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Les surfaces de contr@e des avions traditionnels comprennent les volets, les becs, leslailerons,

plan horizontakt les systénes mé&aniques/pneumatiques associé, ce qui contribue grandement

au poids total et ala consommation de carburant des avidimsrses techniques de contrde de
OfpFRXOHPHQW RQW pWp SURSRVpHV HW pWXGLpHV SRXU U
traditionnelles, tel que les jets synthdiques et les actionneurs Micro Electro Mechanical Systems.
L'actionneur plasma de type ddarge par barrige didectrigue (DBD) est une alternative
relativement r&ente qui est potentiellement plus efficace et robuste. Cet actionneur convertit

O pOHFWULFLWp GLUHFWHPHQW HQ TXDQWLWp GH PRXYHPHC
ionisaton partielle de l'air. L'actionneur aplasma est simple, facile aint@rer, non intrusif
(protrusion faible anulle) et a un temps de réponse rapide, ce qui le rend idél pour les applications
a@éodynamiques.

Le pré&ent travail est une dude avancé de adewuveaux concepts d'actionnement plasma pour
augmenter la portance des ailes afaible angle d'attaque pour la commande de vol sans surfaces
mobiles. Le premier est lglasma Gurney flapqui consiste en deux actionneurs plasma placé
danslesensdelléhHUJXUH GHV GHX[ F{WpV GH OYDLOH SUqV GX ERUCGC
des lignes de courant dans la r@ion du bord de fuite. Le secondpdasiaa wing tip actuation

pour lequel des actionneurs plasma sont placé le long de la corde dgn§laRQ GX ERXW GH
SRXU ERXW GH OfDLO SRXU DIIHFWHU OH WRXUELOORQ PDU.
des deux concepts avaient ééfaites avec des simulations numéiques prdiminaires et/ou des tests

en soufflerie avec des ailes 2D cenception improvisé de profil asymédrique opé&ant ade trés

EDVVH YLWHVVHV HW DQJOH GYLQFLGHQFH QXOOH /HV REMH
de ces concepts pour des ailes aprofils asymdrique et symédrique (pouynld@shorizontglainsi

gue leur fonctionnement pdi XQ DQJOH G %riudt paairti€sFables@RISs et en flehe,

HW OD SUpGLFWLRQ GX QLYHDX GH IRUFHleSgdan hwwizoRtQIQ HP HQ W
IRUPH HW WDLOOH UpDOLYMWHWGEGRQ\GOXY PRGBS RG] G FIRK D
La méhodologie consiste amonter et faire les tests en soufflerie avec des mesures plus déailles

sur des ailes 2D bien congies ayant des profils asymédrique et symérique pour valider des outils

de smulations numéiques, qui seront ensuite utilisés pour &aluer les concepts pour des ailes 3D

HW j GHV FRQGLWLRQV GIRSpUDWLRQ GYDYLRQV UpHOV
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'HV HVVDLVY HQ VRXIIOHULH RQW pWp HIITHFWXpV SRXUY GHV DL
et 3°des vitesses de 8 820 m/s, donnant un nombre de Reynolds allant de 1,3833®x10°,

DYHF XQH IRUFH GIDFWLRQQHPHQW GH i P1L P /HV SDUD
GH SRUWDQFH OD GLVWULEXWLRQ G HaBp deWwecteRrQda/ikess© D V X L
(obtenu par la technique PIV) . En parallée, des simulations CFD ont ééré@alises avec ANSYS
FLUENT utilisant les modées de turbulence SpaHdalimaras (SA) et Shear Stress Transportation

667 HW XQ PRGQOHMaJDFWLRQQHXU SODV
/IHV UpVXOWDWYV PRQWUHQW TXH OHV GHX[ FRQFHSWV GIDEF
portance pour les ailes avec des profils asymérique et symdrique. Bieplgama Gurney flap
donne une meilleure augmentation de portance, son efficacité dimamles grande angle
GILQFLGHQFH D (pR3und wing tp Bdtu@tiorteste Xpeu prés le méne. Les modées
GH WXUEXOHQFH 667 HW 6% GRQQHQW GHV SUpGLFWLRQV VLP
plasma, mais les prélictions du SST sontpeu plus proches des donnés expé&imentales. Les
UpVXOWDWY RQW DXVVL YDOLGp OHV PpFDQLVPHYV GYDXJPHQ\
Les simulations CFD sur des ailes 3D montrent quealema Gurney flaplonnent de meilleures
performances sur ledes effile&es et balayés en raison de la réluction de la composante de vitesse
GH O DFWLRQQHXU QRUPDOH j OfYDFWLRQQHXU SODpaAD )LQD
horizontalde gémédrie et &€helle ra@listes ades conditions de vols rélleaadiquent que pour
remplacer les surfaces de commande de vol traditionnelles, les actionneurs plasma doivent avoir
XQH IRUFH GYDFWLRQQH P HZ»\&70HN/irHaix\contitiors ide ©disid Gadtel G H
subsonique et d'envirdi®0 N/m aux conditioa d'atterrissage et de dé&ollage. Cependant, aforce
GYDFWLRQQH P H Qpldsmd wingtip &tdafio DEBRUWH SDV GH FRQWULE
] OYDXJPHQWDWLRQ GH OD SRUWDQFH
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Traditional aircraft control surfaces consist of flapkts, ailerons, tail planes, and associated
mechanical/pneumatic systems, which greatly contribute to the total weight and fuel consumption
of airplanes. Various flow control devices have been proposed and studied to replace traditional
flight control sufaces, such as synthetic jets and Micro Electro Mechanical Systems acilia¢ors
recently developed dielectric barrier discharge (DBD) plasma actuator is potentially a more
effective and robust alternative. The DBD plasma actuator converts electrieityiydinto flow
momentum near the surface through partial ionization of air. The plasma actuator is simple, easy
to integrate, nointrusive (low to zero protrusion) and has a fast response time, which makes it
ideal for aerodynamic applications.

The preset work greatly advances the study of two novel plasma actuation concepts for lift
enhancement of wings at low angle of attack for flight control without movable surfaces. The first
is the plasma Gurney flap which consists of two spanwise DBD actuatoesia both sides of

the wing near the trailing edge to change the flow curvature in the trailing edge region. The second
is plasma wing tip actuation, in which chordwise DBD actuators are placed in the wing tip region
to alter the wing tip vortex. Priondividual assessments of each concept had been carried out with
preliminary CFD simulations and/or wind experiments using roughly built 2D extruded wings with
an asymmetrical airfoil at very low speed and zero angle of attack. The objectives of thihresear
are to assess these concepts for wings with both asymmetrical as well as symmetrical profiles (for
use adail plane$; evaluate their effectiveness at a rmmmo angle of attack and for tapered and
swept wings; and predict the actuation requirementsufo-scale realistic wings ant@il planes

under operating conditions of a typical higlilbsonic commercial airliner.

The methodology consists of setting up and carrying out more detailed wind tunnel experiments
on welldesigned 2D extruded wings witlsyanmetrical and symmetrical profiles to validate
numerical tools, which are then used to assess the concepts for 3D wing geometries and at real
aircraft operating conditions.

Wind tunnel tests were carried out for test wings’atr@l 3°angle of attackyelocity from 8 to 20

m/s, Reynolds numbers ranging from 1:380° to 3.33x 10°, equipped with plasma actuators
operating at actuation strength ranging from 55 to 90 mN/m. The measured parameters include lift

moment, surface pressure distribution andei#y vector field (through PIV). In parallel, CFD
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simulations were carried out with AY'S FLUENT using SparlarAllmaras (SA) and Shear Stress
Transportation (SST) turbulence models and an engineering plasma actuator model. The results
also validate the sthanisms behind the increase in lift by the two plasma actuation concepts.

The results showed that both plasma actuation concepts can increase lift for wings with
asymmetrical and symmetrical profiles with the plasma Gurney flap providing much higher lif
increase than the plasma wing tip actuation. However, the plasma Gurney flap effectiveness
decreases at higher angle of attack while that of the wing tip plasma actuator remains about the
same. TheSsST and SA turbulence models give similar predictiongife two plasma actuation
concepts, with SST providing a slightly closer match with test @&B simulations on 3D wings

show that the plasma Gurney flap has better performance on tapered and swept wings because of
the reduction of velocity component meal to plasma actuator. Finally, CFD simulations for
realistic wing andail planegeometries at real fight conditions indicate that an effective plasma
actuation strength required for the plasma Gurney flap to replace the flight control surfaces would
be on the order of 25+70 N/m at high subsonic cruise conditions, aigbut100 N/m at
landing/takeoff conditions. For the same actuation strength, the contribution to lift increase by the

plasma wing tip actuation concept is not significant.
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CHAPTER 1 ,1752'8&7,21

1.1 Background

The world commercial aircraft market has grown rapidly in recent decades, as a result of expanding
trade and travel between different countaesl regionsAt the same time, as climate change and
impending energy shortage become more serious, there nsat dgmand for a reduction in
pollution and fuel consumption associated with aircraft operation, for which weight reduction is a
key contributor. The replacement of the traditional lift augmentation and flight control surfaces,
namely flaps, slats, ailens, elevator and rudder, and associated mechanical/pneumatic systems
would greatly contribute to weight savings and/or provide additional volume for fuel storage
contributing to flight range extension as well as reduction production and operating cibsts of
aircraft.

Flow control technology using pneumatic actuators to blow the boundary layers over the wing
(Coanda effect)1] or boundary layer suctiof2] for lift increase and drag reduction have been
tested for several decades. However, the weight and complexity/cost associated with integrating
the associated systems (pressurised air/'vacuum sources galygiping) haverevented any
significant implementation of these systems in commercial aviation. The integration issues may be
resolved with recent electrically driven mieactuation technology such as synthetic|jglsvhich

add momentum in the boundary layer with zero net mass addition and MEMS (Micro Electro
Mecharcal Systems) actuators such as micedloons[4] and micreflaps[5] for altering surface
roughnessHowever, the robustness of these actuatorsharshaircraft operating environment

and resulting maintenance issues reduc@dntcularapplication of this technology.

The aerodynamic plasma adtmais a recent technology which came shortly after the advent of
MEMS actuators ands very promisingfor practical application of flow control technology in
aircraft applications. It is a simpbolid-statedevice that allowgonversion ofelectrical enggy

directly into flow acceleration through partial air ionization. The most common form of this
actuator is the DBD (dielectric barrier discharge) actuator. As illustrated in Figujé] ,la DBD
actuator essentially consists of two axially offset etet#ts separated by one or multiple layers of
dielectric materials. When an AC voltage of several kilovolts and several kilohertz is aied

electrodes, ionized particles are formed in the air which are then accelerated by the electric field



betweenthe two electrodes. These ions collide with neutral air particles imparting momentum
resulting in flow acceleration in the thin layer (on the order of a millimetre thick) of air next to the
surface. More details on the physics of DBD plasma actuatorsecknubd in referencg?]. The
simplicity and solidstate nature of DBD actuators make them potentially robust with high
bandwidth while their thinness and purely electrical nature could make their integration and
maintenance potentially much simpler than other actuators. Finally,tkmegposed electrode is

very thin and can be made flush with the aerodynamic surface, the actuator would not interfere

with the flow when not in use.

Figurel-1 Dielectric barrier discharge plasma actug6jr

The first proposed application for DBD plasma was in fact to suppress boundary layer separation
on wing profiles at high angle of attack (AOA) by placing DBD actuators at the leading edge
injecting momatum downstrear{B]. This application would allow for the elimination of slats and
flaps by allowing the aircraft to take off and land at higher angle of attatkr suggested
applications of DBD plasma actuators consist of controlling boundary layer separations on low
SUHVVXUH W X [BE ldelayifiy baucdBr Kyér transitiqd0] for drag reduction and
delaying rotating stall in axial compress¢dsl]. However, achieving moderate lift change on
wings andail planeswith plasma actuators for flight control without movable surfaces (ailerons,
rudder and elevators), which the subject of this research, is more difficult and has been less

investigated.



1.2 Lift Alteration Concepts at Low Angle of Attack

Flow control applications aim at placing actuators in strategic environment to have macroscopic
effect with limited actuator input power. In this respect, most flow control applications in
aeronautics have placed the actuators near boundary layer separation points where small
perturbations can have a large impact. This has been particularly true for plasma actuators, fo
which current achievable strahgs still relatively weakfor stall delay in wings at high angle of
attack, where the boundary layer on the suction side is close to separation. However, flight control
at low angle of attack with plasma actuators preseparticular challenge in that the boundary
layer is well attached to the wing/empennage surface and thus much less sernbiévedtvely

weak flow perturbations from these actuators. For this reason, the first attempt involved
implementing a rampn the wing surface for inducing boundary layer separation which can then
be suppressed with a plasma actuator to alter lift. However, this solution is far from desirable as it
imposes a nominal drag penalty on the aircraft. Two flow control concepatt¢ang lift at low

angle of attack without nominal performance penalty were later developed and investigated at
Ecole Polytechnique de Montréhnd are described below

The first concept studied by Uenht?2] relies on modifying streamline curvature at the airfoll
trailing edge to increase lift. As illustrated figure 1-2, this concept consists of placing two
spanwise plasma actuators near the trailing edge of an airfoil, one on the suction side adding
momentum downstream and the other on the pressure gdérig momentum upstream. ish
combinationeffectively curve the flow at the trailing edge in the same manner as a permanently
installed Gurney flap for enhancement of lift, but which can be turned on and off as needed. This
concept was hence referred to as the plasma GurneyJiaqm installed the plasma Gurney flap

on aten-inch chord 2D extruded wing with a NACA 4424 profile and tested it in a low speed wind
tunnel with an incoming flow velocity range of-616 m/s for a Reynolds number ranging from
1.2x10°to 3.0x10°. While the actuator strength was not explicitly given, it can be estimated to
be around 20 mN/m based on the nature of the dielectric used in the actuator and the actuator input
signal suggest Force measurements and PIV flow visualization were conduklisdresults
showed that the plasma Gurney flap Etdan increase of 0.02 to 0.18 in lift coefficient and that

the final effect is approximately the sum of the effect of each of the two actuators.

The second conceptpasma wing tip actuatioistudial by Boesclet al.[6]. It consists of placing

plasma actuators around tkaeng tip, as illustrated in Figure-3, adding momentum in the



direction opposite that of the tip vortex to diffuse the latter. The tip vortex induces downwash near
thewing tip resulting in lift decreae and drag increase for the wifi¢ne reduction of these effects
through a more diffused tip vortex increases lift. Conversely, the concept can be applied to a
symmetrical airfoil at zero angle of attack (zero nominal lift) suclake case of aircratil
planeso induce a tip vortex and generdiéferentlift for yaw and pitch control. CFD simulations
were carried out by Boeseh al.[6] for a finitesix-inch chord 2D wing with a NACA 4418 profile

and a roundewing tip at zero angle of attack in a wind tunnel setting with an incoming velocity
of 15 m/s for a Reynolds number of x30°. Thesimulationresults showed that the actuators
lead to a significant diffusion of the tip vortex downstream of the trailing edgdting in a lift
increase of up td®20% with maximum 400 mN/m Preliminary corresponding wind tunnel
experiments with suction and pressure side actuators of limited actuation s{@EhgtiN/m
showed that folift change versus incoming velocitiye expeimental results matched the predicted

simulations in trend.

Spanwise Vortex
(c) Plasma “Gurney Flap”

Figurel-2 Plasma Gurney flap concefi?]



Figurel-3 Plasma wng tip actuation conceft]

1.3 Objectives

The previous works on the plasma Gurney flap pladma wing tip actuationoncepts for lift
increase at low angle of attack produced promising refi}l{4.2]. However, these studies were
preliminary as the testelocity and Reynolds number were far below realistic aircraft operating
conditions The wing geometries considered watsoideal compared to actual aircraft wings and
tail planes operating at nemero angles of attack. As syehe following research questions need
to be addressed for these two concepts to move to thetewxiology readinestevel and
eventually into industrial research and development:

- Will these concepts work for zero nominal lift (symmetric) airfoils?

- How does the effectiveness of these concepts change with angle of attack?

How effectivearethe plasma Gurney flap aqpdasma wing tip actuatioooncepts for

more realistic wing geometries (3D tapesseeptwings)

How effectivearethese concept®f real wing geometries under realistic flight conditions?

What are the actuation requirements at realistic operating conditions?

Can these concepts be combined to augment the lift alteration?
To answer these questions, a computational approachimednwith wind tunnel experiments is
used in this project, to evaluate and assess the effect of these two concepts. Thus, the specific

objectives of this project ate:



1) Evaluate the plasma Gurney flap and plasnmg tip actuation concepts favings with
asymmetric and symmetrprofiles

2) Assess the effectiveness of these plasma concepts at different angles of attack

3) Assess the effectiveness of thetesmaconceptontaperedand swept wings

4) Evaluate the actuation requirements of the two qatsderrealistic wings and tail planes
of a typical fullscale high subsonic commercial airliner

1.4 Thesis Outline

This thesisis organized as follows: following this introduction, Chaptepr2sentsa detailed
literature review on lift alteratiotechniques at low angle of attaes well as plasma actuatiand
in-flight applicationand plasma modeln Chapter 3the methodologyised toattain the above
objectivesis presented. This i®llowed by theexperimental and CFResultsin Chapter 4In
Chapter 5thevalidated CFD toolare usedo study plasma actuatass reaistic wing geometries
and realistic in-flight conditiors. Finally, Chapter6 summarizes the conclusions aprbvides

recommendation fdiuture work.



CHAPTER2  /,7(5%$785( 5(9,(:

This chaptefirst provides a brief review of the flow control techniques for lift alteration on wings
at low angle of attack. The$lw control techniques can be divided into two main categories:
streamline curvature control amdng tip vortex management.hen, he plasma actuation for-in

flight application and plasma model will be addressetie end of this chapter

2.1 Streamline Curvature Technique

Streamline curvature techniques rely dmanging the streamline curvature to alter the pressure
distribution over the wing. As illustrated Figure 2-1, lift comes from the larger curvature of
VWUHDPOLQHYVY RYHU WKH WRS VXUIDFH RI WKHAPple§gdreGXH WR
gradients setup within the flow field to providéhe required centripetal force for the fluid particles

to turn and follow the required flow patBince the pressure increases in the direction of curvature

and given the fact that the pressure far away from the wing is uniform, the pressure at the upper
wing surface with larger streamline curvature must be less than that at the lower wing surface,

resulting in lift. Any device that can change the curvature of the flow will alter the lift. This is the

principle behind movable flight control surfaces suchiksons, elevators and rudders.

Figure2-1 Source of lift and lift alteration through streamline curvature change



Several concepts have been developed over the past decades to control lift at low atteyté of
through streamline curvature without resorting to movable flight control surfaces. The first is the
Coanda jet which is an application of the Coanda effect. The Coanda effect is the tendency of a
fluid jet to be attached to a surface, which oneataserve from a spinning ping pong ball held in

a diagonal stream of gil.3]. When applied to airfoils at low angle of attaekhighspeed jet is

blown over the suction side near the trailing edge and the jet follows the curved trailing edge surface,
as illustrated in Figure-2(a). Therdore, the streamlines moving over the wing are bent downwards

at the trailing edge, resulginn an increase of liftNovaket al.[14] tested this effect on a 4Bch

chord airfoil at zero angle in a flow of 420 m/s for a Reynolds number »000,000. They
achieved an increase gectionallift coefficient C; from 05 to 68 with a blowing momentum
coefficient & from 0 to 0.36Gs shown in Figure-2(b) ( & =mU;/qS wherem is the jet mass flow

rate,U; is the jet exit velocityg is free stream dynamic pressure, &iglthe modeareg. However,

this technique can introduce noise from the jet and the jet can easily detach from the curved surface,
which limits the effectiveness of the concept. Furthermore, the rechigbgressuresource and
pressure cavity built within the wing structumvould introduce integration complexity and

additional costs.
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Figure2-2 Coanda circulation control at trailing ed@ streamlines (b) section lift coefficients
[14]

Another concept is to modify the apparent local surface curvature and therefore to redirect the
external flow. This concept was first developedRaspdtl5 andHazenet al[16]. Raspet added
a suction source with a flow coefficient of 0.0023 on a trailing edge slot covering 65% of the span



of a sailplane. No improvement in the lift/drag ratio was found. By applying trailingsecigen
asymmetrically, a rolling behavior was measured which was insufficient for effective lateral
control. Hazeret al. tested trding edge suction (shown irigure2-3) on a modified eighinch
chord NACA 23015 airfoil and found that lift increased to a limiting values with increasing suction

quantity at trailing edge.

. '-‘.837 -
/’- L 0.125

i-a -

T

7.952

Figure2-3 Schematic of wings with trailing edge suctidr]

Another technique for generating trapped vortex is thezetmassflux (ZNMF) or synthetic jet.

