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Abstract

Flow separation at the trailingdge(TE) region of wings known as trailingedge separatioris
a processwvhere theboundary layerdetaches from the wing surfaceder the effect ofin
adverse pressure gradigdPG). The phenomenon isnown for reducing liftincreasing drag
and producing unsteady force fluctuatioliss commonly seen on devicedgth a thick airfoil
profile. Addressingthe adverse effestof TE separationis essential foimproving aviation
safety andprolongingthe lifetime ofaerial vehicleslt is in the interest othe aerodynamic
communit to develop strategs to detect andnitigate trailing-edgeseparation This process,
however,requires a adequat&knowledgeof the flow field regarding its timaveraged and
unsteadycharacteristics

In aim to gain deepelinsights into TE separationhis study employedan experimental
approach tanvestigate the turbulent separated flow near the TE of adtmensional (2D)
wing with a NACA 4418 profile. The neawall topology of the separated flow was
characterizedy performing fullspanplanar particle image velocimet({?IV) measurements
The timeaveragedearwall streamlingpattern revealed that a unique cellular structure formed
at angleof-attack of9.7°. The structure is known as stall cell, featuringuarshape separation
front that both ends spiral into two countetating foci. The pattern ofstall cellwas observed
to expand withricreasindd. Its threedimensional3D) topology atangleof-attackof 9.7° was
characterized through a largeale 3Dparticle tracking velocimetryPTV) measuremenivith
the help of a novel heliufilled soap bubble seeding system. The results showedttibtell
had a shortheight andconsisted of twowall-normal countefrotating vortices, which were

normal to the wing surface and extended to the edge of the turbulent separation bubble.

Time-resolved planar PIV measurements were then carried out to investigate the
unsteadiness irrailing-edge separation.The Strouhal numbelSi of the unsteadiness was
computed based on tleharacteristic lengthof the turbulent separation bubb#nd freestream
velocity. Spectral analysis of theelocity field from the streamwisevall-normal planeshowed
two ranges of5t that were energetid.he lowerrangeextendedrom Si = 0.03 to 0.08, with a

spectral peak occurring & = 0.06. The higher range was observed within 0% < 0.8and



the spectral peakvas detected &t = 0.4. $ectral proper orthogonal decompositi@POD)
analysiswas then performedsing velocity datdo identify the associated flow motiaris was

found that the lower range corresponded to the breathing motion, while the higher range was
attributed to the vortex shedding motiomae breathingnotionwasshown to correlate with the

dynamics of shedayers

Finally, the relation between the breathing motion and wall pressure was investigiaigd
simultaneous walpressure and planar PIV measuremerike velocity fields from PIV
measurement were latesynchronied with wall-pressure data in peptocessing.Spatic
temporal crosgorrelations between the velocity fields and wakssure data demonstrated that
the breathing motion was well correlated witie low-frequency walpressure fluctuations
measured at 0.44upstream and downstream of the mean detachment phet. results
indicated that the optimal location feensing the breathing motievasin the region with low
intermittency flow.To determine the phase relation between the breathing motion and low
frequency walpressure fluctuations, SPOD analysis was performed using synchronized
velocity fields and wall pressure datA. reducedorder model of velocity fields and wall
pressure fluctuaticnwas reconstructed, based on the leading SPOD mo8e-a0.024.The
results revealed that the expansjoncontraction of separation bubblpreceded a decreaga
increasg in wall pressure measured Ol44pstream ofmean detachment poibly a phase of
0 . 3 Qonhverselythe expansiofor contraction of separation bubblpreceded an increager
decreaskin wall pressure 0.44lownstream ofmean detachment poibty a phaslfbe of 0.
observationslign with the fact that TSB expansion occurs when |8¢¥G increases, whereas
contraction corresponds to a decrease in ARGummary, lhe resultgrovide insights intdhe
simultaneougvolutionof breathing motion and wall pressure. Timelings of this investigation
can be utilized irdevising strateges for detecing breathing motiorand benefiting the future

development of active control strategy
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Chapter 1.  Introduction

1.1 Motivation

Trailing-edge (TE) separation is tlepartureof the turbulentboundary layer{BL) from the

wing surfacenear the TE of a wingn TE separationa turbulentseparation bubble (TSB) is
formed ketween the shear layemmerging from the suction and pressure surfac@t
separation is commonly seen on the wings of wind turbines and transport aircraft with a thick
airfoil profile. It can adversely affect the performanceaefodynamialevices by reducing lift

and introducing extra drag and unsteady force fluctuations.

In the wind energy industry, increasing lift production is a primary objective in wind blade
design. A large rotor blade is more favorable since the siteeobtor is proportional to the lift
production, i.e., power outp@Manwell et al., 2010)Thick airfoils are frequently employed to
enhance structural strengibago et al., 2013; Fischer et al., 2014; Gao et al., 204)e their
efficiency in lift production is limited by TE separation. Aerial vehicles also prefer large
amounts of lift during takeoff and landing. The deployment of TE flaps allows the aircraft to
generate large ligtdue to their liftenhancing characteristi€Zaccai et al., 2016 However, the
performance of these higtit devices, e.g., liftto-drag ratio, is adversely affected by TE

separation.

Moreover, unsteady force fluctuation on airfoils draws great interest in the aeronautical
communities since it isritical to the lifetime of aerial vehicles and the safety of aviation. A
series of experimental studies on various airfoils conducted by Broeren & Bragg 19993
revealed that the unsteadiness in TE separation can produce lift fluctuations that are similar to
the ones generated by leadiedge separation. In addition, Broeren & Bragg (198899)
showed that lift fluctuation is amplified when TE separation merges with |eadigg
separation, and violent force fluctuation can be observed atgtanglesof-attack(U). These
examples show that TE separation control is crucial, and an adequate understanding of TE
separation is required to develop an effective control strabeggstigating the dynamics of TE

separation through simple measurements can benefit the wind energy and aviation industries.



Hence, it is discernible that the potential solutiorsfaito the category a&feparatiorcontrol:
postponing or suppressing the detachmenbafndary layer L) to mitigate the separation
zone The recent development of the active flow control strategy shows the potential of
effectively controlling the flow separation witewer adverse effects than the passive devices,
e.g., the drag penalty of vortex generat@attafesta 11l & Sheplak, 2011fror an active flow
control strategy, the efficiencgf flow control depends on how effectively the disturbance
generated by the actuator interacts with the flolhis often demandsa profound
comprehensiorof the flow field. Forexample identifying the approximate region requiring
control necessitates a scrutiny of the tiaweraged flow topology.Additionally, the
formulationof areaktime control strategy iseliant onthe successful detection of the undesired
flow phenomenon In the context of an unsteady flow phenomenon, it is imperative to
investigate its source of unsteadiness and assess its influence on the signal outputted by a

detector, e.g., walbressure sensor.

A comprehensivditerature review has beeundertakenconcerningthe aforementioned
topics The documented researkhs provided substantial background information on the topics
such asthe meantopology of TE separation and tlessociatedunsteady force fluctuation.
Neverthelessthe recognition ohumerous research gajpslicates that there is room for further
improvement in understanding TE separatioecessary knowledge is also missing in devising
a successful detection strategyned atunsteady fluctuatianTo provide the reader with a
concise overview, aummary of theidentified research gaps presentedn the following
sections, along witthe objectives andormulatedapproaches employed in this investigation.

1.2 Topology ofstall cell

Regarding the mean topology of TE separatiarthick airfoil early studieshave revealed that

the separation zone exhibits a cellular pattern, throilghoa (Weihs & Katz, 1983and tufts

(Yon & Katz, 1998)visualizations The pattern isreferred toas a stall cell (SC), and
contradicory observationshave been notedegarding itsformation and behavior with

increasing angkef-attack (Boiko et al., 199@ylanolesos & Voutsinas, 204De |l | 6 Or so &
Amitay, 2018).It was also observed théite vortex structures within SC, produced using similar

fl ow setup, exhibit wvariation in respbnse to
Del | 60r so & Teicansisgenpbseratiodigf SCpattern in response to varying



setup configurationsndicate that thenfluence of varying flow conditions o8C requires

further investigation The lack of threedimensional (3D) investigation on SC topology
suggested that some observations may be constrained by the flow measurement technique.
Furthermore, numerous studies reported that the SC pattern produced in their investigations
were asymmetric in the spanwise direction (Weihs & Katz; 1983), which brings challenges in
comparing the results of SC from different studies. Fuiithastigationis needed tsolvethis
issue.Note that nore details regarding the background information of SC are provided
Section2.2.1 In this investigation, the following approaches were adopted with the aim of
addressing these issues to the best extent possible. First fofledlpan velocity fields were
characterized at different anglebattackto gain deepeinsights into the response of S@der

various conditionsAdditionally, the study delved into tH&D topology of SC to uncover the

full picture of vortex structures in a SCeveragingthe advantage of fuBpan measurememt

the corner flow formed at the spanwise ends of vaogld be characterizedlhe investigation
thereforeexplored the possibility of employing vortex generatomnitigatethe effect of corner

flow on the symmetry o8C, offering insights into the source of asymmetry

1.3 Low-frequency flow motion

Moving to the unsteady parts of TE separatiorgvdew of turbulent separation bubble (TSB) in

TE separationndicatesthat limited investigations were carried out ittvestigatethe flow
motion associated with thiw-frequencyforce fluctuation However,a broad look at the
investigationsof TSBs shows thathe lowfrequency flow motion can also be found in
investigations of geometiyppduced Eaton, 1980; Casto, 1981; Eaton & Johnston, 1982; Kiya &
Sasaki, 1983; Cherry et al., 1984; Castro & Haque 1B8d@rson et al., 20L&nd pressured
induced TSBon flat plate (Patrick, 1987; Na & Moin 1998; Weiss et al., 2015; Mohammed
Taifour & Weiss, 2016Eich & Kahler, 2020;Wu et al., 202Q)Based on these investigations,

the lowfrequency force fluctuation is ascribed to the breathing motion, characterized by the
largescale expansion/contraction of the T3B/pothesedhave also beeproposedregarding

the source unsteadiness tbie breathing motion. However, a noticeable difference in flow
configuration betwae TSB formed on airfoil and TSB formed in other flow configuratidghe

TSB on TE separation is confined by two shear layers and wing surface, while the TSBs formed

in other configurations are bounded by a single shear layer and wall. This raises concern about



whether the lowfrequency flow motion in TE separatidrehavessimilarly as the breathing
motion observed in the aforementioned studies. Furthermore, it is uncertain whether the
hypotheses from those studia® applicable to the TSB of interest in this investigation. More
details on the lowirequencyunsteadiness and breathing motion can be found in SeétRan

The concernsnentioned abovevere addressed in this investigation by investigating the low
frequency unsteadiness in the velocity fields. Spectral analyses were performed to characterize
the corresponding frequency range and to make comparison with literature. Furthermore, the
energetic flow motions in the velocity fields were identified through modal decomposition
analysis and was compared with the documented breathing moliemesults confirmedhat

the spatial variation of TSEh TE separatiorexhibited a different pattern compared to the
document breathing motion induced on flat pl8tee source unsteadiness responsible for the
breathing motion was then probéarougha coherence function between ti&B sizeand

unsteadiness in the velocity fieldmd hypothesis was proposed based on the current results.

