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ABSTRACT 

Water tunnel experiments were conducted to study the interaction of vortical 

gusts with airfoil and wings. A nearly two-dimensional vortex of small core size has 

been produced by the transient plunging motion of an upstream airfoil. It travels with 

freestream and interacts with the downstream airfoil and wings. Depending on the 

vortex-airfoil/wing offset distance and the angle of attack of airfoil/wings, the incident 

vortex filament deforms, diffuses, and loses coherence, while inducing leading-edge 

vortex formation and shedding from the airfoil and wings. No significant spanwise flow 

develops in the incident vortices during the interaction. The interaction with the swept 

wing at each spanwise plane appears to be unaffected by the other spanwise planes. The 

counter-clockwise vortex induces a positive lift peak as it approaches the wing, which 

can be predicted by the potential flow assumption. The peak lift force is proportional to 

the circulation of the incident vortex and has its maximum near the zero-offset distance. 

The minimum lift coefficient is reached after the vortex has just passed and caused flow 

separation on the lower surface. The maximum lift coefficients for the finite unswept 

and swept wings can be estimated by making a correction for the aspect ratio and using 

the independence principle. The only exception is observed for the swept wing at a post-

stall angle of attack for which the leading-edge vortex shedding becomes parallel to the 

leading-edge and increases the peak lift force. 

Based on the findings of vortical gust-wing interactions, the need to alleviate lift 

peaks arises. Previous studies have found a mini-spoiler near the leading edge is 

efficient in alleviating the lift force of periodic plunging airfoil. To investigate the lift 

alleviating performance of the mini-spoiler in gust-wing interactions, flow visualization 

and force measurements were performed on the airfoil, finite unswept and swept wings. 

The mini-spoiler is placed near the leading edge and alleviates lift through forcing flow 

separation. Desired lift reduction was found for a wide range of angles of attack and 

various wing planforms. The best performance of load alleviation was found for 

moderate angles of attack near stall, accompanied by great changes in the flow field. 

The mini-spoiler leads to lift increment at zero angle of attack. However, for those 

loaded situations, even in deep stall angles of attack, the mini-spoiler can reduce the lift 

peaks effectively. Various combinations of incident vortex sizes, geometric angles of 

attack and wing planforms are considered and compared. 
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CHAPTER 1  

INTRODUCTION 

 Micro Air Vehicles (MAVs), with the advantages of portability and adaptability, 

are widely employed in various scenarios. There is more attention to the MAVs at low 

Reynolds number flows. Investigations include the structures, materials, propulsion, 

aerodynamics, etc. As MAVs normally operate at the 𝑅𝑒𝑐  from  2 × 104  to 2 × 105 , 

some of the studies of birds and insects are promoting MAV’s evolution (Mueller, 2001). 

Figure 1.1 shows the comparison in mass and Reynolds number of MAVs and other 

flying objects. One of the most noted bionic applications is the oscillating wing. 

Furthermore, also inspired by biological creatures, the energy-saving of formation 

flying is an important dimension (Weimerskirch et al., 2001). Formation flying has the 

potential to increase MAVs’ duration and capacity. Similar to other flying objects, 

MAVs are facing complex environments. Therefore, it is necessary to reveal and 

understand the aerodynamic mechanisms, especially at low Reynolds numbers. One of 

the notable examples is substantial studies for understanding gust-body interactions and 

related flow control strategies.  

Figure 1.1 Reynolds number range for flight vehicles (Mueller, 2000) 
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Rockwell (1998) has summarized and discussed the characteristics of some 

typical vortex-body interactions systematically. Parallel, streamwise and normal 

vortex-body interactions are classified according to the interacting fashions, as shown 

in Figure 1.2. The present study is based on parallel vortex interactions, which are  

Figure 1.2 Representations of basic classes of vortex-body encounter: (a) parallel 

vortex; (b, c) streamwise (perpendicular) vortex without and with breakdown; and (d) 

normal vortex interactions (Rockwell, 1998) 

 

considered the most energetic ones. But note that the vortex axis is not parallel to the 

leading edge of the swept-wing (which has a yawing angle against the vortex axis, as 

shown in Figure 1.3). However, the sectional view for interactions with the swept wing  

Figure 1.3 Conceptual figure of vortex-wing interaction 

𝑈∞ 
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is still the same as in Figure 1.2 (a) which can be seen as parallel vortex-wing interaction. 

The gusts of moderate or large sizes usually induce significant flow separation on the 

flying objects and which also challenges the classic modelling methods (Jones et al., 

2022). Thus, drawing attention to seeking an understanding of the physics and methods 

to model or simulate such interactions. Moreover, the interactions could be highly three-

dimensional. For simplicity, parallel vortex-wing interactions are usually regarded as 

quasi-two-dimensional. It is valid for most applications with large aspect ratios. The 

current study extends the scope to three-dimensional, further considering the effects of 

finite and swept wings. Especially for the low-aspect-ratio wings, the significant tip 

vortex on loaded wings could be influential (Smyth et al., 2021). Another emphasis is 

the impact of wing sweep. It tends to induce significant spanwise flow that results in 

instability. It may also facilitate flow separation and impact the sectional effective AoA 

(Harper and Maki, 1964). Recent studies have found that swept wings are feasible on 

MAVs that increase aerodynamic efficiency and performance (Hall et al., 2005; 

Manchester et al., 2017). This inspires the need for studying gust interactions with 

swept wings. Additionally, the vortex filament interaction with a swept wing is initially 

three-dimensional. The interactions are unsynchronized at various spanwise locations. 

This could encourage spanwise flows and differ the results from interactions with 

unswept wings. There are also impacts from the low aspect ratio. The present study 

utilizes flow field visualizations and forces measurements to reveal the interactions in-

depth.  

This study is focusing on the interaction-related impacts on flow fields and 

aerodynamic loads. Then further examines the mini-spoiler on airfoil/wings for 

alleviating aerodynamic loads. Overall, the present research will reveal and document 

the mechanisms of parallel vortex-wing interactions and mini-spoiler in load alleviation. 

Those provide information for developing future applications. 
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1.1 Objectives 

The overall objectives of the current study are as follows: 

1. Seek understandings of the interaction of the quasi-two-dimensional vortical 

gusts with rigid wings through flow field visualizations (PIV and V3V) and force 

measurements. With the emphasis of: 

(i) Unloaded and loaded wings (Effect of AoA); 

(ii) Effect of finite aspect ratio; 

(iii) Effect of wing swept; 

2. Investigating the effects of the mini-spoiler on airfoil/wings for alleviating 

aerodynamic loads during vortex-wing interactions.  
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CHAPTER 2  

LITERATURE REVIEW 

2.1  Low Reynolds Number Flows 

2.1.1 Characteristics 

Reynolds number is the ratio of inertial forces (𝜌𝑈∞
2 𝑐⁄  ) to viscous forces 

(𝜇𝑈∞ 𝑐2⁄ ). Here, using the Reynolds number based on chord length (𝑅𝑒𝑐 = 𝜌𝑈∞𝑐 𝜇⁄ ). 

It is an essential parameter for describing the flow characteristics. MAVs, with their 

relatively small scales and low speed, usually operate at a Reynolds number magnitude 

from 104 to 105. 

Within the boundary layers on the wing surfaces, laminar and turbulent are used 

to describe the flow structure. Laminar flows have smooth streamlines, while the fluid 

elements in turbulent flows move randomly with broken-up streamlines. A critical 

Reynolds number is governing the transition from laminar flow to turbulent. However, 

this number is empirical and different for various scenarios. For example, it could be as 

low as 2 × 102 for flows inside pipes or reaching 5 × 105 for flows over surfaces like 

flat plates. Due to the adverse pressure gradient in the boundary layer, laminar flows 

tend to induce flow separation. According to Carmichael (1981), reattachment only 

occurs at a higher 𝑅𝑒𝑐, which is generally higher than 3 × 104. In the case when the 

transition to turbulence is successful, a laminar separation bubble (LSB) as shown in 

Figure 2.1 is usually observed. Over the region of LSB, there is a thick boundary layer  

Figure 2.1 Time-averaged features of a transitional separation bubble (Horton, 1968) 



 

6 

 

and pressure plateau which cause higher drag and thus lower efficiency. Furthermore, 

with the presence of LSB and its approaches to the leading edge, the effective camber 

of the airfoil could change. This causes lift curve slope changes (Hansen et al., 2014). 

Methods to control or prevent the LSB are often applied to reduce its impact on 

efficiency (Jahanmiri, 2011). However, for flying objects operating at low Reynolds 

numbers, reattachment usually does not happen. They are likely to suffer from 

significant flow separation rather than the LSB. It is a critical problem for developing 

fixed-wing MAVs. In many scenarios, flow separation takes responsibility for the 

performance degradation of fixed-wing MAVs at low Reynolds numbers. As shown in 

Figure 2.2, the flow separation increases the pressure drag and decreases the lift force  

Figure 2.2 Qualitative comparison of pressure distribution, lift and drag for attached 

and separated flows (Anderson, 2010) 

 

dramatically. Furthermore, in Figure 2.3, the maximum sectional lift-drag ratio shows 

a significant drop when the Reynolds number is reduced to which is about the critical 

Reynolds number (magnitude of 105 ). Xiao et al., (2016) also suggested that the 

separated flow interacting with vortices increases the unsteadiness of the MAVs. On the 

other hand, unlike the fixed-wing configurations, boundary layer separation could be 

utilized by non-fixed (e.g., plunging, pitching, etc.) wings to increase lift. A 
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phenomenon called dynamic stall is observed on pitching airfoil at a high rate over the 

stall angle. It comes with vortical structures shedding from the leading-edge region, 

which further convects over the airfoil and causes significant pressure variations. This 

usually results in a higher lift than an airfoil at the same angle of attack in a steady state. 

(McCroskey et al., 1976; Choudhry et al., 2014). 

Figure 2.3 Max. Lift-Drag ratio versus Reynolds number (McMasters et al., 1979) 
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2.1.2 Applications 

With the improving studies and developments, MAVs are vastly applied to civil 

and military areas. From the basic fixed-wing designs to the more recent bionic ones 

(Figure 2.4), the MAVs are moving towards better performance, efficiency, functions, 

etc. (Hassanalian et al., 2017). Furthermore, with the fast-growing microelectronic 

technologies, there are even more compact applications appearing, named nano air 

vehicles (NAVs). However, applications that operate at low Reynolds numbers are 

easily affected by gusts (Golubev et al, 2012; Watkins et al., 2019). Thus, inspiring 

numerous research on gust-body interactions, whose goals include but are not limited 

to the basis of geometric and dynamics analyses, structural flexibility, laminar-turbulent 

transition, airfoil shapes, and unsteady flapping wing aerodynamics (Shyy et al., 2008). 

Figure 2.4 Different types of MAVs, (a) fixed wing, (b) flapping wing, (c) 

fixed/flapping-wing, (d) rotary wing, (e) VTOL, (f) ducted fan, (g) tilt-rotor, (h) 

helicopter, (i) unconventional, (j) ornithopter (Hassanalian et al., 2017) 

 

Traditional designs like fixed-wing or rotor blades are widely seen on manned air 

vehicles. Some bionic designs are considered to have better performance and efficiency. 

However, limited by structure, material and power needs, flapping wings originating 
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from birds and insects are still not widely applied. Oduyela and Slegers (2014) claimed 

that passive flexing wings of birds and insects prevail against rigid wings in gusts with 

better stability. Flapping wings can produce high thrust and lift through the efficient use 

of vortex shedding (Shyy et al., 2010; Muijres et al, 2008; Jones et al., 1996). Figure 

2.5 demonstrates the aerodynamic mechanisms of insects' flapping wings. (A) The wing 

accelerates, and the added mass effect increases the pressure on the wing; (B) During 

stroke, LEV formation and shedding increase the lift as dynamic stall happens; (C) 

Wing supination and pronation, additional vortex circulation is generated; (D) Thrust 

from wing clapping and flinging; (E) Added mass effect alters wing actions; (F) Wing-

wake interaction cause possibly peak loads. The whole process is complicated and 

efficient, and thus arouses research on oscillating airfoil or wings: from two-

dimensional to three-dimensional, from experimental to numerical, oscillating motions 

from single to complex, etc. (Cleaver et al., 2011; Chiereghin et al., 2018, 2020; Turhan 

et al., 2022; Wang et al., 2010; Wei et al. 2019a). 

Figure 2.5 Complex aerodynamic mechanisms underpin insect flight (Chin et al., 

2016) 
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Apart from flying objects, there are many other widely-used applications of low 

Reynolds number flow like wind turbine rotors and heat exchangers. Ahmed et al. (2017) 

used CFD for improving the efficiency of the heat exchangers, an example is shown in 

Figure 2.6. For heat exchangers, there are challenges in balancing thermal and 

hydrodynamical efficiency (Shah, 1981). For rotor blades on wind turbines, structure 

safety and energy production efficiency are the aims and trends (Charabi et al., 2020). 

All these applications, including flying objects, highly rely on and facilitate the research 

of aerodynamics.  

Figure 2.6 Surface plots of mean velocity field at the mid-section of shell-and-tube 

heat exchanger (Ahmed et al., 2017) 
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2.2  Gust Generation 

2.2.1 Experiments 

To investigate the gust-body interactions, it is necessary to generate the gust 

initially. The natural shedding vortex street of a fixed body comes to mind easily, as 

shown in Figure 2.7 (where 𝑈∞:  velocity profile; 𝜆∞:  wavelength; 𝐻: semi-height of 

body). The vortex street has been observed and studied for a long time since it was 

theoretically described by Theodore von Kármán. Its oscillating mechanism is usually 

described by Strouhal numbers, which have been determined as a function of Reynolds 

numbers and width-to-height ratios for certain bodies (Okajima et al., 1982). That is to 

say, the desired vortex street can be achieved by adjusting the size parameters of the 

fixed body. Thus, it is widely used for gust generation in gust-body interactions (Gursul 

et al., 1990; Rockwell, 1998; Ortega-Jimenez et al., 2013). Although this method is 

simple and robust, the major drawback is that it can only produce gusts in limited styles. 

The needs for other forms of gusts call for further solutions. 

Figure 2.7 Vortex street-body arrangement (Gursul et al., 1990) 

 

As discussed in section 2.1.2, oscillating airfoils or wings can significantly alter 

the flow field. Recently, Turhan et al. (2022) investigated the spanwise coherence and 

correlation length scale of the unsteady wakes shed from a periodically plunging airfoil 

at a chord-based Reynolds number 𝑅𝑒𝑐 = 20,000. It was concluded that the Strouhal 

number is the most important parameter that determines the degree of two-

dimensionality of the wake. Although most of the experimental studies assume 

nominally two-dimensional incident vortices. It is necessary to make sure of the two-

dimensionality of the incident gusts in some scenarios, as well as the current study. The 

Strouhal number based on the peak-to-peak amplitude can be considered as the ratio of 

the maximum plunge velocity to the freestream velocity. One of the results is shown in 

Figure 2.8. By altering the parameters, oscillating airfoil can produce different types of  
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Figure 2.8 Instantaneous vorticity contours at a fixed value of k=1.26 for (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 (Turhan et al., 2022) 

 

vortical gusts. For example, drag, neutral or thrust indicative wakes (Jones et al, 1996; 

Young and Lai, 2004). There are many experimental studies that produced periodic 

travelling gusts by oscillating airfoils or cascade of airfoils (Gilman and Bennett 1966; 

Booth and Yu 1986; Brion et al. 2015; Wei et al. 2019a, 2019b, Wu et al. 2020), and by 

oscillating flaps (Jones and Moore 1972; Bicknell and Parker 1972). An example of 

vortical gusts from a pitching airfoil is shown in Figure 2.9. In experimental  

Figure 2.9 Identified vortices in symmetric pitching case (Ōtomo et al., 2021) 
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investigations, various vortex configurations were considered: a separated shear layer 

impinging on a corner (Rockwell and Knisely 1979); mixing layers of two streams 

interacting with sharp and elliptical leading edges (Ziada and Rockwell 1982; 

Kaykayoglu and Rockwell 1985); Vortex-airfoil interactions were also simulated by 

oscillating an upstream airfoil, hence generating a vortex which subsequently interacted 

with the downstream wing (Wilder and Telionis 1998; Peng and Gregory 2015, 2017).  

There are other forms of gusts such as transverse gust. Fernandez et al. (2020) 

applied a novel small-amplitude gust generator which includes two active flaps (as 

shown in Figure 2.10, where 𝛽: flap angle) to generate periodic transverse gusts recently. 

In his experiments, the scenario of an airfoil encountering gusts reminds of those 

pitching airfoils at various angles of attack. Since the gust is generated by separated 

mechanisms and the targeted airfoil is fixed, the measurement of aerodynamic loads 

has less uncertainty. However, it should be noted that the aerodynamics underlying 

oscillating bodies are different from those gust-body interactions. For example, the 

added mass effect could be influential on oscillating bodies (La Mantia et al., 2012; 

Chiereghin et al., 2018). According to the needs, gusts could be in any form, e.g., 

streamwise pulses generated by active vanes (Saddington et al., 2015), radial-type swirl 

generators (Sheen et al., 1996), three-dimensional vortices from rotor blades (Yung, 

2000), etc. 

Figure 2.10 Gust generator concept (Fernandez et al., 2021) 
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2.2.2 Simulations 

It is also a wide and necessary topic of gust generation in simulations. Based on 

those experimental gust generators, it is possible to create comparable gusts by 

simulating the generators properly. This can also study the aerodynamics underlying 

gust generation with the benefits of simulations. Such as those oscillating wings, Figure 

2.11 gives an example for seeking an understanding of oscillating airfoils. Young and 

Lai (2004) systematically summarized the two-dimensional wake arrangements against 

the oscillating amplitude (h) and frequency (k). With the increase of the frequency and 

amplitude, the wake tends to be neutral then further becomes thrust indicative (Figure 

2.11 (b), where Sr: Strouhal number; 𝐶𝑇𝑚𝑒𝑎𝑛: time-averaged thrust coefficient per unit 

span). The method of simulating both the vortex generator and the targeted body 

potentially requires more computing power and is critical for the models and solvers. 

Therefore, this method is only common in research that considers the gusts to be 

complex and difficult to represent by reduced-order models (Steijl and Barakos (2008) 

investigated the rotor–fuselage aerodynamics through CFD with a sliding mesh 

algorithm), the gusts interacting with the generator itself (Ekaterinaris (1995) 

investigated dynamic stall of an oscillating wing numerically), or there is need to 

simulate the situation as close as reality (Götten et al. (2020) seek improvements in 

empirical drag estimation by comparing CFD and experimental results for UAV landing 

gears and turrets). 

Figure 2.11 (a) Oscillating movements and wake structures; (b) Variation of constant 

average thrust coefficient with k and h (Young and Lai, 2004) 
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A more common method is to define the gusts numerically or analytically, then 

apply these precisely defined gusts to the flow field. Barnes et al. (2019) superimposed 

a Taylor vortex into the freestream, and then computed the gust-wing interaction 

through high-fidelity large-eddy simulations (LES), as shown in Figure 2.12. LES is 

one of the widely used models in simulations. It is more cost-effective than higher-order 

models such as Reynolds Averaged Navier-Stokes (RANS) or direct numerical 

simulation (DNS) but maintains the needed accuracy (Piomelli, 1999). In circumstances 

where the mutual interaction of gusts and body is not considered, a simpler method, 

Disturbance Velocity Approach (DVA) is popular. DVA is achieved by altering the flux 

balance component by superimposing disturbance velocity. It is believed to have good 

agreement with experimental data and is more efficient than resolved gust approaches 

(resolved gust approaches: applying the gusts into the far-field or through unsteady 

boundary conditions) (Heinrich and Reimer, 2013). There are many other simulation 

models, and even hybrid ones have not been discussed here. The selection of models 

depends on multiple factors, i.e., computational costs, accuracy, availability, etc. 

(Piomelli, 1999; Chaouat, 2017). 

Figure 2.12 Depiction of the overset mesh topology (Barnes et al., 2019) 

 

It is still important and necessary to compare results from simulation with 

experiments. Suitable models and simulation credibility could be quantified. As shown 

in Figure 2.13 (where UMD: University of Maryland; CU: University of Cambridge), 

which compares the experimental results with Küssner’s model. It is obvious that 

Küssner’s model has better performance in sine-squared gusts than in top-hat gusts. 

That is to say, although simulations are easier to conduct and more cost-effective than 

most experiments, experimental studies are still necessary 
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Figure 2.13 Lift coefficient histories from experimental measurements and analytical 

results from Küssner’s model applied to sine-squared and top-hat gusts (Jones et al., 

2020)  
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2.3  Gust-Body Interactions 

Gust-body interactions have been widely investigated in various dimensions. 

From aerodynamic loads, structure vibration and aeroacoustics to heat transfer, etc. 

Experiments in gust-body interactions could reveal potential solutions to existing 

problems. An example is that applications like vortex generators are extensively utilized 

in aircraft and heat exchangers. In both the experiments and simulations, gusts are often 

considered and simulated as vorticity concentrations or filaments. Therefore, this 

section is mainly about vortical gusts interaction. Irrotational gusts are certainly a 

possibility, which will be discussed in section 2.3.1 parallel gust-body interaction as a 

supplement to vortical gusts. Here, different types of vortex-body interactions are 

discussed individually as in Rockwell's (1998) classification (as shown in Figure 1.2). 

The interaction of parallel, streamwise and normal vortical gusts with downstream 

bodies can be considered to contain all the elementary aspects of vortex-body 

interactions. Parallel vortex interactions are expected to have a more significant 

influence on the aerodynamic forces, as streamwise and normal vortices are likely to 

only affect a small fraction of the wingspan. As the gusts' structures become stronger 

and more concentrated, the interaction with airfoils and wings becomes more 

challenging as localized flow separation is likely to occur (Jones et al., 2022). For 

example, concentrated vortical gusts differ from other gusts for which the gust 

streamwise length scale is large compared to airfoil dimensions. The vortical gusts may 

be considered to represent more realistic gusts with large but localized velocity 

fluctuations. 

 

2.3.1 Parallel Interactions 

Two-dimensional aspects of the parallel interaction of gusts with airfoils have 

been widely studied. Parallel vortex-airfoil interactions were reviewed by Rockwell 

(1998) who concluded the general features of the parallel interaction: (i) distortion of 

the incident vortex, with a small offset distance between the vortex and airfoil, and (ii) 

shedding of the secondary vortex of the opposite sign from the wing (Doligalski et al. 

