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Abstract 

 Wingtip vortices, created as a byproduct of lift, are both a hazard and a significant 

limiting factor in the increase of air traffic. In order to reduce separation distances between 

airplanes and increase safety, active flow control solutions are considered, however, more 

research is required to better understand the behavior of wingtip vortices. Therefore, this 

research focuses on the modification of the flow structure downstream using pulsed jets, 

visualization of the behavior of wingtip vortices using two dimensional particle image 

velocimetry, as well as measurements of the forces and moments affected by the pulsed jets 

using an aerodynamic balance. 

 A NACA 0012 wing model equipped with two slots was mounted in a wind tunnel at 

approximately 150,000  Reynolds number. A valve system was designed to create jets of air at 

the wing tip in a steady or pulsed pattern from a slot placed either on the pressure side or the 

suction side. Particle image velocimetry measurements were taken at various distances 

downstream, and  post-processed for the characterization of the vortex : position, angle, distance, 

vorticity contour, and circulation. 

 Results indicate that the vortex can be forced into a cyclic pattern constrained between 

the baseline (no jet) vortex core position, and the position when the jet is permanently activated 

(steady blowing cases). Depending on the slot used, the vortex trajectory can be forced into an 

inclination angle. Steady blowing cases show near-sinusoidal oscillations, while pulsed blowing 

cases exhibit a steady rise in angle, with a slight oscillating pattern in displacement distance 

values.  

The circulation values are significantly changed, with a significantly higher dispersion 

than for the baseline case. Furthermore, the vortex core size is consistently larger as it is 

displaced away from the baseline case. 

 Additionally, lift, drag and pitching moment were measured in a wind tunnel using an 

aerodynamic balance. Results showed that lift/drag coefficients consistent with published results, 

and that activating the jets on the pressure or suction side decreased lift. 

As instability grows, the destruction of the wingtip vortices occurs past the maximum 

downstream distance studied, therefore, additional PIV measurements should be taken further 

downstream. Moreover, supplementary PIV measurements at the slot themselves should be 

considered to better understand how the perturbed flow structure interacts with the pulsed jets. 
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1. Introduction 

 Wing vortices and the associated phenomena such as induced drag, and trailing wake 

turbulence, have been studied since the late 20
th

 century [1]. An improved understanding of 

wingtip vortices would allow aircraft to be more efficient, and could potentially reduce the 

separation distance imposed during take-off and landing near airports experiencing a high 

volume of air traffic.  

This thesis focuses on the application of active flow control technology to modify wingtip 

vortices. Using particle image velocimetry (PIV) to visualize the behavior of the vortex core 

downstream, as well as using an aerodynamic balance, the effects of jets of air pulsed at the 

wingtip were characterized. 

1.1 Motivation 

The economic performance of air travel is determined by a multitude of factors, including 

the aerodynamic efficiency of the aircraft, as well as the separation between aircrafts during 

takeoff and landing. After the 1973 oil crisis, research from the Aircraft Energy Efficiency 

(ACEE) program by NASA yielded a better understanding of wingtip vortices, and introduced 

the use of winglets in business aviation at first [2]. 

 Gradually, after further research on DC-10 and KC-135 aircraft, Boeing introduced 

winglets on the 747 [2]. Today, the benefits of winglets are widely understood and accepted, and 

the new Boeing 737 MAX, which first flew on January 29
th

 2016, features split-tip winglets 

similar in design to the early NASA research (albeit a lot more refined using CFD). The 

reduction in span-wise flow and induced drag diminishes the generation of wingtip vortices, 

which are a major hazard concern. Wake turbulence imposes separation restrictions defined by 

ICAO, based on aircrafts’ MTOW, separating them into a specific Wake Turbulence Category 

(WTC) [3]. With an increase in air traffic, major airports are congested, as aircraft manufacturers 

design larger aircrafts to accommodate more passengers, which incidentally, create larger vortex 

wakes due to their weight and size. Figure 1 shows the Airbus A380-800, the heaviest airliner in 

service, has the following separation restrictions [4]: 
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Fig. 1. A380 Separation requriements 

These separation distances typically represent 3-4 minutes between aircrafts, and are the 

limiting factor for an increase in air traffic at major airports. In 2015, air traffic increased by 

6.5%, and the total load factor (passengers and freight) reached 80.3% of total capacity [5]. For 

airports to grow, it is possible to build additional terminals, but often impractical to build 

additional runways. London-Heathrow, the busiest airport by passenger traffic in Europe, only 

has two runways, and operates at over 98% capacity [6], while projects to build a third runway 

are met with opposition [7]. Therefore, an effective way to increase air traffic without requiring 

extensive infrastructural construction projects would be to reduce the separation distance, which 

in turn requires a better understanding of the behavior of wingtip vortices downstream, as well as 

means to reduce their impact.  

The use of winglets has been extensively studied [2]. However, studies about the use of 

active flow control are more recent and require more research until practical solutions are 

implemented [8]. The use of pulsed jets to modify wingtip vortices has been researched 

previously by D. A. R. Smith [9] at the Imperial College of London and more recently, R. 

Kranepuhl at the University of Arizona [10]. Both used experimental aerodynamics in a wing 

tunnel coupled with a particle image velocimetry (PIV) system and pulsed jets to study the 

behavior of wingtip vortices stream wise at varying distances downstream.  
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1.2 Flow structure in wingtip vortices 

 Wingtip vortices are the result of span-wise flow and a pressure differential between the 

pressure side of the wing and the suction side of the wing.  The lift is directly correlated to 

circulation, of which a span-wise change results in a vortex. Since lift distribution is usually non-

uniform (but usually continuous), a vortex sheet is shed behind the wing. That vortex sheet rolls-

up at the wingtip, as the pressure side flow goes around the wingtip towards the lower pressure 

side, before it rolls back down, creating the downwash, and thus, induced drag. Some aircraft are 

equipped with devices designed to prevent span-wise flow, such as notches in the LE (Avro 

Arrow), or wing fences ( Mig-17).  Those devices result in non-continuous lift distribution, and 

improve low-speed flight characteristics, but serve a different purpose than winglets, which are 

designed for efficiency, and reduction of vortex wake. 

 

Fig. 2 Vortex generation [11] 

The vortices last in the wake for one to two minutes before connecting into rings and 

dissipating through interaction.  Crow described a “slow, symmetric and nearly sinusoidal 

instability” that leads to that dissipation [1], however, his analysis relies strongly on the vortices 

mutual interaction, which does not occur in experiments where only one vortex is created. 

Nevertheless, it is possible to ascertain whether a single vortex can be manipulated into a 

behavior that would lead to early dissipation.  
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Earlier research from Bearman P., Heyes A. and Smith D.A.R [8] [12], from tracking of 

the Crow instability downstream, shows that an earlier instability leads to an earlier linkage of a 

vortex pair and therefore, and earlier destruction. Therefore, if a modification of the vortex 

behavior in the near-field can be achieved that could potentially create a Crow instability, the 

vortices in the far field could potentially undergo early destruction. 

1.3 Research objectives  

To allow future implementation of active control solutions in wingtip vortex modification in 

the form of pulsed jets, the effects of jets in vortex wake behavior need to be better understood. 

Hence, the behavior of a wingtip vortex is investigated, in order to characterize it and correlate 

the results with the different jet configurations that the wing model is subjected to. Furthermore, 

the effect of wingtip modification on lift and drag are measured. Therefore, this thesis seeks to: 

(1) apply pulsed jets on a wingtip to modify its vortex 

(2) characterize the vortex and the effects of the jets using particle image velocimetry 

(3) measure the effects of the jets on lift, drag, and pitching moment 

2 Experimental setup 

In order the meet the research objectives, a similar setup to the one used by Heyes et Al [9] 

was used in the University of Arizona Aerospace and Mechanical Engineering (AME) facilities, 

which provided the wind tunnel, the particle image velocimetry equipment, the aerodynamic 

balance, a 3D printing system, as well as the post-processing computers. 

All the measurements were obtained from the low speed wind tunnel in the AME 

building. This closed loop wind tunnel can produce an air flow from 0 to 16 m/s (depending on 

blockage). The test section is contained in a closed room, which enables PIV experiments to be 

conducted safely, and atmospheric parameters to more consistent. Since isentropic flow below 

Mach 0.3 can be considered incompressible, and the flow in which the experiments take place 

being at 16 m/s or lower, it can be assumed that the flow is incompressible. 
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Fig. 3. University of Arizona wind tunnel 

2.1 Wind tunnel 

To drive the wind tunnel, a computer is placed outside of the wind tunnel, operating a 

Lenze ACTech SMVector  inverter frequency drive. The connection requires a RS-485 Modbus 

Communication Module which is interfaced with an USB adapter to the computer. Techlink 

1.30, an ACTech software, controls the freqency inverter which drives the motor. Inside the 

tunnel, a pitot tube is positioned on the upstream side of the test section (approximately 0.1m 

upstream of the test section), and pressure data is transferred via a BNC cable to the computer 

using a NI cDAQ 9402, which is mounted a NI 9174. The total pressure from the pitot tube can 

be combined with the static pressure and temperature of the test section in a Labview VI, which 

displays the bulk flow velocity (incompressible and inviscid assumptions). The pressure and 

temperature are displayed on a barometer and a thermometer inside the chamber, and input by 

the user into a Labview VI calculating flow velocity using data from the pitot tube. 
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Fig. 4. Lenze inverter, NI cDAQ 9402 and NI 9174 

The test section is 1.24m long, with a cross section of 0.45x0.35m. The aerodynamic 

coordinate system chosen has its X axis going downstream, and its Z axis going downwards. 

 

Fig. 5 Coordinate system 
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To guide the flow, a plexiglass wall is placed on one side, however, to allow alignment of 

the winglet and camera, and access to the winglet, the test section is otherwise open. 

Downstream of the test section, a tube can be squeezed between the plexiglas wall and the wind 

tunnel wall. The tube, connected to a seeder, allows oil particles to be seeded in the flow for PIV 

experiments. Since the seeder requires air pressure to function, and there is only one air pressure 

hose available, the tunnel has to be seeded before PIV experiments using the jets occur. For 

measurements that last more than a few minutes, it is necessary to re-seed the wind tunnel 

regularly (about every 10 PIV measurements). 