1.4 Breathing motion detection

In the end, the relation between wall pressure lam@dthingmotion has to be exploretb
develop a detection algorithm for the breathing motion. A brief survey ditéh&ture indicates
thatonly a fewstudieshave investigated the relation between-fogguency wall pressure and
velocity fields. A recent experimental investigation on pressurédced TSB from
MohammedTaifour & Weiss (2021)proposed a conceptual model to describe the impact of
breathing motion on wall pressure: a contraction motion induces a reduction in wall pressure at
the edge of TSB, while an increase in the TSBeiffdiscoveries significantly enhanced the
understanding of the relation betwdareathing motion and wall pressuféevertheless, some
crucial information for devisinga strategyto detect breathing motion is still lacking. For
instance, the optimal location for installing a sensmdthe phase relation between breathing
motion and itsmanifestationin wall pressure. In particular, the actuation timing will heavily
rely onthe latterrelation.More background information regarding the pressulecity relation

is provided in Sectior?2.2.3 In this thesis, these twissuesare addressed byonducting
simultaneous walpressure and velocity measuremeiitse pressurevelocity relationin low-
frequency rangés explored The derived relation can be used to predict the breathing of TSB.

The outcomes of this thesis have the potential to enhance the understanding of the mean



topology of SC and can beeneftial in designing astrategy for detecting breathing motion

the future.



1.5 Thesis outline

The current investigatiors broken into three projects to establish a coherent understanding of
trailing-edge separation. The topics tine-averagedtopology, unsteadymotions and ther
impact on wall pressure are progressivelyestigated The sequential progression of these
projects unfolds as follows:rgject 1 initiates the investigation bgharacterimg the time
averagedtwo- and threedimensional topologs of trailing-edge separan. Subsequently
project 2exploresthe unsteady behavior dhe turbulent separation bubblEinally, project 3
investigateghe impact otthe lowfrequency unsteady motismmn wall pressure. This thess

paperbasedandthe organization athethesis isoutlinedbelow:

1 Chapter 2 introduces the background informationflow separationon airfoils The
present study mainly focuses dhe turbulent separation bubble in trailiedge
separation This chapteris, therefore,further expandedegarding thetrailing-edge
separationwhich includes terature reviewsn the uniquecellular structuré stall cell
unsteady behavior, arthe corresponding impaon wall pressure.

1 Chapter 3providesinformation on the experimentamethodologies employed in this
study. It includesthe details ofthe wind tunnel, twedimensional wingparticle image
velocimety, Shakethe-box algorithm,novel heliumfilled soap bubble system, and
spectral proper orthogonal decomposition

1 Chapter 4projectl) presents the published results of the +vealt topology of trailing
edge separated flow at pstall anglesof-attack. Theeffect of varying theangleof-
attackon the development of stalellsis discussed. The thremensional topology of
the stall cell is characterized. In addition, the possibility of employing vortex generators
to address the asymmetry in stall cell padem explored. The resultsnhancethe
understanding of trailingdge separation with a turbulent boundary layer.

1 Chapter Hproject?2) is based on the published results regarding the unsteadiness in the
trailing-edge separation. Spectral analysis is performed to characterize the unsteadiness
in the turbulent separation bubbénd the shear layers surrounding hypothesis
regarding the sourcef unsteadiness responsible for the {frequency flow motion in

trailing-edge separation discussed



1 Chapter §project3) is derived from a manuscript that has beahmitted The chapter
demonstrates the relation between the breathing motion angneafiure fluctuations
trailing-edge separatiormThe optimal location to sense the breathing motion using wall
pressure i@ssessedVioreover, the phase relation between the two is investigated. The
results can beitilized to developa detection strategy for retne identification of the

breathing motion



Chapter 2. Flow separation on airfoils

This chapteprovidesbackground information on separated flow on airfa@mmencingwith
fundamentals on different types of stalls dhdir corresponding separatiofSection2.1). As

the primary focus of this thesis is on TE separation, the literature revieuther expanded
further on tlis topic (Section2.2), coveringits time-averagedflow topology and unsteady
characteristicsTowards the end of this chapter, a brief review of the relation between wall

pressure and the energetic motion in TE separation is also provided.

2.1 Stall type

Flow separation on airfoils is known as a root cause of airfoil sitaliew speed During the
process, the forwarthoving boundary layer departs from thveing surface forming a
separation zon¢hat grows in sizeas U increasesThis usually leads to a disruption of the
pressure distribution on the wing surface and vatlversely impact the aerodynamic
performance ofaerial vehiclese.g.,loss of lift and increase indrag. The phenomenon also
exhibits unsteadyeatures which instigatestall flutter (Zaman et al. 198%hat can potentially
damage aerial vehicleBased on the timaveraged characteristics of flothe aerodynamic
stall is categorized into three typésadingedge (LE) stall, thirairfoil stall, and TE stal{Jones,
1933; McCullough & Gault, 1951; Broeren & Bragg, 1983k et al., 1999 A conceptual
illustration of three types of stalls is presentedrigure 2.1, depicting the relation between lift
coefficient andJ,

The first typeof stallis LE stall, where separatiooccurs near theE of an airfoil (Broeren
& Bragg, 1998) It is commonly seen on airfoils with a moderate thickn®ss et al., 1999)
Prior tothe stal] asmall laminar separation bubtfiermednear thelE. With increasingJ the
separated flow fails to reattach and lead&orsi n g &he stalt U (Ward, 1963) This results
in a dramatic decrease lift force as illustrated irFigure 2.1 (Tuck, 1991; Bak et al., 1999)
Here, the stall corresponds to maximum steady lift.

The second type, thiairfoil stall, is relevant to the first one since the flow separaimours
close to the LEBroeren & Bragg, 1998)Ihis type of stall is typically encountered on airfoils
with sharp LE and lovthickness airfoils with rounded LBBak et al., 1999)As a thin airfoil



approaches the stdll alaminar separation bubble formear itsLE. The reattachment point
gradually moves downstream withirther increa® in U. The reattachmenprocessensures that
theairfoil does noexperiencen a catastrophic loss of litturing stallas depicted ifrigure2.1
(Bak et al., 1999)

Thethird type of stall is TE stall, where flow separation happens at the aft section of a wing
(Broeren & Bragg, 1998and is mostly seen on wings with thick airfoil profil@ak et al.,
1999) TE stall differs significantly from the twotypes of stalls introduced aboveas the
separation happens at a location farther downstreansep&ration is triggered kan adverse
pressure gradient (AP@gveloped along the wing surfadéhe forwardmoving boundary layer
departs from the wing surfa@ndforms a separation bubbleith an intermittent detachment
point. The detachment point progressively moves upstesaincreasesSimilar to thinairfoil

stall, TE stall does not exhikitdramatic reduction of lifat Ubeyond the stall angle.

1

~=—— Trailing-edge stall

—=—— | cading-edge stall

" Thin airfoil stall

Lift Coefficient

Y

Angle-of-attack

Figure 2.1. A conceptual sketch of three types of stalls (Bak et
1999). The copyright holder grants permission for the usage of figul



2.2 Trailing -edge separation

As previously introduced, TE separatiors induced by an APG, resulting from the mild
curvature of an airfoil. This pressure gradient reduces the streamwise momentum of the
forwardmoving TBL on the suction side of the wingausingthe TBL to separatérom the

wing surfaceAn illustration of TE separatioms provided inFigure2.2, where two shear layers,
namely upper and lower shear layers emerge from the suction and pressure sides of the airfoil,
respectively. The blue contour represents a triangilaped meamSB, and the red dots
indicate its vertices. Theupstreamvertex on the wing surface is annotated as the mean
detachment poinfThe most downstream vertex is the end point of the separation bubble. The
last vertex is at the TE, where the separated flow is forced to reattach.

Upper shear layer

Detachment point

S

Lower shear layer

Figure2.2. A schematic drawing of TSB iRE separation

2.2.1 Stall cell

In TE separation, the TSB is not a simple {#hmensional (2D) flow that is uniform in the
spanwise direction. In most applications, including flow over 2D wings, the separatets flow
threedimensionalandseparation occurs along an axis, where the streamlines converge and lift
up from the surface. This axgasses through a saddyge critical point ands known as a
separation/detachment liEobak & Peake, 198D)élery, 2013)

The skinfriction patterns obtained from different visualization techniques have often been
used to identify different topologies associated with separated flows. An eixilpw
visualization conductetdy Moss& Murdin (1971) showeda large midspan separation zone
with two wallnormal counterotating vortices on a NACA 0012 airfoilUsing the same
visualization techniqueD e | | 6&0Anstay (2018) also showed that a 2D wingxhibits
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different separatiorpatterns including an asymmetric fgiban separation, 3D separation with
mid-span recirculation, or 3D separation with one or multiple stall cells (SU.
corresponding oiflow patterns are demonstratedrigure 2.3(a), (b), and (c), respectivelin
particular, be cellular organizatior8C has drawm great amount of attentio®il-flow (Weihs
& Katz, 1983)and tufts(Yon & Katz, 1998)visualizationsddemonstratethat the SC hasearc
shapeseparation fronthat both endspiralinto two countetrotating foci.The formation of SC
is shown to depend on airfoil shape and flow conditiéos.exampleBroeren& Bragg(2001)
did not observe the SC patterntbm airfoilswith leadingedge flow separation. They observed
SCs only for thicker airfoils witlTE separationDe |l | 6 Or so & Amitayon(2018)
2D wings with NACA 0015 profile amoderate to high chotfdased Reynolds numbéRe =
10° to 1¢). Moreover, he SC pattern has beebservedn wings atoth prestall U (Boiko et
al., 1996; Manolesos & Voutsinas, 2014a; Ma, Gibeau, & Ghaemi, 20@0poststall U(Moss
& Murdin, 1971; Winkelman & Barlow, 1980; Winkelmann, 1981; Yon & Katz, 1998;
Del |l 60rso. et al ., 2016)
(a)

(b)

(©

Figure 2.3. Oil-flow visualizations of (a) an asymmetric fgban
separation, (b) 3D separation with psgan recirculation, and (c) 3l
separation withtwo SQsDe | | 6 Or s 0o & The gopyrightyholder
grants permission for the usage of figure.
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Several investigations were conducteditvestigate the impact daifferent experimental
conditions includingon the SC patterns. It was found that baihg aspect ratioAR), U and
Re can influence the SC patterrf=or instanceWinkelmann& Barlow (1980) demonstrated
that the number of SCs increased when AR increased from 3 far B2Clark Y airfoil at a
poststall U of 18.4°and Re of 3.85 x 16. A subsequent investigatiodinom Weihs & Katz
(1983)formulated a linear relation between the number of SCs andased on their oilow
visualization and crowype instability(Crow, 1970) The relation was also supported by the
experimental investigation of SC structures¥nn & Katz (1998)on a poststall NACA 0015
airfoil at U= 17° andRe of 6.2 x 16. They observethat the number of SCs was proportional
to AR using tuft visualization Moreover, he number of SCs observed by the recent
i nvesti gat i &Amitay{201B)agreedomirrtte oelation proposed by Weth&atz
(1983)

