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Abstract 

The laminar separation bubble on an X-56A wing section is studied experimentally 

for static and heaving/plunging conditions at 𝛼𝛼 = 12° with 𝑅𝑅𝑅𝑅 = 200,000 (𝑈𝑈∞ = 11 𝑚𝑚/𝑠𝑠), 

and compared with numerical simulations. Heaving/plunging motion perpendicular to 

the airfoil chord with 𝑘𝑘 = 0.70, and ℎ = 0.48% is applied. Bubble shedding dynamics from 

previous studies dictated these parameters. Active flow control (AFC) in the form of ac-

DBD plasma actuation is employed in experiments for both static and plunging wing 

conditions to influence the laminar separation bubble. Flat-plate PIV data was used to 

characterize the actuator performance in quiescent conditions. The experimental data is 

compared to 2D slot blowing/suction in CFD. In both cases, the AFC is applied for 75% of 

the plunging cycle from 90° < 𝜑𝜑 < 360° with 𝑆𝑆𝑡𝑡𝑐𝑐 = 52 (1600 𝐻𝐻𝐻𝐻). The simulations used a 

blowing ratio 𝐵𝐵 = 5% while the experiments used 𝐵𝐵 ≈ 1%, resulting in estimates of 𝐶𝐶𝜇𝜇 =

0.000580% and 𝐶𝐶𝜇𝜇 = 0.000534%, respectively. AFC in dimensional frequencies of 𝑆𝑆𝑡𝑡𝑐𝑐 =

26,𝐶𝐶𝜇𝜇 = 0.000368% (800 𝐻𝐻𝐻𝐻) and 𝑆𝑆𝑡𝑡𝑐𝑐 = 104,𝐶𝐶𝜇𝜇 = 0.000662% (3200 𝐻𝐻𝐻𝐻) is also applied to 

characterize its effect. AFC eliminates the LSB and prevents “bursting” which occurs in 

the unforced oscillating case. AFC at 𝑆𝑆𝑡𝑡𝑐𝑐 = 52 (1600 𝐻𝐻𝐻𝐻) is found to be the most effective, 

as predicted by CFD simulations. The efficacy of the AFC mechanism arises from the 

excitation of the primary shear layer instability over the bubble. This produces spanwise 

2-dimensional coherent structures in experiments (𝑆𝑆𝑡𝑡𝑐𝑐 = 52) for both static and plunging 

conditions. CFD simulations suggest that forcing at the primary shear layer instability can 

delay transition downstream of reattachment. Similar control authority is observed in 

experiments, but quantitative evidence for transition delay remains elusive.  
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Chapter 1 Introduction 

There has been a paradigm shift in the manufacturing of modern aircraft, 

particularly Unmanned Aerial Vehicles (UAVs), to lighter-weight composite materials. 

These structures allow for higher aspect ratio (HAR) wings with greater efficiency which 

is critical for increased endurance in such applications. This configuration of wings with 

higher aspect ratio and light weight composites is more susceptible to oscillatory motions 

in flight. These motions have a dramatic effect on the air flow over the wing and are the 

result of various factors such as engine vibrations, unsteadiness in the atmosphere, or 

simply the unsteadiness in the flow when operating at or near stall. This adversely affects 

the aircraft performance and safety as it can lead to lift and/or moment stall.  

This is particularly concerning for airfoils that feature laminar separation bubbles 

(LSBs). An LSB has a considerable influence on the aerodynamic characteristics of the 

airfoil, particularly at high angles of attack where it can “burst” and result in a stall vortex 

that is then shed over the suction surface of the airfoil. This bursting effect produces 

significantly different aerodynamic characteristics compared to the static wing section. 

[1] LSBs are very sensitive to disturbances such as subtle levels of freestream turbulence 

in the atmosphere. As such, the ability to control bursting of the LSB would be highly 

advantageous for aircraft operations at oscillating and/or high angle of attack conditions. 

This would be especially beneficial at low Reynold’s number regimes in which UAVs often 

operate. 

The control of lightweight and aerodynamically efficient aircraft configurations 

has been a focus of the X-56A program at the Air Force Research Lab (AFRL) [2]. The X-
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56A is an unmanned flight test vehicle with HAR composite wings designed to investigate 

active and passive flutter control. A joint effort between AFRL’s Air Vehicles Directorate 

and the NASA Armstrong Flight Research Center led to the X-56A, which is also known 

as the Multi-Utility Technology Testbed (MUTT). It was originally designed and 

constructed by Lockheed Martin’s Skunk Works.  

Active Flow Control (AFC) has been utilized to successfully control the LSB in 

many previous works [33 – 39], but this study attempts to demonstrate it on a plunging 

airfoil using a unique control mechanism. In this case, the aim is to reduce or even 

eliminate separation while maintaining laminar flow along the wing as far as possible. At 

the time of these experiments, successful application of AFC in this form had only been 

shown in numerical simulations and CFD.  testing parameters are chosen based on the 

work by Agate (2018) [3] who identified dominant frequencies and  plunging amplitudes 

from a scaled model of the X-56A aircraft. The specific testing parameters are 𝛼𝛼 = 12° 

with 𝑘𝑘 = 0.8, ℎ = 4.8%, where the static stall angle is at 12.25°. 

The focus of this thesis is to investigate the time-averaged and unsteady behavior 

of the LSB on the X-56A wing section under the influence of AFC with ac-DBD plasma 

actuators. Documented in this thesis are the baseline characteristics of the model in both 

static and plunging states, actuator characterization at various forcing frequencies, and 

the effect of AFC for both static and plunging wing.  
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Chapter 2 Background and Motivation 

2.1 Laminar Separation Bubbles 

Laminar separation bubbles and their “bursting” have been studied since Gaster’s 

graduate research [4] which built on work by McGregor [5]. LSBs are generated in the 

presence of an adverse pressure gradient in low Reynolds number flows and their 

general features are shown in figure 2.1. The flow transitions along the free shear-layer 

at the top of the bubble and reattaches to the airfoil due to the entrained free-stream 

momentum facilitated by the turbulent flow [4]. Referring to figure 2.1, the transition 

from laminar to turbulent occurs in the separated shear-layer over the “dead-air region”. 

This region produces the commonly observed plateau in pressure distributions 

associated with LSBs shown in figure 2.2. Once the flow transitions, it reattaches 

downstream, closing the LSB. Note that the LSB can be as small as 1% chord in high-

speed flows [6], but despite its size, the LSB can have significant aerodynamic 

consequences. 

 

Figure 2.1: A short LSB as shown in H. P. Horton’s Ph.D. Dissertation [6]. 

Bubble “bursting” is a term introduced by Gaster in 1987. In the original 

definition, the primary criterion for bursting is the change of the bubble length from 
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“short” to “long.” Gaster proposed a criterion for bursting based on inviscid pressure 

gradient and dimensionless bubble length. [4] Since that time, many definitions have 

been introduced where some limit the description to separation of the flow without 

reattachment, while others such as Diwan propose the use of the bubble extent for a 

bursting criterion. [1, 4] 

 

Figure 2.2: Pressure distribution on the surface of an airfoil in a plunging cycle depicting 
presence and the growth of the LSB from Agate’s thesis [3]. The pressure plateau is evident for 
the short bubble near the leading edge in (b) and (c) as well as the long bubble in (d). 
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Bubble bursting dynamics are easy to observe in a plunging airfoil such as the one 

represented in figure 2.2 that exhibits the growth and bursting of the LSB. As the bubble 

bursts, the length of the bubble contracts which results in dynamic stall and a sudden 

shift in moment coefficient, as shown in figure 2.3 from Agate’s thesis which established 

the starting point for this project. The bubble shedding occurs close to the bottom of the 

downstroke at a phase angle of 270°, at which point the momentum coefficient sharply 

declines. Additionally, the bubble length shifts from short to long and the reattachment 

point rapidly moves downstream, as shown by Benton and Visbal [7]. Finally, another 

characteristic of bubble bursting is the suction peak collapse and immediate 

development of the dynamic stall vortex as noted by Sharma and Visbal [8].   

 

Figure 2.3: Moment coefficient vs Phase angle of the plunging airfoil from Agate (dark blue line) 
[3]. The sharp decline at 𝜙𝜙 = 270° corresponds to the bubble bursting behavior. 

Due to the complex interaction between boundary-layer transition and 

separation in LSBs, it is difficult to predict their exact stability characteristics. However, 
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in the early stages of the separated shear layer small disturbances can undergo 

exponential growth to critical amplitudes ultimately leading to early transition. This 

disturbance amplification is associated primarily with the inviscid Kelvin-Helmholtz (K-

H) instability, which is an instability of a shear layer in fluid flow. [9]  
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2.2 Plunging 

The shape of laminar separation bubbles is primarily dictated by the Reynolds 

number, pressure gradient, and free-stream turbulence. With Reynolds number kept 

constant in this research, the effects of pressure gradient (changes in angle of attack) 

and free-stream turbulence were studied. 

Plunging motion changes the angle of attack and impacts the formation of LSBs. 

During a pure plunging/heaving oscillation, the angle of attack on the wing section is 

changing rapidly which can result in unsteady aerodynamic effects such as dynamic stall 

[10]. Even without dynamic stall, the LSB expands and contracts during the plunging 

cycle impacting the aerodynamic behavior of the wing section. 

Plunging wing sections were studied by Glauert in 1929 and theoretically 

predicted by Theodorsen [11] in 1935 (made publicly available in 1949) [10]. 

