with an increasing Strouhal number. In 

contrast, it increases more slowly for thrust producing wakes. 

The cross-flow measurements in the near wake revealed that, although the r.m.s. cross-

stream velocity fluctuations are uniform in the spanwise direction, the two-point cross-
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correlation coefficient decays rapidly for the stationary airfoil (k= 0). The spanwise length 

scale for this case reduces to about L= 0.16c at x/c= 4.03, which is on the order of the 

airfoil thickness. With increasing frequency and amplitude of the airfoil oscillations, while 

the r.m.s. velocity fluctuations remain nearly uniform, the cross-correlation coefficient 

drops rapidly with spanwise distance from the reference point (wake centreline at the mid-

span) to a nearly constant level. This constant level of the cross-correlation coefficient 

increases with an increasing reduced frequency and Strouhal number. The POD analysis 

of the cross-stream velocity fluctuations reveals that the oscillating wakes have just one 

dominant mode, which may be characterised as a "flapping mode." The ratio of the first 

mode energy to total energy has a strong connection with the Strouhal number, indicating 

that drag and thrust producing wakes behave differently. In the measurement domain, the 

spanwise-averaged cross-correlation coefficient shows a strong connection with the 

Strouhal number (St), which is consistent with the strong correlation of the percentage 

energy of the dominant POD mode. Two regions are identified as a function of the 

Strouhal number. For small St, the spanwise-averaged cross-correlation coefficient rises 

almost linearly in the drag producing region. For larger St in the thrust producing region, 

the spanwise averaged cross-correlation coefficient is roughly constant (𝐶𝑣𝑣,𝑎𝑣𝑒 ≈ 0.92). 

This high value of the cross-correlation suggests highly two-dimensional spanwise 

vortices in the thrust producing regime for x/c≤ 4.03 at Re= 20,000. 

In summary, a comparison was made with the effects of the reduced frequency and the 

Strouhal number on various flow quantities, including the mean streamwise velocity, the 

maximum r.m.s. velocity, momentum thickness, mean thrust, energy percentage of the 

dominant POD modes, and the spanwise-averaged cross-correlation coefficient. In all 

cases, it was shown that the Strouhal number was the more dominant parameter. The 

Strouhal number represents the amplitude parameter for the excitation of the wake. Once 

it reaches a sufficient amplitude, the unsteady wake becomes more synchronized. The 

observed saturation of the mode energies and the spanwise-averaged cross-correlation for 

St  0.05 is due to the wake synchronization. The threshold value of St  0.05 was 

consistent with previous numerical simulations of the unsteady wakes. Once the wake 



 

146 

 

becomes synchronized, a further increase in the amplitude does not increase the coherence 

of the flow.  

Finally, the implications of the lack of two dimensionality were discussed for gust 

generators based on oscillating airfoils. While our study is limited to plunging airfoils, it 

suggests that the Strouhal number based on the plunge amplitude, which is also a measure 

of the gust amplitude produced in the wake, is the most important parameter that 

determines two-dimensionality. For small gust angles, less two-dimensionality may be 

expected, with smaller lift force fluctuations on downstream wings. This may necessitate 

corrections of the measured lift amplitude using two-point cross-correlations of the gust 

angle. For a simple aerodynamic model in which the lift fluctuations are proportional to 

the amplitude of the gust angle, it is shown that the correction requires the spanwise-

averaged cross-correlation of the gust angle. A comparison of the experimental results 

obtained using travelling-wave gusts, standing-wave gusts, and plunging airfoils reveals 

there exists a large scatter of data as well as deviations from the theory only for the 

travelling-wave gusts. This implies that travelling-wave gusts may be far from being two-

dimensional in some cases. It can be suggested that the spanwise coherence of the 

experimentally produced gusts should be considered when interpreting the amplitude of 

the lift fluctuations on downstream wings.’ 
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Figure 5-1 Model of the test section and the schematic representation of the PIV system. 

 

 

Figure 5-2 Map of the normalized plunge amplitude and reduced frequency values tested.  
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Figure 5-3 Instantaneous vorticity contours at the same value of A/c= 0.1 a) k= 0, b) k= 

0.63, St= 0.02, c) k= 1.26, St= 0.04, and d) k= 1.88, St= 0.06. 
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Figure 5-4 Instantaneous vorticity contours at the same value of k= 1.26 a) A/c= 0.05, St= 

0.02, b) A/c= 0.1, St= 0.04, c) A/c= 0.2, St= 0.08, and d) A/c= 0.4, St= 0.16. 
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Figure 5-5 a) The profiles of the time-averaged streamwise velocity deficit/excess b) 

r.m.s. of the cross-stream velocity fluctuation of the stationary and oscillating airfoil at the 

same reduced frequency (k= 1.26) and various amplitudes; x/c= 4.03. 

 

Figure 5-6 The mean streamwise velocity at the centreline (x/c= 4.03 and y/c= 0) for all 

cases as a function of a) reduced frequency b) Strouhal Number. 
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Figure 5-7 The maximum r.m.s. cross-stream velocity fluctuation (vrms) at x/c= 4.03 for 

all experimental cases as a function of a) reduced frequency, b) Strouhal number. 

 

Figure 5-8 Comparison of momentum thickness for all experimental cases as a function 

of a) reduced frequency b) Strouhal Number. 
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Figure 5-9 Variation of the estimated uncorrected thrust coefficient as a function of a) 

reduced frequency b) Strouhal Number. 

 

  

Figure 5-10 Variation of a) the estimated corrected thrust coefficient and comparison are 

made with the results of direct force measurements from the literature as indicated in 

different symbols; b) comparison of thrust coefficients with Garrick approximation.  
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Figure 5-11 Contours of the cross-correlation of cross-stream velocity component Cvv 

(left column); its variation in the streamwise distance at y/c=0 (right column) for A/c= 0.1 

a) stationary airfoil, b) k= 0.63, St= 0.02, c) k= 1.26, St= 0.04, and d) k= 1.88, St= 0.06.  
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Figure 5-12 POD modes of the cross-stream velocity component for A/c= 0.1 for first two 

most energetic modes; a) stationary airfoil, b) k= 0.63, St= 0.02, c) k= 1.26, St= 0.04, and 

d) k= 1.88, St= 0.06; e) ratio of the energy mode to the total energy. 
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Figure 5-13 Contours of the cross-correlation of cross-stream velocity component Cvv 

(left column); its variation in the streamwise distance at  y/c=0 (right column) for k=1.26 

and a) A/c=0.05, St=0.02, b)A/c=0.1, St=0.04, c) A/c=0.2, St=0.08 and d) A/c=0.4, St=0.16.  
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Figure 5-14 POD modes of the cross-stream velocity component for first two most 

energetic modes of k=1.26 and a) A/c=0.05, St=0.02, b)A/c=0.1, St=0.04, c) A/c=0.2, 

St=0.08, and d) A/c=0.4, St=0.16; e) ratio of the energy of mode to the total energy. 
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Figure 5-15 The ratio of the energy of the first two modes to the total energy as a function 

of a) reduced frequency b) Strouhal number. 

a)                                                  b) 

 

Figure 5-16 Variation of Uc /U∞ with a) reduced frequency, b) Strouhal number for the 

range of amplitudes. 
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Figure 5-17 Contour plots of r.m.s. cross-stream velocity fluctuations (left column); the 

cross-correlation of cross-stream velocity component (middle column); its variation in the 

spanwise direction at y/c=0 (right column) for A/c= 0.1 a) k= 0, b) k= 0.63, St= 0.02, c) k= 

1.26, St= 0.04, and d) k=1 .88, St= 0.06. 
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Figure 5-18 The first POD mode of the cross-stream velocity component for A/c= 0.1, a) 

k= 0, b) k= 0.63, St= 0.02, c) k= 1.26, St= 0.04, and d) k= 1.88, St= 0.06; e) ratio of the 

energy of mode to the total energy. 
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Figure 5-19 Contour plots of r.m.s. cross-stream velocity fluctuations (left column); the 

cross-correlation of the cross-stream velocity component (middle column); its variation in 

the spanwise direction at y/c= 0 (right column) for k= 1.26 and a) A/c= 0.05, St= 0.02, b) 

A/c= 0.1, St= 0.04, c) A/c= 0.2, St= 0.08, and d) A/c= 0.4, St= 0.16. 

 



 

161 

 

 

Figure 5-20 The first POD mode of cross-stream velocity component for k= 1.26 and , a) 

A/c= 0.05, St= 0.02, b) A/c= 0.1, St= 0.04, c) A/c= 0.2, St= 0.08, and d) A/c= 0.4, St= 0.16, 

e) ratio of the energy of mode to the total energy. 
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Figure 5-21 The ratio of the energy of the first mode to the total energy as a function of 

a) reduced frequency, b) Strouhal number. 

 

  

Figure 5-22 Spanwise-averaged cross-correlation at y/c= 0 as a function of a) reduced 

frequency and b) Strouhal number. Dashed lines indicate curve fits; for the linear region 

for St≤ 0.05 as a function of Cvv,ave= 20St, for the constant region for St≥ 0.08 as a function 

of Cvv,ave= 0.918. Note that dash lines are a little longer than St ranges for visual clarity. 
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Figure 5-23 The ratio of the amplitude of lift to that quasi-steady lift from literature for 

travelling wave gusts, standing-wave gusts, plunging airfoil, with Theodorsen theory and 

Sears function. 
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CHAPTER 6 Wing in the wake of plunging 

airfoil 
 

The unsteady characteristics of the wakes of a plunging airfoil and its interactions with 

the downstream wing at a Reynolds number of Re = 20,000 was explored in water tunnel 

experiments. The wake and vortex street configuration with changing wavelength and 

circulation were created by varying kinematic parameters of the plunging airfoil. The 

highest lift force is found when the leading-edge of the wing is placed at or slightly above 

the wake centreline, depending on the angle of attack of the wing. When the angle of 

attack of the wing in the wake is changed, the LEV grows in strength, and the lift peak 

rise is higher for the higher angle of attack. When the wing is near the wake centreline, 

the lift time history exhibits greater harmonics up to n = 5. There is evidence that this is 

related to the undisturbed wake's cross-stream velocity profile, which can also be 

predicted using a point vortex model. For the unloaded wing in the symmetric wakes, the 

POD decomposition is an effective global phase identifier for estimating cross-stream 

velocity components, and the data tends to collapse more with St than with k. These 

kinematic parameters also determine the amplitude and shape of the cross-stream velocity 

profiles and the degree of two-dimensionality in the undisturbed wake. The Strouhal 

number (St) was the most dominant parameter in all cases and represents the amplitude 

parameter for wake excitation. There is an increasing trend with the amplitude of the lift 

coefficient of the wing t  to collapse with St. 

 

6.1 Experimental Parameters 
 

In order to analyse the interaction of the wakes with a wing, the effects of the kinematic 

parameters are needed to explore on the interaction and the lift force. The incident wake 

generated by the plunging airfoil is characterised by means of two-point cross-correlations 

and phase-averaged flow fields, as the kinematic parameters (frequency and amplitude) 
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are varied. Then, the interaction of the wakes with a wing is investigated by means of 

unsteady lift measurements, phase-averaged vorticity fields, and the Proper Orthogonal 

Decomposition (POD). 

Figure 6-1 summarizes the side and front views of the test section, the test rigs (both 

plunging and stationary), and the schematic of the PIV set-up. The coordinate system is 

located at the root of the upstream airfoil at the trailing edge as sketched in Figure 6-1. 

There are fixed endplates above and under the upstream airfoil, with a 2 mm clearance 

that extends 2c upstream and 10c downstream of the airfoil to obtain a quasi-two-

dimensional flow field (Chiereghin et al., 2019).  

The wake amplitude for the different Strouhal numbers across the different streamwise 

locations has been discussed in Chapter4. At x/c = 3, there is an initial increase in wake 

amplitude for the range of Strouhal numbers. According to Fishman et al. (2017), the 

vortex is stable and strong at most phases at downstream locations between x/c= 2 and 3. 

That’s why, the downstream wing was mounted to a binocular force balance, and its 

leading edge was placed at x/c = 3.  

There was a gap of 0.5c between the wing end-plate and fixed end-plate of the test rig to 

avoid the end-wall impacts of the incoming unsteady wake on the downstream wing. Also, 

to minimize the interference effects of the wing end-plate on the force measurements, the 

dimensions of the wing end-plate were kept smaller.  

The velocity was measured in two planes in this study: the streamwise plane located at z/c 

= 2 which is the mid-span of the downstream wing to capture the streamwise flow, and 

the spanwise plane located at x/c = 4.03 to capture the cross-flow, as shown in Figure 6-1. 

The cross-flow PIV measurements were carried out in an area restricted between z/c = 1 

and 4, with a width of 60% of the span of the airfoil. To prevent the impact of the wall on 

the vortical flow, the measuring zone is 1c away from both end-walls. Calderon et al. 

(2014) measured the influence of the wall boundary layer in the same facility for a 

comparable chord length, gap, and Reynolds number, and found that it is restricted to a 

zone not broader than 0.15c at x/c = 1, which may be used as a reference for our study at 

x/c = 4.03. 
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There are two types of velocity measurements. For one specific set of the kinematic 

parameters (k = 1.70, A/c = 0.4), the phase-locked measurements were obtained. 

Experiments were conducted at various plunging reduced frequencies (up to k = 3.14) and 

normalized peak-to-peak amplitudes (up to A/c=1) to obtain sequential instantaneous flow 

fields with continuous sampling, as shown Figure 6-2.  

 

6.2 Results and Discussion 
 

Figure 6-3 shows the variation of the time-averaged lift coefficients in the freestream. To 

validate the measurement techniques, time-averaged lift measurements are compared with 

those in the literature for comparable results with the same NACA0012 cross-section and 

at the test Reynolds number of Re=20,000 (Calderon et al., 2013; Chiereghin et al., 2020; 

Chiereghin et al., 2019; Cleaver et al., 2011). The static lift coefficient shows a reasonable 

agreement between the present study and previous results, but with a different force 

measurement system. The present wing has a lower lift slope than the airfoil and sAR=5, 

and a greater lift slope than sAR=2 as expected, but the nonlinear behaviour of the lift 

slope is apparent for all wings. The changing stall behaviour with aspect-ratio is apparent 

through the significantly different lift and altering Clmax. The static stall of the wings 

becomes more gradual while the maximum lift coefficient decreases with decreasing 

aspect ratio. The stall angle of the present wing (sAR=3) is roughly 11 degrees, which 

agrees very well, compared with Qian (2022).  

The sAR = 3 wing was placed in the upstream plunging airfoil's oscillating wakes. To get 

a sense of the magnitude of the velocity changes in the wake in the absence of the wing, 

the variation of the normalised root-mean-square (r.m.s.) of the cross-stream velocity 

fluctuations at x/c=4.03 is shown in Figure 6-4 at the same reduced frequency (k= 1.26) 

and various amplitudes with the stationary airfoil case. The single peak is clearly seen 

when amplitudes are less than 0.2 (A/c ≤ 0.2). The single peak develops into double peaks 

with increasing amplitude (A/c ≥ 0.4), associated with reverse von Kármán Street. As the 

amplitude (A/c) increases, the distance between two peaks continues to grow, thus 
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indicating a large velocity fluctuation throughout the entire wake. The fluctuating wake 

flow caused by large-scale vortex shedding is typically characteristic of all bluff bodies 

(Williamson, 1996b; Zdravkovich, 1997). As a result of the regular large-scale vortex 

shedding process, the wake flow has a quasi-periodic component with turbulent 

fluctuation accompanying it, as Hussain and Reynolds (1970) explained. 

 

6.2.1 Wing in symmetrically generated wakes of 

plunging airfoil (αairfoil=0°) 

The symmetric wakes of the plunging airfoil were analysed when the angle of attack of 

the plunging airfoil set is 0°. The impacts of wakes on the downstream wing are presented 

using kinematic characteristics and force measurements at various angles of attack of the 

wing. First, it is started with a characterization of the incident wake.  

