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SEPARATI ON CONTROL BY STEADY AND UNSTEADY SUCTION

SUMMARY

The effectiveness of combat aircraft dependsin part ontheir abilityto naintain high
lift under extre e conditions. Exanples of such conditions i ncl ude t he hi gh angl e of
attack rapid pitch notions necessary for combat naneuvers. A well-known
phenonena occurring on airfals undergoi ng such hi gh angl e of attack notionsisthe
for mation of aleading vortex This vortex proceeded by significant increaseinlift,
but it is alsoacconpanied by subsequent rapidl oss of lift andthe ensuring dynanic
stall.

Ne wt ype aircrafts have high cruise speed Increase at cruise speed causes decrease
a wng area and increases at landing speed There is a relation bet ween landing
speed and landing distance. If the landing speed increases, landing distance also
increases. To decrease landing distance aircraft need high angel of attack during
landing This also cause dynamc stall.

In past years, many experi nental and numnerical studies have been devoted to
i nprove the aerodynamc characteristics of the dynamc stall, thereby to enlarge
flight envelope. Al of such efforts can be roughly categorized as being either
passive or active control neasure to neet the goals.®? Passive techniques are
characterized by fixed devices that are configured toi nprove syste mperfor mance.
Active contrd strategies are based ontheideathatt he onset of flowseparation m ght
be delayed by directly suppl ying ki netic energy intothe boundary I ayer, enhancing
the turbulent entrainnent rate. Many experi mental and nunerical studies are
conducted to sd ve separation problem

Inthis study, a nunerical study was conducted to investigate effects of fixed
unsteady and steady suction on a nodified NACA0012 airfail. The fixed unsteady
suction was applied on airfal. Howfield predictions are made using a nodified
version of the CFL3DM 5) unsteady, t wo-di nensional, conpressible Navier- S okes
sa ver. Ctype grid was used

Suctionis appliedtosurface wthanangletosurface nor nal. The effect of suctionis
investigated Nunmerical resuts are obtained at M=0.3 and 12 and 15 degrees angle
of attack with one suction section and wth two suction section A first flowis
savedfor No- contrd at M=0. 3and 12 and 15 degrees angle of attack Cp diagrans
were usedto predict suctionlocation Steady suctionis applied at leading edge. This
case gave us good results. Separation point noved forward on airfail. This steady
contra case also gave us whereto apply second suctionlocation Unsteady suction
was applied at t wo | ocations on airfail. Suction frequency was obtained fromlift
history by solving fast furrier series fromno-control case. After appl ying suction at
two | ocations, separation is nearly contrdled

Qur nunerical sduions have indicated that unsteady suction wth the careful
selection of peak anplitude, frequency and | ocation; enhance the lift characteristics

Xi



of airfal. The unsteady suction can be use as a nean of separation contrd to
generate lift on airfals.
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OZET

Savag ugagimn etkinlig zor sartlarda yiiksek kaldr na {liret ne yetenegine bagidir.
Yiiksek hucum acgilarim ve am savas nanevralarim bu zor sartlara ornek ol arak
verebiliriz 1yi bilinen olay yiiksek hiicumacilarinda ol usan hiicum kenar1 vort eksi
dir. Bu vortex kal dir nadaki belirgin bir artisla baslar fakat kal dir nadaki ani diis s
bunu taki p eder ve sonunda dinamk stall dusur.

Yeni tip ucaklar yiiksek seyir siratlerine sahiptir. Seyir siiratlerinde ki artis kanat
alnalarinda azal ma ve inis siratlerinde artisa sebeb olur. inis hiz ileinis nesafesi
birbiri ileiliskilidir. Inis iz n art nas1 inis nesafesininart nasimnsebep ol ur. Inis
mesafesin azalt nak ancak yiiksek hiicumagisiyla minkiin ol ur buda dina m k stala
sebep d ur.

Gegms yillarda bir ¢ok deneysel ve sayisal ¢alisna dinamk stalun aerodinamk
karakteristikerin gelistirnek ve bu sayedede ucus alammn gelistirmmek igin
yapil mstir. Biitiin bu ¢alis nal ar pasif ve aktif olmak tizereiki kategoriye ayrilabilir.
Pasif tekniker, sistemn perfor masim arttirnak anmciyla tasarlanms araclardr.
Actif kontrd stratejisi ise aki m ayril nasimn sinr tabakasina enerji ilave et ne
fikrine dayanmr. Akt mayril nast problemn ¢oznekicin bir cok sayisal ve deneysel
calisma yapil mstir..

Bu caligsnmada, dai m ve dai m ol nayan sekilde aki mn e ml nesinin nodife edil ms
NACAO012 profiline olan etkilerinnn hesaplamal1 analizi yapil mstir. Kanadin
istiinde 1ki bolgede hava akim eml mstir. Akim alam tahmnleri NASA mn
kullandi g, dai m ol nayan iki boyutly sikistirlabilir Navier-Sokes denkle nelrini
kullnanan CFL3 DV 5) programyla yapil mstir. Ctipt grid kullaml mstir.

Hava aki m yiizey nor neline gore belli bir agiyla e ml mstir. Sayisal ¢alis malar 0.3
Mach sayisinda 12 ve 15 derece hucum agisinda yapil mstir. Ik once 0.3 Mch
sayisinda 12 ve 15 derecede konrol uygulanmadan aki malam tahmnlerin yaptik Cp
diagranmtarin hava akkmm eneced mz yeri belirlenek i¢in kullnadk Hicum
kenarida bir bol gede daimi bir sekilde hava aki mn belli bir oranda e mdi k(suction).

Ayril ma noktasinin profilin iist tarafina dogruilerled@n gozlemedik Bu durum
ayri¢aikinci suction bolgesin nereye uygulayacamz bul nada yard ne1 ol nustur.

Profil tlizerinde iki bol gede dai m olanayan suction uyguladik Suction frekansim

kontrd uygul naci @ mz durundaki kaldir na degisi nherini Fast Fourier serileriyle
cozerek el de ettik Tki bol gede suction uygul adi ktan sonra aki mayril nasimn kis nen
kontro edildgn gozlemledi k

Xii



Yaptig mz calisnalar goster mstirki; dai m olmayan birsekilde kanat {istiinden
aki mn e ml nesi, e mne oranin frekansinin ve yerinin di kkatli bir sekilde seci myle,
kal drna {izerinde onendi etkileri ol nustur. Dai m olanmayan bir sekilde kanat
tstiinde hava aki mmn ¢ekil nesi aki m ayril masinin kontrdiinde ve profillerde
tast mayl arttir nak i¢in kullamlabilir.

XiV



1 INTRODUCTI ON

11 Mbtivation

Combat aircrafts have to maintain highlift under extrene conditions such as the high
angle of attack or rapid pitch notions necessary for air conbat nmaneuvers. The | eadi ng
edge vortex is occurring under such high angle of attack notions. This vortex is
preceded by significant increase inlift, but it is also acconpanied by subsequent rapid
loss of lift and ensuring dynamic stal. [1, 2]

Aircraft has to have maneuverability and stability to perfor min combat situations.
Design changes in air-to-air weapons have increased the need for fighter-aircraft to
execute difficdt maneuvers. Turning performance is an exanple for this. The
developrent of all-aspect short-range infrared guided mssiles and all aspect guns

caused sone i nprove ments aircrafts perfor nance [1 2]

New type aircrafts have high cruise speed If the cruise speed increases wng area
decreases and landing speed increases. There is a relation bet ween landing speed and
landing distance. If the landing speed increases landing distance increases also. To
decrease landing distance aircraft need high angle of attack during landing. This also

cause dynamc stall.

These post- stall reg me maneuvers wilize thrust contrd to achieve rapid attitude
changes. Such conditions may result in unsteady separation on wng This situation can
leadtoincreased drag wing buffeting and stahility and contrd proble ns, which
degrade, combat effectiveness and coul d cause the I oss of the aircraft. [3]



During forward or nmaneuvering flight of helicopters, the angle of attack of the rator
bl ade sections periodi cally changes and reaches large val ues as t he bl ade rotate and pass
through the so called retreating blade position. Cnh an airfall whose incidence is
increasingrapi dy, the onset of the stall can be delayedtoi ncidences, which may exceed
the static stall angle, by a significant anount. However, once dynamc stall occurs, the
aerodynamc |l oads are generally nore severe and may cause significant increase inthe
blade stresses and the contrd system loads. Therefore, dynamc stall li mts the
helicopter flight envel ope and nethods are required to predic its occurrence.