Theodorsen’s theory assumes a 2D harmonically oscillating wing section in inviscid, 

incompressible flow, with small changes in angle of attack. The wing section and shed 

wake are represented by a vortex sheet which is shed down to infinity. Theodorsen also 

assumes that the plunging motion is perpendicular to the free-stream direction and that 

the lift distribution is purely sinusoidal which is not the case when the LSB dominates 

the lift distribution over the wing section at near stall angles of attack. [10] 

Theodorsen’s theory is one of the methods utilized as a comparison point for the 

aerodynamic behavior in Agate’s work which describes much of the baseline data shown 

in this thesis [3].  
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2.3 Free-stream Turbulence 

Laminar separation bubbles are very sensitive to free-stream turbulence which 

has been shown in both Direct Numerical Simulations [9] and experiments [12]. An 

increase in FST results in a shorter bubble length which in turn is more sensitive to 

unsteady flows and more susceptible to bursting [12]. For example, at 𝑅𝑅𝑅𝑅 = 100,000, the 

length of the LSB on a NACA 0018 at a static 𝛼𝛼 = 4° decreased over 20% from a 

turbulence intensity increase of 0.24% to 1.94% [12]. Recent studies performed by 

Borgmann [13] and Grille Guerra [14] show that while, without the addition of FST, the 

experimental results do not align with the DNS predictions, they however exhibit a near 

perfect match with the addition of FST as evidenced by the boundary layer 

characteristics shown in figure 2.4. Note that the DNS predictions below are intended to 

simulate the free stream turbulence. 

 

Figure 2.4: Boundary layer characteristics for a static wing at zero degrees angle of attack. Here, 
“DNS-r” refers to the DNS with random perturbations. 𝛿𝛿: BL thickness at 95% of the local edge 
velocity. 𝛿𝛿1: BL displacement thickness. 𝛿𝛿2: BL momentum thickness. 𝐻𝐻: BL shape factor. [14] 
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Further insight into the effects of FST on LSBs has been gained using pressure-

induced separation flat plates. Hosseinverdi and Fasel performed 3D DNS of the LSB to 

characterize the uncontrolled flow. Figure 2.5 shows the instantaneous spanwise 

vorticity for zero FST as well as an FST of 𝑇𝑇𝑇𝑇 = 0.005%. In the zero FST case, the 

boundary layer separates while laminar and then transitions to turbulent before 

reattaching. This transition is shifted upstream with the introduction of FST due to the 

amplification of the shear layer instabilities. The laminar boundary layer has been 

shown to act as a low-pass filter, allowing low frequency vortical fluctuations to 

penetrate the boundary layer and promote transition. [9] 

 

Figure 2.5: Influence of free-stream turbulence on “long” (left) and “short” (right). [9] 
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 2.4 Active Flow Control 

It is difficult to predict exact stability characteristics of an LSB, however within 

the separated shear layer, transition begins due to the convective amplification of 

exponentially growing flow disturbances. These disturbances originate from the free-

stream and are transmitted into the boundary layer by the receptivity process [16]. This 

amplification is primarily associated with the Kelvin-Helmholz instability [17] which is 

the primary convective instability in the separated shear layer. These instabilities arise 

from an inflection point in the velocity profile, are inviscid, and happen in both laminar 

and turbulent flows. Disturbances in the shear layer form spanwise vortices just 

upstream of the reattachment location of the LSB. The inflectional instabilities are 

shown to be highly susceptible to periodic forcing as observed by Hosseinverdi and 

Fasel [9], and Benton and Visbal [7].  

Considering the effect of FST in the presence of active flow control, figure 2.6 

below visualizes the flow with the 𝜆𝜆2 criterion by Jeong and Hussain [15] as presented by 

Hosseinverdi and Fasel [9]. The figure shows that even in the presence of very low FST 

(𝑇𝑇𝑢𝑢 = 0.005%), the flow transitions very quickly downstream of the reattachment 

location of the bubble, and the laminar 2D coherent structures from figure 2.6(a) are 

completely lost. This is caused by interactions between the 3D Klebanoff modes caused 

by the FST and the 2D waves introduced by the actuator. The Klebanoff modes cause 

streamwise streaks that lead to a spanwise-periodic modulation of the primary 2D wave. 

Due to this phenomenon, it has been theorized that even in a low turbulence wind-

tunnel environment (𝑇𝑇𝑢𝑢 < 0.05%), these coherent 2D laminar roller structures may not 

be observed, since the flow would transition to turbulence too quickly. [9] 
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Figure 2.6: AFC Instantaneous flow visualization with the 𝜆𝜆2 criterion with contours colored by 
𝑇𝑇-velocity and contours of 𝜔𝜔𝑧𝑧-vorticity with (a) zero FST, and (b) 𝑇𝑇𝑢𝑢 = 0.005%. [9] 

The goal of the present experiments is to employ AFC for excitation of small 

disturbances that are then amplified by the primary shear layer instability. Ultimately, it 

is desired to observe laminar flow downstream of reattachment in both static and 

plunging motion of the wing. The experiment uses plasma-based actuators to achieve 

this that are discussed in the next section. 
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2.5 Plasma Actuation 

Ac-DBD plasma actuators have undergone tremendous development over the last 

two decades [52]. Many factors have contributed to this rise in interest including low-

cost, rapid time response and high spatio-temporal actuation flexibility. This has led to 

widespread use in many areas of flow control [18, 19, 20]. A variety of plasma actuators 

exist in literature [21], but the most popular type is the dielectric barrier discharge 

(DBD) plasma actuator. DBD plasma actuators consist of a layer of dielectric material 

placed between two electrodes. The geometry most employed is the AC-DBD plasma 

actuator shown in figure 2.7. 

 

Figure 2.7: AC-DBD plasma actuator geometry [23] 

The dominant perturbation produced by an ac-DBD plasma actuator in typical 

configurations is an unsteady streamwise wall jet. The wall jet occurs at the plasma 

driving frequency (typically on the order of kHz) and can also be modulated with lower 

frequencies. DBD plasma actuators have recently been employed in LSB research and 

are now well-established for studies of boundary layer transition [53, 54]. DBD plasma 

actuators have been used in wide range of flow control applications such as airfoil stall 

mitigation [18, 23] leading edge separation control [24, 25], and turbulent drag 

reduction [26]. 
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On the application of a sufficiently high ac voltage, an ionized region of particles 

(plasma) is formed. These ionized particles move subject to the electric field generated 

by the ac voltage. The ionized species collide with the neutral air molecules, the 

integrated effect of which can be modeled as a body force on the surrounding air. This 

force creates a near surface electric (or ionic) wind [27]. Like other momentum-based 

actuators (e.g., synthetic jets, unsteady blowing etc.), the ionic wind can be used to 

amplify natural instabilities in the flow. The amplification of these instabilities can be 

used for a variety of purposes including control of boundary layer transition, separation, 

mixing, and noise. Efficient use of AFC requires that actuators be operated at specific 

locations and frequencies such that natural instabilities in the flow are leveraged. In the 

case of LSBs, this means an excitation of the Kelvin-Helmholtz instability which is the 

primary convective instability in the separated shear layer.  

It must be noted that despite adding momentum to the flow, DBD actuators are 

zero-net-mass flux devices, which is advantageous from a practical perspective since a 

fluid source/sink is not required. On the other hand, DBDs are relative low amplitude 

with maximum time-averaged velocities of less than 10 m/s [28] in quiescent air. This 

further emphasizes the need for operation at the appropriate location and frequency. It 

should be noted that some predictive efforts for DBD amplitudes exist. Namely, the 

thrust/body force produced by these actuators is known to scale with the applied voltage 

as: 

𝑇𝑇 = 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟
𝑛𝑛  (2.1) 

where 𝑛𝑛 varies from 2 to 3.5 depending on the dielectric thickness [21], which 

implies the same for the maximum induced velocity. 
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Since ac-DBDs are momentum-based actuators, the required amplitude for 

effective flow control scales with either 𝑈𝑈∞  (velocity ratio) or 𝑈𝑈∞2  (momentum 

coefficient) [29]. These actuators are well suited to laboratory applications such as the 

one considered in this thesis, as little momentum is required to excite the flow. 

  



28 

2.6 Motivation 

The expected motion for HAR wings in realistic flight conditions produces light 

dynamic stall compared to deep dynamic stall situations often observed in retreating 

rotorcraft blades. Low amplitude, high frequency plunging motions can be beneficial 

near the static-stall angle. The structural motion can promote attached flow and delay 

separation in some cases [30] and be detrimental in others [31]. Even in the absence of 

plunging wing motion, the aerodynamic behavior of airfoils with LSBs drastically 

changes as stall is approached and leads to bubble “bursting” [4]. Gaster’s proposal for a 

bubble bursting criterion was based on inviscid pressure gradient and dimensionless 

bubble length which Diwan extended to include the bubble height [1, 4]. PIV results for 

an 𝑆𝑆𝑆𝑆7003 airfoil oscillating about 1/4 chord at 𝑘𝑘 =  0.2 and 𝑅𝑅𝑅𝑅 = 300,000 

demonstrated that separation line, transition, vortex roll-up, and vortex shedding were 

all related to the dynamics of the LSB [32]. Situations that involve unsteady wing 

motion and LSBs have been examined extensively in previous works and are excellent 

candidates for active flow control [33 – 39]. 

LSBs are of particular interest for AFC. Numerical simulations have shown that 

AFC that exploits the shear layer instability can be extremely effective and efficient at 

low-Reynolds numbers [9, 40–47]. Direct Numerical Simulations show that an 

appropriate forcing frequency can suppress the secondary absolute instability (Kelvin-

Helmholtz waves being the primary convective instability) and delay transition 

downstream of the reattachment. Disturbances introduced slightly upstream of the 

separation location at an appropriate frequency are amplified by the Kelvin-Helmholtz 

instability until they saturate, leading to commonly observed spanwise coherent vortical 
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structures. The presence of coherent structures facilitates an exchange of momentum 

which suppresses separation. In addition to reducing the extent of the separated flow, 

Embacher and Fasel [41] showed that high amplitude 2D disturbance waves with a 

properly chosen frequency can suppress the secondary absolute instability and thus 

delay transition or even relaminarize the flow downstream of reattachment. This is 

fundamentally different from AFC strategies that employ periodic excitation for the 

control of turbulent shear layers [45], since laminar flow is maintained. In the high-

order accurate numerical simulations of Embacher and Fasel [41], the effects of realistic 

conditions such as freestream turbulence, noise, and vibrations were neglected. Even 

low levels of free-stream turbulence (0.005%) can cause early separation due to the 

larger amplified 3D disturbances [9], shown in figure 2.2. Therefore, the question arises 

whether the observed transition delay and re-laminarization of the flow is still possible 

in a real environment as encountered in wind tunnel experiments or during free flight. 

