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SUMMARY

In this study, separated flows around various cylinders have been investigated,
these are an aerofoil and the circular cylinder with and without splitter plate. In general,

the vortex formation mechanisms of separated flows and fluctuating forces created by

them have been studied and the methods for the control of these mechanisms have been
tried. It was firstly worked on the flow around plane circular cylinder in order to test the
method and to take into account a basic case of the separated flow. As a result of this
investigation the success of the method was provide and near and far wake vortex
structure were held in addition.

The next step is to investigate the oscillatory flow around a circular cylinder which
is a passive control of wake. The results of different oscillation frequency were obtained
and compared. The conclusion can be drawn here as follows, the near wake region is more
sensitive to the effect of oscillation than the far wake region is, where Von Karman vortex
street is always observed. The next study is to control of the wake by means of attaching
splitter plate in different lengths to the circular cylinder. The result is obtained and
compared for different plate lengths. The longer splitter plate results in the narrower wake
and reduction of the forces on the body.

The last study is to investigate the separated flow around airfoil for low Reynolds
number (Re = 1000) for different angles of the attack the flow around airfoil was solved for
the incidence among 0 and 24" and the results were analyzed with respect to incidence
variation. As the incidence increases the character of flow around slender body turns into

the flow around the bluff body.

In this study, two different numerical method have been used, the first one is
Lagrangian Discrete Vortex Method which was for the circular cylinder with and without
splitter plate. In the second one is Viscous Discrete Vortex Method, which was used for
the calculations of the flow around airfoil.



OZET

I1Z AKISLARI VE IZIN KONTROLU

K@t cisimler etrafindaki akis ve bu akigin olusturdugu iz bdlgesi birgok
mihendislik dalinin ilgi alanina girmektedir. YUksek binalarin riizgar etkisi altindaki
tasarimi veya is! dedistiricilerinin tasarimi bu konunun insaat muhendlshgmden makina
mihendisligine kadar uzanan genis bir uygulama alanint  gdstermektedir. Ugak
muhendisliginde de aerodinamigin bir kolu kit cisimler etrafindaki akigla ve bu akigin
izi ile ilgilidir. Akima uygun profil tipindeki yapilar yaninda bir kit cisim olarak dairesel
silindirin akigkanlar mekaniginde 6zel bir yeri vardir. Cinki dairesel silindir, geometrisi
sebebiyle genis bir fiziksel uygulama sahasina haizdir. Ist degistirici tlp demetleri,
denizaltt yapilarinin baglanti elemanlari veya koprl ayaklarinin suyun icinde kalan
bolimleri etrafindaki akiglar bunun en ¢ok bilinen drnekleridir. limi calismalarda da, bu
Gzelliginden dolayi, Gzerinde en ¢ok galisma yapilan kit cisim olmustur. 100 yil askin
bir zamandir yapilan deneylerle, ve tabii ki analitik ¢alismalarla, hemen hemen tGm akig
karakterlerinin belirlendigi dairesel silindir, gelistirilen her yeni ydntemin de itk uygulandigt
ve denendigi geometri olmustur. Bu NACA0012 iginde bdyledir ve ¢oQu calismada bu
profil ydntemin sinanmasi igin kullantlir.

Tasarim ve gelistirme agisindan kit cisimlerin izinin kontrold de genis bir
uygulama alanina sahiptir. Aktif ve pasif olarak ikiye ayrilabilecek olan kontrol, pasif
olarak;

- Akim alanina disardan akiskan Gflenmesi

- Akim alanindan akiskan emilmesi

- Cismin isttilmasl veya sogutulmasi

- Akim alanina farkh bir akiskan enjekte edilmesi

- Akim alanina ses dalgalarinin gonderilmesi vs...

