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Abstract

Wingtip vortices, created as a byproduct of lift, &i@h a hazard and significant
limiting factor in the increase ofiratraffic. In order to reduce separation distanbesween
airplanesand increase safety, active flow control solutions are considered, however, more
research is required to better understand the behavior of wingtip vorfibesefore, this
research focusesn the modification of the flow structure downstream using pulsed jets,
visualization of the behavior of wingtip vortices usimgyo dimensional particle image
velocimetry, as wil as measurements of the forces and momaffested by the pulsed jets
usingan aerodynamic balance.

A NACA 0012 wing modelequipped with two slots was mounted in a wind tunnel at
approximately 150,000Reynolls number. A valve system was designedraate jets of air at
the wing tip in a steady or pulsed patteirom a slot plaed either on the pressure side or the
suction side Particle image velocimetryneasurements were taken at various distances
downstream, and pegrocessed for the characterization of the vorgeasition, angle, distance
vorticity contour and circulaibn.

Resultsindicate that the vortex can be forced into a cyclic pattern constrained between
the baseline (no jetjortex coreposition, and the position when the igpermanently activated
(steadyblowing casa). Depending on the slot used, the vortejectorycan be forced into an
inclination angle Steady blowing cases show naarusoidal oscillations, while pulsddiowing
casesexhibit a steady rise in angle, with a slight oscillating pattern in displacement distance
values.

The circulation valas are significantlichangedwith a significantly higher dispersion
than for the baseline case. Furthermore, the vottme sizeis consistently larger ag is
displaced away from the baseline case.

Additionally, lift, drag and pitching moment were nse@ed in a wind tunnalsing an
aerodynamic balanc&esults showed théft/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 wigtip vortices occurs past the maximum
downstream distance studied, therefadditional PIV measurements should be taken further
downstream. Moreover, supplementary PIV measurements at the slot themselves should be

considered to better understand howgkeurbed flow structure interacts with the pulsed jets
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WTC: Wake Turbulence Category
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Symbols
0 0 "Xlternate blowing
c: Chord length [mm]
0 : Coefficient of drag]
0 : Coefficient of lift [-]
O: Distance [mm]
0 “YPressure side
Y 'QReynolds number]
“YSuction side
i Cartesian coordinates [mm]
x: distance downstream of origin [mm]
0: Origin
W : Distance from Baseline vortex core position
w : Vortex core displacemefrinm]
w: Circulation
" Dersity[Q& ]

Angl e vs [horizontal axis

(]

Subscripts
a1 denotes a secondary coordinate system
0 Wi Qar&ktie to the Baseline
R cpulsed blowing
i csteady blowing

O cattributed to the vortex core
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1. Introduction

Wing vorticesand the associated phenomena such as induced drag, and trailing wake
turbulence, have been studied since the laté @tury[1]. An improved understanding of
wingtip vortices would allow aircraft to be more efficient, and Idopotentially reduce the
separation distance imposed during takeand 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 particleimage velocimetry (PIV) to visualize the behavior of the vortex core
downstream, as well as using an aerodynamic balance, the effects of jets of air pthsed at

wingtip were characterized.

1.1 Motivation

The economic performance of air travel is determimgd 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 better understanding of wingtip vortices, and introduced

the use of winglets in business aviation at {2$t

Gradually, after further research on 010 and KC135 aircraft, Boeing introduced
winglets on the 7472]. Today, the benefits of winglets are widely understood acepaed, and
the newBoeing 737 MAX, which first flew on January 392016, features spitip winglets
similar in design to the early NASA research (albeit a larenrefined using CFD)The
reduction in spamwise flow and induced drag diminishes the generation of wingtip vortices,
which are a major hazard concern. Wake turbulemgemsesseparation restrictions defined by
ICAO,based on aircr af themintoMTs@edfitVale dwlaulerca Gategpry
(WTC) [3]. With an increase in air traffic, major airports are congested, as aircraft manufacturers
design larger aircrafts to accommodate more passengers, which incidentaléy)angst vortex
wakes due to their weight and size. Figure 1 shows the Airbus-8@80the heaviest airliner in
service, has the following separation restrictipts
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Wake turbulence
Preceeding aircraft Succeeding aircraft radar separation
minima
A380-800/ —
non-A380-800 HEAVY A380-800 Not required
A380-800 Non-A380-800 HEAWVY 11.1 km (6.0 NM)
A380-800 MEDIUM 13 km (7.0 NM)
A380-800 LIGHT 14.8 km (8.0 NM)
"When a wake turbulence restriction is not required then separation reverts
to radar separation minimum as prescribed by the appropriate ATS
authority. The recommendation of the ad hoc group (safety case) indicated
that no wake constraint exists for the A380-800 either following another
A380-800 or a non-A380-800 HEAWVY aircraft.

Fig. 1. A380 Separationrequriements

These separation distances typically represehtndnutes 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 andntigigached 80.3% of total capac[B]. For
airports to grow, it is possible to build additional terminals, but often impractical to build
additional runways. LondeHeathrow, the busiest airport by passenger traffiEurope only
has two runwaysandoperaesat over 98% capacitjf], while projects to build a thirdunway
are met with oppositiof]. Therefore, an effective way to increase air traffic without reqgirin
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 & extensively studief]. However,studies abouthe use of
active flow controlare more recenand require more research until practical solutions are
implemented[8]. The use ofpulsed jetsto modify wingtip vortices has beeresearched
previouslyby D. A. R. Smith [9] at the Imperial College of London and more recently, R.
Kranepuhlat the University of Arizongl0]. Both used experim¢al 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 theesult of sparwise flow and a pressure differential between the
pressure side of the wing and the suction side of the wing. This tftectly correlated to
circulation, of which a spawise change results in a vortex. Since lift distribution is usunally
uniform (but usuallycontinuous) 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 downwast,thus, induced dragome aircraft are
equipped with devices designed to prevent spee flow, such as notches in the LE (Avro
Arrow), or wing fences ( Migl7). Those devices result in na@ontinuous lift distribution, and
improve lowspeed flight chaacteristics, but serve a different purpose than winglets, which are

designed for efficiency, and reduction of vortex wake.