Characterization of incident wake 

Figure 6-5 shows contour plots of cross-stream cross-correlation of velocity component 

𝐶𝑣𝑣 (Figure 6-5(a)) and vorticity component 𝐶𝜔𝜔 (Figure 6-5(b)), as well as the first two 

most energetic POD modes (Figure 6-5(c)) for A/c= 0.4, k= 1.70, St= 0.216 which is the 

highest amplitude (A/c) and the reduced frequency (k) where reverse von Kármán Street 

is obtained. Here, the two-point correlation is defined using equation 3.12 for the cross-

stream velocity component 𝐶𝑣𝑣, as shown in Figure 6-5(a). Recalling the equation: 

𝐶𝑣𝑣 =
∑ (𝑣1(𝑡𝑟𝑒𝑓) − 𝑣1̅̅ ̅(𝑡𝑟𝑒𝑓))(𝑣2(𝑡) − 𝑣2̅̅ ̅(𝑡))𝑛

𝑖=1

√∑ (𝑣1(𝑡𝑟𝑒𝑓) − 𝑣1̅̅ ̅(𝑡𝑟𝑒𝑓))
2𝑛

𝑖=1  √∑ (𝑣2(𝑡) − 𝑣2̅̅ ̅(𝑡))2𝑛
𝑖=1

             (6.1) 

where ‘v1’ is the velocity at the reference point, and ‘v2’ is the velocity at the spatial 

location in the measured velocity field. The reference point was chosen as x/c=0.5, y/c=0. 

The wavelength of the vortex array, as well as its degradation in the streamwise direction, 

are shown by the cross-correlation coefficient 𝐶𝑣𝑣 plots. The wavelength of the vortical 
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motion can be easily calculated from such plots. Figure 6-5(b) presents two-point cross-

correlation of vorticity fluctuations, as the following equation.  

𝐶𝜔𝜔  =
𝜔′𝑎𝜔′𝑏̅̅ ̅̅ ̅̅ ̅̅ ̅

√𝜔′𝑎
2̅̅ ̅̅ ̅̅ √𝜔′𝑏

2̅̅ ̅̅ ̅̅
                                                                (6.2) 

where 𝜔′𝑎 is the fluctuating spanwise vorticity component at the reference point a, and 

𝜔′𝑏 is the fluctuating spanwise vorticity component at any arbitrary location b in the 

measured domain. The reference point was chosen as x/c=0.5 and y/c at which the ωrms is 

maximum. The cross-correlation coefficient 𝐶𝜔𝜔 shows vortex street arrangement with a 

positive vortex on the top with positive 𝐶𝜔𝜔 values, and the negative vortex on the bottom 

with negative 𝐶𝜔𝜔 values, i.e the jet-like velocity profile, as shown Figure 6-5(b). The 

spacing b between the rows can be found in this plot. The parameters λ and b for varying 

frequency and amplitude will be presented later.  

The POD method (velocity-based) decomposes the cross-stream velocity component as 

shown below (recall the equation): 

𝑣(𝑥, 𝑦, 𝑡) = 𝑉(𝑥, 𝑦) + 𝑣′(𝑥, 𝑦, 𝑡) = 𝑉(𝑥, 𝑦) + ∑𝑏𝑛(𝑡)𝑃𝑂𝐷𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑(𝑥 )

𝑁

1

              (6.3) 

where V is the mean cross-stream velocity component, and 𝑣′ is the fluctuating cross-

stream velocity component of the velocity field. Here POD and b are modes and 

corresponding mode coefficients. The eigenmodes of the two-point correlation matrix are 

used to obtain the POD modes: 

𝐶(𝑃𝑂𝐷⃑⃑⃑⃑⃑⃑ ⃑⃑  ⃑)𝑛 = 𝜆𝑛(𝑃𝑂𝐷⃑⃑⃑⃑⃑⃑ ⃑⃑  ⃑)𝑛 𝑤𝑖𝑡ℎ 𝐶𝑖𝑗 = �⃑� ′(𝑥 𝑖, 𝑡). �⃑� ′(𝑥 𝑗, 𝑡)
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅                   (6.4) 

Figure 6-5(c) presents the first two dominant POD modes of the cross-stream velocity 

component normalised by its maximum value for the corresponding case. These two 

modes are named as "fundamental wake modes" because they characterise the travelling 

wave in the wake corresponding to the fundamental frequency. The second mode is shifted 

quarter-wavelength regarding the first mode. In this example, the first two most energetic 

modes have 34.2% and 32.5% of the total energy, hence the wake modes representing 



 

169 

 

large scale vortices travelling downstream have 66.7% of the total energy. The energy 

fraction of the wake modes for the incident wake will be presented as well as for the 

interaction.  

The definition sketch in Figure 6-6(a) presents the nomenclature of vortex array spacing 

parameters used throughout this chapter. The wavelength (λ) is connected to the oscillation 

frequency (f) and the freestream velocity (𝑈∞) through the formula of 𝜆 = 𝑈∞/𝑓. 

Consequently, the wavelength (λ) of each case (streamwise spacing) is characterised by 

the cross-correlation coefficient (𝐶𝑣𝑣) plots, as shown in Figure 6-5(a). Figure 6-6(b) 

illustrates the calculated streamwise spatial distance (wavelength (λ)) as a function of 

reduced frequency (k). Results indicate that decrease of vortex array wavelength with an 

increasing reduced frequency (k) shows a decent trend for all cases. The transverse spacing 

is defined as b and characterised by using cross-correlation of vorticity component (𝐶𝜔𝜔) 

results, as shown in Figure 6-5(b). The centre of the vortex is defined by the coordinates 

of its maximum value of cross-correlation of the vorticity component (𝐶𝜔𝜔). Figure 6-6(c) 

presents transverse spacing (b) as a function of the reduced frequency (k). The intriguing 

result is that the vortex spacing appeared to approach a constant value for each case for 

high-frequency (k). The vortex array aspect-ratio, stated in Figure 6-6(d), continued to 

exhibit an increasing trend due to the reduction of the wavelength with an increasing 

reduced frequency (k). It is vital to recognise that small values of the reduced frequency 

(k) are difficult to measure experimentally for both wavelength (λ) and transverse spacing 

(b) because a vortex sheds as a wake.  

Oudheusden et al. (2005) suggest that the phase angle components can be identified using 

the first approximation with a low-order flow model incorporating only the mean and the 

first two modes of the POD, as follows.  

�⃑� 𝐿𝑂𝑀(𝑥 , 𝜑) = �⃑⃑� (𝑥 ) + 𝑎1(𝜑)𝜙1 
⃑⃑ ⃑⃑  ⃑(𝑥 ) + 𝑎2(𝜑)𝜙2 

⃑⃑ ⃑⃑  ⃑(𝑥 )                   (6.5) 

𝑎1 = √2𝜆1 sin(𝜑) , 𝑎2 = √2𝜆2 cos(𝜑)                            (6.6) 

where ϕ is the vortex shedding phase angle and f is the fundamental vortex shedding 

frequency assumed to increase linearly with time according to 𝑑Φ 𝑑𝑡⁄ = 2𝜋𝑓.  
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The 𝑎1 and 𝑎2 in equation 6.5 are the first two POD coefficients. They are a function of 

the mode energy (𝜆) and vortex shedding phase angle (𝜑), as shown by cross plotting the 

corresponding mode coefficients (𝑎1 and 𝑎2). The cross plot in Figure 6-7 for A/c=0.4, 

k=1.70, St=0.216 shows that corresponding mode coefficients (𝑎1 and 𝑎2), and all images 

fall around a unit circle centred at (0,0). The observed scatter of the data points around the 

unit circle might indicate cycle-to-cycle variations of the vortex shedding process, which 

could be caused by small-scale fluctuations or turbulence.  

Once the phase angle of each image on 𝑎1 and 𝑎2 plot has been identified, the phase 

averaging should be calculated using the chosen bin size. The cross-stream velocity for 

each case in this study is calculated using the outcome of this approach, achieved with a 

±10° bin size. This helps a particular application of POD in the present study, which is 

that of direct phase identification of individual flow field realisations.  

To describe the shed structure, the cross-stream velocity was calculated for A/c= 0.4, k= 

1.70, St= 0.216 in Figure 6-8, corresponding to the phase at t/T=0.5 of the oscillation cycle. 

The vortex core generates peaks in the cross-stream velocity from inboard to outboard 

throughout the vortex core, with one peak being positive and the other being negative. The 

strength of the peaks is also slightly changed as they convect downstream. In addition, the 

results consistently show a series of peaks corresponding to the vortex, with the velocity 

component reaching zero at the vortex core. Figure 6-8(a) shows cross-stream velocity 

contour plots obtained from phase averaged data. The result of the POD method is 

displayed in Figure 6-8(b) to estimate the cross-stream velocity corresponding phase at 

t/T=0.5 and compare phase-lock to the airfoil motion. It can be observed that both methods 

substantially provide the same flow structure, and that bin size (±10°) does not influence 

the POD based phase-averaged results. As a result, rather than computing the phase-

averaged for a given phase only once for all cases, POD-based results provide a very 

efficient method to acquire the same coherent component of the flow, requiring a 

significantly smaller statistical calculation to achieve similar results.  

In Figure 6-9, for all test cases, the variation of the maximum phase-averaged (based on 

POD) cross-stream velocity components < 𝑣 > in the absence of the wing near x/c=3 

(leading edge location when the wing is placed in the wake) is compared as a function of 
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the Strouhal number (St) and the reduced frequency (k), which generally increases with 

increasing k and St. However, there is a trend of data and increasing with almost linearly 

with St. As the Strouhal number is the ratio of the maximum plunge velocity of the airfoil 

to the freestream velocity, it represents the amplitude parameter for the oscillating wake. 

This was recently shown for the same Reynolds number in the same facility for x/c  4 

(Chapter 5). Note that the highest cross-stream velocity component < 𝑣 > obtained at 

A/c=0.4, k=1.70, St=0.216 within the range of parameters tested in Figure 6-9(a) and 

Figure 6-9(b). The interaction may be significant when the vortex approaches the wing; 

nevertheless, the wing placement in the wake is an additional essential parameter. The 

following section focuses on the wing in the symmetrically generated wakes of the 

plunging airfoil at A/c= 0.4, k= 1.70, St= 0.216 to investigate the wing position in the 

vertical direction and a different angle of attack.  

Unloaded wing in the wake 

Figure 6-10(a) and Figure 6-10(b) illustrate the contour levels of the cross-correlation of 

cross-stream velocity component (𝐶𝑣𝑣) with the downstream wing at the wake centre line, 

𝑦𝐿𝐸/𝑐 = 0, and the absence of the wing respectively. Specifically, alternating regions of 

the positive and negative correlation zones indicate periodic wake motion. These motions 

are linked to the wake wavelength of the vortex shedding. In the baseline case (no wing), 

Figure 6-10b, the coherent structures are well-formed while shedding to the downstream 

with wavelength λ/c≈2.1. Because of the presence of the wing in the wake, Figure 6-10(a), 

there are observable differences in the cross-correlation of the cross-stream velocity 

component (𝐶𝑣𝑣). The downstream wing disrupts the periodic shedding of the coherent 

structures as weak coherent structures are present from the leading edge of the wing 

through the downstream. Vorticity-contour plots for phase-averaged data at t/T = 0.5 with 

the downstream wing at 𝑦𝐿𝐸/𝑐 = 1, shown in Figure 6-10(c), and the absence of the wing, 

shown in Figure 6-10(d). The differences in the flow fields with and without wing in 

Figure 6-10(c) and Figure 6-10(d) suggest that the wavelength decreases (and hence 

convection speed decreases) beyond x/c=2 for distant interaction with wake and the wing. 
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In the presence of the downstream wing, even far from the wake, inviscid effects and 

vortex-induced velocity dominate the interactions that change the vortex array structure. 

Figure 6-11(a-d) indicate vorticity contours plotted with streamlines at t/T=0.5, at 

𝛼𝑤𝑖𝑛𝑔 =0° for various distances between the wake centreline (y = 0) and the wing leading-

edge 𝑦𝐿𝐸. The corresponding lift coefficient history is presented in Figure 6-11(e). The 

flow images can be utilised to infer the association between the lift variations and the 

interaction of the oncoming vortices. For distant interaction between wake and the wing 

at 𝑦𝐿𝐸/𝑐 = 0.8 (Figure 6-11(a)), there is a local maximum at this phase, shown in Figure 

6-11(e). This is similar to the finding for a single vortex approaching the wing (Qian et 

al., 2021). When the wake passes below the wing (Figure 6-11(b)), the wake is deflected 

downwards after interacting with the wing, the peak-to-peak amplitude of the lift 

coefficient increases compared to 𝑦𝐿𝐸/𝑐 = 0.8, and there is a local minimum in between 

the two local maximums at this phase (Figure 6-11(e)). Local lift peaks can be related to 

the existence of the vortex near the leading edge of the wing, as seen in Figure 6-11(c) 

and Figure 6-11(d). The existence of an approaching vortex at the leading edge in the 

wake causes the wing to experience larger lift fluctuations. However, it does not explain 

the presence of two peaks in the force measurements when the wing interacts closely with 

the wake. 

Therefore, the vorticity contour plots are plotted with 4 phases at 𝑦𝐿𝐸/𝑐 = 0.8 in Figure 

6-12(a), where the wing interacts far away from the wake, and 𝑦𝐿𝐸/𝑐 = 0 in Figure 

6-12(b), where the wing is at the centre of the wake. In this case of 𝑦𝐿𝐸/𝑐 = 0.8, the 

amplitude of the generated velocity is expected to rise as the counter-clockwise vortex 

approaches the wing. The vertical component, on the other hand, decreases until the vortex 

is just below the wing. Figure 6-12(c), the observed lift history is as predicted, with the 

fundamental frequency dominating. On the other hand, for the close interaction case for 

𝑦𝐿𝐸/𝑐 = 0, at phase t/T=0.25, a counter clockwise (CCW) vortex approaches with the 

wing, creating a positive lift on the wing as moving to the trialling edge at t/T=0.75, the 

positive peak occurs at a point between these two phases. From the effective angle of 

attack perspective, when a CCW vortex interacts with the wing on the top of the leading 

edge, the wing induces upwash, resulting in the positive effective angle of attack and 
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obtaining the positive lift peak at t/T=0.5. According to SureshBabu et al. (2021), this 

behaviour is also consistent with the theoretical investigation of the low-order model of 

discrete vortices. The lift-peak configuration corresponds to the situation in which the net 

upwash caused by the two vortex structures is maximized, resulting in the largest effective 

angle of attack. It is initially considered that the double peaks before and after the phase 

t/T = 0.5 for the close interaction are caused by the vortex's finite core size and rapid 

distortion. 

Figure 6-12(d) shows the cross-stream velocity profile plotted along the lines of 𝑦𝐿𝐸/𝑐 =

0 and 𝑦𝐿𝐸/𝑐 = 0.8 in the undisturbed wake upstream of the wing over a wavelength using 

experimental data. Note that the x-axis is normalised by wavelength, in this case, with x/λ 

= 0 and 1.0 corresponding to the locations of the counter-clockwise vortices (just below 

or just above the core of the vortices). 

A point vortex model was used to compare the experimental cross-stream velocity profile. 

The assumption was valid that oncoming flow is classical Kármán vortex street. The 

following equation was used to the calculate cross-stream velocity profile if undisturbed 

(Streitlien et al., 1996). 