1994). The first effect is believed to be an essentially inviscid phenomenon (Rockwell 

1998). The second effect relies on the generation of secondary vorticity, which is a 

viscous phenomenon. The subsequent roll-up of vorticity into coherent vortices was 

also discussed by Rockwell (1998). The point-vortex models (Chen and Jaworski, 2020) 
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and the discrete-vortex models (Panaras, 1987) capture the inviscid aspects of the 

vortex-airfoil interaction. Numerical simulations were able to capture the viscous 

interactions of close vortex–airfoil encounters, including the transition to turbulence in 

the leading-edge vortex and the boundary layers at transitional Reynolds numbers 

(Barnes and Visbal, 2018a, 2018b), the development of the interaction is shown in 

Figure 2.14 (where 𝜏: non-dimensional time). 

Figure 2.14 Contours of z vorticity at 𝑑𝑦𝑣
𝑐⁄ = −0.08 at selected instances of time 

(Barnes and Visbal, 2018) 

 

2.3.1.1 Effect of body planform 

The vortex-airfoil interactions may be representative of the interactions with high 

aspect ratio wings, where the tip effects are confined to a small region, and therefore 

negligible. However, with the decreasing aspect ratio of the wing, the three-dimensional 

effects may become more important. Even if the vortex is nominally two-dimensional, 

spanwise variations in the vortex-wing interaction may lead to different flow physics 

than the parallel vortex-airfoil interaction. There are possibilities for the impact from 
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the wing-tip for a finite wing and oblique gust-wing interactions for a swept wing. 

Oblique gusts, a finite span of the wings and the existence of wing-tip vortices may 

introduce significant three-dimensional aspects. 

It is expected that the existence of a tip vortex and the resulting induced velocity 

or downwash will influence the flow separation from the wing leading-edge and the 

formation of the LEV during the vortex encounter. This is based on the observations of 

plunging wings, which have qualitative similarities with the interaction of counter-

rotating vortical gusts. Zhang et al. (2020) reported the highly three-dimensional vortex 

coupling and meandering of a finite unswept wing, as shown in Figure 2.15. The 

anchoring of the leading-edge vortex near the wing tip could affect the spanwise loading 

(Son et al. 2022). In addition to the strong three-dimensionality of the LEV, rapid 

deformation of the incident gust is also possible due to the mutual induction between 

the LEV and the incident vortex, resulting in the deformation of the incident vortex 

filament. Complex interactions between the tip vortex and the incident vortex were 

observed in the numerical simulations for a finite wing with the aspect ratio of AR = 4 

(Barnes and Visbal, 2019). 

Figure 2.15 Top view of the wake for the case of (α, AR) = (22°, 4). The black lines 

represent the vorticity lines. Iso-surfaces of Q = 1 are shown in transparent gray 

(Zhang et al., 2020) 

 

In the case of oblique vortex-wing interactions as sketched for a swept wing in 

Figure 1.3, the nature of the leading-edge separation, hence the characteristics of the 

LEV may change. For sufficiently large angles between the vortex and wing, one may 

expect the formation of an attached LEV, which is very much like delta wing vortices, 
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rather than a shed and convected vortex. This scenario may occur for oblique incident 

gusts in the freestream and for swept wings. The possibility of observing attached LEVs 

rather than shed LEVs stems from previous experiments on plunging swept wings 

(Gursul and Cleaver, 2019). This may depend on the sweep angle and the gust amplitude. 

Barnes and Visbal (2019) numerically simulated a swept wing with the sweep angle Λ= 

30° and the aspect ratio AR = 4. For a small angle of attack (𝛼 = 4°) and the offset 

distance of the vortex from the wing, the interaction appeared to spread to the outboard 

sections of the wing as the vortical gust encountered the wing gradually. The 

aerodynamic load variations from their simulation are shown in Figure 2.16. As 

expected, the airfoil and finite unswept wing are basically the same with slightly higher 

loads of the airfoil. In the case of the swept wing, the lift and drag are significantly 

lower due to the more gradual interaction. However, such an oblique vortex-wing 

interaction leads to a much abrupt peak in the pitching moment (Figure 2.16 (c)). 

Figure 2.16 Aerodynamic load perturbations for the CW gust interactions with the 

infinite span, straight (Λ = 0 deg), and swept wing (Λ = 30 deg) (Barnes et al., 2019) 
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The present study only focuses on the basic parameters, i.e., aspect ratio and wing 

sweep or not. There are more applications with different planforms such as delta wing, 

blended wing body, etc. They could have totally different characteristics during vortex-

body interactions (Katz, 1999). 

 

2.3.1.2 Effect of offset distance 

Previous studies (Wilder et al., 1998; Weingaertner et al., 2020) have found that 

one of the most significant parameters for vortex-body interaction is the offset distance 

between the vortex trajectory and body. Depending on the offset distance, interactions 

can be classified into distant interactions, close interactions, and direct collisions. With 

decreasing offset distance, the interaction becomes more intense. Viscous effects, such 

as separation and secondary vortex shedding, have also become important. In large 

offset distances, inviscid effects and vortex-induced velocity dominate the interactions. 

Viscous effects, which arise as the vortex trajectory becomes closer to the wing, not 

only modify the vortex structure but also affect the aerodynamic loading.  

Recent experimental studies on the interaction of vortices with leading edges and 

boundary layers further revealed the asymmetric characteristic, i.e., the interaction 

intensities are not equivalent to vortex passing over or under the wing (Peng and 

Gregory 2015, 2017). Figure 2.17 illustrates their results for a clockwise vortex 

Figure 2.17 Comparison of load fluctuation levels during BVI (Peng and Gregory, 

2017)  
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interacting with the airfoil with various offset distances. The peak load occurred when 

the vortex travelled slightly under the airfoil (small negative offset). This phenomenon 

was further explained by Peng and Gregory (2015, 2017) as sketched in Figure 2.18. 

For example, if a clockwise vortex travels under the airfoil slightly (“Strong Viscous 

Interaction Side” in Figure 2.18), it induces higher streamwise velocity on the lower 

airfoil surface, thus stronger viscous effects. As a result, higher pressure and load 

fluctuations. The situation is the opposite if the vortex travels through the “Weak 

Viscous Interaction Side”.  

Figure 2.18 Definition of the “strong” and “weak” fluctuation sides (Peng and 

Gregory, 2017)  

 

The positive or negative offset of the vortex trajectory not only impacts the 

aerodynamic loads but also the vortex trajectory. A counter-clockwise vortex travelling 

above the surface can induce higher velocity between the vortex and surface by its 

circulation, which leads to a higher convection speed of the vortex, and vice versa. Flow 

separation and secondary vortex roll-up may happen when the viscous effects become 

dominant (Harvey and Perry, 1971). The fashions of pairing between incident vortex 

and secondary vortex are also affecting the trajectory directions, which were found 

originally on the vortex dipoles from plunging airfoil (Cleaver et al., 2012). 

 

2.3.1.3 Effect of AoA 

With an increasing AoA, the static lift and drag are increased before the airfoil or 

wing stalls. In the inviscid flow, there could be higher aerodynamic loads for a loaded 

airfoil (non-zero geometric AoAs) encountering gusts than the unloaded one, due to the 

higher static loads. However, it is more complicated when viscous effects can't be 

ignored. It was found that, with increasing angle of attack and vortex core size, more 

intense viscous interactions result in the formation of leading-edge vortices (Barnes and 

Visbal, 2020). 
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Recently, Fernandez et al. (2021) performed experiments on gust-airfoil 

interactions at various geometric AoAs, some of the results are shown in Figure 2.19.  

Figure 2.19 (a) Phase-averaged lift coefficient loops; (b) phase-averaged vorticity and 

velocity contours at various phases, k = 0.018, 𝛽1 = 0° , 𝛼0 = 10° and 𝛼0 = 12° 

(Fernandez et al., 2021) 

 

It should be noted that in Figure 2.19 (a), the x-axis is labelled as effective AoA. At low 

geometric AoAs (0° and 5°), the gust induces negligible load variations against effective 

AoA. While for those higher geometric AoAs (10° and 12°), lift peaks over the “no gust” 

value significantly, then a sudden drop below it, as effective AoA exceeds the static stall 

angle. In the case at 10° geometric AoA (Figure 2.19 (b), flow separation is only 

confined to a small region at the trailing edge at t/T=3/8, and the lift coefficient-
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effective AoA is still about the “no-gust” values. When flow separation becomes 

pronounced from t/T=4/8, the values differ significantly. Similar characteristics were 

observed by Perrotta et al. (2017). 

Vortex-airfoil interaction at different AoAs was experimentally studied by 

Weingaertner et al. (2020). The PIV flow fields, and pressure distribution are shown in 

Figure 2.20 (where 𝜑: AoA of gust generator). For the 0° AoA case (Figure 2.20 (a)), 

there is no flow separation from the PIV results and the pressure variation is confined  

Figure 2.20 Left: phase-locked transverse velocity fluctuations (baseline subtracted) 

overlaid with streamlines and right: corresponding Cp distributions for (a) 𝛼 = 0°, (b) 

𝛼 = 16° (Weingaertner et al., 2020) 

 

to the region of the leading edge, indicating an inviscid interaction. For the 16° AoA 

case (Figure 2.20 (b)), flow separation occurs and also alters the pressure distribution 

of its location. Barnes and Visbal (2020) investigated the effects of AoA in vortex-airfoil 

(a) 

(b) 
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interaction through simulations, the aerodynamic load variations are compared in 

Figure 2.21. At the beginning of the interaction, when the viscous effects are negligible, 

the load variations are similar. With the increased AoA and mature interaction when 

viscous effects become important, thus affecting the aerodynamic loads. 

Figure 2.21 Effect of angle of attack on aerodynamic load perturbations: (a) lift, (b) 

drag, and (c) quarter-chord pitching moment coefficients. (Barnes et al., 2020) 

 

2.3.2 Streamwise Interactions 

Streamwise vortex interaction, also known as perpendicular interaction, is also 

being widely investigated. Typically, streamwise vortex interaction is highly three-

dimensional. Research on the three-dimensional flow field could provide detailed 

information, and additionally, the interaction of incident streamwise vortex and the 

separated flow rises the interest in flow-control strategies. A Streamwise vortex is 

readily created by a loaded finite wing at the wingtip. Such a tip vortex could reduce 

efficiency and cause instability (Birch et al., 2004; Gursul and Wang, 2018). Some birds 

would like to fly in formation to compensate for this impact and improve efficiency 

(Lissaman and Shollenberger, 1970). Furthermore, a device called a winglet has been 

employed on many aircrafts to relieve the impacts of the tip vortex. On the contrary, 

applications can use streamwise vortices to increase lift or maintain stability, e.g., 

vortex generators on engine cowlings to delay stalls and some delta wing configurations 

that benefit from vortex suction (Schwetzler, 2014). 

Garmann and Visbal (2015) simulated the interaction of a streamwise vortex with 

a finite wing. The vortices behaviours are demonstrated in Figure 2.22 as well as the 

aerodynamic loads in Figure 2.23. An increase in the lift-to-drag ratio is observed in  
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Figure 2.22 Time-averaged isosurfaces of the Q-criterion (�̅� = 5). (a) No vortex; (b) 

∆𝑦 = −0.25; (c) ∆𝑦 = 0.25; (d) ∆𝑦 = 0.25; (e) ∆𝑦 = 0.50; (f) ∆𝑦 = 1.00 (Garmann 

and Visbal, 2015) 

Figure 2.23 Time-mean lift, drag, pitching and rolling-moment coefficients, and lift-

to-drag ratio for various incident vortex spanwise positions. The loads for the baseline 

case with no incident vortex are also shown (dashed lines) (Garmann and Visbal, 

2015) 
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their results, which also reveals the unsteady aspects of the interaction. As the vortex 

interacts with the wing, depending on the spanwise location, it may form a dipole with 

the wing-tip vortex, disintegrate as a result of direct impingement, or split into two. 

There is spiralling mode instability in the incident vortex core just upstream of the wing. 

Barnes et al. (2016) further claimed that the helical mode instability developed 

upstream of the wing depends on what pressure gradient is exhibited during the 

interaction. Chen et al. (2018) also investigated the two streamwise tip vortices’ 

interactions with each other experimentally. Figure 2.24 illustrates the counter-rotating 

vortices interacting with the downstream wing. The tip vortex of the downstream wing 

faces significant alterations according to the rotating directions and the displacement 

with the incident vortex. This is similar to the simulations from Garmann and Visbal 

(2015). Especially in counter-rotating cases, the vortex dipoles among the wing tip 

result in great variations of the upstream vortex trajectory. Besides, their further 

investigations revealed the most energetic mode for such interactions. It is the case that 

the incident vortex interacts with both the counter-rotating tip vortex and the 

downstream wing. 

Figure 2.24 Isosurfaces of time-averaged vorticity magnitude coloured by streamwise 

vorticity (Chen et al., 2018) 
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2.3.3 Normal Interactions 

A normal orientated vortex encountering a body, unlike parallel or streamwise 

ones, will inevitably collide with the body. Such interactions usually come with 

aerodynamic loads fluctuation and sound generation (Howe, 1989), thus drawing 

interest. Nevertheless, normal vortex-body interactions could have different behaviours 

mainly according to the relative size between vortex and body and encounter velocity 

(Rockwell, 1998).  

Figure 2.25 Left: Encounter of an incident vortex oriented normal to a thin blade; 

Middle and Right: vortex encounter with a cylinder (Rockwell, 1998) 

 

Figure 2.25 demonstrates a typical phenomenon. If the targeted body is relatively 

thin enough, the vortex tube could be cut into portions by the body. In the case of the 

incident vortex with non-zero prescribed axial velocity, vortex shock and expansion 

wave would form as in Figure 2.25 Left. Saunders and Marshall (2015) reported a 

normal vortex without axial flow cut by an airfoil. The diffusion of the incident vortex 

into the airfoil boundary layer induces parallel vorticity, together with spanwise flow 

due to vortex rotation, which contributes to the reconnection of the incident vortex. 

When the size ratio of the vortex and body is small, i.e., the body is relatively much 

larger than the vortex, bending rather than cutting of the vortex would happen. As in 

Figure 2.25 Middle, the vortex tube is distorted along the cylinder shape in the vicinity 

with a smaller core size of the leading-edge region. If the vortex convection speed is 
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low, the induced spanwise velocity causes suction and the vortex will bend into the 

body before the original axis collides, as in Figure 2.25 (Right). But still, the vortex 

tube follows the body profile in the area with mutual interaction.  Furthermore, induced 

axial flow inside the bent vortex tube was also reported (Marshall and Yalamanchili, 

1994). Secondary vorticity induced by interaction and wrapping of it was observed by 

Krishnamoorthy et al. (1999), flow field and schematic plot of vorticity sheet wrapping 

are shown in Figure 2.26. Their research concluded that the most important parameter 

for this boundary-layer response is the ratio of the vortex–body impact velocity to the 

maximum vortex swirl velocity, consistent with the important parameters mentioned 

previously. 

Figure 2.26 Wrapping of the separated vorticity sheet (black) about the primary vortex 

(gray) for a high impact parameter case (I = 0:21) with cylinder position 

(𝑆 𝜎0 = +11.8⁄ ) for (a) photograph of an LIF slice in the vertical plane A and (b) 

schematic diagram (Krishnamoorthy et al., 1999) 
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2.4  Flow Control Strategies 

Reviews (Rockwell, 1998; Aubrun et al., 2017; Jones et al.,2022) have outlined 

the need to attenuate the aerodynamic loads in various situations. As gusts could lead 

to significant flow separation and thus causes rapid and intense changes in aerodynamic 

loads. This scenario is critical for most applications. Therefore, it is necessary to control 

or alleviate the aerodynamic load variation. Although a high mean lift is beneficial for 

efficiency, the rapid load change during interactions may cause structural damage and 

instability. These impacts are critical to those small scale, low-inertia MAVs (Jones et 

al., 2022). Therefore, these motivated researchers to seek further understandings and 

methods to alleviate or control the undesired effects. There have been lots of 

explorations for alleviating the gust impacts, such as jet blowing on the surface 

(Donovan et al., 1998) and mini-spoiler (Heathcote et al., 2017, 2018). These methods 

can be classified by their principles of flow control, i.e., either by delaying flow 

separation or promoting it. Taking those surface jet blowing applications for example, 

changing the jet blowing directions can also alter from delayed separation to forced 

separation (Al-Battal et al., 2016, 2019). Though, there are applications that are not 

simply relying on controlling flow separations. E.g., Arredondo-Galeana et al. (2021) 

reported that a passive trailing-edge flap is able to mitigate load fluctuations and 

preserve the mean lift on a heaving airfoil. Through the mechanism that keeps the 

sectional lift of the flap unchanged in size by a preloaded spring. The only changes are 

on the direction of the sectional lift. This section will discuss the flow control strategies 

base on delayed or forced separation, focused on the applications for parallel gust-body 

interaction and oscillating wings. 

 

2.4.1 Delayed separation 

Flow separation and LEV formation usually happen during gust interactions and 

on oscillating wings. In some critical situations, phenomenon such as dynamics stall 

occurs which leads to abrupt peaks and variations of aerodynamic loadings. These are 

usually dangerous for flying objects although a high mean lift is desired. To alleviate 

the load variations, numerous studies have been conducted to suppress or delay the flow 

separation and the following leading-edge vortices. There are methods to excite or 

accelerate the flow that prevents reversed flow and separation. This can be achieved by 

adding locally blowing (Greenblatt and Wygnanski, 2001; Donovan et al., 1998) or 
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plasma excitation (Post and Corke, 2006). A typical plasma actuator arrangement and 

its effects on a pitching airfoil are shown in Figures 2.27 and 2.28. The basic principle 

is that when voltage is applied to the plasma actuator, an electric field gradient is 

produced, thus inducing forces into the flow field. With such induced flow, separation 

is suppressed. On the other hand, reducing the reverse-flowing fluid by suction (Karim 

and Acharya, 1994) can also suppress the flow separation.  

Figure 2.27  Schematic of asymmetric plasma actuators arrangement (Post et al., 

2006)  

 

Figure 2.28 Flow visualization records for the plasma actuator off and the steady 

plasma actuator on at 𝛼 = 23 deg during pitch up and 𝛼 = 25 deg at the peak angle of 

attack. (Post et al., 2006)  

 

Furthermore, accordingly changing the shape of the airfoil, thus altering the flow, 

is a possible solution (Chandrasekhara et al., 1998; Khodadoust and Washburn, 2007; 

Belamadi et al., 2016). An example of a slotted airfoil is shown in Figure 2.29. The 
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higher pressure under the airfoil promoted a jet through the slot, thus delaying the flow 

separations. However, as Belamadi et al. (2016) concluded for their design that the 

improvements are limited to a specific range of AoA, and usually come with a lower 

efficiency with higher drag. In general, suppressing or delaying flow separation usually 

requires very accurate timing and actuating location, as well as predicting 

characteristics of the expected gusts to have the best performance. Furthermore, limited 

by the actuator sizes and efficiency, most of the applications are only effective for small 

gusts (Jones et al., 2022). 

Figure 2.29 Comparative view of velocity distributions for the final slot configuration 

(AoA=16°, 18° and 20° ) (Belamadi et al., 2016) 

 

 



 

33 

 

2.4.2 Forced separation 

The techniques that delay flow separation are aimed at preventing sudden flow 

separation and the following LEV roll-up. These could cause significant load variation, 

like the characteristics in the dynamic stall. On the contrary, forced separation methods 

also possibly alleviate load variation by means of keeping a stable and controllable 

separation region, which alleviates lift forces and also prevents LEV roll-up. 

Heathcote et al. (2017, 2018) deployed a mini-spoiler on various chordwise 

locations of an airfoil and investigated the performance of lift reduction. At small static 

AoAs, a mini-spoiler near the trailing edge is effective, while not when the AoA 

increases with flow separation immersed. When placing the mini-spoiler near the 

leading edge, it is effective for a wider range of AoA, but it also produces higher 

unsteadiness. They further tested mini-spoilers placed near the trailing edge of an 

oscillating airfoil. The best performance case gave a lift coefficient reduction of 0.6. 

However, limited by the placement of the mini-spoiler, it became ineffective with 

increasing AoA or oscillating frequency, and less effective to the flow upstream of the 

mini-spoiler. A recent study by Bull et al. (2020) tried placing the mini-spoiler near the  

Figure 2.30 Example case of 𝛼0 = 15 deg, A/c=0.5, and k=0.24: (a) phase-averaged 

lift coefficient, (b) phase-averaged pitching moment coefficient, and (c) normalized 

velocity and vorticity field; Baseline: without mini-tab, Control: with mini-tab  

(Bull et al., 2020) 
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leading edge of an oscillating airfoil. The idea was to install a fence near the leading 

edge to induce flow separation and cause a deep-stall situation over the whole chord. It 

has proven to be useful in periodic plunging airfoils to alleviate load variations for a 

wide range of geometric AoAs and oscillating parameters (frequency and amplitude). 

Figure 2.30 demonstrates the effects of the mini-spoiler on the flow field and 

aerodynamic loading. It is seen that with the mini-spoiler, the coherent LEV roll-up in  

the baseline is not observed. Replaced by complete separation over the entire chord 

length. Therefore, a more gradual lift and moment variation. Owning to the similarity 

between plunging airfoil and transverse gust. There are chances that the wing fence can 

also alleviate the aerodynamic loads in parallel gust-wing interactions. 

As mentioned before, a jet blow can promote flow separation rather than delay it. 

Al-Battal et al. (2016, 2019) placed normal-blowing and upstream-blowing systems on 

an airfoil and investigated the effects. The different types of blowing directions are 

shown in Figure 3.31. Generally, the upstream-blowing method had better performance  

Figure 2.31 Wing setup and chordwise locations of jets, dimensions in millimetres 

(Al-Battal et al., 2016) 

 

in lift reduction. Furthermore, similar effects and characteristics to mini-spoilers were 

observed. Both the surface blowing from Al-Battal et al. (2019) and mini-spoiler from 

Heathcote et al. (2017) have been considered for active control and deployment. 

Appropriate active deployment was found to have better performance and efficiency 
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than passive/static designs (Al-Battal et al.,2019; Heathcote et al., 2020). The mini-

spoiler was passive and fixed in the study by Bull et al. (2020), and it was effective in 

most of the cases. However, in some cases, it could not reduce the lift variation while 

causing higher moment fluctuation. In the future, with the improvement in flow 

detection techniques, it is possible to deploy mini-spoilers or any other forms of flow 

control systems actively and accordingly during gust interactions. Leading to better 

performance in gust encounters and fewer undesired side effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

36 

 

2.5  Literature Review Conclusions 

Applications operating in low Reynolds number flow are common and thus 

received numerous studies. Because of the characteristics of low Reynolds number flow, 

the viscous effects play a key role. Those applications usually face critical flow 

separation or instability, especially during gust interactions. On the other hand, 

oscillating wings of birds and insects use flow separation and vortex shedding to 

increase lift and control their flight. These two aspects bring the idea together to 

investigate gust-body interactions. Various gust-body interactions are discussed in this 

chapter, with emphasis on parallel gust-body interactions, which were found to have 

the most significant effects. According to the needs and methods of studies, the ways to 

generate incident gusts are various for experiments and simulations. To generate the 

desired incident gust is always challenging. For example, if expecting a single vortical 

gust from an oscillating airfoil, it is needed to keep the miscellaneous vortices or wakes 

as fewer as possible, and a highly two-dimensional vortex filament is usually required. 