Vorticity Sheet

N

Fig. 2 Vortex generation[11]

The vorticeslast in the wake for one to two minutes before connecting into angs
dissipating through interaction Crow described a fislow, symn
instabilityo t ha t[l], hosvavdrshis talysis rehea strondly on the \préices o n
mutual interation, which does not occur in experiments where amhg vortex is created.
Nevertheless, it is possible to ascertain whether a single vortex can be manipulated into a

behavior that would lead to earlisdipation.
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Earlier research from Bearman P., Heyes A. and Smith D[&].RL2], 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 destructibnerefore, if a modification of the vortex
behavior in the nedreld can be achieved that could potentially create a Crow instability, the

vortices in the far field could potentially undergo early degion.
1.3 Research objectives

To allow future implementation of active control solutions in wingtip vortex modification in
the form of pulsed jets, the effects ofsjéen vortex wake behavior ne¢al 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 modificadn on lift and drag are measured. Therefore, this thesis seeks to:

(1) apply pused jets on a wingtip to mogiits vortex
(2) characterize the vortexand the effects of the jetsing particle image velocimetry

(3) measurahe effects of the jets on lift, drag, apiiching moment
2 Experimental setup

In order the meet the research objectives, a similar setup to the one used by Hey8} et Al
was used in the University of Arizona Aerospace and Mechanical Engin¢ahtte) facilities,
which provided the wind tunnel, the particle image velocimetry equipment, the aerodynamic
balancea 3D printing systenas well as the pogirocessing computers.

All the measurements were obtained from the low speed wind tunnel iANe
building. This closedoop wind tunnel can produce an air flow from 0 to 16 (dé&pending on
blockage) The test section is contained in a closed room, which enables PIV experiments to be
conducted safely, and atmospheric parameteradie consistentSince isentropic flow Hdew
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 requires48RBlodbus
Communication Module which is interfaced with an USB adapter to the computerinkechl
1.30, an ACTech softwareontrols the freqency inverter which drives the motor. Inside the
tunnel, a pitot tube is positioned on the upstream side of the test section (approxiniately O.
upstream othetest sectiopy and pressure data is transfervea a BNC cabldo the computer
using a NI cDAQ9402, 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 LabhwiducVI
displays the bulk flow velocity (zompressible and inviscid assumptions). The pressure and
temperature are displayed on a barometer and a thermometer insateuieer, 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 chasbasits X axis going downse#am, and itZ axis going downwards.

Wing model

Fig. 5 Coordinate system
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To guide the flowa plexiglass wall iplaced on one sidéowever, to allow alignment of
the winglet and camera, and access to the winglet, the test sectiotheisvise open.
Downstream of the test section, a tube can be squéereden 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
experimentsSince the seeder requires air pressure to function, and there is only one air pressure
hose availablethe tunnel has to be seeded before PIV experiments using the jets occur. For
measurements that last more than a few minutes, it is necessargdedré¢he wind tunnel

regularly (about every 10 PIV measurements).

Fig. 6. RS485/RS232 Adapter

2.2 Wing model

The wing model was designed for ttieesis of Rchard Kranepuh[10], based on the
dimensions from thenodel used by Heyes and Smi® and manufactured by New Hope
Machine inTucson, AZ. Accordingly, the chord and span are 150mm long, and the slots are
angled at a +15° and5° anglesThe di mensi ons were kept from F
for comparison purpose$his modelconsists of two chambers in which the PS and $$ai
directed towards the PS and SS sloespectively. It waglesigned usindgsolidworks 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 (Pressureside)

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 &ligen@ation) 3D
printer, twoPLA meshesvere 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 removetidromaih 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, #8 x 3/8countersunk screws keep the covering plates in place,
and tape was applied on the surface to smoothen the suffaeepressure chambers are
connected to a computer controlled valve system, which delivers hagisyse air to flexible

tubings approximatel@ feet long.
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2.3 Pulsed jets

The pulsed jetaire fed from the pressurized air system available at the AME building,
capable of delivering 145PSI of air. These jeas be activated independently in a steady or
pulsed mode. It is possible to change the pirisguency, however, this research focuses on
pulses at a frequency of 10Hz only allow synchronization, the PIV computer controlling the
laser and the camera was slaved to the computer contriblengind tunnel and the valves with
a Labview VI.

DAQMedi/ad |
cDAQZMod /ctr]

Fig. 11. Wind tunnel Vis
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Laser and /_

camera
trigger

Val\fe Control @

-

Fig. 12. Experimental setup schematic

2.4 PIV Setup

The PIV system consists of a computer on which DAVIS software is install2\V#S
sCMOScamera, and dlew Wave Rsearch 532nm Solo PIM 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 iatval of 40 us 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
xt file, then read by Matlab or a Vortex Identification SoftwaFég. 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 modglitahdube 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 limdictated 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
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2.5 Aerodynamic Balance

The aerodynamic balance (also referred to as Kasari balanedtise 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 SGX121 modules, themselves maéech on an NI SCX
1000 chassisFig. 16. shows how the twelve channels are distributed among the SK3X1L
modules, which are offset nulling and shunt calibration capabl®addodules compatible with
SCXI-1121, which are isolation amplifier modules with 4 channels. All channels are multiplexed
by the SCXF1000 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 CuB® Generation printerTechnical

specifications are included in the Appendi

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 they-axis, to change the angle of attack if necesskwycalibrate the balance, a set

of jigs can be mounted on the balance base, with hinged parts connecting the weights to the
balance via transfer rod#. was found that the original thickness of the wimgdel adapter
wasnot s u f f -negligiblen deformadion cappeniech 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 thelaserilluminated plane is perfectlyligned with the YZ plane. The standard PIV
procedure uses a dotted calibration plate and a DAJI8outinescaling the images the picture
is taking using a grid superimposed on the dots.