Unlike the relation betweethe number of SC and AR, a brief review of the investigations on
other experimental conditiontl GandRe) showed some contradicting observatiddsiko et al
(1996)observed five SCs &l = 9.1°,and the number of SC reduced to one large SC covering
the full span of the wing adincreased to 18.4°. Whild was increasing, it was seen that the
cellular structuregxpaned and mergd In contrast to the observation of Boiko et al. (1996),
De | | 8&0OAmitay (2018) reportedthat with increasingU (15° to 21.5°),the flow pattern
developed from an asymmetric figlhan separation into a single &@0d eventually into a dual
SC pattern. Thdisagreement inesults from Boikeet al (1996)a n d D e & Anit@yr(2018)
waspossibly due to the differences in the airfoil shape. Regarding the efiRe &fe | | &Or s o
Amitay (2018)showed that at a fixed of 17°, the flow pattern changed from an asymmetric
full-span separation to an asymmetric SC with increaRimdrom 3.02 x 10to 4.47 x 16,
They also observed minimum Re to have SC formedThis critical Re was observed to
increase with increasingl However, this appears twontradictthe results of Manoleso&
Voutsinas(2014)in which the criticaRe: reduced with increasing It is importantto note that
the experiment of Manoles@s Voutsinas(2014)was conductedat higherRe from 5 x 10 to
1.5 x 16, andthe wing was apre-stall Ufrom 6° to 9°.The differences in flow conditions add
more complexityto understanishg the experimental results frodifferentworks.

In the experimental investigations of SCwis found thatmost experiments encountered a

issue oflacking spanwise symmetrin SC patternsPrevious tufYon & Katz, 1998) and oit
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flow visualizations(Winkelman & Barlow, 1980; Winkelmann, 1981; Weihs & Katz, 1983;
Schewe, 2001; Del |l 60r so & A showedihat the pditdri8gof Gar |
multiple SCs is usually asymmetrio the spanwise directionThe size of each SC is
inconsistent across the spand theorganiation is asymmetricThis is also exhibited in
separated flows with only one S@here thecenterline of the SC may deviate from the midspan

of thewing (Broeren & Bragg, 2001¥anolesos & Voutsinas, 2014Ragni & Ferreira, 2016;

Del | 60r so & .Amxam@eyof an aspnimtjic SC that deviated from the midspan
is presented irFigure 2.4. It is speculated that the asymmetre® due to factors such as
dissimilar corner flows near the spanwise ends of the airfoil, imperfections of the airfoil, and
nortuniformity of the freestream flow. The asymmetry in SC patterns of the previous
investigationscomplicates the comparison of experimental results and brings challenges to the
repeatability of experiments. To better understand the dynamics of SC under different
experimental conditionst is of interest to identify the source of asymmetry angrtmluce

symmetric SCs.

Figure2.4. Oil-flow visualization of a SC pattern that lack spanw

symmetry and deviates from the midsparDe |l | 6 Or s o
2018) The copyright holder grants permission for the usage
figure.

2.2.2 Low-frequency unsteadinessand breathing motion

Numerous studies reported the existence offteguency force fluctuationsn airfoils with TE
separatiorat U prior to the stallCarmichael, 1981; Mueller, 1985; Zaman et al., 19 He
fluctuations typically have frequencies much smaller than the vehesading frequencies and
produceforce fluctuations much larger than the ones related to-bhdfy sheddindZamanet
al.,, 1989) However, noimanyinvestigationswvere carried out to probe the physics behimel
low-frequency unsteadiness sintdee aerodynamic communitiesriginally treatedit as an
inherited nuisance from the experimental setigbead of a hydrodynamic phenomeri@daman
et al., 1989)It was only untilthe late1980s, is hydrodynamic nature was revealed by Zaetan

al. (1989) in their experimental investigationfloiw pastvarious 2D wingsZamanet al (1989)
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suggestedthat the lowfrequency force fluctuations are related to the periodic switching
between stalled and unstalled statex the fluctuationsonly take place when a closed
separation bubble was formed, eig.trailing-edge stall and th#airfoil stall. It is reasonable to
expect that the fluctuations originate from some energetic flow motiessciated with the

dynamics otheseparation bubble

More insights into the lovirequency force fluctuation were provided by Liu & Xiao (2020)
through numerically simulating a TE separated flow over a NACA 0015 airfoil. In their
investigation, the lift fluctuations of a NACA 0015 airfoil ahearstall U exhibited high
coherencewith the lowfrequency expansion/contraction of separation zana St = 0.013
The St, is very similar to theonereported by Zaman et.q1989) and Broeren & Bragg (1998)
and their results suggested the {frequency force fluctuation was attributed to the lesgale
spatial variation of the separation zone, whichkis mmonl y referred to as tl
by literature.A recent experimental investigation of TE separated flow on a NACA 4418 wing
alsodemonstrated thdhe TSB featured a breathing motion witls®of 0.05.They attributed
this flow motion to the unsteadiness related to vortex shedding process, which had a spatial

averaged frequency on the ordeiSaf= 0.01.

A survey ofthe investigations of TSBs shows that the-frequency flow motions areot
limited to pressurénduced separatioon airfoils. Apart fromthe onesrelated taairfoils, earlier
observations of thisow-frequency flow motionwvere reported in investigations @eometry
inducedTSBs where the separation is generatedybpmetric singularities=aton (1980) first
reported the backwaiidcing step generated TSB conliow-frequency flow motions. Similar
low-frequencymotionswere reported in TSBs formed by flat plates mounted perpendicular to
the freestrean{Castro & Haque, 1987)wo- and threedimensional surfacenounted blocks
(Castro, 1981)more investigations on flows witheackward and forwardfacing stepgEaton &
Johnston, 1982; Camussi et al., 2008; Pearson et al.,, 201tB)he leadingdge of blunt plates
(Kiya & Sasaki, 1983;Cherry, Hilier, & Latour, 1984) In these cases the TSBs
expanded/contracted through the intermittent behavior of the detachment and reattachment point
depending on the geometiyhen scaledy L & a characteristic length of the geometry, e.g.,

the step height or plate thicknedse tStrouhal numbe8t of the lowfrequency motions was
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found to range from 0.08 to 0.2, while the vortex shedding procesgevasallyat a higher
range offrequenciesSt = 0.5 to 1.Q(Truinkle et al.2016)

In geometryinduced TSBs, theow-frequency expansion/contraction of TSBsittributed to
the flapping motion ofdetached shear layefiSaton, 198Q)In an experimental investigation of
a TSB generated by backwardfacing stepEaton & Johnston (1983)rst hypothesized that
the flapping motion is generated due to an instantaneous imbad&ribe entrainmentand
reinjection of flid betweenthe shear layer and the recirculatimgne The imbalancef fluid
exchangindhas afrequencymuchlower than the vortex shedding frequency ansluggested to
associatevith the modulation, pairing, or interruption of the vortex shedding prqééga &
Sasaki, 1983; Cherry, Hilier, & Latour, 1984; Driver et al., 1987}ifferent hypothesis was
proposed byPearsoret al (2013)whenconsideringa TSB of a forwardfacing stepPearson et
al. (2013)attributed the flapping motion to the perturbations induced by the upstream TBL.
Here, the driving unsteadinessginates from the streamwiselongated lowand highvelocity
motions ofthe incomingTBLs (Adrian et al., 2000; Hutchins & Marusic, 200Pearsoret al
(2013) observed that the TSB expanded or contracted simultaneously in both the streamwise
and walltnormal directionswhich wadike the ones observed in TE separatidhe flappingof
the sheatayer modified the overall volum® f t he TSB, which 1s known
motion. It is obvious that the mechanisms proposed by Eaton & Johnston (1982) and Pearson et
al. (2013) are different due to the difference in flow configuratibme TSB of Eaton &
Johnston (1982) was downstream of a backwacdthg step, and the spatial variation of the
recirculation zone was mainly duedaintermittent reattachment point. In contrast, the TSB of
Pearsonet al (2013) wasproducedupstream ofa forwardfacing stepand featured an
intermittent detachment poinand stagnation pointThese observations suggest that the

mechanism responsible for the breathing motion in TSBsnfiguration dependent

Note thatmost of the investigations regarding the {regquency motions were conducted in
fixed-separation flows, wherthe detachment point & TSB is tied to the location ofhie
geometic singulariyy. A better comparison with TE separatioshould considerpressure
induced TSBs omflat plate, where theepartureof TBL is due toan APG and the detachment

point isintermittent on the wal{Wu et al., 202Q)For clarification, a example of TSB on a flat
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plate is demonstrateth Figure 2.5, in which the TSB is presented in blue contour and the

detachment and reattachment points are annotated using red dots

Detachment point Reattachment point

AL

Figure2.5. A schematic view of turbulent separation bubble formed ftat plate.

A recent investigation on presstreluced TSB was performed yohammedTaifour &
Weiss(2016) using highspeed planaparticle image velocimetryPV) measurements. In their
experiment, the TSB was induced on a flat plate using an opposing conveirgirging wall.

They performed proper orthogonal decomposition (POD) analysis and reconstructed the mean
streamwise velocity fieldJOusing the leading POD mode to determine the flow topology
associated with the breathing motion. As showrdrigure 2.6, MohammedTaifour & Weiss

(2016) observed that the TSB undergoes lasgale expansion and contraction (solid white line)
from the reconstructed contours of mean streamwise vel@tl®) corresponding to the
maximum (Figure 2.6a), nearzero (Figure 2.6b), and minimum (Figure 2.6¢c) temporal
coefficiental(t). From their previous workhey determined the breathing motion haSia

0.01, while the vortex shedding was at a higher frequencgici 0.35 (Weiss et al., 2015)
Here, St is defined based on the characteristic lerigth the separation bubblé contrast, a
recent DNS by Wtet al. (2020) showed that a TSB induced only by an APG on a flat plate
exhibited low-frequency motions &t = 0.45, which was -3 times smaller than th®t of the

vortex shedding process. In this numerical investigation, when the TSB was induced using an
APG followed by a forward pressure gradientFRG, the lowfrequency fluctuations
disappeared. Wat al (2020) attributed this behavior to the forced attachment of the shear layer
by the imposed FPGAIthough the TSB in the work of Wat al (2020) wasnduced by an

APG, this flow configuration is still not a true representation of TE separaionce the
reattachment point is allowed to oscillatgs it is shown in the current investigation, TE
separation forms a triangulahaped TSB that is different from the dest@ped TSBs that

form on flat platesThe first vertex of the triangulaahaped TSB is the intermittent separation
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point, the second vertex is pinned at the trailing edge, and the third vertex extends into the wake
region downstream of the TE. TE separation also has an additional shear layer that forms by the
separation of the pressus&le boundary layer at the airfoil TE. This shear layer plays an
important role in fluid entrainment and wake dynan{iCgatelli & Sieverding, 1997Qzkan,

2021)

(a) Min(a' (1))
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(c) Max(a' (1))
0
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Figure 2.6. Contours of the mean streamwise velocity, associated with the leading POD
(a) minimum emporalcoefficients Miné(t)), (b) neaszero emporalcoefficiental(ty & 0 ,
(c) maximum emporal coefficient Max@'(t)) (MohammedTaifour & Weiss 2016) The
contour of JUO= 0 is represented by the solid white linBhe copyright holder grant
permission for the usage of figure.