Dynanmc stall also occurs on horizontal axis wndturhines, where rather conpl ex bl ade
inci dence variations are generated byt he unsteady i nfl owconditions due to at nospheric
turbulence and during operation in yaw Dynanic stal also may be encountered on
propeller andturbo nmachinery blades and onthe w ngs of rapidy and wngs of rapidy

maneuvering fighter aircraft and mssiles. [4]
1 2 Separation and poi nt of separation

Inorder to explainthe separation let consider the flowon airfal at an angle of attack
such as shown in Fgure L. 1 The flowaccelerated from A (stagnation point) to B and
deceleratedfrom Ato C Hence, pressure decrease from Ato Bandincrease fromAto
C Wile a partideis moving from Ato G it loses its ki netic energy due to viscous

forces. The point of separationis defined astheli nit bet ween for ward and reverse flow

inthe layer ini mmediate nei ghbor hood of the wall or poi nt of separation: (a_uJ =0
wall

Hgure 12 shows a represertation of flowin boundary layer. Fgure 1.3 shows the

separated flowon airfal.

Houre 11 Arfall
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1 3 Literature Survey

In past years many experi nental and nunerical studes have been devotedtoi nprove
the aerodyna mc characteristics of the dynamc stall, therebyto enlarge flight envel ope.
Al of such efforts can be roughl y categorized as being either passive or active contrd
measure to neet the goals. [6 7] Hxed devices that are configuredtoi nprove system



perfor mance characterize passive techniques. Passive contrd devices are si nple, and
relatively lowin cost but there are some significant disadvantages. They cannot be
contrdled and add parasitic draginsituations where suppressionis not needed Passive
contrd nethods areintrinsically unabletoadj ust tochanging flowfiel ds. [8] Because of
this, the active contrd methods have attracted more interest recently. Unlike passive
contrd nethods, active contrd strategies are based onthe ideathat the onset of flow
separation mght be delayed by directly supplying kinetic energy into the boundary
layer, enhancingthe turbulent entrainnent rate. Active techniques have the potertial to
mni nize bath disadvantages while opti mzing overall perfor nance. Conceptually,
active contrd methods can be dividedintotwo categories, one for stationary and t he
other one for moving contrd devices. [6] Thus for blowng [9 10] suction [11 12]
oscillaory surface heating [ 13], and acoustic excitaion [ 14] have been suggested for
motionless devices. Exanples in which notion of the contrd device is enployed are
movi ng surface, [15] buzz, [16] thickness variation [17], oscillating flap, [8 18] and
defor mabl e leading edge. [6 19 20]

Chandrasekhara [21] made an experi nental investigation of the unsteady effects of
dynamcally defor ming the leading edge of an airfal. H found that by carefully
selecting a fixed shape for the leading edge geonetry, the dynamic stall vortex was

conpletely eli mnated

Sahi nand Sankar [ 22] made a nunerical i nvesti gation based on Chandrasekhara’s work
[21], about dynamc stall contrd using a defor mabl e leadi ng edge and t hey found t hat
dynamc defor mabl e | eadi ng edge ( DDLE) airfails had a slightly dynamc stall behavi or
conparedto NACAD012 arfall.

Kehro and Hutcherson used a fixed vortex generatar on high-lift systens. A
landi ng/takeoff conditions, the vortex generator transports high monmentumfluid from
the boundarylayer towards the w ng surface, energizingthe boundarylayer and del ayi ng

separation Thus lift isincreased and perfor nance loses are reduced [18]

CGeissler and Raffel have studied the feasihility of dynamc stal control via active
thickness variation by means of dynamc stall contrd via activethickness variation by

means of nunerical analysis and experi nents [16]. The researchresults showedt hat the



overall aerodynamcs characteristics are greatly influenced by the strategies of the
thickness variation The concept of thickness variaionis relatively si nple and has an
advantage of increasing the maxi numlift wthout i nvokingthe earlier drag di vergence
and nonent stal. [17]

Ransey and Thomas [19] used a periodic blowing and suction nor mal to surface at
2 5%hord fromthe leading edge of NACA0012 airfal. They showed that lift was
increased for angles of attack bet ween 18° and 35°. They used the Reynol ds average
Navi er-stokes (RANS) approach wththe Bal dwn- Lonax al gebrai c turbulence nodel.

Hassan and Janakiram [19] have also used RANS approach with Baldw n—Lomax
Turbulence nodel. Intheir work zero net nass suction/bdowng was placed at 13%
chord and they found that for certain oscillation frequency and peak a nplitude, the lift
can be increased al beit with high nonmentuminput. The conparison wth experi nents

was not gvenin bah articles.

Donovan, Linda D Janakiram[23] nade a nunerical investigation both steady and
unsteady jet on airfals. They used an unsteady RANS i nconpressible flowsol ver with
Spalart Al naras turbulence model and conpared their results wththe experi nents of
Seifert and Bachar. [24]

Ravindran [25] made a nunerical investigation of unsteady suction and blow ng on an
airfal using a conpressible flowsol ver CFL3D He builds a previous work of Donovan
[23] to validate CFL3D for active flowcontrd applications. H used Spalart Al maras

turbulence nodel. He found that the lift increased as the b ow ng coeffident increased

Kari m and Acharya [26] developed a strategy for altering the unsteady flow
developrent and the for nation of the dynamec-stall vortex Their approach was to
contrd the accunul ation of reverse-flowfludinthe leading edge region of the airfal
suctionsurface by removingflu dat aspecifiedratethrougha suctionsla locatedinthe

suction surface near the leadi ng edge, a about 2% of chord



1 4 Gonparison bet ween Steady and Unsteady Separation

Thereis a difference between thet wo separation mechanisns. 1nsteady separation, the
flowis suffidentlyretarded due t o adverse pressure gradient, andthe nomentumof the
flud partidesis reduced. The retarded partides cannot penetrateirntothe high-pressure
region due totheir reduced kinetic energy. The boundary layer is deflected away from
the wall and separates fromit. The point of separationis defined as the point wherethe
wall shear vanishes [27]. In unsteady separation the separation poirt does not
necessarily coincide wththe point of vanishing wall shear [28]. Rather, the unsteady
separation point is determ ned by the si multaneous vanishing of the wall shear andthe
profile vel ocity at a point just above the wall as seen by an observer noving withthe
separation vel ocity[29]. Thisis known asthe MRS criterion Ifthe observerisfixedat a
point onthe airfal surface, itis possibleto observe zero vel ocity or zeroshear stress and
nat have unsteady separation An abrupt thickening of the boundary layer causes the
separation, whichresultinthe retarded flu dinthe boundarylayer beingejectedintothe
potentia flow

15 Characteristics of the Steady Arfoill Hows

Inour cal culations steady airfail is used There arethree specifictypes of stall [30]. The
first is leading edge stall, where the flowseparationinitially near the | eadi ng edge but
reattaches al most i mmediately due torapidtransitiontoturbulence. This reattachment
occurs whenthe pressure nearly equalsthe valuethat woul d exist if the boundary | ayer
was turbulent and attached [31]. This region bet ween separation and reattachnent is
conparable in size to the thickness of the boundary layer. As the stal angle is
approached, the region grows shorter until the adverse pressure gradient resultsinairfail
separation The separation/reattachnent regionis significant because it deter mnes t he
intia conditions of t he boundarylayer downstream It isthetype of stall, which occurs
on a static airfal. According to Lissaman [32], the region bet ween separation and
reattachment, known as a lamnar separation bubble, occurs only on airfails below a
chord Reynol ds numnber of 50,000. Above this poirt, the airfal is physicallytoo short

for reattachnent to occur.