[13] 

Benton and Visbal applied this AFC technique to a NACA 0012 wing section using 

LES [42]. Static simulations for 8° < 𝛼𝛼 < 12° and 𝑅𝑅𝑅𝑅 = 100,000, 200,000, and 500,000 

revealed a laminar leading-edge bubble. A local spatial linear stability analysis for the 

laminar bubble indicated maximum disturbance growth rates for chord based Strouhal 

numbers of roughly 𝑆𝑆𝑡𝑡𝑐𝑐 = 25, 50, and 100 for the three Reynolds numbers respectively. 

Harmonic and pulsed wall-normal blowing and suction through a leading-edge slot with 

a width of 0.8% chord was then employed for flow control. The blowing ratio was 𝐵𝐵 =

 10% which corresponds to relatively low momentum coefficients of 𝐶𝐶µ = 0.0029% for 

harmonic actuation and 𝐶𝐶𝜇𝜇 = 0.0038% for the pulsed actuation. AFC generated coherent 
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2D structures that became increasingly more organized and persistent up to 𝑆𝑆𝑡𝑡𝑐𝑐 = 50. 

They concluded that for a properly chosen primary 2D mode, the secondary absolute 

stability was suppressed. These results are directly reminiscent of those observed in 

Embacher and Fasel on a different geometry [41]. In Benton and Visbal’s simulations, 

transition eventually occurred downstream due to what appeared to be a short 

wavelength instability. Similar results were obtained for both a continuous and periodic 

forcing which demonstrated the robustness of the technique. A further increase in the 

Strouhal number generated smaller 2D structures that broke down closer to the leading 

edge. The same technique was employed for controlling stall during a constant rate 

pitch-up maneuver starting at 8 degrees. Pulsed forcing with 𝑆𝑆𝑡𝑡𝑐𝑐 = 50 as well as 

harmonic forcing with 𝑆𝑆𝑡𝑡𝑐𝑐 = 150 were found to effectively prevent bubble bursting and 

delay stall up to very high angles of attack. Similar results were reported by Gross, Little, 

and Fasel using implicit LES. [44] 

Both LES examples in the literature do not include the effects of freestream 

turbulence which is unavoidable in wind tunnel experiments. Based on the observations 

of Hosseinverdi and Fasel [9], the applicability of this AFC technique is unknown due to 

the detrimental effects of FST. This thesis will attempt to understand whether this 

technique is viable for static and plunging wings in a relatively low FST (0.037%) wind 

tunnel environment, even though this is an order of magnitude higher than the 

minimum FST (although they did test as high as 0.05%) employed by Hosseinverdi and 

Fasel which caused the 2D coherent structures to break down [9]. It must be noted that 

even though the control mechanism in the plunging case is presumably similar, it is 

much harder to clearly visualize in experiments due to surface reflections. 
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Chapter 3 Experimental Setup 

3.1 Wind Tunnel Characteristics 

The experiments were conducted in the Arizona Low Speed Wind Tunnel 

(ALSWT). The test section is 0.9𝑚𝑚 × 1.2𝑚𝑚 × 3.65𝑚𝑚 (3𝑓𝑓𝑓𝑓 × 4𝑓𝑓𝑓𝑓 × 12𝑓𝑓𝑓𝑓) and the tunnel is a 

closed loop facility. The maximum velocity of the tunnel is 𝑈𝑈∞ = 80 𝑚𝑚/𝑠𝑠 (262.5 𝑓𝑓𝑓𝑓/𝑠𝑠) 

and the air temperature is controlled within ±0.55 °𝐶𝐶 (±1°𝐹𝐹) of a set point using a heat 

exchanger and chilled water supply. Mean flow uniformity is better than ±0.5% across 

the operating range. The turbulence intensity is 𝑇𝑇𝑇𝑇 ≤ 0.15% for 𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 10 𝑘𝑘𝑘𝑘𝑘𝑘 and 

𝑇𝑇𝑇𝑇 ≤ 0.05% for 𝑓𝑓𝑏𝑏𝑙𝑙𝑏𝑏𝑏𝑏𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 1 𝑘𝑘𝑘𝑘 –  10 𝑘𝑘𝑘𝑘𝑘𝑘. Experiments were conducted at a freestream 

velocity of 𝑈𝑈∞ = 11 𝑚𝑚/𝑠𝑠 corresponding to a measured FST level of 0.037%. 

 

Figure 3.1: Aerospace and Mechanical Engineering subsonic wind tunnel at the University of 
Arizona taken from the operator’s location. 3 ft x 4 ft x 12 ft test section with speeds up to 80 
m/s. [3] 



32 
 

3.2 Model Characteristics 

The X-56A airfoil has been chosen for the present investigation [2]. The wing 

section model was designed and manufactured in-house and is composed of two carbon 

fiber surfaces (pressure and suction side) bonded together with epoxy and supported by 

six plywood ribs and a hollow carbon fiber spar. The wing has a span of 90 𝑐𝑐𝑚𝑚 and a 

chord length of 30.8 𝑐𝑐𝑚𝑚 (𝐴𝐴𝐴𝐴 =  3) which matches the chord length of a 1/2 scale X-56A 

model used in free-flight tests at UA. In total, 64 pressure taps are used. 40 of the 

pressure taps are located at mid-span and the remaining 24 pressure taps are positioned 

at 1/4 span and 3/4 span to observe 3D effects. Previous work by Agate has shown that 

the 3D effects are minimal and only the mid-span pressure taps will be considered here 

[3]. Figure 3.2 shows the X-56A airfoil profile with mid-span pressure taps. The airfoil 

model is tested at 𝐴𝐴𝑅𝑅 = 200,000 which matches that of the simulations [44]. 

 

Figure 3.2: X-56A airfoil profile with mid-span pressure tap locations. [3] 
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3.3 Plunging Mechanism 

An oscillatory plunging mechanism was previously designed and built for this 

research project which consists of an electric motor and a system of linkages that 

convert the rotational motion of the motor into a linear motion of the wing section. The 

motion of the wing section is constrained to be linear through slider bearings mounted 

on the top and bottom plugs of the wind tunnel test section. The spar is rigidly attached 

to the sliders to fix the angle of attack through the motion which is always perpendicular 

to the plunging direction. Variations in nominal angle of attack are performed by 

rotating the plugs of the wind tunnel. The mechanism allows for a variation of the 

motion amplitude through a modification of the assembly linkages. Only the bottom end 

of the airfoil spar is connected to the mechanism outside the tunnel. A steel frame is 

fixed to the concrete floor beneath the tunnel to hold the motor and linkage system. The 

theoretical amplitude range for this mechanism is between 0.1 𝑖𝑖𝑖𝑖 and 1.1 𝑖𝑖𝑖𝑖 (≈ 1% to 

10% chord) peak to peak with possible 0° < 𝛼𝛼 < 15°. The ranges were chosen based on 

the expected wing motion for the 1/2 scale flight model. 

The generated motion is sinusoidal and allows for different amplitudes 

independent of the angle of attack. The maximum frequency of rotation of the electric 

motor is 1700 RPM which directly translates to a reduced frequency of the model of 𝑘𝑘 =

2.5 at 𝐴𝐴𝑅𝑅 = 200,000. The desired plunging frequency is the eigenfrequency of the 1/2 

scale model, 8 𝑘𝑘𝑘𝑘, which is obtained for a motor speed of 480 RPM (𝑘𝑘 =  0.70). 

The motion begins at the mid-upstroke of the cycle (𝜑𝜑 = 0° = 360°,𝛼𝛼𝑚𝑚𝑚𝑚𝑏𝑏). At 𝜑𝜑 =

90°, at zero vertical motion, the angle of attack is 𝛼𝛼𝑏𝑏𝑙𝑙𝑚𝑚𝑚𝑚𝑏𝑏𝑙𝑙𝑙𝑙. The angle of attack increases 

to a maximum at the mid-downstroke (𝜑𝜑 = 180°, 𝛼𝛼𝑚𝑚𝑙𝑙𝑚𝑚) before reducing back to 𝛼𝛼𝑏𝑏𝑙𝑙𝑚𝑚𝑚𝑚𝑏𝑏𝑙𝑙𝑙𝑙 
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at the bottom of the stroke (𝜑𝜑 = 270°). This process is visualized in figure 3.3. For the 

remainder of this paper, references to angle of attack will refer to 𝛼𝛼𝑏𝑏𝑙𝑙𝑚𝑚𝑚𝑚𝑏𝑏𝑙𝑙𝑙𝑙, which is the 

angle of attack set with the wind tunnel plugs. Further characterization of the plunging 

mechanism can be found in Agate’s thesis [3]. 

 

Figure 3.3: Visualization of the unsteady motion of the wing section with the plunging 
mechanism. The dashed line indicates the phase at beginning of the actuation cycle. [3] 

In summary, the acceleration and displacement data by Agate [3] shows that the 

imposed airfoil motion is not purely 2D. The flexibility of the model and the inertia of 

the free end create oscillations at higher harmonics, creating a variation in displacement 

across the span. However, the fundamental frequency of the imposed motion is quite 

dominant in the spectrum. In addition, amplitude and frequency are nearly decoupled. 

With these known limitations, a preliminary examination of the surface pressure data at 

the midspan is undertaken and the experiment is compared to theory and CFD which 

are performed for purely 2D single frequency motion. Collectively, this serves to provide 

some preliminary insight into the effects of structural motion on boundary layer 

separation at these conditions. 