Different kinds of solutions have been made by researchers and applied to their 

following studies of gust-body interactions. Furthermore, the need for methods to 

alleviate the aerodynamic loading variation during interaction is increasing. For those 

applications in low Reynolds number flow, delayed separation and the LEV roll-up is 

common. Recently, methods of forced separation have also shown their possibility of 

alleviating aerodynamic loads. 

This chapter reviewed the relative aspects mentioned above, drawing the need for 

further understanding of gust-body interactions: 

(i)  A single quasi-two-dimensional vortex filament is difficult to generate in 

experiments. Therefore, most experiments were about vortex streets or pairs, 

or transverse gusts, some only focused on the vortex interacting with the 

generator. Although this is easily achieved in simulations, it is necessary to 

perform experiments to compare and validate the results. 

(ii) Vortex-airfoil interactions have been widely studied. However, vortex 

interactions with various wings are still to be discovered. 

(iii) The flow and load control strategies for vortex-wing interactions. 

These are also the motivations of the current study. In the following chapters, parallel 

vortical gust-airfoil/wings interactions and the mini-spoiler in the related lift alleviation 

will be demonstrated and discussed. 
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CHAPTER 3  

EXPERIMENTAL METHODS 

3.1 Introduction 

A closed-circuit water tunnel (Eidetics® Model 1520) at the University of Bath 

is used for the experiments. The size of the test section is 381 mm (width) × 508 mm 

(height) × 1520 mm (length). It is capable of a maximum freestream velocity of up to 

0.45 m/s and an under 0.5% freestream turbulence intensity (Chiereghin et al., 2018). 

Experiments were carried out at 𝑅𝑒𝑐  of 2 × 104 . According to the temperature, the 

freestream velocity is adjusted to satisfy the required 𝑅𝑒𝑐. 

There is an upstream airfoil performing plunging motions (normal to the 

freestream direction) to create desired incident vortices. For accuracy and simplicity, 

there is a computer programmed linear stage to control the specific movements. Flow 

field visualizations and force measurements were conducted to investigate the 

interaction of the vortices with downstream airfoil/wings.  In the present study, we 

define the gust-airfoil/wing offset distance as 휀 = (𝑦𝑉𝐼 − 𝑦𝐿𝐸)/𝑐 , where 𝑦𝑉𝐼  is the 

initial position of the vortex and 𝑦𝐿𝐸  is the leading-edge position on the y-axis (see 

illustration at the bottom of Figure 4.3). 

This chapter will cover detailed explanations of experimental devices, 

methodologies and uncertainty analysis. 

 

 

 

 

 

 

 

 

 

 

 

 



 

38 

 

3.2 Wing Models 

3.2.1 Baseline models 

Different airfoil/wing models are listed in Table 3.1. All of them have the same 

NACA0012 cross-section profile with a 62.7 mm chord length. The wings were 

manufactured using the selective laser sintering technique with polyamide (PA12 

Nylon). Wings are polished and painted in matt black to reduce laser reflection for the 

PIV and V3V measurements. Since the wings are mounted vertically, endplates are 

added to mitigate the free surface effect. Therefore, the wings represent half models 

(the model aspect ratio is a semi-aspect ratio). 

Airfoil/Wing 

models 

(Side view) 

Upstream Nominally 

Airfoil 

(For generating 

vortical gusts only) 

Unswept 

sAR=3 

𝟒𝟎° swept 

sAR=3 

  

 

Cross-section 

profile 

(Top view) 

chord length (c) =62.7mm 

 

Table 3.1 Airfoil/Wing models 

There is an upstream airfoil to produce desired gusts. Endplates were placed on 

both end of it. The upstream airfoil is only for generating the vortical gust, but it is not 

for the investigation of gust-wing interactions. For the scope of the present study about 

the gust-wing interactions, there are 𝑠𝐴𝑅 = 3 wings mounted downstream in the water 

tunnel. In the investigation of vortex-airfoil interactions, an additional endplate is 

placed under the downstream sAR=3 unswept wing to represent an effective airfoil. In 

the following result chapters, the “airfoil” only means the downstream airfoil unless 

otherwise specified. Figure 3.1 shows the assembly of the finite 40° swept wing (which 

is the downstream swept wing as shown in Figure 3.3 for the sideview). The wing is 
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3D-printed with a hollow design to insert a carbon fibre bar. This could maintain the 

stiffness and be the connection to the mounting. The carbon fibre bar and mount are the 

same pieces of polymer. The endplate was glued to the carbon fibre piece. Additional 

materials are glued to the top of the endplate to form a cylindrical section. This 

cylindrical section is for both stiffness and reducing impacts from the mounting at non-

zero AoA.  

Figure  3.1 Wing assembly (finite 40° swept wing) 

 

3.2.2 Wing with mini-spoiler 

For the investigation of lift alleviation, an additional mini-spoiler is added to the 

baseline wing models. The structures are as shown in Figure 3.2. The dimensions and 

Figure  3.2 Mini-spoiler geometry 

x 

y 

z 
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manufacture of wings for installing mini-spoiler are the same as the baseline wing 

models, but with an additional slot. The mini-spoiler is inserted into the slot, and then 

glues are filled into the gap to fix the mini-spoiler. The mini-spoiler is placed 

perpendicular to the wing surface at x=0.08c from the leading edge along the chord. 

The height of the mini-spoiler from the wing surface is h=0.04c and its thickness t = 

0.013c. The mini-spoiler is cut from carbon fibre plates with a designated thickness that 

has great stiffness and lightweight. It should be noted that the mini-spoiler covers the 

whole span of the wing. 
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3.3 Experimental Setup 

The wings were mounted vertically in the water tunnel. The devices are illustrated 

in Figures 3.3 and 3.4. There is a LabVIEW controlled active test rig for the upstream 

Figure  3.3 Conceptual figure of experimental setups 

 

airfoil, and a stationary force measurement mounting for the downstream airfoil/wings. 

The active test rig is powered by a Zaber LSQ150B-T3 translation stage with an X-

MCB1 controller. There are additional air bearings to allow smooth and low-friction 

movements that improve the accuracy. This rig had been previously tested and the 

agreement between the demand and actual position with a typical maximum error of 5% 

of the position and amplitude in transient motion (Bull, 2020). In the present study, 

phase-averaged methods were used to further reduce the errors. LabVIEW codes are 

used for designated plunging motions for vortical gust generation. Further discussions 

about the motions and vortex generation are in section 3.9. Endplates are placed above 

and under the upstream airfoil with 1mm gaps from the tip. The lower endplate is 

transparent which allows camera view or lasers to go through. These endplates 

eliminate the tip vortices from the upstream airfoil and achieve quasi-two-dimensional 

incident vortices. 
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Figure  3.4 Experimental setups: (a) PIV setup isometric view, (b) V3V setup 

isometric view, (c) V3V setup front view 

 

The downstream wings are connected to a stationary mounting with a binocular 

force balance device. Different from the upstream airfoil, the roots of the downstream 

wings are placed 0.5c (31.35 mm) under the fixed upper endplate. Besides, there are 

CNC machined slots on the mounting base that allow position adjustments of axis 

positions with an accuracy of 1 mm. An 3D-printed rotating device allows angle 

adjustment with an accuracy of 0.1 deg. 

 

 

 

 

 

 

 

a

(b) 

 

(c) 

 

(a) 
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3.4 Particle Image Velocimetry (PIV) Measurements 

Phase-averaged PIV measurements were carried out for the study of two-

dimensional flow fields. PIV is a widely used flow visualization method in various 

experimental studies. In the present study, mono-PIV was used, which means only one 

capturing camera and the resulting field is two-dimensional. In mono-PIV 

measurements, a laser sheet illuminates the seeded flow field, while a camera focusing 

on the illuminated plane will take a pair of PIV pictures with a designated interval. 

Laser and camera timing are synchronized with specific phase differences. The pictures 

contain the location information of the seeded particles. Then the paired pictures will 

be processed through the cross-correlation method and result in a two-dimensional 

velocity field with reliably high resolution, and a relatively large field of view. Effective 

particle seeding is vital for the PIV measurement, as the particle density should be high 

enough to allow sufficient pairs in the interrogation window. However, it should not 

exceed the threshold that causes much background noise from the out-of-focus particles. 

From the manual (TSI, 2015), 0.2% of solid concentration is efficient, but situations 

could change according to the specific experiment. In the present study, the 

recommended seeding rate (0.2%) was used. 

The setups are as shown in Figure 3.4 (a). In section 3.9, there is further discussion 

about the laser sheet positions. The two-dimensional PIV system included one Nd: YAG 

50 mJ pulsed PIV laser, one TSI model 610036 synchronizer and one 8MP TSI CCD 

high-speed camera with a 50 mm lens. Micro hollow glass particles (size of 8 − 12𝜇𝑚) 

were seeded in the flow field for laser illumination. Images and data were processed 

through Insight 4G software from TSI. PIV pictures were also through pre-processing 

to subtract the noise in the black ground. FFT correlation engine (computing the 

correlation using fast Fourier transform) and Gaussian peak engine (fitting a Gaussian 

curve to the brightest pixel and its 4 nearest neighbours to locate the correlation peak) 

were chosen for the processing. Post-processing further validated the resulting field 

vectors and filled the missing grids with local means. 60 phase-averaged measurements 

were taken for each phase in the present study. The individual instantaneous measured 

velocity fields were averaged through MATLAB codes and then visualized by Tecplot 

for further presentations. Phase-averaging trigger signals are determined according to 

the upstream wing position. The accuracy is 5 𝜇𝑚  of the Renshaw linear position 

encoder, which was attached to the upstream wing motion mechanism. To investigate 
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the flow field as large as possible, the camera focused on the flow field with a size of 

5𝑐 × 2𝑐 . The processing interrogation window was 32 × 32  pixels with a 50% grid 

overlap. Overall, the spatial resolution for PIV measurement is about 2.5%c. 

Uncertainty analysis for PIV measurements will be in section 3.10. 

In Chapter 4, there will be calculations of the vortex circulation from PIV data. 

The circulation is calculated based on the method described by Cleaver et al. (2011). A 

square path line around the incident vortex is defined in the flow field obtained by PIV 

measurements. The center of the square coincides with the vortex center which is 

defined as the location of the maximum vorticity. The square is then expanded by one 

spatial unit (2.5%c in both x and y-axes) at a time and the circulation is calculated by 

performing line-integration until the increase of the magnitude of circulation is small 

(less than 1%). The uncertainty of phase-averaged PIV is estimated as 1%. As for the 

circulation measurement involving PIV data, its uncertainty is 2%. Because of the 

circulation is from line-integration of the PIV velocity flow field (raise to the second 

power). 
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3.5 Volumetric 3-Component Velocimetry (V3V) 

Measurements 

To investigate the flow field three-dimensionally, phase-averaged V3V 

measurements were conducted. In a typical V3V measurement, the seeded particle in a 

limited volume is illuminated by the laser. A triple camera set (left, right and top) is 

focusing on the middle of the volume, each camera takes a pair of pictures for each 

measurement. The software firstly finds the particles in each picture pair. The particles 

are further identified with Gaussian fitting two-dimensionally. Then, through the 

apertures, calibration and relative location of cameras to identify the three-dimensional 

locations of those particles. After that, particle locations with designated timing 

intervals are processed to achieve the velocity field. Unlike the correlation method in 

PIV measurement, V3V utilizes particle tracking to produce the velocity field. The 

results are that the V3V measurement needs larger seeding particles, and its resolution 

is lower. However, the benefit of V3V measurement is the three-dimensional resulting 

flow field. 

The setups are as shown in Figures 3.4 (b) and (c). The V3V system includes one 

Nd: YAG 200 mJ pulsed PIV laser, one TSI model 610036 synchronizer and triple 4MP 

TSI CCD high-speed cameras with 50mm lenses. The triple camera set is mounted on 

TSI V3V-9000-CS camera mounting to achieve accurate relative locations. This system 

has a flow field limitation of 140 mm × 140 mm × 100 mm. In the present study, the 

V3V flow fields were merged from separated measurements in various positions to 

achieve a larger field of view at each phase. Seeding was polyamide seeding particles 

with a size of 50 μm diameter. Phase-locked images were taken with 60 pairs per camera 

for each case. Images were processed by Insight V3V 4G with an interrogation volume 

of 8 mm × 8 mm × 8 mm with 50% overlapping, resulting in a spatial resolution of a 

4 mm (6.4%c) cubic. The particles were identified by two-dimensional Gaussian fitting. 

Then, the particles were matched through the apertures of different cameras. The 

relaxation particle tracking algorithm was chosen to produce the velocity field. This 

method is suitable for relatively thin seeding, and it can reduce processing time. 

Triggering and synchronizing systems were the same as in PIV. Results were then 

phase-averaged in Insight V3V 4G software before illustration in Tecplot. Uncertainty 

analysis for V3V measurements will be in section 3.10. 
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3.6 Comparison Between PIV And V3V Measurements 

To validate the reliability of PIV and V3V measurements, results for PIV and 

V3V measurements are compared in Figure 3.5, by means of isosurfaces and vorticity 

field in the midspan plane. The reconstructed isosurfaces from PIV were by linear 

interpolation from the 10 spanwise planes. With lower resolution for V3V 

measurements, the vortex structures are less obvious but still sufficient to describe the 

flow characteristics. As for the interpolated isosurfaces from PIV measurements, they 

can show the vortex meandering well, consistent with results from V3V measurements. 

Figure  3.5 Isosurfaces 𝜔𝑐 𝑈∞ = ±6, ±9, ±12⁄  and midspan plane vorticity field for 

strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, 휀 = 0.4, 𝛼 = 15°: (a) PIV, (b) V3V 

 

 

 

 

 

 

(a) 

 

(b) 
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3.7 Force Measurement 

A two-component binocular load cell was implemented for force measurement. 

During the experiments, lift force was measured, and lift coefficient was calculated. 

Due to the accuracy of the load cell, the measurement of drag force would face an 

uncertainty of over 20%, therefore, only lift force was considered in the present study. 

Figure 3.6 illustrates the design of the load cell (SG-3 design from Calderon, D. (2013)). 

The measurement range was tested to be 0-11N. There are four strain gages forming a 

Wheatstone bridge at each binocular cell. Forces perpendicular to the load cell could 

cause a measurable strain and thus vary the output voltage. Voltage signals were 

amplified through an AD624 circuit and then filtered through a 20 Hz Butterworth low-

pass filter. An integrated LabVIEW program ensured the synchronization of vortex-

generating motions and measurements. 

Figure  3.6 Two-component binocular load cell (Calderon, D., 2013) 

 

There were calibrations of the load cell between the experiment intervals. Voltage 

outputs were measured and averaged through hanging weights. In stationary calibration 

cases, the measurement sampling rate was at 1,000Hz for 60 seconds. For gust-wing 

interactions, the sampling rate was set to 2,000 Hz and sampling for 20 cycles. Phase-

averaged measurements were performed. Uncertainty analysis for force measurements 

will be in section 3.10. 

Lift coefficient in freestream was measured for various AoA and compared with 

some other studies as shown in Figure 3.7. In Figure 3.8, there is a lift time history of 

an example vortex-wing interaction case (weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55  with a finite 

unswept wing at 휀 = 0.2 ). The lift coefficient recovers to freestream value at about 

𝑈∞𝑡 𝑐⁄ = 15. Although the plunging motions are designed to minimize the wake and 

prevent the roll-up of a clockwise vortex, the test section width limits the plunging 

motion (not wide enough for a much slower deceleration). Thus, there are wakes 

following the counter-clockwise vortex (see Figure 4.1 from 𝑈∞𝑡 𝑐⁄ = 4 for example). 

The wakes apparently affect the recovery. Therefore, the lift time histories in the 

following chapters only show from 𝑈∞𝑡 𝑐⁄ = 0 to 7. 



 

48 

 

Figure  3.7 Lift in freestream 

Figure  3.8 Example lift time history for vortex-wing interaction 
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3.8 Experimental Conditions 

Experiments were conducted at Reynolds number of 𝑅𝑒𝑐 =  2 × 104 . Such a 

relatively low Reynolds number is relevant to MAV flights and some living creatures. 

Besides, the water tunnel is capable of a maximum freestream speed of 0.45 m/s which 

results in a 𝑅𝑒𝑐 around  3 × 104 at 20℃ with the same setup. Therefore, the selection 

of 𝑅𝑒𝑐 =  2 × 104 is feasible in the water tunnel. 

The freestream turbulence intensity is under 0.5% for the water tunnel. There are 

influences on the Reynolds number, but at a magnitude of 0.05%, this has negligible 

effects on the flow field. Furthermore, according to Jones (2016), turbulence intensity 

under 1.3% shows negligible impacts on the aerodynamic coefficients at 𝑅𝑒𝑐 = 105.  

Therefore, the 0.5% turbulence intensity in the water tunnel is acceptable. 

The solid blockage is that the submerged bodies change the effective area and 

cause velocity changes. Besides, there is wake blockage. It is the wake of the bodies 

that affect the flow. However, the calculation of wake blockage requires drag 

measurement (not feasible with the current setup) for the wings. Therefore, empirical 

data was compared to quantify the blockage effects. West, G. S., et al. (1982) reported 

that the blockage ratio under 6% shows negligible effects on the vortex shedding and 

coefficient of aerodynamic loads between Reynolds number from 104  to 105. Besides, 

under 5% of blockages are usually neglected. In the present study, the blockage ratio 

was under 3%. Therefore, we ignore blockage effects in the present study.  
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3.9 Vortical Gust Generation 

The desired counter-clockwise strong and weak vortical gusts were generated by 

two specific plunging motions, respectively. The input demand of the motions is shown 

in Figure 3.9. In each cycle, the upstream wing first accelerates to the peak 𝛼𝑒𝑓𝑓 in the 

negative y-axis direction. Stable and quasi-two-dimensional vortex tube is formed from 

the trailing edge of the plunging airfoil. After reaching the peak, it gradually reduces its 

𝛼𝑒𝑓𝑓 at a lower acceleration rate. The whole motion travels a transverse distance of 

1.28c which is the limit of the devices. The slower decelerations are designed to prevent 

the roll-up of the clockwise vortices. After the gust-generating motions, the upstream 

airfoil slowly returns to the starting position (y/c=1.28). The asymmetric profile of the 

plunge velocity (fast acceleration followed by slow deceleration) effectively generates 

a single counter-clockwise vortex with minimum wake disturbance. There were 

sufficient ventilation intervals to prevent the capture of undesired wakes during 

experiments. It is noted that, y/c=0 is the position at when the upstream airfoil ends its 

plunging motion. 

Figure  3.9 Plunging motions 
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Figure  3.10 Vortex velocity profiles at 𝑈∞𝑡 𝑐⁄ = 2 

 

The two individual motions generated a strong and a weak counter-clockwise 

vortex respectively for the present study. In order to identify the vortices, the circulation 

and velocity profiles were measured at 𝑈∞𝑡 𝑐⁄ = 2. The strong vortex has a circulation 

of 𝛤 𝑈∞𝑐⁄ = 1.07 while the weak vortex has 𝛤 𝑈∞𝑐⁄ = 0.55. The velocity profiles are 

shown in Figure 3.10. PIV measurements were conducted on the midspan plane (of the 

downstream wing) at 𝑈∞𝑡 𝑐⁄ = 2, vorticity fields are shown in Figure 3.11. 

Figure  3.11 Vorticity field on midspan plane: (a) weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, (b) 

strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07 

(a) (b) 
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PIV results on the cross-flow planes are shown in Figure 3.12 (a) and (c) in the 

form of normal velocity 𝑣. The planes were selected at the maximum 𝑣 of the vortices. 

Besides, two-dimensional flow fields on various spanwise planes were interpolated and 

illustrated in the form of isosurfaces for the vortex in Figure 3.12 (b) and (d). The 

profiles show good quasi-two-dimensionality of the vortices, which have negligible 

distortion and are evenly in various spanwise planes. 

 Figure  3.12 Normal velocity profiles in crossflow plane and PIV isosurfaces 

𝜔𝑐 𝑈∞ = 6,9,12⁄ : (a) and (b) weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, (c) and (d) strong vortex 

𝛤 𝑈∞𝑐⁄ = 1.07 

 

Additional PIV measurements were conducted to further evaluate the impacts 

from fixed endplates. Measurement phases were at 𝑈∞𝑡 𝑐⁄ = 2, 3, 4, 5  on various 

planes 𝑧 𝑏𝑢𝑝 = 0.1, 0.2, 0.3, 0.5, 0.7, 0.8, 0.9, 0.95⁄ . Parameter 𝑏𝑢𝑝 is the actual span of 

the upstream nominally airfoil, and it is only used in this section. In the following 

(a) (b) 

𝑈∞ 

(c) (d) 

𝑈∞ 
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chapters, coordinates are only relative to the downstream wing. The vortices’ core 

positions are illustrated in Figure 3.13. There is a distortion of the vortex core axis in 

the x-axis (about 0.3c), but it only happened in a small region close to the endplates. 

For reference, the 𝑠𝐴𝑅 = 3  downstream wing is placed to cover 𝑧 𝑏𝑢𝑝 = ⁄  0.1 to 0.7 

relative to the upstream airfoil. Besides, circulation of the vortices was calculated on 

𝑧 𝑏𝑢𝑝⁄ = 0.5 plane and there are under 5% changes from 𝑈∞𝑡 𝑐⁄ = 2 to 5. Overall, the 

vortical gusts generated by the upstream airfoil are capable of maintaining quasi-two-

dimensionality and thus suitable for the experiments. 

Figure  3.13 Vortex core locations 
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3.10 Uncertainty Analysis 

To increase the reliability and repeatability of the experiments, uncertainty 

analysis is required. Here, the uncertainty analysis is based on the method from Moffat 

(1982). If the desired resulting R is calculated from the parameters 𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑁, 

then the relative uncertainty 𝛿𝑅 𝑅⁄  could be expressed as follows: 

if    

            

R = 𝑥1
𝑎𝑥2

𝑏𝑥3
𝑐 … 𝑥𝑁

𝑁                                                    (3.1) 

 

then             

 

𝛿𝑅

𝑅
= {(𝑎

𝛿𝑥1

𝑥1
)

2

+ (𝑏
𝛿𝑥2

𝑥2
)

2

+ (𝑐
𝛿𝑥3

𝑥3
)

2

+ ⋯ (𝑁
𝛿𝑥𝑁

𝑥𝑁
)

2

}

1 2⁄

      (3.2) 

 

where 𝛿𝑥𝑖 is the uncertainty of the 𝑥𝑖 variable. Therefore, 
𝛿𝑥𝑖

𝑥𝑖
 is the relative uncertainty 

of 𝑥𝑖 in percentage. 