The secondtype of stall, t hin-airfal stall, is characterized by lam nar fl ow separation at
the airfal leading edge and coincidng reattachment at sone point downstream The
reattachnent | ocation moves downstreamal ongthe airfal surface as the angle of attack
isincreased creating what is known as a |l ong separation bubble. This concept wll be

elaborated onin aletter section

The third kind of stall istrailing edge stall, whichinvol vesthe forward move nment of a
turbulent separation point fromthe trailing edge. This kind of stall occurs on unsteady
airfals.

For all Reynol ds numbers, the flowover a static airfal separates at a sufficiently high
angle of attack A Reynol ds numbers bel owabout 100, 000 ext ensi ve separations ont he
upper airfal surface may be possibe even at | ow angles of attack For these cases, the
lamnar boundary layer failsto overcone the adverse pressure gradient and separates,
for mng an unattached free shear layer. Accordingto Mieller and Batil [30], the lift and
drag on a static airfail increase as Reynolds Nunber increases. The angle of attack

correspondingto airfal stall asoincreases, but only slightly. [33]

Inthis study, a nunerical investigation of unsteady suction on an airfal using flow
sover CFL3D () is presented Suctionis appliedto surface with angle to surface
nor mal on a nodified NACA0012 CFL3D (\5) Boundary conditions are changed to
apply suction wth an angle. Nunerical resuts are obtained at M=0.3 and 12 and 15
degree angle of attack Inthis study effects of suctionlocation and anplitude are also

showed.



2 MATHE MATI CAL MODEL AND COMPUTATI ONAL ALGORI THM

2 1 How Dynamcs Equations

The di nensionless, unsteady, conpressiblle Navier-3okes equations in conservative
for mare gven by

‘w w w
_ _ 21
0Q 0, o), 1,5, (29
ot 0§, o0&,
The flowfid d vector& inviscid flux E“j and viscous flux (I‘E“v)j are gven by
o _Q
=3
(SN
E,=(€).Q+E)E))
(Y 1
(Ev)j :3(§j)k(Ev)k
L (2 2
p
pu,
a ) ) 1t
I CNI- NN b
0 (X1, X5, X5, 1) ou,
L PE ]
i pu, ] B 0 ]
puluk+81kp
8 Tkl (23)
E, = P+ OuP ' (Ev)k = T2
pu3uk+83kp ,Ck
3
puk(e+§) LU, T =0y |




Where Qisthe flowvector inthe Cartesian coordinates, and J is the Jacobian of the
transfor mati onfromt he Cartesian coord natestothe body-confor ned coordi nates. E are
the inviscid flux vectars in Cartesian coordinates and (E)x are viscous and heat

conduction fluxes vectors in Cartesian coordinates. 23 gvethem

Where 1k, is the shear stress tensor. For Newtonian fluds wth the Stokes’s

hypothesis, A = =5 L, 1, is gi ven by

ou
:uMw( Lou, 2 aumJ

Tkn A Ykn
Re (ox, ox, 3 ~0X,
(2 4
And the heat conduction flux o, is gven by
q. = —uM_ o0T
“~ (y—1)PrRe x, (29

The variables in Equations are non-di nensionalized by usingthe reference paraneters.
The reference paraneters are L,a_,L/a,,p,andp, for the length velocity, tine,
density and nolecular viscosity, respectively. The pressure is non-d nensionlized by

p,a;. The free stream Reynolds nunber is defined by Re=2=>= and the Pranctl

nunber, Pr= “—E", is chosen as 0172, Sutherland’s law g ves the di nensionl ess viscosity

_Tg(lJer (2 6
H T+cC

Where T is the non-dinensional tenperature and ¢ is the Sutherland’s constant,
c~1104/T,.



22 KHnite Volune For nul ation: Roe’s Upwi nd Sche ne

The conservative for mof the full Navier-Sokes equations, Eqn. 2 1, can be integrated

over the domain V

8(E (E)) _
j j dv=0 27

Applyingthe Gauss divergence theoremtothe secondter m the equation above can be

rewitten as
w w w
E.—(E).
I@dv+§—1 ( V)Jgfn-ﬁd8=0 (29
v ot S J

Where gjm is the covariant base vector, d%Rthe boundary enclosing computational

domain Vand A the unit out ward nor nal of OR

221 Roe’s Hux- Dfference Spitting

The flux-difference splitting sche ne devel oped by Roe is based on a characteristics
deconposition of the flux differences. Roes scheme posses the conservation properties.

Consi der the one-di nensional equation

2Q  0F _
ot 0x (29

Where Eis a function of first order of Q Wingthe chainrule this equation can be

written as

9Q, 299 _, (2 10)

ot 0 X

Where Az% isthe fluxJacobian natrix The exact so ution of the R emann problem
can be witten as
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Ex—E =D adeg (211

Where o represents the projection of the difference in Q bet weenthe initia right and
left states, A and g are the eigenval ues and eigenvectors of the Jacobian matrix A

respectivel y. The interface flux can be deter mined usi ng
1 3
Ej+;(QL,QR)=E[EL+ER—;aiﬂieij (212)

Consi der the Euler equations, where Eis not alinear function of Q Roe suggestedthe
fdlowng form

0Q —00 (213)

Where A isthe Roe-average matrix which satisfies the fol ow ng conditions:

1 A Qonstitutes alinear mapping fromthe vector space Qtothe vector space E
2 As Q> Qr »Q, A(Q.,Q:) > AQ)
3 For any Q_ and Q?v Z‘(QLaQR) X(QL _QR): E|_ - ER

4, The eigenvectors of A are linearlyindependert.

Based onthethird property, the flux difference bet weenthe left andright states andthe

interface fluxes can be written as

ER - EL = A(QL _QR) (214)

e, (-0 3 [ +E)-[AQ -0

HE

2 15)

The last ter mof Bg 2 15isthe dissipationter m

11



2 3 Intid and Boundary Gonditions

The sol uion of any partial differential equationis conpletely dependi ng onthe choices
of intid and boundary conditions. The initia conditions should correspond to the
physical nature of the flow Asitisexpected different for mof such conditions nust be

used for steady and unsteady cal cul ati ons.

Two types of boundary conditionrepresentations are e npl oyedin CFL3DQ nanely, cell-
center and cell-face. For cell-center type boundary conditions, the flowfield variables
are specified at “ghost” points corresponding to two cell center locations anal yticall y
extended outside the grid For cell-face type boundary conditions, the flow field
variables andtheir gradients are specified at the cell face boundary.

As the initial conditions, the free stream Mich nunber of 0.3 and the free stream

tenperat ure of 460 degrees Kelvinare applied for all the cases.

Extrapol ati on boundary conditions are cell-centertype boundary conditions. The

ghost poirts are extrapolated fromthe conputational domain Based onthe locations of

p1, prand p., (Hgure 2 1) the extrapol ated val ues woul d be

Hgure 21 Extrapol ated Points
pa=piand p2=p,

The free streamboundary conditions are cell-center t ype boundary conditions. The flow

field variables for bath sets of ghost points are set equal tothe intial val ues, which are:
Pinitiat = 1.0 (2 16a)

Uiniiar = M, COS X COS [ (2 16b)

initial

12



Viitiat = —M,, sin B (2 16¢)

Wit = M, SinxCos (2 16d)

Pinitial = pinitial(ainitial )2 ly (2 16e)

It shoul d be notedthat all boundary conditions usedinthisstudy are specified explictly:.
The walls are considered i nper neable and adiabatic. Wsing locally one-d nensional
characteristic boundary conditions i ncorporates the far field boundary conditions. The
vel ocity nor nal tothe boundary andt he speed of sound for each cell are cal culatedfrom
the locall y one-di mensional Renanninvariants, that is

R =U+-°_a (217)

Theinvariarnts, for exanplein & direction are constart al ongthe characteristics defined

as

deY’
== | =U
(dt) a (219)