[ 165000
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55000
50000
45000

40000

{35000

mm
counts

30000

25000

20000
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10000

5000

Fig. 18. Calibration plate

The originis placed at the intersection between the leading edge and the separation between
the main part and the part containing the sldisis allows the downstream distances to be

accurately measured, as the slotted part is curved. However, to align the cameakhriigon
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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 laseross centerThe new origin,0 , is at the very edge of the wing
model, and aligned with the vertical axis and horizontal axisid (on which the winglet is
aligned at an AoA of 9. Resulting offsets are takeinto account in post processing via
MATLAB.

Fig. 19. Bosch GLL 2 Self leveling cross lasdd 3]

Angle of attack=0 ‘
Yb <« ob/

X/ Winglet,/”

¥7b

( »{"éalibration plate

Camera

Fig. 20. Camera, plate, and wing model alignment
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The laser level that was used for alignment is a Bosch GLL 2lévgling Crosdine Laser
Level. The cross pattern permitted alignment of all elements on the longitudinal axidl as we
on thehorizontal 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 camesa. 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 valughédri than 2 pixels are
deemed unacceptable by the manufacturer (LaVigidh). All measurements were taken with

standard deviation values between 0.3 and 0.55 pixels.

Knowing which calibration plate is mounted, and having dopmrsed 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 bandpassrfilidnen, 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
calibratin 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 teihgmsteady cases,
the other being unsteady cases:

Baseline: No jets

0 "Y: Steadyblowing jet on the pressure side (lower slot)

“Y'Y: Steadyblowing jet on the suction side (upper slot)

0 "Y: Pulsedblowingjets at 10 Hz on the pressure sittever slot)

= =A =4 4 -2

“YY: Pulsedblowing jets at 10 Hz on the suction side (upper slot)
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1 0 0 :"Xlternating pulsed jets at 10Hz each (both slots)
3.3 Measurement parameters

All the other parameters were kept as constant as possible, with @ ffeestream veldty,
an angleof attack of 7.5°, a barometric pressure-600 mmHg and a tempeuae ranging from
24°C to 28°C.Freestream velocity was constantly monitored using a pitot tukedlito the
wind tunnel computer on which the VIs shownFig. 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 resolutn 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 canpdaite distance to remain constant at

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

considerable margin.
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Fig. 21x/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 76um square. At x/c=5, the calibrated field
of view corresponds to ~144.2x121.0mm, hence each pixel represents aditam The post

processing is a muipass calculation with decreasing interrogation windows.
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Operation list: @& % 32X [] Use mask take image as t is
—--E 1: PIV (particle image velocimetry)
5 Data source
E| Image preprocessing ) Cross-comelstion -
- [Z] Define mask Sequential cross-comelation fatzEz]
- N ——— frame 0 X [frame 1
S T
-~ [E] Mutti-pass options Eerdtions:
EI [Z] Muttipass postprocessing e Window size and weight:  Overap Passes
E Vector postprocessing ingle pass <
" Bdx B4 = A 190 |l |1 =
+- |3 2: vector statistics : vector field result Muttipass (constart size) L
e X =) Multipass (decreasing size) 16x16 |zl (M 50 | |1 =
4
5 Options:
3 Use image comection ector scale: |welocity: [m/s
FS
I Display intermediate results [ Calculate uncertainty
8 High accuracy mode for final passes |B-spline-6 reconstruction

Fig. 23. Post processing parameters

The final pass uses a 16x16 pixels interrogation window. Hence, for x/c=1, the smallest
resolvedflow structure is 1.2mm, and 0.9mm for x/c=5. After ppsicessing, 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 haseadpration
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 10dmespecifiedphase 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 forehjet of air to travel in the tubes, the wing model, and affect
the flow at a certain distance. This additional phase shift/time delags to be estimated in

order to interpret the PIV results.

i

Laser and
camera
trigger

]

Valve control
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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 vortexcore trajectory to determiné . After postprocessing operations described in
Processing of thPIV results the vortex core position was marked at different times in the cycle
(Oms to 90ms)For each 10ms, the 10 sets of 10 picture were processed and the vortex core

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

Since the phenomenon is cyclic and reasonably well defined, we can identify the part of the
trajectory that correspals to the ascensignfi A s ¢ e cadisedhlyy 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, ardpomds to

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

trajectory at that location.
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30| 7 o
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> PS Descending
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40 30 20 10 0 -10 -20 -30
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Fig. 25. Vortex core trajectory for x/c=1
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For unsteady cases, since measurements were madmatintervals 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 Oms, marker #2 corresponding to the picture taken at 10ms,
etc. In the case ob"Y 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 unstesely aaall

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 bydherd 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 Smith9]. The"Y"Y 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 casoverall shows a delay between Oms and 20ms. TH¥
case is hard to characterize, as there is no discernible trend-3F2d@4 marker sequence, if
assumed to belong to the same <cycl e, woul d i
timeo . A more reasonable assumption is that t h
90ms80ms60ms, respectively. These values are still a higher than the ones obtained from the
other cases, as well as those from Heyes and $&pith

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 oT bisors.

behavior is visible in the 3D plots ithe PIV Resultssection.
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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 intervakfining amarkeras the one attributed to the start of
the ascending phase of the vortex core movement (when the effect of the valve being opens

becomes apparerit) the 0 "Y case, hat marker corresponds 20ms after the trigger pulse in
the x/c=1 case fobY , t heref or e, it takes 20ms for the

opened. Thereforeé =20ms for x/c=1.
Thus, the DAVIS system records pictures at 20ms, 120ms, 220ms, etc.

Fig. 28. || {L4220ms Fig. 29. | {L4320ms
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Fig. 34. |} {L4820ms Fig. 35. |} {_4920ms

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

uses th&samma 1 and Gamma 2 functidid$] to locate the vortex core.
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PS 03 Vortex core coordinates
X Y
Name Time | coordinate | coordinate
PS _03_01 20ms -13.4 16.9
PS_03_0Z 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_074 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 te®ack to its position (within a small
margin) which establishes the repeatability of the measurements over 100ms)ifivtlaase.
Although the estimation of the time delay seems inacctioate Y, "Y"Y, andd 0 sHhow 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 thePIV 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 thropatticle intensity normalizatiomo reduce glares,

reflections, and uneventlinination of the oil particles.