[𝑢 − 𝑖𝑣]𝑦=0,𝑡=0 = 𝑈∞ +
𝑖Γ

𝜆

cosh (
𝜋𝑏
𝜆

)

𝑠𝑖𝑛 (
2𝜋𝑥
𝜆

) − 𝑖𝑠𝑖𝑛ℎ (
𝜋𝑏
𝜆

)
                                                       (6.7) 

where i2=-1, and multiplying with: 

𝑠𝑖𝑛 (
2𝜋𝑥
𝜆

) + 𝑖𝑠𝑖𝑛ℎ (
𝜋𝑏
𝜆

)

𝑠𝑖𝑛 (
2𝜋𝑥
𝜆

) + 𝑖𝑠𝑖𝑛ℎ (
𝜋𝑏
𝜆

)
                                                       (6.8) 

and obtaining the following equation: 

[𝑢 − 𝑖𝑣]𝑦=0,𝑡=0 = 𝑈∞ +
𝑖Γ

𝜆

cosh (
𝜋𝑏
𝜆

)

𝑠𝑖𝑛 (
2𝜋𝑥
𝜆

) − 𝑖𝑠𝑖𝑛ℎ (
𝜋𝑏
𝜆

)
 
𝑠𝑖𝑛 (

2𝜋𝑥
𝜆

) + 𝑖𝑠𝑖𝑛ℎ (
𝜋𝑏
𝜆

)

𝑠𝑖𝑛 (
2𝜋𝑥
𝜆

) + 𝑖𝑠𝑖𝑛ℎ (
𝜋𝑏
𝜆

)
        (6.9) 

rearranging it,   
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[𝑢 − 𝑖𝑣]𝑦=0,𝑡=0 = 𝑈∞ +
𝑖Γ

𝜆

cosh (
𝜋𝑏
𝜆

)

(𝑠𝑖𝑛 (
2𝜋𝑥
𝜆

))

2

+ (𝑠𝑖𝑛ℎ (
𝜋𝑏
𝜆

))

2  (𝑠𝑖𝑛 (
2𝜋𝑥

𝜆
) + 𝑖𝑠𝑖𝑛ℎ (

𝜋𝑏

𝜆
)) (6.10) 

from this equation, it can be calculated the cross-stream velocity <v>, as follows,  

< 𝑣 >= −
Γ

𝜆

cosh (
𝜋𝑏
𝜆

)

1

𝑠𝑖𝑛 (
2𝜋𝑥
𝜆

)

(𝑠𝑖𝑛 (
2𝜋𝑥
𝜆

))

2

+ (𝑠𝑖𝑛ℎ (
𝜋𝑏
𝜆

))

2 = 𝐷
𝑠𝑖𝑛 (

2𝜋𝑥
𝜆

)

(𝑠𝑖𝑛 (
2𝜋𝑥
𝜆

))

2

+ (𝑠𝑖𝑛ℎ (
𝜋𝑏
𝜆

))

2 (6.11) 

where D is a constant that depends on 𝑈∞, Γ/𝜆, and the vortex array aspect ratio (b/λ). 

The variation of the cross-stream velocity along the centreline in the undisturbed wake 

linked with vortex array arrangement is suggested in equation 6.11, which refers to 

wavelength (λ) dependency and the vortex array aspect-ratio (b/λ). This parameter is a 

strong function of the reduced frequency (k) and the normalized amplitude of the plunging 

motion (A/c) as shown in Figure 6-6. Overall, the results in Figure 6-12(d) show that the 

model predictions agree very well with experimental data for 𝑦𝐿𝐸/𝑐 = 0. Both the 

experimental and model results indicate that the cross-stream velocity component contains 

double peaks, one on either side of the wake’s centre line. The same shape (double peaks) 

is captured in experimental lift coefficient time history in one cycle as shown in Figure 

6-12(c) for 𝑦𝐿𝐸/𝑐 = 0.  The two cases not only differ in magnitude, but also appear to 

have distinct waveforms. Higher harmonics are obviously present in the case of 𝑦𝐿𝐸/𝑐 =

0. This case looks to be more akin to a square-wave than a sine-wave. To confirm this, 

Fourier analysis of the cross-stream velocity and a phase-averaged lift coefficient is 

provided in Figure 6-12(d) which demonstrates how unsteady behaviours are distributed 

in frequency space. Fourier analysis is computed as follows: 

𝐴 = √𝑎𝑛
2 + 𝑏𝑛

2                                                         (6.12) 

where 𝑎𝑛 and 𝑏𝑛 are the Fourier coefficients 

𝑎𝑛 =
2

𝑇
∫ 𝑓(𝑡) cos (

2𝜋𝑛𝑡

𝑇
) 𝑑𝑡                                        (6.13)

𝑇/2

−𝑇/2
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𝑏𝑛 =
2

𝑇
∫𝑓(𝑡) sin (

2𝜋𝑛𝑡

𝑇
) 𝑑𝑡                                           (6.14)

𝑇
2

−
𝑇
2

 

where f(t) is the phase-averaged lift profile or cross-stream velocity profile. The highest 

order Fourier coefficients are sufficiently small, and increasing n had an insignificant 

influence on the results. Therefore, the first ten Fourier coefficients are sufficient to 

determine the wing response and normalise them by their first Fourier coefficient to 

compare other harmonics to the fundamental coefficient (a1). For instance, the amplitude 

of cross-stream velocity and lift profile at 𝑦𝐿𝐸/𝑐 = 0.8 exhibit a single dominant 

frequency, whereas the dominant mode for 𝑦𝐿𝐸/𝑐 = 0 becomes 3rd harmonic with large 

amplitude. Therefore, the third harmonic existed upstream of the wing and so it is inferred 

that the double peaks in the lift coefficient are not caused by vortices being distorted when 

they interact with the wing.  

According to Naguib et al. (2011), a particularly important aspect of velocity component 

measurements is acquiring the wake vortices’ characteristics. This is done in the present 

study to characterise the lift response of the wing in the wake using the point vortex model 

to compare the experimental cross-stream velocity. The effects of the reduced frequency 

and the oscillation amplitude on the measured lift response will be discussed using the 

equation(6.11) later in the chapter.  

The phase-averaged lift coefficient is shown in Figure 6-13 with the minimum, maximum 

and mean values as a function of the offset distance of the wing. The flow field during the 

interaction remains symmetric regarding y=0, resulting in the mean lift being zero. On the 

other hand, slightly asymmetric values obtain for the maximum (positive) and minimum 

(negative) lift coefficient. This might be caused by a micro-alignment of the wing in the 

wake centreline. The maximum and minimum lift variations are primarily dependent on 

the offset location of 𝑦𝐿𝐸/𝑐. As expected, the average peak-to-peak amplitude of 𝐶𝐿 

fluctuations is the highest when the wing is positioned at the centre (𝑦𝐿𝐸/𝑐 = 0) of the 

wake.  
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In wakes, the two most energetic modes are associated with reverse von Kármán vortices 

and are normalised by their highest absolute value and plotted against each other, an 

example of which is shown in Figure 6-14(a) for 𝑦𝐿𝐸/𝑐 = 0.4 and in Figure 6-14(b) for 

𝑦𝐿𝐸/𝑐 = 0. For both cases, the energy level of the first two modes accounts for 

approximately 50% of total energy which is lower compared to that in the absence of the 

downstream wing (66.7% discussed in relation in Figure 6-5). It is interesting to see that 

the highest energy components are nearly identical in both cases for 𝑦𝐿𝐸/𝑐 = 0.4 and 

𝑦𝐿𝐸/𝑐 = 0. In the presence of the wing, the interaction with the wing causes significant 

drop in the energy of the first mode. However, the effect of wing angle of attack and the 

wing location (offset distance within the range tested) have much smaller effects. 

 

Loaded wing in the wake 

Now, the influence of the angle of attack of the wing in the wake is investigated. The wake 

parameters were kept constant (A/c = 0.4, k = 1.70, St= 0.216), and the upstream plunging 

airfoil was likewise set at the angle of attack of airfoil = 0 to obtain symmetric wakes. An 

example of the lift response and flow field at the angle of attack 5° for the wing is shown 

in Figure 6-15 at phase t/T=0.5 (left column) and t/T=0.75 (middle column). When the 

wing is placed at 𝑦𝐿𝐸/𝑐 = 0.2 (Figure 6-15(a)), the wing interacts with the CCW vortex 

and vorticity rolls-up at the leading edge and begins to separate, generating a leading edge 

vortex (LEV), the wing experiencing the high lift fluctuations. As the wing moves through 

the gust, the interaction between the LEV and CCW vortex extends toward the trailing 

edge in Figure 6-15(b) and Figure 6-15(c), resulting in a lower lift fluctuation magnitude. 

Figure 6-16 shows vorticity contours plots are streamwise plane and phase-averaged lift 

profile, as the same cases as Figure 6-15, but the angle of attack of the wing sets at 10°. 

In this example, the LEV increases in strength, expanse, and lift rise were observed to be 

higher for the angle of attack 10° than for the angle of attack 5°, for each case. Similarly, 

the highest lift magnitude is achieved at  𝑦𝐿𝐸/𝑐 = 0.2 in the wake, and the lift profile 

indicates a similar trend for both angles of attack (5° and 10°).  
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The phase-averaged lift coefficients of the wing are plotted to describe the influence of 

the wing incidence and offset distance in the wake, as shown in Figure 6-17. The highest 

and minimum peak values of the lift coefficients as a function of wing locations in the 

wake are shown in Figure 6-17(a). For 𝛼𝑤𝑖𝑛𝑔 = 10°, the largest positive lift coefficient 

peak is achieved at 𝑦𝐿𝐸/𝑐 = 0.3, whereas the lowest lift coefficient peak is obtained when 

the wing is at the centre of the wake. While decreasing the angle of attack, the positive lift 

coefficient peak decreases, whereas the negative lift coefficient peak increases. For 

𝛼𝑤𝑖𝑛𝑔 = 5°, the highest lift coefficient peak is observed at 𝑦𝐿𝐸/𝑐 = 0.2. The lowest lift 

coefficient peak values, on the other hand, increase, and the minimum value remains at 

the wake's centre (𝑦𝐿𝐸/𝑐 = 0). The corresponding lift coefficients in steady freestream are 

shown by the dotted lines. The effect of the vortex street appears to be limited to a region 

within approximately one chord length distance from either side of the centreline. 

Figure 6-18 (a-c) presents the first two major POD modes of the cross-stream velocity 

component normalised by its maximum absolute value for 𝛼𝑤𝑖𝑛𝑔 = 10°. The first two 

modes in each example account for roughly the same total energy and contain significantly 

more energy than the remaining modes. In all cases, the energy level of the first two modes 

accounts for around 48%, which is slightly less than the angle of attack 0° (approximately 

50%) but a significant difference when no downstream wing is in the flow field (around 

60%). As a consequence of the interacting wake coherence in the flow field, wake modes 

are affected when the wing is placed in the wake (around 10% reduction when the wing 

is located at x/c=3); nevertheless, changing the angle of attack and position of the wing in 

the wake (at y-axis) changes the wake modes minimally (around 2%), comparing the zero 

angle of attack at 𝑦𝐿𝐸/𝑐 = 0.  

The degree of two-dimensionality of the interaction can also be assessed in the cross-flow 

measurements at x/c = 4.03, which is immediately downstream of the trailing-edge. Figure 

6-19 (a-d) present the first dominant POD mode of the cross-stream velocity component 

normalised by its maximum absolute value in the cross-flow plane for different wing 

locations in the wake. In these plots, the wing is illustrated with dashed lines. The first 

mode has the most energy compared to all other higher modes. The first POD mode can 

be described as a “flapping mode” (as stated in Chapter5), which can reach approximately 
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70% of the total energy when there is no wing in the wake, as seen in Figure 6-19(d) and 

Figure 6-19(e). Similarly, POD modes of the cross-stream velocity, when the wing is 

placed in the centre wake (Figure 6-19(c)) the energy of the flapping mode is reduced by 

around 30% (Figure 6-19(e)). The POD modes are fairly uniform in the spanwise direction 

and, depending on the offset distance, they are concentrated above or below the wing. 

Near the wingtip, the two-dimensionality of the first POD modes ends. Again, changing 

the angle of attack and the wing’s location in the wake has little influence on the energy 

of flapping modes. The lowest energy is obtained at the highest angle of attack (𝛼𝑤𝑖𝑛𝑔 =

10°) at the centre of the wake (𝑦𝐿𝐸/𝑐 = 0), as seen in  Figure 6-19e. 

 

6.2.2 Wing in asymmetric wakes of oscillating 

airfoil (at nonzero α)  

This section explores the effect of unsteady loading on the wing in asymmetric wakes of 

an oscillating airfoil. The asymmetric wakes were created by changing the angle of attack 

of an airfoil at A/c= 0.4, k= 1.70, St= 0.216.  

The vorticity fields are shown in Figure 6-20: the left column corresponds to symmetric 

wakes at 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 0° (Figure 6-20(a)) and an asymmetric wake at 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 5° (Figure 

6-20(b)) and  𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 10° (Figure 6-20(c)) when the wing is placed at 𝑦𝐿𝐸/𝑐 = 0 and 

right column to time history of phase-averaged lift coefficient for each case. As discussed 

previously, when the wing is the centre of the symmetric wake (Figure 6-20(a)), it 

experiences substantial lift fluctuations, as seen in Figure 6-20(a) on the right column. The 

CCW vortex interacted on the top of the wing’s leading edge at t/T=0.5 for a symmetric 

wake case. At 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 5°, the wing has interacted with the centre of the CCW vortex at 

the leading edge (Figure 6-20(b)) and the magnitude of the lift coefficient is reduced. At 

𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 10°, the wing is further away from the wake and has experienced lower lift 

fluctuation. This is evidence of the production of asymmetric wakes, which are reported 

in Figure 6-20(b) and Figure 6-20(c). To characterise the effect of the asymmetric wakes 
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on the wing, the wing’s location is needed to change for these cases to compare unsteady 

lift measurements. 

To do this, the contour plots of vorticity are plotted with streamlines at t/T=0.5, (left 

column) and t/T=0.75 (middle column). The time history of the phase-averaged lift 

coefficients are shown in the right column. The interaction between the CCW vortex and 

the leading edge of the wing is nearly identical as seen in Figure 6-21(b) (for 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 =

5°) and Figure 6-21(a) ( for  𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 0°). Similarly, the corresponding unsteady lift 

profile and magnitude are almost identical although the magnitude of the asymmetric case 

for  𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 5° is somewhat lower than the symmetric case ( 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 0°). For 

 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 10°, as shown Figure 6-21(c), the CCW vortex has not interacted yet at t/T=0.5 

compared for both cases (symmetric and asymmetric case for  𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 5°). The 

magnitude of the phase-averaged lift magnitude is much lower than in other cases. It's 

worth noting that multiple peaks are seen in every case. 

The maximum, minimum and mean lift coefficients as a function of offset distance of the 

wing in the wake are shown in Figure 6-22 for symmetric case ( 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 0°) and 

asymmetric cases (  𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 5° and  𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 10° ). It can be seen that the baseline 

(symmetric case at 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 0°) achieves a maximum and minimum lift coefficient at 

the centre of the wake (𝑦𝐿𝐸/𝑐 = 0). As the wake becomes more deflected downwards with 

increasing angle of attack, the wing directly interacts with the vortex street at negative yLE 

locations (below the airfoil), resulting in the location of the highest peak lift coefficients 

shifting to more negative yLE locations. At the asymmetric wake for  𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 5° the lift 

coefficient magnitude is slightly lower than the baseline symmetric case. However, the 

maximum and minimum lift coefficients are obtained when the wing is located at 𝑦𝐿𝐸/𝑐 =

−0.2. At an asymmetric case of  𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 10°, it can also be seen that the lift coefficient 

magnitude of the wing is approximately 30% lower than the baseline case, and the 

maximum and minimum lift coefficients are reached when the wing is placed at  𝑦𝐿𝐸/𝑐 =

−0.4. The average lift on the wing, on the other hand, is nearly zero for each wake-wing 

interaction. 



 

180 

 

The circulation was computed using the phase-averaged data to explain the magnitude 

variation for these cases, particularly for  𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 10°. Figure 6-23 shows the vorticity 

fields (left column) and cross-stream velocity (middle column) at t/T = 0.5, and the time 

history of the phase-averaged lift coefficient (right column) for the cases of  𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 0°, 

5, and 10. Circulation is an indication of the strength of the vortex. To avoid performing 

the circulation calculation on an arbitrary user-defined area, the vortex core is defined 

using the absolute maximum vorticity criteria. The closed curve is chosen large enough to 

cover the vorticity around the vortex core. The circulation is then calculated using a line 

integral of the vector field around a closed curve. The circulation values are also marked 

in the flow structure , see Figure 6-23, at t/T=0.5. For example, CCW vortices are stronger 

of the symmetric case (Figure 6-23(a)) and the asymmetric case for  𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 5° (Figure 

6-23(b)) and the circulation values are almost the same for these cases, resulting in almost 

the same cross-stream velocity component and the phase-averaged lift coefficients. At 

 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 10°, however, as seen in Figure 6-23(c), the circulation of the counter-

clockwise vortex does not alter significantly (/Uc = 1.58), however there is some 

reduction in the strength of the clockwise vortex (/Uc = −1.30) compared to the other 

cases. This is to be expected, given the greatest and lowest effective angles of attack are 

different in this case. Also, the clockwise and counter-clockwise vortices are formed 

closer to each other for this case. This change in the vortex street configuration modifies 

the approaching cross-stream velocity component significantly. Changes in cross-stream 

velocity, along with reduced strength for clockwise vortices, result in lower lift 

fluctuations for asymmetric wakes.  