These invariants are usedto calculatethe I ocal nor mal vel ocity andt he speed of sound.
Adding or subtracting the two Renann invariants respectively calculates the | ocal
nor mal vel ocity and t he speed of sound at the boundaries. The I ocal normal vel ocityis
calcuaed by summ ng and t he speed of soundis calculated by subtractingthem G her
quartities such as density and pressure can be found by usingthe entropy relation and
the equation of state respectively. For steady inviscid flows, the vel ocity conponents
usedinthe surface boundary conditions andthe contravariart vel ocity, whichis U can
be expressed as

Uyan = Ucenter — nxU (2 lga)
Vian = Veenter — nyU (2 19b)
Wwall = chnter - an (2 19C)

13



P
U=Ven=un, +vn, +wn, (2 20)

The entropy is deter nined using the val ue fromoutside the donainfor the i nflowand
frominside the donmain for outflow The entropy and speed of sound are used to
deter mne the density and pressure on the boundary. The pressure for the boundary
conditions can be obtai ned by extrapolationfromt heinterior point val uethat is order of
zero. The densityisthen cal culated by e npl oying t he state equation [40, 41]. The outer
boundary conditions of the grids are showninthe figure 21 and 2 2

20

05}

10
suction area

| viscous surface
> ol

05

extrapolated type
boundary condition

Y

o

T
free stream type
boundary condition

-10

20

extrapolated type
boundary condition

ey | 1 T T R T N NI SR N N R
20 10 0 10 20 30 -0.5 0 0.5 1
X X
Fgure 21 Qiter Boundary Conditions FHgure 2 2 Surface Boundary Conditions

The viscous boundary conditions are cell-face t ype boundary conditions. Two pieces of

auxliary infor nation are supplied on input: the wall tenperature ( TW/T.) and nass
flowrate (Q), where Q4=( 0 Unor mai )/( o U)

The surface vel ocities are the deter mned as

_ &/ (c2)

U=M O Vel b+UT‘E§’] (221
_ &y (c2)

=M, Oq |V§|'_b +vmeh (222
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v (D
W MOCq%vﬂ.]PNm (2239

Unesh, Viesh, Whesh arethe vel ocity conponents of the nesh Inthisstudythey are equal to

zero because the neshisnot in notion

This type boundary condition allows applying suction Somne changes on boundary

condition of CFL3D nade to apply suction wth an angle to surface nor nal.
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3 COMPUTATI ONAL ALGORI THM

3.1 About G13D

Predictions were made using a nodified version of the NASA CFL3D(V5), a Reynol d-
Avaragedthin-layer Navier- 3 okes flowsol ver for structured grids. The original version
of CFL3D was developedinthe early 1980’s inthe Conputational Huid Laboratory at
NASA Langley Research Center; hence the name of the code, whichis an acrony mfor
the Conputational Huids Laboratory 3- D nensional flowsol ver. An overview of the
history of the code can be found in Runsey, Bedron and Thonas. [32]

CFL3D sol ves the ti ne dependent conservation lawfor mof the Reynol ds- Averaged
Navier-3okes equations. The spatial discretization involves a sem-dscrete finte-
volure approach Upwnd biasingis used for the convective and pressure ter ns, while
central differencing is used for the shear stress and heat transfer terns. Ti ne
advancerent is i nplicit withthe abilityto sol ve steady or unsteady flows. Miltigrid
and nesh sequencing are available for convergence accel eration Nunerous turbul ence
models are provi ded, i ncludi ng 0-equation, 1-equation and 2-equation nodels. Miltipe-
bl ock topol ogies are possibe wththe use of 1-1 bl ocking patching overlapping and
enbedding CFL3D does not contain any grid generation soft ware. Gid mnust be

supplied extraneousl y.

Version 50 of CFL3D has several additional utilities over earlier version of the code.
Most notably, \ersion 5.0 has the capabilityto enypl oy slid ng patched-zone i nterfaces,
such as mght be requiredto perfor mrator-stator conputations, for exanple. However,
it is stressed here that CFL3D has been developed pri narily as a tool for external
aerodynamcs anal ysis. Its use for i nternal turbo machi nery applications has been only as
a basicresearch code thus far; ather Navier- 3 okes codes specificall y desi gned for t urbo
machinery applications, such as ADPAC UNCLE TURBQ or ROTOR nmy be better
suitedtothe anal ysis of such flovs.

16



CFL3D does nat have capabilityto sa ve unsteady-tangential suctior/bl owi ng. For this

pur pose boundary condition section of the code is chanced

In our calculations Lamnar flowcondition and Roe’s flux difference splitting sche ne

are used

32 Qid

Conmputations were prefor ned on a Gtype nmesh having a resa uion of 209x97. Hgure
one describes the conputational grid generated for NACA-0012 airfal. Hyperbolic
grid-gen was usedto generatethe conputational grid while enforcing grid orthogonality
at the surface of the airfoil. Gidclustering was perfor ned near the surface of the airfail
toresave the details of the boundary layer. In the conputational grid the first grid
points of the airfals were located at a distance equal to 0.00001C The far field
boundary was located at a distance approxi nately equal to 30 airfal chord lengt hs.

Hgure 31a Conputational Gtype grid around the airfail
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4. RESULTS

4.1 Cases

Sx calcuaions for nodified NACADO012 airfoil are perfor med Al calcuaions are
done at Mach number 0.3 Three calculaions are perfor ned at 12 degree of angle of
attack and three calculations are done at 15 degrees of angle of attack Hrst, flow
predictions for 12 and 15 degree of angle of attackare done at Mach nunber 0.3 wit hout

any contrd applied G, and lift and drag history diagrans are used to predct suction
location frequency, and anplitude. Two contrd calculationsfor bath 12 and 15 degree
of angle of attack are done. A first one steady suction area near | eading edge is applied

After that, calculation of second unsteady suction areas on airfail applied Table 4.1

shows these cases.

Table 4.1 Test Cases Showng Angle O Atack Contrd Type And Nurmber Cf Suction
Area

Mach Angle of | Contrd type Nu mber of suction area
nu nmber attack

0.3 12 No- Contrd -

03 12 Seady contra 1

03 12 Unst eady contrad 2

0.3 15 No- Contrd -

0.3 15 Seady corntra 1

03 15 Unsteady contrd 2

At 12 degrees of angle of attack steady suction is applied near leading edge. Suction
location and suction amplitude are shown at figure 4.1 This case is called as steady
suction This case helps us to deter mne where to apply second suction area. Cp
diagrans usedtofindthe second suctionarea Lift history at wthout contrd case used
tofind suctionfrequency. A 12 degree of attack unsteadyt wo suction areas applied on
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airfal. Suctionlocations and suctionfrequency and a nplitudes are shown at Hgure 4. 2

This case is called as unsteady sucti on

07f E
r 07k
°®F  SUCTION LOCATION: w6k SUCTION LOCATIONS:
[ X/C:0.058-0.14 I CQ1:X/C=0.058-0.14
05F  SUCTION AMPLITUDE: ok CQ2:X/C=0.47-0.63
£ SOETION | CQit 010005 cos (1256 ime+pil2)
041 = o =-0.10-0.03*cos (1. ime+pi
i EBSR'A‘EQ 5 2‘8,'151;0 04F  CQ2= -0.26-0.06*cos (1.256*time+pi/2)
03f ' > [ SUCTION ANGLE=70
2 03F  FOR M=0.3 AOA=12
0.2 ;‘ 0.2 —
0.1 :_ CB—]" 01 :_
P —_ FceL . c2
0 7/ — 0 :_ g
O »0.1:—|""|;77‘T‘7::7|7:,‘7"‘,‘M,HH,HH,HH,M
0 01 02 03 04 XO.S 06 07 08 09 0 01 02 03 04 )?.5 06 07 08 09
Figure 4.1 Suction Location and Amplitude Fgure 42 Suction Location and Suction
for Seady Suction for M=0.3at 12 Degree Frequency and Anplitude for Unsteady
of Angle of Atack Suction for M=0.3at 12 Degree of Angle of
Atack

A 15 degree of angle of attack same way was followed FHrst steady suction at one
locationis applied and usingthis case’s results unsteady second suction areais applied
H gure 4 3shows the suctionl ocationand a nplitude for steady suction Hgure 4 4shows
the suction locations, suction frequency and suction anplitude for unsteady case.