Afterwards, DAVIS can process the image pairs by usingngrrogation 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 whichgbetfain will run once,
with 50 percent overlap between adjacent interrogation windows, as s@& irhis allows
flow structures as small as @1%2mm to be calculated, depending on the chord length. A-multi

pass posprocessing then removes the abnormal vectors that are present in the velocity field.
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Fig. 36. Vector field without multi pass
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Fig. 37. Vector field after multi pass processing

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

be exported in a .txt file.

4.2 Vortex ldentification Software

The .ixt file cannot be read by thértex Identiication Software(VIS) in its original
form, because DAVIS leaves a header on the first rotheExporter .txt file, which VISannot
interpret. Using a MATLAB script, the header can be removed, and the X and Y values given by
DAVIS can be inverted, siecthe [X;Y] in DAVIS corresponds to-Y;-Z] in our chosen

coordinates.
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BODOO1.bt X

1 l#DE.ViS §.3.0 2D-vector 16 137 163 "" "mm" "" "mm" "Avg V" "m/s"
2 -74,1506 64,5655 0 -0

Fig. 38. DAVIS export header

VIS, reading the .txt data, can compute the vortex core position, and the vorticity contour
using two scalar functionsy and o, based on algorithms fro@raftieux 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 ® function identifiesthe vortex core on a poimt using a threshold computation,

wherew would converge towards 1ifis the center of the vortes is defined as follows:

C.p w P>
@ﬂg

W @ O7P
With 1) the considered point, N the total number of points in within the specified radius

(minusr)), @the position vector,¥the velocity vector, anéthe unit vector ix-direction.

Thew function identifies the vorticity contour around the vortex caiegia threshold

computation. The vortex area being defined as the area in whick-. w is defined as follows:

p o w P Y
0 o O™ Y

® N

With 1) the considered point, N the total number of points in within the spdaifidius

(minusn), @the position vector,¥the velocity vector©the unit vector irx-direction, andYthe
average velocity ai, calculated using the N points within the radius. Using these two functions,

VIS displays the original velocity fieJaand overlaps the vortex core and vorticity contour.
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File View Project HelpF1

Meshstep[d [=/DomainR[s [=Mtotal[120  vawe u[1.05711  v[0241491 w[o at cursor X [3892233 mm Col [212
Arrow length [15 [=] Maximum Vortices Detect[T [= Mean U[-0.088 V(0336853 W[0 Subtract | ¥ [42.00908 mm Row [196
View TiV T2 Circulations table I/ Smart detect [ Subtract [0 Elo Elo E 1]0090325 I2]0.08785

Fig. 39. Vortex Identification Software calculaion

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

process and display various resultmiasded.

irning! Vortices are calculated using local Galileo transformation.
total =120, Number of VORTICES 1
VORTEX #1
¥=-5.813 mm, Y¥=11.53132 mm, Gammal=-0.97094, Gammal_relative=-0.98105, Gammaz=-0.9712
Circulation =0.221182 mA2/s
Averaged R =4.485753 mm

N X[mm] ¥Imm] vx[ms/s] wvy[m/s] Gammaz

-7.0272 13.95983 6.29367 2.7818 -0.78071
-7.6343 13.95383 5.88842 27612 -0.76424
-8.2415 13.95983 5.4025 45543 -0.71332
-8.8486 13.95383 4.78962 34908 -0.64247
13.3527 3.13752 50925 -0.70409

-10.0628 12.74557 1.41196 42082 -0.63885

-10.0628 12.13845 0.184732 57546 -0.71016

-10.0628 11.53132 -1.02196 54626 -0.75558

-10.0628 10.9242 -2.29347 25107 -0.75871
10 -10.0628 10.31707 -3.58033 94153 -0.72766
.70994 -4.70873 54202 -0.64872
.10282 -6.07764 6.4067 -0.71008
.49569 -7.38073 5.33945 -0.70086
.BB856 -8.30293 4.40392 -0.64545
.BB856 -8.46347 3.70603 -0.74381
.BB856 -8.61991 Z.75346 -0.81526
28144 -9.20495 1.39233 -0.65201
28144 -9.37177 0.197719 -0.67006
.28144 -9.4453 -0.88694 -0.63883
.B8856 -8.93882 -1.853%6 -0.78376
.B8856 -8.71359 -Z.58889 -0.72633
.B8856 -8.43975 -3.18932 -0.65304
.495693 -7.68843 -3.8%476 -0.75708
.49563 -7.4643 -4.59336 -0.66625
10282 -6.34185 -5.42249 -0.72667
.70994 -5.17557 -6.10982 -0.74767
27 -0.34881 10.31707 -4.23061 -6.68459 -0.72003

LR NG YN
1
o
4
n
n
=l

e RN N L

=
w
|
w
[
=]
o
@
[ R R R e R e e e R T Y]

28 0.25831 10.9242 -3.37763 -7.04605 -0.685414

23 0.25831 11.53132 -2.65346 -7.05588 -0.7445

30 0.25831 12.13845 -1.80224 -7.03007 -0.80035

31 0.86544 12.74557 -0.79954 -7.32373 -0.68238

32 0.86544 13.3527 0.072714 -7.21424 -0.70945

33 0.86544 13.959383 0.86875 -7.06711 -0.63824
o

.86544 14.56635 1.47642 -6.68694 -0.67668

Fig. 40. Vortex ldentification Software export
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Since the calculation ofo and @, 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 wittba p&a 7i  value, and vortex
radii of 10mm, 25m, 50mm, and 75mm. The VIS software was improved multiple times over
the course of this thesis, and all results were recalculated usind] tleston. It was necessary
to reverify the accuracy of the VIS software, as the earlier versions could prodbesusl
results for specific sets of measurements. Recall that the N number of points considered for the
calculation ofey andw is determined by the search radius of the algorithm. Therefore, a search

radius of 5mm and 10mm were chosen, as most catmsaivere performed with search radius
values between 5mm and 10mm.