 

6.2.3 Effect of plunge frequency and amplitude on 

wake-wing interaction 

In this section, the effect of the reduced frequency (k) and the Strouhal number (St) is 

investigated on the characteristics of the travelling gusts generated, vortex street – wing 
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interaction, and the resulting lift coefficient fluctuations. We present detailed flow field 

and force measurements for the wing by directly comparing  with theoretical calculations.  

It can be seen in Figure 6-24(a-d) that the first two POD modes of the cross-stream 

velocity component are normalised by its maximum absolute value for A/c=0.2, 𝛼𝑤𝑖𝑛𝑔 =

0° , 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 0° and varying the reduced frequency (k) exhibit similar spatial features to 

those of the second mode. The second mode is shifted quarter-wavelength regarding the 

first mode (Konstantinidis et al., 2017; Ma et al., 2000). While the first and second modes 

have almost equal energy percentages, the sum of the energy of the two modes grows as 

a fraction of total energy as the reduced frequency (k) increases. The ratio of the energy 

of the wake modes to the total energy increases from 5.5% for k = 0.63, 22.8% for k = 

1.26, 38.1% for k = 1.88 to 49.2% for k = 2.51 at an amplitude of A/c = 0.2.  It is also seen 

in Figure 6-25 that the wavelength of cross-correlation of the cross-stream velocity 

component 𝐶𝑣𝑣 decreases with an increasing frequency (the reduced frequency (k) and the 

Strouhal number (St) at the fixed value of A/c = 0.2). All contours exhibit an alternating 

positive and negative values pattern, representing the vortex configuration's structure. 

This may explain why the first two modes of POD and cross-correlation 𝐶𝑣𝑣 can accurately 

reflect vortices on a wide scale. When the wing interacts with the low relative energy of 

the POD field (Figure 6-24(a)) as well as low cross-correlation coefficients (Figure 

6-25(a)), the lift fluctuation of the wing is relatively small (Figure 6-24(e)). At the highest 

reduced frequency at k=2.51, St=0.16 (the lowest wavelength, the highest POD energy 

modes, the highest 𝐶𝑣𝑣), the wing experienced the higher lift peaks.  

Figure 6-26(a-e) presents the first two major POD modes of the cross-stream velocity 

component for the corresponding cases. Again, the relative energy of the first two modes, 

which characterise the travelling main wake modes, increases as the amplitude (A/c) 

increases. However, with increasing amplitude (A/c), the spatial structure of the modes 

changes from an ellipse with a major axis in the streamwise direction to one with a major 

axis in the cross-stream direction as the cross-stream extent of the structures increases, 

while the wavelength remains constant compared to fixed amplitude cases (Figure 6-24(a-

d)). Also, this can be observed in the cross-correlation of cross-stream velocity 𝐶𝑣𝑣 (Figure 

6-27(a)) and cross-stream velocity < 𝑣 > (Figure 6-27(b)). The cross-stream extent of the 
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cross-correlation coefficient and cross-stream velocity also increases with increasing 

amplitude. When the wing is placed in the centre of the wake, the wing experiences higher 

unsteady wake velocities (higher percentage energy of the dominant unsteady modes and 

higher the cross-correlation coefficients). The magnitude of the maximum and minimum 

lift coefficient increases with increasing amplitude (A/c), and a local minimum in the lift 

is always observable after t/T≈0.5, as shown in Figure 6-26(f).  

Theoretical estimation of the cross-stream velocity profile is shown for A/c=0.2 and 

varying reducing frequency k in Figure 6-28(a). Using the point vortex model of the vortex 

street (Equation (6.11)), the trends of higher harmonics can be explained. Previously, it 

was explained that the experimentally observed ratio b/λ shown in Figure 6-6d is a strong 

consequence of the reduced frequency (k) and the normalised amplitude of the plunging 

motion (A/c), as increasing linearly for A/c=0.2. The theoretical calculation of cross-

stream velocity for a given value of k=1.26 (fixed wavelength) with varied amplitude (A/c) 

is shown in Figure 6-28(b). At the lower frequency (k = 1.26), the predicted cross-stream 

velocity component has multiple peaks, whereas at the highest reduced frequency of k = 

2.51, the waveform becomes more similar to a sine-wave. The Fourier coefficients were 

calculated from the predicted cross-stream velocity profiles. It was found that for k = 1.26, 

the Fourier coefficients are significant at n = 3 and 5, but only n = 3 becomes dominant at 

higher reduced frequencies, as shown Figure 6-28c. The same wavelength (λ/c≈2.6) and 

vortex array aspect-ratio (b/λ≈0.13), A/c=0.2 and A/c=0.4 display the identical theoretical 

cross-stream velocity profile. At the highest amplitude case A/c=0.6, the cross-stream 

velocity profile becomes the sine-wave when the vortex array aspect-ratio is increased to 

double (b/λ≈0.26). In summary, the predicted waveforms of the cross-stream velocity in 

the vortex street could explain the higher harmonics observed in the measured phase-

averaged lift coefficient.    

The phase-averaged mean peak values of positive and absolute negative lift coefficient in 

response to a maximum cross-stream velocity at 𝛼𝑤𝑖𝑛𝑔 = 0° , 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 0°  is presented 

as a function of the reduced frequency (k), as shown in Figure 6-29. The static lift 

coefficient slope (a) of the wing and the ratio of the maximum phase-averaged cross-

stream velocity divided by the freestream velocity were used to normalise the amplitude 
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of the lift coefficient. In Figure 6-3, the variation of the static lift coefficient as a function 

of angle of attack is highly nonlinear, we used a constant value of the slope (a) calculated 

by using 2 for the airfoil cross-section and the Prandtl’s lifting line theory, assuming an 

elliptical circulation variation. The Theodorsen theory considers the case of an airfoil in a 

constant free-stream that oscillates in pitch and plunge (Theodorsen, 1935). Our results 

are slightly lower than the Theodorsen model. It should come as no surprise that this is 

not similar to a stationary airfoil in a constant free-stream. In the Sears problem, on the 

other hand, the chordwise angle-of-attack distribution is never uniform because the 

impinging gust is periodic in the streamwise direction (Sears, 1938). When the wing 

interacts with wake that has a various reduced frequency (k), it was found to be better 

when compared to Sear’s prediction than it was to Theodorsen’s but still, there is no 

collapse of data for both models as a function of the reduced frequency (k).  

Figure 6-30(a) indicates the variation of the two-point cross-correlation coefficient of the 

cross-stream velocity component (Cvv) in the absence of the wing as a function of the x-

axis (normalised by the wavelength of each case independently) for the fixed reduced 

frequency k=1.26 and various amplitudes (A/c). The variation of the cross-correlation 

coefficient of cross-stream velocity components were compared in the experiments with 

the Sears gust model. The scatter in the data from the Sears theory might be related to not 

only significant amplitude velocity fluctuations, but also to the unsteady wake does not 

exactly like the gusts predicted by the Sears theory. The cross-correlation of uniform gust 

(Sears Gust) is calculated in the following equation (detail calculation in Appendix-2)  

𝐶𝑣𝑣,𝑠𝑒𝑎𝑟𝑠 = 𝑐𝑜𝑠 (2𝜋
𝑥

𝜆
)                                                     (6.15) 

The two-point cross-correlation coefficient of the cross-stream velocity component for 

both the peak and the profile is comparable to the uniform gust. The two-point correlation 

coefficient of cross-stream velocity fluctuations (𝐶𝑣𝑣) using equation 6.1 for experimental 

cases, where the reference location is chosen as the wake centre line (y/c=0, x/c=3.5 

(measured from the location of mid-chord when the wing is placed in the wake)). Figure 

6-30(a) shows the variation of the two-point cross-correlation coefficient in the absence 

of the wing as a function of the x-axis normalized by the wavelength for a fixed reduced 



 

184 

 

frequency of k = 1.26 and various amplitudes A/c. The peak cross-correlation coefficient 

increases with increasing amplitude (A/c) and approaching uniform gust magnitude. The 

higher amplitude cases, A/c=0.4 and A/c=0.6, have almost the same magnitude as uniform 

gust. At low amplitudes, the cross-correlation coefficient is far from that of a uniform 

gust. Using this information, one can calculate the streamwise length-scale Lx, which is 

defined as: 

𝐿𝑥 = ∫ 𝐶𝑣𝑣 (
𝑦

𝑐
= 0,

𝑥

𝑐
) 𝑑 (

𝑥

𝑐
)                                          (6.16)

𝑥
𝑐
=3.5

𝑥
𝑐
=2.5

 

The streamwise length scale 𝐿𝑥 for Sear Gust is defined as (detail calculation at Appendix-

2):  

𝐿𝑥

𝑐
=

𝑠𝑖𝑛(𝑘)

𝑘
                                                              (6.17) 

The integral scale of streamwise cross-correlation for all cases with uniform gust is shown 

in Figure 6-30(b) as a function of the reduced frequency (k). At the lowest reduced 

frequency k=0.63, the correlation length scale is significantly less than uniform gust, but 

the magnitude rises with increasing amplitude A/c .Each case has a distinct trend and 

magnitude (not the collapse of data), but they all approach the uniform gust trend as an 

increasing reduced frequency (k). There is a suggestion that the Strouhal number based on 

the amplitude might be the dominant parameter. 

Figure 6-31 (a) shows the gust shape factor as a function of the Strouhal number (St) in 

the absence of the wing. The gust shape factor is defined as follows: 

𝑓′ =
(𝐿𝑥/𝑐)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

(𝐿𝑥/𝑐)𝑢𝑛𝑖𝑓𝑜𝑟𝑚 𝑔𝑢𝑠𝑡
                                             (6.18) 

Interestingly, the gust shape factor shows that the ratio exhibits a two-stage behaviour 

when the Strouhal number (St) is increased, with a high positive slope in the low Strouhal 

number range St ≤ 0.05, a different trend with a low positive slope in the high Strouhal 

Number region St > 0.05. Interestingly, for the unsteady wake of the plunging airfoil at 

the same Reynolds number (Re = 20,000), it was reported that St = 0.05 is the approximate 
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border between the drag and thrust (net streamwise force produced by the plunging airfoil 

is zero) (in chapter 5). In summary, the Strouhal number determines how close the 

unsteady wake is to the gusts predicted by the Sears theory. Low Strouhal numbers (wake 

mode) produce a wake that is not particularly comparable to a Sears gust, whereas high 

Strouhal numbers (thrust mode) produce a wake that is more akin to a Sears gust. 

The first two POD modes (E1+E2) correspond to the basic wake mode and have more 

energy than the other modes as a percentage of the overall energy ET. The quantity 

(E1+E2)/ET is shown as a function of the Strouhal number (St) in Figure 6-31(b) (without 

the downstream wing). The collapse of the data with St is extremely good, which is also 

consistent with previous results in chapter-5. The percentage energy of the fundamental 

wake mode behaves like a parabola for small values of St, but there is a different trend for 

St > 0.05. For values greater than 0.05, the percentage energy increases with increasing 

St, but at a decreasing rate.  

The average cross-correlation is calculated in the measurements of the domain to define 

the spanwise length scale over the total width of 3c as: 

𝐶𝑣𝑣,𝑎𝑣𝑒 =
1

3
∫ 𝐶𝑣𝑣 (

𝑦

𝑐
= 0,

𝑧

𝑐
) d (

z

c
)                                (6.19)

𝑧
𝑐
=4

𝑧
𝑐
=1

 

The variation of the average cross-correlation coefficient in the measurement domain is 

shown as a function of the Strouhal number (St) in Figure 6-31(c). Again, there is a strong 

link with the Strouhal number (St), which is consistent with chapter-5 data. It was 

previously identified by two regions: for small St, there is a rapid increase with St, which 

is similar to a steep parabola (similar to Figure 6-31(a) and Figure 6-31(b)) but can be 

approximated as a linear curve:  

𝐶𝑣𝑣,𝑎𝑣𝑒 = 20 𝑆𝑡                                                                 (6.20) 

In the second region, for larger St, the spanwise averaged cross-correlation coefficient is 

roughly constant:  

𝐶𝑣𝑣,𝑎𝑣𝑒 ≈ 0.92                                                                (6.21) 

The two curves for the two regions intersect at around St  0.05, the border between the 

drag and thrust forces (as discussed in chapter5).  
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Young and Lai (2007) propose an approximate boundary for vortex lock-in, which it is 

determined to be St = 0.03 to 0.06. Given the 2D nature of their simulations, it is 

noteworthy that a region of low coherence is identified (both in streamwise and spanwise 

directions) for St less than 0.05. In summary, how close the unsteady wake is to the gusts 

modelled by the Sears theory depends mainly on the Strouhal number .The wake becomes 

increasingly similar to the Sears gust as the Strouhal number increases, as does the 

coherence of the streamwise flow and crossflow. 

Figure 6-32 shows the effect of the Strouhal number (St) on the variation of the amplitude 

of lift coefficient. There is an increasing trend of the data to collapse with St compared to 

k (as shown Figure 6-29). This stems from two facts. Firstly, it is shown that the unsteady 

features of the wake, including the amplitude of the cross-stream velocity fluctuations, 

coherence or degree of two-dimensionality of the streamwise flow and crossflow, and the 

waveforms of the gust velocity profiles, are all strong functions of the Strouhal number. 

Secondly and more importantly, the Strouhal number itself is the ratio of the maximum 

plunging velocity to the freestream velocity, hence an amplitude parameter for the 

wakes/gusts. As a result, the maximum lift coefficient is determined by a single parameter, 

the Strouhal number, which is based on the amplitude of the plunging airfoil. However, 

when the unsteady lift of an airfoil submerged in the wake flow is considered, the 

parameter (k) is the only parameter for small-amplitude disturbances in the Theodorsen 

(1935) and Sears (1941) formulations. 

 

6.3 Conclusion 
 

This chapter investigates the unsteady characteristics of the wake of an oscillating airfoil 

and its interactions with the downstream wing at a chord Reynolds number of Re = 20,000 

using particle image velocimetry (PIV) and force measurements. The main focus was 

unsteady lift force measurements on the unloaded wing (set at zero angle of attack) and 

loaded wings in the oscillating symmetric and unsymmetric (generated by oscillating the 

upstream airfoil at the nonzero mean angle of attack). The streamwise flow and cross-flow 
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in the near wake were analysed using two-point correlations, relative energy of the 

dominant proper orthogonal decomposition (POD) modes and force measurements, as 

well as the time-averaged flow as a function of the reduced frequency (k) and the Strouhal 

number (St). Discussion of results are presented for an overview of the effect of symmetric 

and asymmetric wakes of the oscillating airfoil on the wing, and kinematic parameters 

(amplitude and frequency) on the wake-wing interactions. 

The oscillating airfoil's unsteady wakes generate travelling gusts with finite cross-stream 

extent, but extremely significant velocity variations surpassing the freestream velocity are 

possible within the wake. The wavelength of the vortex street, the spacing between the 

vortex rows in the cross-stream direction, and the maximum r.m.s. velocity of the cross-

stream velocity were all measured in the unsteady wakes. The streamwise flow is 

characterised by the first two POD modes, which provides a good description of the 

fundamental wake modes and describes a travelling wave. The POD decomposition was 

an effective global phase identifier for calculating cross-stream velocity components. 

Within the range of kinematic parameters tested, the cross-stream velocity (POD based) 

generally increases with increasing k and St. There is a better trend of the data to collapse 

with St than k, implying that coherence (degree of the two-dimensionality) increases. 