07 f_ 08f
0.6 B 0TE SUCTION LOCATIONS:
' F SUCTION LOCATION: 06 E X/C=.47 - 0.68 , X/C=0.34-0.54
osE X/C:0.050-0.14 o SUCTION MAGNITUDE :
~F SUCTION AMPLITUDE: osfE CQ1=-0.10-0.03*cos (1.256*time+pi/2)
I CQ1=0.13 “F gSé;lgi\‘lig.(gE;co7so(l.256*time+pi/2)
04F  SUCTION ANGLE=70 04k 0 E=
I FOR M=0.3 AOA=15 s F FORM=0.3A0A=15
03F 03
0.2 f— 02F
01 E_ 01f cQ1 cQ2
*Fecor . o — S
F ok
0 P~ S
I I - 01F
0.1 RN | ] ] ] [ N | E_ 1 1 ] ]
01 02 03 04 05 06 07 08 09 0 0.25 0.5 0.75 1
X X
Figure 4.3 Suction Location and Anplitude for Steady Fgue 4.4 Suction Location, Suction Frequency and
Suction for M0.3a 15 Degree of Angle of Atack Anplitude for Lhsteady Suction for M:0.3 & 15A0A
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A all cases suctionis applied wth angle to surface nor mal.

Hgure 4 5shows the suction angle. 7
04

0.2

0.1 r 70

0.1

e 1 o] A
-0.1 0 0.1 0.2 0.3 0.4

Hgure 45 Suction Angle

4.2 Cllcuations for 12 Degree G0 Angle G Atack

4.21 How Predctions for Mich nunber 0.3 a 12 Degree of  Angle G Atack

A first flowpred ctions for Mach nunber 0.3is made at 12 degree of angle of attack A
was obtained as 5x10°°, and fixed for all the follow ng conputations. The conputations
were extended to 20000 nunber of ti me step whichis equivalent to non-d nensional
ti ne of T=100.

Hgure 4. 6 shows the ti ne history of the lift and drag coefficient. The figure 4.6 shows
oscillations. Except for transiernt ti ne (0-4500 number of ti ne step), the lift coefficent
shows larger anplitude oscillations than drag coefficent. The maxi mum lift coeffident
is 1 13andthe mn numlift coefficdent is 0.63 The maxi mumdrag coeffidernt is 0.25
andthe mni numdrag coeffident is 0.13 Gscillations at the lift and drag coefficient is
unsteady andit is not possibleto obtainan exact frequency. The continuous oscillations
of the lift and drag coefficiert is nainly due tothe unsteady separation
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3.5

LIFT HISTORY - NO-CONTROL
DRAG HISTORY - NO-CONTROL

M=0.3 AOA=12 WITHOUT CONTROL

lift, drag
N
N (63 w
u 1 \|\\\\|\\\\|\\\

=
o

1 5001 10001 15001 20001

Houre 46 Time Hstoy of Lift and Drag Coefficient,
M=0.3 AOA=12 Wthout Contra

Hgure 4. 7shows t he ei ght-di nensi onal snapshat views of t he strea nli nes at several ti e
instants. The unsteady separation developrent is clearly observed As the ti ne goes
separation starts near the leading edge and develops into a strong unsteady separated
flow FHgure 4 8 shows the Mich Contours at different ti ne instants. The devel op nent
of unsteady separation can be seen Hgure 49 shows the G, coefficient at several
differert ti ne i nstants. Cp coefficient shows that separationis unsteady. The peak poi rt
of CP coefficent shows the separation location Separation location dffers inti ne.

T=7.5
T=12.5

06 07
F M=0.3 AOA=12 WITHOUT CONTROL

0.6
05

M=0.3 AOA=12 WITHOUT CONTROL

04F
05F

L L
0 0.5 1

Houre 47 Me0.3 AOA=12, Without Contrd Sreantines a Dfferent Time Instarts
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T=175 T=25

M=0.3 AOA=12 WITHOUT CONTROL ' M=0.3 AOA=12 WITHOUT CONTROL

k 1 1 1 | 1 1 1
0 0.5 1 0 05 1
X X
T=50
T=62.5
0.7
0.7
0.6
M=0.3 AOA=12 WITHOUT CONTROL 0.6

M=0.3 AOA=12 WITHOUT CONTROL

0 0.5 1
X
T=85 T=100
0.7 0.7
0.6 0.6
M=0.3 AOA=12 WITHOUT CONTROL M=0.3 AOA=12 WITHOUT CONTROL
0.5

-0.4
-0.5
L 1 1 1
0 0.5 1 0 0.5 1
X X

Houre 47 Me0.3 AOA=12, Without Contrd Sreantines a Dfferent Tine Instants
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M=0.3 AOA=12 WITHOUT CONTROL

0.587
0.558
0.529
0.500
0.472
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0.414
0.385
0.356
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0.039
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Houre 48 M0.3 AOA=12, Without Contrd Mch Contours a Dfferent Ti ne Instants
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4.2 2 Seady Suctionfor M. 3 at 12 Degree of Angle G Atack

Inthis cal cu ation an array containingsuction areais placed on upper surface of NACA:
0012 airfal. One steady suction areais placed at 0.08-0.14 X C Suctionanplitudeis
Cg=0.13( Mass How Rate). Fgure 4. 10shows the suction | ocation on airfoil. Suctionis

appliedto surface wth 70 degree of angle respect to surface nor mal.

orf -
065 13|
“F SUCTION LOCATION: i
0 [ X/C:0.058-0.14 -
°F  SUCTION AMPLITUDE: L
L CQ1=0.13 2
04 SUCTION ANGLE=70 -
. [ FORM=0.3A0A=12 .
03 1 |
0.2?— i 70
01pE cQrL or
0 :_ ‘77:::::::::::: -
e 11
Ol :‘ N T e
0 0. 02 03 04 XO.5 06 07 08 09 01 0 01 0.2
X

Hgure4 10 Suction Location and suction angie: Seaay suction tor vFU. 3 at 12
Degree of Angle of Atack

A was obtained as 5x10° and fixed for all the folowng conputaions. The
conputations were extendedto 20000 nunber of ti ne step whichis equivalent to non-
di nensional ti ne of T=100.

Hgure shows theti ne histary of the lift and drag coefficents conparisons with wthout
contrd case. Ater applying steady suction oscillaion anplitude becone s naller.
Conpared wth Mach nunber 0.3 angle of attack 12 wthout contrd case, C_is about
%25 higher and Gy is %601 ower. Table shows t he conparisons bet ween w thout contrd

case and steady suction case.
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Table 4.2 Lift and Drag Conparisons Bet ween Wthout Contrd Case and Seady

Suction Case
Mach Angle | Contrd Number | Maximum | Mnimum | Maxi mum | Mni mum
nunber | of type of G G Co Co
attack suction
area
03 12 No- - 113 0.63 0.25 013
contrd
03 12 S eady 1 145 0.98 012 0.018
contrd
- M=0.3 AOA=12
35 LIFT HISTORY - NO-CONTROL
B DRAG HISTORY - NO-CONTROL
3 | s LIFT HISTORY - STEADY SUCTION
F | e DRAG HISTORY - STEADY SUCTION
2.5 —
= §
s 2F
= 15 -
1
05F
M LTSN PULENLE FORTR VANl AV ok Tl e\ |

10001 20001
ntime
Houre 411 Ti me Hstory of Lift and Drag Coefficient for steady contrd and, Wthout Contrd, Me0.3

AOA=12

1 5001 15001

Hgured 11 shows the eight snapshot views of the streanlines at severa ti ne instarts.
Separation starting point noved forward The unsteady separation is developnent is
starting from x/c 0.3 As the ti ne goes separation develops to the trailing edge.
Separationis nearly contrdled conpared wth without contrd case. But thereis still

separation onthe airfal but it noved for ward

Hgure4 12 shows the Mach Contours at different ti ne instants. Separation |ocation

change and separation devel oprent fromx/c 0.3 can be seen fromt he fi gures.