The ZNMF jet consists of a cavity with an oscillating membrane at one end and an orifice at the
otherend, as illustrated iRigure2-4 [17]. In sucton mode, the cavity sucks fluid from all direction
followed by a blowing mode in which this fluid leaves only in one direction. The result is a
directional momentum addition without net mass addition. Chatlghd [18] and Amitayet

al.[19] applied the ZNMF jet twirtually shape the surface of an airfoil and then to reduce pressure

drags at low angle of attack with minimum penalty in b& shown ifrigure2-5.

X

. z \
Piezoelectric Metal Disk
Driver

Figure2-4 A schematic of ZNMF jef17]
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Figure2-5 Virtual aereshaping airfoil model with a ZNMF j¢8]

The concept of virtual aershaping by ZNMF jets was later applied to a three dimensional wing.
Farnsvorthet al [20] applied the synthetic jets on a scaled Stingray unmanned aerial vehicle (UAV)
in a flow of 30.5 m/s and 25 m/s withraean aerodynamic chotthsedReynolds number of
185,000.Figure 2-6 illustrates the upper surface geometry of the UAV model with sensors and
synthetc jets. The model incorporatadelve pairs of synthetic jets that are issued through
rectangular orifices, and the synthetic jets were formed by the periodic motion of a piezoelectric
disk mounted on the bottom wall of a sealed cavity. The results shibatetie synthetic jetvere

able to alter the local streamlines on the suction side of wing surfacesdisplace the boundary

layer by forning a small quassteady interaction region. They obtained a maxin@unmcrease of

0.11 with 6 jets turned on &0OA= 2°. However,since thesynthetic jet actuators are often very
small to achieve high bandwidth as well as ease of integrationcoldy be subject to clogging

in a real aircraft operating environment.

A third grategy for altering lift at low angle of attack is the Gurney Flap. It is a very simple but
effective device, which consists of a small flap located at the trailing edge perpendicular to the
chord line or pressure surface of an airfoil. Invented by Dan&yn early 1970s, this device has
been subsequently studied by numerous researchers. LighBchapplied a Gurney flap to a
Newman symmetric airfoil and indicated that there was a turningedfdtv over the back of the

flap and a reverse flow directly behind it. These observations were corroborated in water tunnel
experiments at lower Reynolds number by Neuhart and Pend¢&#jaft

This flow structure is more precisely shown by Jeffegwl. [23] who carried out laser Doppler
anemometry (LDA)surface pressure and force measurements as well as smoke visualization for a

singleelement wingEppler e423 profile) with a Gurney flap, at free stream velocity up to 40 m/s
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and at a Reynolds number up to 8010°. Their results indicated a twin vortex structure
downstream of the Gurney flap (sEmgure2-7(a)), with a convex streamline curvature over the
trailing edge reducing local pressure on the suction side. In parallel, the flow slowed down with a
similar curvature ahead of the Gurney flap near the trailing edge, creating a local pressure rise on
the pressure side. The combination of both effects increledit and pitching moment. The lift
increase was almost proportional to the height of flaps, with maximum lift increase of 71% at
AOA=0°and maximum lift increase of 94% at AOA=3? as shown kigure2-7(b).

— Synthetic jets.
« Static pressure measurement ports

% Moment reference center
= Shear stress sensors

Figure2-6 UAV model upper surface geometry with sensors and syntheti@féts

25¢
0.05
A
20k F{f V:%“o«
A ')yvﬂ%.
0.00 L
-
‘g O 1.5F ‘
-0.05 P
/q); . :
10 7 7« — a4 — 05%GF
. — g —- 1%GF
— > — 2%GF
-0.10 e 4%GF
a) 09 1 11 12 09T TTTE T 15 20
x/c b) a (deg)

Figure2-7 (a) Streamlines from LDA measurement with Gurney flap (b) correspoiing .

measuremeni3]



12

Other researchers have atdodiedthe effect of lift and drag of the basic Gurney flap with varying
heights, at different angles of attack and at higher Reynolds numbers. 8t@lnh24] measured
surface pressure distributions and wake profiles on a NACA 4412 with a Gurney flap to obtain lift,
drag and pitching moment coefficient. The Gurney flap increased the maximumefiiciemt

from 1.49 up to 1.960bfy 3299 andincreased the draa low-to-moderate lift coefficients Janget

al. [25] carried out a numerical study on a similar configuration with an incoming flow Mach
number of 0.085 at angles of attack from 0 tdd&d Reynolds number of 1.641°. A maximum

lift coefficient increase of 150% was obtained at zero angle of attack Wih of 3% chord height,

but with penalties in drag and moment coefficients. The authors suggested that the height of
Gurney flap should be less than 1.25% chord in order to get an inanelifsavith little drag
increa®.

Rosset al.[26] studied Gurney flaps with height from 0.125%.t85% chord on a two dimensional
two-element airfoil NACA 63215 Mod Bwith a single slotted, 30%hordregularflap, as shown

in Figure2-8. The Reynolds number was 3ulL(°, with a free stream velocity of 69 m/s. Results
showedhatthe maximum lift coefficient could be increased by 12% and maximutoidtag by

40% with a 0.5%chord flap at 0.5% chord upstream of the trailing edge of main element. Later,
Myoseet al.[27] carried out a detailed study on 2D airfoils, 3D wings, and a reflection plane model.
The Reynolds number ranged fromi®° to 2.2uL0°, with an incoming Mach number from 0.12

to 0.19 and an angle of attack ranging fréhto 20. Forasingleelement NACA 0011 airfoila
Gurney flap of 4%chord height leaded to an incredseeraangle lift coefficient of 0.8 at
Re=2.2ul(® andMach=0.13. Results showed that for all of the studied airfoils, Gurney flap can
improve the maximum lift coefficient albeit with drag peretwhich is the main disadvantage of

the Gurney flap.

Sever& improvements to the Gurney flap have been proposed. They included s¢@@ted
segmented[29] and perforated Gurng\B0, 31] to mitigate the drag penalty. Some of them can
enhance lift (segmented Gurney flap) but some may affect the liftaseras well (perforated
Gurney flap). Oscillating Gurney flaps were studied by Tang and Do\&Hlland Gerontakos

and Leg[33] to enhance the maximum lift and pitchinggment coefficients under a wide range

of angle of attack. However, the oscillation of flaps required more complex structure, which would

be less desirable.
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Last but not least, the Gurney flap have also been shown to be effective in other applications, suc
as rotorcraft bladegs4, 35], wind turbineq 36, 37] and turbine bladgs8, 39].

Main element

Cove tab is
retracted
when flap is
stowed

Figure2-8 Gurney flap near mairlement trailing edge of twelement airfoil[ 26]

With the advent of plasma actuators, several active control concepts have been proposed for lift
alteration at low angles of attack. Zhagtaal.[40] placed plasma actuators on the vertical trailing
edge surface of a truncated NACAQirfoil in an attempt to replicate the effect of a Gurney flap,

as shown in Figure 2-9. Simulations were carried out in ANSYS FLUENT with a
phenomealogical plasma model from Shyat al. [4]1] at a free stream velocity of 10 m/s and
Reynolds number of 6.8411C°. The simulation wasarried out under twdimensional steady

mode, using & model. Thenondimensionaplasma actuatastrengthD is defined as
& L

whereq. is the charge densit¥p is the electric field strength, is the height oklectrode,éis

2.1)

a1 % A
To

density and7q is the free stream velocity. Inishcase, a plasma strength of 9.14 was applied in
the simulation. Thaeimulationresults showed that the induced jet from plasma actucgsutted
in a zereangle lift coefficient of 0.18However, the simulated velocity is low and there was no

experimental validation of the concept.
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Figure2-9 C, vs . of vertical trailing edge plasma Gurney flap NACA0012 airfoil[40]

Fenget al [42] carried out an experimental study with plasma actuator attached to a physical
Gurney flap on NACA 0012, using the flap as the dielectric material, as shdviguire2-10(a).

The maximum tested velocity and Reynolds number were limited to 5.3 m/s, ana185
respectively. They found that the lift coefficigdtincreased by 0.15 (about 22%) at Re=210*

for AOA=0 £16°, when the actuators was attached to a 7% chord physical Gurney fl&pyisee
2-10(b)).

Ueno[12] developed and tested a new plasma Gurney flap configuration, which avoids the need
to truncate the trailing edge as done by Zhetrgy.[40] which is not aerodynamically desble as
ZHOO DV OLPLWY WKH ZLGWK RI WKH '"%' DFWXDWRU WKDW R
configuration consists of two spanwise plasma actuators placed near the trailing edge, one on the
suction side inducing the ionic wind downstream #mel other on the pressure side inducing
upstream ionic wind. Net velocity (velocity minus background velocity) from PIV measurements
by Ueno[12] shown in Figure2-11, indicate that the net effect of trailing edge flow (acceleration

of flow over the suction side and deceleration of flowhatpressure side) with this configuration

is similar to that of a physical Gurney flap. At tested free stream velocities ranging from 6 m/s to
16 m/s and Reynolds number of 1.2 to 3.@0°, this plasma Gurney flap increased the lift
coefficient by 0.8 to 0.02 (about 69% to 7%, respectively). Additional tests with each actuator

turned on individually indicated that the total effect on lift is the combined effect of each actuator.
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Figure2-10 (a) NACA0012 with Gurney flap and plasma actuator; (b) corresporiiing .
measurementsi?]

Figure2-11 Measured veloity vectors at trailing edge of NACA4424 with plasma Gurney flap

with background velocity deductgti?]

Recently,Feng[43] proposed a new plasma Gurney flap which consists of two dielectric barrier
discharge plasma actuators attached to the airfoil NACK @fessure surface near the trailing

edge as shown irFigure2-12. 2D numerical studyvascarried out for NACA 0012 with a chord

length of 1m atbackground flonspeed of 10 m/s and Reynolds number of@l8°. And it was

found that the most significant control effect occurs with only downstream plasma actuators on.

The plasma Gurney flap can increase the lift coefficient before the stall, redudrag coefficient,

and increase the l#b-drag ratio at small angles of attaétor NACA 0012airfoil with plasma

control the maximum lift coefficient and the maximum-4if-drag ratio are increased by about
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7.5% and 7.7%respectively The plasma Guey flap have been alsimulatedon the pressure
side of a3D UnmannedAerial Vehicle[43], near the trailing edge antbag the whole span. The
lift coefficient is increased by about 0.09 to 0.12 for the angles of attack-2rtonl 6.

Airfoil

Embedded

clcctrod

Dielectric R g
. ] —
— 1
~d Wall jet
electrode L/ Wall jet Downetream
Upsteam DBD DBD plasma

actuator
plasma actuator

Figure2-12 Plasma Gurney flap from Fep43]

In summary, although the streamlines curvature methods for lift increase at low angle of attack
show promising results, the mechanical and pneumatic methodsnadl with some drawbacks

that prevent them from being used for practical flight control. Furthermore, apart from the physical
Gurney flapp26], none of the proposed concepave yet been assessed at realistic flight conditions

for which the Reynolds number would be on the order &f 10

2.2 Tip Vortex Management

Thewing tip vortex, also known as trailing edge vortex, is the rotating flow pattern behind a finite
wing whengenerating lift It comes about as the high pressure air on the pressure side tends toward
the lower pressure air on the suction side aroundihg tip. Figure2-13 from DaclesMariani et

al. [44] show the formatiomand convection of theing tip vortex through measured and simulated
velocity profiles at different axial planes. This vortex induces a downwash that is largest near the
wing tip, as shown ifrigure1-3, causing the incoming flow to bend downward, thus reducing the
local angle of attack and resulting not only in a lift decrease newitiigetip but also an additional

drag, called induced drag, as illustratedrigure2-14. These negative effects can be alleviated if

the normally concentratieving tip vortex carbediffused and/or moved further out from tiveng

tip to reduce the downwash over the outer wing span. A variety of strategies have been developed

and studied to achieve these tasks.
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Figure2-13 Perspective view of the velocity from experiment and simuldddh
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Figure2-14 Effect of tip vortex induced downwash on angle of attack and[d&lg

One typical strategy is to uséng tip extension to reduce the negative effectvoig tip vortex
mainly by pushing the vortex farther outboard from ttiegwoot, resulting in a reduction of both
downwash and lifinduced dragVariouswing tip extensions have been developé€, including
roundedwing tip, sphericalwing tip, squaredving tip, boostemwing tip, Hoernemwing tip, raked
wing tip, endplate, polyhedrating tip and winglet.Figure2-15 shows the shapes of four typical

wing tip extensions.
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Figure2-15 General shapes of four typicaling tip extension$46)

A winglet is a neawertical extension ahewing tip, which can perform better in termaffusing

the vortex than previousing tip extensions. A typical winglet is shownkiigure2-16(a) [47]. A
vortex is developedand change the relative wind direction near wing tipstaswn inFigure
2-16(b). If the winglet is fitted to thaving tip with appropriate height and orientation, tife
generated by winglets have a component pointing forward, which can reduce tf#8Hrag
Whitcomb [49] studied a shifted downstream winglet mounted on the tip of a ndrooy jet
transport wing, with a free stream Mach number of 0.78, and Reynolds number 1?.2Tka0
winglet consisted of two spilt winglet locatedveing tip with different flap anglesThe primary
winglet was located rearward above the tips while the smaller secondary one was placed forward
below the tips, as shown Figure2-17. This winglet configuration reduced the induced drag by
about 20%, and increased ddtag ratio by 9%. The Idtirag ratio was more than twice as that
achieved bywing tip extension configuration. Another study by So#inal. [50] on similar
configuration also showed simalr results, where the Whitcomb winglet increased the lift
coefficient by 9%morethan a simple fairingving tip extension with a free stream velocity of 26

m/s and Reynolds number of 4.140°.
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Figure2-17 A general layout of the Whitcomb winglgt9]

While the passive techniques discussed previously may be effective, they may induce additional
dragunder offdesign conditions unless the devices involved can be retracted, which would incur
the same mechanical inconveniences as using movable flight control surfaces. As such, active
control techniques that can be easily turned on and off would bepnamtécal. The first technique

developed fowing tip vortex control was pneumatic, using jet injectionywing tip suction. Ayers
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and Wilde[5]] first proposed the idea @fing tip spanwise blowing in 1956. Later Vi al.[52)]
studiedwing tip blowing from three jet ports on a NACAOO®B2 airfoil with AR=1.7, with an

inlet flow of 20 m/s, a Reynolds number of 2X460° and an angle of attack of.5The local lift
coefficient was foundo increag by up to 20%with wing tip blowing.

Schwind and BriggEs 3] studied outboarthlowingwing tip jets on several low aspect ratio NACA
0015 halfspan wingsin aeronautics, the aspect ratio of a wing is the ratio of its span to its mean
chord. It is equal to the square of the wingspan divided by the wingTdredift was augmented

by as mub as 120% at low angles of attack in an inlet flow of 64 m/s. They indicated that the lift
augmentation bying tip blowing would reduce with a larger wing aspect ratio, which was later
confirmed by Mineci{54] when he stdied spanwise blowing on modeaspectatio wings at

high speed. The spanwise jets were at the tip of a swept wing with NASA HSNLE(2 )airfolil
section at a Mach number of 0.30. The maximum lift increase was only 0.028 (about 1%) at angle
of attack of 2.07.

Tavella[55] studied a thinving tip jet ona symmetricaNACA 0018 airfoil section (AR=3.14, see
Figure 2-18a) and indicated that this concept was very effective for small angles of attack. A
maximum lift increase of 88 % was obtainedA@A=2° (seeFigure2-18b). The lift gain due to

wing tip blowing was also modulated, which indicated that the lift increase depended on the 2/3
power of the jet blowing intensity. Later, an extensive experimestialy was carried out by
Margaris and Gursyb6] to study the effect of main parametersvang tip blowing, such as the

jet direction, its vertical and longitudinal position on the tip, the tip shape, the blowing coefficient
and the angle of attack. Theng tip jets were installed on a NACA 0015 airfoil section as shown

in Figure2-19. The Reynolds numbevas about 1®and angles of attackere 5 and 10. It was
founded that blowing from the pressure side led to diffusetexin the near wake, while with
blowing from the suction surface producing the opposite effect. The spanwise blowing from
pressure side on a roundethg tip could produce coherent vortex. However, the authorsatid
carry out force measurement, thus liidadragreductionwere not quantified

Pulsed jets are also used to control the wing tip vortex. Heyes and [&Tjitbarried out an
experimental study to mdgiwing tip vortex by pulsed spanise air jets. A NACA0012 section
wing was tested in a flow of 22 m/s, with a Reynolds number ofi2@ and at an angle of attack

of 5°. The pulsed jets were supplied by compressed air via a tube passing throughgth@swin

shown inFigure 2-20. The results showed that the tip vortex was displaced with a magnitude
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proportional to the blowing rate. Although no lificrease is mentioned in their study, this
displacement of tip vortex would alleviate the negative effect of wing tip vortex and enhance the

lift of the wing model.
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Figure2-19 Blowing configurations tested for a square tip (a) and a rounded {ipgb)

While there are many studies of theng tip blowing, very few study have been focusedwng
tip suction. Okada and Hiraok&a8] tested a NACA0016 airfoiit AOA=(@° for a mainstream
velocity of 13.1 m/s and Reynolds number of about 1LB®. Four slotswere arranged near the

wing tip for suction which wereconnectedvith a suction hee inside the wing model, as shown
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in Figure2-21. The results shoadthat thewing tip vortex was not affected by suction on pressure
side, but was effectiv diffused bywing tip suction on suction side, especially at ¥iag tip of
trailing edge. However, the effectwingtip suction on lift and drag/as not investigated precisely,

neither the reasons for the different effect on tip vortex between suction and pressure suction.

I O Baseline: No air
Q2 A ¢,-0.001, €,\-0.001 o
| O C,=0004. C,,=0.000
[ ¢ c,=0007. C, 0033
015}
E a1 .'__ O
0osr A
| a
o]
i L. I 1
a1 005 o Q05

Figure2-20 Wing with pulse jetand vortex enter position with varying flow ra{&7]
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Figure2-21 Wing model and the suction holgsS]

The above results show that the pneumatic techniques can be effective for temporary lift alteration
for flight control. However, they usually require a hollow chamber inside the wing as well as
pressure or vacuum sources, all of which coospé their integration and maintenance in

commercial aircraft application. As Bection 2.1, one solution would be the use of synthetic jets.
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Margaris and Gursyb9] applied synthetic jets on a rectangular wing NACAO0015 with the same
configurationasin their previouswing tip blowing investigatior{56], with a free stream velocity

of 10 m/s, Reynolds number of* @nd angle of attack of L.0Experimental results showed that
the synthetic jet was comparable to a continuous jet, whickl ppatiuce a clearly diffused vortex
with a low blowing coefficient.

Marouenet al. [60] used laser smoke flow visualization and hot wire anemometry to study the
effect of synthetic jet actuation amng tip vortex. A NACAO0012 airfoilwas studiedn a low
speed wind tunnel, with a free stream velocity of 8 m/s, a Reynolds numbe®@®88nd an angle

of attack of 8. The synthetic jet was placed near wiag tip, driven by a loudspeaker through a
hollow rectangular chamber insidesttving model, as shown Figure2-22. Experimental results
showed that the axial vorticity was reduced by nearly 30% by actuation, which was aceampani

by a decreased crefisw velocity (in y-z plane shown ifrigure2-22) and a diffused vortex core.

Figure2-22 Wing model and wind tunnel set (0]

Sudak]61] built a combined dual synthetic jet farng tip vortex control on a NACA 0015 wing
with a span of 0.42ih, andan aspect ratio of 4.2. As shownHigure2-23(a), the vertical jetvas
used for suction side actuation and the horizontal jetifog tip spanwise actuation. The synthetic
jet increasd thesectionlift coefficientnear thewing tip atRe=1 u10®, andAOA=6 +10°, buthad
no effectat high Reynolds numbef 2 ul0°. With actuation orfseeFigure2-23(b)), the footprint

of tip vortexvisualizedby oil film interferometry techniqudisappeared suggesting the vortex was
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pushed off theving tip by the jet.The footprint was caused by Iqwessure created by tip vortex,
therefore if vortex was diffusedr pushed awayt could not produce low enough pressure to form
footprint. Nevertheless, as before, synthetic jets have maintenance issues associated with potential

clogging of the holes irealistic aircraft operating environments.
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Plasma actuation technologyasn overcome these drawbacks because of its-stdié and
electrical nature. Ramakumar and Japg® and Santhanakrishnaat al. [63] tested wings with

plasmaactuators placed on the suction and pressure sides neangftg blowing outwardcalled
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plasma winglets in combination withactuators placed on the suction and pressure sides near the
trailing edges blowing downstream (callpthsmaailerong. However their experimentsvere
performed atvery low Reynolds anaverelimited to very high angle of attack (L4for which
plasma actuation at the leading edge would be more effedtfamating the purpose of the concept

for flight control application at lovangle of attack.