Radius I naccqracy for 325 Radius I.n accuracy for Rzl(
Circulation Radius Circulation Radius
10mm 13.3% 6.9% 10mm 2.3% 0.5%
25mm 7.0% 3.6% 25mm 8.9% 4.5%
50mm 3.8% 1.9% 50mm 5.2% 2.7%
75mm 2.5% 1.3% 75mm 3.7% 1.8%
Table. 3. Innacuracy values for R=5 Table. 4. Innacuracy values for R=10

Inaccuracy results for earlier versions of VIS, ckldted by R.Krahnepul, are slightly
higher, as shown by Table 3:

Inaccuracy from [10

Radius . .
Circulation
10mm 13.3%
25mm 7.0%
50mm 3.8%
75mm 2.5%

Table. 5. VIS V3 inaccuracy from [10]
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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 dubiowssults 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 mst results, except those with very small vortices, or very irregular vorticity
contours. For these, the search radius was gradually increased to @rtor9 with extreme

casesequiring a search radius of up to 12mm, as shovwigmM 1.

Fig. 41 Contour requiring a larger search radius

4.3 MATLAB

Using files exported by VIS, MATLAB can plot vortex trajectories within a cyclalamg
the xaxis. 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
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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. ANGAA&AB
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 MATLABocessed DAVIS expgrand the VIS result
file. Since both are simple text files, they can be interpreted by MATLIAR velocity/vorticity
fields similar to the one shown Fig. 42 areplotted using the loadvec.m function contained in
the PIVmat toolbox, written by Fréderic Moisy, Université R&usl.

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
resultsare very different from the unstearBsults 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 trajectoRpr steady cases, the distariderepresents the
distance between the vortex core and the origin (at the wingtip). Thelangdeesents the angle
between the horizontal axis and the position veofothe vortex core, with positive values
corresponding to clockwise rotatioRig. 44shows theanglet and di st ance D as
single baseline markeMhese values can be considered the polar coordinates the marked

position.

For unsteady results, or steady trajectories, the distamcerepresents the overall
displacement from the miaar furthest from the baseline, to the marker closest to it, while the
angle represents the angle between the horizontal axis and ditblies¢ placed on the
considered trajectory. To qualify the displacement relative to the Baseline vortexosdrenp
(caused by the jets), the distance is naied . 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 ofettvortex 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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5 Processing of the balance results
5.1 Calibration of the Aerodynamic Balance

After assembly of the aerodynanbalance, it was necessary to create a calibration matrix
t hat would transform the strain gaugeso6 out pu
the aerodynamic balance allows for supplementary parts to be mounted on the balance base, and
connectedd the balance via connecting rods. When weights are applied to the supplementary
parts, the rods transfer dadation forces on the balancEig. 46 shows the calibration parts
mounted on the balanc&hese 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 calibiati

Fig. 46. Balance undergoing calibration

One of the calibrating rods was damaged, and had toiamefactured from scratch, as the
original specifications were lost. The original part was made of steel, however, to savedime a

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 render&third7. 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 thaveraging 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
remainingsix 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 ritagsariA
Balance CalibrationLabview VI reads the voltages and averages a numbetataf 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 cliateis hio hid |
and can be represented by a 6x1 vector:
When this array is multiplied by the calibration matrix, the result is a 6x1 vector of the
forces and moments applied on the balance:
DO 'Y EQDY EC0Y € O
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 loadingltege 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 formeddar sl opes (as can be expe

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

N Yi Y Yk “Yi Yi Yi 0
TR YR Y YR YR Y
1Yy Yi “Yi Yh Yi Yp 0
Y oR Y m Y R Y R Y R Y
A A A
uY & Y m Y R Y 5 Y R Y R0

With S the slope obtained when loading the first index degree of freedom, @nctiennel
(second index). Since the calibration matrix has to transform voltage into force, as opposed to the
calibration slopes, which g 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:

<
0
<
= x
<
0«
_<
5¢
_<
¢
_<
¢

o F ) ) ) ) N
&rin Yh Yh Yh Y Y Yo oo 6y
1Y Yi Yi Yi Y, Y 0 &
N v Y &Y h Y Y oy YY oy #
o . . . e

oor Y Y 5 Y Y R Y oy
u¥ Y & Y 5 Y 5 Y 5 Y qUg

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

into forces and moments:

”“Yﬁ Y, Y, “Yi Y, Y 0l o .
evin Vi \( Y Y Yi Y a6 gl
R T Y Y Y Y Vi o0& @
WWwwowaow (?Ir:Y ﬁ "Y i Y FI “Y R Y B "Y R I:' ‘? I(I,’:) "
O 6 Y R Y R Y R Y 5 Y 5 0 0
S0 8 Y R Y R Y 5 Y & Y jug VY

The calibration matrix thus obtained is:
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X Y Xrot Yrot Zrot
VX -260101.8089 53876.94631 14877.6959 70742.86904 -29223.10519 1492012.448
VY -764840.243 2228873.867 269771.1646 2767656.463 -1074460.027 57534622.36
vZ -1910.957071 5815.491858 -227725.2452 8167.649135 -3837.395755 162047.4449
VXRot 5530.840695 -11619.35703 -1828.370495 239896.6173 8691.762547 -379840.3876
VYRot -17200.84548 41664.46734 5402.728052 62978.06429 -447981.747 1361088.406
VZRot -1583322.175 3466352.908 560092.5772 5730348.44 -2220422.433 119333584.4

Table. 6. Calibration Mat rix

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 therev@dtage 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 setups asymmetric (one sided wing model), a full implementation would be XZ
plane symmetri¢two halfwings), 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:

X Z Yrot
X -240276.0915 7879.813903 -1381.095421
z 241.2996816 -228485.2162 -816.7704149
Yrot(pitch) 868.2792913 -984.9493468 -422626.1506

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 arrayghe simplified calibration matrix was expanded to a full 6x6

matrix, with the norcalculated coefficients being set to zero, as shownhdaie.8.