 

3.10.1 Uncertainty of Force Measurements 

The calculation for the lift coefficients is: 

 

𝐶𝐿 =
2𝐿

𝜌𝑈∞
2 𝑆

                                                          (3.3) 

      

According to the calibration recently, the relative uncertainty of the freestream 

water speed 𝛿𝑈∞ 𝑈∞⁄  is 0.56%. The density of relative uncertainty 𝛿𝜌 𝜌⁄  is estimated 

by temperature. Here, the thermometer has an accuracy of ±1K. At 20℃ (293.15K), 

such temperature changes cause a 𝛿𝜌 𝜌⁄ =0.02%. The accuracy of manufacturing the 

wing models is ±10−3 𝑚 . For wing planform area 𝑆 = 𝑏 × 𝑐 , we have 𝛿𝑆 𝑆⁄ =

{(𝛿𝑏 𝑏⁄ )2 + (𝛿𝑐 𝑐⁄ )2}1 2⁄  . Thus, the relative uncertainty 𝛿𝑆 𝑆⁄  =1.68%. For the force 

measurements, the uncertainty of 𝐿 is under 5%. Overall, the maximum uncertainties 

of 𝐶𝐿 is 5.4%. 
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3.10.2 Uncertainty of PIV Measurements 

Insight 4G software contains a built-in tool using the PR uncertainty method for 

users to quantify the errors. It is capable of assessing uncertainties by seeding, pixel 

displacement, pre-processing, etc (TSI, 2015). Through evaluation, the velocity field of 

the PIV setups for this experiment has a maximum velocity uncertainty of under 5% for 

instantaneous measurement (most of the flow field has an uncertainty under 1%). The 

uncertainty of averaged PIV measurements decreases with 1 √𝑁𝑒𝑓𝑓⁄ , where 𝑁𝑒𝑓𝑓 is the 

effective number of independent samples. Therefore, after 60 image pairs are averaged, 

this uncertainty could drop under 1% (considering 𝑁𝑒𝑓𝑓 = 60). Although, 𝑁𝑒𝑓𝑓 could 

be significantly lower than the total number of samples in many PIV experiments 

conducted in continuous rate mode (Sciacchitano and Wieneke, 2016). Therefore, the 

uncertainty of phase-averaged PIV is estimated as 1%. The circulation measurement 

involving PIV data, its uncertainty is 2%.  

 

3.10.3 Uncertainty of V3V Measurements 

The uncertainties of the result are originally included in the output data of V3V 

measurements. Those are also natively calculated for the results after phase-averaging 

in Insight V3V 4G software. The uncertainties of 𝑢 and 𝑤 are under 1%. However, it is 

up to 3% for 𝑣. This is due to how the V3V system tracks the particles. For particles at 

different distances from the camera (in the y-axis of the present setting), the system 

uses apertures for distinguishing the location. This will naturally cause higher 

uncertainty than tracking particles by Gaussian fit in a two-dimensional plane. 

Generally, the three-dimensional velocity field from V3V measurement has an 

uncertainty of 3%. 
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CHAPTER 4  

UNLOADED AIRFOIL & WINGS ( = 0) 

The interactions of quasi-two-dimensional vortical gusts with airfoil, finite 

unswept and swept wings are here presented, including phase-averaged flow 

visualizations (PIV and V3V) together with lift force measurement. Further analytical 

models of lift peak and time history will be shown to give reasonable predictions. This 

chapter will discuss the gust interaction results for unloaded airfoil and wings. 

 

4.1 Airfoil and Finite Unswept Wing 

PIV measurements for an airfoil and a finite unswept wing at zero angle of attack 

are here presented. Figure 4.1 demonstrates the eight measurement phases between 

U∞t/c = 2 and 5.5 with an interval of 0.5 for close interaction (휀 = 0.4) of a strong 

vortex (𝛤 𝑈∞𝑐⁄ = 1.07 ) with the airfoil. The vorticity fields at the 8 measurement 

phases were superimposed and illustrated as vortex trajectories as shown in Figure 4.2 

(a), and compared with the finite unswept wing case (Figure 4.2 (b)). The counter-

clockwise vortex interaction with the airfoil can be summarized by the following steps: 

(i) At the early stages, the vortex maintains its structure well and there is little flow 

separation over the upper wing surface. (ii) When the vortex is passing over, noticeable 

flow separation and formation of the secondary vortex are observed, which indicates 

viscous interaction. (iii) Once the incident vortex has passed the wing trailing edge, it 

pairs with the induced secondary vortex and then both vortices diffuse rapidly. It is 

noted that from U∞t/c = 4, a diffused negative vorticity region is coming up. This is due 

to the deceleration part of the plunging motion for vortex generation. Although it does 

not roll up as a coherent and concentrated vortex successfully, it is still contributing to 

a long-lasting downwash flow following the incident vortex. As shown in Figure 3.10 

that both vortex profiles are followed with downwash. Therefore, flow visualizations 

and force measurements are limited to avoid impacts from this negative vorticity region. 

For airfoil and finite unswept wings, this region would not encounter until U∞t/c = 7. 

Even for the swept wing with a more upstream wing root, it is only affecting a small 

part of the wing root area after U∞t/c = 5.5. This circumstance is mitigated for the weak 

vortex cases since the plunging motion has a lower plunging velocity. Resulting in a 
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weaker negative vorticity region, and its arrival is delayed. Since in both weak and 

strong vortex cases, there is no coherent negative vortex formation, also such regions 

are at a large distance from the positive incident vortex. It is still confident to consider 

all cases are single vortex interactions rather than vortex pairs. 

Figure  4.1 Vorticity field for airfoil with strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07,  

휀 = 0.4, 𝛼 = 0° 

 

As demonstrated in Figure 4.2, PIV measurements in the mid-span plane of the 

unswept wing and the airfoil show that the unsteady flows, including vortex trajectories, 

are qualitatively similar. Consequently, more PIV measurements were carried out in the 

mid-span plane of the unswept wing. The non-dimensional offset distance, defined as 

휀 = (𝑦𝑉𝐼 − 𝑦𝐿𝐸)/𝑐 , was varied. Here, 𝑦𝑉𝐼  is the initial cross-stream location of the 

vortex and 𝑦𝐿𝐸 is the cross-stream coordinate of the leading edge of the wing (see the  

𝑈∞𝑡 𝑐⁄ = 2 

𝑈∞𝑡 𝑐⁄ = 2.5 

𝑈∞𝑡 𝑐⁄ = 3.5 

𝑈∞𝑡 𝑐⁄ = 3 

𝑈∞𝑡 𝑐⁄ = 4 

𝑈∞𝑡 𝑐⁄ = 4.5 

𝑈∞𝑡 𝑐⁄ = 5.5 

𝑈∞𝑡 𝑐⁄ = 5 
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Figure  4.2 Vortex trajectories for strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, 휀 = 0.4 with: 

 (a) airfoil, (b) finite unswept wing, 𝛼 = 0° 

 

inset in Figure 4.3). The 𝑦𝑉𝐼 was determined at the initial time U∞t/c = 2 when the PIV 

measurements of the travelling vortex are firstly taken. This figure presents the vortex 

trajectory by superimposing the vorticity fields at all measurement phases for the 

unswept wing. Figure 4.3 (a) & (b) show example cases for the weak vortex and Figure 

4.3 (c) & (d) present the cases for the strong vortex. In all cases, including the case of 

the head-on collision, there is a mild separation for the unloaded unswept wing. For the 

negative offset distance, as well as for the zero offset, the trajectory of the counter-

clockwise incident vortex is deflected downwards, rather than remaining nearly parallel 

to the freestream as for the positive offset cases. This is due to the larger separation 

region that develops over the lower surface of the wing as will be discussed later. 

The most important observation is that the phase-averaged vortices become more 

diffused as they interact with the wing, especially for strong interactions. This occurs 

for larger vortex circulation or smaller offset 휀. The variations in the circulation of the 

incident vortex at different times are shown in Figure 4.4. Circulations were computed 

with a region that is large enough to cover the whole vortex from the PIV flow fields. 

For both vortices, the circulation remains roughly the same or decays very slowly if the 

vortex travels at a large distance from the wing, indicating weak interaction.  

(b) 

(a) 



 

59 

 

Figure  4.3 Vortex trajectories for finite unswept wing with: weak vortex 𝛤 𝑈∞𝑐⁄ =
0.55 for (a) 휀 = 0.8, (b) 휀 = 0.2; strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07 for (c) 휀 = 0, (d) 휀 =

−0.2 

 

 

(d) 

(𝑦𝑉𝐼 − 𝑦𝐿𝐸) 

(c) 

(b) 

(a) 
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Figure  4.4 Circulation of incident vortex in interaction with unswept wing, 𝛼 = 0° 

 

In contrast, if the vortex trajectory becomes closer to the wing, much more rapid decay 

of the circulation is evident, which starts around U∞t/c = 3.5. At this instant, the vortex 

is just upstream of the leading edge. The only exception to this observation is the case 

of 휀 = −0.2 (shown in Figure 4.3 (d)) for which the decay of the circulation appears to 

be delayed. They may be due to the counter-clockwise vortex interacting with the lower 

surface having a weaker intensity. They are as the asymmetric behaviours and “weak 

fluctuation side” concluded by Peng and Gregory (2015, 2017), similar decay of the 

circulation of the incident vortex during close interactions with the wing at much higher 

Reynolds numbers was also observed in their studies. 

The results in Figures 4.3 and 4.4 suggest that, even for those interactions that are 

not close such as in Figure 4.3 (a), the incident vortex may be diffused (while the 

circulation remains less affected) when it starts interacting with the wake of the wing. 

It should be noted that these observations are valid for the phase-averaged vortex. The 

diffused nature of the phase-averaged vortices is likely to be due to the increasing three-

dimensionality of the instantaneous vortices. It is well known that when subjected to 

strain, the isolated two-dimensional vortices may be unstable to the three-dimensional 

instabilities (Tsai and Widnall, 1976; Waleffe, 1990). Theoretical predictions of the 

wavelength of the three-dimensional instabilities of the isolated vortices were made in 
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several investigations (Eloy and Le Dizès, 1999; Antkowiak and Brancher, 2004; 

Pradeep and Hussain, 2006). A mechanism by which freestream disturbances are 

transformed into vortex core and excite the vortices has been recently proposed (Bölle 

et al. 2021). There is also evidence that secondary vortices and trailing-edge vortices 

cause disturbances for the leading-edge vortices, which are mostly spanwise (Son et al. 

2022). In the present case, the incident vortices were subject to disturbances due to other 

vortices or vorticity sheets, separation from the leading-edge, and the wing wake. The 

existence of the wing and its wake clearly affect the incident vortices. 

Figure  4.5 Time history of the lift coefficient as a function of dimensionless time for 

(a) airfoil, (b) finite unswept wing; weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 𝛼 = 0° 

Figure  4.6 Time history of the lift coefficient as a function of dimensionless time for 

(a) airfoil, (b) finite unswept wing; strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, 𝛼 = 0° 

 

In Figures 4.5 and 4.6, the time histories of the lift coefficient for the airfoil and 

 the finite unswept wing are compared for the non-dimensional offset distances between 

(a) (b) 

(a) (b) 
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휀 = −0.4  and 휀 =  1.2  (for weak vortex cases), between 휀 = −0.6  and 휀 =  1.0  (for 

strong vortex cases), both with an increment of ∆휀 = 0.2. Overall, the trends of lift 

histories are similar for the airfoil and the wing, also for weak and strong vortices. For 

all cases, when the incident vortex approaches the wing leading-edge, lift coefficient 

starts to increase and exhibits a sharp peak at around U∞t/c = 3.5 and then decreases to 

a minimum value at around U∞t/c = 5.5. It appears that the peak lift coefficient values 

increase with decreasing offset distance between the vortex trajectory and the wing. The 

weak vortex cases also present less pronounced peaks due to a weaker circulation of 

the incident vortex which represents the ability to induce velocity changes. The lift 

coefficient is smaller for the wing due to the finite aspect ratio and the induced 

downwash of the tip vortices, which will be discussed further later in Chapter 5 for the 

loaded wings. The positive peak lift occurs around U∞t/c 3.5 for all cases and for both 

the airfoil and the wing, which is due to the same arrival time of the vortex just upstream 

of the airfoil or wing. This is shown in Figure 4.7 (a) with the phase-averaged vorticity 

Figure  4.7 Vorticity (left) and velocity magnitude with streamlines (right) at (a) 

𝑈∞𝑡 𝑐⁄ = 3.5, (b) 𝑈∞𝑡 𝑐⁄ = 5; strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, 휀 = 0, 𝛼 = 0° for finite 

unswept wing 

 

and velocity magnitude with streamlines at the U∞t/c = 3.5 for the strong vortex 

𝛤 𝑈∞𝑐⁄ = 1.07  and 휀 = 0 . The incident vortex is just upstream of the wing at this 

instant. This can be confirmed for other offset distances in Figure 4.3 for both weak and 

(a) 

(b) 
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strong incident vortices. There is no noticeable evidence of flow separation from the 

leading edge at this phase, while the streamlines around the wing are nearly parallel to 

the surface. Therefore, the positive peak is likely to be due to the potential flow 

mechanism, and the viscous effects are less important. The peak lift coefficients appear 

to increase with decreasing offset distance. This is also consistent with the assumption 

of the potential flow: the induced velocity by the incident vortex on the wing becomes 

maximum for the head-on collision (휀 = 0) at this instant and produces a maximum 

effective angle of attack for the wing. 

The magnitude of the negative lift peak is larger than the positive peak for the 

unloaded airfoil and wing. The negative peak is also broader and spans longer than one 

convective time scale. In Figure 4.7 (b), shows the velocity and streamlines at U∞t/c = 

5. The incident vortex is about to reach the trailing edge of the wing. It is more diffused, 

but still able to produce a downwash on the wing and also causes flow separation on 

the lower surface of the wing. It should be also noted that the incident vortices have 

stronger downwash profiles when initially generated. The flow separation suggests that 

viscous effects are important for the negative lift peak. The viscous effects and the 

magnitude of the negative peak lift are expected to decrease with increasing angle of 

attack i.e., loaded airfoil and wings. 

Here a simple reduced order model is developed to predict the positive peak lift 

and how it scales with the offset distance and the circulation of the incident vortex. It is 

based on the lumped vortex model (LVM) which was used to model the Wagner 

problem (Katz and Plotkin, 2001). The original model is shown in Figure 4.8. The idea 

is to replace the 𝑈∞sin (𝛼) (normal velocity from the non-zero angle of attack) of the 

original model with 𝑣𝑉𝑜𝑟 (normal velocity induced by incident vortex). In the present 

model, the incident vortex is released at the most upstream location for which having 

the PIV data and the cross-stream location 𝑦𝑉𝐼. Vortex location and circulation from the 

PIV measurement at each instant are used. The bound vortex of the wing with a 

circulation 𝛤𝑏 is located at the 0.25c distance from the leading edge and the collocation 

point is at 0.75c (see the inset in Figure 4.9). At each time step, the wake vorticity is 

shown as a train of the wake vortices 𝛤𝑤 in the inset which is shed from the trailing edge 

to satisfy Kelvin’s theorem and travel downstream with the freestream velocity. By 

enforcing the zero normal velocity at the collocation point at each time step, the bound 

vortex is calculated as a function of time.  
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Figure 4.8 Development of the wake after the plunging motion of a flat plate as 

modelled by a single lumped-vortex element (Katz and Plotkin, 2001) 

 

Figure  4.9 (a) Comparison of the lumped vortex model (LVM) and measurements for 

the time history of the lift coefficient for two cases; (b) non-dimensional peak lift 

force as a function of the non-dimensional offset distance 

𝑈∞ 

(a) (b) 
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In the LVM of the present study, at the collocation point, it meets 

 

𝑣𝑏 + 𝑣𝑤 + 𝑣𝑉𝑜𝑟 = 0                                              (4.1) 

 

where 𝑣𝑏 , 𝑣𝑤  and 𝑣𝑉𝑜𝑟  are normal velocity induced by bound vortex, wake 

vortex and the incident vortex respectively. 

Thus, at 𝑡𝑛, it can be written as 

 

−𝛤𝑏

𝜋𝑐
+

𝛤𝑤𝑛

2𝜋[(𝑐 4⁄ ) + (𝑈∞∆𝑡 2⁄ )]
+ ⋯ +

𝛤𝑤1

2𝜋[(𝑐 4⁄ ) + (𝑈∞(𝑛 + 1)∆𝑡 2⁄ )]
     

= −𝑣𝑉𝑜𝑟                                                                (4.2) 

 

Further applying Kelvin condition at 𝑡𝑛 to achieve another equation 

 

𝛤𝑏 + 𝛤𝑤1 + ⋯ + 𝛤𝑤𝑛 = 0                                                   (4.3) 

 

The calculation is iterating through equations 4.2 and 4.3 for each time steps 𝑡, 

with the already known 𝑣𝑉𝑜𝑟 from PIV measurements, resulting in the bound vortex 

circulation 𝛤𝑏. Then the lift per unit span is calculated from 

 

𝐿′ = 𝜌 [𝑈∞𝛤𝑏 +
𝜕

𝜕𝑡
𝛤𝑏𝑐]                                             (4.4) 

 

which includes two terms: 𝜌𝑈∞𝛤𝑏  (quasi-steady lift) and 𝜌
𝜕

𝜕𝑡
(𝛤𝑏𝑐)  (unsteady 

contribution). Here, the LVM is to use the thin airfoil theory in which the unsteady flow 

is produced by the incident vortex (strength and trajectory both are assumed to be 

known and taken from the experiments). Chen and Jaworski (2020) have successfully 

adapted this method in their research which also includes a free incident vortex (see 

Equation (18) of their study which is the same as Equation 4.4 in this thesis). We had a 

simplified version by using a bound vortex rather than distributed vortex sheet. Our 

version of the simplified Lumped Vortex method was also used in the unsteady thin 

airfoil theory by Katz and Plotkin (2001). In calculating the total lift force, an aspect-

ratio correction is also made, using the Prandtl’s lifting line theory and assuming an 

elliptical circulation variation. This aspect-ratio correction will be discussed later in 
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detail. Given the assumptions, the LVM predicts the lift time history qualitatively for 

two different cases in Figure 4.9 (a). The positive peaks are overpredicted, whereas the 

negative peaks are underpredicted, perhaps due to the inability to capture the viscous 

effects of the negative lift. The qualitative variation of the lift, the timings of the positive 

peaks, and the timing of the zero-lift are in reasonable agreement. The model captures 

the essential features and supports the assumption of the potential flow for the positive 

peak. As noted earlier, the negative peaks, which are viscous-dominated, become less 

corresponding to the prediction. 

 A quasi-steady LVM is introduced to predict the positive peak. Further 

assumptions are made in the LVM. The vortex trajectory is assumed to remain parallel 

to the freestream at the initial release location 𝑦𝑉𝐼. This assumption is supported by the 

experimental observations that large variation of trajectory in y-axis only happened for 

휀 = −0.2 case. The effect of the wake vortices is numerically small as most of them 

have convected downstream with freestream, and therefore neglected. Hence, the zero-

normal-velocity condition at the collocation point dictates that the bound vortex 

circulation is proportional to the incident vortex circulation, and also depends on 

instantaneous location of the incident vortex (𝑥𝑉, 𝑦𝑉𝐼). 

The quasi-steady LVM ignores the 𝛤𝑤  component which means the velocity 

induced by the wake vortex 𝑣𝑤 is zero. Thus, at any time 𝑡𝑛 

 

𝑣𝑏 + 𝑣𝑉𝑜𝑟 = 0                                                       (4.5) 

 

Further written as  

 

−𝛤𝑏(𝑡𝑛)

𝜋𝑐
= −𝑣𝑉𝑜𝑟                                                   (4.6) 

 

At the time where maximum lift peak occurs, applying zero normal flow 

condition to the collocation point, circulation of bound vortex 𝛤𝑏 can be calculated as 

 

𝛤𝑏 =
𝛤

2

(𝑥𝑉 − 𝑥𝐿𝐸) 𝑐⁄ + 0.75

[(𝑥𝑉 − 𝑥𝐿𝐸) 𝑐⁄ + 0.75]2 + 휀2
                                  (4.7) 

 

where 𝑥𝑉 and 𝑦𝑉 indicate the incident vortex instantaneous location. 
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Furthermore, it is noted that the total lift increases slowly in time as the vortex 

approaches the wing, at least until the lift becomes maximum. As the predicted quasi-

steady lift appears to be dominant compared to the unsteady effects, assuming that the 

lift is dominated by the quasi-steady lift only: 

 

𝐿′ = 𝜌𝑈∞𝛤𝑏                                                           (4.8) 

 

When the lift becomes maximum at U∞t/c = 3.5, the PIV data suggest that the 

incident vortex is located just upstream of the wing at a distance as (𝑥𝑉 − 𝑥𝐿𝐸) 𝑐⁄  = 0.3. 

Thus equations 4.7 and 4.8 can be further written as 

 

𝛤𝑏 =
𝛤

2
∙

1

1.05 +
휀2

1.05

                                                   (4.9) 

 

𝐿′ = 𝜌𝑈∞𝛤 ∙
1

2
∙

1

1.05 +
휀2

1.05

                                          (4.10) 

 

To calculate the total lift, the span of the wing b is used and with the correction 

for the aspect ratio (using the Prandtl’s lifting line theory and assuming an elliptical 

circulation variation) to arrive at: 

 

𝐿𝑝𝑒𝑎𝑘 = 𝜌𝑈∞𝛤𝑏 ∙
0.375

1.05 +
휀2

1.05

                                      (4.11) 

 

Further written as  

 

𝐿𝑝𝑒𝑎𝑘

𝜌𝑈∞𝛤𝑏
=

0.39

1.052 + 휀2
                                              (4.12) 

  

Equation 4.12 predicts that the maximum lift force is proportional to the 

circulation of the incident vortex. The viscous simulations of Martínez-Muriel and 

Flores (2020) at a low Reynolds number of Re = 1,000 also predict that the maximum 

lift change due to the interaction is roughly proportional to the incident vortex 
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circulation. In the present study, prediction is plotted with dashed lines in Figure 4.9 (b) 

and compared with the measurements. For the two incident vortices that have been 

tested, the experimental data appear to collapse well. The agreement with the low order 

model is fair for small offset distances but becomes poor with increasing offset 

distances, particularly at the negative offset distances due to the stronger viscous effects. 

This is the characteristic of a counter-clockwise vortex travelling over the lower surface 

of the wing. It should be noted that in the present quasi-steady LVM model, vortex 

locations in the y-axis are assumed unchanged during the interaction. While there could 

be a significant deflection of trajectories as in Figure 4.3 (d). Such trajectories changes 

may also be responsible for the discrete results between model and measurements. 