 

Fig. 6. RS-485/RS-232 Adapter 

2.2 Wing model 

The wing model was designed for the thesis of  Richard Kranepuhl [10], based on the 

dimensions from the model used by Heyes and Smith [9] and manufactured by New Hope 

Machine in Tucson, AZ. Accordingly, the chord and span are 150mm long, and the slots are 

angled at a +15° and -15° angles. The dimensions were kept from Heyes and Smith’s research 

for comparison purposes. This model consists of two chambers in which the PS and SS air is 

directed towards the PS and SS slots, respectively. It was designed using Solidworks 2014 

following a NACA 0012 profile. Tolerances and mouting are in compatible with US standards. 
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Fig. 7. Winglet main part 

 

Fig. 8. Winglet cover (Pressure side) 

The two chambers are separated by a 1mm plate with sealant paste. This insures the PS 

and SS jets can be activated independently. Further more, using a Cube (2
nd

 generation) 3D 

printer, two PLA meshes were made and placed inside the chambers to stabilize the flow. The air 

inlet is a 2mm hole on the root side, while the air outlet is a 110x1mm slot  leading to the wingtip 

part. The wingtip part contains the two PS and SS slots, and can be removed from the main part. 

This would allow future measurements to change slot configuration simply by switching the 

wingtip part. 
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Fig. 9. Wing tip part 

 

Fig. 10.Winglet mesh 

To close the chambers, #2-56 x 3/8 countersunk screws keep the covering plates in place, 

and tape was applied on the surface to smoothen the surface. The pressure chambers are 

connected to a computer controlled valve system, which delivers high pressure air to flexible 

tubings approximately 2 feet long. 
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2.3 Pulsed jets 

 The pulsed jets are fed from the pressurized air system available at the AME building, 

capable of delivering 145PSI of air. These jets can be activated independently in a steady or 

pulsed mode. It is possible to change the pulse frequency, however, this research focuses on 

pulses at a frequency of 10Hz only. To allow synchronization, the PIV computer controlling the 

laser and the camera was slaved to the computer controlling the wind tunnel and the valves with 

a Labview VI. 

 

Fig. 11. Wind tunnel VIs 
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Fig. 12. Experimental setup schematic 

 

2.4 PIV Setup 

 The PIV system consists of a computer on which DAVIS software is installed, a DAVIS 

sCMOS camera, and a New Wave Research 532nm Solo PIV III Nd:YAG double pulsed laser. 

The valve control computer sends a trigger signal to the PIV computer, which actives the laser 

and the camera simultaneously to acquire a set of two pictures in the YZ plane at a close interval 

which can be modified. An interval of 40 µs was used for all experiments. By tracking the 

particles from one picture to another, DAVIS creates a velocity field which can be exported in a 

.txt file, then read by Matlab or a Vortex Identification Software. Fig. 13. Shows the 

experimental apparatus in the wing tunnel, with the Nd:YAG laser on the bottom left corner, the 

sCMOS camera on the left side (downstream), and the wing model and pitot tube on the right 

side (upstream). The aluminum frame on which the camera is mounted can slide downstream to 

the desired chord length. The camera can also move on the longitudinal axis independently to 
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adjust the field of view (up to a certain limit, dictated by the test section length).  The large oil 

seeder tubing is visible on the left side, wedged between the exit section and the plexiglas wall. 

 

Fig. 13. Experimental apparatus (camera, laser, wing model) 

 

Fig. 14. Velocity field as processed by DAVIS 



26 

 

2.5 Aerodynamic Balance 

The aerodynamic balance (also referred to as Kasari balance) uses strain gauges placed on 

six flexures and six beams to record forces and moments on the wing model placed on a spike 

using an adapter. To measure these stresses, all the strain gauges are connected to three NI 

SCXI-1321 modules mounted on NI SCXI-1121 modules, themselves mounted on an NI SCXI-

1000 chassis. Fig. 16. shows how the twelve channels are distributed among the SCXI-1321 

modules, which are offset nulling and shunt calibration capable add-on modules compatible with 

SCXI-1121, which are isolation amplifier modules with 4 channels. All channels are multiplexed 

by the SCXI-1000 chassis, then sent to a computer. NI MAX software allows channel data to be 

read, and Labview VIs can further process that data for calibration and strain measurement. 

 

Fig. 15. Aerodynamic balance  
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Fig. 16. NI SCXI 1321/1121/1000 Modules 

 In order to mount the wing model in the balance, an adapter was designed using 

Solidworks, then 3D printed in ABS plastic using a Cube 2
nd

 Generation printer. Technical 

specifications are included in the Appendix. 

 

Fig. 17. Wing model adapter 

The balance adapter is designed so that the original adapter used in the wing tunnel can be 

directly mounted on the balance spike, while maintaining horizontal stability, and allowing 
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rotation on the Y-axis, to change the angle of attack if necessary. To calibrate the balance, a set 

of jigs can be mounted on the balance base, with hinged parts connecting the weights to the 

balance via transfer rods. It was found that the original thickness of the wing model adapter 

wasn’t sufficient, and non-negligible deformation appeared when the heavy wing model was 

mounted. A second, thicker model adapter was exported from Solidworks and 3D printed. The 

final specifications are in the appendix.  

3 PIV measurements 

3.1 Calibration and alignment 

For accurate PIV measurements to be performed, it is necessary to calibrate the camera as 

precisely as possible to ensure the measurement plane is at the proper downstream distance, and 

that the laser-illuminated plane is perfectly aligned with the YZ plane. The standard PIV 

procedure uses a dotted calibration plate and a DAVIS subroutine scaling the images the picture 

is taking using a grid superimposed on the dots. 

 

Fig. 18. Calibration plate 

The origin is placed at the intersection between the leading edge and the separation between 

the main part and the part containing the slots. This allows the downstream distances to be 

accurately measured, as the slotted part is curved. However, to align the camera, the calibration 
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plate, and the winglet, a laser level was used, and it was necessary to offset the origin slightly to 

prevent masking the laser cross center. The new origin, 𝑂𝑏, is at the very edge of the wing 

model, and aligned with the vertical axis 𝑍𝑏 and horizontal axis 𝑌𝑏 (on which the winglet is 

aligned at an AoA of 0°). Resulting offsets are taken into account in post processing via 

MATLAB. 

 

Fig. 19. Bosch GLL 2 Self leveling cross laser [13] 

 

 

Fig. 20. Camera, plate, and wing model alignment 
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The laser level that was used for alignment is a Bosch GLL 2 Self-leveling Cross-line Laser 

Level. The cross pattern permitted alignment of all elements on the longitudinal axis, as well as 

on the horizontal and vertical plane.  

Once the calibration plate is properly aligned with the wing model and the camera, DAVIS 

calibration can start. The user needs to specify how many cameras are used (DAVIS can perform 

3D PIV using multiple cameras). In our case, only one camera was used. The user also needs to 

specify which calibration plate is mounted (Type 11 for all measurements). Once the user 

focuses the camera manually, DAVIS takes one picture of the calibration plate, in which the user 

selects three adjacent markers. DAVIS extrapolates the position of all the other markers to 

reconstruct a grid. Optical distortions are taken into account, as DAVIS calculates a standard 

deviation of fit. Excellent values are typically 0.3 pixel, and values higher than 2 pixels are 

deemed unacceptable by the manufacturer (LaVision [14]). All measurements were taken with 

standard deviation values between 0.3 and 0.55 pixels.  

Knowing which calibration plate is mounted, and having superimposed a grid on it, 

DAVIS is then capable of scaling the pictures the camera is taking to calculate an accurate 

velocity field. Once DAVIS has completed its calibration process, the camera aperture can be 

filtered using a 523nm green light bandpass filter. Then, the user must place the laser sheet in the 

PIV plane, on the calibration plate at the chosen streamwise chord length, perpendicular to the X 

direction, illuminating the YZ plane for PIV. Once the laser sheet is properly aligned with the 

calibration plate, it can be removed. It is absolutely necessary that the camera and laser do not 

move afterwards, as this would require the calibration process to be completely redone. 

3.2 Cases 

For each downstream chord length, six cases were tested, three of them being steady cases, 

the other being unsteady cases: 

 Baseline: No jets 

 𝑃𝑆𝑠𝑏: Steady blowing jet on the pressure side (lower slot) 

 𝑆𝑆𝑠𝑏: Steady blowing jet on the suction side (upper slot) 

 𝑃𝑆𝑝𝑏: Pulsed blowing jets at 10 Hz on the pressure side (lower slot) 

 𝑆𝑆𝑝𝑏: Pulsed blowing  jets at 10 Hz on the suction side (upper slot) 
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 𝐴𝐿𝑇: Alternating pulsed jets at 10Hz each (both slots) 

3.3 Measurement parameters 

All the other parameters were kept as constant as possible, with a 15 m/s freestream velocity, 

an angle of attack of 7.5°, a barometric pressure of ~700 mmHg and a temperature ranging from 

24°C to 28°C. Freestream velocity was constantly monitored using a pitot tube linked to the 

wind tunnel computer on which the VIs shown in Fig. 11. It was noticed that running the wind 

tunnel motor for extended periods of time tends to increase the temperature of the bulk flow by 

2-3°C. 

The spatial resolution of the DAVIS setup depends on the field of view that the camera 

captures, which is dependent on the distance between the camera and the calibration plate. The 

limited test section length does not allow for the camera-plate distance to remain constant at 

large x/c values. However, the field of view still contains the vortex trajectories by a 

considerable margin.  

 

Fig. 21 x/c=1     Fig. 22. x/c=5 

At x/c=1, the calibrated field of view has the following dimensions: ~196.5x163.6mm. 

With a 2560x2140 resolution, each pixel represents a 76µm square. At x/c=5, the calibrated field 

of view corresponds to ~144.2x121.0mm, hence each pixel represents  a 56µm square. The post 

processing is a multi-pass calculation with decreasing interrogation windows.  
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Fig. 23. Post processing parameters 

The final pass uses a 16x16 pixels interrogation window. Hence, for x/c=1, the smallest 

resolved flow structure is 1.2mm, and 0.9mm for x/c=5. After post-processing, the generated 

plots share the same X,Y,Z limits to allow for comparison. 

3.4 Time delay and completeness of the cycle 

The pulsed jets operating at 10Hz create a cyclic phenomenon that has a phase duration 

of 100ms. When the pulsed jet is activated, the PIV system triggers the laser and captures 10 

frames at a specific time in the cycle. Dividing the 100ms cycle into ten intervals, we can 

calculate and mark the vortex core trajectory every 10ms. The specified phase shift between the 

valve command and the camera/laser trigger is very accurate, and accounted for, because the 

laser and PIV camera are slaved to the same computer using BNC cables. However, we do not 

know how much time it takes for the jet of air to travel in the tubes, the wing model, and affect 

the flow at a certain distance. This additional phase shift/time delay 𝑡0 has to be estimated in 

order to interpret the PIV results.  
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Fig. 24. Valve and PIV setup 

These results will be detailed in the appropriate section, but we can look at the behavior 

of the vortex core trajectory to determine 𝑡0. After post-processing operations described in 

Processing of the PIV results, the vortex core position was marked at different times in the cycle 

(0ms to 90ms). For each 10ms, the 10 sets of 10 picture were processed and the vortex core 

trajectory displayed in chronological order, as shown in Fig. 25. 