Xrot

Yrot

Zrot

-240276.0915

7879.813903

-1381.095421

0

0

0

241.2996816

-228485.2162

-816.7704149

Xrot

0

0

0

Yrot

868.2792913

[=] =] =] =] =] =]

-984.9493468

o|jo|o|o|go|o

-422626.1506

olo|o|o|o|o

Zrot

0

0

0

Table. 8. Expanded simplified calibration matrix
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5.2 Balance accuracy

In order to test the validity of the new calibration matthe balance underwent a testing
process in which two measurements were taken once the balance wad zleeve 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 balanceagie® zero when
unloaded. The results are shownTiable. 9, and show that for a 100g weight, the balance

records ~97 grams.

Weight (Kg) Results
D 0.0008526088 0.000000000

D-0.0004558578 0.000000000

0.000061139
-0.001208989

0.000000000
0.000000000

D-0.000958066
D-0.001899982

B 0.000000000
b 0.000000000

0.003034497

0.000000000

D 0.097994464

B 0.000000000

D-0.000846346%

0.000000000

0.004728427

0.000000000

D 0.097587026

D 0.000000000

D 0.0052057061

0.000000000

0.001832319

0.000000000

D-0.000590006

1L 0.000000000

D 0.003104382

0.000000000

O O T ToTETOTOT

-0.000684468

0.000000000

D 0.000193255

D 0.000000000

D-0.000246333

O TOT =+

0.000000000

X Y Z Xrot Yrot Zrot

Table. 9. Balance accuracy testing

Up until this test, only the Kasari Balance Calibration VI was u$kd.Dynamic Strain
Measurement Labview VI does not average the results from all points of data, and yields a file
including all the voltages for eaatata point. Review of these filehhowed that the recorded
voltages were not continuous. Indeed, the acquisition setup records value often alternating

between two or three values, as showRim 48.
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5C1Modl/ail 5C1Mod3/ai@ S5C1Mod3/ai2  SC1Mod4/ai@ SC1Mod4/ail SC1Mod4/ai3
-0.006000121 -0.000008073 B.0000RERAS -B.000000E1S -0.000800174 -8.000000806
-9.000000008 -0.000000000 -0.000000000 -0.000000000 -9.000000244 -8,600000000
-0.000000244 -0.000000000 -0.000000000 -0.000000000 -9.000000244 ©.000000244
-0.008000000 -0.000008244 -0.000000008 -0.000800244 -0.008000244 -B.00B00BBE0
-0.000000000 -0.000000000 B.000BRE244 -B.0DE0O0ECE -0.000000008 -98.000000B00
-0.000000000 -0.000000000 -0.000000000 -0.000000244 -0.000000244 -0.000008000
-8.008000000 -0.000008244 B.000000244 -0.000080000 -0.000080244 -8.000000800
-0.0000002441 -0.000000000 -0.000000C08 -0.000000080 -0.000000488 -0.00B00BBEG
-9.000000244 -0.000000000 -0.000000000 -0.000000000 -9.000000244 -9.000000000
-0.000000244 -0.000000000 -0.000000000 -0.000000000 -9.000000244 -0.000000244
-0.000000000 -0.000000000 -0.000000C0G -0.000000080 -0.000000244 -0.00B0OBBEG
-9.000000244 -0.800000008 -0.000000000 -0.00000000C -9.000000244 -9.000000000
-0.000000000 -0.000000000 -0.000000000 -0.000000000 -0.000000244 -0.00000BB00
-0.00000082441 -0.000000000 -0.000000000 -0.000000080 -0.008000244 -0.00B00BBEO
-0.00000082441 -0.000000000 -0.000000000 -0.000000080 -0.008000244 -0.00B00BBEO
-0.000000244 -0.000000000 -0.000000000 -0.000000000 -0.000000244 -0.000008000
-8.0080082441 -0.000008244 B.080028244 -0.000080008 -0.000000008 -8.000800880
-0.000000000 -0.000000000 -0.000080244 -0.000000080 -0.0000000B0 -0.00BOOBBEG
-0.000000000 -0.000000000 B.0000EE244 -0.000000000 -0.000000000 -9.000000B00
-0.000000244 -0.000000244 -0.000000000 -0.000000000 -0.000000244 -0.00000B000
-0.00600082441 -0.000000000 B.0BBBEE244 -B.0D00BBOGE -0.000000244 -9.000800244

Fig. 48. Balance recorded values after zeroing

As can be seen ifable. 9, the balance seems capable of delivering results with 3%
accuracy. However, some tests showed standard deviatie@s\alup tdd0%, which is too high
to measure theomparatively smakffects of the steady and pulsed jets on the wing model with
absolute certainty. e current hypothesis is that the SEMXI21 modules are not suited to the
very small voltages sent by the strain gauges currently on the balance. National Instruments has
been catacted about this issue, amthew SCX11520 based system was tentatively connected to
the balanceResults were obtained, but not procesgedurther issuethat was anticipated was
the influence of the tubings on the balance. The tubings weight afriessifis 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 inTable.10. andTable.11.
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Force results no tubes (Kgf)

X Y z Xrot Yrot Zrot
Test 1 0.02937 0 0.00517 0 0.00163 0
Test 3 0.00267 0 -0.00007 0 -0.01586 0
Test 4 0.00029 0 0.00194 0 0.00114 0
Test 5 -0.00167 0 0.00411 0 0.06951 0
Average | 0.00766 0 0.00279 0 0.01411 0
Table. 10. Balance test without tibings
Force results with tubes (Kgf)
X Y z Xrot Yrot Zrot
Test 1 -0.00776 0 0.00799 0 -0.07901 0
Test 3 -0.03348 0 0.017889 0 -0.09315 0
Test 4 -0.0416 0 0.011277 0 -0.07621 0
Test 5 -0.03181 0 0.029869 0 0.001778 0
Average | -0.02866 0 0.016756 0 -0.06165 0