Wavelength λ of each case (streamwise spacing), which is characterised by the cross-

correlation coefficient 𝐶𝑣𝑣 plots, decreases with an increasing reduced frequency (k), 

showing a decent trend for all cases. The cross-correlation of the vorticity component 𝐶𝜔𝜔 

were used to characterise the transverse spacing, and the vortex array aspect-ratio (b/λ) 

continued to exhibit an increasing trend due to the reduction of the wavelength with an 

increasing reduced frequency (k).   

The study concentrated on the wake kinematic parameters (amplitude and frequency) that 

produce the largest cross-stream velocity amplitude within our parameter range. For an 

unloaded wing, the maximum and minimum lift variations are primally dependent on the 

offset location of 𝑦𝐿𝐸/𝑐. The average peak-to-peak amplitude of 𝐶𝐿 fluctuations are the 

highest when the wing (𝛼𝑤𝑖𝑛𝑔 = 0°) is positioned at the centre (𝑦𝐿𝐸/𝑐 = 0) of the wake. 

Also, the cross-stream velocity has a maximum near the wake centreline. Even in this 

scenario, the flow separation at the leading edge appears to be negligible. However, after 
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the contact with the wing, the reverse von Kármán vortex street arrangement loses 

coherence. When the wing is farther away from the wake centreline, the lift time history 

has a single dominating frequency, which is the fundamental wake frequency as well as 

the airfoil's plunging frequency. Higher harmonics in the lift history, on the other hand, 

become significant as the wing approaches the wake centreline. The fluctuation in cross-

stream velocity along the centreline verifies that n = 3 is the most important harmonic. 

The measured cross-stream velocity is similar to the undisturbed reversed Kármán vortex 

street's point vortex model. 

For the loaded wing, changing the angle of attack of the wing in the wake, the flow 

separation at the leading-edge, formation of a leading-edge vortex and formation of a 

vortex couple with the incident vortex become more noticeable, but the lift profile 

indicates a similar trend for both angles of attack (5° and 10°). But the largest positive lift 

coefficient peak is achieved at different wing locations in the wake, whereas the lowest 

lift coefficient peak is obtained when the wing is at the centre of the wake for each angle 

of attack. Changing the angle of attack and the position of the wing in the wake also has 

a little impact on the POD energy patterns (both wake and flapping modes).  

For the inclined asymmetric wakes generated by plunging the airfoil at nonzero angle of 

attack, the location of the largest amplitude of the lift fluctuations shifts below the 

streamwise axis as the wake is deflected downwards. The magnitude of the largest peak 

lift coefficients decreases with increasing deflection angle of the wake (increasing angle 

of attack of the plunging airfoil). This is due to the unequal strength of the clockwise and 

counter-clockwise vortices as well as the changes in the topology of the staggered vortex 

street as the upper and lower rows are shifted with respect to each other. 

For the general case of the unloaded wing in the symmetric (undeflected) wakes, the peak 

lift coefficients increase with increasing frequency and amplitude A/c of the plunging 

airfoil. The waveforms of the phase-averaged lift coefficient exhibit greater harmonics (up 

to n = 5) at low frequencies and amplitudes, which may be anticipated by the point vortex 

model of the reversed Kármán Street. The wake structure of the flow field has a significant 

impact on the lift coefficient behaviour. It is also necessary to investigate the cross-stream 

velocity profile to comprehend lift coefficient behaviour. Therefore, the time-averaged 
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mean peak values of positive and absolute negative lift coefficient in response to a 

maximum cross-stream velocity at 𝛼𝑤𝑖𝑛𝑔 = 0° , 𝛼𝑎𝑖𝑟𝑓𝑜𝑖𝑙 = 0° were compared as a 

function of the reduced frequency (k). When the wing interacts with wakes that have 

various reduced frequencies (k), there was a better trend when compared to Sear’s 

prediction than Theodorsen’s but still, there is no collapse of data for both models as a 

function of the reduced frequency (k).  

The impacts of the reduced frequency and the Strouhal number were examined on various 

flow quantities, including the cross-stream velocity, energy percentage of the dominant 

POD modes, and the cross-correlation coefficient with Sears’ prediction. The Strouhal 

number was the most dominating parameter in all circumstances. The Strouhal number 

represents the amplitude parameter for wake excitation. The most important metric 

defining the degree of two-dimensionality is the Strouhal number, which depends on the 

plunge amplitude. The properties of the gust waveform and the degree of the two-

dimensionality are strong functions of the Strouhal number of the wake only. Furthermore, 

the Strouhal number is the ratio of the maximum plunge velocity of the plunging airfoil 

to the freestream velocity, resulting in an amplitude parameter for the unsteady wake. As 

a result, the amplitude of the lift coefficient of the stationary wing is a strong dependence 

on the Strouhal number of the wake only. In the Theodorsen (1935) and Sears (1941) 

formulations, however, the parameter k is the only parameter for small-amplitude 

disturbances when the unstable lift of an airfoil is immersed in the wake flows is 

considered. 
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Figure 6-1 Model of the test section and the schematic representation of the PIV system. 

 

Figure 6-2 Tested experimental parameters of normalized plunge amplitudes and reduced 

frequency values.  



 

191 

 

 

Figure 6-3 Time-averaged lift coefficient in freestream and comparison with literature for 

the stationary NACA0012 wing/airfoil at the test Reynolds number of Re=20,000. 



 

192 

 

 

Figure 6-4 R.m.s. of cross-stream velocity fluctuations in the incident wake for the same 

reduced frequency (k=1.26) and various amplitudes at x/c=4.03.  
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Figure 6-5 Contour plots of the cross-stream for A/c=0.4, k=1.70, St=0.216 a) cross-

correlation of velocity component Cvv, b) cross-correlation of vorticity component Cωω, c) 

POD modes of the velocity component normalised by its maximum absolute value for the 

first two most energetic modes; MODE-1 has relative energy of 34.2%, and MODE-2 has 

relative energy of 32.7%. 
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Figure 6-6 a) Definition of vortex array spacing parameters b) wavelength normalized by 

chord length as a function of the reduced frequency (k), c) ratio of the spacing between 

rows to the wavelength as a function of the reduced frequency (k), d) the vortex array 

aspect-ratio as a function of the reduced frequency (k). 
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Figure 6-7 Scatter distribution of coefficient for POD modes 1 and 2 with the unit circle, 

at A/c=0.4, k=1.70, St=0.216. 
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Figure 6-8 Contour plots of a specific phase of flow filed of the cross-stream velocity for 

A/c=0.4, k=1.70, St=0.216 at t/T=0.5 a) phase-locked to airfoil motion, b) phase-averaged 

based on POD. 
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Figure 6-9 Maximum the phase-averaged cross-stream velocity normalized by the 

freestream velocity as a function of a) reduced frequency (k), b) Strouhal number (St). 
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Figure 6-10 Contour plots in the streamwise plane for A/c=0.4, k=1.70, St=0.216 (a, b) 

Cross-correlation of the cross-stream velocity component Cvv, a) with the wing at yLE/c= 

0, b) absence of the wing; (c, d) phase-averaged vorticity at t/T=0.5; c) with the wing at 

yLE/c= 1, d) absence of the wing. 
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Figure 6-11 Vorticity contours with streamlines in the streamwise plane at t/T=0.5, for 

A/c= 0.4, k= 1.70, St= 0.216, αairfoil= 0°, αwing= 0° at a) yLE/c= 0.8 b) yLE/c= 0.4,c) yLE/c= 

0.2 d) yLE/c= 0, e) time history of the phase-averaged lift coefficient.  
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Figure 6-12 (a, b) Vorticity contours with streamlines in the streamwise plane with 4 

phases for A/c= 0.4, k= 1.70, St= 0.216, αairfoil= 0°, αwing= 0° at a) yLE/c= 0.8, b) yLE/c= 0, 

c) time history of the phase-averaged lift coefficient, d) the cross-stream velocity profile 

with point vortex model, e) the normalised Fourier coefficients of lift and the cross-stream 

velocity profile. 
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Figure 6-13 Maximum, minimum and mean phase-averaged lift coefficient for A/c= 0.4, 

k= 1.70, St= 0.216, αairfoil= 0°, αwing= 0° as a function of offset distance of the wing , yLE/c. 
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Figure 6-14 POD modes of the cross-stream velocity component normalized by its 

maximum absolute value for A/c= 0.4, k= 1.70, St= 0.216, αairfoil= 0°, αwing= 0° for first 

two most energetic modes; a) yLE/c= 0.4; MODE-1 has a relative energy of 26.6%, and 

MODE-2 has a relative energy of 24.6%.b) yLE/c= 0; MODE-1 has a relative energy of 

26.4%, and MODE-2 has a relative energy of 23.8%. 
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Figure 6-15 Vorticity contours with streamlines in the streamwise plane at t/T=0.5 (left 

column), t/T=0.75 (middle column), and time history of the phase-averaged lift coefficient 

(right column) for A/c= 0.4, k= 1.70, St= 0.216, αairfoil= 0°, αwing= 5° at a) yLE/c= 0.2, b) 

yLE/c= 0, c) yLE/c= -0.2. 
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Figure 6-16 Vorticity contours with streamlines in the streamwise plane at t/T=0.5 (left 

column), t/T=0.75 (middle column), and time history of the phase-averaged lift coefficient 

(right column) for A/c= 0.4, k= 1.70, St= 0.216, αairfoil= 0°, αwing= 10° at a) yLE/c= 0.2, b) 

yLE/c= 0, c) yLE/c= -0.2. 
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Figure 6-17 Phase-averaged lift coefficient for A/c= 0.4, k= 1.70, St= 0.216, αairfoil=0° as 

a function of offset distance of the wing, a) maximum and minimum peak, and static 

values (in steady freestream, showing with dashed line), b) mean (time-averaged) and 

static values (in steady freestream, showing with dashed line). 



 

207 

 

 

Figure 6-18 POD modes of the cross-stream velocity component normalized by its 

maximum absolute value for A/c= 0.4, k= 1.70, St= 0.216, αairfoil= 0°, αwing= 10° for first 

two most energetic modes; a) yLE/c=0.2; MODE-1 has a relative energy of 25.1%, and 

MODE-2 has a relative energy of 23.1%, b) yLE/c=0; MODE-1 has a relative energy of 

25.8%, and MODE-2 has a relative energy of 23.3% c) yLE/c=-0.2; MODE-1 has a relative 

energy of 23.7%, and MODE-2 has a relative energy of 21.9%. 
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Figure 6-19 (a, d) First POD mode of the cross-stream velocity normalized by its 

maximum absolute value for A/c=0.4, k=1.70, St=0.216, αairfoil=0°, αwing=0° at x/c= 4.03 

a) yLE/c=0.4, b) yLE/c=0.2, c) yLE/c=0, d) absence of the wing; e) ratio of the energy of the 

first mode to the total energy as a function of offset distance of the wing and different 

angles of attack. 
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Figure 6-20 Vorticity contours with streamlines in the streamwise plane at t/T=0.5 (left 

column), and time history of the phase-averaged lift coefficient (right column) for A/c= 

0.4, k= 1.70, St= 0.216, αwing= 0°at yLE/c= 0, a) αairfoil= 0°, b) αairfoil= 5°, c) αairfoil= 10°. 
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Figure 6-21 Contour plots of vorticity with streamlines at t/T= 0.5, (left column) and 

t/T=0. 75(middle column); time history of the phase-averaged lift coefficient for A/c= 0.4, 

k= 1.70, St= 0.216, αwing= 0° a) αairfoil= 0°, yLE/c= 0, b) αairfoil= 5°, yLE/c= -0.2, c) αairfoil= 

10°, yLE/c= -0.4. 
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Figure 6-22 Maximum, minimum and mean value of the phase-averaged lift coefficient 

for A/c= 0.4, k= 1.70, St= 0.216, αwing=0° as a function of offset distance of the wing , 

yLE/c for αairfoil= 0° , αairfoil= 5°, and αairfoil= 10°. 
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Figure 6-23 Contour plots of vorticity with streamlines (left column) and the cross-stream 

velocity (middle column) at t/T=0.5; time history of the phase-averaged lift coefficient 

(right column) for A/c= 0.4, k= 1.70, St= 0.216, αwing= 0° a) αairfoil= 0°, yLE/c= 0, b) αairfoil= 

5°, yLE/c= -0.2, c) αairfoil= 10°, yLE/c= -0.4. 
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Figure 6-24 The first two POD modes of the cross-stream velocity component normalized 

by its maximum absolute value for A/c= 0.2, αairfoil= 0°, αwing= 0° and a) k = 0.63, St = 

0.04 with relative energy of MODE-1= 3.3%, and MODE-2= 2.2%, b) k= 1.26, St = 0.08 

with relative energy of MODE-1= 11.8%, and MODE-2= 11.0%, c) k= 1.88, St = 0.12 

with relative energy of MODE-1= 20.2%, and MODE-2= 17.9%, d) k= 2.51, St = 0.16 

with relative energy of MODE-1= 26.4%, and MODE-2= 22.8%, and e) time history of 

phase-averaged lift coefficient. 
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Figure 6-25 Cross-correlation of the cross-stream velocity component Cvv at the same 

A/c=0.2, αairfoil= 0°, αwing= 0° for a variety of reduced frequencies a) with the wing b) 

absence of the wing. 
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Figure 6-26 First two POD modes of the cross-stream velocity component normalized by 

its maximum absolute value for k = 1.26, αairfoil= 0°, αwing= 0° and a) A/c = 0.05, St = 0.02 

with relative energy of MODE-1= 3.5%, and MODE-2= 3.2%, b) A/c = 0.1, St = 0.04 with 

relative energy of MODE-1= 3.7%, and MODE-2= 3.6%,  c) A/c = 0.2, St = 0.08 with 

relative energy of MODE-1= 11.8%, and MODE-2= 11.0%, d) A/c = 0.4, St = 0.16 with 

relative energy of MODE-1= 27.6%, and MODE-2= 24.6%, and e) A/c= 0.6, St= 0.24 with 

relative energy of MODE-1= 30.6%, and MODE-2= 29.9%, f) time history of phase-

averaged lift coefficient. 
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Figure 6-27 Contours plots with same value of k=1.26, αairfoil=0°, αwing=0° for variety of 

amplitudes, A/c a) cross-correlation of the cross-stream velocity component Cvv, b) the 

cross-stream velocity <v>/U∞. 
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                                        c) 

 

Figure 6-28 Cross-stream velocity profile according to the point vortex model for a) a 

fixed value of A/c = 0.2, b) a fixed value of k = 1.26, c) the normalised Fourier coefficients 

of the cross-stream velocity profile. 
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Figure 6-29 Normalized amplitude of the fluctuations of the lift coefficient for αairfoil= 0°, 

αwing= 0° as a function of the reduced frequency (k); with the Sears and Theodorsen curves. 

 

Figure 6-30 a) Variation of cross-correlation coefficient in the absence of the wing as a 

function of x/λ for the fixed reduced frequency k= 1.26 and various amplitude A/c 

(measured from the location of mid-chord, x/c= 3.5, y= 0), b) integral scale of cross-

correlation as a function of the reduced frequency (k). 
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Figure 6-31 Variations a) gust shape factor; dashed lines indicate curve fits, b) ratio of 

the energy of the first two modes to the total energy, c) spanwise-averaged cross-

correlation (y/c= 0, z/c) ( open symbols from Chapter-5, whereas the solid symbols are 

present data). as a function of the Strouhal number (St) 
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Figure 6-32 Amplitude of the lift coefficients as a function of the Strouhal number (St) 

for all cases at αairfoil= 0°, αwing= 0°. 
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CHAPTER 7 Conclusions and 

Recommendations 
 

7.1 Conclusions 
 

The unsteady nature of wing vortices subject to pure plunging oscillations, as well as their 

interaction with a downstream wing, were investigated by means of Particle Image 

Velocimetry and force measurements at a chord Reynolds number of Re=20,000. The 

experiments were conducted in a closed-loop, free surface water tunnel (The Eidetics 

model 1520) at the University of Bath. The wing model had a NACA0012 profile for both 

wings/airfoil. A semi-aspect-ratio of the plunging wing was sAR=5. The stationary 

downstream wing had a semi-aspect-ratio of sAR=3, while the plunging airfoil was 

oscillated.  