There are several differences between the observations @t \&lu2020) using DNS and
the experiments diVeiss et al. (2015andMohammedTaifour & Weiss (2016). First, the low
frequency oscillations in Wat al (2020) were aSi = 0.45, while Weis®t al (2015) observed
the lowfrequency motions &t = 0.01. Second, Wat al, (2020) observed the lefvrequency
oscillations close to the reattachment location, wheYéass et al. (2015) anlohammed
Taifour & Weiss (2016) detected them near the separation location. ThirdeiNal (2020) did
not observe any lovirequency motion when a suctiaiowing boundary condition was used
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for generating the TSB, which is similar to the APG followed by FPG boundary condition
applied byWeiss et al. (2015) antMohammedTaifour & Weiss (2016). These apparent
contradictions can be explained by noting the differences in the flow conditions between studies.
The DNS of Wuet al(2020) was carried out using a TBLR= 490, which is quite different
than theRey = 5,000 TBLs studied by Weist al (2015). At such higlRey, the TBL contains
largescale motions that populate the logarithmic and lower wake regions cRlegiolds
number TBLs (Guala&t al.,2006; Hutchins & Marusic 2007)n addition, the APG applied in

the work of Wuet al (2020) produced a TSB with fixed separation line, which no longer
oscillates and contributes to the spatial variation of TSehe TSB from the work of
MohammedTaifour & Weiss (2016), have an oscillation detachment point,redicated by the
most upstreamAnother striking difference is the longer extent of the reattachment region
featured by the TSB of Wat al (2020). More specifically, the region between forwogv
fractions ofo= 0.2 and 0.8 extended over a length equaindVu et al (2020), while this zone
was approximately equal to 0.ih the studies oMohammedTaifour & Weiss (2016). The
longer reattachment length in Vétial (2020) was due to the lack of a FPG boundary condition,
thus allowing the separated shear layer to gradually atkachlly, computational limitations
may also contribute to the discrepancies. The sm&kessolvedby Wu et al (2020) was 0.2,

which does not allow inspecting lower frequencies

The mechanisms that are proposed for theflequency fluctuations in presstireluced
TSBs are similar to those suggested for georviatfyiced TSBs. Na & Moin (1998a) associated
the lowfrequency fluctuations with the intermittency of the reattachment point due to large
archtype vortical structures. The latter structures potentially formed from the agglomeration of
smaller KelvinrHelmholtz vortices. Since the artype vortices transport fluid in the wall
normal direction, this observation is consistaith the proposed mechanism based on the
imbalance between fluid entrainment and reinjection in geonradyced TSBs. The recent
DNS of Wu et al (2020) also demonstrated largeale vorticity packets that resulted in
intermittent displacements of the reattachment location and flow fluctuati®is &.45. Using
dynamic mode decomposition, Wt al (2020) observed streamwistongated structures that
cover the full length of the TSB and break down into lesg&e vorticity packets. They
suggested thaG ™ r {typee instabilities (Gortler, 1954) amplify the perturbations of the

incoming TBL and generate the streamwasengated structures. The latter hypothesis also
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points to the incoming TBL as a source for the-fogguency fluctuationand is supported by
severalrecentnumerical studie¢Priebe et al., 2016; Pasqiariello, Hickel, & Adams, 2017; Yon
et al., 2021)

In a recent experimental investigation, Mohamriedfour & Weiss (2021) showed that
transient forcing of the incoming TBL using pulgetl actuators first influences the separation
point and then the reattachmémtation. They also observed that the time required for the flow
to recover from the controlled state was of the same order of magnitude as the timescale of the
low-frequency breathing motion$heir findings suggest the breathing motion is a response of
the TSB to the upstream perturbatiombe perturbations of the upstreaftow first affect the
separation point and then indirectly affecting the reattachment point throughstaige
pressure fluctuationdohammedTaifour & Weiss, 2021)MohammedTaifour & Weiss (2021)
pointed out that the TSB acts as a dpass filter, which converts the higHeequency
unsteadiness of the incoming flow to Kkequency flow motion. This process is similar to the
spatialaveraging effect of shear layer entrainment observed by Wang & Ghaemi (Z822).
additional impact oflargescale motions of the incoming TBan the separation linavas
demonstrated by Eich & Kahler (202@y investigating the TSB of a flat plate, they showed
that large highspeed motions within the incoming TBL push the separation location in the
downstream direction while large lespeed motions result in an upstream displacement of the

separation location.

2.2.3 Detecting breathing motion

As previously mentioned, the breathing motion contributes to the unsteady force fluctuations on
a wing. To effectivelyaddressthis unsteady behaviour, active flow control appears to be a
suitable solutiorthat offers advantages of flexible deployment timing and superior adaptability
to changes in flow condition&Gadel-Hak et al., 2003; Collis, et al., 2004; Widerhold et al.,
2010) In active flow controlcontrolled perturbationare introducedo the flow of interest in a
feedforward or feedback looprhe control system needs to be equipped with-thee
information of the flow state to ensure its effectiveness. For instance, the state of TSB, i.e.,
expansion or contraction, should be identifiedrder to adjust the behavior of actuator. This is
often measuredhrough a nonintrusive sensor such as a-prabsure measurement device
(Cattafesta & Sheplak2011; Greenblat et al.2019). The utilization of walpressure
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measurement was also justified by Schubauer & Spangenberg (1960), who demonstrated a clear
connection between watiressure distribution and flow separation effectiveness.

Once reatime wall pressure is measured, the detection strategy requires a relation between
the wall pressure measurements and the state of the breathing motion. Such relation can be
obtained by examining the presswedocity correlation for various locations of waltessure
measurement. It can provide information necessary for flow control, such as the optimal
location to install the pressure sensord theappropriate timing to trigger the actuatioi
relevant exampleof the former informationis illustrated by Camussi et al. (2008) in an
experimental study of geometipduced TSB. Camussi et al. (2008) demonstrated that-large
scale vortex shedding took place at the edge of a forfeamdg step, and the advection of
vortices over the separation bubble induced significant pressure fluctuations on the wall. The
region upstream of the reattachment zone exhibited the strongest predeuaity correlation,
which suggested it might be the optimal region for detecting the passage efdalgeortices.
Furthermore, @ effective timing for actuatioman be determined fronhé velocity-pressure
phase relation. The necessity of this relation is demonstrated by Mohahaiear & Weiss
(2021) when they attempted to modulate the breathing of a presduced TSB using
periodic forcing upstream of the TSB. In their investigation, they employed a calorimetric
sensor to track the direction of flow over a duration of time that encompassed the activation of
the actuator. By statistically averaging the calorimetric sensor output of each duration over 90
actuation cycles, they obtained the forwéoidv probability @) as a function of time.
MohammedTaifour & Weiss (2021) noticed a time delay existed between enabling the actuator
and the change in. Therefore, the effectiveness of active flow control can only be assured
when the phase relation between the breathing motion angrealure signal is accounted for.

A review of investigations on TSBs revealed that only a few studies have investigated the
relation between lovfrequency walpressure fluctuations and the velocity fields. In an
experimental investigation of pressungluced TSB on a flat plate, Mohamme&difour &

Weiss (2016) performed synchronized wadéssure and planar PIV measurements along the
centerline of the flat plate. Their PIV measurement was carried out in a streanadlis®rmal

plane along with a walpressure fluctuation measurement adl Qupstream of the mean
detachment point (MD), which corresponded to

0.99 (Simpson, 1989). Proper orthogonal decompos{i@D)was used to obtain a redueed
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order model (ROM) of the flow field, which was then used to represent the breathing motion.
Their investigation found a strong correlation between the temporal coefficient of the leading
POD mode and the waliressure fluctuation. Upon inspecting the time traces of the two signals,
they proposed that the rise and fall of wall pressure was associated with the expansion and
contraction of the TSB, respectively. However, the necessary phase relation between the
breathing motion and wafiressure fluctuation was not investigated in their study and the
correlation was only done for the waltessure fluctuation measured near ID. Therefore, the
phase relation and the optimal location for detecting the breathing motion are still unclear. In a
folow-up i nvestigation, Le FI o c-prdssure signaure. of tiie2 0 2 0)
breathing motion from a family of TSBs with different sizes. They showed that the amplitude of
wall-pressure fluctuation increases with the size of TSB. More details regarding the relation
between the breathing motion and wall pressure were provided in a subsequent investigation by
MohammedTaifour & Weiss (2021). Theycarried out synchronized walpressure
measurements at numerous streamwise locations along the centerline of aqmdasere TSB

on a flat plateMohammedTaifour & Weiss (2021}henperformed crossorrelation between

wall pressure measured at different streamwise locations with respect to referenceutsichs

of mean TSB and the result is shownFigure 2.7a. They foundhat wall pressure measured
inside and outside of TSB are inversely relafidus observation agrees with the results derived
from their earlier work (Mohammed@aifour & Weiss 2016), based on the temporal coefficients

of POD modes. They further provided a conceptual model regarding the impact of breathing
motion on average wall pressure distribution, which is illustratédgare2.7b. As depicted in

Figure 2.7b, MohammedTaifour & Weiss (2021) suggested than expanded TSB
corresponding to an increase in wall pressure outside of the mean TSB and a decrease in wall
pressure inside the mean TSB. A contracted TSB, however, corresporadegtitection in wall
pressure outside of the mean TSB and a rise in wall pressure inside the meahh@Ss.
findings greatly improved the understanding of the connection between breathing motion and
wall pressure. However, a comprehensive presgeiazity relation that can identify suitable
sensor installation location for waglressure measurement and optimal actuation timing is not

available yet.