35 
 

Pressure taps at 1/4 span and 3/4 span were analyzed and it was found that there 

were no significant three-dimensional effects from the non-uniform motion; however, 

only the results along the mid-span taps will be presented as they most clearly represent 

the two-dimensional flow, as has been established by Agate previously in their thesis. [3] 
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3.4 Pressure Measurements 

A Scanivalve Pressure Scanner was used for sampling the pressure taps. The 

system consists of a ZOC33/64Px electronic pressure scanning module used in 

conjunction with a ERAD4000 base unit and a RAD3200 A/D converter. 64 vinyl tubes 

connect the pressure taps to the module. Two additional lines measure the total and 

static pressure of the tunnel freestream.  

The full measurement range of the module connected to the wing section is 

𝑝𝑝𝑚𝑚𝑙𝑙𝑚𝑚 = 2490.82 𝑃𝑃𝑃𝑃 (10 𝑖𝑖𝑖𝑖.𝑘𝑘2𝑂𝑂). The accuracy of the system is given as ±0.1% of the 

measurement range which equates to 3.73% of the dynamic pressure at 𝐴𝐴𝑅𝑅 =  200,000. 

Data is acquired at a rate of 504 Hz over a duration of 12 seconds (6000 samples). This 

results in the acquisition of 96 periods of the plunging motion for the 8 𝑘𝑘𝑘𝑘 plunging 

frequency of the wing section. Phase-averaging is accomplished by simultaneously 

acquiring the voltage of a Hall effect sensor which identifies the instantaneous angle of 

attack via the linkage motion of the motor. An analysis of the dynamic response of the 

vinyl tubing length on the unsteady pressure measurements has been performed using 

the Bergh and Tijdeman model and corrections have been applied to the pressure data 

[48]. 
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3.5 Active Flow Control 

Flow control was accomplished in the wind tunnel experiment using an ac-DBD 

(alternating current driven dielectric barrier discharge) plasma actuator. The ac-DBD 

plasma actuator is constructed using three layers of 2-mil Kapton tape on top of a 

ground electrode to act as the dielectric barrier. A high voltage electrode made from 

1.5 𝑚𝑚𝑖𝑖𝑚𝑚 (0.0381 𝑚𝑚𝑚𝑚) thick conductive Copper tape is placed on top of this with minimal 

lateral spacing from the ground electrode. The interface of the ground and high voltage 

electrode is near the leading edge of the X-56A airfoil, and the plasma is directed 

upstream such that the first disturbance seen by the boundary layer developing from 

stagnation is the plasma and not a discontinuity from the actuator construction.  

A dimensional frequency of 1600 𝑘𝑘𝑘𝑘 (𝑆𝑆𝑓𝑓𝑐𝑐 = 52) was chosen for the experiments 

based on previous ILES work. [51] To additionally investigate the frequency dependence 

of the flow, the AFC was employed at subharmonic and harmonic actuation frequencies 

of 800 𝑘𝑘𝑘𝑘 and 3200 𝑘𝑘𝑘𝑘, respectively. These frequencies had associated 𝑆𝑆𝑓𝑓𝑐𝑐 = 26,𝐹𝐹+ =

0.5 for 800 𝑘𝑘𝑘𝑘 and 𝑆𝑆𝑓𝑓𝑐𝑐 = 104,𝐹𝐹+ = 2 for 3200 𝑘𝑘𝑘𝑘.  

Detailed energy and momentum characteristics for the active flow control 

mechanism are presented in chapter 4 where velocity contours are used to determine 

the momentum coefficient as per the method outlined in Little and Samimy. [22] 

𝑐𝑐𝜇𝜇 =
𝐽𝐽

𝑞𝑞∞𝑐𝑐
 (3.5) 

where 𝐽𝐽 is the time-averaged actuator-induced momentum given by 𝐽𝐽 =

 ∫ 𝜌𝜌𝑈𝑈2𝑑𝑑𝑑𝑑∞
0 .  
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The ac-DBD plasma actuator is driven by a function generator, amplifier, and 

step-up transformer with a voltage ratio of 1: 357. A voltage signal of 6 𝑘𝑘𝑉𝑉𝑙𝑙−𝑙𝑙, which is 

relatively low for ac-DBDs, is run across the electrodes and controlled with a function 

generator (Tektronix AF6310) that outputs a sinusoidal wave at 800 𝑘𝑘𝑘𝑘, 1600 𝑘𝑘𝑘𝑘, and 

3200 𝑘𝑘𝑘𝑘 over 75% of the plunging cycle. 

 

Figure 3.4: AC-DBD Plasma Actuator Diagram indicating the placement of the electrodes as well 
as the flow of plasma. 
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3.6 PIV Measurements 

A LaVision 2D PIV system (DaVis 8.4.0) was employed to obtain spatially 

resolved velocity data as well as other relevant parameters such as vorticity-z and 

swirling strength. Submicron seed particles (DEHS) were illuminated with a Quantel 

Evergreen dual head laser pulsed at 10 Hz. A 5-megapixel sCMOS camera was used to 

capture image data. Phase-locked PIV images were acquired using a programmable 

timing unit from the LaVision system that was coupled with a Hall effect sensor for 

tracking the motor motion. The images were triggered by a function generator using a 

delay based on the Hall effect sensor reading at the top of the plunging cycle (beginning 

of the downstroke). PIV data was collected beginning at the mid-upstroke motion at 

various phase locations. The experiments for the static wing section with AFC were 

executed in a similar fashion but used the plasma function generator as the imaging 

trigger instead of the airfoil motion. The maximum error based on an uncertainty of 0.1 

pixels for individual vectors and a 95% confidence interval along with other settings for 

the PIV data are in Table 3.1. 

Table 3.1: PIV Measurements specification summary 

 Baseline AFC Static AFC Plunging Actuator 
Characterization 

Number of 
Images 200 250 250 

200 (phase 
locked), 500 

(time averaged) 

Window Size 16 𝑥𝑥 16 16 𝑥𝑥 16 16 𝑥𝑥 16 16 𝑥𝑥 16 

Overlap 75% 75% 75% 75% 
Error (% of 
freestream) 4.36% 1.28% 1.52% 1.12% 

Spatial 
Resolution (%c) 0.23% 0.051% 0.081% 0.066% 

Field of view 
(%c) 0 –  60% 0 –  25% 0 –  35% −1.5% −  16.2% 
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Chapter 4 Actuator Characterization 

The impact of the actuator to the flow field were characterized using PIV and 

electrical parameters were recorded in current-voltage measurements. The effect of seed 

particles on plasma-induced flow used in velocimetry techniques such as PIV and laser 

Doppler velocimetry may slightly underpredict the maximum plasma-induced flow in 

quiescent air [49].  

The characterization was performed by mounting the plasma actuator on a flat-

plate substrate. The length of the plasma actuator for characterization purposes was the 

same as the one on the model at 84 𝑐𝑐𝑐𝑐. To minimize surface reflections, the flat plate is 

mounted with its surface normal orthogonal to the beam propagation direction. The 

plasma-induced flow was measured in both time averaged and phase averaged conditions 

in quiescent air. The actuation frequencies were selected based on an 𝐹𝐹+ = 1, scaled with 

the size of the laminar separation bubble as characterized by Agate [3].  

AFC at 𝑆𝑆𝑡𝑡𝑐𝑐 = 52 (1600 𝐻𝐻𝐻𝐻) demonstrates control authority via excitation of the 

primary instability of the shear layer over the LSB. The choice of frequency is quite high 

with respect to the model chord but is near 𝐹𝐹+ = 1 scaled with the length of the LSB. the 

goal is to excite the primary shear layer instability to prevent the onset of the secondary 

instability and ultimately laminar to turbulent transition [41, 42, 44]. Excitation of the 

harmonic (𝑆𝑆𝑡𝑡𝑐𝑐 = 104, 3200 𝐻𝐻𝐻𝐻) and subharmonic (𝑆𝑆𝑡𝑡𝑐𝑐 = 26, 800 𝐻𝐻𝐻𝐻) is also explored. 

The actuator had a dielectric thickness of 6 𝑐𝑐𝑚𝑚𝑚𝑚 or 0.1524 𝑐𝑐𝑐𝑐, and was operated at 

an applied voltage of 6 𝑘𝑘𝑉𝑉𝑝𝑝−𝑝𝑝.  
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First, the time averaged profiles of 𝑈𝑈-velocity along with 𝐶𝐶𝜇𝜇 calculated with 

equation 3.5 at each 𝑥𝑥-location are shown in figures 4.1 to 4.3 for the three forcing 

frequencies. Note that all three plots use the same field of view and contour scaling for a 

direct comparison. 

Figure 4.1: 𝑈𝑈-velocity contour in 𝑐𝑐/𝑠𝑠 for actuation at 800 Hz, and 𝐶𝐶𝜇𝜇 from local velocity profiles, 

with 𝐶𝐶𝜇𝜇,𝑚𝑚𝑚𝑚𝑚𝑚 = 4.90 × 10−5. 

 

Figure 4.2: 𝑈𝑈-velocity contour in 𝑐𝑐/𝑠𝑠 for actuation at 1600 Hz, with a calculated 𝐶𝐶𝜇𝜇,𝑚𝑚𝑚𝑚𝑚𝑚 =
7.12 × 10−5. 

 

Figure 4.3: 𝑈𝑈-velocity contour in 𝑐𝑐/𝑠𝑠 for actuation at 3200 Hz, with a calculated 𝐶𝐶𝜇𝜇,𝑚𝑚𝑚𝑚𝑚𝑚 =
8.83 × 10−5. 

The process to determine the energy characteristics is shown in this chapter from 

figures 4.4 to 4.8. The voltage input to the actuator as well as the output across a 0.047𝜇𝜇𝐹𝐹 

capacitor was measured was measured with an oscilloscope to capture the energy output 
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by the actuator. These traces were then plotted and are shown in figures 4.4 to 4.6. As is 

evident from the curves, they follow a similar sinusoidal pattern in all three cases, 

confirming precise construction and operation of the actuator. The sole discrepancy can 

be noted in figure 4.6 (3200 Hz) where the applied voltage and capacitor voltage trends 

exhibit a distortion.  