Table. 11. Balance test with tubings

It can be seen that the tubes create a force equivalent to ~14fgramen Z, and ~20 grams
force on the Xaxis. Test 2 was neglected because the results weexplmitable. High
deviations can be noticed, however, these discrepancies are attributed to the balance inaccuracy
when measuring small (<50grafiorce) forces. Another testith a 100g weight was performed

once the balance was placed in the wind tunnel, in order to Veaifyhte behavioof the balance

with and without spring reflected that issdée resulis shown inTable.12:

Kilogram-force
Test 1 0.00466 0.00000 0.08520 0.00000 -0.00070 0.00000
Test 2 0.00689 0.00000 0.08512 0.00000 -0.00007 0.00000
Test 3 0.00577 0.00000 0.08924 0.00000 0.00283 0.00000
Test 4 0.00098 0.00000 0.08798 0.00000 -0.00669 0.00000
Test 5 0.00109 0.00000 0.08960 0.00000 -0.00328 0.00000
Test 6 0.00740 0.00000 0.08796 0.00000 0.00324 0.00000
Test 7 0.00865 0.00000 0.07987 0.00000 -0.00204 0.00000
Test 8 0.00754 0.00000 0.08148 0.00000 -0.00079 0.00000
Test 9 0.00145 0.00000 0.08117 0.00000 -0.00320 0.00000
Test 10 0.00577 0.00000 0.08294 0.00000 0.00208 0.00000
X Y Z Xrot Yrot Zrot

Average 0.08506

SD 0.00338

%SD 3.97566

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 balartceinfluence only the Z axis, the othexes 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 gramforce if nagglected.New polyurethandubings with more flexibility have been ordered

from Freelin Wadeput were found to be as stiff as the original tubingsrthermore, 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, therddame no way to distinguish

the force and moments coming from the tubings

results.

54



6 PIV Results

PIV measurements were taken at five different chord lengths downstream, from x/c=1 to
x/c=5 (150mm to 750mm, spectively). For the steady cagds"YR'Y"Y), ten sets of ten pictures
were taken, then pegrocessed by Davis. For the unsteady casedy AY"Y), 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 wieis ace
activated, Kranepuhl et dl16] 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 tragidge to x/c=5.Ten sets of ten PIV picture pairs
were taken for each chord length, requiring the processing of 500 pictureTpbainesults from

the Baseline case serve as a comparison reference to determine the effect of the other cases.
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Z [mm]
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- x/e=5

Fig. 49. Baseline Vortex Core trajectory

55



Fig. 49. shows the behavior of the vortex core at different chord lengths. As the vortex
movesaway from the trailing edge, its trajectory is oriented towards the negaiiwaszand

towards the root (negative Y axis).

Baseline

40

- 170

35
- 120
30
- 70
25
- 20
20 mD
F-30 mo
15
10 -80
5 -130
0 - -180
150 300 450 600 750

Fig. 50. Distance and angle for the Baseline case

The Angle and Distance of the vortex core position altmtyajectorywere calculatees
described in4.4. A nearsinusoidal evolution can be noticed, however, its amplitude is very
small, and the wavelength is two chord lengifise average angle of the trajectory can also be
calculated throughegression using Matlab. Overall, the slope of the baseline trajectb8y/is
127°as shown byig. 51

56



220 _

z [mm)]

10 -

20 - i

30_l o-Baseline |

40 1 T I T T | |
40 30 20 10 0 -10 -20 -30

y [mm]
Fig. 51. BaselineVortex Core Trajectory Angle

This angle is of interest, because Crfi} established that the wake vortices can be
destroyed when the trajectory angle is ~48Fherefore, results obtained when the jets are
activated that mighapproach 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 showralrle. 13, and show that

values remain consistent throughout a set of results, and in the vicinity af ~H.2

Baseline fis
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

Table. 13. Circulation Values for the Baseline Case
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Finally, using MATLABOGs 3D plot functions
trajectory relative to the wing model.
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Fig. 52. Baseline Vorex Core Trajectory 3D Plot
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6.2 Steady cases results

The PS and SS mearements 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.

_30 1 1 1 1 1 L
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40 30 20 10 0 -10 -20 -30

y [mm]
Fig. 53. Baselineand Steady cases plot for all chord lengths

It can be seen iRig. 53. that thePS jet displaces the vortex trajectory outwards slightly
upwards, while the SS jet displaces tina@jectory significantly upwards. Averaging the PS
trajectory mandkubestracting tpeoaseragei Baselsie marker position shows that
the PS jet displaces the vortex core aboum®@5n the ¥positive direction, and about 23mm in
the Znegative direction. Using the same process on the SS results shows that the SS jet
displaces the vortex core about 16mm in thgoéitive direction and about 36mm in the Z
negative direction. Furthermore, tfes change the angle of the bésiine created from the
steady case vortex core markéree Baseline trajectory is oriented roughi a 53°/127° angle.

The vortex core trajectory when the PS jet is activated fits a line oriented in th#491°/
direction, while the vortex core trajectory when the SS jet is activated fits a line oriented in the
49°/-131°. Recalling thatCr o w &tability is contained in planes inclined to 4&F 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 f8rdhd SS can be characterized by a position
vector in terms of distand® and angle . Again, it is important to distinguish these quantities

from the displacement distan@eand the trajectory angle.
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Fig. 54. Distance and angle for thef {y jcase

SS

35 || L 170

30

- 120

25

- 70

20

- 20
mD

15

- -30 mO

10 - -80

. -
-180

750

150 450

Fig. 55. Distance and angle for the|| 4} ycase

60



For the PS case, it can be noted that a-sieaisoidal pattern can be seen on the angle
plot, with a wavelength of ~600mm, as with thesdédae. 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 considetsat-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 resuttisculation values calculated by the Vortex Identification
System were processed using MATLAB, and maximum and minimum circulation values were

found. Theyare shown inTable.14 andTable. 15, for PS and SS, respectively:

PS Steady ffs
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

Table. 14. Circulation values for the PS case

SS Steady ffs
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

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 Apredt. the
Baselne case, we can create a 3D plot of the vortex core position trajedtanall, Fig. 56 and

Fig. 57 show that) "Y and"Y"Y trajectories positions relative to Bas@iare consistent.
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Fig. 57. 3D plot of steady cases and baseline, side view
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6.3 Unsteady cases results

For the unsteady cases; presssite pulsd blowing § “Y), suction side pulsed blowing
("Y"Y ) and alternating jets blowingd( 0 )Y ten sets of ten pictures were taken at 10ms intervals
over the 100ms cycle (since the jets are pulaingjOHz) 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, todostigare results
between case®r vortex core position at first. The evolutioh 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 ftbm VIS. In this cycle, two phases can be
distinguishedor 0 Y and"Y"Y, 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 towardthe Baseline position (after the jet is turned dfr thed 0 ©ése, 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 I8®ifeg tbwhich is delayed
by 50ms).