Chapter 4 analyses the unsteady feature of the tip vortex and wake of the plunging wing 

using the main parameters of the reduced frequency (k) and the Strouhal number (St), 

affecting the tip vortex displacement and wake shear layer amplification. For small St, it 

was observed that the tip vortex is strong and has a smaller amplitude than the amplitude 

of wake oscillations in the cross-flow plane. The wave-like motion of the wake is observed 

in the streamwise plane. For high St, reverse Kármán Street develops in the streamwise 

plane, with more complicated vortical flow appearing in the cross-flow plane due to 

interconnected vortex loops. In the absence of the reverse Kármán Street, in all cases, the 

wake exhibits displacement larger than the tip vortex. This is critical when considering 

the relative contributions of the tip vortex and the wake for the interactions with the 

following wing and resulting unsteady loads. This suggests that wake oscillations are more 

likely to cause larger force fluctuations than the tip vortex in the interactions with the 

downstream wing. 

Chapter 5 investigates the near wake of the pure plunging airfoil to investigate the effect 

of the reduced frequency (k) and the Strouhal number (St) on wake coherence for a wide 

range of parameters (k ≤ 3.14 and St ≤ 0.24).  Streamwise and spanwise flow variations in 
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the wake were calculated using proper orthogonal decomposition and two-point cross-

correlations. In general, the maximum r.m.s. velocity fluctuations, momentum thickness, 

corrected thrust coefficient and cross-stream coherence scale exhibit better collapse with 

St than k. The POD analysis of the streamwise flow shows that there are the first two 

modes for oscillating wakes, which can be described as fundamental wake modes. On the 

other hand, the cross-stream flow is characterised by only a single dominant POD mode, 

which is defined as a flapping mode. The fundamental wake modes and flapping mode 

have a much better correlation with St. The flows appear to be more two-dimensional as 

the St increases and significant spanwise variability may exist for Strouhal numbers 

smaller than 0.05. For small St, the spanwise-averaged cross-correlation coefficient grows 

almost linearly in the drag producing region. The spanwise averaged cross-correlation 

coefficient is essentially constant (𝐶𝑣𝑣,𝑎𝑣𝑒 ≈ 0.92) for larger St in the thrust producing 

region. In all cases, it was shown that the Strouhal number (St) was the dominant 

parameter. The Strouhal number represents the amplitude parameter for wake excitation. 

The conclusions of this chapter are that the spanwise coherence of the experimentally 

produced gusts should be considered when assessing the amplitude of the lift fluctuations 

on the downstream wing. 

The major focus of Chapter 6 was on unsteady lift force measurements on the wing in 

oscillating wakes, with a review of the influence of symmetric and asymmetric oscillating 

airfoil wakes on the wing, as well as kinematic parameters on wake-wing interactions. It 

was focused on the kinematic parameters of the wake (amplitude and frequency) that 

produce the largest cross-stream velocity amplitude within the range of parameters. The 

cross-stream velocity (POD based) usually rises with increasing k and St within the 

kinematic parameters evaluated, although St has a better trend than k. For an unloaded 

wing, the largest amplitude of lift fluctuations is obtained when the wing is placed in the 

centre of the wake, because of the direct head-on interaction with reverse von Kármán 

Street. In this case, the higher harmonics in the lift history becomes significant. To 

compare the experimental cross-stream velocity, a point vortex model of the undisturbed 

reversed Kármán vortex street was used. The fluctuation in cross-stream velocity along 

the centreline verifies that n = 3 is the most important harmonic. For the loaded wing, 
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when the wing’s angle of attack in the wake is changed, the lift peak increase is noted to 

be larger for higher angles of attack due to increasing LEV strength, but the lift profile 

shows a similar trend for both angles of attack (5° and 10°). The impact of unsteady 

loading on the wing in asymmetric wakes of oscillating airfoils is that as the angle of 

attack of the airfoil increases at a given amplitude and frequency, the location of the 

highest amplitude of the lift fluctuations shifts below the streamwise axis as the wake is 

deflected downwards. Increasing the deflection angle of the wake (by increasing the angle 

of attack of the plunging airfoil), the circulation decreases, resulting in lower lift amplitude 

on the wing. The lift coefficient behaviour is strongly influenced by the wake structure of 

the flow field. The maximum and minimum lift coefficients rise with increasing amplitude 

(A/c) and the reduced frequency (k). When the wing interacts with wakes that have various 

reduced frequencies (k), there is a better trend when compared to Sear’s prediction than 

Theodorsen’s but still, there is no collapse of data for both models as a function of the 

reduced frequency (k). There is an increasing trend of the data to collapse with St. In the 

Theodorsen (1935) and Sears (1941) formulations; however, the parameter k is the only 

parameter for small-amplitude disturbances when the unstable lift of an airfoil immersed 

in the wake flows is considered. 

In summary, here is a list of the main findings that confirm the novelty and significance 

of the conclusions of the study : 

• The Strouhal number is the only factor that affects the spanwise coherence. Above 

a critical Strouhal number, the wake and vortices appear to be quasi-two-

dimensional. 

• The amplitude of the lift coefficient of the wing depends on a single wake 

parameter, which is the Strouhal number based on the amplitude of the upstream 

airfoil. 

• Depending on the angle of attack of the wing, the largest lift force is found when 

the leading-edge of the wing is located at the wake centreline or slightly above it. 
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• When the wing is in close proximity to the wake centreline, the lift time history 

exhibits greater harmonics up to n = 5. This is the first report of higher harmonics. 

In order to explain this, a point vortex model was used. 

• In asymmetric (deflected) wakes, the vortex street configurations are modified, 

leading to smaller peak lift forces. 

• In general, the peak lift coefficients increase with increasing frequency and 

amplitude of the plunging airfoil. These kinematic parameters also determine the 

amplitude and shape of the cross-stream velocity profiles and the degree of two 

dimensionality in the undisturbed wake.  

 

7.2 Recommendations for Future works 
 

The experiments were carried out at various plunging reduced frequencies (up to k=3.14) 

and normalised peak-to-peak amplitudes A/c (up to 1). Due to the test rig limitations, 

maximum amplitudes and frequencies are limited by the stepping motor, and roughly 

correspond to a constant value of maximum plunge velocity. This range of k and St in 

these experiments captures the essential features of different flow regimes. 

The present study, although limited to pure plunging motion, gives some insight into the 

degree of the two-dimensionality of oscillating wakes. This work could be extended to 

investigate into wakes of pitching airfoil. Finding the crucial values to characterise the 

kinematic parameters for two-dimensionality would be fascinating.  

Flow field measurements in this study have focused entirely on the mid-span plane of the 

flow, so the three-dimensionality of these flows remain unknown. For wings in gusts, the 

effects of the tip-vortex have not been explored. The author recommends a detailed 

investigation into the effects of the tip-vortex on the near-tip flow fields.  

There are numerous ways the research provided in this thesis might be naturally extended. 

Implemented active and/or passive control systems could be developed that are effective 

to mitigate unsteady load fluctuations while maintaining mean loading on the wing in 

extreme weather conditions. The wing integrates smart sensing, actuation, and smart 
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control, leading to multiple objectives: 1) aeroelastic wing design, 2) an improving 

aerodynamic performance, 3) and senses and responds to the environment to alleviate the 

wing structural loads. 

Additionally, the effect of wing flexibility has not been explored. The relationship 

between an unsteady wake produced by the plunging wing and a flexible downstream 

wing would be of primary interest. PIV and force measurements would reveal unsteady 

loading in relation to the wing flexibility with the reduced frequency (k) and Strouhal 

number (St). These aspects would be significant to characterise the unsteady flow 

structure.  

The force measurements in this research have solely focused on the lift. Measuring the 

drag and pitching moment response of rigid and flexible wings in the wake can provide 

further information.   

Alternatively, introducing oscillations in the downstream wing would simulate flapping 

flight, typical in birds and insects. Further experiments might explore the impact of the 

reduced frequency (k) and the Strouhal number (St) of the wings on the unsteady flow 

structure and loading.  

   



 

228 

 

List of Publications 
 

Journal Papers 

 
Turhan, B., Wang, Z., Gursul, I. (2022). Coherence of unsteady wake of periodically 

plunging airfoil. Journal of Fluid Mechanics, 938, A14. 

Turhan, B., Wang, Z., Gursul, I. (2022). Interaction of Vortex Streets with a Downstream 

Wing, Physical Review Fluids, under review. 

Conference Paper 

Turhan, B., Wang, Z., Gursul, I. (2020).Structure of Tip Vortex and Wake of Unsteady 

Wings.  AIAA SciTech 2020 Form, 2020-0349.  

Workshops 

Gursul, I., Wang Z., Qian Y., Zhang, Z , Turhan, B., (2019) Experimental Simulation of 

Gust-Wing Interactions. The Airbus 10th Annual Flight Physics Distributed Partnership, 

DiPaRT 2019 symposium, Bristol and Bath Science Park.  

Gursul, I., Son, O., Turhan, B., Zhang, Z., Wang Z. (2022) Three-Dimensionality of 

Vortices First direct in-person colloquium on vortex dominated flows. (discovor)·Villars-

surollon, Switzerland  

 

  



 

229 

 

Bibliography 
 

Adrian, R. J. (2005). Twenty years of particle image velocimetry. Experiments in Fluids, 

39(2), 159-169.  

Adrian, R. J., & Westerweel, J. (2011). Particle Image Velocimetry.  

Alexander, D. E. (1984). Unusual Phase-Relationships between the Forewings and 

Hindwings in Flying Dragonflies. Journal of Experimental Biology, 109(Mar), 

379-383.  

Allena, J. J., & Smits, J. (2001). Energy Harveting Eel. Journal of Fluids and Structures, 

15(3-4), 629-640.  

Anderson, J. D. (2007). Fundamentals of aerodynamics 4th ed. McGraw-Hill Higher 

Education.  

Anderson, J. M., Streitlien, K., Barrett, D. S., & Triantafyllou, M. S. (1998). Oscillating 

foils of high propulsive efficiency. Journal of Fluid Mechanics, 360, 41-72.  

Araya, D. B., Craig, A. E., Kinzel, M., & Dabiri, J. O. (2014). Low-order modeling of 

wind farm aerodynamics using leaky Rankine bodies. Journal of Renewable and 

Sustainable Energy, 6(6), 063118.  

Atassi, H. M. (1984). The Sears problem for a lifting airfoil revisited – new results. 

Journal of Fluid Mechanics, 141, 109–122.  

Baker, G. R., Barker, S. J., Bofah, K. K., & Saffman, P. G. (1974). Laser Anemometer 

Measurements of Trailing Vortices in Water. Journal of Fluid Mechanics, 65, 325-

336.  

Bakewell, H. P., & Lumley, J. L. (1967). Viscous sublayer and adjacent wall region in 

turbulent pipe flow. The Physics of Fluids,, 10(9), 1880–1889.  



 

230 

 

Banke, J., & Casas, A. (2020). NASA’s Aeronautics Experts Help Prepare Ingenuity to 

Fly on Mars.  

Barnes, C. J., & Visbal, M. R. (2018). Counterclockwise vortical-gust/airfoil interactions 

at a transitional Reynolds number. AIAA JOURNAL, 56(7), 2540-2552.  

Barnes, C. J., Visbal, M. R., & Huang, P. G. (2016). On the effects of vertical offset and 

core structure in streamwise-oriented vortex-wing interactions. Journal of Fluid 

Mechanics, 799, 128-158.  

Bendat, J., & Piersol, A. (1986). Random data analysis and measurement procedures. 

Hoboken.  

Bennacer, R., & Sefiane, K. (2016). Proper orthogonal decomposition (POD) analysis of 

flow structure in volatile binary droplets. International Communications in Heat 

and Mass Transfer, 71, 172-175.  

Berkooz, G., Holmes, P., & Lumley, J. L. (1993). The Proper Orthogonal Decomposition 

in the Analysis of Turbulent Flows. Annual Review of Fluid Mechanics, 25, 539-

575.  

Bernal, L. P., & Roshko, A. (1986). Streamwise vortex structure in plane mixing layers. 

J. Fluid Mechanics, 170, 499-525.  

Bicknell, J., & Parker, A. G. (1972). A wind-tunnel stream oscillation apparatus. Journal 

Aircraft, 9(6), 446–447.  

Birch, D., & Dickinson, M. H. (2003). The influence of wing-wake interactions on the 

production of aerodynamic forces in flapping flight. J Exp Biol, 206(Pt 13), 2257-

2272.  

Birch, D., & Lee, T. (2005). Investigation of the near-field tip vortex behind an oscillating 

wing. Journal of Fluid Mechanics, 544, 201-241.  



 

231 

 

Blondeaux, P., Fornarelli, F., Guglielmini, L., Triantafyllou, M. S., & Verzicco, R. (2005). 

Numerical experiments on flapping foils mimicking fish-like locomotion. Physics 

of Fluids, 17(11), 113601.  

Bohl, D. G., & Koochesfahani, M. M. (2009). MTV measurements of the vortical field in 

the wake of an airfoil oscillating at high reduced frequency. J. Fluid Mechanics, 

620, 63-88.  

Boomsma, A., Bhattacharya, S., Troolin, D., Vlachos, P., Pothos, S. (2015). PIV 

Uncertainty: Computational& Experimental Evaluation of Uncertainty Methods, 

11th International Symposium on Particle Image Velocimetry, Santa Barbara, 

California.  

Booth, E. R., & Yu, J. C. (1986). Two-dimensional blade-vortex flow visualization 

investigation. AIAA J., 24(9), 1468–1473.  

Boschitsch, B. M., Dewey, P. A., & Smits, A. J. (2014). Propulsive performance of 

unsteady tandem hydrofoils in an in-line configuration. Physics of Fluids, 26, 

051901.  

Calderon, D. E., Cleaver, D. J., Gursul, I., & Wang, Z. (2014). On the absence of 

asymmetric wakes for periodically plunging finite wings. Physics of Fluids, 26(7), 

349-376.  

Calderon, D. E., Wang, Z., Gursul, I., & Visbal, M. R. (2013). Volumetric measurements 

and simulations of the vortex structures generated by low aspect ratio plunging 

wings. Physics of Fluids, 25(6), 067102.  

Carta, F. O. (1979). A Comparison of the Pitching and Plunging Response of an 

Oscillating Airfoil. National Aeronautics and Space Administration, Science and 

Technical Information Branch.  



 

232 

 

Cesnik, C. E. S., Opoku, D. G., Nitzsche, F., & Cheng, T. (2004). Active twist rotor blade 

modelling using particle-wake aerodynamics and geometrically exact beam 

structural dynamics. Journal of Fluids and Structures, 19(5), 651-668.  

Charonko, J. J., & Vlachos, P. P. (2013). Estimation of uncertainty bounds for individual 

particle image velocimetry measurements from cross-correlation peak ratio. 

Measurement Science and Technology, 24(6), 065301.  

Chatterjee, P., Jenkins, M., SureshBabu, A. V., Medina, A., Gopalarathnam, A., & Bryant, 

M. (2020). Tailored bluff body Motion for Generating Desired Wake Structures. 

AIAA AVIATION Forum (p. 3007).  

Chen, C., Wang, Z., & Gursul, I. (2017). Unsteady Nature of Vortex Pair in Formation 

Flight. 47th AIAA Fluid Dynamics Conference, 1-24.  

Chen, C., Wang, Z., & Gursul, I. (2018). Vortex coupling in trailing vortex-wing 

interactions. Physical Review Fluids, 3(3), 034704.  

Chiereghin, N., Bull, S., Cleaver, D. J., & Gursul, I. (2020). Three-dimensionality of 

leading-edge vortices on high aspect ratio plunging wings. Physical Review Fluids, 

5(6), 064701.  

Chiereghin, N., Cleaver, D. J., & Gursul, I. (2019). Unsteady Lift and Moment of a 

Periodically Plunging Airfoil. AIAA JOURNAL, 57(1), 208-222.  

Chigier, N. A., & Corsiglia, V. R. (1971). Tip vortices - Velocity Distributions. NASA 

Ames.  