Boeschet al.[6] studied wingip actuators on an asymmetrical NACA4418 wing and a symmetric
NACAO0018 airfoil with a roundedving tip at a low angle of attack, as shownHigure 2-24.
Results from CFD simulations showed that the vorticity field downstream of NACA4418 trailing
edge was significantly changed, diffusing the tip vortex, as shoWwigure2-25 which led to an
increase of lift up to almost 20% for a mainstream flow velocity of 15 m/s and a Reynolds number
of 1.5uUL0°. Due to the limited strength of plasnactuator§maximum 40 mN/rjy wind tunnel
experiments were carried out at lower speeds, but the test results concur relatively well in trend
with the corresponding CFD simulations. While the CFD simulations performed on a symmetric
airfoil at zero anglefaattack with the proposed actuator configuration showed that it could generate

lift, no experiments was carried out to demonstrate this concept.
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induced
flow

(optional actuator)

J

Figure2-24 Wing geometry and plasma actuator locatifgjs
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Figure2-25 Vorticity contours downstream of trailing edge without and with plafgha

Hasebeet al.[64] usedbothdirect numerical simulation (DN@&ndwind tunnel experiments with
Particle Image Velocimetr{PI1V) to analyzewing tip plasma actuator operated irobing and
suction modes on the suction side of a finite NACA0012 wiihg. Reynolds number based on the
chord lengthwas 3,000 for simulationand1.44uLC® for experiments. fie AOAwasfixed at 10.
PIV results showed thatortex centers move outwards (¢lirection)in blowing casedut no

significant change in suction cases.
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Figure2-26 Wing tip plasma actuator configurations and experimental ref§4}s

Mizokamiet al.[65] used similar DNS code to study DBD plasma actuators on a NACA0012 wing
with squared wing tip at AOA=2Q0Re=3,000. Four different placements of plasma actuators were
considered: blowing at upper side (bloy), blowing at bottom side (@lv-down),suction at upper
side (suctiorup), and suction at bottom side (suctmmwn). A normalized induced velocity

go ¢ Is introduced to represent plasma strengtir.found that withnduced velocity of 2.6
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lift increasedby 188%in blow-up case iad decreasely 161%in blow-down case, while slightly
increased in suctieap and is nearly unaffected in suctidown caseas shown ifrigure2-27. A

negative pressure field and a new vortex were created by the plasma actuation, leading to the
increase of lift around wing outboard to the center reditmwever,they didn't specify thealue

of freestream velocitymaking these conclusions hard to compare with existing literatures.
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Figure2-27 Force coefficients as a functionwing tip plasma actuator induced velocj§5]

Leroy et al.[66] carried out a detailed experimental studywrig tip dielectric barrier discharge
(DBD) plasma actuators on a rectangular wing of a symmetric profile (AFV82) with a straight tip
of sharp edges. The angle of attack was sé&t, @l mainstream velocity at 10 m/s corresponding

to a Reynolds number of 2 x$0Theplasma actuatonsere tested on both pressure and suction
sides blowing inwards and outwards, and finally only four configurations were found to be able to
alter the tip vorteXDBD 1, DBD 3, DBD 6 and DBLI as showrnn Figure2-28). They concluded

that plasma actuation in the pressure side was not as efficient as actuation in the suction side, and
inward blowing decreased tip vortex vorticity buitward blowing reinforced it. However, no
explanations were giveffhe increase of freestream velocity from-1@ m/s can stabilize the

main vortex, but a displacement of the main wake vortex and a reduction of its streamwise vorticity
are still observae with plasma actuation.he plasma effect decreased when the velocity reached
above 25 m/s. However, aerodynamic force measurements weneadetn their experiments,

thus the lift increase and drag reductweere not quantifiegirecisely.
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Figure2-28 Schematic of the DBD plasma actuator arrangen{&fty and the effect on trailing
edge downstream tip vortex vorticifyight) [66]

Chappell and Anglanfl67] carried out PIV measurements of NACAOO15 wing waiting tip
actuators with a free stream velocity up to 15 m/s and Reynoldbaruup to 2.8ulC. The
configuration of plasma actuators was similar to that used by Beéstj6], as shown irfFigure

2-29. Tip vortexwasfoundto be diffusedat low angles of attaclAQOA = 2, 6°), due to the blockage

of the flow around thewing tip andthe reductionof the tip vortexdownwash However, the
effectiveness was found to decrease at high angle of attefyla(idithey hypothesgd the vorticity
generated by the suction side plasma actuator was fed into the vortex core at high angle of attack.

However, no lift increase was mentioned in their study.

Suction side Direction induced velocity

[
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Centre line
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Figure2-29 Schematic ofving tip plasma actuatof$7]
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In summary, manwing tip vortex control strategies habeenproposed and studied over the past
half century. However, only the actiflew control strategies would be practical for flight control
application at low angles of attack. While strategies involving plasma actuators would have the
best potential of commercial applications due to their simplicity in term of integration, they have
only been asessed at low Reynolds numbersit high angles of attagidon 2D extruded wings

only. Few work is to assess generation of lift on zétaairfoil for applications on aircraftail

planes

2.3 Plasma Actuaton for In -Flight Application

Currently mat dielectric barrier dischargddBD) plasma actuators are only investigated at low
speed, typically5-15 m/s.Pavoret al.[68] carried outidetailed study of surface dielectric barrier
discharges at high spe up to Mach number of 1.1. Thelyowed that thplasmaglow is reduced

and the discharge becomes more filamenghigher flow speedA reduction of the light pulse
HPLVVLRQ GXUDWLRQ IURP SKRWRPXOWLSOLHU WXEH E\ RQH |
when airflow velocity is increased from zero up to an isentropic Mach number of 0.7. These
measurement indate that there is a change in the plasma breakdown mechanism when airflow
velocity is increased. However, the effect of velocity on plaantaation wa not quantitativig
analyzed.

The airflow | Mfluence on the discharge performance of DBD plasmatmtawas quantitativey
investigatedby Kriegseis[69] for flow with Mach numbefrom O to 0.75. A nordimensional

relative performance index is definbg equation (2) with quiescent air reference,

%: /E;
% y,8,

o L (2.2)

whereM is the Mach number and)is a general variable, whiatepresentslifferent quantities,

such aplasma lengtlor applied voltage

The relative performance dragthen studiedinder different Mach number, however it turns out
that the +¢, F / plots varies under different applied voltages. To compensate the voltage
dependency, aew reference numbé&tis used to better address the effect of operating voltage of

plasma actuators on performance drepich isdefined by equatio(2.3) ,

Te Te
L2 L (2.3)
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where 74 is freestream velocity,R: is the drift velocity of the momentum imparting iorés the

ion mobility, and can be chosen as constant value Bf 2r* m?(V-s). E is the electric field
strengthwhich scales linearly with the applied operating voltage, and can be calcul&fd, by
whereV denotes applied voltage addepresents the dielectric thickness.

Figure 2-30 shows the relative performance of power consumption and performance drop as a
function ofK. Kriegseisshowed that the plasma actuator performasoeduced by 10% at Mach
numberdelow0.2, andcan drop by 30% at Mach numbers below .ULHJV H lpM¥idesZR UN
a new insight to quantify the plasma effect at redligint condition, and also explains tigeneral
over-predictedCFD resultsfor plasma flow control conceptsuch as in referencgg] [12].

Figure2-30 High speed influence onehelativeplasma actuator performance and corresponding

drop as dunctionof scaling numbeK [69]

For higher Mach number, there are very limited publications reported. Coumar and Qagave

studied the influence of Mach number and static pressure on plasma flow control of supersonic and
rarefied flows around a sharp flat plaléhne study was carried out with three contounedzles

(Figure 2-31): first one (calledNG) gives an airflow at Mach 2 and a static pressure of 8Pa, the
secondT) an airflow at Mach 4 and a s@apressure of 8Pa and the third (N3) an airflow at Mach

4 and a static pressure of 71Phe shock wave angle increassd115° for NG, by 1.2F for NT

and by 1.28for N3, showing that the discharge effect is even more significant when boosting the
flow speedIt was also concluded that the morphology of the plasma discharge strongly depended

on the static pressure.
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Figure2-31 Wind tunnel layout (a) and experimental sefuf)

On the other handyhile most investigations amurrentlycarried out under laboratory conditions
at low Reynolds number and small chord lengihschmann 71] employed plasma actuators on
the pressure side of a natural laminar flow wing section undefligaé conditions on a fullsized
motorized gliderThe DBD plasma actuatextends over the whole spahthe trapezoidal wing
which has a taper ratio of 0.55, a sweep anglhateading edge of zerw/ith a flight speed of
38.5- 39 m/s, Reynolds number of 218L0°, atransition delay of 2 2.5% of the chord length is
achieved when applying plasma actuatdie effect of pressure and humidity on actuator power
consumptiorwas alsastudied and it shoedthata pressure increasd# 3% would result ira power
decreasef 4%, andarelative humiditydrop of70%would leadto a power variation of 5%.

In summarythere arestill very limited studiesof plasma actuation on aircraftings at high
Reynolds number&€ompared with experiments under laboratory conditions, the plasma actuators
for aircraft application are operating under a different environnmanbelyhigherMach number,
lower pressureand density varying humidity etc. Moreover, none of current studiehave

investigated quantitatively the effect of real wing geometieplasma actuator performance

2.4 Plasma Model

Many engineering models have been developed in the past decades to simulate the effect of DBD
actuators for flow control simulations. The sat@ommon and successful approach is to simulate

the DBD actuator as a spathsmabody force distribution. Shygt al [41] propased the first of

such model with a linear twdimensional bodyorce distribution. In this model, the electrical
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field was assumed to decrease linearly from exposed electrode to hidden electrode. However, the
model did not take into account the exact actugeometry, the properties of the dielectric such

that the bodyforce vector direction and actuator strength (integral net induced body force)
prediction versus the AC voltage input were inconsistent with experiments. &utétuang72)
developed a model based on actuator geometry and the nature of the fluid and dielectric material.
The model calculated the body force produced both by the external electrical field and electrical
field by the charged particles. The befdyce in this modewas more realistic but the scaling with

AC voltage was still incorrect, being proportional 8§ ,instead of8%.2in experiment.

Figure2-32 A multi-network model for a DBD plasma actual@sg]

Orlov et al.[73] developed a muHnetwork model by dividing the domain over covered electrode
into several parallel parts, as shownFigure2-32. The property of each network depended on
their distances from exposed electrode. This model successfully predicted the AC s@&{@s of
and an optimum AC frequency which generated MB[LP XP ERG\ IRUFHnodélXW 2UOF
cannot not explain the effect of gas property on negative and positive ions.

A new plasma model for engineering application was proposed by Lemire givd]yoombing
features fronmodels of Suze& Huangand Orlovet al This model used the most accurate time
averaged spatial boegrce distribution with a lonwcost model, and scale it to obtain the desired
body force. The bodyorce distribution shown ifrigure2-33 was obtained by solving equations
on a very fine mesh, and then mapped onto coarser CFD ahgdhsma actuator surface. An
evaluation of different engineering models by Palmeiro and L§v6jeshowed that this is the best
engineering model of DBD plasma actuatatghe time they published their pap€his plasma

model is therefore used in the current work.
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CHAPTER 3 0(7+2'2/2*<

3.1 General Approach

The methodology used to achieve the objectives of this project is fundamdraséion a
computational approach backed up by experimentation. The limited strenggtistiig plasma
actuators limi flow control testing to low speeds (below 30 m@h the other handnost CFD

codes can be used for aircraft simulations from-$peed ground conditions up to realistic
operating conditions. In view of these constraitiits, approach consists of validating a RANS CFD
code with an implemented plasma actuator model, usingp®edvind tunnel testing on extruded

wings with the two plasma actuation concepts, aed tising this code to assess these concepts

for real wing gemetries ad realistic operating conditions. The project can be divided into three
phases as described below.

Phase 1 consists of numerical setup and experiment design. This phase starts witly selecti
implementingthe plasma actuation model in a comwiat CFD code. In parallel, the wing
geometries and dimensions and planned test conditions are chosen in consideration of the
requirements of the plasma actuation concepts, plasma actuator strength limitations and available
wind tunnel test facilities. Sslequently, the computational simulationgh plasma actuation
modelfor each test case are set up and carried out to validate the planned experimergslaod

the adequate instrumentation.

Phase 2 involves wind tunnel testing and code validatiors phase begswith the detailed

design of the test wings and components for integration of the wings, instrumentation and plasma
actuation equipment in the wind tunnel. These tas&followed by the fabrication and assembly

of the experimental setup,atacterization of the wahtunnel and calibration of the instrumentation.

The wind tunnel experimentare carried out withand witlout plasma actuation, witfiorce
measurements as well as detailed measurement of the flow field, and the corresponding CFD
simulations set up and performed. The numerical setup can thefir following comparison

of the numerical and experimental results.

Phase 3 is the assessment of the plasma actuation concepts for realistic wing geometries and real
operating conditionsThe plasma actuation concef assessed on tapered and swept wing
geometriedo see the tapered and speeffect onthe plasma actuatiomoncept Thereafter, a

realistic tapered swept wings simulatedat realistic operating condition&ruising speed and
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landingtakeoff speed)and low angles of attack, using the previsa$ver and plasmactuator
modelto estimate th@lasmaactuation requiremerfior replacingaircraftcontrol surfaces, such as
ailerors andelevators

The next sectiomegirs with a desdption of the experimendetup,including wind tunnel,wings,
plasma actuatorserodynamidorce measurement and flow fieheasuremergtc. Subsequently
the numerical setufCFD toolsand plasmactuatiormode) is explained in detagifor wind tunnel

simulations, tapered and swept wing simulati@m realistic wing simulations.

3.2 Experimental Study

3.2.1 Wind Tunnel

All the testswere carried out in a closeoped wind tunnefFigure3-1), located irfcole Nationale
D'Aéotechnique, StHubert, Quée¢ CanadaAs shown inFigure3-2, thetest section has a cross
section of30in x30 in, and alength of 72in (0.762x 0.762 x1.829m). The design speeaf test
sectionis 30 m/s, with an averaged turbulence intensity d#%. measured bya hot wire
anemomete(see ApendixA). The test section is mounted on rollargis interchangeablaith
other test section3.he test section is equipped with clear glass side walgindowsto allow
optical access to vietestmodek.

Upstream of the test section is a contraction cone with a ratio M@ltiple layers of honey comb
and screens (shown Figure3-1) areinstalled attheinlet of thecontraction cone to provide a low
turbulence intensityn the test section. Downstream ofthe testsection is the diffuser which
gradually decelerates the air and atbe flow direction by 90usingturning vanesThe 30HP
motor ofthe wind tunnel is controlled by a control par{eh the right ofFigure 3-2). Theinlet

velocity of thetest sections adjused by chanimg the motor frequency
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Figure3-1 Top and side elevation view of closkxbp wind tunnel

Figure3-2 Wind tunneltestsection
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3.2.2 Wings

Traditionally, asymmetrical airfoil sectionsare used in aircraft wings to provide lift and
symmetricalairfoil sections are used in aircraftil plane, typically rudder, horizontal tails, and
elevators for flight control. Two profiles aréhasen to design test wings, one asymmetrical
AerospatialeA profile (seeFigure3-3(a)), and one symmetrical NACA 0012 profile (deéigure
3-3(b)). AerospatialeA has a max thickness 16% at 30% chord and a max camber 2% at 20%
chord. NACA 0012 has a max thickness 12% at 30% chndda max camber 0% at 0% chord.
Both have been extensively studied by previous researchers and therefore there are existing data
for compaisonwith current numerical and experimental study.

Four extrudedwings are designed and buiis shown fromFigure 3-4 to Figure 3-8. Two
AerospatialeA wings forplasma Gurney flap&alled AG) andpblasnawing tip actuatorgcalled

AT). Two NACA 0012wingsfor plasma Gurney flap&alled NG)and plasmaving tip actuators
(calledNT).

0.15

0.1+

0.05

ylc

005+

-0.1
0 01 0.2 0.3 0.4 0.5 06 0.7 0.8 09 1

xlc

(@)

(b)
Figure3-3 Airfoil profiles (a) Aerospatialéd (b) NACA 0012
The airfoil chord is 10 inches (0.254 m), and the inlet velocity varies from 8 to 20 m/s, resulting in
Reynold number ranging from 1.381.0° to 3.33 u1(®. The AG and NG wings are assembled with

endplates on two sides, while AT and NT wings have one atapéar the wing root. TS and
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NG wings have spans of 18 inches (0.457Zanjn aspect ratio df.8, and theAT and NTwings
have a span of 17 inches (0.4318 m), excluding the rounded wjrigrtgmn aspect ratio of 1.7

To reduce the cost of falbdtion,eachwing is designed t@onsistof four pieces, two wing blocks
printed byan in-houselow-cost Fused DepositioModelling (FDM) 3D printer and two panels
outsourcedo Axis Prototypdnc. to be printed byStereolithography (SLA) printers, which gives
smoother surfaces amanprototype small pressure taps on wing tip surfathe SLA material
also serves as the dielectric for the DBD actuatéssshown in Figure 3-4 andFigure 3-5, the
wings with plasma Gurney flap consist of tvepanwisenollowed Bocks, one suction side panel
and one pressure side pangs shown inFigure 3-6 and Figure 3-7, the wings with wing tip
actuatoronsist of twdull chord hollowed blocksone suction side panel with wing tip, and one

pressure side panel.

FDM printed panels

SLA printed panels

Figure3-5 Design of NACA 0012 extruded wing for plasma Gurney flap (NG)
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printed panels

SLA printed panels

Figure3-6 Design of Aerospatiaté wing for wing tip plasma actuator (AT)

Figure3-7 Design of NACA 0012 wing fowing tip plasma actuator (NT)

The wing blocks are printed usingliouse FDM6HHOH & 1&S 52672&. 0$;E 9 'HVNW
3D Printer Kit with PLA/PHA filaments. The trailing edge panels and wing tip panels are printed

by SLA printer from Axis Prototype usingSM Somo® WaterShed XC 11122 photopolymer

The average cost f@LA 3D printing is CAD$20 per cubic inch, while the material cost fer in

house 3D printing is less than CAD$1 per cubic in€he assembled AG and AT wings without
endplates are shown Figure 3-8 and Figure 3-9. All test wings are @vered by plastic film to

make surface smooth and eliminate any surface discontinuity at the junctions between the wing
blocks and panels.

A steel wire is attached to the wing surfaces to trip the flow and set the position of transition from
laminar to tubulent flow. Erm[76] indicates the trip wire diameter should be larger than 0.2 mm

and placed near 10% chord. If the wire is placed too close to the leading edge, the flow may reattach
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to the surface easily and remain laminar. Therefapewires with a diameter of 0.5 mm are placed
around 9-13% chord for test wings.

To validate CFD simulation resuitsmore detailpressure taps are desigmbdrdwise on surfaces
nearwing tips for the AT and NT wingsPressure taps are not desigfmdhe AG and NGwings
becauseplasma actuators would block pressure taps near trailing .efigesap positions are
determined fronpreliminary CFD simulationsas well as physical constrains from the limited
space in the wing block to accommodate assopi&sgsure tubes.

The chordwiseap positions fothe AT wing arex/c= 0.01, 005, 0.1,0.3,0.375,0.4, 0.425, 0.45
0.5, 0.65 0.85, 0.9for the suction sideand x/c=0.05, 0.8 for the pressure sidewhere isx the
chordwise distance to leading edge, amslchord lengthTap positions fothe NT wing arex/c =

0, 0.0125, 0.03, 0.05, 0.2, 0.3, 0.415, 0.6, 0.8, 0.85, 0.875, 0.9#efirction sidex/c = 0.05,
0.8 forthepressure side. All taps are located in the same plane with a distancecid$0.381

m, 88% spapfrom thewing root.

Figure3-9 AssembledAerospatialeA wing with wing tip plasma actuatora()
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Experiments are carried out at inlet velmstof 8, 15, 20 m/s for asymmetrical wings (AG and
AT), AOA = 0°, Reynolds numbsranging from 1.3%10° to 3.33x10°. For symmetrical wings,

the measured lift from test has a big fluctuation at high spe@d34at= 0°. ThereforetheNG and

NT wings are tested &, 12, 15 m/sAOA = 0°, Reynolds numbsiranging from 1.3310° to

2.57 x10°. All wings are not tested &igher velocities above 20 m/s because plasma effect

becomes very weak.

3.2.3 Plasma Actuators

The dielectric barrier discharge (DBD) plasma actuata in this research is shown kigure

3-10. Theactuatorconsiss of two offset electrodes, which are made of 0.0035 inches (0.089 mm)
thick selfadhering copper foil tape, separated by 5-thiok SLA wing panel wall which serves

as he main dielectric. One electrode with a width of 6.35 mm (1/4 in) is expos#tkeaing

surface and the other electrodighva width of 25.4 mm (1 inghs hidden beneatihewing surface.