6.3.1 Atx/c=1

At x/c=1, or 150mm downstream of the leading edge, the vortex trajectory during the
pulsing cycle for all cases is shownhig. 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 constrainedrbétale Y
and"Y"Y 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 seign58.
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Fig. 59. Angle of the vortex trajectory for unsteady cases at x/c=1
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The calculated angles are 14:365.1° for 0 Y, 48.3°%/131.7° for "Y'Y and
10.9°/170.1° for 6 0 ."Mt is also possible to calculate and plot the distance between the vortex
core and the Baseline position. Tlssuseful to illustrate the ascang/descending phases, as
well as verify that the start marker that defines these phases has been correctly idergfifed.
shows the displacememt millimeters, vs the nedimensionalized time scalé. represents the
date corresponding to thetarting marker of the ascending phase, and T the total cycle time
(100ms).
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Fig. 60. Distance from Baseline at x/c=1
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6.3.2 Atx/c=2

At x/c=2, or 300mm downstream of the leading edgeythtex core trajectories are as
follows:
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Fig. 61. All vortex core trajectories at x/c=2
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Fig. 62. Angle of the vortex trajectories for x/c=2
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Fig. 61 shows that the) "Y and "Y"Y jet vortex core trajectories are still generally
oriented in the BaselinBteady case direction. Howevére 0 0 Case appears merged with the
0 Y result. Therefore, thé Y angle is somewhat similar to thed ©dse result, as can be seen

in Fig. 62

The angle of th® "Y trajectory is 34.72145.3°, the angle of ti&"Y trajectory is 60%
120°, while the angle for the 0 ‘t¥ajectory is 29.42150.6°. Therefore, it seems at x/c=2, the
“Y"Y trajectory is out of the 48° plane that widentified with "Y"Yesults andY"Y results at

x/c=1.

It can be noted that the displacemeitthe vortex core is more important when the
steady jets are activated. A possible explanation could be caiipligs effects in the tubings.

Distance values are plottedhing. 63 below:
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Fig. 63. Distance from Baseline for x/c=2
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6.4 Atx/c=3

At x/c=3, or 450mm downstream of the leading edge, the vortex core trajectories are as
follows in Fig. 64 :
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Fig. 64. All vortex core trajectories at x/c=3
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Fig. 65. Angle of the vortex trajectories for x/c=3
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FromFig. 64, it appears that the 0 tMjectory has come back to being constrained between the

0 "Y and"Y"Y trajectories, although it remains closer todhe trajectory. The angles are

shown inFig. 65.

MATLAB results yielding this plot show that thé "Y trajectoryangleis 47.9°/132.1°

the "Y"Y trajectory angle is 70.3%09.7°, and the& 0 ‘tvajectory angle is 32.6%U47.4° As

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

displacement distances for steady blowidgtance from Baselinealues are shown iRig. 66.
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Fig. 66. Distance from Baseline for x/c=3

69



6.4.1 Atx/c=4

At x/c=4, or 600mm downstream of the leading edge, the vortex trajectories are as follows
in Fig. 67.
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Fig. 67. All vortex core trajectories at x/c=4

Angles calculated from linear regression are 4813%.7° ford Y, 69.2°£118.8° for"Y"Y, and
41.1°£138.9° ford 0 ."Yhe linear regression plot is belowHiy. 68. As previously seen, the

0 "Y andd 0 fhjectory angles are similar while SS is typically at a steeper angle.
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Fig. 68. Angles of the vortex trajectories for x/c=4
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As for distances, the displacement caused by the jets at x/c=4 is roughly the same displacement

as the one occurring with steady jédsstance from baselinealues are shown below kig. 69:
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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 idutthest PIV measurements were taken. At

this measurement plane, vortex trajectories appear as shéuwm #o:
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Fig. 70. Vortex core trajectories at x/c=5

Since the vortex trajectories are more dispersed, the using linear regression to fidft a best
angle is less meaningful, especially for thé Cése at x/c=5. Therefore, the plotted angle for

0 0 ¥indicative only.

=30

-20

=
s

z [mm]

20

P, .
301 o
+-SS,, :
-+ ALT
40 - ; : : y . y
40 30 20 10 0 100 20 =30

y [mm]

Fig. 71. Angles of the vortex trajectories at x/c=5
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The angle for thé "Y trajectory is 59.62120.4°, the angle for tH¥"Y trajectory is

67.1°£112.9°, and the angle for tleed thajectory is 42.22137.8°. The distance from baseline

plot is shown below:
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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 essyas seen in the

previous section. Furthermore the displacement distance 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. Similaly 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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While the displacement distance values do not clearly show sinusoidal patterns like in the
steady jet caseghey 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
increae.This means that the pulsed jets do not contairvéiniex 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, anovane s

in thetables below

PSp
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

Table. 16. Circulation values for || L

SSh
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

Table. 17. Circulation values for{| {Ly
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ALT
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

Table. 18. Circulation values for=+4 4

The inconsistency andide 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:
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Fig. 76. Minimum circulation vorticity contour and velocity field at x/c=1
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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 Basdllmis.phenomenon is found at all chord
lengths ford Y and"Y"Y. It does not seem to occur for0 €édses, which are not displaced from
Baseline to a fisteady jeto position)D 'Ymedt r at h

“Y"Y trajectories.
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