Hgured 13 shows the C, coeffident at several differert ti ne instants. G coefficient
shows t hat separationlocationis noved and separationis startingfromx/c 0.3 Andalso

separation anplitude becane snaller conpared to wthout contrd case. Inthis study
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goodresults obtai ned but t hereis still separation Thisresultis usedtocontrd separation

at next step.
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Hgured 13 M=0.3 AOA=12 steady Contrd, Mch Contours a Dfferent Ti ne Instarts
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4.2 3 Unsteady Suctionfor Me0.3 A 12 Degree G Angle G Atack

Inthese calculationtwo arrays containing suction area is placed on upper surface of
NACA:- 0012 airfal. Two unsteady suction areas are placed at 0.6-0.14 X G and 047-
0.63 X C Suctionis applied wth a frequency. Suction frequency is obtai ned fromlift
coefficient of wthout contrd case. 40 lift coeffidents at different ti ne instants were
chosen and solved them by Fast Fourier Series.  Suction anplitude is Cql=-0 10
0.03*cos( 1. 256*i ne+]]2) and cq2=0 26-0.06%(1.256* +][[2) (cq=Mss Flow Rate).
Steady suction cannat contrd separation Cp coefficent of one steady suction case
shows t hat separation starting devel oprent near x/c 0.45. Because of this result second
suctionlocationis applied bet ween 047-0.63 X C H gure shows t he suction| ocations on
airfal. Suctionis applied tosurface wth 70 degree of angle respect to surface nor nal.

0.7f—
o6k SUCTION LOCATIONS:
s CQ1:X/C=0.058-0.14 04
05 2 CQ2:X/C=0.47-0.63 N
~F SUCTION AMPLITUDE: I
F CQ1=-0.10-0.03*cos (1.256*time+pi/2) 0sf
04F  CQ2=-0.26-0.06*cos (1.256*time+pi/2) g
~ [ SUCTION ANGLE=70 i
03| FOR M=0.3 AOA=12 02
I > [
0.2 :— 0.1} 0
01 E 70
L ce2 oF
of( — r
F *’ 01
0Ll T T T T S S
0 01 02 03 04 05 06 07 08 09 01 0 o1 0z 03 04
X

H gured. 15 Suction Locationand suctionangle: unsteady Suctionfor M=0.3at 12 Degree of
Angle of Atack

A was obtained as 5x10° and fixed for all the folowng conputaions. The
conputations were extendedto 20000 nunber of ti ne step whichis equivalent to non-
di mensional ti ne of T=100.

Hgure 4 15shows thetime history of the lift and drag coefficents for unsteady suction

Conpared wth wthout contrd case and steady suction case oscillaions at drag and lift
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becarme smaller. Ater applying t wo-unsteady suction oscillation anplitude becomnes
smaller. Conpared wth wthout contrd case and steady suction case there is a
signficant increase at lift. Table4 3 shows the lift and drag conparisons bet ween
without contrd case, steady suction case, and unsteady suction case. Applying t wo
unsteady suction | ocations does not have positive effect on drag coefficient conpared

with steady case.

Table 4.3 Lift and drag conparisons bet ween no-contrd case, steady case and unsteady
case.

Mach | Angle | Contrad Number | Maximum | Mnimum | Maxi mum | Mni num
nunber | of type of G C Co Co
attack suction
area
0.3 12 No-cortrd | - 113 0.63 0.25 0.13
03 12 Seady 1 145 0.98 012 0.006
contra
03 12 Unsteady |2 151 129 0.091 0.037
contra

lift, drag

B M=0.3 AOA=12
351 LIFT HISTORY - NO-CONTROL
- DRAG HISTORY - NO-CONTROL
N T PR LIFT HISTORY - STEADY SUCTION
e DRAG HISTORY - STEADY SUCTION
f — — — = LIFTHISTORY - UNSTEADY SUCTION
25 — — — - DRAG HISTORY - UNSTEADY SUCTION
2 -
15 \/‘\“,\/,\.—’_/‘--.;‘_ﬂ

el e B S bt P el el R Lo T R Pl 2] LR e e R L] |

1 5001 1?_001 15001 20001
RIS R ol Siibee GPeViFer Qe RIS APLURAAPEYHe Pt

Separationis nearly contrdled There are small babbles on trailing edge. Hgure 4.19

shows the G, coeffidert at several different ti me instants. These figures also prove t hat
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separationis contraled and there are just snall negative pressure gradients at trailing
edge. Fgure 4.18 shows the Mach Contours at different ti ne instants. Except trailing

edge Mich Contours aresi mlar wth an airfal a zero angle of attack
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0.5

Figure 4.17 M=0.3, AOA=12, Unsteady Control Streamlines at Different Time Instants
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4.3 CALCULATI ONS FOR 15 DEGREE OF ANGLE OF ATTACK

4.31 How Predctions for Mich nunber 03 a 15 Degree of Angle G Attack

Insane way wthangle of attack 12-degree case, flowpredictions for Mich nunber 0.3
at 15 degree of angle of attack done. A was obtained as 5x10° and fixed for all the
fdlowng conputations. The conputations were extendedto 20000 nunber of ti ne step
whichis equivalent to non-di nensional ti ne of T=100.

Fgure 4 20shows thetime history of thelift and drag coefficiert. The figure 4 20shows
oscillations at the lift and drag coefficen.

4.5 M=0.3 AOA=15
LIFT HISTORY - NO- CONTROL

DRAG HISTORY- NO-CONTROL

35

lift, drag
N
ul
1

LFT

LNAOD

1 |
15001 20001

1
1Q001
ntime

1
1 5001

Fgured 20 Ti me Hstory of Lift and Drag Coeffident, M=0.3, AOA=12, Vithout Contrd
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0.7F

-0.4

Except for transiert ti ne (0-4000 nurnber of ti ne step), the lift coeffident shows larger
anplitude oscillaions than drag coefficiert.

The maxi numlift coeffident is 122 and the m ni numlift coefficent is 0.87. The
maxi mumdrag coefficient is 0. 34 andthe mni numdrag coeffidentis 0.24. Gscillations
a the lift and drag coeffident is unsteady and it is not possible to obtain an exact
frequency. The continuous oscillaions of the lift and drag coefficient is mainly due to

the unsteady separation

Hgure 4.21 shows the eight-d nensional snapshot views of the streanlines at several
ti ne instants. The unsteady separation devel opment is clearly observed. Separation
devel oprent is nore severe than angle of attack 12 case. As the ti ne goes separation
starts near the leadi ng edge and devel ops into a strong unsteady separated flow Hgure
shows 4.23the Muich contours at differernt ti ne instants. The devel opnent of unsteady
separation can be seen Fgure 4.22 shows the G, coefficent at several different ti ne
instants. G coeffident shows that separation is unsteady. The peak point of CP

coefficdent shows the separation location Separation location dffersinti e

T=7.5 M=0.3 AOA=15 WITHOUT CONTROL T=125 M=0.3 AOA=15 WITHOUT CONTROL
0.7

06 0.6

E 1 . . . . 1 . . . . 1 . 0461 L L L L 1 L L L L 1

Hgured 21 M-0.3 AOA=15 \Vithout Contrd, Sreanlines A Dfferent Time
Instants
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4.3 2 Seady Suctionfor M. 3 at 15 Degree of Angle G Atack

Inthis cal cu ation an array containingsuction areais placed on upper surface of NACA:
0012 airfail. One steady suctionareais placedat 0.050 <x/c <0.14. Suctionanplitude
Is Cq=0.13 ( Miss HowH ux). Fgure 4. 24 shows t he suctionl ocation on airfal. Suction
is appliedto surface wth 70 degree of angl e respect to surface nor nal.

i 03k
0.7 =
0.6 :— B
E SUCTION LOCATION: -
F X/C:0.050-0.14 0.2
05 SUCTION AMPLITUDE: i
' CQ1=0.13 > [
04F  SUCTION ANGLE=70 B
> [ FORM=0.3 AOA=15 01}
03 B
r i 70
0.2 |
g oF
01r cQL - B
o i -
Fo— o B 01}
Ol 1 i T R A
0 01 02 03 04 )?.5 0.6 0.7 08 09 0.1 0 0.1 0.2

X

Hgured 24 Suction Location and suction angle: Steady Suction for M=0.3 at 15
Degree of Angle of Atack

At was chosenas 5x10°3, andfixedfor all the foll owi ng conputations. The conputations
were extended to 20000 nunber of ti me step whichis equivalent to non-d nensional
ti ne of T=100.