The axial gap betwedheexposed electrode and hidden electrisdghosen to be zero (sEgure

3-10), as used in previous sied[77, 78]. Several thin layers of 0.001 inches (0.0254 mm) and
0.005 inches (0.127 mm) thick DuPont Kapton® polyimide film are applied to protect the SLA
material from degradation under repeated plasma actuation. The Kapton® tapes are also used to
cover electrodes tavoid parasitic plasma, which is plasma that ®aon the upstream edges of

the two electrodes which prodesome flow acceleration in the wrong direction.

Exposed |
electrode | \_’

rapid prototyping |  Hidden electrode
material

"""" 0.0035" copper foil tape
= 0.001" & 0.005" Kapton tape

Figure3-10 Schematic of plasma actuators

A negative saw toothhigh-voltageinput is providedto the plasma actuator electrodgsan in
house generation systeras shown irFigure 3-11. Details about thehigh-voltage generabn

systemare givenin AppendixC. This setup has beeshownin a previousstudy[77] to generate
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an actuator strength of 100 mN/m, the estimated required value for noticeable efBfcts3k
m/s, which § noticeably highethan conventional DBD actuators with sinusoidal AC voltage input
(20 to 40 mN/m). The actuator strength is defined as the total bodyridhsestreamwise direction

(parallel tothe surface)generated byhe actuator per unit length of actuator.

x 10° Electric signal at exposed electrode
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Figure 3-11 Negative saw tooth input signal for phaa actuator electrodes

While the plasma Gurney flap amdng tip actuation conceptequirethe plasma actuatdo be
positionedas closely as possible to thailing edgeandwing tip, respectively, the actual placement

of the DBD actuators on the test wiriggonstrained by thgeometrieof the test wingsFigure
3-12illustrates the positiaof the DBD actuator fotwo airfoil profiles where the short and long

red lines represent, respectively, the exposed and hidden electrodes. The induced flevin@ynic

is directeddownstream othesuction side and upstream on the pressure side. With the location of
the actuator defined by the centetlodaxial gap between the two electrodes, the suction side and
pressure side actuators fiore NG wingare locatd at 76% and 82% chor@Figure 3-12 (a)),
respectively. The suction side and pressure side actuatdhefAG wingare located at 80% and
85% of thechord (Figure 3-12(b)), respectively Figure 3-13 shows thegeometrical layout of

plasmaGurney flapon the suction side, which haslength of 1.6 chord ithe spanwiselirection
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The plasma actuators do not cotlee full wing spanto avod sparkng betweenthe hidden and

exposed electrodes at the edgéhefwing span.
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Figure3-12 Positionsof plasma Gurney flafor the NG and AG wings

Figure3-13 Geometrical layout of plasnm@urney flaponthesuction side
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Figure3-14 shows the geometrical layout of the wing tip actuators, which avoids the complexity
of placing electrodes on the thrdenensional curved wing tip surface. The plasma actuator on the
suction side is positioned to induce an outward flow while the oneegoréssure side induces an
inward flow. As shown in the crosection view, the pressure side actuator is located at 97% of
the flat span (excluding the rounded wing tip) while the suction side one is at 88% of the flat span.
The actuators axially coverdim 4% to 83% of the chord withlength of 0.8 chord because of the

geometrical limitations.

88% span
)

—

Wing root 97% sg':)an

Figure3-14 Geometrical layout gblasmawing tip actudors (left: top view;right: cross section

view from upsteamn)

To generatea largeplasma body forcevith high voltage it is very important to havegood
insulation betwee hidden and exposed electro@desl goodconnections between electrodes and

the high-voltage wire, to avoid any spark aglectricalbreakdown Moreover, pasma actuators

need to beisually checled toensurea uniformplasma distribution-igure3-15shows an example

of relatively uniformplasma distributiorfin purple)generated bwing tip plasma actuators.

To obtain the desired plasma actuation strength, the characterisation of plasma actuators is carried
out through the measurement of thrust generated by actuator placed on a wing panel. As shown in
Figure 3-16, the force measurement is done on a Sartorius I8100P electronic scale with precision
of 0.01 g (equivalent to 0.1 mN). More details on the plasma characterisation can be found in

Appendix C.
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Figure3-16 Characterisation of plasma actuators

3.2.4 Endplates

Endplates are used in the experimental test to improve aerodynamic performance by achieving a
two-dimensional flow over thentire wingpan withplasma Gurney flagpand neathe wing root
for wings with plasmawving tip actudors. As shown inFigure3-17, endplates ar®f rectangular
shapeandmade o6 mm-thick plexiglass. The edges aheendplates are machinediavewedge
shaps, with 3mm thicknesat the wedge ersfdas shown in the cross section vi@lefour corners

of the endplatesare chamfered tavoid sharp corners and thusrealuceshedling vorticesfrom
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theendplatesluringtests.The endplates arettachedto thewings using screwsind foan tape are
appliedbetween wing and endplates to ensure good insulation tanalvoid flow leakage from

pressure side to suction side.

Figure3-17 Wing models with endplates

Thedimensionof theendplatas an important factor which influensthe flow characteristics over

the testwings Ahmedet al.[79] decided to use two endplates of 2.6 chord length (0.83 chord
ahead of wing leading edge), 1.5 chord height to ensurdaitwensional flowA short distance

may fail to create a twdimensional flow. Howevera long distance between leading edges of
endplats and airfoils may result in a thick boundary layer on the inner side of endjgatiag

to an inwardspanwisdlow componentlong the wingMoreover, longer endplatevill tend to

vibriate more easilyet high speesand affectforcereading Thelength of endplatevas therefore
choosen as.2 chord (ith the endplatd Mading edget 0.8 chord ahead of wing leading edge)
andits height & 12 chord.

The assembled wing and endplatestést model) is positioned in the middletbE test section

and is connectedtoV KDSHG IRUFH EDODQFH E\ 137 volQgethpu HY DQG
wires from plasma acutuators go through the holes on nipple/couple and pipe inside vertical arm
of force balance to plasma generator sydfa force balnace Wibe introduced in next sectian)

With these configuratias) the wires connected to test model will haegligibleeffect on the force

measurement.
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Figure3-18 Testmodeland L-shaped force balance

A needle is attached tbetrailing edge othewing for angle of attack measureméseéeFigure
3-19). The needle has a diameter of 1.1 mm, length of 50Anpninted protractor wittthe origin
locatedat vertical arm of force balance jdacedon bottom surface of test section. The protract

has arange from-10 to +10, with an accuracy of 0.25 The angle of attack is changed at one
quarter chord of test wings.

Figure3-19 Angle of atack measurement feestmodel
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3.2.5 Force Measurements

As shown inFigure3-20, anL-shapedeambalance $ used to measure the lift thfe testwings.

This setup convestthe lift measuremeninto momentmeasurement by the change in the force
exerted on an electronic scalehe balance is made tko orthogonal wood armsvhich are
specially designed to enhance ithstiffnessto avoid electrical spaikg when applying high
voltages on plasma actuatorspfe is embedded insidbe vertical arm, allowing higlvoltage

wires go through it and connecting to plasma generator systevedge block is attached tbe
horizontal arm ath can adjust the distance to the pivot thhangemeasurement sensitivityhe

shape of the wedge block is contacted with the scale, which can be treated as line contact with the
surfaceThe pivot of the balance consists of a hollow tube mounted on a set of ball bearings through
which highvoltage wirepass to minimize any effeadf the wires on the measured moment.

The L-shaped balance is placed insa@ood box, which has a length of #&hes a height of
37.5inches and a width of 18 ithes The ball bearings are fixed @heavywood blockinside

the box to ensurehe stability ofthe pivot. An electronic scalémodelMyWeigh CTS 3000Pand

a pressure scanner NetScanner 9116laced inside the bdor acquiring force and pressure data
respectively The electronic scaleasa capacity of 3&g (equivalent to 300 Njan accuracy of 0.5

g (5 mN), and can be connected to computer using serial Poetscale is placed far away from
thepivot to avoid electromagnetic effect from higbltage wire A window on the boxalsoallows
visualreading ofthe electronic scaleAs shown inFigure3-20, the distancé, from thewing roa

to the balance pivot is 0.74€39.005 mfor wings with endplates, 0.80@.005 mfor wings with

wing tips. The distanck> from the contact point between wedge block audle tothe balance

pivot is 0.4283.005 m

Thesection liftof thetest wingvaries in spanwisas well as its distande the balance pivataries

This integralmoment is ideally equal to the moment measured by the scale because of the level
principle. The force balance was calibrated by hanging known weights through a pulley at
measured attached points and measuring the scale readisgown irFigure 3-21. Calibration

for four different positionsvere performed, with at least three repeated cases for each position

(more details are given in Appendix.B)
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Figure3-21 Calibration setup for ishaped force balance

3.2.6 Pressure Measurements

The pressure distribution owing surfacess measured by an EtherAeased Pneumatic intelligent

pressure scanner, NetScarlfeBystem 9116. The scanner has binilte-zero, purge and leak

check featuresgnd can measure pressure of 16 channels up itechi®swater (2.5kPa) with an

accuracy ofG0.15 % full scale, a resolution d60.003% full scale.

A pitot-static tube is placeat 2.7 chord upstream dhewing leading edge to measure the upstream

velocity. The tube is connectedttte pressure scanner pyastic tubes with an inner diameter of
P.fPressureaps on theving surfacesare connected usin ODVWLF WXEHV RI

PP DQG rmm), in orderto havethe maximumnumber ofpressure taps fawing tip

pressure distribution measurement. Accordintpéexperimental sty from Whitmoreet al[80],

fora WXEH ZLWK DQ LQQH Um@)witiraHangthlof &ti(2.4 mj, the attenuation of
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signal above 50 Hz is larger th&0 dB. This means that high frequency componaindve 50 Hz
aredamped out. Therefore, the frequency of pressure scanner is set to be 50 Hz.

3.2.7 PIV Setup

Because of the limitatioim operating timdengthof existingplasma actuator@n a few minutes)

it would be impossible to use wake survey to capttuedlow field in the wakewhich couldtake
hoursusing a pitot tube on a traversen the other hand, Particle Image Velocimetry (PIV) is a
full-field, norrintrusive and instantaneous flow measurement technigsiesuch, it is the best
method forflow field measwement ofwings with plasma actuators.

ThePIV systenused for this researdwonsists of a NewWave Solo pulsed Nd/YAG laser, a cooling
pump, a timer box for synchronizing, two FlowSense 2M/E CCD cameras equipped it 62
Nikon Fmount lens, and a PIVTEGmbH seeding generatofrhe NewWave Solo laseis a
compact, dual lasdread laser designed to provide highly stable green light with output energy
IURP W R P- DW ZDYHOHQJWK QP 7KmmQabdvisiU EHDF
transformed int@ laser sheet b cylindrical lens The flow is seeded withliwe oil droplet (the
average size of droplet is ~1 um) tiyeseeding generator

PIV images are acquired by CCD cameras which are connectaccamputer by National
Instrument PCle 1433 acquisition cards, triggered by a synchronizing timer box. The CCD camera
sensorhas both &it and 106bit output, and a resolutioof 1600 u1200 pixels.Two hundred
doubleframed PIV pictures are sampled at 15d#zl then averaged to obtain the mean and root
meansquare (RMS) velocity fieldsThe time delay between two laser pulses (or time delay for
two framesof PIV picture$ is set to 100s. The softwar®antecDynamic Studio is used to control

the laser and caera,as well ago acquire and pogirocesghe pictures. An adaptive correlation
method is applied to calculate the vector maps, with an interrogation area size of 32 x 32 pixels
and a 50% overlap.

As shown inFigure 3-22, the PIV setugor plasma Gurney flaponsists of having the laser sheet
aligning horizontally with themid-spanof the wing to measure the flow velocity field near the
trailing edgeregion. The laser sheet has a thickness of around 2 mm and the camera is positioned
on the top othetest section, looking downward af@tusing on the airfoil trailing edge region.
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CCD camera

Nd/ YAG laser

Computer

I

Timer box

Cooling pump

Figure3-22 Schematic of PI\&etup for plasma Gurney flap

3.2.8 LabVIEW Program

A LabVIEW programas shown ifrigure3-23is usedfor data acquisition during testhis program
can recordthe temperaturaeadingfrom the thermocoupleas well aspressure data frorthe
pressure scanner and balarreading from the electronscale. The pressure distribution in the
wing tip region can be displayed a realtime graphto compare with CFD result$he balance
reading is acquired through a RS232 serial whith connecttheelectronicscaleto the computer
Ambient temperature, pressure, and humidity are read from a metgoab statiorandmanually

input into the program
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Figure3-23 Display Panel of LabVIEW Acquisition Program

3.2.9 Data Reduction

Test Condition Data

The angle of attack is measured by a sharp needle prdractor, with an uncertainty of #.25

The temperature is measured dyhermocouple with amncertanty of #£0.5 . The pressure
measured byhe pressure scanndrasan accuracy of #0.15% of full scale (2.5 kPa&j)ith an
uncertaintyof 3.8 Pa. The relate humidity and ambient temperature are measured by a
metrological station, with uncertainties of 0.5% andP@7respectively

The pressure coefficient is calculated according to equation (3.1)
arg
ap? &

04 L

(3.1)
wherep is static pressure from wing surfackgds upstream static pressure used as reference
pressure,L;is upstream total pressurehe upstream velociti obtained from equation (3.2)

7qg L¥tL.Flg é (3.2)
Thedensity éis calculated from equiatn (3.3)
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34:A7.3/41;

I,”E:/éF/ x;*4:5E4?<Sr—A7llal (3.3)

dig

eL/xE

wherepam is ambient absolute pressufiethe ambient temperature (in KelvinRH the relative
humidity, My and Mq the molar mass of water vapor (0.018016 kg/mol) and dry air (0.028964
kg/mol),andR theuniversal gas constant 8.314 J¢hol) .

Force MeasurementData

Thebalance readind/¥s obtained byequation (34).

S 1§-?E—aJNNp;§r‘5§i?E.;’JNND;?Q@/?E/JJNND;DB (34)

where &i=1,2,3)is averaged balance data over at least 30 secahgs,; 1B reading offset
with wind tunnel off. The averaged moment by wing liftcalculated by equation (3.5).

ML LB (35)
wherelL: is the distance between pivot and scale (Sgere 3-20) and a=0.969f 0.005from
calibration Themoment difference by plasma actuatisthen calculatethy equation (3&).

BL Marow=dol” (36)

The measured moment is the integral moment to the pivot for wing (the lift varies in spanwise

direction), therefore it cannot converted into lift or lift coefficient. Thereforemboment will be

compared directly with simulation results.

PIV Data

The capturedmagesfrom PIV are processl using adaptive correlation in Dantec PIV software
Dynamic Studio v3.1, and averaged flow field vector maps are then obtained over 200 vectors
mays for each test casas shown irigure3-24. The mean vector maps are imported to MATLAB

as ext files. A MATLAB program is written ta&omputestreamlinegshown inFigure 3-25) and

to compare trailing edge streamlineish and without plasma to visualize plasma effect.
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Figure3-25 Computed seamlines from MATLAB

3.3 Numerical Study

In this sectionthe CFDsolverandthe implementation gblasma modehreintroducedfirst. The
simulationdor thetest wings alow-speed wind tunnelrethen presentedollowed bysimulations
for tapered and swept wing. Finally, simulations rfealistic wings of a typical fultscale high

subsonic commercial airlinarepresented.
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CFD Solver

A threedimensional, pressuitgased, double precision, stea#gregatedolver is chosen for CFD
simulationswith commercial software ANSYS FLUENTTwo turbulence models, Spalart
Allmaras full turbulence model, and Shear Stress Trangperpplied in FUENT. The Spalart
Allmaras model is designed specifically for aeronautics and aerospace applications involving wall
bounded flows and has been shown to give good results for boundary layers siibjadiextse
pressure gradient$he Shear StreSganspot turbulence model is a combination of thegsilon
model in the free stream and th@kega models near the walls, ar@h be modified to simulate
laminarturbulent transition of wall boundary layershél'standard SST moddd Hmega SSYis
used in FLUEN..

Some of the solvesettings in FLUENT are listed iTable3-1. GreenrGauss Noddased is chosen
for gradient reconstruction. At least second ordiecretization schemes are used for pressure,

momentum and turbulent quantities. Undelaxationfactors are set to be 0.5.

Plasma Implementation

Inthe SUHVHQW ZRUN /HS erdgideddiny@Godé 5\applied to calculate the spatial
distribution of plasma body force. The original code is writteMATLAB, and can generate a
desiredplasma actuation strengin 2D space and henportedinto FLUENT. To incorporate the

plasma actuators in the CFD simulations, the spatial body force distribution on the very fine 2D
Cartesian mesh is mapped onto the curved CFD mesh, using the process described by Lemire and
Vo [74].

Preliminary validatiosfor theplasma model have been carried out by previous colleagu¢s7Xu

had simulated instantaneous vorticity fields for a plasma actuator on a flat plate with plasma
DFWXDWRU VWUHQJWK RI P1 P &) VLPXODWLRQ UHVXOWYV
with documentd wall jet experiments, as shownkigure 3-26. CFD simulation showed similar

vortex structures with PIV measurement, which validate the application of current plasma model
with CFD tools.
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Table3-1 Solver settings in FLUENT

Turbulence Model SST ‘ SpalartAllmaras
Time mode Steady, Pressugased

Pressure/elocity Coupling SIMPLE
Scheme

Gradient GreenGauss Node Based
Spatial Discretization
Pressure Second Order

Momentum Second Ordedpwind
Turbulent Kinetic Ener .
Specific Dissipation Rzg[)é Second Order Upwind N/A
Modified Turbulent
Viscosity
UnderRelaxation Factors
Presure,Density Body
Forces, Momentum, 0.5
Turbulent Viscosity

N/A Second Order Upwind

M_odlfle_d Turbulent N/A 05
Viscosity
Turbulent Kinetic Energy
Specific Dissipation Rate 0.5 N/A
\orticity (1/5); -40000 -28400 -16800 5200 6400 18000
(a) . (b) :
vortices vortices
actuator
location W actuat.or
l location

= i s

Figure3-26 Instantaneous vorticity fields for plasma actuator in quiescent air(&apmeasured
PIV and(b) CFD[77]

To acceleratghe plasma implementation process amdmake it feasible for 3D CFD mesh
geometry, a new MATLAB code nam&lASMA2GO was developed. The spatial body force
distribution can be generated for both suction and pressure sides, blowing spanwise and chordwise.

This new code usdlock information files (which contain node coordinates of structured meshes)
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from ICEM CFD meshes, and maphebody force spatial distribution frothe plasma modednto

each mesh layer with desired direction, position pladma actuatiostrength.More details are
given in Appendix F.

For plasma Gurney flap on wings with endplates, the boae is mapped on multiple spanwise
layers at desired actuator locations near the tragldge as shown iRigure3-27. For wings with
rounded windips, the body force is mappedtormultiple chordwise layers at desired actuator
locations near wing tip region as showrFigure3-28. The locatios of plasma actuators on both
sides are set to match those of test wiligeactuation strengdof plasma actuatorg) in wind
tunnel tests are provideby plasma characterisation results (see Appe@]ixThe actuation
strengtls Fg of plasma Gurney flap for wing AG amNG are 555, 60 G mN/m, respectivelyThe
actuation strengtof plasmawing tip actuators for wing AG are 65L0 and 90 mN/m, forNG

wing 80 GLO mN/m Theactuation strengof plasma Gurney flap for tapet wing ATtap, swept

wing ATsw inChapter 5 arall 2100 mN/m.

The generated body force files from MATLAB includes mesh nodes coordinates, cell ID for
FLUENT, and body force components in three directions. These files are then implemented into
FLUENT using a user dimed function by C++, which enald&LUENT to read cell ID from files,
match cells and assign corresponding body force components to cefls.biddy force values are
stored in the usedefined memory of FLUENT, and theare applied into CFD simulationas
source terms. The implementation result of plasma body force can be shown-dsfinger
memory contowin FLUENT, as shown ifrigure 3-29 for plasma Gurney flapnd Figure 3-30

for plasma wing tip actuato{enly one compon& of body force is shown).

Figure3-27 Body force implementation for th&G wing




Plasma body force

-2.04e+04 ‘ % 5
-2.248+04

-2.43e+04

Figure3-29 Plasma body force distribution of A@ing

Figure3-30 Plasma body force distribution of A¥ing
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3.3.1 TestWing Simulations

Fluid Domain and Boundary Conditions

The fluid domairfor test wing simulations shownin Figure3-31 (cross section) angigure3-32
(3D). The blue daskhectanglein Figure 3-31 represerg the wind tunnel test section (see Section
3.2.1) which is 7.2 chord long, and 3 chord higthe nlet and outlebf the simulation domains

far from the wing(15.4 chord}o avoid simulation divergenc&he test section walls are dibed
slightly by empirical flat plate boundary layer disg#anent thickness taccount fothe growth of

boundary layer near walls.