Since the phenomenon is cyclic and reasonably well defined, we can identify the part of the 

trajectory that corresponds to the ascension (“Ascending”) caused by the air pulse. It can then be 

assumed that the lowest marker of that ascension is the marker at which the pulse has started to 

modify the vortex trajectory. Because this marker is the easiest to identify, and corresponds to 

the valve opening, we can choose it to correspond to the start of the phase for the vortex core 

trajectory at that location. 

 

Fig. 25. Vortex core trajectory for x/c=1 
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For unsteady cases, since measurements were made at 10ms intervals over a 100ms cycle, there 

are 10 recorded vortex core positions per cycle. A marker marks each position, with marker #1 

corresponding to the picture taken at 0ms, marker #2 corresponding to the picture taken at 10ms, 

etc. In the case of 𝑃𝑆𝑝𝑏 for x/c=1, the marker that corresponds to that phase start is marker #2. 

Therefore, we know that at x/c=1, the vortex core starts moving approximately 10ms after the 

valve is opened. Similarly, we identified the phase start marker for all unsteady cases at all 

measurement planes. 

 

Phase start marker 

 

x/c=1 x/c=2 x/c=3 x/c=4 x/c=5 

PSpb #2 #3 #2 #10 #4 

SSpb #2 #3 #3 #4 #5 

AB #6 #8 #10 #10 #3 

Table. 1. Phase start marker identification 

Since each plane is separated by the chord length (150mm), and the freestream velocity is 15m/s, 

intuitively, it would make sense that each successive measurement plane was offset by 10ms ( 1 

marker ). While this is not the case, axial velocity deficits and excesses have been reported by 

Heyes and Smith [9]. The 𝑆𝑆𝑝𝑏 case exhibits behavior that is consistent with a velocity excess, as 

the results show that less than 10ms are necessary for the vortex core to reach the same phase 

within a chord length. The AB case overall shows a delay between 0ms and 20ms. The  𝑃𝑆𝑝𝑏 

case is hard to characterize, as there is no discernible trend. The 2-3-2-10-4 marker sequence, if 

assumed to belong to the same cycle, would indicate that the vortex trajectory “goes back in 

time”. A more reasonable assumption is that the delay between two chord lengths is 110ms-

90ms-80ms-60ms, respectively. These values are still a higher than the ones obtained from the 

other cases, as well as those from Heyes and Smith [9]. 

Measurement errors aside, this analysis considers only the axial velocity component. The 

oscillating nature of the vortex trajectory as it goes downstream could be a source of errors. This 

behavior is visible in the 3D plots in the PIV Results section. 
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Similarly, by looking at some of the post processed data, we can determine if the cycle is 

indeed complete within a 100ms interval. Defining a marker as the one attributed to the start of 

the ascending phase of the vortex core movement (when the effect of the valve being opens 

becomes apparent) in the 𝑃𝑆𝑝𝑏 case, that marker corresponds to 20ms after the trigger pulse in 

the x/c=1 case for 𝑃𝑆𝑝𝑏, therefore, it takes 20ms for the jet’s effects to be seen after the valve is 

opened. Therefore 𝑡0 =20ms for x/c=1. 

Thus, the DAVIS system records pictures at 20ms, 120ms, 220ms, etc. 

 

Fig. 26. 𝑷𝑺𝒑𝒃 20ms    Fig. 27. 𝑷𝑺𝒑𝒃 120ms    

 

Fig. 28. 𝑷𝑺𝒑𝒃 220ms    Fig. 29. 𝑷𝑺𝒑𝒃 320ms 
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Fig. 30. 𝑷𝑺𝒑𝒃 420ms    Fig. 31. 𝑷𝑺𝒑𝒃 520ms    

 

Fig. 32. 𝑷𝑺𝒑𝒃 620ms    Fig. 33. 𝑷𝑺𝒑𝒃 720ms    

 

Fig. 34. 𝑷𝑺𝒑𝒃 820ms    Fig. 35. 𝑷𝑺𝒑𝒃 920ms    

The position of the vortex core has been calculated by the Vortex Identification Software that 

uses the Gamma 1 and Gamma 2 functions [15] to locate the vortex core.  
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PS_03 Vortex core coordinates 

Name Time 

X 

coordinate 

Y 

coordinate 

PS_03_01 20ms -13.4 16.9 

PS_03_02 120ms -14.4 17.3 

PS_03_03 220ms -14.4 17.9 

PS_03_04 320ms -13.9 17.3 

PS_03_05 420ms -13.9 16.8 

PS_03_06 520ms -13.4 17.3 

PS_03_07 620ms -14.4 17.3 

PS_03_08 720ms -13.9 17.3 

PS_03_09 820ms -13.9 17.3 

PS_03_10 920ms -13.9 17.3 

Table. 2. Vortex core position (Davis coordinates) 

It can be noticed that the vortex core systematically reverts back to its position (within a small 

margin) which establishes the repeatability of the measurements over 100ms in the 𝑃𝑆𝑝𝑏 case. 

Although the estimation of the time delay seems inaccurate for 𝑃𝑆𝑝𝑏, 𝑆𝑆𝑝𝑏, and 𝐴𝐿𝑇 show more 

consistent behavior according to our results. Furthermore, the full cycle is complete within in 

interval between 90ms and 100ms. 
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4 Processing of the PIV results 

4.1 DAVIS post-processing 

All the raw images obtained through PIV had to be processed by DAVIS prior to analysis 

through Vortex Identification Software and MATLAB. For each pair of images, DAVIS must 

first smoothen out the seeded particles through particle intensity normalization to reduce glares, 

reflections, and uneven illumination of the oil particles. 

Afterwards, DAVIS can process the image pairs by using an interrogation window, 

which is a section of the image in which DAVIS will calculate a velocity vector. The post-

processing used for these experiments starts with a large 64x64 pixels interrogation window, 

then uses a decreased 16x16 pixel interrogation window, in which the algorithm will run once, 

with 50 percent overlap between adjacent interrogation windows, as seen in 3.3. This allows 

flow structures as small as 0.9-1.2mm to be calculated, depending on the chord length. A multi-

pass post-processing then removes the abnormal vectors that are present in the velocity field.  

 

Fig. 36. Vector field without multi pass 
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Fig. 37. Vector field after multi pass processing 

The final velocity field (which can also displays vorticity using a customizable color palette) can 

be exported in a .txt file.  

4.2  Vortex Identification Software 

 The .txt file cannot be read by the Vortex Identification Software (VIS) in its original 

form, because DAVIS leaves a header on the first row of the exporter .txt file, which VIS cannot 

interpret. Using a MATLAB script, the header can be removed, and the X and Y values given by 

DAVIS can be inverted, since the [X;Y] in DAVIS corresponds to [-Y;-Z] in our chosen 

coordinates. 
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Fig. 38. DAVIS export header 

VIS, reading the .txt data, can compute the vortex core position, and the vorticity contour 

using two scalar functions, 𝛤1 and 𝛤2, based on algorithms from Graftieux et al. [15]. The user 

can specify the radius in which the software will calculate these functions, using the number of 

points of data contained in this radius.  

The  𝛤1 function identifies the vortex core on a point p using a threshold computation, 

where 𝛤1 would converge towards 1 if p is the center of the vortex. 𝛤1 is defined as follows: 

𝛤1(𝑝) =
1

𝑁
∑

((𝑥𝑝⃗⃗⃗⃗ − 𝑥𝑖⃗⃗  ⃗) × 𝑈𝑖
⃗⃗  ⃗) ∙ �⃗� 

‖𝑥𝑝⃗⃗⃗⃗ − 𝑥𝑖⃗⃗  ⃗‖ ∙ ‖𝑈𝑖
⃗⃗  ⃗‖

𝑁

𝑖=1

 

With 𝑝 the considered point, N the total number of points in within the specified radius 

(minus 𝑝), 𝑥  the position vector, �⃗⃗�  the velocity vector, and �⃗�  the unit vector in x-direction. 

The 𝛤2 function identifies the vorticity contour around the vortex core using a threshold 

computation. The vortex area being defined as the area in which 𝛤2 >
2

𝜋
. 𝛤2 is defined as follows: 

𝛤2(𝑝) =
1

𝑁
∑

((𝑥𝑝⃗⃗⃗⃗ − 𝑥𝑖⃗⃗  ⃗) × (𝑈𝑖
⃗⃗  ⃗ − 𝑈𝑝

̅̅̅̅ )) ∙ �⃗� 

‖𝑥𝑝⃗⃗⃗⃗ − 𝑥𝑖⃗⃗  ⃗‖ ∙ ‖𝑈𝑖
⃗⃗  ⃗ − 𝑈𝑝

̅̅̅̅ ‖

𝑁

𝑖=1

 

With 𝑝 the considered point, N the total number of points in within the specified radius 

(minus 𝑝), 𝑥  the position vector, �⃗⃗�  the velocity vector, �⃗�  the unit vector in x-direction, and �̅� the 

average velocity at 𝑝, calculated using the N points within the radius. Using these two functions, 

VIS displays the original velocity field, and overlaps the vortex core and vorticity contour. 



41 

 

 

Fig. 39. Vortex Identification Software calculation 

VIS can export the calculation results in a .txt file, which can be read by MATLAB to 

process and display various results as needed. 

 

Fig. 40. Vortex Identification Software export 
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Since the calculation of 𝛤1 and 𝛤2, on which the vortex core position calculation and 

vorticity contour depend, are performed by VIS, the accuracy of the calculating algorithms was 

verified by R.Krahnepul, by creating a Rankine vortex with a 𝛤 = 1 𝑚/𝑠2 value, and vortex 

radii of 10mm, 25mm, 50mm, and 75mm. The VIS software was improved multiple times over 

the course of this thesis, and all results were recalculated using the 5
th

 version. It was necessary 

to re-verify the accuracy of the VIS software, as the earlier versions could produce dubious 

results for specific sets of measurements. Recall that the N number of points considered for the 

calculation of 𝛤1 and 𝛤2 is determined by the search radius of the algorithm. Therefore, a search 

radius of 5mm and 10mm were chosen, as most calculations were performed with search radius 

values between 5mm and 10mm.  