Cleaver, D. J., Calderon, D. E., Wang, Z., & Gursul, I. (2013). Periodically plunging foil 

near a free surface. Exp. Fluids, 54(3), 1-18.  

Cleaver, D. J., Wang, Z., & Gursul, I. (2012). Bifurcating flows of plunging aerofoils at 

high Strouhal numbers. Journal of Fluid Mechanics, 708, 349-376.  



 

233 

 

Cleaver, D. J., Wang, Z., Gursul, I., & Visbal, M. R. (2011). Lift enhancement by means 

of small-amplitude airfoil oscillations at low reynolds numbers. AAIA J., 49(9), 

2018-2033.  

Cordes, U., Kampes, G., Meissner, T., Tropea, C., Peinke, J., & Holling, M. (2017). Note 

on the limitations of the Theodorsen and Sears functions. J. Fluid Mechanics, 811.  

Crouch, J. (2005). Airplane trailing vortices and their control. Comptes Rendus Physique, 

6(4-5), 487-499.  

Crow, S. C. (1970). Stability Theory for a Pair of Trailing Vortices. AIAA JOURNAL, 

8(12), 2172- 2179.  

Dong, H., Mittal, R., & Najjar, F. M. (2006). Wake topology and hydrodynamic 

performance of low-aspect-ratio flapping foils. Journal of Fluid Mechanics, 566, 

309-343.  

Dowell, E. (2014). A Modern Course in Aeroelasticity (Vol. 217). Springer.  

Ekaterinaris, J., & Platzer, M. (1998). Computational prediction of airfoil dynamic stall. 

Progress in Aerospace Sciences, 33, 759–846.  

Ellington, C. P. (1984). The aerodynamics of insect flight. III. Kinematics. Phil. Trans. R. 

Soc. Lond. B, 305, 41-78.  

Fernandez, F., Cleaver, D., & Gursul, I. (2021). Unsteady aerodynamics of a wing in a 

novel small‑amplitude transverse gust generator. Exp. Fluids, 62, 1-20.  

Fishman, G., & Rockwell, D. (2018). Onset of orbital motion in a trailing vortex from an 

oscillating wing. Journal of Fluid Mechanics, 856, 257-287.  

Fishman, G., Wolfinger, M., & Rockwell, D. (2017). The structure of a trailing vortex 

from a perturbed wing. Journal of Fluid Mechanics, 824, 701-721.  



 

234 

 

Francis, T. B., & Katz, J. (1988). Observations on the development of a tip vortex on a 

rectangular hydrofoil. Journal of. Fluids Engineering, 110, 208–215.  

Freymuth, P., Gustafson, K. E., & Leben, R. (1992). Visualization  and  computation  of  

hovering mode. In Vortex Method and Vortex Motion(ed. K. Gustafson & J. 

Sethian, 143.  

Frost, W., & Reddy, K. R. (1978). Investigation of aircraft landing in variable wind fields.  

Gad-el Hak, M. (1990). Control of low-speed airfoil aerodynamics. AIAA JOURNAL, 28, 

1537-1552.  

Garmann, D. J., & Visbal, M. R. (2015a). Interactions of a streamwise-oriented vortex 

with a finite wing. Journal of Fluid Mechanics, 767, 782-810.  

Garmann, D. J., & Visbal, M. R. (2015b). Streamwise-Oriented Vortex Interactions with 

a NACA0012 Wing. 53rd AIAA Aerospace Sciences Meeting.  

Garmann, D. J., & Visbal, M. R. (2017). Analysis of Tip Vortex Near-Wake Evolution 

for Stationary and Oscillating Wings. AIAA JOURNAL, 55(8), 2686-2702.  

Garrick, I. E. (1936). Propulsion of a flapping and oscillating airfoil. NACA Tech. Rep. 

567.  

Gerz, T., Holzapfel, G., Darracq, D. (2001). Aircraft wake vortices -A position paper. In 

WakeNet Position Paper.  

Ghommem, M., & Calo, V. M. (2014). Flapping wings in line formation flight: a 

computational analysis. Aeronautical Journal, 118(1203), 485-501.  

Gilman, J., & Bennett, R. M. (1966). Wind-tunnel technique for measuring frequency-

response functions for gust load analyses. Journal Aircraft, 3(6), 535–540.  



 

235 

 

Gopalkrishnan, R., Triantafyllou, M. S., Triantafyllou, G. S., & Barrett, D. (1994). Active 

Vorticity Control in a Shear-Flow Using a Flapping Foil. Journal of Fluid 

Mechanics, 274, 1-21.  

Graftieaux, L., Michard, M., & Grosjean, N. (2001). Combining PIV, POD and vortex 

identification algorithms for the study of unsteady turbulent swirling flows. 

Measurement Science and Technology, 12(9), 1422-1429.  

Grodnitsky, D. L., & Morozov, P. P. (1993). Vortex formation during tethered flight of 

functionally and morphologically two-winged insects. J Experimental Biology, 

182, 11-40.  

Gursul, I., & Cleaver, D. (2019). Plunging oscillations of airfoils and wings: progress, 

opportunities, and challenges. AAIA J., 57(9), 3648-3665.  

Gursul, I., Cleaver, D. J., & Wang, Z. (2014). Control of low Reynolds number flows by 

means of fluid–structure interactions. Progress in Aerospace Sciences, 64, 17-55.  

Gursul, I., & Rockwell, D. (1990). Vortex street impinging upon an elliptical leading edge. 

J. Fluid Mech, 211, 211-242.  

Gustafson, K., & Leben, R. (1991). Computation of Dragonfly Aerodynamics. Computer 

Physics Communications, 65(1-3), 121-132.  

Hassanalian, M., Khaki, H., & Khosravi, M. (2015). A new method for design of fixed 

wing micro air vehicle. Proceedings of the Institution of Mechanical Engineers 

Part G-Journal of Aerospace Engineering, 229(5), 837-850.  

Hayakawa, M., & Hussain, F. (1989). Three-dimensionality of organized structures in a 

plane turbulent wake. J. Fluid Mechanics, 206, 375-404.  

Heathcote, S., Wang, Z., & Gursul, I. (2008). Effect of spanwise flexibility on flapping 

wing propulsion. J. Fluids Struct., 24(2), 183-199.  



 

236 

 

Heathcote, S. F. (2006). Flexible flapping airfoil propulsion at low Reynolds numbers. 

The University of Bath].  

Heiland, R. W. (1992). KLTOOL: a mathematical tool for analyzing spatiotemporal data. 

Arizona State University].  

Herrero, A. D. E., Percin, M., Karasek, M., & Oudheusden, B. V. (2018). Flow 

Visualization around a Flapping-Wing Micro Air Vehicle in Free Flight Using 

Large-Scale IV. Bio-Inspired Aerospace System, 5(4).  

Hobbs, W. B., & Hu, D. L. (2012). Tree-inspired piezoelectric energy harvesting. Journal 

of Fluids and Structures, 28, 103-114.  

Houghton, E. L., & Carpenter, P. V. (2003). Aerodynamics for engineering students (5th 

edition ed.). Butterworth Heinemann.  

Huang, R. F., & Lee, H. W. (1999). Effects of freestream turbulence on wing-surface flow 

and aero-dynamic performance. Journal of Aircraft, 36, 965-972.  

Hummel, D. (1983). Aerodynamic Aspects of Formation Flight in Birds. Journal of 

Theoretical Biology, 104(3), 321-347.  

Hummel, D., & Beukenberg, M. (1989). Aerodynamische Interferenzeffekte beim 

Formationsflug von Voge1n. J. Omithol., 15-24.  

Hunt, J. C. R., Wray, A. A., & Moin, P. (1988). Eddies, stream and convergence zones in 

turbulent flows.  

Hussain, A. K. M. F., & Reynolds, W. (1970). The mechanics of an organized wave in 

turbulent shear flow J. Fluid Mechanics, 41, 241-258.  

Iungo, G. V. (2017). Wandering of a Wing-Tip Vortex: Rapid Scanning and Correction 

of Fixed-Point Measurements. Journal of Aircraft, 54(5), 1779-1790.  



 

237 

 

Jackson, R., Graham, J. M. R., & Maull, D. J. (1973). The lift on a wing in a turbulent 

flow. Aeronaut. Q., 24, 155-166.  

Jeong, J., & Hussain, F. (1995). On the Identification of a Vortex. Journal of Fluid 

Mechanics, 285, 69-94.  

Jones, A. R., Cetiner, O., & Smith, M. J. (2021). Physics and Modeling of Large Flow 

Disturbances: Discrete Gust Encounters for Modern Air Vehicles. Annual Review 

of Fluid Mechanics, 54, 469-593.  

Jones, K. D., Bradshaw, C. J., Papadopoulos, J., & Platzer, M. F. (2005). Bio-inspired 

design of flapping-wing micro air vehicles. Aeronautical Journal, 109(1098), 385-

393.  

Jones, K. D., Dohring, C. M., & Platzer, M. F. (1998). Experimental and computational 

investigation of the Knoller-Betz effect. AIAA JOURNAL, 36(7), 1240-1246.  

Jones, K. D., & Platzer, M. F. (1997). Numerical Computation of Flapping-Wing 

Propulsion and Power Extraction [35th AIAA Aerospace Sciences Meeting, Reno, 

Nevada,]. AIAA Paper, 97-0826.  

Jones, R., Cleaver, D. J., & Gursul, I. (2015). Aerodynamics of biplane and tandem wings 

at low Reynolds numbers. Experiments in Fluids, 56(6), 1-25.  

Karniadakis, G. E., & Triantafyllou, G. S. (1989). Frequency Selection and Asymptotic 

States in Laminar Wakes. Journal of Fluid Mechanics, 199, 441-469.  

Konstantinidis, E., Balabani, S., & Yianneskis, M. (2017). Bimodal vortex shedding in a 

perturbed cylinder wake. Physics of Fluids, 19, 0111701.  

Koochesfahani, M. M. (1989). Vortical patterns in the wake of an oscillating airfoil. AAIA 

J., 27(9), 1200-1205.  

Kurt, M., Panah, A. E., & Moored, K. W. (2020). Flow Interactions Between Low Aspect 

Ratio Hydrofoils in In-line and Staggered Arrangements. Biomimetics, 5(2), 13.  



 

238 

 

Lai, J. C. S., & Platzer, M. F. (1999). Jet characteristics of a plunging airfoil. AIAA 

JOURNAL, 37(12), 1529-1537.  

Lamson, P. (1957). Measurements of lift fluctuations due to turbulence. NACA Tech. Rep., 

496.  

Lee, T., & Pereira, J. (2010). Nature of Wake-like and Jet-like Axial Tip Vortex Flows. 

Journal of Aircraft, 47, 1946–1954.  

Lefebvre, J. N., & Jones, A. R. (2019). Experimental Investigation of Airfoil Performance 

in the Wake of a Circular Cylinder. AIAA JOURNAL, 57(7), 2808-2818.  

Lehmann, F. O. (2009). Wing–wake interaction reduces power consumption in insect 

tandem wings. Experiments in Fluids, 46, 765-775.  

Leishman, J. G. (2002). Challenges in modelling the unsteady aerodynamics of wind 

turbines. Wing Energy, 5, 85-132.  

Lewin, G. C., & Haj-Hariri, H. (2003). Modelling thrust generation of atwo-dimensional 

heaving airfoil in a viscous flow. Journal of Fluid Mechanics, 492, 339-362.  

Li, Y., Zhang, Y., & Bai, J. Q. (2020). Numerical Simulation of the Aerodynamic 

Influence of Aircrafts During Aerial Refueling with Engine Jet. International 

Journal of Aeronautical and Space Sciences, 21(1), 15-24.  

Lin, C., & Hsieh, S. C. (2003). Convection velocity of vortex structures in the near wake 

of a circular cylinder. Journal of Engineering Mechanics-Asce, 129(10), 1108-

1118.  

Lissaman, P. B., & Shollenberger, C. A. (1970). Formation flight of birds. Science, 

168(3934), 1003-1005.  

Ma, X., Karamanos, C. S., & Karniadakis, G. E. (2000). Dynamics and low-

dimensionality of a turbulent near wake. Journal of Fluid Mechanics, 410, 29-65.  



 

239 

 

Manuel. (2015). User Manuel of Insight 4GTM Global Image. In A. a. D. S. Acquisition 

(Ed.). 

Margaris, P., Marles, D., & Gursul, I. (2008). Experiments on jet/vortex interaction. 

Experiments in Fluids, 44(2), 261-278.  

Marshall, J. S., & Krishnamoorthy, S. (1997). On the instantaneous cutting of a columnar 

vortex with non-zero axial flow. Journal of Fluid Mechanics, 351, 41-74.  

Massaro, M., & Graham, J. M. R. (2015). The effect of three-dimensionality on the 

aerodynamic admittance of thin sections in free stream turbulence. Journal of 

Fluids and Structures, 57, 81-90.  

Mccroskey, W. J. (1982). Unsteady airfoils. Annual Review of Fluid Mechanics, 14(1), 

285-311.  

McKenna, C., Bross, M., & Rockwell, D. (2017). Structure of a streamwise-oriented 

vortex incident upon a wing. Journal of Fluid Mechanics, 816, 306-330.  

McKenna, C., & Rockwell, D. (2016). Topology of vortex-wing interaction. Experiments 

in Fluids, 57(10).  

Moffat, R. J. (1982). Contributions to the Theory of Single-Sample Uncertainty Analysis. 

Journal of Fluids Engineering-Transactions of the Asme, 104(2), 250-260.  

Moffat, R. J. (1988). Describing the Uncertainties in Experimental Results. Experimental 

Thermal and Fluid Science, 1(1), 3-17.  

Mook, D. T., & Dong, B. (1994). Perspective - Numerical Simulations of Wakes and 

Blade-Vortex Interaction. Journal of Fluids Engineering-Transactions of the 

Asme, 116(1), 5-21.  

Mueller, T. J. (2000). Aerodynamic measurements at low Reynolds numbers for fixed 

wing micro-air vehicles. NOTRE DAME UNIV IN DEPT OF AEROSPACE AND 

MECHANICAL ENGINEERING.  



 

240 

 

Naguib, A. M., Vitek, J., & Koochesfahani, M. M. (2011). Finite-Core Vortex Array 

Model of the Wake of a Periodically Pitching Airfoil. AIAA JOURNAL, 49(7), 

1542-1550.  

Oudheusden, B. V., Scarano, F., Hinsberg, N. P., & Watt, D. W. (2005). Phase-resolved 

characterization of vortex shedding in the near wake of a square-section cylinder 

at incidence. Experiments in Fluids, 39, 86-98.  

Parker, K., von Ellenrieder, K. D., & Soria, J. (2005). Using stereo multigrid DPIV 

(SMDPIV) measurements to investigate the vortical skeleton behind a finite-span 

flapping wing. Experiments in Fluids, 39(2), 281-298.  

Platzer, M. F., Jones, K. D., Young, J., & Lai, J. C. S. (2008). Flapping-wing 

aerodynamics: Progress and challenges. AIAA JOURNAL, 46(9), 2136-2149.  

Qian. (2022). Interaction of Gusts with Rigid Wings, University of Bath].  

Qian, Y., Wang, Z., & Gursul, I. (2021). Interaction of Quasi-Two-Dimensional Vortical 

Gusts with Swept and Unswept Wings. AIAA Scitech 2021 Forum.  

Ramamurti, R., & Sandberg, W. (2002). A three-dimensional computational study of the 

aerodynamic mechanisms of insect flight. Journal of Experimental Biology, 1507–

1518.  

Rockwell, D. (1998). Vortex-body interactions. Annual Review of Fluid Mechanics, 30, 

199-229.  

Roy, C., Leweke, T., Thompson, M. C., & Hourigan, K. (2011). Experiments on the 

elliptic instability in vortex pairs with axial core flow. Journal of Fluid Mechanics, 

677, 383-416.  

Rubin, Z., Bawana, N., & Hassanalian, M. (2020). Flight Pattern Formations and Their 

Effects on Drag: Experimental Study and Flow Visualization. AIAA Avaiation  

Sane, S. P. (2003). The aerodynamics of insect flight. J Exp Biol, 206(Pt 23), 4191-4208.  