18 T T T T —— f T /=

1

Figure3-31 Schematic of fluid domain

Figure 3-32 also shows the boundary conditions used in wind tunnel simulatBmsidary
conditions for upstream inlet and downstream outlet are velocity inlet and pressiete The
turbulence intensity of velocity inlet is 0.44% according to wind tucharacterisatiorBoundary
conditions for wind tunnel side walls are symmetry. Wing and endplates uslg nealls as

boundary conditions.

symmetry  wall

velocityinle

pressureoutleg 9
Z

Figure3-32 Flow domain and boundary conditions for wind tunnel simulations
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Meshes
As shown inFigure 3-33, the fluid domain is spliinto multi-block in ANSYS ICEMCFD to

generate structured meshé&sgure 3-34 and Figure 3-35 show the mesh structure and surface
meshes foAG andAT wings For AG wing, one zerethickness endplate is meshed to simplify

the mesh generation. Mesh near trailing edges and wing tips are refined to have enough mesh
density for implementation of plasma actuators, as shéwgure3-36. The first layers of meshes

near wing surfacehave a height of 2.4 x 1®chord to ensure y+ is lower than 1. The structural
meshesare then imported into FLUENT for CFD simulations, and also converted into block
informationfiles to generate plasma body foe mentioned befor&lesh studies are carried out

to ensure mesh independency as shown in Appendix D. The mesh8&28i523or the AG and

NG wings, and 2,087,478 fahe AT and NTwings

Figure3-33 Mesh topology for wings in wind tunnel

Figure3-34 Mesh topology and surface steofAG wing
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Figure3-35 Meshtopologyand surface mestf AT wing
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Validation
CFD toolsarefirstly validated with experimental wind tunnel data from existing literature to check
the reliability ofthe CFD solver in the preliminary stage. Martiekrandaet al. [81] had studied
an3D NACA 0012 wing withwing tip (AR=2) at low-to-moderate Reynolds numbers (3.830°
+1.33 ulC®) andsummarizedhe aerodynamic characteristics for NACA 0012 airfoil with rounded
wing tip for any aspect ratio, as shommrequation (3.7).
2 \r&rrst#4494@95é4%05r9
¢ ravi# 428 AP s
The aspect ratio afhe currenttestwing is AR=1.8, and Reynolds number is larger thaf, 10
WKHUHIRUH WKHLVOR&H 0&
Figure 3-37 compares the calculated lift coefficients from CFD simulatiitt test datafor
NACA 0012 at three angles of attaskth free stream velocity of 20 m/s, Re=1.820°, andinlet
turbulence intensity of 2.3981]. It can be observed thsitmulation results with botBA and SST
modelsagree with theest dataof Martiez -Arandaetal, ZLWK D M OR SRH 0 &0.057

deg?, proving the reliability othe CFD process in the mesh generatio solver settings.

(3.7)

0351 O TEST (Martinez-Aranda et al. [81]) &/ )
| *  FLUENT+SA |
031 A FLUENT+SST
0.25 r 7
. 0.2 r 7
@) &

0.15 1 7
0.1r 7
0.05 r 7
0r a 1

_0.05 1 1 1 1 1 1 1
-1 0 1 2 3 4 5 6 7

AOA[deg]

Figure3-37 Lift coefficients of experiments and simulatidos NACA0012with wing tip
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3.3.2 Tapered & Swept Wing Simulations

Most of current research for plasma actuators on wings are focused on exbudeéags, and
thereareonly limited publications on tapered or swept wings. Duchn&tral. [71] have tested
plasma actuators on a trapezoidal wimgtudy turbulence transitiamder inflight condition. The

DBD plasma actuator extends over the whole spanwise length of the measurement region on
pressure side, located at 0.@®rdfrom leading edge. Patet al.[82] studied the leadirgdge

and trailing edge plasma actuators on differentdpin and hal§pan unmanned air vehicles (1303
UCAV scaled models), with plasma actuators aligning parallel to tdepadge or trailing edge.
Optimum lift enhancement was achieved by placing the actuators at a chordwise location that was
close to the leading edge on the suction side atéh681 However, no force measurements are
reported foithese studies

To invegigatethe possibility of applying plasma actuators on real wing geometrieé,Ttleng

is taperedandswept, while keepingpan andift coefficients the same. As shown Figure3-38,

the tapered wing (referred ag#ap) has an aspect ratio of 2.2, a taper ratio of 0.56 and a swept
angle of zerdor onequarter positionThe swept wing (referred asT8w) has an aspect i@tof

1.7, a swept angle 26.7or onequarter position and a taper ratio of zevéeshes are generated

using the same topology athe AT wing, and mesh studies are carried out to ensure mesh

independency. Mesh sizes for tapered wing and swept wing ai@,228 and 2,817,208,

respectively.
suction side actuators
#‘____\ \____-‘A’
\
\\.
\
Extruded wing Tapered Wing Swept Wing \\\

Figure3-38 Extruded, apered and swept wiagvith plasma Gurney flap
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The CFD solver and fluid domaifor tapered wing and swept wing simulations can refer to
previoustest wingsimulatiors. Free stream velocitis set to be20 m/s,AOA = 0°, Re =3.33 x

10°. To study the taper and swept effect on plasma actustietaperedATtap and swepATsw
wings without plasma actuation asealed chordwise to have the saBitotal lift with plasma
actuationasthe extrudedAT wing by trialand error, while keeping AOA, Reynolds number and
Mach number constarfflasmaactuatorsare then appliedt trailing edges of each scaled wing, to
estimate plasma effect on lift coefficientghe gasma Gurney flap is placed & % chordfor
suction side, 82% chord for pressure sideving root, extending spanwise from wing root to near
wing tip (90% span) parallel to trailing eddéne gasma actuator on pressure side [doystream
and the suction sidactuator blowslownstreamThe wing tip plasmaactuator is not studied for
thetapered and swept wings because the geometry change only affect spanwise plasma distribution
and notchordwise plasma distribution. Moreover, tapered wing has smaller lift than extruded
wing at same spanwise locations. Sipt&sma wing tip actuatioanly affect the lift in the tip
region, the effect of this concept will be even smaller thatfor theextruded wing.

3.3.3 Realistic Wing Simulations

To gmulate plasma actuation on riséic wing geometries under reflight conditions,a three
dimensional, presswigased, double precision, steady solver is chosen for CFD simulations with
ANSYS FLUENT. SpalarAllmaras and Shear Stress Transporbulence model are usedvith
energy equatioturnedon.

A symmetricabwepttaperedransonioning ONERA M6[83] (which has a max thickness 10% at
38% chord is chosen because aiailability numerousof CFD and experimental data from
literatures. Theoriginal wing (referred as M6) has a root chord of 31.73 inches, span oin¢hds,
aspect ratio of 3.8, taper ratio of 0.56, swept angle Gf 26r onequarter positionTo investigate

the possibility of replacing traditional control surfaces, plasma Gurney flap and plasma wing tip
actuators are simulated on two scaled ONERA M6 wings to present the geometries of wings and
horizontal tails of commercial j@oeing 737(as shown irFigure 3-39). One wng (referred as

M6t) has a chord of 2.5 to represent 737 horizontal tail, amgewing (referred asM6w) has a

chord of 8.0 m to represt 737 wing.
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Thetwo plasmaactuationconcepts arstudied on M6w and M@wings. The plasma Gurney flap
is placed as close as possible to titading edge, with both pressure and suction side actuators
located at 90 95 % chord, spreading from wing raot85% span. The plasma wing tip actusator

arelocated at 96% span on pressure and suction sides andivewelt chord.

Plasma wing tip actuators

Plasma GUme‘f flap

\b=3.7 m
Mow ' Mot

c=8.0m c=2.5m

Figure3-39 M6w and M6t wingswith two plasma actuation concepts

The wings arelocated inside a flow domain of 60 chord long, 30 chord high, and 30 chord wide,
with the inlet locatd at 16 chord upstream of airfoil leading edge, as shoinnFigure 3-40.
Boundary conditions are rslip wallsfor wing surfaces, symmetry faring root wall, and pressure
far field for the restsidewalls, upstream inlet and downstream outlet.

To compare withasting experimental data, the M#@ing wasfirstly calculated at AOA= 3.06,
Mach=0.84 Re=1.172x10" to validate generated mesh and solver settifigs.temperature of
far-field is around 255 K {18 ), absoluteambientpressure 80.5 kPajr density 1.1 kg/rh

To simulate thdull-scale wings atruise condition,the freestream velocity fothe M6t wing is
AOA = 0°, Mach=0.84 Re= 1.54x10’, andfor theM6w wingis AOA = 3°, Mach= 0.84 Re=
4.94x107. At flight level (around 30 006=10 km), thefar-field temperaturés around 22X (-
50 ), absolutepressure 25Ra,air density 0.4 kg/m



66

To simulatewings atlandingtakeoffconditions thefreestream velocity fathe M6t wing is AOA

=0, Mach=0.3, Re= 1.93x107, and forM6w wing, AOA = 3°, Mach=0.3, Re=6.21x10". The
temperaturef far-field is 283K (10 ), absolutepressure 108325kPa,air density 1.25 kg/r

All meshedor the M6, M6t and M6ware generated using the same topologtha#&\T wing, as
shown in Figure 3-40 and Figure 3-41, and mesh studies are carried out to ensure mesh

independencyThe nesh size is finally chosen as 2,234,988.
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CHAPTER4  (:3(5,0(17$/ &)' 5(68/76

This chapterpresents the results for the wind tunnel studies of the tesswingalidate the
numerical setp. First the tesaindCFD results without plasma actuation arieoduced. Thenhe
plasma Gurney flapral wing tip actuation concepts for both asymmetrical and symmetrical wings
are presented, followed by some discussions.

4.1 Wings without Actuation

Figure4-1 andFigure4-2 present the measuréft momens (TEST) from the kshaped balance
in the wind tunnel versus the equival&®D predictions from FLUENT using different turbulence
modesk for the AG and AT wings atAOA = 0°, respectively The averaged values aheasured
moments from repeated test caaes also showin thefigures It can be concluded that AOA

= 0°, simulationresults withbothturbulencemodek match wellwith wind tunnel testlata forthe
AG wing, while thesimulationresults withSSTmodelmatchthe test dathetter forthe AT wing.

6
61 O TEST ,é
— TEST averaged p
FLUENT SA -
— 47 & FLUENT SST d
E yd
2 e
- s
C 3 e
g r's
2 e
&/
ol —. . . . . . .
8 10 12 14 16 18 20 22
Velocity [m's]

Figure4-1 Momens comparisorof TESTversusCFD for AG wing (AOA = 0°)
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5
4.5
O TEST
at — TEST averaged
FLUENT SA =
FaY 2
35 FLUENT S5T §
E 3} e
=3 e
25 e
: v
&,
= 2 ,/
15 -
1t _—
o5t &
0
8 10 12 14 16 18 20 22

Velocity [m/s]

Figure4-2 Moments comparison of TEST versus CIBDAT wing (AOA = 0°)
The pressure distributiaon suction sidenear the wing tiggan be measured from pressure taps
to further compare with CFD resul®e pressure error is ~48@&for all speedsincluding reading
error ~0.3Pa and instrument error ~3&), therefore the pressure coefficient errdaigerat 8
m/s than that at 20 m/Bigure4-3 andFigure4-4 present the surface pressure distributions near
wing tip for the AT and NT wings at different velocitiasAOA = 0°. The results show th#he
CFD simulation resultgenerallymatch withexperimental data
Figure 4-5 presents theffect of AOA on lift moments for the AG wing at 8 m/She moment
increases at higher AOA as expected, 8Admodel predicts closer moment to test data than SST
modelat higher AOA Figure4-6 presents the same data for AT wing at three speeds. The results
indicate thaSA model ovetpredicts the moment for theTAving atAOA = 3; especially at high
speeds. Nevertheless, the numerical predications are relatively quite gouith ZtOA values,
with the SST results within 5% of test data at#Z) m/s while the SA results are within 10%
The pressure distributions ftine AT wing at AOA = 3°are also simulated and compared with
measured resul{seeFigure4-7). Predicted pressure distributions near wingrgm SST model
and SA model both generally match the experimental data
Overall, for wingswithout plasma actuation, sutation results with SS&nd SAmodek generally

match with experimeant resultsand SST model performs better at higher AOA and speeds
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4.2 Wings with Plasma GurneyFlap

4.2.1 Asymmetrical Wing (AG)

Figure4-8 presentsitechange in measured littomentdue to the lasmaGurney flap(in absolute
value and in peentagef the nominal, i.e. without actuation, mompeattthe three tested incoming
flow velocitiesfor the AG wing at AOA = 0° versus the correspomd) CFD simulatios. The
plasmaactuation strengtis 55 mN/mfor both test and simulation$he scale reading fluctuate
whenthewind tunnel isrunning resulting in a time varying readintn the figures, the error bars
of scattes inexperiments includthis readingscillationand instrument errsrofthescale and the
L-shaped balance, as well as reading changes with and without plasma acTingiorstrument
error isabout 0.59 (0.005 N, andthe readindluctuation rangefrom 0.5t0 40g (0.005 to 0.4 N)
depending on the flow velocityfhe moment difference errar Figure4-8(a) becomedargerat
high speeds because of larger reading fluctuati®he error bars fothe measureanoment
increase percentage kigure4-8(b) is snaller than inFigure4-8(a) becaus¢he nominal moment
increasesvith speed The error bars o€FD datacome from the measuremanmicertaintyof the
distance.; from wing root to pivo(seeFigure3-20), which isused as force arm length to calculate
themomentin FLUENT.

To study theeliability of theplasma modelCFD simuations with plasma actuations keecarried

out withdifferent turbulencenodels.As shown inFigure4-8, the CFD simulations witthe SST
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model appears to show the least difference with test data at high speetl¥0(ih¥%'s), while the
SA model performs better at 8 m/s. Both testresults and CFD data Figure4-8(b) show that

at constant actuation strengthe effectiveness of the plasma Gurney ftlgzreasesvith flow

velocity.

Figure4-9to Figure4-11show the surface pressure distributions atspdn from CFD simulation

with and without plasma at three spedglscause of plasma actuation local effect, the pressure

near actuatortias a swden increase and drop on both sides.seen in these figures, the net

pressure drop on the suction side and net pressure increase on the pressure side lead to an increase

in lift and moment. Simulations with SA and SST models Iswalar pressure distbution at all

three speeds.
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Figure4-12to Figure4-14 comparestreamline changasearthetrailing edge®f the AG wingwith

and without plasma Gurney flagp AOA = 0°, 8 £20 m/s The streamlines are extracted from the
mid-spanof the CFD simulationresults andhen compared with PIV measuremeridsie to the
laserscatter reflectionluring PIV measuremergtreamlines close thewing trailing edge are not

well capturedand thus omitted

As shown inFigure4-12 (c), the PIV streamlines at the trailing edge bend downwards at 8 m/s
with plasma Gurney flap. As discussed in Section 2.1, streamlines with smaller radius lead to a
smaller pressure (horiztal streamlines have infinite radius). The trailing edge bending
downwards, leading to smaller radius on suction side streamlines and bigger radius on pressure
side streamlines. Therefore, pressure reduces on suction side and increase on pressure side,
reailting in an increase in lift, as shown with the force measurement results. CFD simulations with
both SA and SST models are presenteigure4-12 (a) andFigure4-12(b), which show nearly

the same streamlines with and without plasma actuation. For simplicity, the following streamline
comparison W henceforth use CFD simulations with SST model and PIV measurements.

At higher speeds, there is a very small change for streamlines at speed of Bigunézl{13) and

20 m/s Figure4-14), for both CFD simulations and PIV measurements. This méansffect of

the plasma Gurney flap becomes weaker as the flow velocity increasing from 8 m/s to 20 m/s.
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Figure4-14 Streamlines nearailing edgeof AG wing from CFD and PIV 20 m/s AOA =0°)

Figure4-15 presents the effect of AOA on measured lift moment due to the plasma Gurney flap

for the AG wing at 8 m/s versus the corresponding CFD simulatiorpleifimaactuation strength

of 55 mN/m anddifferent turbulence models. It can be concluded that the measured moment

changes decreasat higher AOA. This shows that plasma Gurney flap tends to become weak at

higher AOA. CFD results predict the right trend but overestimate the plasma. i€t

simulations with the & model appear to show the least difference with test data at 8 m/s.
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Figure4-15 Effect of AOA on plasma Gurney flafor AG wing at 8 m/sFg =55 mN/m

From the above comparisons betwesmulations and experiments for moment and streamline
changes, it can be concluded that SST model can better predict the force (moment) change and
streamline change of AG wing by plasma Gurney flap at higher speeds, while SA model only
provide good predtions at low speeds (~8 m/s). SST model is therefore recommended for CFD
simulation of plasma Gurney flap on the asymmetrical wings.

Figure4-16investigate the effect of AOA astreamline change®eartrailing edgeof the AG wing

with and without plasma Gurney flap at 8 m/s. From CFD simulatidtiisthe SST model, it can

be observethat streamlines bend downwards at zero angle of attack, while have almost no change

at AOA =3? This result matches previoumsoment change iRigure4-15.

| 8 m/s, AOA=0 -—> ST _no ———> SST
I — S5T+plasma 40 8 m/s, AOA=3 —> SST+plasma

(a) (b)
Figure4-16 Streamlines nedrailing edgeof AG wing at 20 m/sAOA =0° and 3°
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The plasma Gurney flap becomes weaker at high angle of attack, which is observed from both
experimentaind simulationsTo explain this behaviouFigure4-17 overlaysthe streamlines in the
trailing edge region from CFD simulations fine AOA = 3° andAOA = 0° casesAs expected,

the suction side streamlines have higher curvature foA@w = 3°case, which would require

higher generated moment from the plasma Gurney flap concept (thus higher actuation strength) to
bend the streamline curvature in titber direction (downward). This would explain the decreased

effectiveness of the plasma Gurney flap at higher AOA for the same actuation strength.

-——> AOA=3°
— > AOA=0°

Y[mm]

.40 CCE ol T e e—— :

Figure4-17 Streamlines near trailing edge of AG wing2@tm/swithout plasmaAOA = 0° & 3°

4.2.2 Symmetrical Wing (NG)

Figure4-18shows the measured change inriftmentfrom plasmaGurney flap(plasmaactuation
strengthFs = 60 mN/m) on the NG wingversus the corresponding simulation from CFD with
different turbulencenodels.The measured moment difference increases when velocity increases,
which matches wellith the prediction fronsimulatiors with SSTandSA turbulencemodesk at

12 F 15 m/s.Similarto theAG wing, the CFD simulationswith thetwo turbulencemodelsover
predictthe plasma effect & m/sand slightlyunderestimate thelasmaeffect at 12+15 m/s The

SST model performs better thére SA model athe three speeds
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Figure4-18 Effect of plasma Gurney flapn NG wingat AOA = 0°, Fg = 60 mN/m

Figure 4-19 showsthe predicted (CFD)ressuredistributiors on themid-spanplane ofthe NG

wing at AOA = 0°. Without plasma actuation, pressure and suction sides have identical pressure
because ahesymmetrical profile aAOA = 0°. The CFD simulatioawith theSSTand A modek
indicate thatthe pressure is only locally affected by plasmaatain at 12 and 15 m/s, bihe
surfacepressuralistribution upstream of the actuatogigatlyaltered at 8 m/svhich is consistent

with force moment results iRigure 4-18. The pressure distribution near the plasma actuators
exhibits the similar behavior asthe case athe AG wing. There is not any observable difference
betweertheresults withthe SA modeland those witlthe SST model.

The flow field near the trailing edge tiie symmetrical wing can be studied from both CFD
simulation and PIV measurement, as shownFigure 4-20, Figure 4-21 and Figure 4-22.
Streamlines bend downwards when applying plasma Gurney flap ai®8#A/s 09n Figure4-20

(a), but the changes are more significant from simulation, with a recirculation vortex occurring
near the trailing edge ondlpressure side, which is consistent with the -@stimation of force
measurement ikigure4-18. PIV measurements show that the plasma effect becoesdser as
velocity increases and very small streamline changes can be observed at 12 Rigri(ede21)

and 15 m/s (sekigure4-22). The simulation results match well with PIV measurements.
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Figure4-22 Streamlines nedrailing edgeof NG wing (15 m/s AOA = 0°)

From above comparisons between simulations and experiments for moment and streamline
changes, it can be concluded that SST model can also predict the force (moment) change and
streamline change of the NG wing by the plasma Gurney flap at different speed3ST model

is thereforerelatively betterfor simulation of the plasma Gurney flap for both symmetrical and

asymmetrical wings.