  Although the prediction of the low order model is symmetric in Figure 4.9 (b), 

the measurements show that there is slight asymmetry. The largest positive lift occurs 

at ε = 0.1 for the strong vortex and ε = 0.2 for the weak vortex. Similar asymmetries for 

a symmetric airfoil at higher Reynolds numbers were reported, with maximum pressure 

fluctuations occurring at small non-zero offset distances (Peng and Gregory, 2017). This 

asymmetric effect can be explained by the different viscous responses of the boundary 

layers on the upper and lower surfaces when the vortex passes over. When the counter-

clockwise vortex passes over the upper surface, the boundary layer flow is accelerated 

due to the induced velocity of the incident vortex. Although no significant flow 

separation was captured by PIV measurements when the maximum lift occurred. In 

contrast, when the incident vortex passes over the lower surface of the wing, its induced 

vortex decelerates the boundary layer and causes flow separation as shown in Figure 

4.7 (b).   

Figures 4.10 (a) and 4.10 (b) show the variation of the maximum lift coefficients 

for the airfoil and the finite unswept wing as a function of the non-dimensional offset 

distance. For both vortices, the variations for the airfoil and the wing, including the 

local maximums at small non-zero offset distances, are similar. The maximum lift for 

the wing is smaller due to the downwash of the wing-tip vortex that develops during 

the interaction over the wing at 𝛼 = 0°. 

An aspect ratio correction is originated from the quasi-steady lifting line theory. 

The ratio of the positive lift peaks for the wing/airfoil for which presenting the aspect 

ratio correction is shown in Figure 4.10 (c). As expected, the ratio is almost always less 

than unity. The ratio of the maximum lifts is shown with the horizontal dashed line in 

this figure and corresponds to the aspect ratio correction. This correction is derived 
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from the lifting line theory, which is originally developed for steady aerodynamics. 

According to Anderson (2010), the lift coefficient for an elliptic finite unswept wing 

can be estimated as 

 

𝐶𝐿 = (
𝑎0𝛼

1 +
𝑎0

𝜋𝐴𝑅

)                                                      (4.13) 

 

Figure  4.10 Peak lift coefficients for (a) airfoil, (b) finite unswept wing, and (c) the 

ratio of the peak lift of the wing and the airfoil, 𝛼 = 0° 

 

estimate lift slope 𝑎0 with 𝑎0 = 2𝜋, equation 4.13 can be written as 

(a) (b) 

(c) 
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𝐶𝐿

2𝜋𝛼 
= (

𝐴𝑅

2 + 𝐴𝑅
)                                                    (4.14) 

 

Equation 4.14 gives an estimation that the lift of an elliptic finite unswept wing 

can be corrected from the lift of an airfoil (2𝜋𝛼) according to the finite aspect ratio. 

Here, the lifting line prediction in the present study takes the correction coefficient 

𝐴𝑅 (2 + 𝐴𝑅)⁄ = 0.75. It is interesting, that the measured lift ratios are not too far away 

from the quasi-steady prediction. This is consistent with the assumption of quasi-steady 

flow for the positive peaks. This aspect-ratio correction was also used in the LVM 

models discussed earlier. 
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4.2 Swept Wing 

Iso-surfaces of spanwise vorticity obtained from the PIV measurements and 

interpolations are shown in Figure 4.11 at different times 𝑈∞𝑡 𝑐⁄  for the strong vortex 

𝛤 𝑈∞𝑐⁄ = 1.07 , 휀 = 0.4 , 𝛼 = 0°  and for finite swept wing ( 𝛬 = 40° ). 2D-PIV 

measurements were taken at 10 spanwise planes then linearly interpolated and 

illustrated as iso-surfaces. The incident vortex interacts with the wing near the root first 

and at outboard wing sections later. As the vortex interacts with the wing, the part above 

the wing induces local flow separation while multiple vortices are shed from the wing. 

The shed vortices are parallel to the incident vortex (this is most visible at U∞t/c = 3.5). 

Meanwhile, the inboard part of the incident vortex filament diffuses rapidly as soon as 

it is above the wing wake. This produces a partially diffused vortex inboard and still 

coherent vortex outboard. There are no results of the flow in the spanwise direction 

from 2D-PIV measurements at multiple spanwise planes. Furthermore, there is no 

evidence of significant spanwise flow in the incident vortex in the volumetric 

measurements that will be presented by 3D-V3V measurements for the loaded wings in 

Chapter 5. In summary, the interaction presented in Figure 4.11 can be described as a 

local interaction of the vortex filament with the parts of the wing. This suggests that a 

strip theory approach may be appropriate. The strip theory approach is that for each 

local spanwise section there is a two-dimensional interaction. 

Figure 4.12 shows the iso-surfaces of spanwise vorticity superimposed at all 

measurement times 𝑈∞𝑡 𝑐⁄  for the weak (left column) and strong vortex (right column) 

and at various offset distances. Pseudo-trajectories for all cases exhibit strong three-

dimensionality and rapid diffusion of the inboard part of the vortex filaments, and this 

becomes significant in the near-wake. Whereas the outer part remains intact before the 

interaction with the wing. The outboard part of the approaching incident vortex remains 

nearly two-dimensional and shows little diffusion before the interaction, even for the 

head-on collision case shown in Figure 4.12 part (d). Overall, Figure 4.12 confirms that 

the interaction appears to be quasi-two-dimensional in the sense that at each spanwise 

plane the interaction remains unaffected by the other spanwise planes.     

Time histories of the lift coefficient for various offset distances are compared for 

the unswept wing and swept wing in Figures 4.13 (weak vortex cases) and 4.14 (strong 

vortex cases). The trends for both weak and strong vortex cases are similar. The most 

important observations are the decrease of the peak lift, broadening of the positive peak,  
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Figure  4.11 Isosurfaces of spanwise vorticity 𝜔𝑐 𝑈∞ = ±6, ±9, ±12⁄  from the PIV 

data; strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, 휀 = 0.4, 𝛼 = 0° with finite 𝛬 = 40° swept wing 

 

𝑈∞𝑡 𝑐⁄ = 2.5 

𝑈∞𝑡 𝑐⁄ = 3 

𝑈∞𝑡 𝑐⁄ = 3.5 

𝑈∞𝑡 𝑐⁄ = 2 

𝑈∞𝑡 𝑐⁄ = 4.5 

𝑈∞𝑡 𝑐⁄ = 5 

𝑈∞𝑡 𝑐⁄ = 5.5 

𝑈∞𝑡 𝑐⁄ = 4 
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Figure  4.12 Iso-surfaces of spanwise vorticity superimposed at all phases for weak 

vortex 𝛤 𝑈∞𝑐⁄ = 0.55,  (a) 휀 = 0.8 (b) 휀 = 0.2 (vorticity levels 𝜔𝑐 𝑈∞ = 4,  8,  12⁄ ); 

and for strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, (c) 휀 = 0.4, (d) 휀 = 0, (e) 휀 = −0.2 (vorticity 

levels 𝜔𝑐 𝑈∞ = 6,  9,  12⁄ ); 𝛼 = 0° with finite 𝛬 = 40° swept wing; data obtained 

with the PIV method 

 

and the decreasing temporal gradients for the swept wing during the interaction. For the 

same offset distance, swept wing cases have smaller peaks and a more gradual variation 

in lift time history. This can be explained by the fact that each spanwise section of the 

wing experiences the interaction with the vortex at different times, which prolongs the 

interactions but alleviates the peaks. This results in not only a decrease in the peak lift 

force but also a gradual build-up of the lift force until the peak is reached followed by 

a slower decrease of the lift. Strip theory was applied to the lift data of the unswept 

wing for each cross-section while taking into account the different arrival times of the 

vortex to different locations of the leading edge in each cross-section. According to the  

(a) 

(b) 

(c) 

(d) 

(e) 
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Figure  4.13 Lift coefficient time history as a function of dimensionless time for weak 

vortex 𝛤 𝑈∞𝑐⁄ = 0.55: (a) unswept wing, (b) swept wing; at 𝛼 = 0° 

Figure  4.14 Lift coefficient time history as a function of dimensionless time for 

strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07: (a) unswept wing, (b) swept wing; at 𝛼 = 0° 

 

vortex convection velocity and leading-edge position, integrating the local lift at each 

cross-section to achieve the total lift for the swept wing. The lift time history per unit 

span for the finite unswept wing is represented as a function of time 𝐿′(𝑡) 

 

 𝐿(𝑡) 𝑏⁄ = 𝐿′(𝑡)                                                      (4.15)         

 

while considering different arrival times of the vortex to different locations of the 

leading-edge in each cross-section thus introducing a time delay 𝜏. This time delay was 

calculated using the measured convection speed 𝑈𝑐 from the trajectory of the vortex. 

Calculation of averaged values only involves from the beginning to where the vortex 

(a) (b) 

(a) (b) 
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ahead of 𝑥 𝑐⁄ = 3 before interacting with the wing, effectively 𝑈∞𝑡/𝑐 ≤ 3.5. Table 4.1 

listed the averaged vortex convection speed for different cases from 𝑈∞𝑡/𝑐 = 2 to 3.5. 

 

Downstream wing location Avg. 𝑈𝑐/𝑈∞ 

휀 = 0.8 (weak vortex) 1 

휀 = 0.2 (weak vortex) 1 

휀 = 1.0 (strong vortex) 0.99 

휀 = 0.4 (strong vortex) 0.99 

휀 = 0 (strong vortex) 0.97 

휀 = −0.2 (strong vortex) 0.99 

Table 4.1 Averaged vortex convection speed 𝑈𝑐 

The total lift for the finite swept wing was calculated by integrating the local lift 

at each cross-section from wing root to wing tip 

 

𝐿𝑠𝑤𝑒𝑝𝑡(𝑡) = ∫ 𝐿′(𝑡 − 𝜏) 𝑑𝑧                                       
𝑧=𝑏

𝑧=0

(4.16) 

 

𝜏 =
𝑥𝐿𝐸 − 𝑥𝐿𝐸, 𝑧 𝑏⁄ =0.5

𝑈𝑐
                                              (4.17) 

 

where 𝑥𝐿𝐸 is the local leading-edge position on the x-axis according to the span 

locations (z). While  𝑥𝐿𝐸, 𝑧 𝑏⁄ =0.5 is a fixed value during integration which represents the 

leading-edge position on the x-axis at the midspan 𝑧 𝑏⁄ = 0.5. 

The results of the strip theory shown in Figure 4.15 capture the essential trends 

of the swept wing. Overall, the strip theory gave favourable predictions to both 

tendency and peaks for most of the cases. There is an underprediction for the head-on 

collision (Figure 4.15 (e)) and close interaction (Figure 4.15 (f)) of the strong vortex. 

For the positive peaks, this underprediction is relatively small and the reasons are still 

unclear. One possibility is that in this instance, the downwash effect from the wingtip 

of the swept wing is less pronounced than that in the unswept wing. This may be  
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Figure  4.15 Comparison of the measured lift time history and the strip theory for 

weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55:  (a) 휀 = 0.8, (b) 휀 = 0.2; for strong vortex 𝛤 𝑈∞𝑐⁄ =

1.07  (c) 휀 = 1.0, (d) 휀 = 0.4, (e) 휀 = 0, (f) 휀 = −0.2; at 𝛼 = 0° 

 

corrected by adding an empirical coefficient which considers the impact from various 

sizes of the incident vortex and wing planforms. However, it is above the scope of the 

present study and may be completed in the future. For the underprediction of negative 

(a) (b) 

(c) (d) 

(e) (f) 
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peaks, which is much different from the measured values. This is due to the long-lasting 

downwash flow following the incident vortex. It is noted that for weak vortex cases, 

there are reasonable predictions for both peaks and phases, as well as strong vortex 

cases with large offsets. 

Figure  4.16 Peak lift coefficient for (a) unswept wing, and (b) swept wing as a 

function of offset distance, and (c) the ratio of the peak lift coefficients of the swept 

wing and unswept wing, 𝛼 = 0° 

 

 The peak lift coefficients for the unswept and swept wings are shown in Figures 

4.16 (a) and 4.16 (b). The positive peaks are higher for the unswept wing as expected 

(a) (b) 

(c) 
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since the vortex is almost parallel to the leading-edge. In contrast, there is little effect 

of the wing sweep on the negative lift peaks. Similar magnitudes for both wings are 

likely to be due to the dominance of the viscous mechanism. And flow separation on 

the lower surface which is caused by the downwash of the incident vortex when it is 

downstream of the wake. In Figure 4.16 (c), the ratio of the positive peaks is compared 

for the wings. Here the dashed line corresponds to the “independence principle”. This 

principle relies on the assumption that flow normal to the leading-edge determines the 

lift (see for example, Kuethe and Chow, 1998), which implies:   

 

𝐶𝐿,𝛬=40° 

𝐶𝐿,𝛬=0° 
= cos2𝛬 = cos240° = 0.59                           (4.18) 

 

It is interesting that, although the independence principle was developed for 

steady aerodynamics, the peak lift ratio in the present experiments for an unsteady flow 

is not far away from the prediction of this principle. 
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4.3 Summary 

This chapter discussed the interaction of vortical gusts with unloaded airfoil and 

finite wings, unswept and swept. For unloaded airfoils and wings (set at zero angle of 

attack), flow separation from the leading edge is not noticeable as the vortex approaches. 

There might be weak flow separation if it is a close interaction. Generally, there is 

turbulent diffusion of the incident vortex as the interaction becomes closer and stronger. 

The turbulent diffusion becomes faster as the vortex leaves the trailing edge and moves 

onto the wake. It is suggested that other vortices, flow separation and wake produce 

disturbances and may cause instabilities in the incident spanwise vortex. There is no 

evidence of significant spanwise flow developing in the incident vortices, even for the 

interaction with the swept wing. The measurements show that the turbulent diffusion 

remains limited to the sections of the incident vortex that already interacted with the 

swept wing.  

As the counter-clockwise vortex approaches the airfoil or wing, it generates a 

positive peak lift. The positive peak occurs when the vortex is roughly five vortex core 

radiuses from the leading edge. At this instant, there is no evidence of flow separation 

from the leading-edge even for the zero-offset case. It is suggested that the positive 

peak is inviscid. A simple reduced-order model based on the lumped vortex model can 

predict the qualitative variation of the unsteady lift time history and the magnitude of 

the positive peak. Furthermore, by assuming that the quasi-steady lift is dominant, it is 

able to predict that the peak lift force is proportional to the circulation of the incident 

vortex and has a maximum for the zero-offset distance. These predictions are in 

reasonable agreement with measurement data. Unlike the positive peak, the negative 

lift is generated as the incident vortex has passed the wing and continues to produce 

downwash on the wing. The duration of the negative lift is relatively longer. The viscous 

effects become important as the flow separation on the lower surface of the wing occurs. 

The time history of the lift for the airfoil and the unswept wing are similar, including 

the timing of the peak lift coefficients. However, the maximum lift of the wing is 

smaller due to the downwash of the tip vortex. The positive lift peak can be estimated 

by using an aspect ratio correction developed for steady aerodynamics, which supports 

the hypothesis of the quasi-steady interaction. 

The interaction with the swept wing at each spanwise plane appears unaffected 

by the other spanwise planes. As a result, the strip-theory approach for the swept-wing 
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captures the main features of the unsteady lift. The decrease of the peak lift and the 

temporal gradient for the swept wing are the main features of the observations. 

Interestingly, the positive peak lift can still be estimated by using the independence 

principle, which was developed for steady aerodynamics. 
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CHAPTER 5  

LOADED AIRFOIL & WINGS (  0) 

Vortical gust interaction with loaded (  0) airfoil and finite unswept, swept 

wings are discussed in this chapter. Comparisons are also made with the unloaded ( = 

0) cases. The results were achieved by flow visualization (PIV and V3V) as well as lift 

force measurements. In this chapter, emphasis is made on the finite aspect ratio and 

wing sweep at loaded angles of attack. Here, vortex-airfoil interactions at various angles 

of attack will be discussed as a baseline in section 5.1. Sections 5.2 and 5.3 will further 

compare with finite unswept wing and swept wing for various angles of attack. 

 

5.1 Effect of Angle of Attack 

For the unloaded airfoil and wings ( = 0), the main feature is that the flow 

separation from the wing is negligible during the vortex interaction. It is expected that 

flow separation from the leading-edge and formation of leading-edge vortices will 

occur with an increasing angle of attack. In Figures 5.1 to 5.5, the vorticity fields (left 

column) and velocity magnitude fields with streamlines (right column) in no-gust and 

selected phases for the weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55 interaction with airfoil and 휀 = 0.6 

for (a) 𝛼 = 0° (unloaded), (b) 𝛼 = 5° (pre-stall), (c) 𝛼 = 10° (near stall), (d) 𝛼 = 15° 

(post-stall). The no-gust situation is that the upstream airfoil is at y=0 without any 

plunging motions. In no-gust case (Figure 5.1), there is no incident vortex, and the 

thicken of the boundary layer becomes noticeable with an increase in the angle of attack, 

and the separation point also transits towards the leading edge. It should be noted that 

only at 𝛼 = 15° (post-stall) there is significant flow separation, which is noticeable in 

both vorticity and velocity fields with streamlines. Figures 5.2 to 5.5 demonstrate the 

process of the weak vortex interaction with the airfoil. The vortex trajectories are further 

shown in Figure 5.6. At 𝑈∞𝑡 𝑐⁄ = 3.5  (Figure 5.2) that the vortex just ahead of the 

leading edge, the maximum lift peak occurs for all angles of attack (the lift time 

histories are as shown in Figure 5.7). For 𝛼 = 0° and 𝛼 = 5°, the flow fields are similar 

in that no significant flow separation occurred thus they are inviscid dominated. For 

𝛼 = 10°, significant thickening of the boundary layer and formation of a separation 

region appear near the leading edge. While for 𝛼 = 15°, there is evidence of the  
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Figure  5.1 Vorticity fields (left column) and velocity magnitude fields (right 

column) of airfoil in no-gust: (a) 𝛼 = 0°, (b) 𝛼 = 5°, (c) 𝛼 = 10°, (d) 𝛼 = 15° 

 

 

 

 

 

 

 

 

 

 

(a) 

(d) 

(b) 

(c) 
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Figure  5.2 Vorticity fields (left column) and velocity magnitude fields (right 

column) of airfoil with weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6 at 𝑈∞𝑡 𝑐⁄ = 3.5: (a) 𝛼 =

0°, (b) 𝛼 = 5°, (c) 𝛼 = 10°, (d) 𝛼 = 15° 

 

 

 

 

 

 

 

 

 

(a) 

(d) 

(b) 

(c) 
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Figure  5.3 Vorticity fields (left column) and velocity magnitude fields (right 

column) of airfoil with weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6 at 𝑈∞𝑡 𝑐⁄ = 4: (a) 𝛼 =

0°, (b) 𝛼 = 5°, (c) 𝛼 = 10°, (d) 𝛼 = 15° 

 

 

 

 

 

 

 

 

 

(a) 

(d) 

(b) 
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Figure  5.4 Vorticity fields (left column) and velocity magnitude fields (right 

column) of airfoil with weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6 at 𝑈∞𝑡 𝑐⁄ = 4.5: (a) 𝛼 =

0°, (b) 𝛼 = 5°, (c) 𝛼 = 10°, (d) 𝛼 = 15° 

 

 

 

 

 

 

 

 

 

(a) 

(d) 
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Figure  5.5 Vorticity fields (left column) and velocity magnitude fields (right 

column) of airfoil with weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6 at 𝑈∞𝑡 𝑐⁄ = 5: (a) 𝛼 =

0°, (b) 𝛼 = 5°, (c) 𝛼 = 10°, (d) 𝛼 = 15° 

 

 

 

 

 

 

 

 

 

(a) 

(d) 
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Figure  5.6 Vortex trajectories of vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6 with airfoil at: (a) 

𝛼 = 0°, (b) 𝛼 = 5°, (c) 𝛼 = 10°, (d) 𝛼 = 15°  

 

formation of leading edge and trailing edge vortices. At 𝑈∞𝑡 𝑐⁄ = 4 and 4.5 (Figures 

5.3 and 5.4), the incident vortex travels above the airfoil. Situations are still similar for 

𝛼 = 0° and 𝛼 = 5°. However, for 𝛼 = 10°, the thickened boundary layer seems to be 

travelling along with the incident vortex and gradually towards the trailing edge. And 

it is still not shed and formed a coherent vortex (It remains a separation bubble attached 

(d) 

(c) 

(b) 

(a) 
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to the airfoil surface). At 𝑈∞𝑡 𝑐⁄ = 5 (Figure 5.5) when the vortex just has passed the 

airfoil, at this instant, the incident vortex is diffused as it is already in the near-wake. 

For this particular offset distance and the incident vortex, flow separation and vortex 

formation are already identifiable at 𝛼 = 10° near the stall angle. With increasing angle 

of attack, the incident vortex appears to have travelled slightly further downstream. This 

is likely to be due to the increasing strength of the circulation around the airfoil with an 

increasing angle of attack. At the post-stall angle of attack of  𝛼 = 15° , part (d) in 

Figures 5.2-5.5 reveal a clear formation of the leading-edge vortices. In this case, the 

first LEV forms a vortex couple with the incident vortex and sheds while a second LEV 

develops. Together with additional measurement phases, the vortex trajectories of the 

same cases of Figures 5.2-5.5 are shown in Figure 5.6. There are superimposed vorticity 

fields at different times and form vortex trajectories for corresponding angles of attack. 

In all cases, the diffusion of the incident vortex as it has passed the airfoil is apparent. 

For the post-stall angle of attack, there is some deviation from being nearly parallel to 

the freestream and a slight upward deflection of the trajectory due to the separated 

region on the airfoil. Furthermore, the negative vorticity and the wake structures are 

more extensive and complicated in the post-stall case than others. 

Figure 5.7 shows the time histories of the lift coefficient for the airfoil at 𝛼 = 0°, 

𝛼 = 5°  (pre-stall), 𝛼 = 10°  (near stall), and 𝛼 = 15°  (post-stall) for the weak vortex 

𝛤 𝑈∞𝑐⁄ = 0.55 and 휀 = 0.6. The timing of the positive peaks is similar for all cases as 

it is reached when the vortex arrives at the immediate upstream of the wing. The overall 

shapes of the time histories appear to be shifted vertically for different angles of attack. 

The recovery of lift after the vortex passed the airfoil is slightly earlier for 𝛼 = 15°. 

This is possibly due to the high geometric angle of attack and the formation of LEV.  