 

Figure 4.4: Applied and Capacitor voltage traces for AC-DBD actuator operating at an actuation 
frequency of 800 Hz. 
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Figure 4.5: Applied and Capacitor voltage traces for AC-DBD actuator operating at an actuation 
frequency of 1600 Hz. 

 

Figure 4.6: Applied and Capacitor voltage traces for AC-DBD actuator operating at an actuation 
frequency of 3200 Hz. 

From this information, the Q-V (Lissajous) curves were generated to calculate the 

energy output as shown in figure 4.7.  
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Figure 4.7: Q-V (Lissajous) curves for ac-DBD actuators operating at 800 Hz, 1600 Hz, and 3200 
Hz.  

The energy output per pulse is determined from the area enclosed by the Q-V 

curves [50] and tabulated in table 4.1. Additionally, figures 4.4 to 4.7 show each pulse is 

virtually identical to the next, leading to negligible differences in the energy calculations. 

As the applied voltage is the same for all three cases, the energy input per pulse was 

expected to be constant with changing frequency, which is confirmed in figure 4.7, albeit 

with a minor loss indicated on the 3200 𝐻𝐻𝐻𝐻 case. This likely is a result of the actuator 

approaching its operating limits and exhibiting non-linear behavior. in figure 4.3 the 

voltage traces are slightly non-sinusoidal, even though highly periodic. The loss in the 

energy per pulse is minor.  

Finally, the total energy per cycle is plotted in figure 4.8. Note that the number of 

pulses in a cycle is determined by the airfoil oscillation time-period of 0.125 𝑠𝑠, which 

corresponds to an oscillation frequency of 8 𝐻𝐻𝐻𝐻. The line of best fit through the three 
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points is extrapolated to show that it intersects with the origin, indicating that the 

relationship is linearly proportional to the applied actuation frequency, as expected. 

 

Figure 4.8: Total Energy per cycle plotted versus the applied Actuation Frequency. One cycle is 
defined as one plunging cycle of the airfoil (8 𝐻𝐻𝐻𝐻). 

Table 4.1: Table highlighting the physical and energy characteristics of the ac-DBD plasma 
actuator of length 84 cm, dielectric thickness 0.1524 mm, and an applied voltage 6 𝑘𝑘𝑉𝑉𝑝𝑝−𝑝𝑝. 

Actuation 
Frequency (𝐻𝐻𝐻𝐻) 𝐹𝐹+ 𝑆𝑆𝑡𝑡𝑐𝑐 

Maximum 
Energy per 

Pulse (𝑐𝑐𝑚𝑚/𝑐𝑐𝑐𝑐) 

Maximum 
Energy per 

Cycle (𝑐𝑐𝑚𝑚/𝑐𝑐𝑐𝑐) 

800 0.5 26 0.170 17.0 

1600 1 52 0.169 33.9 

3200 2 104 0.165 65.9 

Plasma generation at these frequencies creates a wall jet with maximum mean 

velocities approximately 1 𝑐𝑐𝑐𝑐 above the surface and 4 𝑐𝑐𝑐𝑐 downstream of the actuator. 

This has been tabulated in table 4.2 along with the total input energy per cycle and the 

momentum coefficients scaled to actuator operation at 75% duty cycle. The velocity ratio 

calculated with a freestream velocity of 𝑈𝑈∞ = 11 𝑐𝑐/𝑠𝑠 is also shown. It is evident from the 
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data that unlike the input energy, momentum coefficient and mean velocities do not 

linearly scale with actuation frequency. In fact, they exhibit a quadratic relationship as 

also confirmed by Corke. [27] 

Table 4.2: Energy, Momentum, and Velocity characteristics for AC-DBD actuator for all actuation 
frequencies 

Actuation 
Frequency 

(𝐻𝐻𝐻𝐻) 

Maximum 
Energy per 

Cycle (𝑐𝑐𝑚𝑚/𝑐𝑐𝑐𝑐) 

𝐶𝐶𝜇𝜇,𝑚𝑚𝑚𝑚𝑚𝑚 

(× 10−6),  

75% 𝐷𝐷𝐶𝐶 

Maximum 
Mean Velocity 

(𝑐𝑐/𝑠𝑠) 

Maximum 
Velocity Ratio 

800 17.0 3.68 0.109 0.00993 

1600 33.9 5.34 0.187 0.0170 

3200 65.9 6.62 0.263 0.0239 
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Chapter 5 Baseline Validation 

Before wind-tunnel experiments could be conducted on the model to study the 

effect of actuation, the experimental setup needed to be verified. The plasma actuator was 

newly installed at the leading edge of the X-56A airfoil model. Baseline measurements 

with the actuator are used to confirm that the experimental methods and CFD still match 

reasonably well after addition of the plasma actuator, preserving the structure of the LSB 

before applying AFC. For this validation, pressure as well as PIV measurements were 

recorded and compared. 

5.1 Static Airfoil 

Figures 5.1(a) and 5.1(b) show the lift coefficient variation with angle of attack 

indicating the stall angle at 12°, as well as the Cp distribution for the wing section at the 

stall angle. This is compared to CFD, XFLR5, and Thin Airfoil theory as reported by Agate 

[3]. The length of the laminar separation bubble is approximately 0.04𝑐𝑐, where 𝑐𝑐 is the 

chord length of the airfoil. 

The choice of 𝛼𝛼 = 12° was motivated by the existence of a pronounced LSB as 

indicated by the plateau in the pressure coefficient in figure 5.1(b). This is also the 

maximum angle of attack (stall) corresponding to a minimum controllable airspeed of 

11 𝑚𝑚/𝑠𝑠 for the 1/2 scale aircraft model (𝑅𝑅𝑒𝑒𝑐𝑐 = 200,000).  
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Figure 5.1: (a) Baseline static wing section lift, and (b) pressure parameters as measured by Agate 
[3]. 

The Cp data in figure 5.1(b) reveal the source of the discrepancy between the Cl 

curve obtained from the experiment and CFD, and XFLR5. XFLR5 predicts a shorter, but 

lower pressure LSB in comparison to the experiment and CFD. The pressure over the rest 

of the airfoil is in good agreement. The agreement in surface pressure between CFD and 

experiment, including the LSB, is good as highlighted in the inset of figure 5.1(b). The 

focus of this work is on controlling the unsteady separation of the LSB and thus 

eliminating the undesirable aerodynamic behavior that ensues. Plotted in figure 5.2 is the 

static baseline pressure before and after installing the actuator. Note that due to the 

nature of the actuator construction, the first few pressure taps are covered by the 

dielectric tape and are thus omitted from the plot. 
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Figure 5.2: Static baseline pressure coefficient distribution with and without plasma actuator 
installed at the leading edge. 

To ensure that the flow over the airfoil is consistent despite the missing 

information due to the covered pressure taps, PIV 𝑈𝑈 − velocity data is plotted to 

investigate the baseline LSB in figure 5.3. 

 

Figure 5.3: Static Baseline time averaged 𝑈𝑈 − velocity, averaged from 250 images. Separation and 
reattachment are determined by the dividing streamline, while transition is determined from the 
maximum value of the shape factor. 
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The presence of the bubble is identified by the mean dividing streamline (black line 

in figure 5.3), which encapsulates the bubble from the outer flow at the airfoil’s surface. 

Velocity vectors closest to the surface are omitted for this calculation as they are prone to 

uncertainty due to surface reflections. The streamline is then extrapolated downstream to 

its intersection with the airfoil surface. [51] The resulting streamline is then used to define 

the laminar separation and turbulent reattachment locations. To estimate the transition 

location in the separated shear layer, the boundary layer shape factor (H) distribution 

inside the bubble is determined by enforcing a no slip condition at the wall. Here, 

transition is estimated at the location where the shape factor reaches a maximum [52].  

To determine the shape factor, the boundary layer thickness was extracted from 

the time averaged velocity field, then the displacement and momentum thicknesses were 

calculated from the numerical integral of the boundary layer velocity profile. These 

parameters are presented in figure 5.4. Note that these parameters were calculated to 

observe the trends, and as such, use streamwise velocity instead of wall-parallel velocity 

profiles at each location along the airfoil to calculate the boundary layer. Additionally, due 

to surface reflections, data very close to the surface (𝑦𝑦/𝑐𝑐 < 0.004, or 𝑦𝑦 < 1.1 𝑚𝑚𝑚𝑚) above 

the surface of the airfoil had to be extrapolated by enforcing the no-slip condition at 

surface (𝑦𝑦 = 0). This extrapolation was performed with the ‘pchip’ interpolation routine 

to preserve the shape of the boundary layer velocity profiles. 

From the local shape factor maxima, the resulting transition location is estimated 

to be at 𝑥𝑥/𝑐𝑐 ≈ 0.04 (max H in figure 5.4), which is in agreement with previous estimates 

of the bubble location by Agate [3] in establishing the baseline characteristics. 
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Figure 5.4: Boundary layer parameters for the static baseline case extracted from the time 
averaged velocity field. 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 occurs at a location of 𝑥𝑥/𝑐𝑐 ≈ 0.04. 

The slight rise in the displacement thickness which also results in a rise in the 

shape factor at 𝑥𝑥/𝑐𝑐 ≈ 0.12 is unphysical and likely due to excessive surface reflections at 

that location as also visible in figure 5.3. 
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5.2 Plunging Airfoil 

As is evident from figures 5.2, the available static pressure distributions are in good 

agreement before and after the installation of the actuator in the available measurement 

region. However, a focus of this thesis is the plunging/heaving motion of the airfoil. The 

influence of the structural motion on the aerodynamic characteristics of the wing section 

was investigated. A plunging motion was applied to the wing section at 12 degrees 

nominal angle of attack. During these conditions, changes in aerodynamic behavior are 

highly undesirable as the plunging motion could lead to stall due to the LSB bursting.  