4.3 Wings with PlasmaWing Tip Actuation

4.3.1 Asymmetrical Wing (AT)

Figure4-23 presents the measured change in lift monfienabsolute value and in percentage
nominal, i.e. no actuation, momeguiue to the wing tip actuatidiplasmaactuationstrengthFg =

65 mN/m) for the AT wing versus corresponding CFD simulations wittiferent turbulence
modelsat AOA = 0°. The results show thatewing tip plasma actuats havesmalkr effecton

the forcemeasuremerthantheplasma Gurney flagndeedtheplasma wing tip actuatioten only
have maximuntift moment difference of 0.4-m at test conditionswhile plasma Gurney flap can
provide a0.3 0.4 N-m changein lift moment.This is expected as the wing tip actuation only
affecslift in the wingtip region, whie the plasma @ney flap affect the lifovernearlythewhole

span.In other wordsthe ultimatelift coefficient achievedby wing tip actuationon an extruded
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wing is that of a corresponding 2D wing profihile plasma Gurney flapicreases the lift

coefficient of he 2D wing profilatself.

FromFigure4-23, goodpredictionsare observed for simulations wi8STand SpalarAllmaras

models especially at low speedshd predictedaverag moment difference increeswith inlet

velocities,while test dataemainsconstantThe moment differences at higher plasma strerfggh (

=90 mN/m) arepresented ifrigure4-24, which areonly larger by 0.01F0.02N-m than those with

actuation strength of 65 mN/rBoth thetestresultsand CFD datan Figure4-23(b) andFigure

4-24(b) show thatat constant actuation strendtte effectivenes®f wing tip actuatiordecreases

with flow velocity.
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Figure4-25presents the change ipasawise lift distributionérom CFD athree speedsith plasma
strengthof 65 mN/mat AOA = 0°. It can be observed thapanwise lift distribution from CFD
resultswith SSTmodel and 8 modelareabout the samavith only small differences near tip
region. This agrees witlne samédift moment change iRigure4-23.

In term of the effect gblasma wing tip actuatioon the tip vortexfFigure4-26 showsthe vorticity
distribution at an axial plane one chordwaistream of theAT wing trailing edge for CFD
simulation with SST model &OA = 0° andplasma actuatiostrength of 65 mN/mk-or clarify,
only CFD results wth SST model are presentedrigure4-26.
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The results show that the induced flow generated by the plasmatip actuators is able to alter
thetip vortex. Indeed, the tip vortex is displaced away ftbmwing tip and separated into two
biggervortices at 8 m/sThe asymmetricalortices cannducelargespanwisevariationin the tip-

region lift coefficient changes shownin Figure 4-25(a). At higher speeds, the plasma effect
becomes weakemnd the vorticity magnitude of tip vazes is reduced which indicates that the tip
vorticesare diffused byhe plasmawing tip actuationresultingin lower spanwisevariation in the
tip-regionlift coefficient changet 15 and 20 m/s.

The effect ofplagna wing tip actuatiogan also be studied by local AOA near wing leading edge.
As depicted irFigure1-3 in Chapter 1the tip vortex induces a downslathat is largest near the
wing tip, causing the incoming flow to bend downward, thus reducing the local angle of attack.
Figure4-27 presents predicted spanwise local AOA (SST model) at 0.1 chord upshe&m

wing leading edge with and without plasma actuat®@A = 0; Fg =65 mN/m). It is observed

that the local AOA decreases from wing root to wing tip without plasma actu@tiendasma

wing tip actuation improves the AOA over the whole span, indicating a reduction in the downwash.
In Figure4-27, the AOA increases by aboutl) 0.04°and 0.02°at 8, 15 and 20 m/s, respectively,

which shows that plasma effect on downwdshreases with increasing flepeed.
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Figure4-28 presents theffect of AOA onwing tip plasmaactuatorfor AT wing atAOA = 3° with
Fs = 65 mN/m The est datahas higher errotbarsat high speeds (125 m/s) due to the reading
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fluctuation. At 8 m/s measurement momeshow thatthe change in AOA does not have much

effect onplasma wing tictuation The CFD simulations show a sligihcrease at higher angle of

attack and SA model appear to have smaller difference compare with tegtigata4-29 presents
predicted local AOA at 0.thord upstream leading edfm the AT wing at AOA = 37 Fg =65

mN/m. The data indicatethatplasma wing tip actuatioimcreaseshelocal AOA by about 0.2
0.05°and 0.03°at 8, 15 and 20 m/s, respectively, whiahe about the same as thosa@?A = 0°.

This observations consistentvith lower sensitivity in effectivenessith AOA increasefor the

plasma wing tip actuatiorelative to theplasma Gurney flap.
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From the above comparisons between experimental and CFD simulation results, it can be
concluded thaboth SST and SA modelsanprovideclose match with test data for plasma wing
WLS DFWXDWLRQ IRU DV\PPHWULFDO ZLQJ 7KH LQFUHDVH LQ

tip actuation performance.

4.3.2 Symmetrical Wing (NT)

The moment differencelsy plasmawing tip actuation forsymmetical NT wing are shown in
Figure4-30 (AOA = 0°, Fg =80 mN/m)). The averagenoment change increases slightlym 8 to
12 m/s thendecreaseat 15 m/sThe measured lift moments are well predicted & burbulence
models at 8+12 m/s,and slightlyoverestimaté at 15 m/s.Consideringhe error bas, it can be
concluded that botturbulence modelseem adequater simulations of plasmaing tip actuators
on symmetrical wingsThe SST modepredictsthe C. increass by 0.01 at 8 m/s, by 0.004 at 20
m/s, indicatinghatthe actuation effect becomeeak at high speeds.

Figure4-31 presents the predicted (CFD) spanwise lift changehfNT wing at AOA = 0°, Fg=
80 mN/m The spanwise lift change exhibits similar behavior than thafTafing atAOA = 0°in
Figure4-25, with big fluctuations near wing tip due to plasma effect. The plasma effect becomes
weaker at 15 m/s as expected, as showrigare 4-31 (c). Simulations ofthe two model have

similar spanwise lifithange which explain thelosemoment change iRigure4-30.
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Figure4-30 Effect of wing tip actuation on lift mment forNT wing (AOA = 0°, Fg =80 mN/m)
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Figure4-31 Spanwise lift for symmetrical wing witling tip actuation(AOA = 0°, Fg =80

mN/m)

Figure4-32 shows the predicted (CFD) vorticity at an axial plane one chord downstrebeNat

wing trailing edge with and without plasma actuatid@@ = 07 Fg =80 mN/n). The results show

that thereis no tip vortex in the no actuation case. With plasma wing tip actuation, a pair of
asymmetrical countemtating tipvorticesare generated for the three speeds. The asymmetry of
the tip vortex results in lift generation and thus explains the momeepaseby plasma actuation
seen irFigure4-30. Similar tothe AT wing, Figure4-31andFigure4-32indicatethattheamplitude

of spanwise variatiom the tipregionlift coefficient chang@creases with the asymmetry of the

wing tip vortices, which is higher at low velocity for the samstuation strength
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with plasma actuation
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(c) 15 m/s
Figure4-32 Predicted (CFD) contours of wake vorticity one chord downstream for NT wing

(AOA = 0} without and with plasma actuation (righeg =80 mN/m)
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Figure4-33 presents predicteldcal AOA (SST model) at 0.1 chord upstream NT wing leading
edge with and without plasma actuatidxOA = 0°, Fg =80 mN/m). It can be observed that the
velocity angle is zero without plasmetaeion. Theplasma wing tip actuatiomproves the AOA
significantly over thefull spanat 8 m/s especially neathe wing tip (up to0.15°increase) The
improvement of AOA indices a generation of upwagbpposite effect of downwash) which
results in lift increaseHowever, heplasma actuators have very limited effestthe angle change

athigher velocity (above 12 m/s), which is consistent with the spanwise lift chaRgrine4-31.
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0 0.2 0.4 0.6 0.8 1

Spanwise location
Figure4-33 Predicted (CFD)ocal AOA at 0.1chord upstream leading edge of NT wing auth
and with plasmaXOA = 0°, Fg =80 mN/m)

Overall, e comparisons among test data, simulations with the SA model and those with the SST
model indicates the two turbulence models provide close results with test data for symmetrical

wings with plasma wing i actuators.

4.4 Discussion

In this chapterexperimentabnd numericatesults of plasma Gurney flaps apldsmawing tip
actuatorsvere presented for asymmetrical and symmetrical wihg®.turbulence modelsiamely
SpalartAllmaras (SA)andSST,were applied for numerical simulationshe CFD took werefirst
validatedwith current experimeat resultswithout plasma actuatioMhenit wasused to assess

thetwo plasma conceptafour wings(AG, NG, AT, NT) at different speeds and different AOAs.
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Generally, SST and A modelspredict similar changein wing lift momentfor two plasma
conceptswith SST providinga closer match with test data

From the experimental results, it can be concluded that these two plasma cooaedislp to
improve liftand their effect reduce as flow velocity increasifige gdasma Gurney flap has better
performance than wingp plasma actuators in terms of lift enhancement.

Both CFD simulations andlow field measurementP1V) resultsindicatethat streamlines near

wing trailing edge bendlownwards (towardshe pressure sidesyith the plasmaGurney flap,
resulting in lift increaseCFD simulations showvith plasma wing tip actuatigthe tipvorticesof

the asymmetrical wing are diffesl at high speedsnd a pair of counterotating tip vortex is
generatedor the symmetrical wingboth of which contributes to lift increment.

Theeffect of AOA on two plasma concepts are also presented in this chapter. Based on current test
data,the plasma Gurney flap tends become weaker at higher AOA whtlee wing tip plasma
actuator remains the same.

Similar plasmaactuators neathe wingtrailing edge have beesxperimentallystudied before by

Heet al [8] andUeno[12]. Heet al [8] tested plasma actuators at Btfbrdonthe suction side of

a NACA 0015 airfoil. With a velocity of 21 m/and a Reynold number of8Lx 10°, the lift
coefficientwas uniformly increased by plasma actuation for a given angle of attack. The lift
coefficient changevas approximately 0.051, as shownFigure 4-34. Ueno [12] measured the
plasma Gurney flap on both suction side and pressure side near the trailing edge of a NACA 4424
airfoil. With velocity ranging from 6 +16 m/s, the Reynolds numbisrfrom 10 x10° to 26 x10°.
Figure4-34 compares current results with existing experiment data. Since lift coefficients cannot
be obtained directly from exgerents, the lift coefficientsrdbm simulations with SST model are

used. he lift coefficient changenthe SUHVHQW ZRUN LV ORZHU WKDQ WKRVH
trend tends to coincide with datatéé et al. Considering the differences in airfoil shapes, applied
voltages, and actuation geometrids tesultspresentedare in the same order of magnitude as
previous results.

Wing tip plasmaactuators have been studied quantitatively by Boeseth [6] for NACA 4424

with plasma body force of 4ON/m atAOA = 07 74= 8.5 +19.4m/s, Re= 0.9x10° +2.0x10°.

Results are shown fRigure4-35in terms of moment change, in percentage. Current work covers

D ZLGHU UDQJH RI 5H\QROGV Qskadhasnighetl knbnentcRadge béciiseU H V X
of a higher plasma body force (690 mN/m).
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Figure4-35 Comparison omomentincrease byving tip plasma actuators with existing data

Even though tbse two plasmaactuationconcepts ave been studied before, fleestudy did not
validateCFD toolswith detailedforce and flow fidd measurementsor were the effect of AOA

on their effectivenessn the currentvork, the CFD todd arevalidatedagainstheexperimentess

and a comparison of turbulence modelalgcarriedanda selection is made to best predict the
plasmaactuation effect for each actuation concept. This tool will be used to predict the
effectiveness of the two concejits real wing geometries under relght conditionsfor which

the resultsvill be preseredin the Chapter5.
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CHAPTER5  &)' 678'< 21 5($/ :,1* *(20(75,(6 $1'5($/
)/, *+7 &21',7,24@

5.1 Performance ofPlasmaGurney Flap on Tapered& Swept Wings

Figure5-1 presentshe simulationresultsfor theextruded(AT), taperedATtap) and swept wing
(ATsw), with and withouthe plasmaGurney flapat 20 m/sAOA = 0°, Fg=100 mN/m. The lift
increass by 15.6%, 16.3%, 18.3%, respectivelyThe results indicatthat plasma actuation sa
betterperformanceon tapered and swept wiaghanthe extruded wingThis can be explained by
Figure5-2, which shows the velocity trianglesthetrailing edges othethree wingsThe trailing
edgesonthetapered and swept wingse not perpendicular tbefree stream velocity, therefore
the velocites seen by the wirgareonly thetrailing edgenormalcomponerg of the free stream
velocity (UnmpandUn swin Figure5-2). Astheplasmaactuation haalarger effect at lower speeds,
it haslarger lift increment fotapered and swept wiathantheextruded wingThis can befurther
validated by simulatinghe extrudedwing with plasma Gurneflap at free stream velocities of
Un,tapandUn,sw. Resultsn Figure5-3 show thathelift coefficientincreases by 16.1%ith plasma
Gurney flap at free stream velocity Ok tap, and by19.0%at Un sw, respectively This indicates
that the better effectiveness of plasma Gurney flapapered and swept wing®me from the

reduction ofthevelocity componentormal to theplasma actuats

0.18

0.16 16.3% 9
15.6% 18.3%

0.14 |
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0.1
o

(o]
0.08
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0.04

0.02 [ Jno plasma
100 mN/m

0
Extruded wing (AT) Tapered Wing (ATtap) Swept Wing (ATsw)

Figure5-1 Effect of 3D wing geometry omplasma Gurney flapffectiveness (20 m/é&0OA = 0;
Fg= 100mN/m)
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Figure5-3 Effect ofvelocity on Ift for AT wing with and without plasma Gurney flap

Figure 5-4 presents thenid-spanstreamlines near trailing edgés the three wings with and
without plasma Gurney flapt 20 m/sAOA = 0°. It can be observed th#tie tapered and swept

wings are slightly better at bending streamlines downwavwdsch is consistent with previous

conclusions
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(@)

(b) (©
Figure5-4 Predicted seamlines near trailing edges (CFD)AF, ATtap and A'swwingsat
mid-span(20 m/s,AOA = 0°, Fg= 100 mN/n)

5.2 CFD Tool Assessment at High Speed

To simulate the two plasma concepts on-$athle wings at flight conditionshe CFD toaot are
first validated at high speed witvind tunnel experimental da@3] andNASA CFD code (WIND)
results[84] for M6 wing atAOA = 3.06 Mach =0.84 Re = 1.172<10". The full turbulence
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modelsg(SST and SAare chosen because the flow is at high speditheypredict similar change
in wing lift moment forthetwo plasma concep{seeChapter 4).

Figure5-5|presentshe pressure contoaifrom FLUENT with SA modeland WIND. The figure

shows that FLENT resultwith SA model matchewith WIND restts, both capturing the shock
wave onthe wing surface.Simulation with SST model presents similar contours and is not

presented here.

Figure5-6[to|Figure5-9jshow he pressure distributigmat four spaiwise sections (20%, 6590,

99% span) Results showhat FLUENT resultswith the SA model match experimental data well

but fail to capture the two shocks on the upper surfa@0% span(segqFigure 5-8), which are
similar totheWIND results At wing tipregion (99% span), FLUENT witihhe SA model has better

prediction than WINDTheSSTmode| howeverpnly predicts wdlfor pressure distributiorfsom

20% to 65% span{Figure5-6|andFigure5-7). It fails to predict the two shocks at 80% span (see

Figure5-8) and has waving pressure distribution from 0.4 chord to 0.7 chord at 99% span (see

Figure5-9).

Figure5-5 Pressure contour by FLUENT (left) compared WiiND results (right) for M6
wing (Mach =0.84 AOA =3.06’, Re=1.172x10")
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Figure5-6 Pressure distributions of FLUENWIND, and experimenat 20% sparfor wing M6
(Mach =0.84 AOA =3.06°, Re=1.172x10")

Figure5-7 Pressure distributions of FLUENT, WIND, and experimer$5% span for wing M6
(Mach =0.84 AOA =3.06°, Re=1.172x10")
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Figure5-8 Pressure distributions of FLUENT, WIND, and experimar0% span for wing M6
(Mach =0.84 AOA =3.06°, Re=1.172x10")

Figure5-9 Pressure distributions of FLUENT, WIND, and experimar®% span for wing M6
(Mach =0.84 AOA =3.06°, Re=1.172x10")

Table5-1{compares the predicted lift and drag coefficients from FLUENT with CFD results from

existing literaturd85-87]. The simulation results vary for different CFD solvers, but generally lift

coefficient is around 0.2%0.27, and drag coefficient around 18B30 counts. The predicted force



101

results from FLUENT with two turbulence models fall in line with thewabranges. Therefore,
FLUENT can predict force results and the flow characteristics over the wing suréicd he

SpalartAllmaras model provides better prediction and will be used in the following study.

Table5-1 Comparison of CFD simulation with data from literatures
Lee|85 | Neilsen|86] | MERLIN |87] | FLUENT+SST| FLUENT+SA
CL 0.2&22 0.253 0.2697 0.2644 0.2690
Cbo (counts) 175.1 168 173.6 180.4 178.8

5.3 Assessment of Plasma Actuation Concepts féiull-scale Aircraft

To estimate plasmactuatorrequiremert for full-scale aircraft, the plasma actuator strength is
scaledand then implementesh wing trailing edges and wing tips. The plasma Gurney fldipsis
studied on M@ andM6t trailing edgs, with both pressure and suction side actuators éol@t90

- 95 % chord The gasma wing tip actuator iheninvestigated on wing tgof M6w andM6t,
locatedat 96% span on pressure and suction sides.

As detailed ilAppendixG, therolling moment coefttient for Boeing 737 wing is about 0.04 with
a maximum aileron deflection of 1@nd the lift coefficients for horizontal tails are about 0.12 for
Mach =0.84, and0.15 for Mach = 0.3To compare with the above data, the samediorensional
coefficientsmoment coefficient and lift coefficiemre computeith FLUENT.

In FLUENT, thewing lift L is the sum othe spanwise lift on the whole wing surfa@ndthe

momentM is the integral moment of spanwise lift to wing root, as shomjFigure5-10f The lift

and moment coefficient8gand %:are defined by equation (5.1) and (5.2)

%L (5.1)
£
% L—5, (5.2)

wherelL is thetotal lift, M the integral moment to wing roaj,the dynamic pressurdy thewing

span,Sthewing area.
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Figure5-10 Moment and lift foiM6t and M6wwings

Plasma Gurney FlapPerformanceat High Speed

Figure5-11{presentsie moment coefficierthangeunder different plasmactuationstrengths for

M6w wing at AOA = 3, Mach =0.84 Re= 4.94x10". Thefar-field temperature is around 223 K
(-50 ), absolute pressure 25 kPa, density 0.4 RgArsmooth spline is applied to fit the CFD
datapointsfor actuation strength predictiom order to havehe equivalent moment change as
traditional mechanical ailerowith a maximum deflection of 10the required rolling moment

change ¢ %:=is 0.04, thereforehe plasma&urney flapshould haven actuation strengtbf about

27 N/m.

Figure5-11 Moment coefficient increase féié6w wing with plasma Gurney flap (AOA = 37
Mach = 0.84, Re = 4.9410")



103

Figure 5-12|presentsite pressure contasionthe suction side oM6w wing, without and with

plasma Gurney flap (actuation strength of 20 N/m). It can be observed that the pressure drops along

theleading edge because of plasma actuation, as shown by a bigger and darker region near leading

edge n[Figure5-12] A low-pressureegion also appeaim themiddle of pressure side because of

the plasma actuation ttetrailing edgeA plot of the Mah numbercontoursat mid-spanin|Figure

5-13jindicates that plasma actuation strengtienshock orthewing suction surfacandmovesit

downstream

Figure5-12 Pressureontoursfor M6w wing suction sidevithout (left) and with(right) plasma
Gurney flap(AOA = 3°, Mach =0.84 Re = 4.94x10’, Fg= 20 N/m)

Figure5-13 Mach numbecontoursfor M6w wing mid-spanwithout (left)and with (right)
plasma Gurney flap (AOA = 32 Mach = 0.84, Re = 49407, Fg= 20 N/m)
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This can be observed clearly from the pressure distribution at different spanwise sections, as shown

in|Figure5-14{for 0% (wing root), 50%, 75% and 99% span. Shock is observed at this Mach number

and AOA, and it is sensitive to perturbations. The shock on the suction side therefore moves
downstream by about 0.1 chord from wing root to 75% span. The suction side@Wwas pressure

peak (the y axis is reversed in the figures). Moreover, the pressure on the pressure side increases
near trailing edge and decreases on the suction side. The results show that the upstream and wing
tip pressure distributions are affected #igantly by the plasma Gurney flap. This is because the
shock wave is very sensitive to the trailing edge actuation. The wing surface pressure change
greatly when shock wavmovesdownstream. This shows that the presence of shopkoves

plasma Gurney ép effect.