Generally, for the weak vortex interaction with airfoil at various angles of attack, 

the flow fields are similar for zero (unloaded) and low angles of attack. Flow separation 

becomes significant and important at high angles of attack. The lift time histories show 

similarity and the lift in freestream dominates the peak values, i.e., the gust loads are 

not varied a lot for the different geometric angles of attack. But it should still be noted 

that the gust loads and the resultant flow fields are still different for the various angles 

of attack. There are more results for strong vortex interaction with finite swept wings 

at various angles of attack. This will be discussed together with the effects of wing 

sweep in section 5.3. 
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Figure  5.7 Comparison of lift time history for airfoil with weak vortex 𝛤 𝑈∞𝑐⁄ =

0.55, 휀 = 0.6 at various 𝛼 (dashed line at 𝐶𝐿 = 0) 
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5.2 Effect of Finite Aspect Ratio 

 This section will compare the differences of loaded airfoil and finite unswept 

wing (sAR=3). As discussed in Chapter 4 the 2D-PIV measurements show little 

difference between the unloaded airfoil and finite unswept wing in the mid-span plane. 

Therefore, volumetric velocity measurements were performed to view the three-

dimensional flow fields. Here, the volumetric velocity measurements are compared in 

Figure 5.8 for the airfoil and the finite unswept wing cases at 𝛼 = 10° and for weak 

vortex 𝛤 𝑈∞𝑐⁄ = 0.55  and 휀 = 0.6 , which are the same vortex size and offset as in 

section 5.1. The iso-surfaces of 𝑄∗ = 𝑄𝑐2/𝑈∞
2  = 5,  35,  50,  70, coloured by spanwise 

vorticity, is shown at (a) 𝑈∞𝑡 𝑐⁄ = 3.5, (b) 𝑈∞𝑡 𝑐⁄ = 4, and (c) 𝑈∞𝑡 𝑐⁄ = 4.5, for the 

airfoil (left column) and the finite unswept wing (right column). The line boxes indicate 

the measurement volumes. They are slightly smaller for the airfoil cases due to the 

blockage of the camera field of view by the additional lower endplate. The incident 

vortex is nearly two-dimensional throughout the interaction as it approaches and 

reaches near the trailing edge for both the airfoil and the wing. The effect of the wing-

tip vortex on the incident vortex is not noticeable near the wing-tip. During the 

interaction, there are no evident interactions between the tip vortex and incident vortex 

or leading-edge vortex. However, the effect of the wingtip is visible in the development 

of the leading-edge vortex shedding from the wing. This is best seen underneath the 

incident vortex in Figure 5.8 (b) at 𝑈∞𝑡 𝑐⁄ = 4. The LEV is anchored at the wing tip 

while the inner part remains parallel to the leading edge. The shape of the leading-edge 

vortex filament is very similar to those found for a plunging wing in transient or 

periodic motion at high reduced frequencies (Son et al. 2022). 

 Figure 5.8 also suggests that, at each instant, the incident vortex is travelling 

slightly slower for the finite unswept wing than for the airfoil. It is noticeable by 

comparing the incident vortex locations at the same instants, that the vortex in finite 

unswept wing case is slightly more upstream. This is likely to be due to the smaller 

strength of the circulation around the finite wing. Because of the finite aspect ratio thus 

the downwash of the tip vortex, the wing circulation is expected to be smaller. Figure 

5.9 represent the ratio of the positive lift peaks for the wing and the airfoil at 𝛼 = 0°, 

𝛼 = 5° (pre-stall), and 𝛼 = 15° (post-stall) as a function of the non-dimensional offset 

distance for both vortices. The ratio is less than unity for the loaded cases as well as 

unloaded cases. Again, the aspect ratio correction based on the lifting line theory for  
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 Figure  5.8 Comparison of iso-surfaces of 𝑄∗ = 5,  35,  50,  70, coloured by spanwise 

vorticity, at (a) 𝑈∞𝑡 𝑐⁄ = 3.5, (b) 𝑈∞𝑡 𝑐⁄ = 4, (c) 𝑈∞𝑡 𝑐⁄ = 4.5, for the airfoil (left) 

and the sAR=3 wing (right) and weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6, 𝛼 = 10°; data 

obtained from the volumetric velocity measurements 

Airfoil Finite 𝛬 = 0° wing (a) 

(b) 

(c) 
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Figure  5.9 The ratio of the positive lift peaks of the wing and the airfoil for (a) 𝛼 =

0°, (b) 𝛼 = 5°, (c) 𝛼 = 15° 

 

steady aerodynamics is shown with the dashed lines, whose derivation is in section 4.1. 

The lifting line theory prediction provides a rough estimate for the ratio of maximum 

positive peaks for finite unswept wing and airfoil. It is remarkable that, even for the 

loaded airfoil and the finite unswept wing, the maximum lift induced by the interaction 

with a single transient vortex can be estimated with the quasi-steady approach. In 

addition, the maximum positive lift force is reached before the vortex starts to interact 

closely. That is similar to those unloaded cases in Chapter 4, which indicate inviscid 

dominated interactions at when the positive lift peak occurs. It should be noted that, for 

the loaded airfoil and wing cases, there are significant flow separation and 

corresponding LEV roll-up during the whole interaction. 

The single transient vortex has large velocity fluctuations that are localized. The 

temporal gradients are large, but the spatial gradients are confined to a small region. In 

(a) (b) 

(c) 
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other words, the length scale of the vortical gust is small but has large temporal 

gradients. It will be meaningful to make a comparison with plunging airfoils for which 

the length scale is very large (corresponding to an infinite wavelength of a travelling 

gust), for which the temporal gradients are felt uniformly everywhere and along the 

whole chord line. In order to make a comparison with the plunging airfoils in transient 

motion (Bull et al. 2021), the ratio of the maximum gust velocity 𝑉𝑔𝑢𝑠𝑡,𝑚𝑎𝑥  to the 

freestream velocity 𝑈∞ is calculated, and the equivalent maximum gust angle is found 

as 

 

𝛼𝑔𝑢𝑠𝑡,𝑚𝑎𝑥 = tan−1(𝑉𝑔𝑢𝑠𝑡,𝑚𝑎𝑥 𝑈∞⁄ )                                 (5.1) 

 

The change in the maximum lift coefficient is defined as 

 

∆𝐶𝐿,  𝑚𝑎𝑥 = 𝐶𝐿,  𝑚𝑎𝑥 − 𝐶𝐿,  𝑓𝑟𝑒𝑒𝑠𝑡𝑟𝑒𝑎𝑚                               (5.2) 

 

And it is plotted in Figure 5.10 (a) as a function of 𝛼𝑔𝑢𝑠𝑡,𝑚𝑎𝑥 for the transient 

plunging airfoil data (Bull et al. 2021, shown with circles) and the data from the present 

study for the transient travelling vortical gust at 휀 = 0  (shown with triangles). The 

maximum gust velocity was obtained from the phase-averaged PIV data shown in 

Figure 3.9. The travelling gusts in the present experiments have large local gust angles 

but produce a much smaller lift increase due to their smaller length scale. As the vortex 

core radius is about 0.06c in the present study, compared to the effectively infinite for 

plunging airfoil. 

 Another parameter to quantify the unsteadiness is the time rate of the gust 

velocity. In the present study, the dimensionless time rate of the gust angle can be 

defined as 

 

𝐾 =

(
dα𝑔𝑢𝑠𝑡

d𝑡
)

𝑚𝑎𝑥
𝑐

2𝑈∞
                                                (5.3) 

 

Again, the velocity profiles of the vortices shown in Figure 3.10 were used for 

the calculations of the time rate of the gust angle (dα𝑔𝑢𝑠𝑡  d𝑡⁄ ). Correspondingly, the  
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Figure  5.10 Variation of (a) lift coefficient increase with maximum gust angle, 

and (b) change of lift coefficient normalized by the maximum gust angle as a function 

of non-dimensional rate of gust angle 𝛫 

 

 

(a) 

(b) 



 

95 

 

parameter K was calculated for the transient plunging motions for the data of Bull et al. 

(2021), who used the time rate of plunging induced angle (𝑑α𝑝𝑙  𝑑𝑡⁄ ). The change of 

the lift coefficient normalized by the maximum gust angle is shown in Figure 5.10 (b) 

as a function of the non-dimensional rate of the gust angle 𝛫. In comparison to the 

plunging airfoils, the travelling gusts in the present experiments have much larger 

unsteadiness, but much smaller lift change per gust angle regardless of whether the 

baseline flow is attached or separated. Because the effect of the vortical gust will not 

be felt on the whole wing chord, as discussed for Figure 5.10 (a). 
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5.3 Effect of Wing Sweep 

For the loaded wings, the wing sweep could encourage the formation of the 

leading-edge vortices with the spanwise flow during the interaction as the angle of 

attack is increased. Selected measurement phases for the strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07 

interaction at an offset 휀 = 0.4 are shown in Figures 5.11-5.14, with vorticity fields in 

the left column and velocity magnitude fields with streamlines in the right column, for 

(a) 𝛼 = 0°, (b) 𝛼 = 5°, (c) 𝛼 = 15° (measured in the mid-span plane). In Figure 5.15, 

the trajectory of the incident vortex is shown by superimposing the vorticity fields at 

different times. Intense flow separation and formation of strong leading-edge vortices 

at nonzero angles of attack are facilitated by the strong incident vortex in these 

examples. The nature of the leading-edge vortex and the three-dimensionality of the 

flow due to the wing sweep are likely to affect the gust response. At 𝛼 = 0°, in the early 

stages of interaction, at 𝑈∞𝑡 𝑐⁄ = 3.5 & 4, the strong vortex interaction with the finite 

swept wing is similar to those vortex interactions with the unloaded airfoil and unswept 

wing. The flow separation is not noticeable until later phases 𝑈∞𝑡 𝑐⁄ ≥ 4.5. It should 

be also noted that the positive lift peak still happens around 𝑈∞𝑡 𝑐⁄ = 3.5. This may 

indicate the previous assumptions of inviscid flow and the predictions based on steady-

states are still valid for the positive peak. However, with a strong incident vortex, the 

flow separation occurs at 𝑈∞𝑡 𝑐⁄ = 3.5 from 𝛼 = 5°, which is not noticeable for a weak 

vortex with an airfoil at the same angle of attack (Figure 5.2 (b)). Generally, after the 

secondary vortex rolled up, it pairs with the incident vortex and the vortex pair tends to 

convect upwards (in y-axis direction). Furthermore, for the 𝛼 = 15°  case, the 

secondary vortex roll-up seems not to start from the trailing edge as the lower angles of 

attack (𝛼 = 0° & 5°). This will be further discussed with the isosurfaces from both PIV 

and volumetric velocity measurements. 

The vortex-wing interaction for the swept wing at various angles of attack is 

investigated further using the PIV and volumetric 3-component velocity measurements 

for the strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07 and 휀 = 0.4 (the parameters as in Figures 5.11-

5.15). Figures 5.16-5.18 present the iso-surfaces of the spanwise vorticity 

𝜔𝑐 𝑈∞ = 6, ±9, ±12⁄   obtained from the PIV measurements in multiple spanwise 

planes for the various angles of attack (𝛼 = 0°, 5°, 15°). The isosurfaces are shown as 

top views for all measurement phases. Figure 5.19 demonstrates the results from 

volumetric velocity measurements for 𝛼 = 15° only. Furthermore, the isosurfaces of 
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Figure  5.11 Vorticity fields (left column) and velocity magnitude fields with 

streamlines (right column) of finite 𝛬 = 40° swept wing with strong vortex 𝛤 𝑈∞𝑐⁄ =

1.07, 휀 = 0.4 at 𝑈∞𝑡 𝑐⁄ = 3.5: (a) 𝛼 = 0°, (b) 𝛼 = 5°, (c) 𝛼 = 15° 

 

(a) 

(b) 

(c) 
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Figure  5.12 Vorticity fields (left column) and velocity magnitude fields with 

streamlines (right column) of finite 𝛬 = 40° swept wing with strong vortex 𝛤 𝑈∞𝑐⁄ =

1.07, 휀 = 0.4 at 𝑈∞𝑡 𝑐⁄ = 4: (a) 𝛼 = 0°, (b) 𝛼 = 5°, (c) 𝛼 = 15° 

(a) 

(b) 

(c) 
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Figure  5.13 Vorticity fields (left column) and velocity magnitude fields with 

streamlines (right column) of finite 𝛬 = 40° swept wing with strong vortex 𝛤 𝑈∞𝑐⁄ =

1.07, 휀 = 0.4 at 𝑈∞𝑡 𝑐⁄ = 4.5: (a) 𝛼 = 0°, (b) 𝛼 = 5°, (c) 𝛼 = 15° 

 

(a) 

(b) 

(c) 
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Figure  5.14 Vorticity fields (left column) and velocity magnitude fields with 

streamlines (right column) of finite 𝛬 = 40° swept wing with strong vortex 𝛤 𝑈∞𝑐⁄ =

1.07, 휀 = 0.4 at 𝑈∞𝑡 𝑐⁄ = 5: (a) 𝛼 = 0°, (b) 𝛼 = 5°, (c) 𝛼 = 15° 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 
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Figure  5.15 Vortex trajectories of strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, 휀 = 0.4 with finite 

𝛬 = 40° swept wing at: (a) 𝛼 = 0°, (b) 𝛼 = 5°, (c) 𝛼 = 15° 

 

the spanwise vorticity 𝜔𝑐 𝑈∞ = ±6, ±9, ±12⁄   for the swept wing, superimposed at 

different times, are shown in Figure 5.20 for 𝛼 = 0°, 5°, 15°. The results for Figures 

5.19 and 5.20 are shown as top views in the left columns while side/isometric views are 

in the right columns. For the unloaded swept wing (𝛼 = 0°), the incident vortex only 

induces little flow separation, and which is only noticeable for the mutual interaction 

regions. Besides, the incident vortex is not distorted three-dimensionally too much. For 

the post-stall case (𝛼 = 15°), the incident vortex significantly changes the flow over 

the wing surface, and the downward component even suppresses the stall. The loaded 

wing at a low angle of attack (𝛼 = 5°) represents a stronger interaction with a more 

noticeable flow separation than the unloaded wing, while less three-dimensional 

distortion than that in the post-stall case. For 𝛼 = 15°, the flow is already separated  

(c) 

(b) 

(a) 
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Figure  5.16 Isosurfaces of spanwise vorticity 𝜔𝑐 𝑈∞ = 6, ±9, ±12⁄  from the PIV 

data; strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, 휀 = 0.4, 𝛼 = 0° with finite 𝛬 = 40° swept wing 
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𝑈∞𝑡 𝑐⁄ = 3 

𝑈∞𝑡 𝑐⁄ = 3.5 

𝑈∞𝑡 𝑐⁄ = 2 

𝑈∞𝑡 𝑐⁄ = 4.5 

𝑈∞𝑡 𝑐⁄ = 5 

𝑈∞𝑡 𝑐⁄ = 5.5 

𝑈∞𝑡 𝑐⁄ = 4 
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Figure  5.17 Isosurfaces of spanwise vorticity 𝜔𝑐 𝑈∞ = 6, ±9, ±12⁄  from the PIV 

data; strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, 휀 = 0.4, 𝛼 = 5° with finite 𝛬 = 40° swept wing 

𝑈∞𝑡 𝑐⁄ = 2.5 

𝑈∞𝑡 𝑐⁄ = 3 

𝑈∞𝑡 𝑐⁄ = 3.5 

𝑈∞𝑡 𝑐⁄ = 2 

𝑈∞𝑡 𝑐⁄ = 4.5 

𝑈∞𝑡 𝑐⁄ = 5 

𝑈∞𝑡 𝑐⁄ = 5.5 

𝑈∞𝑡 𝑐⁄ = 4 
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Figure  5.18 Isosurfaces of spanwise vorticity 𝜔𝑐 𝑈∞ = 6, ±9, ±12⁄  from the PIV 

data; strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, 휀 = 0.4, 𝛼 = 15° with finite 𝛬 = 40° swept wing 
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Figure  5.19 Isosurfaces of 𝑄∗ = 5,  35,  50,  70, coloured by axial velocity 𝑤/𝑈∞ for 

incident vortex, and 𝑤′/𝑈∞ for LEV, obtained from the volumetric measurements, for 

the strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, 휀 = 0.4, 𝛼 = 15° with finite 𝛬 = 40° swept wing 

 

 

𝑈∞𝑡 𝑐⁄ = 4 

𝑈∞𝑡 𝑐⁄ = 3.5 
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Figure  5.20 Iso-surfaces of the spanwise vorticity 𝜔𝑐 𝑈∞ = ±6, ±9, ±12⁄  for the 

swept wing, superimposed at different times from the PIV data, for (a) 𝛼 = 0°, (b) 

𝛼 = 5°, (c) 𝛼 = 15°; strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07, 휀 = 0.4 with finite 𝛬 = 40° 

swept wing. Top view (left column) and isometric view (right column) 

 

near the leading edge in the absence of the incident vortex. Consequently, there is 

already flow separation near the leading-edge at 𝑈∞𝑡 𝑐⁄ = 2 when the incident vortex 

is upstream of the wing. This is in contrast with the case of 𝛼 = 0° & 5°. Again for 𝛼 =

15°, as the incident vortex moves over the wing there is always flow separation from 

the leading-edge downstream of the incident vortex (outboard sections of the wing). 

(a) 

(b) 

(c) 
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However, upstream of the incident vortex (inboard sections of the wing), flow 

separation is not visible, which is due to the downwash of the incident vortex. The 

spanwise extent of the flow separation at the leading edge, confined between the 

leading-edge section just below the incident vortex and the wing tip, shrinks as the 

incident vortex travels over the wing. Even at the last instant shown 𝑈∞𝑡 𝑐⁄ = 5.5, there 

is still no flow separation established behind the incident vortex, indicating that its 

downwash still suppresses the flow separation. Figures 5.16-5.18 also reveal that as the 

angle of attack increases, the nature of the leading-edge vortex shedding changes. At 

zero angle of attack, the leading-edge vortices induced by the incident vortex travel 

parallel to the incident vortex. In contrast, for the post-stall angle of attack of 𝛼 = 15°, 

the leading-edge vortices appear to develop parallel to the leading-edge. For 𝛼 = 5°, it 

is likely to be a mix of the two modes. In all cases, the incident vortex remains nearly 

two dimensional before the interaction with the wing. However, the inboard part of the 

incident vortex is highly diffused and weakened for all three angles of attack. For the 

highest angle of attack, the isometric view of the incident vortex reveals the substantial 

deformation and deflection downwards. 

It is also noticed in Figure 5.18 that a second region of vorticity downstream of 

the incident vortex starts to develop from near the root. Unlike the first stationary 

vorticity region near the leading edge, the second region of vorticity travels with the 

incident vortex while remaining always downstream of the incident vortex over the 

outboard sections of the wing. The iso-surfaces of Q* shown in Figure 5.19 between 

𝑈∞𝑡 𝑐⁄ = 3 and 4.5 confirm that the region of vorticity moving with the incident vortex 

is a leading-edge vortex. In contrast, the stationary region of vorticity near the leading-

edge observed in Figure 5.18 does not appear in the Q*-surfaces, confirming that this 

region corresponds to the separated shear layer, but is not a “leading-edge vortex”. The 

isosurfaces of Q* in Figure 5.19 are coloured by the axial velocity 𝑤/𝑈∞ (for incident 

vortex filament) and 𝑤′/𝑈∞ (for LEV). Here 𝑤/𝑈∞ is the axial velocity in the incident 

vortex along the z-spanwise axis and 𝑤′/𝑈∞ is the spanwise velocity along the axis 

parallel to the leading edge of the wing. For both definitions of the spanwise velocity, 

the positive velocity is in the outboard direction. There is negligible axial flow in the 

incident vortex upstream of the wing and during the interaction with the wing. In 

contrast, there is strong spanwise flow in the leading-edge vortex, especially in the 

inboard parts of the vortex filament. The outboard parts of the vortex filament exhibit 
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characteristics of vortex breakdown. The angle between the axis of the leading-edge 

vortex at 𝑈∞𝑡 𝑐⁄ =  3 and the cross-stream direction is slightly larger than the wing 

sweep angle. The leading-edge vortex is nearly parallel to the wing leading-edge at 

𝑈∞𝑡 𝑐⁄ = 3.5 and 4, but later in the wake becomes nearly parallel to the incident vortex. 

It is clear that the leading-edge vortex sheds and travels downstream. In other words, 

there is not a stationary leading-edge vortex attached to the wing surface, at least for 

this sweep angle, as it would for traditional delta wing vortices. Such vortices can 

remain attached to the delta wing during an unsteady motion.  

Figure 5.21 presents the time history of the lift coefficient for varying offset 

distances at (a) 𝛼 = 0°, (b) 𝛼 = 5° (pre-stall), and (c) 𝛼 = 15° (post-stall) for the weak 

and strong incident vortices. In all cases, the trends of the lift histories look similar. The 

timings of the positive and negative peaks are nearly the same for all cases and angles 

of attack. The difference between the positive peak and the negative peak (peak-to-peak 

amplitude of the lift) decreases with an increase in the angle of attack. This is 

presumably due to the decreasing flow separation on the lower surface and attenuated 

negative lift, which is normally dominated by the viscous effects. 

The peak lift coefficients corresponding to the maximum and minimum values in 

the time history are shown in Figure 5.22 as a function of the non-dimensional offset 

distance for both the strong and weak incident vortices. Here the dashed lines show the 

corresponding lift coefficient in freestream at each angle of attack. The peak-to-peak 

amplitude is maximum near the zero offset distance and decreases with increasing angle 

of attack. For the largest angle of attack, the minimum lift coefficient is positive for the 

weak vortex, but only positive for the strong vortex when the vortex is far away from 

the wing. These are indications of decreasing viscous effects on the lower surface of the 

wing. Focusing on the positive peaks for which the inviscid mechanism is believed to 

be dominant for unloaded wings, they are roughly symmetric with the offset distance 

for a small angle of attack but become clearly asymmetric for the largest angle of attack. 

In this case, the decay of the positive lift coefficient with 휀 is different for positive and 

negative offset distances. It appears that, for positive offset distances, there are always 

larger peaks than for the negative offset distances. 

This is further illustrated in Figure 5.23 by plotting the ratio of the positive peak 

lift coefficients of the swept wing and the unswept wing. Again, the dashed lines 

correspond to the “independence principle”. For small angles of attack, the measured  
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Figure  5.21 Lift coefficient time history as a function of dimensionless time for swept 

wing with weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55 (left column) and strong vortex 𝛤 𝑈∞𝑐⁄ =

1.07 (right column): (a) 𝛼 = 0°, (b) 𝛼 = 5°, (c) 𝛼 = 15° 

 

(a) 

(b) 

(c) 

Weak vortex Strong vortex 
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Figure  5.22 Peak lift coefficient for swept wing as a function of offset distance:  

(a) 𝛼 = 0°, (b) 𝛼 = 5°, (c) 𝛼 = 15° 

  

(a) (b) 

(c) 
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Figure  5.23 Ratio of the positive lift peaks as a function of offset distance of the finite 

swept wing and unswept wing: (a) 𝛼 = 0°, (b) 𝛼 = 5°, (c) 𝛼 = 15° 

 

ratio is not too far away from that of the independence principle. In contrast, there is 

increased ratio at the largest angle of attack for all offset distances. This should be that 

the induced upwash of the counter-clockwise vortex as it approaches the wing produces 

a leading-edge vortex on the upper surface of the swept wing. This results in a larger 

peak lift than the estimate of the independence principle. 