Hgure 4.25 shows the tine history of the lift and drag coefficients comparisons wth
without contrd case for angle of attack 15 After applying steady suction oscillation
anplitude becone s maller. Conpared wth Mach nunber 0. 3angle of attack 15 wt hout
contrd case, G is about %d2-18 higher and G is %67 lower. Table 4.4 shows the
conparisons bet ween wthout contrd case and steady suction case.
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Table 4 41ift and drag comparisons bet ween wthout contrd and steady suction case

Mach Angle | Contra Number | Maximum | Mnimum | Maxi mum | Mni mum
nunber | of type of o} G Co Co
attack suction
area
0.3 15 No-contrd | - 122 0.87 0.34 024
03 15 Seady 1 145 0.98 011
contrd 0.04
45 M=0.3 AOA=15
: LIFT HISTORY - NO- CONTROL
4 DRAG HISTORY- NO-CONTROL
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FHgure 4.25 Tine Hstory of Lift and Drag Coeffident, M:0.3 AOA=15,
Wthout Contrd and Seady Contral

Hgure 4.26 shows the eight snapshat views of the streamines at several ti ne i nstarts.

Separation starting point noved forward The unsteady separation developnent is

starting from x/c 0.3 As the ti me goes separation develops to the trailing edge.
But thereis still

Separationis nearly contrdled conpared wth without contrd case.

separation onthe airfal but it moved for ward
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FHgure 426 M=0.3 AOA=15 Seady Contrd Sreantines a Dfferent Ti e Instants

Fgure 428 shows the Mach Contours at different ti ne instants. Separation | ocation

change and separation devel opnent fromx/c O 3 can be seen fromthe figures.

Fgure 4 27 shows the G, coefficient at several differert ti e instarts. Co coefficient

shows t hat separationlocationis noved and separationis startingfromx/c 0.3 And also

separation anplitude becane snaller conpared to wthout contrd case. Inthis study

good results were obtained but there is still separation This case’s result is used to

contrd separation a next step.
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4.3 3 Unsteady Suctionfor MeO. 3 at 12 Degree Angle G Atack

Inthese calculaiontwo arrays containing suction area is placed on upper surface of
NACA:- 0012 airfal. Two unsteady suction areas are placed at 0.058-0.16 X/ G and 0. 34-
05 X C Suctionis applied wth a frequency. Suction frequency is obtained fromlift
coefficient of wthout contrd case. 40 lift coefficients at different ti ne instants chosen
and solved them by Fast Fourier Series. Suction anplitude is Cgl=-0 10
0.03*cos( 1. 256*i ne+]]2) and cq2=018-0.06%(1.256* +][[2) (cq=Mss Flow Rate).
Separation is not controlled Cp coefficdent of one steady suction case shows that
separation starting developnent near x/c 0.40. Because of this result second suction
locationis applied bet ween 0.34-0.5 X C FHgure 4 29 shows the suction | ocations on

airfal. Suctionis applied tosurface wth 70 degree of angl e respect to surface nor nal.

0.7 :_
L SUCTION LOCATIONS:

o6 E CQ1:X/C=0.058-0.16
F CQ2:X/C=0.34-0.5
oskE SUCTION AMPLITUDE: 14
°F CQ1=-0.10-0.03*cos (1.256*time+pi/2) [
F CQ2=-0.18-0.06*cos (1.256*time+pi/2) r
0.4 1 SUCTION ANGLE=70 13

I FOR M=0.3 AOA=15
03|

0.2

- CQ1 cQ2 0
o ol
ok
o1k 1k
Ull—ll\\\ll\\\l'l\\\l’ll\\l\l\\l\ll\l_\l\\l\l\\l\\l\l\\l T T T T T T
0 0.1 02 03 04 )?45 06 0./ 08 0.9 o1 0 0.1 0.2 0.3 0.4
X

Hgure4 29 Suction Location and suction angle: Seady Suction for M=0.3 at 15
Degree of Angle of Atack

A was obtained as 5x10° and fixed for all the folowng conputaions. The
conputations were extendedto 20000 nunber of ti ne step whichis equivalert to non-
di mensional ti ne of T=100.

FHgure 4 30shows thetime history of the lift and drag coeffidents for unsteady suction
Conpared wth wthout contrd case and steady suction case oscillaions at drag and lift

44



becarme smaller. Ater applying t wo-unsteady suction oscillation anplitude becomnes

smaller. Conpared wth wthout contrd case and steady suction case there is a

signficant increase at lift. Tables 45 showthe lift and drag conparisons bet ween

without contrd case, steady suction case, and unsteady suction case. Applying t wo

unsteady suction | ocations does not have positive effect on drag coefficent conpared

with steady case.

Table 4.5 Lift and Drag Conparisons Between Wthout Contrd Case and Steady

Contra, Uhsteady Control

15001 20001

ntime

Mach | Angle | Contrad Number | Maximum | Mnimum | Maxi mum | Mni num
nunber | of type of G C Co Co
attack suction
area
0.3 15 No-cortrd | - 122 0.87 0.34 0.24
03 15 Seady 1 145 0.98 011 0.02
contrd
03 15 Unsteady |2 161 182 011 0.043
contrd
45F M=0.3 AOA=15
- LIFT HISTORY - NO- CONTROL
4 DRAG HISTORY- NO-CONTROL
S P LIFT HISTORY - STEADY SUCTION
35k | eeee-e DRAG HISTORY - STEADY SUCTION
O LIFTHISTORY - UNSTEADY SUCTION
N et DRAG HISTORY - UNSTEADY SUCTION
o |
C25 —
© i
E 2

Fgure 430 Time Hstoy of Lift and Drag Coeffident, M=0.3 AOA=15 Wthout Contrd, Seady,

Unsteady Contrd
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Hgure 4.31 shows the four snapshat views of the streanlines at several ti ne instarts.
Separation is nearly contrdled There are small bobbles on trailing edge. Hgure4. 33
shows the G, coeffidert at several different ti me instants. These figures also prove t hat
separationis contrdled and there are just small negative pressure gradients at trailing
edge. Fgure 4.32 shows the Mach Contours at different ti ne instants. Except trailing

edge Mich Contours aresi mlar wth an airfail a zero angle of atack

0.1 | T=12.5 M=0.3 AOA=15 UNSTEADY SUCTION

08
[T=12.5 M=0.3 AOA=15 UNSTEADY SUCTION

0.4

0.1 L L L L 1 L L L L 1

[T=25 M=0.3 AOA=15 UNSTEADY SUCTION 01[T=25 M=0.3 AOA=15 UNSTEADY SUCTION

L1 L L L L 1 L L L L 1 L L 0.1 L L L L 1 L L L L 1

0 0.5 1 0.8 0.9 1
X X
[ T=62.5 M=0.3 AOA=15 UNSTEADY SUCTION 0.1-T=62.5 M=0.3 AOA=15 UNSTEADY SUCTION
B e

L1 L L L L 1 L L L L 1 L L 0.1 L L L L 1 L L L L 1

Hgure 431 M-0.3 AOA=15 Seady Contrd Sreamines a Dfferent T ne Instants
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5. CONCLUSI ONS AND RECOMMENDATI ONS

Separation contrd for an airfal is studied at different angle of attacks by using
CFL3D( \5), a Reynol d- Avaraged thin-layer Navier-Sokes flowsol ver. Steady or
unsteady suctionis applied on a fixed area with certainangle. A 12 and 15 degrees
of angle of attack separation is contrdled Nunerical results indicated that,
application of unsteady oscillatory suction wth angle could contrd separation
Mor eover, i mproved values are obtained for lift and drag by appl yi ng suction

Nu rrerical studiesindicatedthat thereisinteraction bet ween suctionl ocation, suction
magnitude, suction area and suction angle. Separation location and magnitude
change inti ne. Therefore we wll nention about suction anplitude and suction
| ocati on

5.1 Suction Location

It is not easy to obtainthe exact suction location Separation point moves and
changes inti ne. Hgh negative pressure gradients indicate presence of separation
From Cp coeffidents, suction location can be guessed As the angle of attack
increase, separationlocation movestowardtheleadingedge. Hnal suctionlocationis

deter mned based onthe results of several tria runs.