    

Table. 3. Innacuracy values for R=5  Table. 4. Innacuracy values for R=10 

    

Inaccuracy results for earlier versions of VIS, calculated by R.Krahnepul, are slightly 

higher, as shown by Table 3: 

 

Table. 5. VIS V3 inaccuracy from [10] 

Circulation Radius

10mm 13.3% 6.9%

25mm 7.0% 3.6%

50mm 3.8% 1.9%

75mm 2.5% 1.3%

Inaccuracy for R=5
Radius

Circulation Radius

10mm 2.3% 0.5%

25mm 8.9% 4.5%

50mm 5.2% 2.7%

75mm 3.7% 1.8%

Inaccuracy for R=10
Radius

10mm

25mm

50mm

75mm

3.8%

2.5%

Radius 
Inaccuracy from [10]

Circulation

13.3%

7.0%
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Tables 1, 2 and 3 show that the accuracy of the VIS software V5 is superior to the accuracy 

of the V3 version, and the dubious results that were encountered in V3 and V4 have all but 

disappeared in V5. Furthermore, for R sizes above 10mm, it seems a search radius of 5mm is 

more accurate than a search radius of 10mm. Therefore, a search radius of 5mm was preferred 

for processing most results, except those with very small vortices, or very irregular vorticity 

contours. For these, the search radius was gradually increased to up to 9-10mm, with extreme 

cases requiring a search radius of up to 12mm, as shown in Fig. 41. 

 

Fig. 41. Contour requiring a larger search radius 

 

4.3 MATLAB 

Using files exported by VIS, MATLAB can plot vortex trajectories within a cycle, or along 

the x-axis. It can also plot 3D trajectories to visualize vortex core behavior downstream, and rank 

data sets based on circulation value. 
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Fig. 42. MATLAB Velocity field and vorticity contour for x/c=1 baseline case 

 

Fig. 43. Vortex core positions for different cases at x/c=1 
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In order to plot vortex core trajectories as shown in Figure 25, MATLAB reads the multiple 

result files from VIS then create an array of coordinates stored in a .mat file. Another MATLAB 

script then reads multiple .mat files to display steady and unsteady vortex core positions and 

trajectories. To plot velocity/vorticity fields on which the vortex core and contour are 

superimposed, MATLAB reads both the MATLAB-processed DAVIS export, and the VIS result 

file. Since both are simple text files, they can be interpreted by MATLAB. The velocity/vorticity 

fields similar to the one shown in Fig. 42 are plotted using the loadvec.m function contained in 

the PIVmat toolbox, written by Fréderic Moisy, Université Paris-Sud. 

4.4 Characterization of the Vortex 

To better understand the behavior of the vortex core, and the effect the jets have on its 

trajectory, we use distance and angle to characterize the vortex core position. Since the steady 

results are very different from the unsteady results, they do not share the same angle and distance 

definition. While steady results have only one marker for each chord length, unsteady results 

have multiple markers creating a trajectory. For steady cases, the distance D represents the 

distance between the vortex core and the origin (at the wingtip). The angle Φ represents the angle 

between the horizontal axis and the position vector of the vortex core, with positive values 

corresponding to clockwise rotation. Fig. 44 shows the angle Φ and distance D as calculated for a 

single baseline marker. These values can be considered the polar coordinates the marked 

position. 

For unsteady results, or steady trajectories, the distance 𝛥𝑣𝑐 represents the overall 

displacement from the marker furthest from the baseline, to the marker closest to it, while the 

angle 𝛷𝑣𝑐 represents the angle between the horizontal axis and a best-fit line placed on the 

considered trajectory. To qualify the displacement relative to the Baseline vortex core position 

(caused by the jets), the distance is noted 𝛥𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒. The use of these different quantities is 

necessary to differentiate the position vectors for vortex core position markers (which would be 

helpful in characterizing the trajectory of the vortex core downstream) and the displacement 

vectors and trajectory angle for vortex core trajectories (which would be needed to characterize 

the effects of the jets on the vortex core at different phases and distances downstream). 
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Fig. 44. Distance and Angle for steady single markers 

 

Fig. 45. Angle and Distance for trajectories 
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5 Processing of the balance results 

5.1 Calibration of the Aerodynamic Balance 

After assembly of the aerodynamic balance, it was necessary to create a calibration matrix 

that would transform the strain gauges’ output voltage into forces and moments. The design of 

the aerodynamic balance allows for supplementary parts to be mounted on the balance base, and 

connected to the balance via connecting rods. When weights are applied to the supplementary 

parts, the rods transfer calibration forces on the balance. Fig. 46 shows the calibration parts 

mounted on the balance. These parts, as well as the balance base, are made of solid steel, which 

makes the setup very heavy. To facilitate transportation of the balance in the wind tunnel, these 

parts were removed after calibration. 

 

Fig. 46. Balance undergoing calibration 

One of the calibrating rods was damaged, and had to be re-manufactured from scratch, as the 

original specifications were lost. The original part was made of steel, however, to save time and 

labor costs, a new part with slightly modified tolerances was made out of Aluminum 7075.  The 
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new part was designed in Solidworks, and is rendered in Fig. 47. The technical drawing exported 

from Solidworks can be found in the Appendix. 

 

Fig. 47. Connecting rod 

With the new rod mounted on the balance, the application of known weights on each degree 

of freedom, combined with the averaging of voltages corresponding to each specific loading 

yields a slope relating the strain created by the known load to the voltage read by the balance. 

Six of the twelve channels are connected to flexures on all degrees of freedom, and the 

remaining six channels are connected to rings on all degrees of freedom. Therefore, two 6x6 

calibration matrices were created, one for the flexures and the other one for the rings. A Kasari 

Balance Calibration Labview VI reads the voltages and averages a number of data points 

acquired over a certain time period, both of which can be specified by the user.  During the 

calibration, 10000 points of data were used, at a frequency of 1000Hz.  

The six selected output voltages from the balances are assigned channels 𝑎0, 𝑎2, 𝑎3, 𝑎4, 𝑎5 , 

and can be represented by a 6x1 vector:  

[𝑎0 𝑎2 𝑎3 𝑎4 𝑎5] 

When this array is multiplied by the calibration matrix, the result is a 6x1 vector of the 

forces and moments applied on the balance: 

[𝑋 𝑌 𝑍 𝑋𝑅𝑜𝑡 𝑌𝑅𝑜𝑡 𝑍𝑅𝑜𝑡] 

Where X, Y and Z represent the axes assigned to drag, side force, and lift, respectively. 

XRot, YRot, and ZRot represent roll, pitch, and yaw moments, respectively. When creating the 

calibration matrix, one first acquires the slopes that relate loading to voltage on all channels for 
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each specific loading. In order to acquire the slopes, four weights were used: 100g, 200g, 300g 

and 500g. The slopes were obtained in loading as well as unloading, to detect any hysteresis 

phenomena. The points of data formed linear slopes (as can be expected by Hooke’s law), 

symmetrical in loading and unloading, which were written into a matrix as such: 

[
 
 
 
 
 
 

𝑆𝑋,𝑎0

𝑆𝑌,𝑎0

𝑆𝑍,𝑎0

𝑆𝑋𝑟𝑜𝑡,𝑎0

𝑆𝑌𝑅𝑜𝑡,𝑎0

𝑆𝑍𝑅𝑜𝑡,𝑎0

𝑆𝑋,𝑎1

𝑆𝑌,𝑎1

𝑆𝑍,𝑎1

𝑆𝑋𝑅𝑜𝑡,𝑎1

𝑆𝑌𝑅𝑜𝑡,𝑎1

𝑆𝑍𝑅𝑜𝑡,𝑎1

𝑆𝑋,𝑎2

𝑆𝑌,𝑎2

𝑆𝑍,𝑎2

𝑆𝑋𝑅𝑜𝑡,𝑎2

𝑆𝑌𝑅𝑜𝑡,𝑎2

𝑆𝑍𝑅𝑜𝑡,𝑎2

𝑆𝑋,𝑎3

𝑆𝑌,𝑎3

𝑆𝑍,𝑎3

𝑆𝑋𝑅𝑜𝑡,𝑎3

𝑆𝑌𝑅𝑜𝑡,𝑎3

𝑆𝑍𝑅𝑜𝑡,𝑎3

𝑆𝑋,𝑎4

𝑆𝑌,𝑎4

𝑆𝑍,𝑎4

𝑆𝑋𝑟𝑜𝑡,𝑎4

𝑆𝑌𝑅𝑜𝑡,𝑎4

𝑆𝑍𝑟𝑜𝑡,𝑎4

𝑆𝑋,𝑎5

𝑆𝑌,𝑎5

𝑆𝑍,𝑎5

𝑆𝑋𝑅𝑜𝑡,𝑎5

𝑆𝑌𝑅𝑜𝑡,𝑎5

𝑆𝑍𝑅𝑜𝑡,𝑎5]
 
 
 
 
 
 

 

With S the slope obtained when loading the first index degree of freedom, on the 𝑎𝑖 channel 

(second index). Since the calibration matrix has to transform voltage into force, as opposed to the 

calibration slopes, which yield voltages when the balance is subjected to force, the relationship 

must be reversed. Therefore, the matrix has to be inverted then transposed. Therefore, the 

calibration matrix is: 

(

 
 
 
 

[
 
 
 
 
 
 

𝑆𝑋,𝑎0

𝑆𝑌,𝑎0

𝑆𝑍,𝑎0

𝑆𝑋𝑟𝑜𝑡,𝑎0

𝑆𝑌𝑅𝑜𝑡,𝑎0

𝑆𝑍𝑅𝑜𝑡,𝑎0

𝑆𝑋,𝑎1

𝑆𝑌,𝑎1

𝑆𝑍,𝑎1

𝑆𝑋𝑅𝑜𝑡,𝑎1

𝑆𝑌𝑅𝑜𝑡,𝑎1

𝑆𝑍𝑅𝑜𝑡,𝑎1

𝑆𝑋,𝑎2

𝑆𝑌,𝑎2

𝑆𝑍,𝑎2

𝑆𝑋𝑅𝑜𝑡,𝑎2

𝑆𝑌𝑅𝑜𝑡,𝑎2

𝑆𝑍𝑅𝑜𝑡,𝑎2

𝑆𝑋,𝑎3

𝑆𝑌,𝑎3

𝑆𝑍,𝑎3

𝑆𝑋𝑅𝑜𝑡,𝑎3

𝑆𝑌𝑅𝑜𝑡,𝑎3

𝑆𝑍𝑅𝑜𝑡,𝑎3

𝑆𝑋,𝑎4

𝑆𝑌,𝑎4

𝑆𝑍,𝑎4

𝑆𝑋𝑟𝑜𝑡,𝑎4

𝑆𝑌𝑅𝑜𝑡,𝑎4

𝑆𝑍𝑟𝑜𝑡,𝑎4

𝑆𝑋,𝑎5

𝑆𝑌,𝑎5

𝑆𝑍,𝑎5

𝑆𝑋𝑅𝑜𝑡,𝑎5

𝑆𝑌𝑅𝑜𝑡,𝑎5

𝑆𝑍𝑅𝑜𝑡,𝑎5]
 