 

241 

 

Sane, S. P., & Dickinson, M. H. (2002). The aerodynamics effects of wing rotation and a 

revised quasi steady model of flapping flight. J Experimental Biology, 205, 1087-

1096.  

Schlichting, H. (2006). Boundary-Layer Theory (10th edition ed.). Springer.  

Sears, W. R. (1938). A Systematic Presentation of the Theory of Thin Airfoils in 

Nonuniform Motion. California Institute of Technology.  

Sears, W. R. (1941). Some aspects of non-stationary airfoil theory and its practical 

application. J. Aeronaut. Sci., 8(3), 104-108.  

Shekarriz, A., Fu, T. C., Katz, J., & Huang, T. T. (1993). Near-Field Behavior of a Tip 

Vortex. AIAA JOURNAL, 31(1), 112-118.  

Shinde, S. Y., & Arakeri, J. H. (2013). Jet meandering by a foil pitching in quiescent fluid. 

Physics of Fluids, 25(4).  

Shyy, W., Aono, H., Chimakurthi, S. K., Trizila, P., Kang, C. K., Cesnik, C. E. S., & Liu, 

H. (2010). Recent progress in flapping wing aerodynamics and aeroelasticity. 

Progress in Aerospace Sciences, 46(7), 284-327.  

Sirovich, L. (1987). Turbulence and the dynamics of coherent structures part i: coherent 

structures. Quarterly of Applied Mathematics, 45, 257-267.  

Smits, A. J. (2019). Undulatory and oscillatory swimming. J. Fluid Mechanics, 874, 1-70.  

Son, O., Gao, A., Gursul, I., Sherwin, S. J., Wang, Z., & Cantwell, C. D. (2021). Leading-

edge vortices on plunging airfoils and wings. in preparation for publication.  

Straus, J., Renzoni, P., & Mayle, R. E. (1990). Airfoil Pressure Measurements during a 

Blade Vortex Interaction and a Comparison with Theory. AIAA JOURNAL, 28(2), 

222-228.  



 

242 

 

Streitlien, K., Triantafyllou, G. S., & Triantafyllou, M. S. (1996). Efficient foil propulsion 

through vortex control. AIAA JOURNAL, 34(11), 2315-2319.  

SureshBabu, A., Medina, A., Rockwood, M., Bryant, M., & Gopalarathnam, A. (2021). 

Theoretical and experimental investigation of an unsteady airfoil in the presence 

of external flow disturbances. Journal of Fluid Mechanics, 921.  

Taylor, G. I. (1938). The spectrum of turbulence. Proc. R. Soc. London, Ser. A,, 164, 476-

479.  

Taylor, G. K., Nudds, R. L., & Thomas, A. L. (2003). Flying and swimming animals cruise 

at a Strouhal number tuned for high power efficiency. Nature, 425, 707-711.  

Theodorsen, T. (1935). General theory of aerodynamic instability and the mechanism of 

flutter. NACA Tech. Rep. 496.  

Thompson, D. H. (1983). A Flow Visualization Study of Tip Vortex Formation. 

Aeronautical Research Laboratories.  

Triantafyllou, M. S., Triantafyllou, G. S., & Gopalkrishnan, R. (1991). Wake Mechanics 

for Thrust Generation in Oscillating Foils. Physics of Fluids a-Fluid Dynamics, 

3(12), 2835-2837.  

Tuncer, I. H., & Platzer, M. F. (2000). A Computational Study of Flow Reattachment over 

a Stationary/Flapping Combination in Tandem. Journal of Aircraft, 37, 514-520.  

Tytell, E. D., & Lauder, G. V. (2004). The hydrodynamics of eel swimming: I. Wake 

structure. J Exp Biol, 207(Pt 11), 1825-1841.  

Usherwood, J. R., & Lehmann, F. O. (2008). Phasing of dragonfly wings can improve 

aerodynamic efficiency by removing swirl. Journal of the Royal Society Interface, 

5(28), 1303-1307.  



 

243 

 

Viola, F., Arratia, C., & Gallaire, F. (2016). Mode selection in trailing vortices: harmonic 

response of the non-parallel Batchelor vortex. Journal of Fluid Mechanics, 790, 

523-552.  

Visbal, M. R. (2009). High-fidelity simulation of transitional flows past a plunging airfoil. 

AIAA J., 47(11), 2685-2697.  

Von Ellenrieder, K. D., Parker, K., & Soria, J. (2003). Flow structures behind a heaving 

and pitching finite-span wing. Journal of Fluid Mechanics, 490, 309-343.  

von Karman, T. H., & Sears, W. R. (1938). Airfoil theory for non-uniform motion. Journal 

of the Aeronautical Sciences, 5(10), 379–390.  

Wang, Z., & Gursul, I. (2012). Unsteady characteristics of inlet vortices. Experiments in 

Fluids, 53(4), 1015-1032.  

Wang, Z. J. (2000a). Two dimensional mechanism for insect hovering. Physical Review 

Letters, 85(10), 2216-2219.  

Wang, Z. J. (2000b). Vortex shedding and frequency selection in flapping flight. Journal 

of Fluid Mechanics, 410, 323-341.  

Wei, N. J., Kissing, J., Wester, T. T. B., Wegt, S., Schiffmann, K., Jakirlic, S., Holling, 

M., Peinke, J., & Tropea, C. (2019). Insights into the periodic gust response of 

airfoils. J. Fluid Mechanics, 876, 237-263.  

Weimerskirch, H., Martin, J., Clerquin, Y., Alexandre, P., & Jiraskova, S. (2001). Energy 

saving in flight formation. Nature, 413(6857), 697-698.  

Westerweel, J. (1997). Fundamentals of digital particle image velocimetry. Measurement 

Science and Technology, 8(12), 1379-1392.  

Williamson, C. H. K. (1996a). Three-dimensional wake transition. J. Fluid Mechanics, 

328, 345-407.  



 

244 

 

Williamson, C. H. K. (1996b). Vortex dynamics in the cylinder wake. Annual Review of 

Fluid Mechanics, 28, 477-539.  

Wills, J. A. B. (1964). On convection velocities in turbulent shear flows. J. Fluid Mech, 

20, 417-432.  

Wu, J. Z., Ma, H. Y., & Zhou, M. D. (2006). Vorticity and vortex dynamics.  

Wu, Z. L., Bangga, G., Lutz, T., Kampers, G., & Holling, M. (2020). Insights into airfoil 

response to sinusoidal gusty inflow by oscillating vanes. Physics of Fluids, 32(12), 

125107.  

Young, A. M., & Smyth, S. M. (2021). Gust–Airfoil Coupling with a Loaded Airfoil. 

AIAA JOURNAL, 59, 773-785.  

Young, J., & Lai, J. C. S. (2004). Oscillation frequency and amplitude effects on the wake 

of a plunging airfoil. AIAA JOURNAL, 42(10), 2042-2052.  

Young, J., & Lai, J. C. S. (2007). Vortex lock-in phenomenon in the wake of a plunging 

airfoil. AAIA J., 45(2), 485-490.  

Zaman, K. B. M. Q., & Hussain, A. K. M. F. (1991). Taylor hypothesis and large-scale 

coherent structures. J. Fluid Mech.,, 112, 379-396.  

Zan, S. J. (2005). On aerodynamic modelling and simulation of the dynamic interface. 

Proceedings of the Institution of Mechanical Engineers Part G-Journal of 

Aerospace Engineering, 219(G5), 393-410.  

Zdravkovich, M. M. (1997). Flow around circular cylinders, vol 1: fundamentals. Oxford 

University Press, Oxford.  

Zhang, Z., Wang, Z., & Gursul, I. (2020). Lift Enhancement of a Stationary Wing in a 

Wake. AIAA JOURNAL, 58(11), 4613-4619.  

  



 

245 

 

 

Appendix-1 
 

When combining multiple flow variables across different equations, their uncertainties 

must be combined. Each equation, therefore, has its own uncertainty. The variables in the 

equations are derived directly from PIV velocity components. A mean value of velocity 

magnitude uncertainty is around 1.92 % U∞ calculated for 95% confidence interval 

bounds.  

1. R.m.s. cross-stream velocity fluctuation: this is calculated separately by 

quantifying all the contributing elements.  

𝑣𝑟𝑚𝑠 = √𝑣′(𝑡)2̅̅ ̅̅ ̅̅ ̅̅  

For the uncertainty as a result of power in general, the uncertainty is multiplied by 

the number in power.  

then,  

𝛿𝑣𝑟𝑚𝑠 = {(𝛿𝑣)2}
1
2 = (2 ∗ 1.36) ∗ 0.5 = 1.36%𝑈∞ 

The 1.36 was calculated from the mean uncertainty magnitude. Each instantaneous 

data has obtained the uncertainty of each PIV grid point and is expected to be 

Δ𝑣𝑥 = Δ𝑣𝑦.   

2. Momentum thickness: Uncertainty contribution is computed using the flowing 

equation.  

   𝜃 = ∫
𝑈

𝑈∞
(

𝑈

𝑈∞
− 1)

∞

−∞

𝑑𝑦       

 then,  

   𝛿𝜃 = ∫ 𝛿𝑈(𝛿𝑈 − 1)

∞

−∞

𝑑𝑦 = ∫(2𝑥1.92)  = ∫ 3.84 % 𝑈∞

∞

−∞

  

∞

−∞
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 If the 𝑦𝑖 are irregularly spaced, the trapezoidal approximation to the integral is :  

∫ 𝑓(𝑦)

𝑦𝑛

𝑦𝑜

𝑑𝑦 ≈ ∑
𝑓𝑖−1 + 𝑓𝑖

2

𝑛

𝑖=1

∆𝑦𝑖 

where ∆𝑦𝑖 = 𝑦𝑖 − 𝑦𝑖−1. The corresponding contribution of uncertainty in 𝑦𝑖 to the 

variance of this estimate of the integral is : 

∑
𝜎2

𝑖−1 + 𝜎2
𝑖

4

𝑛

𝑖=1

∆𝑦2
𝑖
 

 writing integral equation: 

𝛿𝜃 = ∑
3.842 + 3.842

4
∗ 0.12

40

1

= 2.94% 

3. Estimated thrust coefficient: In this equation, there are five sources of uncertainty: 

𝐶𝑇 =
2

𝑐
∫ {

𝑈

𝑈∞
(

𝑈

𝑈∞
− 1) +  휀 (

𝑈

𝑈∞
− 1) + (

𝑢𝑟𝑚𝑠

𝑈∞
)
2

− (
𝑣𝑟𝑚𝑠

𝑈∞
)
2

+
1

2
(1 −

𝑈𝑜
2

𝑈∞
2)} 

∞

−∞

  

then, 

𝛿𝐶𝑇 = ∫ 𝛿𝑈(𝛿𝑈 − 1)𝑑𝑦 + ∫(𝛿𝑈 − 1)

∞

−∞

𝑑𝑦 + ∫{(𝛿𝑢)2}
1
2

∞

−∞

𝑑𝑦 + ∫{(𝛿𝑣)2}
1
2

∞

−∞

𝑑𝑦

∞

−∞

+ ∫(1 − 𝛿𝑈2)

∞

−∞

𝑑𝑦  

𝛿𝐶𝑇 = ∑
(2 ∗ 1.92)2 + (2 ∗ 1.92)2

4
∗ 0.12

40

1

+ ∑
1.922 + 1.922

4
∗ 0.12

40

1

+ ∑
(2𝑥((2𝑥1.36)𝑥0.5))2 + (2𝑥((2𝑥1.36)𝑥0.5))2

4
∗ 0.12

40

1

+ ∑
(2𝑥((2𝑥1.36)𝑥0.5))2 + (2𝑥((2𝑥1.36)𝑥0.5))2

4
∗ 0.12

40

1

+ ∑
(2𝑥1.36)2 + (2𝑥1.36)2

4
∗ 0.12

40

1
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𝛿𝐶𝑇 = 2.94 + 0.74 + 1.48 + 1.48 + 1.48 = 8.12% 
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Appendix-2 
 

It is necessary first to determine the streamwise cross-correlation coefficient of Sear Gusts 

when the vertical velocity is given in the form  

𝑣′ = 𝑉𝑎𝑚𝑝𝑐𝑜𝑠 (2𝜋
𝑥

𝜆
− 2𝜋𝑓𝑡)  

Assuming 𝑉𝑎𝑚𝑝 = 1 ,and defining the cross-stream velocity component at the reference 

point A(x=0,t), 

𝑣𝐴
′ = 𝑐𝑜𝑠(−2𝜋𝑓𝑡) 

also, defining  the cross-stream velocity component at the spatial location B(x,t) in the 

measured velocity field,  

𝑣𝐵
′ = 𝑐𝑜𝑠 (2𝜋

𝑥

𝜆
− 2𝜋𝑓𝑡) 

Recall the equation of cross-correlation as follows,  

𝐶𝑣𝑣  =
𝑣′𝐴𝑣′𝐵̅̅ ̅̅ ̅̅ ̅̅

√𝑣′𝐴
2̅̅ ̅̅ ̅√𝑣′𝐵

2̅̅ ̅̅ ̅̅
 =  

𝑣′𝐴𝑣′𝐵̅̅ ̅̅ ̅̅ ̅̅

𝑣′𝐴,𝑟𝑚𝑠𝑣′𝐵,𝑟𝑚𝑠
  

Root-mean-square (r.m.s.) velocity is defined as the standard deviation of random velocity 

fluctuations. This concept applies vr.m.s., which represent vertical velocities. Now, 

𝑣′𝐴,𝑟𝑚𝑠 and 𝑣′𝐵,𝑟𝑚𝑠 can be defined as follows,  

𝑣′𝐴,𝑟𝑚𝑠 = √
1

𝑇
∫𝑐𝑜𝑠2(−2𝜋𝑓𝑡)𝑑𝑡

𝑇

0

=
1

√2
 

𝑣′𝐵,𝑟𝑚𝑠 = √
1

𝑇
∫𝑐𝑜𝑠2 (2𝜋

𝑥

𝜆
− 2𝜋𝑓𝑡) 𝑑𝑡

𝑇

0

=
1

√2
 

To calculate the general form of cross-correlation, we need to calculate the last term as 

follows,  
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𝑣′𝐴𝑣′𝐵̅̅ ̅̅ ̅̅ ̅̅ =
1

𝑇
∫𝑣′𝐴𝑣′𝐵𝑑𝑡

𝑇

0

=
𝑐𝑜𝑠 (2𝜋

𝑥
𝜆
)

2
 

Now, 𝑣′𝐴𝑣′𝐵̅̅ ̅̅ ̅̅ ̅̅  can be put into the general equation to calculate the cross-correlation 

coefficient for Sear Gusts: 

𝐶𝑣𝑣 =

𝑐𝑜𝑠 (2𝜋
𝑥
𝜆
)

2
1

√2
∗

1

√2

= 𝑐𝑜𝑠 (2𝜋
𝑥

𝜆
) 

Also, 𝐶𝑣𝑣 can be rewritten as a function of the reduced frequency (k) as well. The 

wavelength (λ) is linked to the oscillation frequency (f) and the freestream velocity (𝑈∞) 

through the formula of  𝜆 = 𝑈∞/𝑓. Another interpretation, which is the reduced 

frequency, is 𝑘 = 𝜋𝑓𝑐 𝑈∞⁄  and rewriting the reduced frequency in terms of the 

wavelength 1 𝜆⁄ = 𝑘 𝜋𝑐⁄ . The equation becomes as follows,  

𝐶𝑣𝑣 = 𝑐𝑜𝑠 (2𝜋
𝑥

𝜆
) = 𝑐𝑜𝑠 (

2𝑥𝑘

𝑐
) 

One can obtain an estimate of the streamwise length scale 𝐿𝑥 for Sear Guts defined as:  

𝐿𝑥 = ∫ 𝐶𝑣𝑣𝑑𝑥

𝑐/2

−𝑐/2

=
𝑐𝑠𝑖𝑛(𝑘)

𝑘
 

When normalized the equation by chord length and obtain as follows:  

𝐿𝑥

𝑐
=

𝑠𝑖𝑛(𝑘)

𝑘
 