21



(@) 1.0

Mean
recirculation
0.5
\:r:l 1
%a
ol
—m—x=1.65m
——x=2.30m
705 1 T S |
12 14 16 18 20 22 24 26
x (m)
(b)
0.5 ; ; *
0.4 o
03+
C
])
02+
/ — Contracted TSB
0.1 —e— Average TSB
9 --—-Expanded TSB
(eeese® . : : :
1.2 1.4 16 18 20 22 24 26

x (m)

Figure 2.7. (a) The result of crossorrelation between the lopass
filtered wallpressure fluctuations measuredxat 1.65 m andx =
2.30 m and a moving measurement point along the centerline of
(MohammedTaifour & Weiss 2021) (b) A conceptual model of th
effect of TSB breathing on pressure mean distribufdohammed
Taifour & Weiss 2021) The copyright holder grants permission 1
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Chapter 3. Experimental methodology

This chapter encompassas overview of the experimentadethodologies employeatrosshe
projectspresentedn this thesisThe introduction oflbw facility and wing modeis detailedn
Section 3.1 Since all the experimentstonducted in this work consistently utilized PIV
technique the principles of PIV measurements are reviewed in Se8tibio characterize the
3D topology of TE separation, staif-art 3D particle tracking velocimetry (PT\vas
employed Its foundationShakethe-box (STB)algorithmis therebyintroduced in SectioB.3.
Additionally, the novel seeding systemspecifically designed for largescale 3D PTV
measurements is elucidated in Sectidml. Finally, Section 3.5 introduces he modal

decomposition algorithm employed in this thesis to extract energetic flow motions

3.1 Wind tunnel and airfoil

All the experiments this investigatiorwere carried out in a large twatory, closedoop wind
tunnel at the University of Albert® schematic model of the wind tunngillustratedin Figure
3.1a. Thewind tunnelnozzle had a contraction ratio of 6.3f@llowed bya test sectiothat is
1.2m wide and2.4 mtall. Previous measurements usingtwire anemometry showed that the
free stream flow hawery low turbulence intensity and namiformity in the test section
(Gibeau et al., 2020Theflow direction is from left to right as indicated kigure3.1a.

(a) (b)

Flat section

Contraction section

2D wing

direction

Figure3.1. A schematic view of the wind tunnel with a 2D wing vertically installed in the test section.
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Experimentswvere conducted on tavo-dimensional wing with aAR of 1.2 The wingwas
mounted vertically within the test section with its spanwise ends mounted flush to the ceiling
and floor.The wing featured a NACA 4418 airfoil cressection and a chord length o 975
mm. As shown inFigure 3.1b, a full-span trip wire with a Inm diameter was installed at 6.2
downstream of the leading edge to ensure a uniform lastortarbulent transition across the
wingspan. The small curvature of the airfoil profile from @.&¥the TE of the suction side was
replaced with a straight liné sideview comparison between the original NACA 4418 airfoil
and the modified one is demonstratedrigure 3.2. The main difference is highlighted in the
enlarged view at TEwhereit showsthereduction ofthe xt ent of A sThigsmallce cur
modification resulted in a flat sectiowhich is colored in black as seenkigure3.1b. Thisis
suitable for waHparallel PIV measurementSor more details regarding the wing, please refer
to AppendixC.1 The origin of the coordinate system, whichllisstrated bypoint O inFigure
3.1b, was placed at theenter ofTE. The streamwise, watlormal, and spanwise directions are

denotedvy X, y, andz, respectively.

Figure3.2. Comparison between the original (dashed line) and modified (solid line) NACA 4418 airfoil:
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3.2 Particle image velocimetry

In this investigation, the velocity fields in the TE section of wing are obtained through the
particle image velocimetry (PIVY.he technique waitially developed to address the need for
norrintrusive and quantitative measurements of flow fielfibe technique wasnttially
developediuringthe 1980sand was widely adopted withivoth thefundamental and industrial
research communitieby the late 1990s. Since then, the PIV technique experienced rapid
advancement, primarily attributed to the leaps in both imaging and computer technologies.
Currently, the PIV technique allows for investigating thd@eensional flow fields in a time

resolved manner.

For the sake of brevity, this section only introduces the most basicdmponents two
dimensional (2€D) PIV setupThe essential componentsa2C-2D PIV setupare detailedn
Figure 3.3, which illustrates a schematic view wélocity measurementsm a wind tunnel
(Raffel et al., 2018)As shown inFigure 3.3, the PIV setup consists of several subsystems,

including: seeding, illumination, and recordifRgaffel et al., 2018)

Light sheet optics Mirror

Laser light sheet

llluminated =

particles

Flow direction

Flow with
__tracer particles
* First light pulse at ¢; B
e Second light p|ulsc at 1 +At Q,"""‘ —

Imaging optics

Image plane

(AL

Figure 3.3. Experimental arrangement for a PIV setup in a wind tu(Reaffel et al., 2018)The copyright holdet
grants permission for the usage of figure.

During the experiment, seeding particles are added to the flow to trace the flow rotion.
ensure that particles can faithfully foll ow
selection of seeding particles for different fluidss the seeding particle is subjected to

gravitational force, the particle selection should consider the influence of fluid properties,
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particle diameter and particle densifRaffel et al., 2018) As shown inFigure 3.3, the
illumination system consists of a pulsed laser, while emits a laser beam towards the seeded flow.
The beam is expanded through a combination of optics to produce a thin light sheet. The
seeding particles within the light sheet ard | umi nat ed t wi ce witth a
defined by the time delay between laser pul$bs recording system is also presenteBigure

3.3, which captures the positioof seeding particlesand stores them 2D images. The
recorded images will then be processed through -@msslation algorithm to determine the
particle displacement that corresponds to o

As detailed byRaffel et al., (2018)the principle of crossorrelation for PIV images is
explained inFigure 3.4, in which an interrogation window(m,n) from image 1 at timdy is
crosscorrelated with the interrogation windoMiiin,n) from image 2 ato + t.gplere, (n, n)
represents the position of the window in pixel u@toss correlation with INj pr ovi des
correlation peak, in which its position is the vector displacementresponds to the window at

(m, n).
Image 1 Image 2
Time =1, Time =1,+At
Sample | Sample 2

I(m,n) I'(m.n)

N/

Displacement
estimate

dim,n)

Field of estimated displacements

Figure 3.4. Crosscorrelation between the sampled window rat
n) from image 1 and image 2 produces a ved{am, n) for pixel
displacement(Raffel et al., 2018) The copyright holder grant
permission for the usage of figure.

26



3.3 Shakethe-box algorithm

The 3D topology of SC was investigated throlgfige scale 3DPTV measurementbased on

the stateof-art STB algorithm(Schanz et al., 20167 he algorithm enables particle tracking to

be performed at a high particle image density, up to 0.05 particles per pixel (ppp), by employing
the method of Ol tewolatt meter ireecPast ir o@denel®nsorfi b
2013) Another advantage of STB is that it significantly reduces the computational cost
compared to tomographic PIfomo-PIV) (Schréder et al., 2011Jor instance, the number of

variables need to be computed is dictated by the number of triangulated particles rather than the
total number of voxels in the measurement domain. The procedures for performing STB
algorithmaresummarized into three phases, as described in the following c¢8tdwnzet al.,

2016)

The first phase iseferred to ashe initialization phasey Schanz et al. (2016At this stage,
no track information isvailable,and the firstaskis to identifya sufficientnumber of particles
using the first few imagesSchanz et al. (2016) pointed out that the initialization is typically
performed over the first 4 timgteps, based on experience. The employment of a predictor is
preferred to reduce the number of falsely detected particles. Based on the particle image density,
a variety method including IPR, normal triangulation, and t&M\¢ reconstruction, can be used
to determine the predictor. The positions of these identified particlegfareed to as particle
candidates by Schanz et al. (20I8gacks aralerivedfrom these particlesand tlose thafailed

themeet thevelocity and acceleration threshola® discarded.

The next phase is the convergence phase, during which the tracks obtained from the previous
step are utilized to predict the positions of particles in the following si@e.A Wiener filter is
applied for the extrapolation of particle positions. EBx&rapolategositions areaheni s ha k e d 0
in all directions followed by image matching techniqu@¥ieneke, 2013jhat aimto minimize
theintensity ofresidual image The particles are reprojected using a calibrated optical transfer
function (Schanz et al., 2012Jracks related to ghost particles dedetedbased ora threshold
of particle intensityFollowing bythe initial shaking, the whole process will be iterated by 5 to
10 times to correct the errors particle positionprediction.To increase the number of tracks,
new particlesareidentified from the residual images. The complexity in the reconstruction is

significantly reducedas the particle image density of residual images is lauer to the
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removal of previouslydentified particles. These images Wik processed using the procedures
introduced above in multiple iterations, until nearly all true particles are trackederged

phase)

At a converged stateéhe number ofrue tracks does not change significandly the number
of particles entering the measurement volume is compensated by those leaving the Modume
triangulation process is limited to the particles tietenewly entered the measurement volume
The computational efficiency is largely improved as only minor deviations on the prediction

need to be corrected. The tracks with particle left the measurement volume are terminated.
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3.4 Helium-filled soap bubblesystem

In largescale 3DPTV measurements, the laser energy was expanded over a large volume.
Hence, it was essential to use large tracers that scatter sufficient light to obtain an adequate
signatto-noise ratio(SNR). For this reason, an 4house seeding system was employed to
generate neutrally buoyant helitfited soap bubbles (HFSB) with a mean diameter of
approximately 0.5 mn{Gibeau & Ghaemi, 2018)The nozzles that generated HFSB bubbles
were installed on a structure shownHigure 3.5a and b. The structure had 4 modular ducts
with 12 nozzles installed in each duct (a total of 48 nozzles). The nozzles pointed downward
and were installed in a staggered pattern on the top plate of the duct. The ducts had a thin wall
of 3 mm thickness. The structure had a supporting base with NACA 0012 profiles. The airfoils
had a thickness of ~15 mm to reduce the flow blockage and downstream disturbances. The
HFSB structure was placed in the settling chamber, upstream of the contraction section. The
blockage of the HFSB structure increased the freestream turbulence intensity by approximately
0.1% and increased the naniformity of the mean flow by 0.8%Gibeau et al., 2020)The

HFSB system was only employed for the BDV measurements and was removed from the test
section during the pland&lV measurements. A photo of the HFSB in operation is presented in
Figure 3.5c. The modular ducts were vertically spaced to seed a rectangular measurement
volume.

(a) (b) ()
e Nozzles

Modular
Ducts

Modular 1
NACA 0012 ducts

Figure 3.5. The (a) front, and (b) isometric views of the HFS@Btem. (c) A photo of the seeding system
operation.
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3.5 Spectral proper orthogonal decomposition

Modal decomposition analgs have been extensively used in the field of aerodynamidsetp
extract signiicant flow features that are physicallytemporally coherent. Such technigwan
alsohelpto identify flow features that are not easily recognizable throughal inspection and
provides a loworderdescriptionof higher-order complex flow fieldTaira, et al., 2017)n the
context of flow field, proper orthogonal decompositiqi®OD) is one of the most widely
adoptedechnique that being used eatractcoherentlow structure (Lumley, 1970) Since its
introduction, the dominant form of POD in the literature is sgadg POD, whichproduces a
set of spatially coherentmodesthat are modulated by expansion coefficieff®wne et al.,
2018) The methodbffers the advantages of not requiring tinesolved flow datandis based
on Galerkin projection ofhe NavierStokes equation@ubry et al., 1988; Holmes et al., 1997,
Noack et al., 2003However, it only identifies the flow structures that are coherent in space as

the decomposition is performed over the special correlation tensor.