 
 
 
 
 
−1

)

 
 
 
 

𝑇

 

With this matrix, the voltage values obtained from the balance can easily be transformed 

into forces and moments: 

[𝑎0 𝑎2 𝑎3 𝑎4 𝑎5]

(

 
 
 
 

[
 
 
 
 
 
 

𝑆𝑋,𝑎0

𝑆𝑌,𝑎0

𝑆𝑍,𝑎0

𝑆𝑋𝑟𝑜𝑡,𝑎0

𝑆𝑌𝑅𝑜𝑡,𝑎0

𝑆𝑍𝑅𝑜𝑡,𝑎0

𝑆𝑋,𝑎1

𝑆𝑌,𝑎1

𝑆𝑍,𝑎1

𝑆𝑋𝑅𝑜𝑡,𝑎1

𝑆𝑌𝑅𝑜𝑡,𝑎1

𝑆𝑍𝑅𝑜𝑡,𝑎1

𝑆𝑋,𝑎2

𝑆𝑌,𝑎2

𝑆𝑍,𝑎2

𝑆𝑋𝑅𝑜𝑡,𝑎2

𝑆𝑌𝑅𝑜𝑡,𝑎2

𝑆𝑍𝑅𝑜𝑡,𝑎2

𝑆𝑋,𝑎3

𝑆𝑌,𝑎3

𝑆𝑍,𝑎3

𝑆𝑋𝑅𝑜𝑡,𝑎3

𝑆𝑌𝑅𝑜𝑡,𝑎3

𝑆𝑍𝑅𝑜𝑡,𝑎3

𝑆𝑋,𝑎4

𝑆𝑌,𝑎4

𝑆𝑍,𝑎4

𝑆𝑋𝑟𝑜𝑡,𝑎4

𝑆𝑌𝑅𝑜𝑡,𝑎4

𝑆𝑍𝑟𝑜𝑡,𝑎4

𝑆𝑋,𝑎5

𝑆𝑌,𝑎5

𝑆𝑍,𝑎5

𝑆𝑋𝑅𝑜𝑡,𝑎5

𝑆𝑌𝑅𝑜𝑡,𝑎5

𝑆𝑍𝑅𝑜𝑡,𝑎5]
 
 
 
 
 
 
−1

)

 
 
 
 

𝑇

=

[
 
 
 
 
 

𝑋
𝑌
𝑍

𝑋𝑅𝑜𝑡

𝑌𝑅𝑜𝑡

𝑍𝑅𝑜𝑡]
 
 
 
 
 

 

The calibration matrix thus obtained is: 
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Table. 6. Calibration Matrix 

 

It can be noted that the diagonal, which represents the response slope of a degree of freedom 

when itself is loaded, should display the larger values. It is mostly the case, except for Yrot 

(roll). This is problematic, because it means that there is a voltage channel that is not responding 

properly. Due to time constraints, it was not possible to fine tune the calibration matrix, however, 

the simplification of the matrix is possible when making certain assumptions. Indeed, while the 

experimental setup is asymmetric (one sided wing model), a full implementation would be XZ 

plane symmetric (two half-wings), and therefore, yaw moments, side forces (Y axis) as well as 

roll moments should cancel out. Under these assumptions, the slopes for these degrees of 

freedom were nulled, and the calibration matrix simplified to: 

 

Table. 7. Simplified calibration matrix 

To allow future correction of the matrix, as well as simplifying processing of current data 

(which is exported in 6x1 arrays), the simplified calibration matrix was expanded to a full 6x6 

matrix, with the non-calculated coefficients being set to zero, as shown by Table. 8. 

 

Table. 8. Expanded simplified calibration matrix 
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5.2 Balance accuracy 

In order to test the validity of the new calibration matrix, the balance underwent a testing 

process in which two measurements were taken once the balance was zeroed, then two 

measurements were  taken with a 100g weight applied on the balance, after which two 

measurements were taken with the weight being removed. This would allow hysteresis 

phenomena to be recorded, and would allow verification that the balance goes back to zero when 

unloaded. The results are shown in Table. 9, and show that for a 100g weight, the balance 

records ~97 grams. 

 

Table. 9. Balance accuracy testing 

Up until this test, only the Kasari Balance Calibration VI was used. The Dynamic Strain 

Measurement Labview VI does not average the results from all points of data, and yields a file 

including all the voltages for each data point. Review of these files showed that the recorded 

voltages were not continuous. Indeed, the acquisition setup records value often alternating 

between two or three values, as shown in Fig. 48. 

Weight (Kg)

0 0.0000611395 0.0000000000 0.0008526088 0.0000000000 -0.0009580663 0.0000000000

0 -0.0012089899 0.0000000000 -0.0004558578 0.0000000000 -0.0018999826 0.0000000000

0.1 0.0030344973 0.0000000000 0.0979944643 0.0000000000 -0.0008463465 0.0000000000

0.1 0.0047284272 0.0000000000 0.0975870260 0.0000000000 0.0052057064 0.0000000000

0 0.0018323190 0.0000000000 -0.0005900061 0.0000000000 0.0031043825 0.0000000000

0 -0.0006844686 0.0000000000 0.0001932550 0.0000000000 -0.0002463336 0.0000000000

X Y Z Xrot Yrot Zrot

Results
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Fig. 48. Balance recorded values after zeroing 

As can be seen in Table. 9, the balance seems capable of delivering results with 3% 

accuracy. However, some tests showed standard deviation values of up to 50%, which is too high 

to measure the comparatively small effects of the steady and pulsed jets on the wing model with 

absolute certainty. The current hypothesis is that the SCXI-1121 modules are not suited to the 

very small voltages sent by the strain gauges currently on the balance. National Instruments has 

been contacted about this issue, and a new SCXI-1520 based system was tentatively connected to 

the balance. Results were obtained, but not processed. A further issue that was anticipated was 

the influence of the tubings on the balance. The tubings weight and stiffness is problematic 

because the results on the balance would be affected, both when empty, and when pressurized.  

Consequently, a test with and without tubings attached was performed. The results are shown 

below in Table. 10. and Table. 11. 
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Table. 10. Balance test without tubings 

 

Table. 11. Balance test with tubings 

It can be seen that the tubes create a force equivalent to ~14 grams-force on Z, and ~20 grams-

force on the X-axis.  Test 2 was neglected because the results were un-exploitable. High 

deviations can be noticed, however, these discrepancies are attributed to the balance inaccuracy 

when measuring small (<50gram-force) forces. Another test with a 100g weight was performed 

once the balance was placed in the wind tunnel, in order to verify that the behavior of the balance 

with and without spring reflected that issue. The result is shown in Table. 12: 

 

Table. 12. 100g test with tubings removed 
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The results show good standard deviation values (~4%), and seem to indicate an 85 gram 

equivalent force on the balance, when the actual weight placed on the balance is 100g. Since the 

weight was placed directly on the balance to influence only the Z axis, the other axes are 

disregarded. This is reasonable because they show small forces (equivalent to a few grams). 

Therefore it can be assumed that the tubes when placed on the balance can create an offset of 

~15 gram-force if neglected. New polyurethane tubings with more flexibility have been ordered 

from Freelin Wade, but were found to be as stiff as the original tubings. Furthermore, while 

results were obtained with tubes unpressurised, no testing determining the influence of 

pressurized tubings on the balance was performed, because there is currently no valve system 

between the end of the tube and the wing model, therefore, testing with the tube pressurized 

would effectively result in a test with operating jets. Hence, there would be no way to distinguish 

the force and moments coming from the tubings from those coming from the jets’ action in the 

results. 
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6 PIV Results 

PIV measurements were taken at five different chord lengths downstream, from x/c=1 to 

x/c=5 (150mm to 750mm, respectively). For the steady cases (𝑃𝑆𝑠𝑏 , 𝑆𝑆𝑠𝑏), ten sets of ten pictures 

were taken, then post-processed by Davis. For the unsteady cases ( 𝑃𝑆𝑝𝑏 , 𝑆𝑆𝑝𝑏), ten sets of ten 

pictures were taken at 10ms intervals in the 100ms cycle (10Hz pulse). This totals to a hundred 

set of ten pictures for each unsteady case.  

6.1 Baseline case result 

 The baseline case serves to characterize the behavior of the vortex when no jets are 

activated, Kranepuhl et al [16] obtained data at x/c=1 and x/c=5 (150mm and 750mm 

respectively). The PIV experiments were subsequently expanded to x/c=2,3,4, yielding a more 

detailed study of the vortex from the trailing edge to x/c=5.  Ten sets of ten PIV picture pairs 

were taken for each chord length, requiring the processing of 500 picture pairs. The results from 

the Baseline case serve as a comparison reference to determine the effect of the other cases.  

 

Fig. 49. Baseline Vortex Core trajectory 
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Fig. 49. shows the behavior of the vortex core at different chord lengths. As the vortex 

moves away from the trailing edge, its trajectory is oriented towards the negative Z-axis and 

towards the root  (negative Y axis). 

 

Fig. 50. Distance and angle for the Baseline case 

The Angle and Distance of the vortex core position along its trajectory were calculated as 

described in 4.4. A near-sinusoidal evolution can be noticed, however, its amplitude is very 

small, and the wavelength is two chord lengths. The average angle of the trajectory can also be 

calculated through regression using Matlab. Overall, the slope of the baseline trajectory is 53°/-

127° as shown by Fig. 51: 
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Fig. 51. Baseline Vortex Core Trajectory Angle 

This angle is of interest, because Crow [1] established that the wake vortices can be 

destroyed when the trajectory angle is ~48°.  Therefore, results obtained when the jets are 

activated that might approach this value could indicate possible early destruction of the vortex. 

The following result sections will show how the jets change that angle, amongst other 

modifications. Circulation values from all chord lengths are shown in Table. 13, and show that 

values remain consistent throughout a set of results, and in the vicinity of ~0.2 𝑚2/𝑠.  