The frequency of the plunging motion was 8 Hz which corresponds to a reduced 

frequency of 𝑘𝑘 =  0.7. Based on ground testing, a relatively small amplitude of 

14.8 𝑚𝑚𝑚𝑚 which is 4.8% of the chord was applied. The amplitude is large enough to result 

in a periodic bursting of the LSB while retaining relevance to HAR wings [32]. Results for 

various other frequencies, amplitudes, and angles of attack have been presented in the 

past [43, 44, 47, 48]. First, surface pressure measurements were compared to CFD to 

verify the baseline at wing oscillation of the LSB, without actuator. This is plotted in figure 

5.4(a) – (d) below.  
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Figure 5.5: Experimental plunging airfoil baseline pressure distribution without actuator installed 
shows the growth of the LSB through the downstroke (b) – (d), which agrees with the CFD. [3] 

Following this, pressure distributions with the actuator installed are plotted in 

conjunction with the previous data for the same oscillation phases as before (figure 5.5(a) 

– (d)).  
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Figure 5.6: Experimental plunging airfoil baseline pressure distribution pre- and post-actuator 
installation. Except for the bottom of the downstroke in (d), all phases show a good agreement 
with the previous data. 

Finally, the PIV vorticity distributions were examined at each of these phases. This 

comparison is between the CFD calculated by Gross [44], data collected by Agate [3], and 

the data collected for this experiment is shown below in figures 5.6(a) – (d). 
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Figure 5.7: Phase-averaged vorticity comparison between CFD predictions by Gross [44], 
experiments performed by Agate [3], and the current baseline and AFC (1600 Hz, 75% Duty Cycle) 
data for 𝛼𝛼 = 12°, 𝑘𝑘 = 0.70, and ℎ = 4.8%𝑐𝑐 with data up to 𝑥𝑥/c = 0.33. 

At 𝜑𝜑 =  90°, the pressure distribution for the experiment (figure 5.5) shows 

remnants of a separation event just aft of 𝑥𝑥/𝑐𝑐 =  0.5 that is not captured in the CFD 

pressure distribution. The vorticity fields shown in figure 5.7 are comparable to the scale 

shown. The experimental and computational pressure distributions are nearly identical 

at 𝜑𝜑 =  180° for which the maximum effective angle of attack of 15.84° is obtained. 

Between 180° <  𝜑𝜑 <  270°, the LSB expands, or “bursts”, in the experiment as indicated 

by the lower and broader suction peak over the first 40% of the airfoil chord in figure 

5.5(c). This effect is much less pronounced in the simulation. This corresponds to a lifting 

of the vorticity layer from the suction surface as evidenced in figure 5.7, and the eventual 

shedding of a leading-edge vortex farther downstream.  
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The subsequent decrease in bubble size propagation of the vortex over the model 

chord is apparent in both the experimental pressure distribution and vorticity field at 𝜑𝜑 =

 270°. The computation predicts similar, but weaker events. The suction side boundary 

layer is thickened during the downstroke and a stall vortex is eventually shed at the 

beginning of the upstroke. The signature of these events on the surface pressure 

distribution is less in comparison to the experiment. In both the experiment and CFD, the 

LSB at the airfoil leading edge has reestablished itself at φ = 360◦ although the experiment 

lags slightly behind the simulation. The exact cause of the discrepancy between the 

experiment and computation is not clear. A grid refinement did not lead to a better 

agreement. It is speculated that the relatively low aspect ratio in both experiment and 

simulation may play a role. Also, simulations by Hosseinverdi and Fasel [9] show that the 

freestream turbulence has a strong effect on the transition physics of laminar separation 

bubbles. Since the existence of freestream turbulence in the wind tunnel was not captured 

in the ILES this may be another reason for the discrepancies. 

Comparing the results from the previous experiment to this one, it is expected that 

an actuator placed at the leading edge would passively create excess disturbances in the 

flow that would cause the flow to transition earlier, leading to a smaller LSB. 

Unfortunately, due to the nature of the actuator’s placement, the pressure taps at the 

leading edge are covered and cannot be used to characterize the size of the LSB as it was 

previously done. However, there are visible differences in the vortex shedding at 𝜑𝜑 = 270° 

shown in figure 5.5(d). To investigate these further, additional phases in the region of 𝜑𝜑 =

270° are plotted in figure 5.8.  
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Figure 5.8: Plunging airfoil pressure distributions for additional phases to highlight the vortex 
shedding discrepancies between the experimental data without the actuator installed and one 
with the actuator installed. 

Figure 5.8 highlights the discrepancies in the bubble shedding dynamics between 

the two cases. It appears that as the bubble begins to shed, its size is reduced with the 

actuator installed (figure 5.8(a) – (b)), the bubble remains smaller for the reminder of the 

cycle (figure 5.8 (d)). It can be concluded from this that despite the slightly reduced LSB, 

both the new static and plunging motion experimental profiles with the actuator installed 

are in reasonable agreement with previous CFD and experimental data and form a 

baseline to employ the plasma-based ac-DBD active flow control. 
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Chapter 6 Active Flow Control 

Control of the Laminar Separation Bubble by means of ac-DBD plasma actuation 

is explored in this section. As discussed previously, the ac-DBD plasma actuator was 

installed such that the airfoil shape was changed very little and the boundary layer 

developing from the stagnation line was only minimally disturbed. This was accomplished 

by wrapping the dielectric layer around the airfoil leading edge like in Little et al [25]. The 

actuator was positioned such that the body force is directed upstream. According to 

Benton and Visbal this results in a larger disturbance input [42]. The dielectric barrier of 

the actuator covered the pressure taps upstream of 𝑥𝑥/𝑐𝑐 = 0.1. For that reason, no Cp data 

is available in the controlled cases for 𝑥𝑥/𝑐𝑐 < 0.1.  

First, AFC was employed on the static wing section at 12 degrees angle of attack to 

explore the effect of different frequencies, characterized in chapter 4, on the flow. Then a 

similar flow control strategy was applied to the oscillating wing section. 
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6.1 Static Airfoil 

The pressure distribution for the baseline as well as actuation at all three 

investigated frequencies is plotted below in figure 6.1. The pressure distribution remains 

unchanged downstream of the LSB for all AFC cases tested. 

 

Figure 6.1: Pressure distribution for the static airfoil comparing the baseline (no AFC) case to all 
the actuation cases (800 Hz, 1600 Hz, 3200 Hz). 

More interesting is the behavior in the vicinity of the LSB observed in the PIV. The 

following figures show the phase-averaged swirling strength for tested actuation 

frequencies. The primary actuation frequency of 1600 Hz was recorded in 16 phases 

throughout the wing oscillation cycle (figure 6.2), while the 800 Hz and 3200 Hz cases 

are shown for 8 phases each in figure 6.7 (a) and (b).  
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Figure 6.2: Phase Averaged swirling strength (16 phases) for ac-DBD plasma actuator forcing at 
𝑆𝑆𝑡𝑡𝑐𝑐 = 52 (1600 𝐻𝐻𝐻𝐻),𝐵𝐵 ≈ 0.5%, 𝛼𝛼 = 12°,𝑅𝑅𝑅𝑅 = 200,000 (𝑈𝑈∞ = 11 𝑚𝑚/𝑠𝑠). The blue lines indicate the 
uniform progression of the coherent 2d structures. The x-scale is limited to 𝑥𝑥 𝑐𝑐⁄ ≤ 0.264. Note the 
red and green markers in phase 1 that indicate the baseline separation and reattachment points, 
respectively. 
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The organized nature of the controlled flow is clear from figure 6.2 since coherent 

roller-like structures can be distinctly tracked along the model chord. For the baseline 

case (uncontrolled), the flow separates shortly aft of the leading edge and transitions to 

turbulence downstream (see figure 5.4). AFC at 𝑆𝑆𝑡𝑡𝑐𝑐 = 52 which is commensurate with the 

primary shear layer instability changes the flow field near the leading edge and maintains 

well organized structures for a downstream distance past the baseline reattachment. 

Transition to turbulence eventually occurs downstream of 20% chord. The existence of 

these organized structures is not a confirmation of laminar flow, although it is a 

qualitative indication, given that similar observations were made by Embacher and Fasel 

[41] and Benton and Visbal [42]. The former showed that excitation of the 2D mode 

changes the “absolute” secondary instability to a “convective” secondary instability 

resulting in transition delay. The pronounced rollers for the controlled case facilitate a 

greater wall-normal momentum exchange in comparison to the baseline case. This 

explains why 2D forcing keeps the boundary layer attached in figure 6.5. These spanwise 

structures resemble those observed in numerical simulations [41, 42] which showed that 

through the excitation of the primary instability of the shear layer over the LSB, 2-

dimensional laminar rollers are generated that delay transition to turbulence downstream 

of the reattachment location of the LSB.  

To investigate transition to turbulence further, the boundary layer characteristics 

of the flow under the effect of the active flow control were investigated. First, the time 

averaged velocity flow field for the AFC case was plotted and is shown in figure 6.3. Then, 

the 𝑈𝑈 − velocity distribution near the surface was used to determine the boundary layer 

characteristics as presented in section 5. These characteristics are plotted in figure 6.4. 
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Note that due to the curvature of the surface upstream of 𝑥𝑥 𝑐𝑐⁄ = 0.1, and the reliance on 

only streamwise velocity, this data can only provide qualitative insight in establishing the 

boundary layer parameters necessary to determine transition by shape factor. However, 

the noise in the velocity data in the boundary layer due to surface reflections is likely a 

bigger source of error in this case. 

 

Figure 6.3: Static Baseline time averaged 𝑈𝑈 − velocity from 16 phase-locked sets of 250 images. 

 

Figure 6.4: Boundary layer parameters for the static airfoil flow with active flow control extracted 
from the time averaged velocity field. Note that the data has been smoothed to better observe 
overarching trends. 
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To better understand the effects of the active flow control and understand the 

behavior of the flow downstream of the original bubble location, the boundary layer 

parameters for the baseline and active flow control cases are compared in figure 6.5. Note 

again that the behavior of the shape factor at 𝑥𝑥/𝑐𝑐 ≈ 0.12 is unphysical and due to surface 

reflections as that is approximately the location of the edge of the actuator construction. 