 

 

 

 

 

 

 

(a) (b) 

(c) 
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5.4 Summary 

Based on the results and findings from Chapter 4 for unloaded airfoil and wings, 

this chapter has discussed the vortical gust interaction with loaded airfoil and wings. In 

comparison with the unloaded cases, emphasis is on the effects of angle of attack, finite 

aspect ratio and wing sweep. Flow visualization and force measurements were taken to 

investigate the interactions.  

Recall from Chapter 4, that for unloaded airfoil and wings, there is little flow 

separation during the whole interaction process. Close interactions could cause rapid 

diffusion, decay, and weakening of the counter-clockwise vortex as it interacts with 

airfoil/wings and the wake of airfoil and wings. For a swept wing, this starts near the 

root and then propagates towards the wingtip. The interaction is localized and quasi-

two-dimensional. A positive lift peak occurs as the vortex approaches the leading edge 

and it is inviscid and quasi-steady in nature. Negative peak, which is slightly higher in 

magnitude, occurs after the vortex structure has passed the trailing edge. Furthermore, 

various analytical models have shown a great ability for predicting the results for 

unloaded cases.  

With the increased angles of attack, flow separation becomes noticeable as well 

as the viscous effects. Experiments were conducted for an airfoil and a finite unswept 

wing to study the effects. For the loaded airfoil and finite unswept wing, most of the 

descriptions for unloaded cases are still valid but flow separation and formation of a 

leading-edge vortex become more pronounced with increasing angle of attack. Yet, the 

positive peak lift force is attained before the vortex starts to interact with the wing, 

similar to the unloaded airfoils and wings. Overall, the incident vortices generated in 

the present experiments produce large and concentrated velocity variation but cause 

small lift changes (compared to plunging airfoil and wings) due to their small length 

scale compared to the wing chord line. 

For the loaded swept wing, as the angle of attack increases, the nature of the 

leading-edge vortex shedding changes. The shedding of the leading-edge vortices is 

parallel to the incident vortex at small incidences. In contrast, the shedding becomes 

parallel to the leading edge of the wing at the post-stall angle of attack. As the incident 

counter-clockwise vortex approaches the wing, it induces upwash. The separated shear 

layer rolls up into leading edge vortex, which travels with the incident vortex while 

always remaining downstream of the incident vortex. There is also evidence of 
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significant spanwise flow developing in the leading-edge vortex. A stationary leading-

edge vortex attached to the wing surface is not observed, at least for this sweep angle. 

Nevertheless, the parallel shedding process of the leading-edge vortex over the wing 

results in a larger peak lift force than predicted by the independence principle. Generally, 

the effect of the finite aspect ratio is similar to that of the unloaded wings. Also, the 

effect of wing sweep is only different at the post-stall angle of attack. At post-stall cases, 

the independence principle predicts underpredicts the lift peaks. It is the most critical 

case for gust response. The reason should be the significant LEV roll-up at the post-

stall angle of attack. 

The single travelling vortical gust interactions with airfoil and wings are 

discussed in Chapters 4 and 5. Situations of various incident vortex strengths, offset 

distances, angles of attack, and wing planforms (airfoil and finite wings, wing sweep) 

were thoroughly documented and compared. The following Chapter 6 will base on the 

results of Chapters 4 and 5, then further investigate the performances of the mini-spoiler 

in aerodynamic loading alleviation. 

  



 

114 

 

CHAPTER 6  

LOAD ALLEVIATION WITH MINI-SPOILER 

The effects of the mini-spoiler will be discussed in this chapter, which has a high 

potential for both quasi-steady and vortical-gust-induced load reduction during parallel 

vortical gust interactions. The mini-spoiler is fixed near the leading edge, perpendicular 

to the upper surfaces of the airfoil and wings. It covers the whole span of the wings. 

Detail setup of the mini-spoiler has been introduced in section 3.2.2, while the load 

alleviation performance will be studied in three subsections: 6.1 Effect of angles of 

attack; 6.2 Effect of wing finite aspect ratio; 6.3 Effect of wing sweep. 

 

6.1 Effect of Angle of Attack 

Figure 6.1 compares the lift in freestream for the airfoil, unswept and swept wings  

Figure  6.1 Lift coefficient comparison between baseline and with mini-spoiler at 

various angles of attack 

 

with and without the mini-spoiler. There is often higher lift for airfoil/wings with a 

mini-spoiler than baseline cases at zero and small angles of attack (around 0° to 2°). 

The mini-spoiler begins to reduce steady lift as the angle of attack increases (above 3°). 
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More significant load alleviation is observed for a large range of angles of attack (from 

5° to 15°). At high angles of attack (above 15°), the mini-spoiler becomes less effective. 

To explore the flow fields, 2D-PIV measurements were conducted for an airfoil 

at various angles of attack and with or without the mini-spoiler. Vorticity fields with 

streamlines for weak vortex interaction with the airfoil, at an offset distance of 휀 = 0.6, 

are shown for 𝛼 = 0° (Figures 6.2), 𝛼 = 5° (Figures 6.3), 𝛼 = 10° (Figures 6.4) and 

𝛼 = 15° (Figures 6.5). The baseline airfoil (without mini-spoiler) results are in the left 

column, while the results for airfoil with the mini-spoiler are in the right column. Figure 

6.6 shows the lift time histories of the vortex interaction (the same cases as shown in 

Figures 6.2-6.5). Figure 6.7 further compares the positive lift peaks for various offset 

distances. 

In Figures 6.2-6.5, comparisons are made for no-gust situations (𝑈∞𝑡 𝑐⁄ = 0) and 

several selected phases during vortex interaction (𝑈∞𝑡 𝑐⁄ = 2, 3, 4, 5). The no-gust 

condition is the same as described in Chapter 4 in that the upstream airfoil rests at y=0 

with no plunging motion.  

Flow fields in a no-gust situation are compared in the first rows of Figures 6.2-

6.5. There is no discernible flow separation at 𝛼 = 0° for the baseline airfoil. The flow 

separation begins to be noticeable from 𝛼 = 5° and more pronounced at 𝛼 = 10°. The 

baseline airfoil is near stall at 𝛼 = 10°, then further goes into deep-stall at 𝛼 = 15°. 

Comparatively, the mini-spoiler is able to induce significant flow separation over the 

airfoil surface even at 𝛼 = 0°. Further, with the increased angle of attack, the separation 

is more pronounced. However, at 𝛼 = 15°, the flow fields are similar for the baseline 

airfoil and the airfoil with mini-spoiler because the baseline airfoil is already in deep-

stall at 𝛼 = 15°. The mini-spoiler is also in the deep-stall separation and, therefore, 

could not cause further influences of the flow field. 

Flow fields during vortex interaction are shown in Figures 6.2-6.5 (second to fifth 

rows), from 𝑈∞𝑡 𝑐⁄ = 2 to 5. For the baseline airfoil, there are more pronounced flow 

separations with the growth of the angle of attack. At 𝛼 = 0°, there is no discernible 

flow separation throughout the interaction, indicating inviscid interactions. This has 

been concluded in previous chapters. At 𝛼 = 5°, flow separation is noticeable near the 

trailing edge during the interaction but not significant. At 𝛼 = 10°, the baseline airfoil 

is near stall in freestream. With vortical gust interaction, flow separation and 
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Figure  6.2 Vorticity field comparison between baseline airfoil and airfoil with mini-

spoiler for weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6, 𝛼 = 0° 

Baseline With mini-spoiler 

𝑈∞𝑡 𝑐⁄ = 0 

𝑈∞𝑡 𝑐⁄ = 2 

𝑈∞𝑡 𝑐⁄ = 3 

𝑈∞𝑡 𝑐⁄ = 4 

𝑈∞𝑡 𝑐⁄ = 5 
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Figure  6.3 Vorticity field comparison between baseline airfoil and airfoil with mini-

spoiler for weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6, 𝛼 = 5° 

 

Baseline With mini-spoiler 

𝑈∞𝑡 𝑐⁄ = 0 

𝑈∞𝑡 𝑐⁄ = 2 

𝑈∞𝑡 𝑐⁄ = 3 

𝑈∞𝑡 𝑐⁄ = 4 

𝑈∞𝑡 𝑐⁄ = 5 
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Figure  6.4 Vorticity field comparison between baseline airfoil and airfoil with mini-

spoiler for weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6, 𝛼 = 10° 

 

Baseline With mini-spoiler 

𝑈∞𝑡 𝑐⁄ = 0 

𝑈∞𝑡 𝑐⁄ = 2 

𝑈∞𝑡 𝑐⁄ = 3 

𝑈∞𝑡 𝑐⁄ = 4 

𝑈∞𝑡 𝑐⁄ = 5 
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Figure  6.5 Vorticity field comparison between baseline airfoil and airfoil with mini-

spoiler for weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6, 𝛼 = 15° 

 

vortex shedding are more pronounced. At the post-stall angle of attack of  𝛼 = 15°, 

there are clear formations of the leading-edge vortices. In this situation, the first LEV 

sheds and couples with the incident vortex, at when a second LEV forms. The incident 

Baseline With mini-spoiler 

𝑈∞𝑡 𝑐⁄ = 0 

𝑈∞𝑡 𝑐⁄ = 2 

𝑈∞𝑡 𝑐⁄ = 3 

𝑈∞𝑡 𝑐⁄ = 4 

𝑈∞𝑡 𝑐⁄ = 5 
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vortex appears to convect slightly faster as the angle of attack increases, most likely 

owing to increased circulation strength. 

For the airfoil with the mini-spoiler, strong flow separations are noticeable for all 

angles of attack (𝛼 = 0°, 5°, 10°, 15°), and for both no-gust situations and in vortical 

gust interactions. For all measured angles of attack of the airfoil, there is already 

significant separation over the airfoil without the presence of the incident vortex (at 

𝑈∞𝑡 𝑐⁄ = 0). With the presence and approach of the incident vortex (from 𝑈∞𝑡 𝑐⁄ = 2 

to 4), the flow separation thickens over the airfoil. After the incident vortex has passed 

the airfoil trailing edge (at 𝑈∞𝑡 𝑐⁄ = 5), the downwash of the incident vortex suppresses 

the flow separation. This causes multiple negative vortices shedding similar to the 

baseline airfoil at a post-stall angle of attack just discussed before. It is noted that this 

characteristic is only observed for the baseline airfoil at 𝛼 = 15°, while at all measured 

angles of attack of the airfoil with the mini-spoiler. 

When comparing the flow fields of the baseline airfoil and the airfoil with the 

mini-spoiler, one evident difference is the more prominent and long-lasting separation. 

For the baseline airfoil, the incident vortex dominates flow separation and LEV roll-up 

at non-zero angles of attack. However, the airfoil with the mini-spoiler always has a 

considerable separation above the airfoil, either with or without a vortical gust 

encounter. Consequently, flow fields for the airfoil with the mini-spoiler are projected 

to be more stable, with less lift variation when encountering gusts. One thing to note is 

that at 𝑈∞𝑡 𝑐⁄ =  2, the incident vortex is still far ahead of the leading edge. The 

separation region appears to be more concentrated towards the leading edge in all cases 

(compared to no-gust at 𝑈∞𝑡 𝑐⁄ = 0), with or without the mini-spoiler and at various 

angles of attack. This might be due to vortex-induced velocity encouraging LEV roll-

up. A similar characteristic was observed for plunging airfoil at early plunging stages, 

just before the roll-up of LEV (Bull et al., 2021). 

The lift (left column) and gust-induced lift (right column) time histories for the 

according cases (weak vortex interactions with the airfoils at 𝛼 = 0°, 5°, 10°, 15°. Same 

cases as shown in Figures 6.2-6.5) are shown in Figure 6.6. Here defining 𝐶𝐿 −

𝐶𝐿,𝑛𝑜−𝑔𝑢𝑠𝑡 as the gust-induced lift. It shows how the lift variation is due to the gust 

interaction and excludes the effects of the mini-spoiler on the quasi-steady lift. The lift 

time histories generally present a similar trend with the maximum peaks at around 

𝑈∞𝑡 𝑐⁄ = 3.5 and the following minimum peaks at around 𝑈∞𝑡 𝑐⁄ = 5. The presence of 
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the mini-spoiler changes the quasi-steady lift significantly against the baseline cases, 

but it has little effect on the trends or phases in the lift time history. As for the gust-

induced lift, for small angles of attack (𝛼 = 0° & 5°), there are little differences between 

the positive peaks. While for 𝛼 = 10° & 15°, the gust-induced lift shows reductions 

with the mini-spoiler on the airfoil. The greatest load reduction for both quasi-steady 

and gust-induced lift happens at near stall (𝛼 = 10°). These indicate that if the positive 

peak is inviscid-dominated (at zero and small angles of attack), the gust-induced lift 

reduction by mini-spoiler is small and negligible. With the increased angles of attack, 

the viscous effects become important in that the presence of the mini-spoiler affects the 

formation of LEV thus reducing the gust-induced lift. Further, for post-stall angles of 

attack, the mini-spoiler has fewer effects on gust-induced lift as the airfoil is post-stall 

for baseline. Overall, there are lower peaks and gust loads for the airfoil with the mini-

spoiler at non-zero angles of attack compared to the baseline. And earlier recovery of 

lift after the vortex has passed. 

Figure  6.6 Lift and gust-induced lift time histories comparison between baseline 

airfoil and airfoil with mini-spoiler for weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6 at: (a) 

𝛼 = 0° & 5°, (b) 𝛼 = 10° & 15° 

(a) 

(b) 
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Figure  6.7 Peak lift and gust-induced peak lift coefficients as a function of offset 

distance for baseline airfoil and airfoil with mini-spoiler: (a) 𝛼 = 0°, (b) 𝛼 = 5°, (c) 

𝛼 = 15° 

 

(a) 

(b) 

(c) 
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The maximum peaks for the airfoil with or without the mini-spoiler at 𝛼 = 0°, 5°, 

and 15° are compared in Figure 6.7, with peak lift in the left column and the gust-

induced peaks in the right column. At 𝛼 = 0° , because of the effectively positive 

camber from the separation from the mini-spoiler, it leads to a non-zero quasi-steady 

lift. The peaks are with higher values as the angle of attack increases due to a higher lift 

in the freestream. However, the mini-spoiler is able to reduce the gust-induced lift 

during a weak vortex interaction. For loaded airfoils, the mini-spoiler shows a 

possibility to alleviate the peak loads for both pre-stall (𝛼 = 5°) and post-stall (𝛼 = 15°) 

angles of attack. But for 𝛼 = 5°, load alleviation is mainly from the reduction in quasi-

steady lift. As in the right column of Figure 6.7 (b), the gust-induced lift is even 

increased with strong vortex interaction. For 𝛼 = 15° , load alleviation is both 

noticeable in quasi-steady and gust-induced lifts. The significantly lower maximum 

peak for the airfoil with mini-spoiler in Figure 6.6 (b) also demonstrates its successful 

load alleviation for the near-stall angle of attack (𝛼 = 10°). It is noted that at 𝛼 = 15°, 

peak reduction by the mini-spoiler is less pronounced in the interaction of the strong 

vortex with zero to small offsets (the peaks for the airfoil with the mini-spoiler are less 

different from the baseline airfoil, from 휀 = 0 to 0.2). This is more noticeable in the 

gust-induced lift. Furthermore, for 𝛼 = 0° & 5° , higher gust-induced lift peaks are 

measured in the strong vortex interaction with small and positive offsets. At high angles 

of attack, strong vortex interaction in small offset distances results in strong flow 

separation even in baseline, which reduces the performance of the mini-spoiler. At zero 

and small angles of attack, the mini-spoiler is unable to reduce gust-induced lift during 

strong interactions. The roll-up of the separation region during strong interactions may 

contribute to the increase of gust-induced lift. In general, although with the great quasi-

steady lift reduction by the mini-spoiler for a wide range of angles of attack, there is 

performance reduction in the strong interactions due to less-reduced or even higher 

gust-induced lift. 
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The load alleviation performance of the mini-spoiler is compared for vortical gust 

interaction and plunging airfoil. Figure 6.8 compares the ∆𝐶𝐿,  𝑝𝑒𝑎𝑘 of the static airfoil 

Figure  6.8 ∆𝐶𝐿,   𝑝𝑒𝑎𝑘 comparison between travelling vortex and periodic plunging 

motions 

 

in gust interaction results from the current investigation, and the results of a plunging 

airfoil from Bull et al. (2020) at various angles of attack. Travelling gust and plunging 

motions are quantified by their maximum induced normal gust velocity 𝑉𝑔𝑢𝑠𝑡,  𝑚𝑎𝑥. The 

travelling gust is a weak vortex (𝛤 𝑈∞𝑐⁄ = 0.55), which has a maximum gust velocity 

of 𝑉𝑔𝑢𝑠𝑡,  𝑚𝑎𝑥 𝑈∞⁄ =0.5. The offset distance between the vortex and airfoil leading edge 

is 휀 = 0.6. And the ∆𝐶𝐿,  𝑝𝑒𝑎𝑘 is defined as 

 

∆𝐶𝐿,  𝑝𝑒𝑎𝑘 = 𝐶𝐿,   𝑚𝑖𝑛𝑖−𝑠𝑝𝑜𝑖𝑙𝑒𝑟,   𝑝𝑒𝑎𝑘 − 𝐶𝐿,   𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,   𝑝𝑒𝑎𝑘                 (6.1) 

 

This parameter represents the difference in maximum peaks between the baseline 

airfoil and the airfoil with the mini-spoiler. Negative ∆𝐶𝐿,  𝑝𝑒𝑎𝑘  implies effective 
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performance of load alleviation, vice versa. The performance of the mini-spoiler on 

static airfoil in travelling vortical gust interactions is generally similar to that in 

freestream. From 𝛼 = 5°  to 15° , the mini-spoiler on static airfoil has better 

performance in gust interaction than freestream. It is the range that the gust-induced lift 

is reduced. But it should be noted that, the lift reduction in this region is still mainly 

from the reduced quasi-steady lift. 

Further comparisons are made between static airfoil in travelling gust encounters 

and the plunging airfoil from Bull et al. (2020). The performance of the mini-spoiler on 

the plunging airfoil is less desirable for the high gust velocity 𝑉𝑔𝑢𝑠𝑡,  𝑚𝑎𝑥 𝑈∞⁄ =0.5. Only 

those plunging motions with smaller 𝑉𝑔𝑢𝑠𝑡,  𝑚𝑎𝑥 𝑈∞⁄ =0.05 and 0.1 have considerable 

performance. It should be noted that the normal gust velocity acts on the whole chord 

length of the plunging airfoil. However, the maximum gust velocity for a travelling gust 

is only applicable for a much smaller region from the vortex core (the core radius is 

about 0.06c for the travelling vortex, and the normal velocity profile is as shown in 

Figure 3.9). Therefore, the mini-spoiler on the plunging airfoil performs poorly at high 

gust velocity, i.e., the plunging motion induces a significantly larger normal gust 

velocity that overwhelms the presence of a mini-spoiler. This is consistent with the 

aforementioned poorer performance of the mini-spoiler on the static airfoil during 

strong travelling gust interaction with small offset distances. 
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6.2 Effect of Wing Finite Aspect Ratio 

Figures 6.9-6.13 compare the vorticity fields with streamlines for airfoils and 

finite unswept wings (measured at mid-span), at 𝛼 = 5°. The baseline airfoil and wing 

are in the left columns, and those with the mini-spoiler are in the right columns. The 

results in Figure 6.9 are in the no-gust situation. Figures 6.10-6.13 show different 

phases (𝑈∞𝑡 𝑐⁄ = 3.5, 4, 4.5, 5 ) during the weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55 interactions 

with an offset distance 휀 = 0.6. Flow fields of both airfoils and finite unswept wings 

are similar, either with or without the mini-spoiler. There is somewhat less apparent 

flow separation for the finite unswept wings than for the airfoils, which should be due 

to the downwash from the wingtip vortex suppressing the flow separation. This 

characteristic is noticeable for both baselines and airfoil/wings with the mini-spoiler. 

For the airfoil cases, the vortex convection speed is slightly faster due to the stronger 

circulation, and the interaction is stronger in the airfoil cases. This may also be noticed 

in the diffusion of the incident vortex. The vortex diffuses faster when interacting with 

the airfoils than the finite unswept wings, which are likely to be under more intense 

interaction. Figure 6.14 compares the lift and gust-induced lift time histories for the 

respective cases. The lift time histories have largely followed the same pattern but have 

shifted with the freestream lift. However, the positive gust-induced lift peak is not 

changed from baseline with the application of the mini-spoiler. Again, the presence of 

the mini-spoiler causes earlier lift recovery after the vortex has passed. The mini-spoiler 

on the airfoil provides the greatest lift alleviation performance mainly through the 

reduction of quasi-steady lift. 

∆𝐶𝐿,  𝑝𝑒𝑎𝑘 in freestream and during weak vortex interaction for the airfoils and 

finite unswept wings are compared in Figure 6.15 for various angles of attack. 