 

Table. 13. Circulation Values for the Baseline Case 

mm Circulation min Circulation max

150 0.2130 0.2212

300 0.1921 0.2044

450 0.2012 0.2075

600 0.2003 0.2136

750 0.2032 0.2518

Baseline m2/s
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 Finally,  using MATLAB’s 3D plot functions, we can plot the Baseline vortex core 

trajectory relative to the wing model. 

 

Fig. 52. Baseline Vortex Core Trajectory 3D Plot 
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6.2 Steady cases results 

The PS and SS measurements were acquired using the same process as the Baseline case: 

ten sets of ten pictures at each chord length. The results were processed in the same way, and 

added to the Baseline plots previously obtained. 

 

Fig. 53. Baseline and Steady cases plot for all chord lengths 

It can be seen in Fig. 53. that the PS jet displaces the vortex trajectory outwards and slightly 

upwards, while the SS jet displaces the trajectory significantly upwards. Averaging the PS 

trajectory markers’ positions and substracting the average Baseline marker position shows that 

the PS jet displaces the vortex core about 25mm in the Y-positive direction, and about 23mm in 

the Z-negative direction.  Using the same process on the SS results shows that the SS jet 

displaces the vortex core about 16mm in the Y-positive direction and about 36mm in the Z-

negative direction. Furthermore, the jets change the angle of the best-fit line created from the 

steady case vortex core markers. The Baseline trajectory is oriented roughly in a 53°/-127° angle. 

The  vortex core trajectory when the PS jet is activated fits a line oriented in the 31°/-149° 

direction, while the vortex core trajectory when the SS jet is activated fits a line oriented in the 

49°/-131°.  Recalling that Crow’s instability is contained in planes inclined to 48° to the 
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horizontal [1], forcing the vortex into such a trajectory using the SS jet might result in an early 

destruction of the vortex. 

As with the Baseline case, each marker for PS and SS can be characterized by a position 

vector in terms of distance 𝐷𝑠 and angle 𝚽𝑠. Again, it is important to distinguish these quantities 

from the displacement distance 𝐷 and the trajectory angle 𝛷. 

 

Fig. 54. Distance and angle for the 𝑷𝑺𝒔𝒃 case 

 

Fig. 55. Distance and angle for the 𝑺𝑺𝒔𝒃 case 
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For the PS case, it can be noted that a near-sinusoidal pattern can be seen on the angle 

plot, with a wavelength of ~600mm, as with the baseline. The distance plot may indicate a 

damped sinusoidal pattern, however,  measurements further downstream are needed to confirm 

this. For the SS case, the angle plot also shows a sinusoidal evolution, which can be more easily 

perceived if one considers that -180° and 180° are the extrema of the plot, even though they are 

geometrically identical. The distance plot is irregular, and could be a sign of a perturbation in the 

normally oscillating nature of the vortex. 

For all the steady cases results, circulation values calculated by the Vortex Identification 

System were processed using MATLAB, and maximum and minimum circulation values were 

found. They are shown in  Table. 14 and Table. 15, for PS and SS, respectively: 

 

Table. 14. Circulation values for the PS case 

 

Table. 15. Circulation values for the SS case 

Results show a decrease in circulation as the vortex core travels downstream. While 

Baseline circulation values were similar, the PS and SS results show a wider spread. As with the 

Baseline case, we can create a 3D plot of the vortex core position trajectory. Overall, Fig. 56 and 

Fig. 57 show that 𝑃𝑆𝑠𝑏 and 𝑆𝑆𝑠𝑏 trajectories positions relative to Baseline are consistent. 

mm Circulation min Circulation max

150 0.2347 0.3087

300 0.1633 0.2499

450 0.1717 0.2166

600 0.1706 0.2244

750 0.1417 0.2333

PS Steady m2/s

mm Circulation min Circulation max

150 0.3666 0.4744

300 0.2711 0.3388

450 0.2506 0.3293

600 0.2226 0.2981

750 0.1418 0.3061

SS Steady m2/s
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Fig. 56. 3D plot of steady cases and baseline, downstream view 

 

Fig. 57. 3D plot of steady cases and baseline, side view 
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6.3 Unsteady cases results 

For the unsteady cases; pressure side pulsed blowing (𝑃𝑆𝑝𝑏), suction side pulsed blowing 

(𝑆𝑆𝑝𝑏 ) and alternating jets blowing ( 𝐴𝐿𝑇 );  ten sets of ten pictures were taken at 10ms intervals 

over the 100ms cycle (since the jets are pulsing at 10Hz) for each chord length. Therefore there 

is a total of 5000 picture pairs for each case. Due to the more complex nature of the unsteady 

results, it is easier to organize this section according to chord length, to better compare results 

between cases for vortex core position at first. The evolution of the vortex characteristics as it 

moves downstream will be discussed in the second part of this section  

The vortex core position at different time in the cycle is represented by a marker calculated 

from the average vortex core position obtained from the VIS. In this cycle, two phases can be 

distinguished for 𝑃𝑆𝑝𝑏 and 𝑆𝑆𝑝𝑏, the ascending phase, and the descending phase. Those phases 

correspond to the vortex core moving away from the Baseline position (pushed by the jet) and 

coming back towards the Baseline position (after the jet is turned off). For the 𝐴𝐿𝑇 case, PS and 

SS jets are fired alternatively, therefore, the first phase corresponds to the PS jet blowing (which 

is slaved to the trigger) and the second phase corresponds to the SS jet blowing (which is delayed 

by 50ms).  

6.3.1 At x/c=1 

At x/c=1, or 150mm downstream of the leading edge, the vortex trajectory during the 

pulsing cycle for all cases is shown in Fig. 58. As can be expected, the PS and SS jets pulsed 

blowing displaces the vortex core in the direction of the PS and SS steady blowing positions, 

respectively. With the alternating case, the vortex core trajectory is constrained between the 𝑃𝑆𝑝𝑠 

and 𝑆𝑆𝑝𝑏 trajectories. Using linear regression, it is possible to plot best fit lines and estimate the 

angle of the vortex trajectory throughout the blowing cycle, as can be seen in Fig. 59. 
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Fig. 58. All vortex trajectories at x/c=1 

   

 

Fig. 59. Angle of the vortex trajectory for unsteady cases at x/c=1 
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 The calculated angles are 14.9°/-165.1° for 𝑃𝑆𝑝𝑏, 48.3°/-131.7° for 𝑆𝑆𝑝𝑏 and 

10.9°/170.1° for 𝐴𝐿𝑇.  It is also possible to calculate and plot the distance between the vortex 

core and the Baseline position. This is useful to illustrate the ascending/descending phases, as 

well as verify that the start marker that defines these phases has been correctly identified. Fig. 60 

shows the displacement in millimeters, vs the non-dimensionalized time scale. 𝑡0 represents the 

date corresponding to the starting marker of the ascending phase, and T the total cycle time 

(100ms). 

 

Fig. 60. Distance from Baseline at x/c=1 
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6.3.2 At x/c=2 

At x/c=2, or 300mm downstream of the leading edge, the vortex core trajectories are as 

follows: 

 

Fig. 61. All vortex core trajectories at x/c=2 

 

Fig. 62. Angle of the vortex trajectories for x/c=2 
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Fig. 61 shows that the 𝑃𝑆𝑝𝑏 and 𝑆𝑆𝑝𝑏 jet vortex core trajectories are still generally 

oriented in the Baseline-Steady case direction. However, the 𝐴𝐿𝑇 case appears merged  with the 

𝑃𝑆𝑝𝑏 result. Therefore, the 𝑃𝑆𝑝𝑏 angle is somewhat similar to the 𝐴𝐿𝑇 case result, as can be seen 

in Fig. 62. 

The angle of the 𝑃𝑆𝑝𝑏 trajectory is 34.7°/-145.3°, the angle of the 𝑆𝑆𝑝𝑏  trajectory is 60°/-

120°, while the angle for the 𝐴𝐿𝑇 trajectory is 29.4°/-150.6°. Therefore, it seems at x/c=2, the 

𝑆𝑆𝑝𝑏 trajectory is out of the 48° plane that was identified with 𝑆𝑆 results and 𝑆𝑆𝑝𝑏 results at 

x/c=1. 

 It can be noted that the displacement of the vortex core is more important when the 

steady jets are activated. A possible explanation could be compressibility effects in the tubings. 

Distance values are plotted in Fig. 63 below: 

 

Fig. 63. Distance from Baseline for x/c=2 
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6.4 At x/c=3 

At x/c=3, or 450mm downstream of the leading edge, the vortex core trajectories are as 

follows in Fig. 64 : 

 

Fig. 64. All vortex core trajectories at x/c=3 

 

Fig. 65. Angle of the vortex trajectories for x/c=3 
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From Fig. 64, it appears that the 𝐴𝐿𝑇 trajectory has come back to being constrained between the 

𝑃𝑆𝑝𝑏 and 𝑆𝑆𝑝𝑏 trajectories, although it remains closer to the 𝑃𝑠𝑝𝑏 trajectory. The angles are 

shown in Fig. 65. 

 MATLAB results yielding this plot show that the 𝑃𝑆𝑝𝑏 trajectory angle is 47.9°/-132.1°, 

the 𝑆𝑆𝑠𝑏 trajectory angle is 70.3°/-109.7°, and the 𝐴𝐿𝑇 trajectory angle is 32.6°/-147.4°.  As 

opposed to the results obtained for x/c=2, displacement distances seem smaller than total 

displacement distances for steady blowing. Distance from Baseline values are shown in Fig. 66. 

 

Fig. 66. Distance from Baseline for x/c=3 
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6.4.1 At x/c=4 

At x/c=4, or 600mm downstream of the leading edge, the vortex trajectories are as follows 

in Fig. 67. 

 

Fig. 67. All vortex core trajectories at x/c=4 

Angles calculated from linear regression are 48.3°/-131.7° for 𝑃𝑆𝑝𝑏, 69.2°/-118.8° for 𝑆𝑆𝑝𝑏, and 

41.1°/-138.9° for 𝐴𝐿𝑇. The linear regression plot is below in Fig. 68. As previously seen, the 

𝑃𝑆𝑝𝑏 and 𝐴𝐿𝑇 trajectory angles are similar while SS is typically at a steeper angle. 

 

Fig. 68. Angles of the vortex trajectories for x/c=4 



71 

 

As for distances, the displacement caused by the jets at x/c=4 is roughly the same displacement 

as the one occurring with steady jets. Distance from baseline values are shown below in Fig. 69 : 

  

Fig. 69. Distance from Baseline for x/c=4 

  



72 

 

6.4.2 At x/c=5 

The length of the test section limited the largest downstream distance we could make 

measurements at. Therefore, x/c=5 or 750mm is the furthest PIV measurements were taken. At 

this measurement plane, vortex trajectories appear as shown in Fig. 70: 

 

Fig. 70. Vortex core trajectories at x/c=5 

Since the vortex trajectories are more dispersed, the using linear regression to find a best-fit 

angle is less meaningful, especially for the 𝐴𝐿𝑇 case at x/c=5. Therefore, the plotted angle for 

𝐴𝐿𝑇 is indicative only. 