The true behavior is assumed to be one of a steady decline as shown by the gold curve in 

figure 6.5.  

 

Figure 6.5: Boundary layer parameters for the static airfoil cases comparing the baseline (solid) 
and active flow control (dashed) cases. Note that the H-scale on the right y-axis is different to 
better visualize the data.  

The data presented in figure 6.5 do not indicate a clear bubble for the active flow 

control case, as a significantly sharper local maxima in the boundary layer shape factor, 

such as that observed in the baseline case, is not present. The magnitude of the shape 

factor indicates the transition location was moved downstream, as the local maxima for 

shape factor moving from approximately 𝑥𝑥/𝑐𝑐 ≈  0.04 (baseline, figure 5.4) to 𝑥𝑥 𝑐𝑐⁄ ≈ 0.1 

(AFC, figure 6.4). As evidence for re-laminarization is inconclusive from the boundary 
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layer parameters, the boundary layer velocity profiles at various chordwise locations were 

plotted for a direct comparison between the baseline and active flow control cases in 

figure 6.6. 

 

Figure 6.6: Boundary layer velocity profiles scaled with 𝑦𝑦/𝛿𝛿 at various chordwise locations 
comparing the baseline (black) and active flow control (red) cases. 

As previously asserted, it must be noted that due to the surface reflections the data 

close to the surface is obtained by forcing a no-slip condition at the wall (𝑦𝑦/𝛿𝛿 = 0) and 

interpolating from the second-lowest measured data point at an approximate height 

above the surface of the airfoil 𝑦𝑦/𝑐𝑐 ≈ 0.0035 (𝑦𝑦 ≈ 1.1𝑚𝑚𝑚𝑚). The combination of the facts 

that the velocity profile for the AFC case is less full at 𝑥𝑥/𝑐𝑐 ≈ 0.13 and that the shape factor 

is greater for the AFC compared to the baseline case at the same location suggests that the 

LSB has been suppressed in this case, even though the re-laminarization of the flow is 

inconclusive due to the noise in the data from surface reflections. This implies that it’s 

possible for the bubble to have reduced in size to be primarily within the uncertain region 

near the surface. 

If the flow is indeed relaminarized, this would be the first time this laminar 2D 

laminar roller phenomenon has been observed in experiments, at least to this distance 

downstream of reattachment. If true, it is somewhat surprising that this AFC technique 

has been realized in the experiment given the FST results of Hosseinverdi and Fasel who 

investigated the effect of FST on the shedding of 2D structures and found it was 
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detrimental for achieving laminar flow control [9]. Note the caveat that the size of the 

bubble being so small clouds clear interpretation as the data lacks spatial resolution. If 

successful, this laminar flow control technique could be due to a combination of pressure 

gradient and/or reduced fetch which limits the strength of the 3D mode relative to the 

primary shear layer instability. Another possibility is that the secondary instability was 

not very receptive to the freestream turbulence in the wind tunnel, i.e., the integral 

turbulent length scale was likely much different from the optimal wavelength for exciting 

the secondary instability.  

Having established control authority of the LSB at a dimensional forcing of 1600 

Hz, the same AFC approach was applied using the other two frequencies. Figure 6.7shows 

the phase-averaged swirling strength for dimensional forcing frequencies of 800 Hz and 

3200 Hz, respectively. It is interesting to note that the similar coherent structures are 

visible for an actuation frequency of 800 Hz but not at the higher frequency of 3200 Hz. 

It appears that the 800 Hz structures are accelerated compared to the 1600 Hz case, but 

this is simply because a greater amount of time has passed between two consecutive 

images. This is because the phases are locked to the actuation cycle, i.e. since the time 

period of a single pulse of 800 Hz is greater than that of 1600 Hz, the structures appear 

to move more in the 800 Hz case. The reduced organization of these structures compared 

to the 1600 Hz is likely due to the fact that the subharmonic and harmonic frequencies do 

not have the same interaction with the primary shear layer instability. To investigate this 

control authority further, it was decided to study how the same AFC would fare when then 

airfoil was oscillated in a heaving/plunging motion. 
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Figure 6.7: Phase Averaged swirling strength (8 phases) for ac-DBD plasma actuator forcing at 
(a) 𝑆𝑆𝑡𝑡𝑐𝑐 = 26 (800 𝐻𝐻𝐻𝐻),𝐵𝐵 ≈ 0.5% and (b) at 𝑆𝑆𝑡𝑡𝑐𝑐 = 104 (3200 𝐻𝐻𝐻𝐻),𝐵𝐵 ≈ 2.0%, both at 𝛼𝛼 = 12°,𝑅𝑅𝑅𝑅 =
200,000 (𝑈𝑈∞ = 11𝑚𝑚 𝑠𝑠⁄ ). The orange lines indicate the uniform progression of the structures in 
(a). No structures are evident in (b). The x-scale is limited to 𝑥𝑥 𝑐𝑐⁄ ≤ 0.264. 
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6.2 Oscillating Airfoil 

AFC was employed in both experiments and CFD in a similar manner as by 

Embacher and Fasel [41] and Benton and Visbal [42]. In the CFD, a blowing slot was 

located upstream of the LSB in the ILES and wall-normal harmonic blowing with a chord 

based Strouhal number of 𝑆𝑆𝑡𝑡𝑐𝑐  =  52 (1600 𝐻𝐻𝐻𝐻) was employed for controlling the flow. 

This frequency is 200 times larger than the plunging frequency (8 𝐻𝐻𝐻𝐻) and specifically 

targets the LSB. It is also very near that of Benton and Visbal [42]. A blowing ratio of 5% 

was employed corresponding to a momentum coefficient of 𝐶𝐶µ =  0.00058%. The control 

was only activated during the downstroke and first half of the heaving/plunging cycle 

(90° < 𝜑𝜑 < 360°). Figure 6.8 provides instantaneous flow visualizations (iso-surfaces of 

the Q-criterion [51]) obtained from the simulation.  

 

Figure 6.8 Iso-surfaces of the Q-criterion for slot forcing from CFD [51]: Re = 200, 000 (U = 11 
m/s, Ao A = 12 degrees, k = 0.70, h = 4.8%). Top: Uncontrolled plunging; Bottom: Slot controlled 
AFC plunging. [51] 
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For the primary study in this thesis, a relatively low amplitude forcing signal 

(6 𝑘𝑘𝑉𝑉𝑝𝑝−𝑝𝑝) was applied to the ac-DBD actuator at the same frequency as in the simulation 

(𝑆𝑆𝑡𝑡𝑐𝑐 = 52 or 1600 𝐻𝐻𝐻𝐻) and then at half (𝑆𝑆𝑡𝑡𝑐𝑐 = 26 or 800 𝐻𝐻𝐻𝐻) and double (𝑆𝑆𝑡𝑡𝑐𝑐 =

104 or 3200 𝐻𝐻𝐻𝐻) frequencies. This resulted in a amplitude of 𝐵𝐵 ≈ 1% (1600 𝐻𝐻𝐻𝐻), 

0.5% (800 𝐻𝐻𝐻𝐻), and 2% (3200 𝐻𝐻𝐻𝐻) and a calculated momentum coefficient (𝐶𝐶µ) of 

approximately 0.0007% (1600 𝐻𝐻𝐻𝐻), 0.0005% (800 𝐻𝐻𝐻𝐻), and 0.0009% (3200 𝐻𝐻𝐻𝐻), all of 

which are close to the values employed in the implicit LES investigations. These values 

are determined in the chapter 4 of this thesis and summarized in tables 4.1 and 4.2. It 

should be noted that these amplitudes are much lower than typically employed in other 

separation control studies (𝐶𝐶µ = 1%– 5% [42]). As in the simulation, forcing was only 

applied for 90° < 𝜑𝜑 < 360°.  
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Figure 6.9: Effect of actuation on surface pressure for 𝛼𝛼 = 12°, 𝑘𝑘 = 0.7, ℎ = 0.048𝑐𝑐. 

Surface pressure data in figure 6.9 shows the baseline (actuator installed, but off) 

and the effect of forcing at each of the frequencies. The forward-facing step associated 

with the actuator (even with control off) affects the surface pressure distribution which is 

most noticeable in the bubble shedding dynamics (φ = 270◦). For this phase angle, the 

bubble bursts, underlining the sensitivity of the LSB to disturbances. For the other phase 

angles shown in figure 6.9, the agreement between the Cp distributions with and without 

actuator (control off) is good. To investigate these further, additional phases close to 𝜑𝜑 =

270° are plotted in figure 6.10. 
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Figure 6.10: Bubble shedding dynamics highlighted with surface pressure measurements for 𝛼𝛼 =
12°, 𝑘𝑘 = 0.7, ℎ = 0.048𝑐𝑐. 

When the control is turned on, it clearly affects the pressure distributions and 

prevents the bubble bursting most notably at 𝜑𝜑 =  270°. Additionally, it is evident, 

particularly from 𝜑𝜑 = 292.5°, that the actuation at 800 𝐻𝐻𝐻𝐻 exhibits lower control authority 

compared to 1600 𝐻𝐻𝐻𝐻 and 3200 𝐻𝐻𝐻𝐻. Both 1600 𝐻𝐻𝐻𝐻 and 3200 𝐻𝐻𝐻𝐻 exhibit similar behavior 

in the pressure distributions. The specific control mechanism is not clear from this data, 

i.e., boundary layer tripping with AFC and laminar flow control cannot be distinguished 

from the Cp data alone. To investigate this phenomenon, phase-averaged swirling 
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strength from 2D PIV and vorticity contours from the phase- and span-averaged ILES 

data are shown in figure 6.11. 

 

Figure 6.11: CFD slot forcing vorticity compared to experimental AFC (vorticity-z and swirling 
strength) for unsteady plunging airfoil. Data is presented with 𝑥𝑥/𝑐𝑐 ≤ 0.33. 

These visualizations suggest similarities between the experiment and simulation. 