In this investigation, the unsteady flow motions are explored. The identification of such flow
motions requires us to determine the energetic flow motions that are both spatially and
temporally coherenfThe solutionis by applying the POD method in a frequency domain. The
corresponding method isnown as the spectral POD (SPPWhile the conventional space
only POD is sometimes considered as an approximation of Sf&@brge, 2017)The flow
structures identified by the SPOD method are coherent both spatially and temporally, which is
more suitable for identifying coherent structures that are physically mean(igfuhe et al.,

2018) Note that the input flow data must be tinesolved to allow the spectral formulations of
POD.

As detailed in several worK$Schmidt et al., 2018; Schmidt & Colonius, 2020; Nekkanti &
Schmidt, 2021) the SPOD computation starts with the construction of a snapshot matrix
0 AMmmBMm (3.1)
in which q is the fluctuating velocity field abne instanceand M is the total number of
snapshotsin this contextq is a column vector with a length df whereN is defined by the

number of grid pointimesthe number of variableSegmentation aj is performed with a 50%

overlap (Welch, 1967)to minimize the variance of the spectral estimafEse operation
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produces a total number &f segments, and each segmenidd converted to the frequency

domainthrough fast Fourier transform (FEThe resulted is presented as

0 nmmm . (3.2)
Here,n is a column vector of Fourier coefficients at frequency ind@ke vector) from each

segment is then assembled into

0 MMM . (3.3)
For each frequency, the cross spectral density (CSD) n@atisxcomputedollowing (Schmidt
& Colonius, 2020)

6 -0 0. (3.4)

For thel-th frequency, eigenvalue decompositmmé is performed by solving

6 _. (3.5

The eigenvalues for the SPOD modekthatfrequency are stored in the diagonal components of

_ inadescending ordefhel-th SPOD modé&. can beobtained from

% L . (3.6)

In the enda timeevolving SPOD mode aith frequencycan be receeredby expanding the
SPOD modever timeas%oQ (Nekkanti & Schmidt, 2021)Superimposing the mean flow
field with the timeevolving SPOD mode allows to construct a reduoeter model (ROM) of
the flow field. For instance, tHg-component othe ROM based on the-th SPOD mode dtth

frequency can be written as

Y YO 2 A%.;Q h (3.7)

where Réé ) indicating the real part of the complex number.
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Chapter 4. Topology of trailing-edge separation

Chapter 4 serves as the summary of project 1, marking the inceptimwestigation into
trailing-edge separation. In this chapter, the-twod twedimensional topologies of stall cell

are characterized. The effect of varying argfl@attack on the stall cell pattern is thoroughly
examined. Additionally, the exploration delves into the potential use of vortex generators to

address the asymmetry issue in the stall cell pattern.

4.1 Introduction

Flow separation near theailing edge TE) of an airfoilis a complex flow phenomenand is
commonly seen on thick airfoils. Numerous studies pointed out that a highly 3D flow structure
exists in theTE separation, where neamll streamlines converge into a mushreshape
separation front and lift up from the wing surfq@ebak & Peake, 1982Veihs & Katz, 1983;

Yon & Katz, 1998;Délery, 2013) It is observed that the separation front spirals into two
counterrotating foci andorms a unique cellular structur@ he structure is known asall cell

(SC),andits patterrvary upon the change in flow condit®n

The structure of SC attracted a good amount of attention in the aerodynamic communities
due toits unique cellular patternn addition, contradicted observations were made which
showed a lack of understanding of SC. For instareggrding how the SC change with respect
to U different observationsvere reported A trend of decrease in the number of 8@h
increasingU was observed in the eflow visualizations made by Boiket al (1996). In their
observations, the size of individual SC expandedaatjtent SCsnergedasUincreasedThis
led to a reduction in the number of $@th increasingU. However, the oiflow visualization
from Dell 60rso & Amitay ( 2e6réa8lgrge SO lwokesimto ton 0 p p ¢
SCs with increasind). The reasonwhy the opposite results are present is unclear. It is
speculated that the differencewiing geometryis responsibldor the contradicted observations
Regarding the aspect ratio (AR) of wirmth Winkelmann & Barlow (1980) and Yon & Katz
(1998) suggestedhat the number of SC is proportional to the AR of a 2D wing. The
comparison between experimental results also pointed out installing tip plate can increase the
number of SC produced on a wirtheir studies showed that wing tip treatment may play a role
in the formation of SCHowever, these results are still unable to explain aetradicted
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mergingandsplitting process of S@ith increasingJ. Further investigations of the SC topology

at variousJare necessary.

Regarding the 3D topology of the SC, numerical and experimental works using stereoscopic
PIV measurements were carried out to investigate the vortical structures (M8@sesos &
Voutsinas, 2014 a; Del |l 60r so et .aContradicted 0 1 6 ;
observations were made regarding the existence of the streamwise vortices in fhieeSC.
compari son between téaa rez@laé)s dmd mDdlell & OO &
particularly interesting. Both works had simikxperimentatonditions except the former one
introduced upstream perturbat®hy installinga zigzag tapeon the wing surface near the
leading edge and no streamwise vortices were seen ire thvestigation.The latter work,
however, captured a pair of countetating streamwise vortices in the SC. Tdwmmtradiction
suggests that the understanding of how the 3D structures were developed is not well understood.
More investigations on the 3D topology will benefit the understanding of SC formation.

In addition, the asymmetry issue in the SC pattern was another nuigheceanvestigating
the SC. Numerousstudiesreportedthat the observed SC pattermgere asymmetric in the
spanwise directioffWinkelman & Barlow, 1980; Weihs & Katz, 1983; Yon & Katz, 1998;
Broeren & Bragg, 2001; Schewe, 2001; Ragni &
Garland et al., 2019)rhe asymmetry issue is speculated to associate with the spanwise ends
flows, which can be modified through different wing tip treatments or be affected by the
inherited imperfections in experimental setde asymmetry in SC pattennsually makes
comparison of resultdifficult and poses challenges in the repeatability of experiments.
Moreover, determining the source of asymmetry could help understand the formation process of
SC.

In this work, we aim to improve the understanding of I8Cfurther investigating some
contradicted observations from the literatur@he fulkspan neawall SC pattern was
investigated by conducting planar PIV measurements at valtlolke neawall streamlines
across the entire spame plotted for eachl to investigate how the topology of separated flow
evolves with increasing) Then, the 3D topology of the SC was characterized through-large
scale3D PTV measurements. In the end, the possibility of using vortex generators (VGS) to

suppress the asymmetry issue in the SC was explored.
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4.2 Experimental setup

In project 1, he time-averaged topolog of stall cell (SC) wvas investigated using the
experimentalapparatusintroduced inSection3.1 The measurements were performed at a
chordbased Reynolds number of 672,000, which corresponds to a freestream velocity of 10.5
m/s. The effect of varyingJ on the SC pattern was evaluated at thespa# regime, in a range

of angleof-attack (J) from 9° to 11°.Note that,the maximum lift coefficient of the NACA

4418 airfoil occurs at approximately 148bbott & Von Doenhoff, 2012)The testedU was
increased in increments of 0.5° with an uncertainty of +0.1° followdrsg 9.0°, 9.5°, 10.0°,

10.5°, 11°. An extra measurement was carried oud at9.7°, where the SGorms Tuft
visualization was conducted to confirm that there was no Jscgke separation close to the

leading edge and that the flow separation only occurred close to the TE.

4.2.1 Planar particle image velocimetry

The effect of varyingJon the pattern of the separated flaas investigated by performirigll -

span planar PIV measurements at the TE region of the wing. The experimental setup is
illustrated inFigure4.1. A CCD camera (Imager ProX, LaVision GmbH) with a sensor size of
2048 1 2048 pixels was u’samdada &yaamnic rapge of 4lbitswa s 7
The camera was equipped with a Nikon lens with a focal lengih~0105 mm and an aperture

of F/5.6. The camera imaged a fiaftview (FOV) of 268 x 268 mm at a digital resolution of

0.13 mm/pixel. The camera location and the FOV are illustrat€igure4.1. The whole span

(1190 x 268 mm) was scanned by moving the camera iz-dection as shown by multiple

dashed line boxes iRigure 4.1. The combined FOV was stitched using vector mapping in

DaVis 8.4 (LaVision GmbH). The stitched FOV was 268 mm x 1190 mm inx-oed z-

directions, respectively. An Nd:YAG laser (Speddaysics, PIV 400) with a maximum power

of 400 mJ per pulse at 532 nm wavelength was used to illuminate the measurement plane. The
laser sheet was generated using a combination of spherical and cylindrical lenses and its
thickness was kept below 2 mm across the entire FOV. The laser sheet was parallel to the wing
surface and at a watlormal distance of 4 mm. The 4 mm distance minimized the glares formed

in the images due to the reflection of t he |

particles.
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Two independent sets of 500 dould@me images were collected for each measurement at a
rate of 5 Hz withalasggul se separation of 200 e€s. The SNR
ensemble minimum of the image intensity from each image, followed by normalization using
the average image intensity. The dodfoéene images were cressrrelated in DaVis 8.4
(LaVision GmbH) using a muHlpass algorithm with a final interrogation window of 32 x 32
pixels (4.2 x 4.2 mA) at 75% overlap. Universal outlier detection was applied in the post
processing procedure to remove the spurious ve¢Wiesterweel & Scarano, 2005The
uncertainty of planar PIV measurements is estimated to be approximately 0.1(lRaféd$, et
al., 2018) Therefore, using the digital resolution (0.13 mm/pix) and separation time between the
two laser pulses (200 ps), the error in the velocity vector is 0.063 m/s' f6)0In addition,
evaluations of displacement histograms did not show any evidence oflopkalg. The
statistical convergence of the planar PIV measurements was examined fod lzotdh W
components. The results showed that the arithmetic mean ofUbatid W converged to the
expected mean afteaveragingabout 500 vector fields. The maximum variation of the
arithmetic mean was approximately 2% when the number of pRiivavectors increased from
900 to 1,000.

Floy,

Figure4.1. A schematic of the fulpan planar PIV measurements. The stitched FOV is shown in dashe
boxes, and the origin of the coordinate is placed at the center of TE. The free stream flows from left to right

An additional planar PIV measurement was carried out to characterize the mean velocity
profile of the boundary layers (BLs) developed on the lower and upper walls of the empty test
section, at the location of the airfoil. It was found that the BL thicknegesn the lower and
upper walls were 70 mm and 146 mm, respectively. The thigkebserved on the upper wall
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is potentially associated with the large gaps between the panels of the wind tunnel ceiling. The
laminarto-turbulent transition points may also be different on the upper and lower walls due to
the closedoop design of the wind tunnel and the asymmetry of the curved section upstream of
the settling chamber.