 

Fig. 71. Angles of the vortex trajectories at x/c=5 
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 The angle for the 𝑃𝑆𝑝𝑏 trajectory is 59.6°/-120.4°, the angle for the 𝑆𝑆𝑝𝑏 trajectory is 

67.1°/-112.9°, and the angle for the 𝐴𝐿𝑇 trajectory is 42.2°/-137.8°.  The distance from baseline 

plot is shown below: 

 

Fig. 72. Distance from Baseline for x/c=5 

6.4.3 Displacement distance and angle evolution  

As the vortex moves downstream, the angle values change for every case, as seen in the 

previous section. Furthermore the displacement distance 𝛥𝑣𝑐 ( distance between the marker 

closest to the baseline and the marker furthest from it), not to be confused with the distance to 

Baseline position, evolves as well. Similarly to the steady case results, we can plot the 

displacement distance as well as the angle of the plane which best fits the trajectory of the vortex 

core position. 
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Fig. 73. Displacement distance and angle for 𝑷𝑺𝒑𝒃 

 

Fig. 74. Displacement distance and angle for 𝑺𝑺𝒑𝒃 

 

Fig. 75. Displacement distance and angle for 𝑨𝑳𝑻 
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 While the displacement distance values do not clearly show sinusoidal patterns like in the 

steady jet cases, they could be interpreted as a damped sinusoid pattern, which means the 

displacement caused by the jet tends to be alleviated as the vortex core travels downstream. 

Furthermore, the angles of the planes associated with the vortex trajectory show a steady 

increase. This means that the pulsed jets do not contain the vortex core into a plane, let alone the 

48° plane that is of interest for early destruction.  

6.4.4 Circulation values 

As with the steady cases, the circulation values were calculated with the VIS, and are shown 

in the tables below: 

 

Table. 16. Circulation values for 𝑷𝑺𝒑𝒃 

 

Table. 17. Circulation values for 𝑺𝑺𝒑𝒃 

mm Circulation min Circulation max

150 0.0847 0.2993

300 0.1430 0.2677

450 0.0992 0.2182

600 0.1690 0.2396

750 0.1753 0.2656

PSpb

mm Circulation min Circulation max

150 0.1532 0.4603

300 0.1199 0.3731

450 0.1117 0.3124

600 0.1331 0.3358

750 0.2036 0.3419

SSpb
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Table. 18. Circulation values for 𝑨𝑳𝑻 

The inconsistency and wide spread of circulation values could come from how the Vortex 

Identification Software calculates the circulation, indeed, high circulation values seem to 

correspond to the largest vorticity contours found by VIS. Two examples at x/c=1 and x/c=5 are 

shown below:  

 

Fig. 76. Minimum circulation vorticity contour and velocity field at x/c=1 

mm Circulation min Circulation max

150 0.2173 0.4325

300 0.1638 0.3445

450 0.1000 0.3007

600 0.1770 0.3447

750 0.1862 0.3398

ALT
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Fig. 77. Maximum circulation vorticity contour and velocity field at x/c=1 

 

Fig. 78. Minimum circulation vorticity contour and velocity field at x/c=5 
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Fig. 79. Maximum circulation vorticity contour and velocity field at x/c=5 

 In addition to this behavior relating circulation to vorticity contour size, it is visible from 

all the vorticity contour and velocity field plots (in the Appendix) that the vorticity contour size 

increases as the vortex moves away from the Baseline. This phenomenon is found at all chord 

lengths for 𝑃𝑆𝑝𝑏 and 𝑆𝑆𝑝𝑏. It does not seem to occur for 𝐴𝐿𝑇 cases, which are not displaced from 

Baseline to a “steady jet” position, but rather alternate in convoluted patterns between 𝑃𝑆𝑝𝑏 and 

𝑆𝑆𝑝𝑏 trajectories. 
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Fig. 80. 𝑷𝑺𝒑𝒃vorticity contour for the point closest to the Baseline at x/c=1 

 

Fig. 81. 𝑷𝑺𝒑𝒃vorticity contour for the point furthest from the Baseline at x/c=1 
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Fig. 82. 𝑷𝑺𝒑𝒃vorticity contour for the point closest to the Baseline at x/c=5 

 

Fig. 83. 𝑷𝑺𝒑𝒃vorticity countour for the point furthest from the Baseline at x/c=5 
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7 Vortex growth 

As previously seen, the vortex can be characterized by its contour. Using a MATLAB script, 

the overall area limited by the vorticity contour can be calculated, and the “size” of the vortex as 

it travels downstream can be computed. 

 

Table. 19. Vortex Contour Area for Baseline 

 

Table. 20. Vortex Contour Area for PSsb 

 

Table. 21. Vortex Contour Area for SSsb 

 

Baseline Area mm2

x/c=1 65.2

x/c=2 85.6

x/c=3 167.0

x/c=4 245.0

x/c=5 224.7

PSsb Area mm2

x/c=1 105.4

x/c=2 247.9

x/c=3 376.6

x/c=4 566.5

x/c=5 505.0

SSsb Area mm2

x/c=1 188.9

x/c=2 363.1

x/c=3 386.1

x/c=4 711.7

x/c=5 498.4
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Table. 22. Vortex Contour Area for PSpb 

 

Table. 23. Vortex Contour Area for SSpb 

 

Table. 24. Vortex Contour Area for ALT 

In agreement with previous results, the steady side jet is the most effective, in this case in 

terms of vortex growth. Area growth ranges from 13% to 333%, furthermore, the ALT case 

doesn’t show the same overall increase or reduction at x/c=5 as other cases do, due to the more 

incoherent and contained nature of the vortex trajectory.  

  

PSpb Area mm2

x/c=1 181.2

x/c=2 380.6

x/c=3 783.5

x/c=4 277.0

x/c=5 584.0

SSpb Area mm2

x/c=1 315.9

x/c=2 490.4

x/c=3 624.4

x/c=4 1043.1

x/c=5 972.8

ALT Area mm2

x/c=1 256.9

x/c=2 297.0

x/c=3 595.3

x/c=4 511.6

x/c=5 799.3
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7.1.1 3D Plots 

With the vortex core coordinates known for all cases at all chord lengths, it is possible to 

plot the trajectory of the vortex core in 3D. For each chord length, there are ten markers, instead 

of one, as in the steady cases. It would be confusing to plot all of them, therefore, a plot follows 

markers previously identified when calculating 𝛥𝑣𝑐 : the marker closest to the Baseline vortex 

core position, and the marker furthest from it. 

 

Fig. 84. 3D plot for the 𝑷𝑺𝒑𝒃 trajectory – 1 

 

Fig. 85. 3D plot for the 𝑷𝑺𝒑𝒃 trajectory – 2 
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Fig. 86. 3D plot for the 𝑺𝑺𝒑𝒃 trajectory – 1 

 

Fig. 87. 3D plot for the 𝑺𝑺𝒑𝒃 trajectory – 2 
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Fig. 88. 3D plot for the 𝑨𝑳𝑻 trajectory – 1 

 

Fig. 89. 3D plot for the 𝑨𝑳𝑻 trajectory – 2 
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8 Aerodynamic balance results 

In the scope of this research, the aim of the aerodynamic balance testing was to determine 

the influence of jets on the wing model, specifically lift, drag, and pitching moment. The same 

test cases as in PIV testing were used: Baseline with no jets, steady pressure side (𝑃𝑆) jet, steady 

suction side (𝑆𝑆) jet. The testing process is as follows: 

 Zero the balance using the SCXI-1321 nulling module 

 Bring the tunnel to 15 m/s, take a measurement 

 While at 15 m/s, activate SS jet, take a measurement 

 Still at 15 m/s, deactivate SS jet, activate PS jet, take a measurement 

 Deactivate jet, take a measurement (at 15 m/s) 

 Stop the wind tunnel, take a measurement once tunnel velocity reaches 0 m/s 

This test was performed five times. The first data set yielded dubious results, however the 

remaining tests results were kept, averaged, and can be found in the Appendix. A summary of 

those results is shown in Table. 25: 

 

Table. 25. Balance test with jets results 

  On the X-axis (longitudinal), the drag force does not seem affected by the jets 

significantly. On the Z axis (vertical), the jets seem to reduce the apparent lift force, both in the 

𝑃𝑆𝑠𝑏 and the 𝑆𝑆𝑠𝑏 case.  Table. 25 only shows the averages, but deviation was low, and 

therefore, it can be assumed that the trends observed are correct. Additionally, on the Z axis, the 

balance after deactivation of the jets, the experimental setup returns the same lift value as before 

the activation of the jets, further validating the phenomena. It is important to note that the effect 

of the pressurized tubings have not been identified, and therefore the results do not take that into 
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account. It is possible that the apparent loss of lift is less an aerodynamic force than an effect of 

the pressurized tubings. With the result of lift and drag, it is possible to calculate the coefficients 

of lift as well as the coefficients of drag, compiled in Table. 26. 

 

Table. 26. Coefficients of lift and drag with different jets configuration 

 Previous experimental research on a NACA 0012 profile at a similar angle of attack seem to 

agree with the coefficient of lift as well as the coefficient of drag. For a 15m/s flow over a 

characteristic length of 15cm at the experimental conditions, the Reynolds number was found to 

be 130000. For similar Reynolds number, published values are displayed below in  Fig. 90. 

At an AoA of 7.5°, Fig. 90 shows that previous research established that the coefficient of 

lift was between 0.35 and 0.38, as displayed by the red line with the circular markers. Thus, the 

0.376 and 0.376 values (before and after jets, respectively) in Table. 26 corresponding to the case 

when the NACA 0012 wing model is not subjected to jets are valid. The coefficients of drag 

from the same research are shown in Fig. 91. 
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Fig. 90. Coefficient of Lift in published results for NACA 0012 [17] 
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Fig. 91. Coefficient of Drag in published results for NACA 0012 [17] 

 At an AoA of 7.5°, again following the red curve with circular markers corresponding to 

1.33 · 105, we see that the published results are between 0.06 and 0.08. Therefore, our values of 

0.072 and 0.062 (before and after jets, respectively) shown in Fig. 48 also seem valid. 