Generally, better performance in the airfoil cases (lower ∆𝐶𝐿,  𝑝𝑒𝑎𝑘  values). In all 

circumstances, the best performance is obtained at near-stall angles of attack. The 

reduction in gust-induced lift is similar for airfoil and finite unswept wing, that such 

reduction is noticeable for moderate angles of attack until stall angle. A predicted curve 

for the finite unswept wing cases is depicted in an orange dashed line with opened 

circles to examine the effect of the finite aspect ratio. The outcomes are from the airfoil 

cases and through an aspect ratio correction. The aspect ratio is corrected using Prandtl's 

lifting line theory and an elliptical circulation variation (same as in Chapters 4 and 5).  
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Figure  6.9 Vorticity field comparison between baseline and with mini-spoiler for 

weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6, 𝛼 = 5°  at 𝑈∞𝑡 𝑐⁄ = 0 with (a) airfoil; (b) finite 

unswept wing 

 

Figure  6.10 Vorticity field comparison between baseline and with mini-spoiler for 

weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6, 𝛼 = 5°  at 𝑈∞𝑡 𝑐⁄ = 3.5 with (a) airfoil; (b) 

finite unswept wing 

 

 

Baseline With mini-spoiler 
(a) 

(b) 

Baseline With mini-spoiler 
(a) 

(b) 
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Figure  6.11 Vorticity field comparison between baseline and with mini-spoiler for 

weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6, 𝛼 = 5°  at 𝑈∞𝑡 𝑐⁄ = 4 with (a) airfoil; (b) finite 

unswept wing 

 

Figure  6.12 Vorticity field comparison between baseline and with mini-spoiler for 

weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6, 𝛼 = 5°  at 𝑈∞𝑡 𝑐⁄ = 4.5 with (a) airfoil; (b) 

finite unswept wing 

 

Baseline With mini-spoiler 
(a) 

(b) 

Baseline With mini-spoiler 
(a) 

(b) 
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Figure  6.13 Vorticity field comparison between baseline and with mini-spoiler for 

weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6, 𝛼 = 5°  at 𝑈∞𝑡 𝑐⁄ = 5 with (a) airfoil; (b) finite 

unswept wing 

 

Figure  6.14 Lift and gust-induced lift time histories comparison between airfoil and 

finite unswept wing, baseline and with mini-spoiler, with weak vortex 𝛤 𝑈∞𝑐⁄ =
0.55, 휀 = 0.6 at 𝛼 = 5° 

 

 

Baseline With mini-spoiler 
(a) 

(b) 



 

130 

 

 

Figure  6.15 ∆𝐶𝐿,   𝑝𝑒𝑎𝑘 comparison between airfoil and finite unswept wing in 

freestream and in weak vortex interaction (𝛤 𝑈∞𝑐⁄ = 0.55, 휀 = 0.6) at various 𝛼 

 

The prediction shows great coincidence with the measured values from zero to near 

stall (𝛼 = 10°) angles of attack. After that, it gives underpredictions when the wings or 

airfoils are in stall. The underpredictions are mostly from the weaker performance of 

the mini-spoiler on the airfoil at high angles of attack, as seen from Figure 6.15, after 

𝛼 = 12°. This is consistent with the discussion in section 6.1 about the airfoil at post-

stall angles of attack. The reason for this is that the mini-spoiler on the airfoil/wing is 

overwhelmed by the deep stall at high angles of attack (and that is more pronounced in 

airfoil cases without the wingtip downwash). Furthermore, at moderate angles of attack 

(from 𝛼 = 5° to 11°), the mini-spoiler performs better in vortex interaction than in 

freestream. 

In order to investigate the three-dimensional flow fields, volumetric velocimetry 

measurements were carried out for the finite unswept wing, with and without the mini-

spoiler, in a weak vortex interaction at 𝛼 = 10°. The iso-surfaces of 𝑄∗ = 𝑄𝑐2/𝑈∞
2  =

5 at 𝑈∞𝑡 𝑐⁄ = 4, 4.5 are coloured by spanwise vorticity (𝜔𝑐 𝑈∞⁄ ) in Figure 6.16 and 

spanwise velocity (𝑤 𝑈∞⁄ , the positive velocity is in the outboard direction) in Figures 

6.17 and 6.18, respectively. On the right column of Figures 6.17 and 6.18, there are  
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Figure  6.16 Isosurfaces of Q*=5 coloured by spanwise vorticity (𝜔𝑐 𝑈∞⁄ ) for 

baseline and with mini-spoiler for weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55 with finite unswept 

wing, 휀 = 0.6, 𝛼 = 10° at: (a) 𝑈∞𝑡 𝑐⁄ = 4; (b) 𝑈∞𝑡 𝑐⁄ = 4.5 

With mini-spoiler Baseline 
(a) 

(b) 
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Figure  6.17 Isosurfaces of Q*=5 coloured by spanwise velocity (𝑤 𝑈∞⁄ ) for: (a) 

baseline and (b) with mini-spoiler for weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55 with finite unswept 

wing, 휀 = 0.6, 𝛼 = 10° at 𝑈∞𝑡 𝑐⁄ = 4 

 

 

 

 

 

(a) 

(b) 
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Figure  6.18 Isosurfaces of Q*=5 coloured by spanwise velocity (𝑤 𝑈∞⁄ ) for: (a) 

baseline and (b) with mini-spoiler for weak vortex 𝛤 𝑈∞𝑐⁄ = 0.55 with finite unswept 

wing, 휀 = 0.6, 𝛼 = 10° at 𝑈∞𝑡 𝑐⁄ = 4.5 

 

additional isometric perspectives. Figure 6.16 (a) shows that the tip vortex exists for 

both baseline finite unswept wing and that with the mini-spoiler. However, it is weaker 

for the wing with the mini-spoiler. The influence of the wing tip is seen in the formation 

of the leading-edge vortex shedding from the wing for the baseline finite unswept wing. 

This is best seen underneath the incident vortex in Figure 6.16 (a) at 𝑈∞𝑡 𝑐⁄ = 4. The 

(a) 

(b) 
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LEV is anchored at the wingtip while the inner part remains parallel to the incident 

vortex but slightly more downstream than the incident vortex. In Figure 6.16 (b) at 

𝑈∞𝑡 𝑐⁄ = 4.5, the LEV sheds and convects with the incident vortex. The tip vortex is 

still noticeable in this instance.  

For the finite unswept wing with the mini-spoiler, the tip vortex has weaker 

downwash effects than in the baseline wing, and there is a stronger spanwise vorticity 

formation due to the presence of the mini-spoiler. Additionally, even in the downwash 

of the incident vortex, there is an LEV anchored and parallel to the leading edge when 

there is a mini-spoiler. Figures 6.17 and 6.18 illustrate that there is no substantial 

spanwise flow during gust interaction for either the baseline wing or with the mini-

spoiler. The downwash from the wingtip vortex is confined to a small area at the wing 

tip. During the interaction, the load alleviation of the mini-spoiler for a finite aspect 

ratio wing is still weaker than that for the airfoil due to the presence of the tip vortex on 

the finite wing. 
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6.3 Effect of Wing Sweep 

Volumetric velocimetry measurements were performed on the finite swept wing, 

with and without the mini-spoiler, for the interaction with a strong vortex 𝛤 𝑈∞𝑐⁄ =

1.07, at an offset distance 휀 = 0.4 and at 𝛼 = 15°. Figures 6.19-6.21 demonstrate the 

iso-surfaces 𝑄∗ = 5 coloured by spanwise vorticity during the vortex interaction from 

𝑈∞𝑡 𝑐⁄ =3 to 5, with top views on the left column and a tilted rear view on the right 

column. During the interaction, both the baseline finite unswept wing and that with the 

mini-spoiler have similar flow field characteristics. At 𝑈∞𝑡 𝑐⁄ =3 of early interaction, 

there is already discernible flow separation, which forms a leading-edge vortex. The 

angle formed between the LEV's axis and the z-axis is significantly higher than the 

wing sweep angle. At 𝑈∞𝑡 𝑐⁄ =4, with the approach and interaction of the incident 

vortex, the LEV sheds and convects with the incident vortex as a dipole. It is virtually 

parallel to the wing leading-edge in the baseline case, while already parallel to the 

incident vortex for the finite swept wing with the mini-spoiler. At 𝑈∞𝑡 𝑐⁄ =5, the inboard 

portion of the incident vortex filament is already downstream of the wing and in the 

wake, exhibiting considerable three-dimensional distortion. The incident vortex 

filament is distorted three-dimensionally. The deformation is particularly pronounced 

on the case with the mini-spoiler. Nonetheless, for both the baseline finite unswept wing 

and that with the mini-spoiler, the LEV sheds and dipoles with the incident vortex 

filament three-dimensionally. 

The isosurfaces of Q*= 5, 35, 50, and 70 are shown in Figure 6.22, coloured by 

the axial velocity 𝑤/𝑈∞ for the incident vortex and 𝑤′/𝑈∞ for the LEV, respectively. 

Here 𝑤/𝑈∞ is the axial velocity in the incident vortex along the z-spanwise axis and 

𝑤′/𝑈∞ is the spanwise velocity along the axis parallel to the leading edge of the swept 

wing. These definitions are the same as those in section 5.3. The positive velocity is in 

the outboard direction for both definitions. The incident vortex has little spanwise flow 

during the interaction with the wing. In contrast, the leading-edge vortex has substantial 

spanwise flow, particularly in the inboard regions of the vortex filament. 

Figure 6.23 compares the lift and gust-induced lift time histories for the respective 

situations. They are similar in peak phases. The finite swept wing with the mini-spoiler 

has a lower maximum peak lift than the baseline wing. The minimum peaks, however, 

are almost identical since the mini-spoiler will not be effective on the flow over the 

wing's bottom surface. As for the gust-induced lift, both positive and negatives peaks 
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Figure  6.19 Isosurfaces of Q*=5 coloured by Z-vorticity (𝜔𝑐 𝑈∞⁄ ) for: (a) baseline 

and (b) with mini-spoiler for strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07 with finite 𝛬 = 40°  swept 

wing, 휀 = 0.4, 𝛼 = 15° at 𝑈∞𝑡 𝑐⁄ = 3 

 

 

 

 

 

 

 

 

𝑈∞ 

(a) 

(b) 
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Figure  6.20 Isosurfaces of Q*=5 coloured by Z-vorticity (𝜔𝑐 𝑈∞⁄ ) for: (a) baseline 

and (b) with mini-spoiler for strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07 with finite 𝛬 = 40° swept 

wing, 휀 = 0.4, 𝛼 = 15° at 𝑈∞𝑡 𝑐⁄ = 4 

 

𝑈∞ 

(a) 

(b) 
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Figure  6.21 Isosurfaces of Q*=5 coloured by Z-vorticity (𝜔𝑐 𝑈∞⁄ ) for: (a) baseline 

and (b) with mini-spoiler for strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07 with finite 𝛬 = 40° swept 

wing, 휀 = 0.4, 𝛼 = 15° at 𝑈∞𝑡 𝑐⁄ = 5 

 

 

 

 

 

 

 

 

𝑈∞ 

(a) 

(b) 
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Figure  6.22 Isosurfaces of Q*=5, 35, 50, 70 coloured by axial velocity in z-axis 

direction (𝑤 𝑈∞⁄ ) for incident vortex and spanwise velocity (𝑤′ 𝑈∞⁄ ) for LEV, for 

baseline and with mini-spoiler for strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07 with finite 𝛬 = 40° 

swept wing, 휀 = 0.4, 𝛼 = 15° 

 

 

 

With mini-spoiler Baseline 

𝑈∞𝑡 𝑐⁄ = 4 

𝑈∞𝑡 𝑐⁄ = 3 

𝑈∞𝑡 𝑐⁄ = 5 
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Figure  6.23 Lift and gust-induced lift time histories comparison between baseline and 

with mini-spoiler for strong vortex 𝛤 𝑈∞𝑐⁄ = 1.07 for finite 𝛬 = 40° swept wing, 휀 =

0.4, 𝛼 = 15° 

Figure  6.24 Peak lift and gust-induced peak lift coefficients as a function of offset 

distance for baseline and with mini-spoiler at 𝛼 = 15°: (a) finite unswept wing, (b) 

finite 𝛬 = 40° swept wing 

(a) 

(a) 

(b) 
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are reduced with the mini-spoiler. The mini-spoiler can effectively reduce the maximum 

peak lift as well as the gust-induced lift during vortex interaction in this case. The 

maximum peaks and the gust-induced peaks are further compared for the finite unswept 

wing and the swept wing at the post-stall angle of attack (𝛼 = 15°) in Figure 6.24. For 

the finite unswept wing (as shown in Figure 6.24 (a)), the performance of the mini-

spoiler degrades dramatically with the strong interactions (strong vortex with small 

offset distance). Especially in the gust-induced peak lift. This is similar to the airfoil. 

However, Figure 6.24 (b) left shows that the reduction of peak lift by the mini-spoiler 

on the finite swept wing is not significantly affected by incident vortex intensity or 

offset distance. For the gust-induced peak lift in Figure 6.24 (b) right, the gust-induced 

lift reduction is mostly unchanged for the strong vortex interactions, while almost 

vanished for the weak vortex interactions. On the finite swept wing, the mini-spoiler 

generally provides steady and constant load alleviation. This is due to the more gradual 

interaction between the incident vortex and the swept wing, thus lower summed normal 

gust velocity for the whole wingspan. It should be noted that this results in differences 

in the gust-induced lift. In strong vortex interactions, the gradual interaction of the 

swept wing maintains the reduction of gust-induced lift. While in weak vortex 

interactions, the weak interactions could not take advantage of the mini-spoiler, thus 

the lift reduction is mainly from the quasi-steady lift. 
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6.4 Summary 

Through flow visualizations (2D-PIV and 3D-V3V) and lift force measurements, 

this chapter compares the flow fields and lift time histories of baseline airfoil and wings 

and those with the mini-spoiler. 

As the angle of attack of the baseline airfoil increases, there is more evident flow 

separation and complicated multiple vortices roll-up, accompanied by larger peaks in 

lift force. With the presence of the mini-spoiler, flow separation occurs even at zero 

angles of attack, resulting in an increase in lift for the unloaded airfoil with the mini-

spoiler. However, for the loaded airfoil with the mini-spoiler, the lift peaks are reduced, 

and the largest lift alleviation is observed at a near-stall angle of attack in both 

freestream and vortex interactions. This lift reduction is seen for both quasi-steady and 

gust-induced lift. It should be noted that, the reduction in quasi-steady lift is greater and 

valid for a wider range of angles of attack than the reduction in gust-induced lift. The 

lift time histories show similar trends for the baseline airfoil and the airfoil with the 

mini-spoiler but with lower peaks for the loaded airfoil with the mini-spoiler. During 

the vortical gust interaction, the strong flow separation throughout the whole chord of 

the airfoil is seen. The combined actions of the incident vortex and its downwash create 

multiple LEVs at when the incident vortex has passed the airfoil. This is only observed 

for the baseline airfoil at a post-stall angle of attack, but it occurs at all angles of attack 

for the airfoil with the mini-spoiler. Further analogies are made with the periodic 

plunging airfoil. The plunging motion induced normal gust velocity, which may be seen 

as a transverse gust with infinite wavelength. At high normal gust velocity and high 

angles of attack, the mini-spoiler on the airfoil suffers from significant performance 

deterioration. Yet, such deterioration is more evident in the plunging airfoil than the 

static airfoil in the travelling gust interaction. 

At a low angle of attack, 2D-PIV measurement at midspan plane for the finite 

unswept wing reveals no significant variation from the airfoil, either for the baseline 

cases or with the mini-spoiler, respectively. Lift time histories also have similar patterns, 

although they are shifted with the reduction of quasi-steady lift with the presence of the 

mini-spoiler. Generally, the lift and gust-induced lift behaviours for the finite unswept 

wing is similar to the airfoil. An aspect ratio correction based on Prandtl's lifting line 

theory gives a reasonable prediction of the lift peak reduction (∆𝐶𝐿,  𝑝𝑒𝑎𝑘) at various 

angles of attack. Nonetheless, at post-stall angles of attack, the prediction begins to 
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deviate from the measured values. This is due to the performance loss of the mini-

spoiler on the airfoil after stall. Again, the best lift reduction is observed at near-stall 

angles of attack and the mini-spoiler functions better in gust interaction than in 

freestream, from moderate to near-stall angles of attack. At a near-stall angle of attack, 

3D-V3V measurements for the finite unswept wing were performed. Flow separation 

is greater and covers a larger area of the wing chord with the presence of the mini-

spoiler. Furthermore, for the wing with the mini-spoiler, the tip vortex has lower 

consequences. 

At a post-stall angle of attack, significant three-dimensional distortions of the 

incident vortex are detected during its interaction with the finite swept wing. LEV roll-

up occurs, which is originally parallel to the leading edge and progressively parallel to 

the incident vortex. During the interaction, the LEV experiences substantial spanwise 

flow, but not for the incident vortex. All these characteristics occur for both the baseline 

finite swept wing and the wing with mini-spoiler. Again, the trends of lift time histories 

are similar for all cases, but the mini-spoiler can effectively reduce both quasi-steady 

and gust-induced lift. Except for the weak vortex interactions that only has the reduction 

in quasi-steady lift. 

Except for zero and small angles of attack, the mini-spoiler exhibits considerable 

potential for quasi-steady lift reduction. During parallel vortical gust interaction at 

moderate to stall angles of attack, the mini-spoiler can reduce the gust-induced lift on 

the basis of reduced quasi-steady lift. It yields the desirable performance at modest 

angles of attack and peaks at near-stall. Reduction of lift (both quasi-steady and gust-

induced lift) degrades at post-stall angles of attack as well as for those intense 

encounters (e.g., strong vortex interaction with small offset distances). Such 

degradation of the mini-spoiler is seen in both the airfoil and finite unswept wing cases. 

For the finite swept wing, the mini-spoiler effectively reduces both quasi-steady and 

gust-induced lift at the post-stall angle of attack and for the strongest interaction. 

However, the reduction of gust-induced lift is unseen for the weak vortex interaction 

with the finite swept wing. 
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CHAPTER 7  

CONCLUSIONS 

The present study investigates the interaction of quasi-two-dimensional vortical 

gusts with airfoil, finite unswept and swept wings. The scope includes the effects of 

wing planform, angle of attack, gust strength and offset distance. Moreover, a mini-

spoiler and its performance in lift alleviation is studied. Water tunnel experiments were 

conducted at a chord-based Reynolds number of 2 × 104. Flow visualization and force 

measurements were performed for various cases. This chapter summarizes the 

important findings.  

During counter-clockwise vortical gust interaction, unloaded airfoil and wings at 

zero angle of attack, flow separation is unnoticeable. It is possible to have thickened 

boundary layer or weak separation that the PIV or V3V measurements could not capture. 

For weak interactions, decay of circulation and diffusion of the incident vortex occur 

after it has passed the trailing edge and move in the wake. For strong interactions, these 

happen from when the incident vortex is close to the leading edge. It is noted that for 

finite swept wing, the diffusion is only confined to region the vortex has interacted with 

the wing. The outboard part (near wingtip) of vortex filament will not exhibit significant 

diffusion until it interacts with the wing, even the inboard part (near wing root) is 

already into the wake and highly diffused. This suggests that the interaction is quasi-

two-dimensional, and interactions are only confined to the local spanwise locations.  

The lift time history during the interaction shows a positive peak, followed by a 

negative peak. For the positive peak, there is no flow separation observed in this 

instance. A reduced-order lumped vortex model predicts the variation and magnitudes 

well. Besides, the quasi-steady lumped vortex model shows reasonable agreement with 

the measured data for the positive peaks. This suggests an inviscid interaction. The 

negative peaks generally maintain longer and are slightly higher in magnitude. These 

are due to the continuing downwash following the incident vortex. Viscous effects are 

significant as flow separation is observed. The finite unswept wing has smaller peaks 

than the airfoil but is similar in trends. An aspect ratio correction is able to estimate the 

positive lift peak ratios. It supports the quasi-steady interaction assumption discussed 

for the quasi-steady lumped vortex model. For the finite swept wing, the lift peaks and 



 

145 

 

temporal gradients decrease. It is consistent with the more gradual interaction observed 

by the measurements of flow. The strip-theory approach predicts the lift time history 

well. Furthermore, the independence principle (predicts lift of the finite swept wing 

from the results of the finite unswept wing) developed for steady aerodynamics can 

estimate the positive lift peaks. 

For the loaded airfoil and wings, flow separation becomes more noticeable as the 

angle of attack grows. There are more pronounced flow field variations at higher angles 

of attack. The lift time history still has a similar trend but increased significantly in 

magnitude. The effect of the finite aspect ratio is similar to the unloaded cases in that 

the lifting line theory still gives reasonable predictions to the lift peaks. From the results 

of 3D-volumetric measurements, the tip vortex and its impact are confined to a small 

region. Different nature of leading-edge vortex shedding is noticed for the loaded swept 

wing. At zero and small angles of attack, the LEV is parallel to the incident vortex. 

However, at the post-stall angle of attack, the LEV is parallel to the leading edge at the 

beginning. With the incident vortex approach, the LEV sheds and convects with the 

incident vortex then gradually becomes parallel to the incident vortex. The prediction 

of independence principle is valid for loaded cases at a small angle of attack but not for 

the post-stall angles of attack. It is believed that the significant LEV affects the 

prediction. 

A mini-spoiler placed near the leading edge shows reduction in both quasi-steady 

lift and gust-induced lift during vortex interactions. The mini-spoiler induces a large 

flow separation region that covers the whole chord length, from zero to post-stall angles 

of attack. Due to this, there is a stable separation over the airfoil and wings than in the 

baseline ones. At zero angle of attack, such forced separation area causes an effective 

positive camber thus leading to non-zero lift. With the increase of angle of attack, there 

is reduction in quasi-steady lift by the mini-spoiler. During gust interactions, the gust-

induced lift is also alleviated. The greatest lift reduction in observed at near stall and 

begins to drop at post-stall. With the presence of a mini-spoiler, the lifting line theory 

still gives good predictions about the effects of the finite aspect ratio. Reduction of 

quasi-steady lift is smaller at post-stall angles of attack, as well as for the strong incident 

vortex. This is due to the flow separation at post-stall immerses the mini-spoiler. 

However, this is not much noticeable for the swept wing, which has a more moderate 

and gradual interaction with the gust. Reduction of the gust-induced lift is observed 

from the moderate angles of attack until stall for the airfoil and the finite unswept wing. 
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But the mini-spoiler may even increase the gust-induced lift at zero and small angles of 

attack due to the roll-up of the separation region. For the finite swept wing, reduction 

of gust-induced lift is observed for the strong vortex interaction at a post-stall angle of 

attack, but not for a weak interaction. In general, the mini-spoiler provides significant 

quasi-steady lift reduction. Furthermore, it can reduce the gust-induced lift during 

vortical gusts interactions. Both contribute to the reduction of total lift in vortex-wing 

interactions. 

This thesis has investigated the interaction between quasi-two-dimensional 

vortical gusts with airfoil, finite unswept and swept wings. The findings include flow 

field and aerodynamic loading variations, as well as applications of the low-order 

models. A mini-spoiler and its effects during vortex interactions were also discussed. 

As Jones et al. (2022) suggested that the MAVs in low Reynolds number flows is facing 

various challenging during gust interactions. Limited by the gust generator, previous 

experimental studies usually use vortex streets or wave-like transient gusts for the 

interactions. The current study is able to investigate interactions of a discrete vortical 

gust with airfoil and wings, due to the specific gust-generating method. Furthermore, 

the study of the mini-spoiler found its possibility in lift alleviation during vortex 

interactions. It has the advantages of a simple and robust design and great lift reduction 

in various situations. This kind of mini-spoiler was previously proved to be useful in 

plunging wings. However, it was found to have great effects on the quasi-steady lift 

which may influence the performance on MAVs. This suggests a future study for active 

deployment of the mini-spoiler. The findings from the current study will contribute to 

the design and improvement of the MAVs. 
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7.1 Suggested Future Studies 

Here are some possible future scopes that can stem from the current study: 

• Modifying the gust generating motions or devices, looking for different gusts 

or investigating the formation of gusts. 

• The selection of wing planforms can be wider, such as delta wing and blended 

wing body, etc. 

• Analytical models can be tried for different experiments from various 

facilitates. The accuracy can be further improved with empirical coefficients. 

• Considering active deployment of the mini-spoiler and investigating the 

transient behaviours. 
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