(a) 0% span (b) 50% span

(c) 75% span (d) 99% span
Figure5-14 Pressure distributi@for M6w wing with and wthout plasma Gurney flapt
differentspanwisepositions(AOA = 3°, Mach =0.84 Re = 4.94x107, Fg= 20 N/m)
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Figure5-15|presents theniddle-spanstreamlinesearthetrailing edge othe M6w wing with and

without plasma Gurney flafFs= 5 and 20 N/mat AOA = 3°. With aplasma actuatiostrength of
5 N/m, streamlines bend downwards towatuspressure side, resulting in lift increas@ith a
strength as high as 20 N/iine streamlinesbend downwardsignificantly, with a recirculation

vortexoccuring nearthetrailing edge Thestreamline changeseconsistent with the moment/lift

increasdrom(Figure5-11] wherestronger actuation strength lead larger moment increase and

streamline changes.

Figure5-15 Middle-span streamlines fdn6w wing with and without plasmé&urney flap(AOA
= 3°, Mach =0.84 Re = 4.94x10’, Fg=5 and 20 N/m)

Figure5-16|presentstte lift coefficient change under different plasma actuation strengthbdor
M6t wing at AOA = 0°, Mach =0.84 Re = 1.54<10". A smooth spline is used to fit the CFD data.

As shown ifFigure5-16| to obtainthe samdift coefficient as traditional horizontal taig cruising

speed( (%= 0.12 see AppendiG), the plasma actuators should have an actuation strength as

high as72 N/m.
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Figure5-16 Lift coefficient increase foM6t wing with plasma Gurney flapAOA = 0°, Mach =
0.84 Re = 1.54¢<107)

The pressure distributions fre M6t wing with and without plasma Gurney flaBg=20 N/m) at
different spanwise locations are shOV\1rIFigure5-17 At zero angle of attack, the pressure without

plasma actuation on pressure and sucsides is identical becauseloésymmetrical profile. With

an actuation strength of 20 N/m, the suction side pressure decreases and pressure side pressure
increass over mostof thewing span(except near wing tip). Moreover, the plasma actuation not

only affecs thelocal region but also altexthe upstream pressugeeatly. Unlike the M6w wing,

the plasma Gurney flap hdssseffect for pressurenearthe wing tip with the same actuation
strength as M6w wingAt AOA = 0, no shock is observed withgpolasma but the conditions for

shock exists. With plasma actuation, a weak shock occuv6bwing and this leads to upstream
pressure change (around @4 chord). This shows the condition for shock can also improve

plasma Gurney flap effect

Figure5-18jshows hemid-span streamlines near the trailing edge of the M6t wing with and without

the plasma Gurney flgif-e= 5 and 20 N/m) aAOA = 0? Similar to M6w wing, the plasma Gurney
flap with actuation strength of 5 N/m only bends streamlines slightly. When the actuation strength
reaches 20 N/m, streamlines bend significantly downwards with a recirculation vortex generated

near the pressurélg trailing edge.
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(a) 0% span (b) 50% span

(c) 75% span (d) 99% span
Figure5-17 Pressure distributions féA6t wing with and without plasma Gurney flap
different spanwise positiof& OA = 0°, Mach =0.84 Re = 1.54x107, Fg =20 N/m)

Figure5-18 Mid-spanstreamlines foM6t wing with and without plasm&urney flap(AOA=0°,
Mach =0.84 Re = 1.54¢<10’, Fg=5 and 20 N/m)
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Plasma Wing Tip Actuator Performanceat High Speed

Plasmawing tip actuation lasvery limited effect ahigh speeaonditiors (AOA =0° & 3°, Ma=

0.84 Re=154 +4.94x107). FortheM6w wing, the momentoefficientonly changes by 0.@for

a plasmaactuation strengtbf 40 N/m. ForM6t wing, the lift coefficient increases only by 0.002
with plasma body force of 48/m. The moment and lift coefficient increases abeut one tenth

of thoseachieved bylasma Gurney flagAs mentioned before, to replace traditional wailgrons

and horizontal tails for flight control at cruise speed, the moment coefficient change and lift

coefficient change is 0.04 and 0.12, respectively. Howelasnawing tip actuatorscould only

bring a change of 0.0020.006 for momenFRHIILFLHQW DQG OLIW FRHIILFLHQW

liftfmoment for flight control. Therefore, would not provide much added value whembined

with plasma Gurney flap

Figure5-19|shows the vorticity contou an axial planene chord downstream tife M6w wing

trailing edge, without and with plasmang tip actuation Fs = 20 and 40 N/m). The vacesare
pushed away fronthe wing tip andseparated o one small and one big vortex because of the
plasma actuatiarWith 40 N/m plasma actuation strength, lift has better lift improvement than 20
N/m, leading to dargertip vortexwith higher core vorticityas expected.

@Ipresents theorticity contoursat an axial planene chord downstream of the M6t wing
trailing edge, without and with plasma wing tip actuatibs £ 20 and 40N/m). Similar to NT

wing in Section 4.3.2, the wing tip plasma actuators generate a pair of emtatarg vortices at
downstream plane. The vortex cores have higher vorticity with stronger plasma actuation strength,

which is similar to previous M6w wingith plasma wingtip actuation.
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Figure5-19 One chord downstream of trailing edgaticity contoursfor M6w wing with and
without plasmawing tip actuatio(AOA=3°, Mach =0.84 Re = 4.94x10’, Fs=20 and 40 N/m)
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Figure5-20 One chord dwnstreanof trailing edgevorticity contoursfor M6t wing with and

without plasma wing tip actuatioMQA=0°, Mach =0.84 Re = 1.54x10’, Fs=20 and 40 N/m)

The plasma wing tip actuatiocan be also investigated lycal AOA at a spanwise location 0.1

chord upstream of wing leading eddeésgure 5-21{andFigure 5-22[show the results with and

without plasma for wing M6w and M6t, respigely. Thelocal AOAs of both wings increase with

plasma actuation by maximumangle of0.02°with plasma actuation strength of 40 N/m, which

can be observed clearlyilgure5-22 These results are in the same order of velocity angle change
for AT andNT wingsin Section 4.3.
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Figure5-21 Local AOA at 0.1chord upstream leading edge of M6w wing with and without
plasmawing tip actuation AOA = 3¢ Mach = 0.84 Re = 4.94¢<10")

Figure5-22 Local AOA at 0.1chord upstream leading edge of M6t wing with and without
plasmawing tip actuation(AOA = 0°, Mach =0.84 Re = 1.54x10)
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Plasma Gurney FlapPerformanceat Takeoff/Landing Speed

To simulate the aircraft takedtindingconditions the M6t wing issimulated at AOA= 0°, Mach
= 0.3, Re= 1.93x 107, andthe M6w wing at AOA = 3° Mach = 0.3, Re = 6.21x 10". The
temperature of fafield is 283K (10 ), absolute pressure 101.325 kRiagdensity 1.25 kg/rh

For takeoff/landing conditionghe pgasmaactuation strengtls scaledup to 160 N/m and then

implemented ortrailing edges of the M6w and M#@tings, as shown ifFigure5-25andFigure

5-26| For M6w andM6t wing, whenplasmaactuation strengtjrows above 80 N/m,He moment

andlift coefficientchange byplasma Gurney flapeach a plateau, with maximum of (Cuy =
0.038 for M6wat Fg =~100 N/m and 0C. = 0.080 for M6t at Fg =160 N/m.Traditional aileron
with a defection angle of 9.5 can provide a rollingnoment iCv of 0.038 Therefore,at
takeoff/landing conditions, th@lasma Gurney flap on M6w can provide adequalifeng moment
with an actuation strength about100 N/m. However the plasma Gurney flap on M6t wing cannot
provide sufficient moment for pitch contrdlhus, he plasmaurney flap conceps less effectie

at takeoff/landing conditions than cruise condition.

Figure5-23 Moment coefficient increase for M6w wingth plasma Gurney flaphOA = 37
Mach = 0.3, Re = 6.2410)
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Figure5-24 Lift coefficient increase for M6t wingvith plasma Gurney flapAOA = 07 Mach =
0.3, Re = 1.9%107)

Figure5-25|presents the pressure distributionsvad spanwise positions (0%, 508pan) for the

M6w wing with and without plasma Gurney flapADA = 37 With an actuationequal to that at

cruising speeth|Figure5-14{(20 N/m), the pressure on the pressure side increases and that on the

suction side drops, mainly near trailing edge, leading to liffmoment increase. Unlike the M6w
wing at high speed, no stioappears at Mach =0.3 and plasma actuation with the same strength
only has a limited effect on upstream presstires can explain the weaker effect of monigint

change by plasma Gurney flap at Mach=0.3

(a) 0% span (b) 50% span
Figure5-25 Pressure distributions fé6w wing with and without plasma Gurney flap at
different spanwise positions (AOA =,3Vlach = 0.3, Re = 6.24107, Fs=20 N/m)
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The midspanstreamlines near the trailing edge for the M6w wing at takeoff/landing conditions

exhibit similar patterns as those at high speed. As shoyfigure 5-26| streamlines bend

downwards with a recirculation vortex occurring near trailing edge when apply 20 N/m plasma

actuation.

Figure5-26 Mid-spanstreamlines foM6w wing with and without plasma Gurney flap (AOA =
3°, Mach = 0.3, Re = 6.24107, Fg=20 N/m)

Figure5-27|presents the pressure distribution$vwai spanwise positions (0%, 508pan) forthe

M6t wing with and without plasma Gurney flapA®A = 0°, Mach = 0.3 At this Mach number,
the plasma Guey flap only affect thelocal pressure distribution netlre trailing edgemuchas

theplasma Gurney flap otihe M6w wing atthe same Mach numbgFigure5-25). Moreover, the

effect is also less significant than that at sgleedMach=0.84). With the absece of shock wave

at Mach = 0.3the plasma Gurney flap can only affect local pressure distribidgiaghe M6t wing
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(a) 0% span (b) 50% span
Figure5-27 Pressure distributions féi6t wing with and without plasma Gurney flap at
different spanwise positions (AOA =,(Mach = 0.3, Re = 1.98107, Fs=20 N/m)

Plasma Wing Tip Actuator Performanceat Takeoff/Landing Speed

For wing tip actuationat Mach =0.3the moment coefficient dhe M6w wing increase by 0.0027
and the lift coefficient oM6t increass by 0.0019 with plasma body force of 20 N/m, which are
much smaller (less than one tenth) than those by plasma Gurneyititathe same actuation

strength Similar & in the high-speedconditions, the wing tip plasma actuators have very limited

effect onM6w andM6t wings at landing/takeoftonditiors.|Figure5-28jandFigure5-29|present

the vorticity contours at axial planes one chord downsti@ametrailing edgs of M6w andM6t
wings, respectively. Similar conclusions can be drawn for ptasing tip actuators for the two
wings, when comparing Wirﬁigure5-19 andFigure5-20jat Mach =0.84 Forthe M6w wing, the

tip vortex is pushed away but with higher core vorticity due to plasma actuatioM6E@ring, a

smdl pair of countefrotating voricesis generated when plasraatuation is applied
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Figure5-28 One chord downstream of trailing edgeticity contoursfor M6w wing with and
without plasma wing tip actuation (AOA3°, Mach = 0.3, Re = 6.2410")

Figure5-29 One chord downstream of trailing edgaticity contoursfor M6t wing with and
without plasma wing tip actuation (ACAQ°, Mach = 0.3, Re = 1.98107)

5.4 Discussion

In this chaptertheplasma actuatioeffecton tapered and sweptingsis first studied It is found
that the plasma Gurney flap has better performance on tapered and swepbegsgse of the
reduction ofthe effective velocity component normal to the plasma actusih@n,a 3D transonic

wing within a far field domain is simulated tssassthe required plasmactuation strengtfor
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aircraft applicationlt is concludd that the plasma Guoey flap requireaplasmaactuation strength

of about27 N/m toprovide sufficientolling moment and abou?2 N/m to replace horizontal tails

at high speed (Mach 6.84). At landingtakeoffconditiors (Mach = 0.3) the plasma&urney flap
requiresa plasmaactuation strength afibout100 N/m to provide sufficient(or close)rolling
moment but cannot provide enough momeatreplacemovable pitch control surfaces on the
horizontal tail It is observed that the presence and condition of shock can improve the performance
of plasma Gurney flapOn the other handhé wing tip plasma actuatois too weak to provide
sufficient forceby itself foraircraftcontrol

Currently, there has not been any study of the flow velocity effect on plasma actuation strength at
high Mach number (above 0.3). Therefore, the plasma actuation strengths from CFD simulations
are considered as effective plasma actuation strength atdineddeperating flow velocity.

The simulations in this thesis provide the target actuation strength required for the application of
the proposed plasma actuation concepts for typicaktale high subsonic commercial airliners.
With the actuation stremig of current AC driven DBD plasma actuator ranging only from @.8

N/m, much research work in terms of plasma actuator development remain to be done to improve
actuator strength to the level required for the proposed concepts to work in real conairerafal

applications.
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CHAPTER 6 &21&/86,281"' 5(&200(1'$7,216

The pimary objective of the present woik to provide a deeper assessmehtwo concepts of
DBD plasma actuators for lift enhancement on wings at low anflattack namelythe plasma
Gurney flapandwing tip plasma actuatoiVind tunneltess are carried out on four wings with
plasma actuators to validate t@&D tools which are then usetb assess théwo concepts on
realstic wing geometries at real fight conditions.

The researctvas carried out in three phas@hase 1 consistlof preliminary numerical study and

experimental design. ANSYS FLUENWas chosen as the CFD solver witteengineering plasma

modelby Lemire and V to provide lift estimation for experimental desigiourwings were
designedfabricatedand tested at wind tunnel conditions in the second phase to validate the CFD
tools by force presureand flow fieldmeasurementsin the last phas the validated CFBbols

were used to assess the viability of the two conceipteeaistic wing geometries at real flight

conditions.

The main conclusions/finding are as follows:

1) The RANS CFD code ANSYS FLUENT witthe engineering plasmactuatormodel by
Lemire and V , is capabldo predict the effect of plasma Gurnédggd and plasmwing tip
actuators on thaerodynamidorces momentsThe effect ofthe plasma Gurney flap othe
flow field nearthe wing trailing edgeis also well captured by CFD when comgxwvith
experiment measurements.

2) The CFD tods$ are evaluated withwo turbulence models, nameBhear Stress Transportation
and SpalarAllmaras modelsin generglthe two turbulence models predict similar chaige
wing lift moment forthe two plasma concepts, with ti85T modeproviding a closematch
with wind tunnel test data

3) The gasma Gurney flap anglasma wing tip actuatioconceptsanboth help to improve lift
for wings with asymmetrical and symmetrical profilésowever the plasma Gurney flap
provides higherlift enhancementbut the efectiveness of both concepts decreases with
increasing flow velocity.

4) The plasma Gurney flap effect tends to decrease at higher angle of atlaaki(8 plasma

wing tip actuator remasmaboutthe same.
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5) The tapered and swept effecn wing geometriegan helpimprove plasma Gurney flap
performancéyy reducing the effective velocity component normal to the plasma actuator

6) To apply plasma Gurney flap dhefull-scale aircraftthe plasma Gurney flap needs to have
an effectiveplasma actuation strengtim the ordenf 25 F 70 N/m at high subsonic cruising
conditiors, andabout100 N/m at landinglakeoffconditiors. The presence of shagkan help
improve the effectiveness of plasma Gurney flap.

7) Plasnmawing tip actuators areelativelytoo weak to provide sufficierfibrce for aircraft at both
cruisingandtakeofflandingconditions Therefore the combination of the two plasma concepts

would not add much value for lift improvemdrgyond the use of the plasma Gurney flap alone

Thecontibutions of this project are:

1) Assesment ofthe predictve accuracy ofCFD tools(ANSYS FLUENT withtheplasma model
by Lemire and V ) for two plasmaactuationconceptgor low AOA flight control

2) First detailed measurementtbetwo plasma concepts and at higher flow velocity than before
(up to 20m/sinstead of previous 16 m/with high plasmactuation strengtfup to90 mN/m
instead of prerous 40 mN/nj.

3) First comparative assessmentluf effectiveness between the two concepts

4) First assesment ofthe sensitivity of angle of attack on two plasma concepts

5) Firstinvestigaion of the two concepts daper andweptwings

6) First assessment tie two concepts on realistic wing geometries at flight conditiotisthe

estimation of plasmactuaion strengthrequirements

Based on this research, the recommendations for future works include:

1) Carry out flow field measurement for plasmiag tip actuators. Use Stereo PIValidatethe
plasma wing tip actuatiogffect onthetip vortexfor wings with asymmetrical and symmetrical
profiles.

2) Develop new plasma actuators with highetuatiorstrength. Look for newlielectricmaterials
with higher breakdowmoltage, lower cost, and better machinability. Develop faster and easier

way to assemble plasma actuators with better insulation.
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A.1 Experimental Setup
The experimentadetupis shown irEFigure A 1| The ot wire, pitotstatic tube and thermocouple

weremountedon one steel rodraversedn a cross section planeiichesfrom test section inlet,

to measure flow turbulence intensity, velocity and temperature. Theilesystemis a Dantec
constant temperature anemometer, with sksgiesor normal probé5P11) The acquisition
system consists of Dantec Dynamics Multichannel CTA 54N82, National Instrument4BXI|
and PXI 1042, National Instruments P&360 MXI Express Card, and National Instruments-PXI
6229 M series Multifunction DAQA seconditot-staic tubeis placed51in from test sectioinlet,
measuring downstream flow velocityhe wo Pitotstatic tubesre connected to two Huba Control
pressure indicators (0~16@) with uncertainty of £2 Pa powered by NIRS power supply,
whose data cabeacquired from computer through National Instruments $8B/D board. The

flow temperature is measured By95 Referencd hermometer, with aaccuracy of 0.0C .

() (b)
Figure A 1 Experimental setup

(1. Hot wire and Pitotstatic tube; 2. Pitestatic tube; 3. Pressure indicator;T4averse system;
5. Thermometer; GAcquisition system; 7. Laptop and LabView code.)
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A.2 Calibration

The Dantec nmiature wireprobe 55P11 is used with 4mmshaped supports 55H22 (overall
length 235mm). Because of the dimension limitation, the hot wire and support are bonded on a 3ft

long steel rodwith a diameter of 1/8 inp coverthe crosssectionplane

Figure A- 2 Hot wire schematic

Because of hewire reading is strongly affected by flow temperature, the reading (vdiageed
to be corrected using tieguation(A.1)

oask ' @A (A1)
The hot wire sensor hot temperatliveTota . Z K&lidthke overheating ratio (0.8 is commonly
used), . is sensor temperature coefficient of resistance (0.36% for the selected probe) at refereence
temperaturdo=20 ( . ThereforeTw=242.22( .
The measureménlata are fitted by two methotihe firstoneis to plota power law curv&2corr vs
U'to ILW .LQJTV /DZ
E2or=A+B * U" (A.2)
whereA, B is constant, and=0.45. The second method is to pldtas a function oE:orand create
a4" orderpolynomial trend line:
U= Cs* Ecor™ + C3* Ecor® + C2* Ecor® + C1* Ecor+ Co (A.3)
whereCs = 19.886,C3=-121.33,C2 = 312.34C1 =-375.39,C0 =172.73
The resultare @ompare or{Figure A 3landFigure A 4| and one canbserve that thpolynomial
fit is more accurate than per lawcurve fit .LQJYV ODZ thavded WiHbddpplied for
thefollowing study.
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Figure A3 3RZHU ODZ FXUYH ILWWLQJ IRU KRW ZLUH UHD(

Figure A 4 Polynomialcurve fitting for hot wire reading

A.3 Response and Stability

The time response of hot wire afrdnt Pitot - statictubevelocitiesare firststudied anctan be

seenn|Figure A 5| Both of them response quickly and the readings tehdgtable after 5 seconds.

A sampling rate of 4 kHz and samplitigye of more than 60 seconds per time are usedot

wire. The freestream and temperature tirhistory during test are shown|ifigure A 6| The free
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stream velocityremainsstable during the testyith a fluctuation of about®.1 m/s. The flow
temperaturevariesabout G1 ( when the wind tunnel iturned on. Heat is generated from the
motorandheat exchanges used forcooling to reach the set temperatuBecause of the delay in
heat exchanger coolinthe temperature is fluctuating as sho@

Figure A 5 Time response of hatire and frontPitot - statictube

Figure A 6 Freestreamvelocity andflow temperature time history
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A.4 Turbulence

The hot wire is mounted on thaversesystento measure turbulence intensity distributinrcross
sectionplane as shown iEigure A 7| The instantaneous fluctuating velocities in three directions

is assumd to be the same&d' L R'L ST then theurbulence intensity in theedimensions can be
obtained by measuring axial turbulence intensityThe origin X=0 Y=0 is defined as the center

of cross section. The maximudistance in horizontal direction 2nd vertical directiory are16

in (406 mm), 12 in (305 mm) respectivelyThe traverse step is i and inFigure A 7|each

intersection point corresposdo one measurement poifh order tohave sufficient sample
numbersacquisition time for each point is at least 60 seconds (sampling rate 4 kHz)sBtdke
hoursto complete the measurement of all points.