Consequently, it can be estimated that activating the steady jet from the suction side slot reduces 

the lift by ~35%, and activating the steady jet from the pressure side slot reduces the lift by 

~24%. Drag results suggest a slight increase in drag, however, due to the balance inherent 

inaccuracy; no definite conclusion can be reached. 
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9 Linking PIV results with aerodynamic balance results 

Both the Kutta-Joukowski theorem and Prandtl lifting line theory link circulation with lift 

(or lift coefficients), however, obtained results were not accurate due to the fact that the Kutta 

Joukowski theorem is a 2D approximation, and the Prandtl lifting line theory is applicable to 

wings with a large aspect ratio. The experimental setup is a wing model with a small aspect ratio, 

where wingtip vortices, rollup and downwash are significant phenomena. It might be possible to 

use CFD to correlate PIV results with numerical lift values, but this goes beyond the scope of 

this research. 

10 Future implementation on aircraft 

While the jet flow velocity is rather high, the coefficients of mass and momentum are consistent 

with previous research from Heyes and Smith [9]. These coefficients are defined as : 

𝐶�̇� =
�̇�

𝜌𝑆𝑈
=

�̇�

2𝑆𝑈
 

𝐶�̇� =
�̇�𝑈𝑗

𝜌2𝑆𝑈2
=

�̇�𝑈𝑗

2𝑆𝑈2
 

With �̇� being the jet mass flow rate, �̇� the jet volumetric flow rate, ρ the air density, S 

the surface planform area, 𝑈𝑗 the jet velocity and U the freestream velocity. Heyes et al. 

experimental coefficients were between 0.0009 and 0.0045 for 𝐶�̇�, and between 0.001 and 0.035 

for 𝐶�̇�. Our own coefficients were 0.0015 for 𝐶�̇� and ~0.005 for 𝐶�̇�. Switching the planform 

area and freestream velocity values to those corresponding to a A330 (361 m
2
 and 77m/s, 

respectively), similarity of the coefficients leads to a mass flow rate requirement of 52 kg/s. 

Accordingly, the momentum coefficient requirement results in a jet velocity of 262 m/s at the 

wingtip, however, a higher mass flow rate of 100kg/s would result in a 136 m/s jet velocity. 

Current commercial aircraft engines provide bleed air to pressure the cabin and de-ice the wings. 

A PW4168 (A330-300, 302.5kN takeoff thrust) has a mass flow rate of 900 kg/s with a bypass 
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ratio of 4.8, resulting in a core flow of 187.5 kg/s [18]. It can be assumed that the relation for 

bleed air mass flow to core mass flow rate is 0.03-0.04 [19]. 

That would mean for the case above, that overall utilized bleed air can be assumed to be 

~5.5-7.5 kg/s, in take-off conditions. Note that this bleed air may be necessary for air 

conditioning and anti-ice-systems, and therefore may not always be available. However, during 

approach anti-ice bleed air could be used subsequently for wingtip vortex modification after it 

passed through the duct in the leading edge or engine cowling. While this is insufficient to 

achieve similarity to the lab results, using the Auxiliary Power Unit (APU) to provide additional 

bleed air could be a solution. There is no available data for the A330 APU (Honeywell GTCP 

331-350), therefore, it is not possible to know at this time if this would be sufficient. The 

addition of a small turbine engine would be a possibility. For example, Garrett-Allied Signal-

Honeywell TFE731 jet engine series specifications show maximum mass flow rates between 

113-145 lb/s, or 51-65 kg/s [20]. 

11 Conclusion and Recommendations 

Throughout the research performed for this thesis, a further understanding of the wingtip 

vortex behavior at various chord lengths when subjected to active flow control was achieved. 

Furthermore, the effect of active flow control on lift, drag, and pitching moment was measured. 

Using the same parameters as earlier research, active flow control PIV experiments on the 

wingtip vortex were performed at chord lengths of x/c=1, 2, 3, 4, 5. A NACA 0012 wing model 

with two airtight chambers was placed in a wing tunnel at 7.5° AoA at a freestream velocity of 

15 m/s. A replaceable wingtip with two rectangular slots (16x1mm) oriented at +15° and -15° 

was mounted on the wing model, and pressurized tubings were connected to the chambers. To 

regulate the jets, a double valve system was controlled by a Labview VI running on a computer 

to which the PIV system was slaved. This allowed accurate synchronization between the PIV 

measurements and the activation of the jets (set to 10Hz for unsteady cases). Then, to further 

understand the effect of the jets on the aircraft itself, the wing model was mounted on an 

aerodynamic balance using a 3D printed adapter. To calibrate the balance, a set of existing rods 

was mounted on the balance arms, in conjunction with a longer re-manufactured rod machined at 
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the University of Arizona. By mounting different weights on the balance and recording voltages 

from the balance’s strain gauges, a calibration matrix was created, tested, and adjusted to 

maximize accuracy. 

PIV results were processed through a Vortex Identification Software as well as MATLAB 

scripts to characterize the behavior of the vortex core when undergoing steady and unsteady jet 

blowing. Through post-processing, circulation, vorticity contour, vortex core position, vortex 

core displacement and trajectory angle were obtained and showed that the both PS and SS jet can 

displace the vortex core upwards and outwards from its baseline position. It was demonstrated 

that the SS steady jet can force the wingtip vortex into a trajectory oriented at 48° with respect to 

the horizontal axis, an angle at which the Crow instability occurs. Pulsed blowing through the PS 

and SS jet creates a cyclic trajectory for the wingtip vortex, where the vortex is enlarged as it 

moves away from the baseline position, with calculated circulation values (Γ) usually being the 

highest when the vortex core reaches maximum displacement. A decrease in circulation values is 

visible when the jets are activated, especially for steady cases, while the baseline case shows a 

somewhat constant circulation. 

 Aerodynamic balance results show lift and drag coefficient values consistent with 

published results when the jets are not activated. According to the balance measurements, 

activating the steady jets results in a decrease in lift, and has no significant effect on drag. 

However, it was found that the tubings impact the balance results significantly, and no estimation 

of the effect of pressurized jets on the wing model was performed. Therefore, the aerodynamic 

balance results should not be considered as conclusive. 

To verify the results presented in this thesis, far field PIV measurements need to be 

performed at longer distances downstream to verify early destruction or dissipation as predicted 

by Crow. Wingtips with different jet configurations could be mounted on the wing model 

(towards the root to reduce span-wise flow, for example).  PIV measurements at chord lengths 

smaller than 1 would allow the jet’s effect on the vortex formation process to be visualized. 

Finally, the balance calibration matrix should be re-calculated, if possible with more accurate 

hardware, and the effect of pressurized tubings on the wing model should be determined.   
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13 Appendix 

13.1.1 Technical drawings 

 

Fig. 92. Kasari Balance connecting rod 
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Fig. 93. Adapter mount for the Kasari balance 
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Fig. 94. Model adapter for the Kasari balance 
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Fig. 95. Wing model [10] 
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Fig. 96. Separation plate between the PS and SS chambers [10] 
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Fig. 97. Wing model covering [10] 
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Fig. 98. Wingtip model [10] 
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13.2 Vorticity contours and velocity fields 

13.2.1 x/c=1 

 

Fig. 99. Baseline     Fig. 100. 𝑷𝑺𝒔𝒃 

  

Fig. 101. 𝑺𝑺𝒔𝒃     Fig. 102. 𝑷𝑺𝒑𝒃 closest to Baseline 

 

Fig. 103. 𝑷𝑺𝒑𝒃 furthest from Baseline   Fig. 104. 𝑺𝑺𝒑𝒃 closest to Baseline 
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Fig. 105. 𝑺𝑺𝒑𝒃 furthest from Baseline Fig. 106. 𝑨𝑳𝑻 closest to Baseline 

 

Fig. 107. 𝑨𝑳𝑻 furthest from Baseline 
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13.2.2 x/c=2 

 

Fig. 108. Baseline      Fig. 109. 𝑷𝑺𝒔𝒃 

 

Fig. 110. 𝑺𝑺𝒔𝒃     Fig. 111. 𝑷𝑺𝒑𝒃 closest to Baseline 

 

Fig. 112. 𝑷𝑺𝒑𝒃 furthest from Baseline   Fig. 113. 𝑺𝑺𝒑𝒃 closest to Baseline 
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Fig. 114. 𝑺𝑺𝒑𝒃 furthest from Baseline  Fig. 115. 𝑨𝑳𝑻 closest to Baseline 

 

Fig. 116. 𝑨𝑳𝑻 furthest from Baseline 
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13.2.3 x/c=3 

 

Fig. 117. Baseline      Fig. 118. 𝑷𝑺𝒔𝒃 

 

Fig. 119. 𝑺𝑺𝒔𝒃     Fig. 120. 𝑷𝑺𝒑𝒃 closest to Baseline 

 

Fig. 121. 𝑷𝑺𝒑𝒃 furthest from Baseline   Fig. 122. 𝑺𝑺𝒑𝒃 closest to Baseline 
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Fig. 123. 𝑺𝑺𝒑𝒃 furthest from Baseline  Fig. 124. 𝑨𝑳𝑻 closest to Baseline 

 

Fig. 125. 𝑨𝑳𝑻 furthest from Baseline 

 

  



108 

 

13.2.4 x/c=4 

 

Fig. 126. Baseline      Fig. 127. 𝑷𝑺𝒔𝒃 

 

Fig. 128. 𝑺𝑺𝒔𝒃     Fig. 129. 𝑷𝑺𝒑𝒃 closest to Baseline 

 

Fig. 130. 𝑷𝑺𝒑𝒃 furthest from Baseline   Fig. 131. 𝑺𝑺𝒑𝒃 closest to Baseline 
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Fig. 132. 𝑺𝑺𝒑𝒃 furthest from Baseline  Fig. 133. 𝑨𝑳𝑻 closest to Baseline 

 

Fig. 134. 𝑨𝑳𝑻 furthest from Baseline 
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13.2.5 x/c=5 

 

Fig. 135. Baseline      Fig. 136. 𝑷𝑺𝒔𝒃 

 

Fig. 137. 𝑺𝑺𝒔𝒃     Fig. 138. 𝑷𝑺𝒑𝒃 closest to Baseline 

 

Fig. 139. 𝑷𝑺𝒑𝒃 furthest from Baseline   Fig. 140. 𝑺𝑺𝒑𝒃 closest to Baseline 
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Fig. 141. 𝑺𝑺𝒑𝒃 furthest from Baseline  Fig. 142. 𝑨𝑳𝑻 closest to Baseline 

 

Fig. 143. 𝑨𝑳𝑻 furthest from Baseline 
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