5.2 Suction Anplitude

Hnal suctionanplitudeis deter mnedfromseveral tria runs. Asuctionflowratio of
0,13 is enployed at the leading edge. For unsteady cases oscillaory suction is
applied Gscillation frequency is deter mned based on lift histories, through FFT of
lift history.

Deter mnation of opti numsuction angle, frequency and anplitude for autonatic
contrd of separation requires further study.

49



REFERENCES

[1] Herbst, WB, 1985 Dynamcs of Ar Conbat, J. Arcraft, Vol. 20, No. 7, Pp
594-598

[2] Herbst, WRB, 1985 Super nmaneuverability WWor kshop on Unsteady Separated
Hows, Ppl-8

[3] Whitford R, 1987, Design for Ar Combat, Jane’s Publishing Conpany
Li mted New York NY

[4] John A Ekaterinaris, Max F Hatzer, 1998 Conputational Predictions Cf
Airfal Dynamc Sal, Aerospace Science, Vol. 33 Pp 759-846,
Hsevier Science Ltd

[5] Schiliting H 1978 Boundary Layer Theory, severnth Edition, MGaw HII
Book Conpany, New York Pp 34 and 132

[6] Ekaterinaris AJohn Narch- April 2002, Nunerical Investigation Cf Dynamc
Sall Contrd Ma Arfaol Thickness \ariations, Journal Cf Arcraft
Vol., \b. 2

[7 Gad-H-Hak, 1990, Contrd of Low Speed Arfoil Aerodynamcs, A AA
Journal, W0l.28 Nb. 9 Pp.1537-1552

[8] Jason T. Lachow cz, Chung-Sheng Yao and Rchard W Wezien Jan, 12-
15, 1998 Scaling Of An Gscillaory How Contrd Actuator, A AA
98-0330, 36" Aerospace Sciences Meting Exhibit, Reno, NV

[9] Katz, Y. Horev, E And Wgnanski, 1., 1992, The Forced Turbulent VIl Jet,
Journal @G Hud Mchanics, \ol. 242 Pp 577-609.

[10] Seifert, A Bachar, T., Wgnansk, I., Koss,D, And Shephelovich M, 1993,
Gscillaay Bowng, A Tool To Delay Separation, A AA Journal,
Vol. 31, No. 11, Pp.2052-2060.

[11]] Wagner. R D, And Fscher, M C, 1984, Fesh Atack on Laminar How
Aerospace of Anerica, \Wol.22 Pp.72-76.

[12] Kari m M A, and Acharya, 1994, M, Suppression of Dynamc-Sall \ortices
Over PRitching Arfals By Leading-Edge Suction, A AA Journal
Vol. 32, No. 8 Pp. 1647-1655.

[13] Bayliss, A, Maestrellg L, Parikh P, And Ting L, 1986 Nunerical
S mulation of Boundary Layer Excition by Surface Heating or
Cooling A AAJournal, Vol. 24, No. 7, Pp. 1096- 1101

50



[14] Ahuja K K, Whpkey, R R, And Jones, G S, 1983 Contrd C Turbulent
Boundary Layer Hows by Sound, A AA Paper 83-0726.

[15] Mvd, V J, 1997, Mwving Surface Boundary Layer Contrd: A Review
Journal of Huids and Sructures, \l. 11, Pp. 627-663,

[16] Choi, S, Feb 1998 The Active Contrd OF Boundary Layer Separation Ma
Periodic Buzzing On The Arfal Surface, MS Thesis, Dept Cf
Mechanics And Aero Engineering Seoul National Univ., Republic CF
Kor ea.

[17] Geissler, W, And Raffel, M, Sept. 1993 Dynamc Sall Contrd By Arfal
Defor mation, 19" European Rotorcraft Forum Cernobig Italy, Paper
C2, 14-16

[18] Kehro, M, Hutcherson S, Lieback R, Jan 1990 \ortex Generators Wsed
To Contrd Lamnar Separation Bubbles, A AA 90-0051

[199 C Ransey, J L Thonmas, GP. Warren And G C Ly 1986, Upw nd
Navi er- S okes Sol utions For Periodic Hows, A AA Paper 86-0247.

[200 A A Hassan And R D Janakiram 1997, Effects O Zero- Mass Synthetic
Jets On The Aerodynamics & The NACA- 0012 Arfal, A AA 97-
2326.

[21]] MS Chandrasekhara Cct. 1998 Unsteady Stall Contrd Wsing Dynamcally
Defor ming Arfals, A AAJournal \l. 36 Nb. 10.

[22] Sahin M, Lakshm N Sankar, M S, Chandrasekhara, 2000, CHEE TUNG
Dynamc Sal Aleviaion Wing A Deformable Leading Edge
Concept- A Nunerical Sudy, In progress.

[23] J F Donovan Linda D Kral and A W Carry, 1998 Active Control
Applied To An Arfal, Al AA Paper 98-0210.

[24] A Seifert, T Bachar, D Koss, M Shepshelovich Andl. Wgnanski, 31(11)
1993 Gcillaoy Howing A Tool To Delay Boundary Layer
Separation A AAJournal.

[25] S S Ravindran Decenber 1999, Active of Fl ow Separation Over an Airfoil”
Nasa Langley Research Center Hanpton Mrgina

[26) Karim M A, Acharya M And Mtwally M H, Development of the
Dynamc-3al Vortex Over A PRitching Arfal, Journad O Hud
Ve chani cs.

[27] Schiliting H 1995 Boundary Layer Theory, Mtgraw HIl Book Conpany,
Ne w York

[28] Rott, N Unsteady Mscous Howln The Mcinity Cf a Stagnation Point, Quart.
Appl. Mth, \l. 13 Pp444-451

[29] Mbore, E K, 1958 On the Separation of the Unsteady Laminar Boundary
Layer, | UTAM Sy nposium Boundary Layers, H Cortler, Ed., Pp
296-311

51



[30] Currier, J And Fung, K'Y 1991, An Analysis & The Onset & Dynamc
Sall, A AA Paper No. 91-0003

[31] Mueller, TJ And Batill, S M, 1982 Experi nental Sudies Cf Separation On
A Two- O mensional Airfal A Low Reynolds Nunbers, A AA

J, Mol 20, No.4 Pp 457-463

[32] Lissaman 1983 Low Reynolds Nunber Airfals, Ann. Rev. Huid Mechanics
\ol. 15 Pp 223-239.

[33] Lovato Juie Anne, 1992 Active Contrd of the Separation Region on a 2- D
Airfal, Vshington Sate, Uhiversity Doctor of Phil osophy.

52



Bl OGRAP HY

Hrst Lieutenant A TUNC was bornin August 02 1977 in Ankara, Turkey. He had
his elenentary and secondary school education inthe sane place. Then, he was
assigned to Mltepe Military Hgh Schodl, Izmr, Turkey. He graduated from
Maltepe Mlitary H gh School in 1995 Afterthat, he received a Bachel or of Science
degree in aeronautical engineering fromthe Turkish Ar Force Academy, Istanbul,
Turkeyin August 30, 1999 and he graduated from Air Force Acadeny as a Second
Lieutenant inthe same date.

He received his intelligence officer training at Gaziemr Ar staff Training Center,
Iznir, Turkey from August 2000 t hrough June 2001 He was assignedtothe 143"
Squadron, 4" Ar Force Base, Ankara, inJune 2001 as anirtelligence officer. Wile
workinginthis squadron, he was assignedto a special Masters of Science program
that was organized by Istanbul Technical Uhiversity, Istanbul, Turkey and Ad
Domnion University, Norfdk VA, USA He was pronotedto first lieutenant in
August 30 2002

53