Experimental data can be analyzed using the following equations:

Mean Velocity 750064 AE@B'—QO (A.4)
iati - A Ac 1 @Tgpiv

Standard deviation of velocity & L 8 ASQBT (A.5)

Turbulence intensity Ti= &/ Tag064 (A.6)

Figure A 7 Hot wire measurement plane
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Figure A- 8 Velocity time history, histogram, and FFT result

Figure A 8|shows the velocity time history, histogram and FFT results for one measurement point.

As shown ifFigure A 8] most components @klocity signaloccurs unde20 Hz indicating there

is not high frequency nois&he velocityandturbulence intensitgistributiors of the measurement

planeareshown irnfFigure A 9landFigure A 10| The velocity on the measurement planas a
variation of 0.2 m/s, or0.6®%6, which indicates a good flow uniformity. Turbulence intensity
distributes uniformly for most of the cross sectiaith a slightly higher value near top panel of

test section, anthe average turbulence intetgifor the wholemeasurement plane is 0%4This

turbulence intensity will be used @FD simulation.
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Figure A 9 Velocity distribution of measurement plane

Figure A 10 Turbulence intensity distribution of measurement plane

A.5 Boundary Layer Effect

Two pitotstatic tubes are placed in the center of cross sectgindy the effect of boundalgyer

growth on the flow velocityAerodynamically this effectis often evaluated by the displacement
thickness of boundary layeft,
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PLi)sFEE @ A7)

For laminar flow in a flat plate,

PL syt ¥4A (A.8)

For turbulencélow in a flat plate,
PLrats ¥4A (A.9)

where 4 A L é 7 T§ xis the distance to the inlat), is the free stream velocity¢and &dare flow
density and viscosity, respectiveBecause of the boundalgyer growth theflow is accerlated
becausecross section areaf free stream flowis reduced to:9 F t (P;0t . Consideringmass
conservation, for two pitestatic tubesideally

75 0:9 Ft ;6= 7, 0:9 Ft ;S (A.10)

7s 7oL k9 Ft(: 9 FtPo (A.11)
where U; and U> represent upstream and downstream velocl'tg},and L'g’upstream and
downstreamboundary layer displacement thickness. Upstream and downstream pitot static tube
positions areq= 0.127m x.=1.257m. Flow density and viscosity ar@L1.18kg/m3 &1.8075e
5 kg-m/s. The measurement results; /U, are compared with theoretical values9 F

t Lg’ 9 Ft L&’ ;6in Table A2, andshow araverage error of 0.71% between test data and predict

results.
Table A- 1 Boundary effect under different velocities
f(Hz) | Ui (m/s) Uz (m/s) U1 /U 29 FtQ; c9 Ft ;8 Error
24.7 15.0308 15.3782 0.9774 0.9846 0.73%
32.8 | 19.9953 20.4536 0.9776 0.9849 0.74%
41.0 25.1174 25.715 0.9768 0.9851 0.85%
49.5 | 30.2195 30.8292 0.9802 0.9854 0.52%
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B.1 Balance Calibration

The force balance was calibrated by hanging known weights through a pulley at measured attached

points and measuring the scale reading. Calibration for four different positions are performed

(denoted by TEST 1, TEST @icin Figure B1), with at least thee repeated cases for each position.

The calibration shows that the measured morktritas a linear relationship with applied moment

M; as shown in equation (B.1)

M2=M Ha (B.1)

whereM», andM: are inNm, anda=0.969f 0.005 .

FigureB-1 Calibration results ofdshaped force balance

B.2 TestProcedure

Before Test

V4

V4

z

Check wing surface to make sure surface is smooth.

Test plasma actuators to make sure that they work properly without any spark.
Check pressure ports by injecting watefimol leakage or clogging.

Lubricate pivot bearing to reduce friction.

Connect plasma generating system, electronic scale, pressure scanner and PIV system.



137

z Run LabView program and Dynamic Studio v3.0 to acquire sample data.

z Make test plan and prepaest matrix.

On Site

z Install pitot-static tube, traverse and thermal couple.

z Record upstream velocity under different motor frequencies and obtain velocity vs frequency
chart.

z Insert L-shaped box underneath test section. Use level to make sure balance arm inside the
box is horizontal and perpendicular to flow direction.

z Install test wings and connect with plasma generating system.

z Run wind tunnel at different angels of attatlone constant velocity to find zé€lifi angle of
attack. Check/change angle of attack from the protractor inside test section. Tighten pipe
FRQQHFWLRQ WR PDNH VXUH DQJOH GRHVQIW FKDQJH GXU

z Run wind tunnel at various velocities (8, 12, 15, 26)rand designed angle of attack. Record
scale reading, pressure data, temperature and humidity for cases without plasma actuation.

z Increase applied voltage for plasma actuators to desired values and record data.

z Install PIV cameras, laser and coolingmu Carry out calibration using PIV targets.

z Turn on particleseedinggenerator andun wind tunnel at designed velocities and angles of

attack Record pictures using Dynamic Studio for casils and without plasma actuation.

B.3 Test Data Error Analysis

Themeasurement afngle of attackasan uncertainty of #0.25 ambientemperaturef £0.5
pressure of pressure scannéB.8 Patherelative humidityof 0.5% andambient pressure 6f7Pa.

The density uncertainty is estimated by equatio2)(B.

6

6
O qa ApEI—UIp

va = I—=
06

4f;i< 34:A7.3/41; 6

%= 6
@x.., 0@ EF/ ¢F/ = st ariar U*46 E @ ;A (B.2)

For ambient temperature 29803 K, ambient pressure 101325 Pa, density uncertainty is-0.006
0.009 kg/m.
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Updream velocity is calculated by equatidh3) and its error is estimated kguation (B.3).

07q .. .° 6
T r .. EI
074 —gUe —Lg Up OLeeu_eao

ap? dp 6 5
L8 6 @AE  8g?Ap

;U LS (B.3)
Therefore, free stream velocities has uncertaintishasn in Tablé3-1.

Table B1 Uncertainties of Free Stream Velocities

7q [m/s] 8 12 15 20 30
Ug [m/s] 0.56 0.38 0.30 0.23 0.15
Ug 74 7.10% 3.20% 2.00% 1.10% 0.50%

The force balance is calibrated ingreasing and decreasikgown weighs (whose weight range
covers the expected force range from CFD predictions) at four different positions and at least three
repeated cases for each applied weight. The balance reading would calculzgedtinn (B4)

&L ET_>ET7_>ET/ (B.4)
where 44 is readings of three repeated cafeq, 2, 3) %is the calibration averaged reading.
Linear regression is performed between applied momerind measured momentMvhich are
calculated byequation (B5) and (B6)

0 PJ (B.5)

0 %J/ (B.6)
whereg=9.8 N/kg,L1 is the distance from applied calibration position to pileis the horizontal
arm of force balance (from pivot to the pin on the scale, as sh@ with a length of
0.425@.0Gm.
The applied moment and measured momeiinear fitting by least square method, with the
intercept equal to zero. Therefore, we would need to find the RS 8" SYDOXH IRU WKH HT)
y=axto fit all experiment data, which is obtainkeg equation (B.7)

_, Ad.edo
=LA (B.7)

And theslopeerroris calculated byquation (B3).

AL &5 AU 1 omen
04 § - €0 S AR 1 @ Ceg-
A2 & = 4?5

(B.8)
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where &, i) is experimental data (applied moment and measured moment, respectively) for each
test case. The final curve fitting slope between applied moment and measured moment is the
averaged value of slopes of all four positions.

When wind tunnel i®n, the force balance reading is fluctuating and therefore the mean balance
reading %s obtained by averaging data over at least 30 seconds (maximum acquisition frequency
is 6Hz).

B2E gyruioae® ?E aripse® 2 0/ b:
@L ANN PR .;UNNM?B@ /A NNPDR (B.9)

where 4¢g y o 7d,2,3) is reading offset with wind tunnel off for each test case. The error of
balance reading comes from the instrument accuracy (i.e. 0.5g) and the fluctuation of reading (time
varying error).The averaged moment woube calculated bgquation (BL0O)

L &, (B.10)

L> has a length of 0.428).006m during wind tunnel testing. The averaged moment by wing lift is

p L 2 BA
%L = L5 (B.11)
The relative error of moment is

A N o6 N , 9 o8

& LSEEAEEA L S@A E@%A E @A (B.12)

The moment difference by plasma actuatemd its error are then calculated equation(B.13)
and (B.3)

BL Manow=dol” (B.13)

U e/%; L 8K g1 60 05F : 1%;6 (B.14)
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C.1 Experimental Setup

The plasma generation systesdesigned and built by 4 , Which consistof signal generator,

power amplifiers, resistor module and transforn{ee® FigureC-1 and FigureC-2) and ha been

successfully used ipreviousprojects.

FigureC-1 A schematiadiagramof plasma generation system

—> Resistor

LabVIEW
) @

Crown XTi-4000/4002Amplifier
Transformer

PCI6100

Plasma actuator

FigureC-2 Plasma generation system
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TheAC signal is generatealy NI-DAQ card PCI6100 and_abVIEW codeas shown in Figur€-

3. The signal isthensent to wo Crown XTi-4000/4002 Power Amplifierto magnify its power
outputto various levelsThe Resistor Moduleonsists of four ballast resistors (2 ohms, 300W),
corresponding tthefour channels of power amplifier$he amplified voltagés thenfed through
theresistor module and connected to two transformvéish has avinding ratioof 1:360, working
frequency of 0.% kHz and maximum output of 25 kVrm&s shown in the schematic diagram of
Figure C-1, the primary coils of the transformers are connectepairallel but in the opposite
polarity, with the low potential output of the secondary coils is connected to ground. The high
voltage of hidden and exposed electrodes are taken from the two high potential leads of the
transformers so that the effective wimgl ratio of this system is 1:720wo mutimeters have been

used to measure the voltage and current as shown in the schematic diagram. To avoid high voltage
and small current, both of them are placed before the transformer, with one measuring voltage

between 111 and 112 , the other measunvoffage droghrough one resistdo obtain current

FigureC-3 LabVIEW program front panel
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C.2 Experimental Results

The negativesaw toothwaveform is used foinput voltage because it can produce higher body
force at the same volta. The effect of signalrequency on the plasma actuation stremgth
shownin FigureC-4 for plasmaGurney flapof NACA0012 wing It canbeobserve thatthe thrust
increass at higher voltage with highérequency and 100 mN/m thrust da@achieved at a lower
voltage witha higher frequencyfor example 4&V at 3.75kHz. However,with high frequency
theconsumed poweare too much to have a stable output voltage because the amplifiers have self
protection circuits and thus would clip tbetput voltagesTherefore, frequency ofkdHz is chosen

in present test.

FigureC-4 Actuationstrengthof plasma Gurney flapn wing NG at variousignalfrequencies

FigureC-5 showsactuation strengtbf plasma Gurney flapn suctiorside (S.S.) and pressure side
(P.S.)of wing AG under differentnput peakpeakvoltagesFigureC-6 and Figure € presenthe
same data for plasmaing tip actuators orAT and NT wings under different input pegleak
voltages. Because of the limited space insitgg tip, hidden electrodes, exposed electrodes and
high voltages wires are much easier to have sparks than ptasmay flap actuators. Good
insulationis crucial for plasmawing tip actuators, especially near trailing edge where hidden

electrodes are very close to exposed ones.
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In the wind tunnel experimental tests, the measured-peak voltage®y mutimeter forplasma
Gurney flap are@bout 42 and 4BV, for wing tip actuatorsabout46 and 5%V. Plasma actuators
at lower peakpeakvoltage are more stablebecausenhigher voltage tends to be clipped the
amplifiers.Moreover, higher voltagis more likely to damagehedielectric materials. Therefore,
most testare carried out at 4and 46kV for plasma Gurney flap anglasmawing tip actuator,
respectivelyThe plasma actuation strength is estimated from FigededCFigure C7.

The averageglasmaactuation strengtbf NG wingis 60 G mN/m, AG wing 55 G mN/m, NT
80 GLO mN/m, AT 65 G mN/m. Several cases are tested ak\d3or AT wing with an actuation
strength 00 G mN/m.

Figure G5 Actuation strength of plasma Gurney flap on wing vspeakpeak voltage

Figure G6 Actuation strength of plasnweng tip actuation on wing Avspeakpeak voltage
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Figure G7 Actuation strength of plasnwing tip actuation on wing Nvspeakpeak voltage
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D.1 Mesh Study for Wings with Endplates

FigureD-1 shows the mesh study resultstloe AG wing.The force coefficients achieve a plateau
when the mesh sizecreasegrom 2,007,040 to 4501,504. Therefore the mesh sizdor the AG

wing ischoseras2,838,528Meshes of the NG wing have similar mesh structures and distributions.

Figure D 1 Meshstudy forAG wing

D.2 Mesh Study for Wings withWing Tips

FigureD-2 shows the mesh study results floe AT wing With the mesh size incraag from 5x
10° to 3.6x 108, lift coefficient and drag coefficienmeach a platealo ensure the mesh density
for plasma actuator near wing tihe mesh sizéor the AT wing is skected a®,087,478. Meshes

of the NT winghave similar mesh structures and distributions.
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Figure D 2 Meshstudy forAT wing

D.3 Mesh Study for Tapered Wing

Figure D-3 presents the mesh study for the tapered wing ATMéApenthe mesh size increases
from 1,141,148 to 4313444, lift coefficients and drag coefficients converge and therefore the best

mesh size would be212220.

Figure D 3 Meshstudy for tapered wing
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D.4 Mesh Study for ONERA M6 Wing

Figure D4 presents the eshstudyfor M6 wing. Lift coefficient and drag coefficient have smaller
variations when the mesh size is larger than about 1.6 million. Considering mesh density for plasma

actuation, the mestize is chosen @5234,988 The M6t and M6w wings have the same mesh as

the M6 wing.

Figure D 4 Mesh study for ONERA M6 mesh
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The full turbulence models Spalstimaras and SST model are chosen for simulations to compare
with wind tunnel experimental results in the content. But it is not sure how effective tripping wires
are and therefore transition SST mbds alsoused for simulation. Transition SST model (also
known as thggamathetamodel) is based on the coupling of the S&hsport equations with two
other transport equations, one for the intermittency and one for the transition onset critenes in te
of momentumthickness Reynolds number. Proper mesh refinement and specification of inlet
turbulence levels is crucial in this model.

To achieve good convergence, transition SST model is calculated with 3D unsteady {r@ssdre
coupled solver. Thepatial discretization and under relaxation factor can refer to the solver setting
for fully turbulence modelsCFD simulations with transition SST model are carried out for the two
plasma concepts with various plasma actuation strength at differentieslacid angles of attack.

The results would compared with other turbulence models as well as experimental data in flowing

parts.

Figure E 1|presentgshe measured moments (TEST) versus the CFD predictions from FLUENT

using different turbulence models for AG and Wings (AOA = 0°), respectivelyFigure E 2

present the same data for AG and wihgsat AOA = 3°. It can be observed thaansition SST
modelgenerally performs worse than SST and SA moasisept forAT wing at AOA = 0°.

Figure E 1 Moments of TEST and CFior AG (left) and AT (rightwingsat AOA = 0°



149

Figure E 2 Moments of TEST and CFor AG (left) and AT (rightwingsatAOA = 3°

Figure E 3|presentchange in measured lift moment due to the plasma Gurney flap f&Ghe

wing at AOA = 0° and 3 versus the correspondent CFD simulation with different turbulence

models|Figure E 4|{the same data fodG wing at AOA = 0°. It can be observed that transition

SST model fails to predict correctly the effect of plasma Gurney flap for both syrcaheinid

asymmetrical wings.

Figure E 3 Effect of plasma Gurney flap oG wing at AOA = 0° (left) and 3 (right)
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Figure E 4 Effect of plasma Gurney flap d¥G wing (AOA = 0°)

Figure E 5|and|Figure E 6|presentthe measured change in lift moment due to the wing tip

actuation forAT wing versus corresponding CFD simulations with three turbulence models at
AOA = 0° andAOA = 3°.|Figure E 7|shows the same data fIG wing with plasma wing tip
actuator aAOA = 0°. It can be observed that transition SST model praywtelpredictionfor AT

and NTwingsat 12 £20 m/s, similar as simulation results with the ottves models. But it is

unlikely to conclude which one is better due to the high error at the velocity ranges.

Figure E 5 Effect of wing tip actuation on lift moment f&T wing at AOA = 0°, Fg =65 (left)
and 90 (right) mN/m
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Figure E 6 Effect of wing tip actuation on lift moment f&T wing (AOA = 3°, Fg = 65
mMN/m)

Figure E 7 Effect of wing tip actuation on lift moment f&fT wing (AOA = 0°, Fg =80 mN/n)

Finally, transition SST model is not recommended for simulating plasma Gurneytflagay
provide adequate results for wing tip actwdor certain wings, but the other models (SST and SA)
canprovide good predictionfor most cases. Therefore, it woldd a better choice to use SST or

SA turbulence model to simulate the plasma Gurney flap and plasma wing tip actuator.
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The plasma model developed by Lemireda/o andits implementation it CFD mesh are
described in detailed iRef. . The plasma model provide spatial average body force distribution

on a very fine Cartesian mesh. The desired actuation strength for CFD simulations is obtained by
multiply the force vector from plasma model by a scale factor.

In the plasma implementatiaodefor this thesis each 2D mesh from a cut plane covering the
plasma actuator region is converted into a Cartesian mesh through rotation and unbending while
keeping the total mesh area constant, as shown in Figlita)FThen the spatial body force

distribution from plasmanodel on the fine actuator mesh is superposed on the con(eteder)

(@) (b)

(c)
Figure F1 (a) Meslhrotation and unbendini@r plasma actuator region (b) Mesh superposition
(c) mapped body force distributidar original CFD mesh
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CFD mesh and the body force distribution is mapped onto the converted CFD mesh. The mapping
method is illustrateéh Figure F1(b) and based on the methcmr'eferenc. The body force
associated with each cell in the CFD mesh is obtained by adding the body force freamhthe
actuator cell within the CFD cell boundaries modulated by the proportion of its area that is
contained in the CFD cell. The obtained force vectors are mapped back to original CFD mesh cells
to obtain plasma body force distribution for original CFD m&skhown in Figure-E (c).
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This part would estimatén¢ liftfmoment coefficients for traditional ailerons and horizontal tails
on a commercial jet Boeing 7daAsed on the aircraft design calcula. According to open
data ofBoeing 73, thewing has a root chord of 8 m, span of 30 m, aspect r&ti®-d0, taper
ratio of 0.25, 1/4 chord sweep angle of 2&8nd twist angle ofl.1°. The horizontal tails have a
root chord of 2.5 m, span of 4181 m, aspect ratio of-46, taper ratio of 0.20.26, 1/4 chord sweep
angle of 30. Boeing 737 weight iV = 44000- 77000kg, wing planform are&=110 n¥, wing
spanb=30m, wing sectionalift curve slope% ,=45 rad.

Wing lift coefficient is calculated bgquation(F.1)

6D U
Tee

SoCy is about @1 for cruise speed Bth=0.84 about 0.85 for landintikeoffspeed Mah=0.3.

The wingfuselage pitching moment coefficient is determined by

(G.1)

CEQaaf; .
O/QL'JéNL %iNmEraS—g (GZ)

Assumng Boeing 737 using NACA63815 airfoil for wing profile, %, = - 0.11.ARis 810,
sweep angles=25°, twist angIeL‘ch -1.17°. Then %, , scan be estimated a$.0885.

For the horizontatail, the lift coefficient can be obtained by
Yo Gs0?0
$$

AL (G.3)

8:is horizontal tail volume coefficient, typically 0.80. The center of gravity of Boeing 737 is
18% MAC (mean aerodynamic chord), the aerodynamic center is assume to be 23% MAC,
thereforeh=0.18,ho=0.23. Therefore, thdift coefficient for horizontalail of Boeing 737 can be
estimated abouD.12for Mach number 00.84 -0.15 for Mach number of 0.3.

The roling moment coefficient derivative  for aileron can be calculated by

6%, Wi
l.

B, 10 )

i- 6 ?5
I"—6 E-U @5 A@ U (G.4)

For Beeing 737 wing root chordC,=8, aileron angle of attack effectiveness parameat€r.4, the

inboard and outboard position of aileron are selectge-8s3% andyo=0.%0, Therefore thelg
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can be stimated as 0.23 radWith a maximum defection aD° for aileron, the maximum moment
coefficient can increase to 0.04

Finally, the rolling moment coefficient for aircraft wings is about 0.04 with a maximum aileron
deflection of 10 deg. The lift coefficients for horizontal tails are about 0.12 for crsigeegl, and
0.15 for landingakeoffspeed.