Coherent structures are present most apparently at φ = 90◦ and 270◦, in the experiment 

forcing with 1600Hz. The appearance of these structures is qualitatively similar for both 

experiment and simulation. Differences expected from the discrepancies in the baseline 

flows show up at select phase angles (e.g., 𝜑𝜑 = 270°). The structures are quite small near 

the airfoil leading edge (1–2 mm diameter) which poses significant experimental 

challenges due to laser reflections near the surface, especially in the oscillating case. 

Regardless, the results suggest this may be a viable AFC strategy even in the oscillating 

case.  
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The AFC approach is further investigated with additional phases of the 1600 Hz 

forcing and the effect of forcing at 800 Hz and 3200 Hz as well. All phases of forcing at 

1600 Hz are shown in the appendix. The effect of the actuation frequency – both half (800 

Hz) and double (3200 Hz) – is shown in figure 6.12 and 6.13, respectively. These figures 

show swirling strength for the four primary phases under consideration. There are no 

coherent structures present in these cases. This is reasonable considering the effect of 

actuation at these frequencies on a static wing section as shown in figures 6.3 and 6.4 and 

may point to a different control mechanism between the 1600 Hz and 3200 Hz cases 

(coherent structures v. tripping). The structures in the static case for 800 Hz are weak in 

the most generous interpretation and nonexistent in the static 3200 Hz case supporting 

the trip scenario. It should be noted that in the 𝜑𝜑 = 270° phase, which has been previously 

identified as the moment when the vortex is shed in the oscillation cycle (figure 6.10), the 

3200 Hz actuation shows the strongest control authority. As a result, this study on the 

effect of frequency appears to be inconclusive. 
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An additional preliminary study on the effect of the duration (duty cycle) and onset 

of the actuation was conducted. Reduced duty cycles of 50% and 25% actuation were 

studied with AFC application beginning at various phases such as the start of the 

downstroke (𝜑𝜑 = 90°), the middle of the downstroke (𝜑𝜑 = 180°), and the end of the 

downstroke (𝜑𝜑 = 270°). The results were largely inconclusive with no clear structures 

present in any cases and require further investigation. This could be because the flow 

Figure 6.12: Phase locked 2D PIV swirling 
strength data for unsteady oscillating wing 
section with actuation frequency 800 𝐻𝐻𝐻𝐻. 

Figure 6.13: Phase locked 2D PIV swirling 
strength data for unsteady oscillating wing 
section with actuation frequency 3200 𝐻𝐻𝐻𝐻. 
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requires a certain amount of energy input for these structures to form which is greatly 

affected when reducing the duty cycle by such large amounts. Data is presented in the 

appendix. 
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Chapter 7 Conclusion 

Active flow control using an ac-DBD plasma actuator was first characterized and 

then employed primarily at 𝑆𝑆𝑆𝑆𝑆𝑆 =  52 (1600 𝐻𝐻𝐻𝐻,𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿+ = 1), and additionally at 𝑆𝑆𝑆𝑆𝑐𝑐 =

26 (800 𝐻𝐻𝐻𝐻,𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿+ = 0.5) and 𝑆𝑆𝑆𝑆𝑐𝑐 = 104 (3200 𝐻𝐻𝐻𝐻,𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿+ = 2) on an X-56A wing section 

under static and oscillatory plunging/heaving motion. The static data was collected at 𝛼𝛼 =

12° (𝑅𝑅𝑅𝑅 = 200,000). The oscillating case was generated by a plunging/heaving motion 

perpendicular to the airfoil chord at nominal 𝛼𝛼 = 12°, 𝑘𝑘 =  0.70, ℎ =  4.8%𝑆𝑆, and 𝑅𝑅𝑅𝑅 =

200,000 (𝑈𝑈∞ = 11 𝑚𝑚/𝑠𝑠). The oscillation conditions were selected based on the LSB 

dynamics and relevance to the structural behavior of the 1/2 scale model used in flight 

testing at UA and characterization performed  by Agate [3]. The static wing section has 

an LSB concentrated on the leading edge of the airfoil. The heaving/plunging motion 

results in bursting of the LSB during the downstroke. This produces increased lift with 

the consequence of moment stall in the baseline experiments.  

AFC was introduced to prevent the bubble bursting and eliminate or at least 

minimize the degradation in aerodynamic performance in both static and oscillating 

cases. When AFC at all three actuation frequencies was employed for 75% of the 

heaving/plunging cycle (90° < 𝜑𝜑 < 360°), flow separation was delayed in all the 

experiments. Coherent spanwise structures were observed along the chord in both the 

static and oscillating wing cases. The structures were most prominent in the 1600 Hz case 

and less so in the 800 Hz case for static conditions, and exclusive to 1600 Hz for 

oscillating wing conditions. The roller-like structures appear to maintain organized flow 

over a significant portion of the leading edge downstream of the baseline reattachment. 
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Upon further examination of the boundary layer parameters in the static case, laminar 

flow cannot be conclusively established downstream of reattachment. This is likely due to 

the lack of PIV resolution close to the surface of the airfoil, which is marred by reflections.  

Based on recent literature, it is possible that excitation of the primary shear layer 

instability can delay onset of the secondary instability thus delaying the laminar to 

turbulent transition while limiting flow separation. This behavior has previously been 

shown in simulations and it was unclear if the strategy would be successful in 

experiments. This work shows indication that the same control mechanism may be 

successfully employed in wind tunnel experiments, but quantitative proof remains elusive 

due to limitations on spatial resolution. Future work is required to understand the 

possibilities and limitations of this AFC technique in wind tunnel and flight 

environments. 
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Appendix 

A. Phase-Locked Actuation 

As part of the actuator characterization effort, PIV phase-locked data, locked to a 

single actuation pulse was collected, and is shown below for each of the three actuation 

frequencies. 

 

Figure A.1: Phase-locked PIV U-velocity contour for 800 Hz Forcing. Phase 1 of 8. 

 

Figure A.2: Phase-locked PIV U-velocity contour for 800 Hz Forcing. Phase 2 of 8. 

 

Figure A.3: Phase-locked PIV U-velocity contour for 800 Hz Forcing. Phase 3 of 8. 
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Figure A.4: Phase-locked PIV U-velocity contour for 800 Hz Forcing. Phase 4 of 8. 

 

Figure A.5: Phase-locked PIV U-velocity contour for 800 Hz Forcing. Phase 5 of 8. 

 

Figure A.6: Phase-locked PIV U-velocity contour for 800 Hz Forcing. Phase 6 of 8. 

 

Figure A.7: Phase-locked PIV U-velocity contour for 800 Hz Forcing. Phase 7 of 8. 

 

Figure A.8: Phase-locked PIV U-velocity contour for 800 Hz Forcing. Phase 8 of 8. 
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Figure A.9: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 1 of 16. 

 

Figure A.10: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 2 of 16. 

 

Figure A.11: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 3 of 16. 

 

Figure A.12: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 4 of 16. 

 

Figure A.13: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 5 of 16. 
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Figure A.14: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 6 of 16. 

 

Figure A.15: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 7 of 16. 

 

Figure A.16: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 8 of 16. 

 

Figure A.17: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 9 of 16. 

 

Figure A.18: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 10 of 16. 
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Figure A.19: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 11 of 16. 

 

Figure A.20: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 12 of 16. 

 

Figure A.21: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 13 of 16. 

 

Figure A.22: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 14 of 16. 

 

Figure A.23: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 15 of 16. 
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Figure A.24: Phase-locked PIV U-velocity contour for 1600 Hz Forcing. Phase 16 of 16. 

 

Figure A.25: Phase-locked PIV U-velocity contour for 3200 Hz Forcing. Phase 1 of 8. 

 

Figure A.26: Phase-locked PIV U-velocity contour for 3200 Hz Forcing. Phase 2 of 8. 

 

Figure A.27: Phase-locked PIV U-velocity contour for 3200 Hz Forcing. Phase 3 of 8. 

 

Figure A.28: Phase-locked PIV U-velocity contour for 3200 Hz Forcing. Phase 4 of 8. 
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Figure A.29: Phase-locked PIV U-velocity contour for 3200 Hz Forcing. Phase 5 of 8. 

 

Figure A.30: Phase-locked PIV U-velocity contour for 3200 Hz Forcing. Phase 6 of 8. 

 

Figure A.31: Phase-locked PIV U-velocity contour for 3200 Hz Forcing. Phase 7 of 8. 

 

Figure A.32: Phase-locked PIV U-velocity contour for 3200 Hz Forcing. Phase 8 of 8. 
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B. Active Flow Control – Oscillating Wing Swirling Strength 

To visualize the complete oscillation cycle, all 16 phases of PIV Swirling Strength is 

shown below. 

 

Figure B.1: Phase locked 2D PIV 
swirling strength data for unsteady 
oscillating wing section with 
actuation frequency 1600 𝐻𝐻𝐻𝐻. 𝜑𝜑 =
90° is the beginning of the 
downstroke, and 𝜑𝜑 = 270° is the 
beginning of the upstroke. 
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C. Oscillating Wing AFC – Duty Cycle Study 

In order to study the effects of the duty cycle (actuation duration), 50% duty cycle 

from 180° < 𝜑𝜑 < 360° and 25% duty cycle from 270° < 𝜑𝜑 < 360° were considered. 

Shown below are comparisons with the 75% duty cycle case for each actuation 

frequency. 

 

Figure C.1: 2D PIV Swirling Strength comparison for the effect of duty cycle at 800 Hz actuation 
frequency.  



86 
 

 

Figure C.2: 2D PIV Swirling Strength comparison for the effect of duty cycle at 1600 Hz 
actuation frequency. 

 

Figure C.3: 2D PIV Swirling Strength. The effect of duty cycle at 3200 Hz actuation frequency. 
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D. Active Flow Control – Oscillating Wing Gamma-2 Criterion 

 

Figure D.1: Active Flow Control flow visualization with the Gamma-2 criterion compared with 
the CFD, vorticity, and swirling strength PIV data. 
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