4.2.2 Vortex generators

The current experimemtisoinvestigated the usage wbrtex generatar(VGs) to isolate the SC
pattern from the separated flows on the spanwise ends of the airfoil. This approach aimed at
enforcing an attached flow on the spanwise boundaries of the stall celktyyen®Gs were
selected due to their simple geometry and effectiveness in controlling flow separation as shown
by previous investigatian(Lin, 2002; Velte & Hansen, 2013; Wang & Ghaemi, 20Id)e
rectangular shape was shown to maximize the-m@inal momentum transport relative to the
delta and trapezoidal type V@#/ang & Ghaemi, 2019)The VGs used here were 3D printed
using polylactic acid (PLA) in a Dremel 3D45 printer with a nozzle size of 0.2 mm.

As shown in the inset oFigure 4.2a, the vanes of VG were arranged in pairs with an
incidence angleb, of 18° as suggested by Goda&dStanislag2006) To produce largscale
streamwise vortices, also following GodadStanislag2006) the height of the VG, was
scaled as Out#o. Here, Uog is the BL thickness just upstream of the SC location which is
approximately 26 mm based on measurements oét\&h (2020) Therefore, the height of VGs
was 10 mm in the current experiment. The gap between the TEs of the vanes was fixed to 1
minimize the decay of the vortex strendgBetterton, et al., 2000)n addition, to ensure the
strong vortices, the chord of the VGs was sett@ &, 1999)

According to the parametric study on vagpe VGs by Ashillet al (2002) the vortices
produced by counteotating vanes evolve within a distance oh3@wnstream of the VG, and
then remain approximately constant between 30 bods@vnstream of the V@ence, the VGs
were installed 40 (400 mm) upstream of the primary saddle point of the SC, which is around
25% of the chord. Aswill be discussedn Section4.3, the asymmetry of the SC is associated
with the secondary saddle and focus points that develop on the spanwise sides of the SC.
Therefore, the spanwise VG locations were chosen according ta libeations of these
secondary structures in an attempt to enforce a symmetric flow on the two spanwise sides of the

SC. Three VG arrangements were selected as shokigune4.2: (a) two pairs of VGs at/c =
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105 and 032, (b) two additional VG pairs added zt =1 0.3 and 051, (c) an additional VG
pair was installed at/c =1 0.2. The VGs were investigated at an airldibf 9.7°, where the SC

was first observed with increasikl
(a) (b) (©)

Figure4.2. The three arrangements of VG pairs used to enforce a symmetric flow around the SC.

To investigate the 3D topology of S8D PTV measurements were carried out using a novel
heliumilled soap bubble (HFSB) systerihe employment of the HFSB systamsulted in a
displacement of the SC toward the TE, which was compensated by increasing the freestream
velocity to 11.5 m/s for th8D PTV measurementhat will be introduced in Sectich2.3 The
details regarding the HFSB systemre provided inSection3.4. In this measuremena total of
10,800 images were recorded by each camera at an acquisition frequency of 4 kHz. Similar to
the planar PIV, the ensemble minimum intensity was subtracted from each image and an image
normalization using the ensemble average was conducted. An optical transfer function was
calculated for the iterative particle reconstruction and particle shaking processes of the shake
thebox (STB) algorithm(Schanz et al., 2012; Schanz et al., 20®nducted in DaVis 8.4
(LaVision GmbH). For the STB process, the maximutoveble particle shift was set to 15
pixels. On average, 3,500 particles were detected per image, which resulted in a particle image
density of approximately 0.003 particle per pixel (ppp). The particle image density was limited
by the number of bubbles generated by the HFSB system and their dispersion in the wind tunnel.
The particle image density was well below the 0.075 ppp upper threshold of the STB algorithm
(Schanz et al., 2016Yhe3D PTV algorithm detected 2000 tracks per image. A searder
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polynomial with a kernel of 2.8 ms (11 time steps) was applied to the particle tracks. The
velocity measurements from all the images were binned into a grid with a final window of 48 x
48 x 48 voxels (15 x 15 x 15 nijmt 75% overlap. Approximately 8,000 particle tracks were
found in each bin. The uncertainty of t8BB PTV measurement is estimated to be 0.1, 0.2, and
0.1 pixels in thex-, y-, andz-directions based on the analysis of Ebrahingaal (2019) and

Rowin & Ghaemi (2019). Here, the largestcertainty of 0.2 pixslcorresponds to the cof-

plane direction of the8D PTV system.Using the digital resolution of 0.32 mm/pixel and
acquisition frequency of 4 kHz, the velocity uncertainties are 0.13 m/s (bP10.26 m/s
(0.023Jp), and 0.13 m/s (0.0l) in thex-, y-, and z-directions, respectively. The statistical
convergence of the mean of the velocity components obtained3foPTV was investigated

by calculating the arithmetic mean values using different nusnifedetected particlesThe

results showed that the arithmetic mean calculated based on 90% of the total number of
particles was no more than 3% different with respect to the mean value calculated using the

total number of particles.

4.2.3 Three-dimensional particle tracking velocimetry

To study the 3D topology of the SC, a laggmale 3D PTV measurement was conducted.
Relative to the planar PIV, tH@gD PTV measurement covered a smaller spanwise extent but
provided a volumetric measurement. 32 PTV experiment was conducted @of 9.7° and
covered the midspan of the airfoil as demonstratdéigare4.3. The imaging system consisted

of four highspeed cameras (v611 phantom). Each camera had a sensor size of 1280 x 800
pixels, with a pixel dimension of 20 x 20 finNikon lenses with a focal length Bf=105 mm

were set to an aperture sizeFgL1 to obtain a deptbf-focus of approximately 100 mm. An

angle of approximately 40° was kept between the opposite cameras. Sheimpflug adapters were
used to align the depif-focus of the cameras and the measurement volume. The latter was
illuminated by a higkspeed Nd:YLF laser (Photonics Industries, DMEAYDH) at 4 kHz. The

laser beam was expanded by a combination of two cylindrical lenses. To obtathad tager
intensty profile, the laser beam was cropped at four edges. The measurement volume was 260 x
100 x 380 mrhin thex-, y-, andz-directions, respectively, which is equivalent to 807 x 310 x
1180 pixels. The initial calibration of the cameras was obtained by fitting a-dided

polynomial on an image recang) of a 3D calibration plate (Type 22, LaVision GmbH). The
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self-calibration algorithm was then applied to reduce the-moeinsquare of image distortion
residual to 0.1 pixel@Nieneke, 2008)

\

——

Measurement
volume

Figure4.3. A schematic view of th8D PTV measurements. Th
measurement volume at midspan is shown in the dashed line
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4.3 Results and discussion

To investigatethe effect ofU on the SC pattern, theearwall streamlines obtagd from the
planar PIV measurements ademonstratedn Section 4.3.1 The investigation of the 3D
structure of SC using the largeale3D PTVis discussedn Section4.3.2 Finally, theresults
of addressingspanwise asymmetry in the SC patternth vortex generatorsre presentedn
Section4.3.3

4.3.1 The effect of angle-of-attack on stall cell

The flow streamlines over the full span of the wing for diffetdate plotted irFigure4.4. The
upper and lower wind tunnel walls arezat =1 0.61 and 061, respectively. The measurement
domain covers the area close to the TE, with the TE locate’d at0. The saddle points and
foci are labeled with the cross sign (x), and plus sign (+), respectively. The separation lines are
also highlighted with dashed lines. Note that the HFSB apparatus or VGs were not installed
during the planaPIV measurement reported in this section.

The streamline pattern &= 9° in Figure4.4a shows a large recirculating vortex (labeled as
A) near the upper spanwise et (=1 0.61). The corresponding focus point of this vortex is at
(X/c, ZIc) = (1 0.09 T 0.5). Near the midspan of the wing, a saddle point is observedtat/€) =
(10.0910.06), and a focus point is located close to the TE/at ¢/c) = (1 0.05 1 0.13). A short
separation line also occurs in the r3jghn region, crossing through the saddle point. No large
recirculating flow is visible near the bottom end of the spaaicat 0.61. Therefore, the corner
flows at the two spanwise ends of the wing are dissimilar although the wing and wind tunnel
walls are symmetric (within the manufacturing tolerances). As notedeation 4.2 the
turbulent BL thickness on the upper wind tunnel wzlt € 1 0.61) is approximately twice that
on the lower wallZ/c = 0.61). The smaller flow momentum on the upper wall contributes to the
formation of vortex A on the upper end of the airfoil. Whés increased to 9.5° iRigure4.4b,
the focus point A moves slightly tod€, z/c) = (1 0.1, 10.49), and the associated recirculating
region is enlarged. Anidspan the separation line extends and covers a larger spanwise domain.
The separation line undulates in the spanwise direction and crosses two saddle pdmEat (
= (10.11,10.01) and {0.13, 011). There are also three foci af/q, z/c) = (1 0.06 10.13),
(10.12, 0.04), and { 0.07, 0.38). However, no SC pattern is apparent at tthis
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As Ufurther increases to 9.7° Figure4.4c, the focus A moves farther upstream x(z/c)
= (10.12, -051). A SC is observed with a saddle point M ®0.25, 0.061) and two counter
rotating foci indicated as B and C. The combination forms a mushsbape separation line.

An adjacent secondary vortex D is also seew/at Z/c) = (0.21, 0.27), and a secondary saddle
point N forms atX/c, z/s) = (0.20, 0.19). The lower spanwise section frsr 0.35 to 0.5 still
shows no sign of flow separation or a recirculating region. The SC is formed here for a wing
with a low AR of 1.2 relativéo the previous investigations that observed SC over wings with
higher ARs(Winkelmann, 1981Yon & Katz, 1998)

For Uof 10° in Figure4.4d, the primary saddle point M and the focus point B remain at the

same location while the focus C moves slightly upstream and dowfcia/) = (1 0.09 0.12).

The secondary saddle point N also moves upstream and dow/e, @d) = (i 0.13, 023). The
curvature of the separation line connecting B and M also increases, and the reversed flow area
becomes larger. Foci A and D remain in their former locations. The distance between the two
foci of the SC in the current investigationGof 10° is 0.5c. This is close to the SC width of

0.32c observed in the numerical simulation of flow over a 2D wing with AR =@2=afl0° and

Re of 8.7x10 (Manolesos & Voutsinas, 2014a) The SC observed by Dell
(2018)for a wing with AR = 4 atJ= 16.5° andRe of 4.11x10 had a larger width of B2c.

This larger spacing with respect to the current investigation is potentially due to theJdarger

AR. A largerUcan result in a larger separation zone while a larger AR also allows the SC to
expand in the-direction without being confined by the corner flows.

In Figure4.4e, corresponding ttJof 10.5°, the separation front moves farther upstream. As a
result, the primary saddle point M and part of the separation line move out of the measurement
field. The focus point C moves away from focus B, and the SC widens. A new saddle point also
appears atx(c, z/c) = (i 0.04, -0.29). With a further increase &fto 11° inFigure4.4f, the focus
point A is pushed downstream to/d, z/c) = (10.05, 10.50), and the SC has a larger
recirculating region. The two foci B and C movex(z/c) = (1 0.20,10.16) and { 0.25, 023),
resulting in a larger spanwise spacing 0f90.3The adjacent focus point D and the secondary
saddle point N no longer exist. It is conjectured that the expansion of SC accelerated the flow
around the SC and removed the secondary focus and saddle points (NrandAyure4.4e).

Note that the saddle point between foci A and B is no longer visible Wheaches 11°. The
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topology forUhigher than 11° was not investigated since the main flow features shifted outside
of the measurement domain that covered the flat TE section.

The investigation of the streamlines showed that the flow separation pattern is sensitive to
the variation ofl. At the early stages of the TE separatior(9°), the flow along the span of
the airfoil consisted of small, isolated pockets of backflow. With a slight incredséod.5°,
the isolated pockets merged forming an undulated separation front with multiple foci and saddle
points. WherlJincreased further to 9.7°, an asymmetric SC pattern formed. A secondary saddle
point and a secondary focus sfiwre also appeared on one side of the SC, forming an
asymmetric pattern with respect to the midspan. The flows at the two spanwise ends of the wing
were not symmetric; a corner vortex widlige backflow existed at one side while the flow was
attached on the other spanwise end of the wing. This asymmetric flow pattern can be caused by
imperfections in the experimental apparatus that are difficult to avoid. In particular, the
difference in the BLs on the wind tunnel walls at the two spanwise ends of the wing produces
the dissimilar corner flows observedkigure4.4. Similar asymmetric flow patterns were also
observed in the tuft visualization by Broer&nBragg (2001)and the o#flow visualization by
Del | &@mitap(2018) a corner vortex with a reverse flow region was present only at one
of the spanwise ends and persisted with increddirig the current investigation, as a result of
the blockage caused by the corner vortex of the upper spanwise end, the flow between the
corner vortex and SC accelerates and remains attached at bigihecontrast, between the
other spanwise end of the wing and the 8Ghort separation line with a focus point D and a
saddle point N forms. The observation suggests the absence of a corner vzictex0dil may
be responsible for the existence of the saddle point N and focus point D on the lower side of the
SC. Further increase d¢f to 10.5° expands the SC in the spanwise direction. When the SC
covers approximately 50% of the spdn ( EL°), the secondary saddle point and focus point
disappear. In addition, the reverse flow region observed at the upper spanwise toheer o
wing appears to weaken: the saddle point observdegare 4.4e is not visible anymore in
Figure4.4f as the corner vortex A moves more downstream and the associated reverse flow area
is smaller within the FOV. Based on these results, one can predict that the SC will continue to
expand with the increasingand will cover most of the wingspan. Note that it is also rare to
observe a SC at a low AR of 1.2 since most of the studies of the SC were conducted on airfoils
with larger AR (Moss & Murdin, 1971; Winkelman & Barlow, 1980; Weihs & Katz, 1983;
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Boiko et al., 1996; Yon & Katz, 1998; Broeren & Bragg, 2001; Manolesos & Voutsinas, 2014a;

Manolesos & Voutsinas, 2014b; DeMawbal.,2 0 1 5 ; Det &l.|1201&r sDe | ¢tdl.Or s o

201@; Del | 60r so & Anetdl,2018; SaPlaetlaB,2018E s f ah ani
(@) (b) (©
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(d)

zlc

x/c x/c x/c

Figure4.4. Streamline pattern over the airfoil @of (a) &, (b) 9.5°,(c) 9.7°,(d) 10°,(e) 10.5° andf) 11°.

4.3.2 Three-dimensionalcharacterization of the separation bubble

The3D PTVwas performed to obtain the 3D topology of the SC. The mean velocity fields from
the3D PTV are presented in 3 planesFigure4.5: a neatwall x-z plane ¢/c = 4 x 103), ax-y
plane atz/c =10.02, and &-z plane atx/c =1 0.1. The figure shows the 2D streamlines with

contours of normalized streamwise velociy@Us, in the backgroundThe streamlines of the

44



x-z view show the mushroomshape separation front and two countdating foci of the SC.
The SC is relatively symmetric in the spanwise direction. Xlyeplane shows that the
maximum height of the separation bubble, characterizeitl@p = 0, is about 0.018at x/c =
10.08c. The short wathormal height of the separation bubble leaves little space for the foci
structures to develop in the wabrmal direction. This is confirmed iRigure 4.6, wherex-z
planes at higher watiormal locations of/c = 9.2 x 103, 0.012, and 0018 are presented. As
observed inFigure 4.5, the foci structure quickly disappears with increasiyig when
approaching the boundaries of the separation bubble. The cootatigng vortices are not
visible anymore ay/c = 0018 This shallow separation bubble is consistent with thestaié
condition of the ai r& Amitdy (201B)observedxasS@ withea wallDe | | 6 C
normal height of 0.8at 0.12 upstream of the TE af of 16.5°. The thicker separation bubble
in the invest i & &mitay(R018pif assbosmied WitD the kargér and the
corresponding posttall regime. As is observed in tie plane ofFigure4.5, the height of the
separation bubble increases with increasiiog

The streamlines in thg-z plane of Figure 4.5 do not show any streamwise vortex. To
confirm the absence of streamwise vortices, additigralplanes are shown at different
streamwise locations iRigure4.7. Atxlc= 1 0. 15, upstr eaaatngfmci,bhe t wo
3D node of detachmetype is observed. The streamlines show that the flow moves away
radially from the node and departs from the wall. When viewing ytaeplanes farther
downstream ak/c= 1 0. 13 and 10. 12, where the two foci
visible. At these two planes, a largeale wallnormal motion of the flow away from the surface
is seen, while the streamlines are slightly skewed towards the pasdivection. The most
downstreany-zplaneatwc= 1 0. 11 al so shows no evidence of

y-z plane, an upward flow with a hadiddle structure is observed approximateb/ct O.
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Figure4.5. Visualization of the SC in &z plane aty/s= 4 x 10% ax-y plane atz/'s = 0.02 and g-z plane atx/c =
0.22.

The 3D visualization of the SC did not show any evidence of strong streamwise vortices at
the prestall condition in the current experiment. The streamspnwise planes showed that
the wallnormal vortices weaken and disappear at the boundary of the separation bubble, before
tilting in the freestream direction. ethhi s ob:¢
(20160) which was carried out for an airfoil at near stall condition.
The mean 3D flow field of the separated flow is demonstrat&igure4.8. The boundaries
of the separation bubble are visualized using assistace ofdJO= 0, colored by transparent
green. The flow motion is represented using colored 3D streamlines. The streamline sections
with forwardmoving flow (positiveU) are colored in red, while the backwargving sections

are shown in blue. Short segments of white streamlines are usespreEsentnearzero
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streamwise velocity, which coincigevith the boundary of the separation bubble. The blue
color of the streamlines with spiral motion shows that two large vortices are confined within the
separation bubble, which agrees with the streamline pattexz gflanes inFigure 4.5 and

Figure 4.6. The streamlines illustrate that most of the flow within the separation bubble is
brought into the bubble by the backflow induced between the two cewtdting foci. The

flow within the separation bubbles moves upstream against the freestream flow forming the
front separation line.
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Figure4.6. The velocity field inx-z planes afa) y/c = 0.002, (b) y/c = 0.012, and(c) y/c = 0.018.
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Figure4.7. The velocity field in thg-zplane at (axc= 1 0. ¥&= 1(0b.)¥S3= 1(0c.)1
(dxc= 1T0.11.
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Figure4.8. The 3D streamlines of the SC. The greenssdace show8U@Up = 0. The
blue, white, and red streamlines indicate negative, zero, and positive strea
velocity (backwardo-forward flow).
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4.3.3 Application of vortex generators

The streamline patterns of the SC after applying the VG combinations are presdfitaden

4.9. The green ashape marks demonstrate the spanwise location of the VGs. Note that the
streamwise location of the VGs is at @2®wnstream of the leadirgdge, which is outside of

the domain shown ifrigure4.9. To characterize the asymmetry of the SC, the pararBeser
defined as thdd T Ic| / |s + Ic|. Here |z andlc represent the distance between the saddle point
M and foci B and C in the-direction, respectively. For a symmetric SCS walue of zero is
expected.

The streamline pattern &igure4.4c showed that foci A and D contributed to the asymmetry
of the SC. This is also observed by the |laggealue of 0.39 for this flow field. Therefore, as
shown inFigure 4.9a, two pairs of VGs are installed atc = 1 0.450 and 032 to prevent the
formation of foci A and D. The results Figure4.9a show a significant improvement in the
spanwise symmetry of the SC by applying the VGs, which result8daiue of 0.26. However,

a slight spanwise asymmetry persists, such that, irz-theection, the upper focus point B is
farther from the primary saddle point M relative to the distance between the saddle point M and
focus C. The additional momentum brought in by applying the V@&cat 10.50 slightly
pushed the focus point A downstream. The VG installettat 0.32 removed the focus point D

and saddle point N that were presente#figure4.9c. A recirculating region is created ne

= 061 at the lower spanwise end of the wing.

To further improve the symmetry of the SC pattern, two additional pairs of VGs are added at
Zlc = 10.3 and zZc = 051 as seen inFigure 4.9b. The saddle point M makes a small
downstream movement of 0€ITrhe two foci barely move. Hence, the new VGs provide little
improvement in terms of SC symmetry. In particular, the VG installedtat 1 0.39 does not
affect the higkspeed flow formed between the recirculating flow at the upper corner of the wing
and the SC. The VG ac = 051 removes a part of the backward flow near the lower wind
tunnel wall and confines it to a small spanwise region. However, this has a negligible effect on
the SC, the value @& changed from 0.26 to 0.28 with the addition of the VGs, which suggests
that the small recirculating flow at the lower spanwise end did not affect the SC.

One more attempt is conducted to enhance the symmetry of the SC by adding a pair of VGs
atz/c =10.20, and the result is shown Figure4.9c. The added VG increases the streamwise

momentum of the flow and shifts the focus point B in the postidigection. Note that the two
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foci B and C are drawn closer together, and are relocatedtcia/€) = (0.12, 7 0.05) and { 0.11,

0.18). The corner vortex near the top end of the spaftati 0.61 still exists. The VGs induced

a symmetric boundary on the two spanwise sides of the SC and formed a symmetric SC with a
small Svalue of 0.05. The investigation shows that VGs can effectively reduce the interference
of the corner flows with the flow at the mgpan of the wing and remove the undesired
secondary flow structures. This technique can be used for generating SCs that are isolated from
the corner flows at the spanwise ends of the airfoil, improving the repeatability of the

experiments.
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Figure4.9. The effect of VG arrangements on the streamlin€oé. 7°.
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