= Akim alanina ikinici bir cismin yerlestirilmesi

- Cismin seklinin degistiriimesi cismin ardina ayirici bir levha baglanmasl vs...
basliklari altinda toplanabilir.

vi
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Bir dairesel silindir etrafindaki akis tanimlanmak istenirse ; Akigkan pargacigl
&n durma noktasindan itibaren 90°‘ye kadar hizlanir. Buradan itibaren ise yavaslamaya
baslar. Viskozite etkisi olmayan bir durumda akim cisim cidarini takip ederek arka durma
noktasina kadar gelir ve akim (st bolgesinde izlediginin tam simetrigi bir 'yovl izleyerek
akim altina ilerler. Bu duruma bakildiginda silindir etrafindaki aklg tam simetriktir.
Fakat gercekte mikemmel akigkan akisindan farkh olarak, viskozite etkisi cisim dzerinde
¢ok ince bir tabakada (sinir tabaka) yojunlagmistir. Bu tabaka icindeki sirtlinme
kuvvetleri akiskan pargacigini yavaslatir. Bu kuvvetler sebebiyle akiskan pargacigi
én durma noktasindan 90°'ye gelene kadar kinetik enerjisinin blyGk bir kismini
kaybeder. Kalan kinetik enerji ise, akiskan pargacigini cismin cidarinda tutmaya
yetecek kadar yUksek deildir. Boylece dis basing akiskani ters yonde haraket etmeye
zorlar ve akigkan cidardan aynlir. ‘Bu hadiseye, dairesel silindir igin sinir tabaka
ayrtimast denir. Alt ve st yaridan ayrilan sinir tabakalar, kararsiziiklarl sebebiyle
gelisip vorteks {(girdap) denilen yapilari olustururlar. Bu yapilarin alt ve Ustten periyodik
olarak ayrilmast ve akim alaninda ilerlemesi ile kiit cisim igin iz yapisi olusur. Bu

-yaplya Von Karman Caddesi adi verilir. Periyodik olarak ayrilan vorteksler cisim Gzerinde

calkantill tagima ve siriikleme kuvvetlerinin dogmasina yol agarlar. Iz kontrolinin de
amacl bu yaplya etki ederek akim karakterlerinin iyilestiriimesini saglamaktir. Yani
stiriikleme ve tasima kuvvetlerini hem azaltmak hem de ¢alkantilarini digirmek, vorteks
olusum frekansint kontrol altina almaktir.

Bu calismada ikiside ayrtk vorteks ydntemi grubu iginde yer alan ‘Lagrange’sal-
Euler’sel’ hibrid, viskoz ayrik vorteks ydntemi ve ‘Lagrange’ sal ayrik vorteks ydntemleri
kullantimistir. Ozellikle kit cisim aerodinamigi konusunda, onemli sayida arastirmaci,
‘Lagrange’ sal ayrik vorteks yonteminin, iligilenilen cismin etrafinda bir ad yapisi
olusturulmasini  gerektiren ‘Euler’ vyaklagimina gdre sagladigi kolayliktan
yararlanmakta ve Ornegin, deneysel olarak gbzlenen iz akigl global yapisint basariyla
hesaplayabilmektedir. Ayrik vorteks ydnteminde temel kabul, icinde sirekli bir gevri
dagilimi bulunan sonlu kalinhktaki ayrilmis sinir tabakanin bir - dizi noktasal
vorteksle temsil edilebilecegidir. Boylece, tabakanin zaman igindeki geligimi, noktasal
vortekslerin birbirlerine indikledigi hizlarin potansiyel teori yardimiyla bulunmas! ve her
hesaplama adimi sonundaki yeni konumlarina ilerletilmesi ile belirlenebilmektedir.
Rosenhead, birbirlerine ters yonde ve esit hizlara sahip iki Gniform akiml ayiran ylzeyi
bu sekilde modellemis ve potansiyel vorteks dizisinin, sinizoidal bir baglangi¢
bozuntusuna, kivrilarak vorteks kiimesi olusturma seklinde cevap verdigini gostermistir.
Ancak daha sonra, Birkhoff ve Fisher' in daha hassas olarak tekrarladigl hesaplama,
noktasal vortekslerin kOmeleserek blylk Olgek vorteksler olusturmakla beraber,
hareketlerinin diizensiz oldugunu ve kimelesme sirasinda yoringelerinin birbirlerini
kestigini gostermigtir. Bu davranisin onlenmesi, her hesap adimi sonunda noktasal
vorteks konumlarinin, sirklilasyon dagilimi ve sirkGlasyon birinci momentini korumak
Uzere dizenlenmesini gerektirmektedir. Abernathy ve Kronauer, Rosenhead (Sarpkaya,
1989’ da atifta bulunulmustur) tarafindan onerilen yontemi bir adim ileriye gétirerek,
kit cisim iz akigt olusumunu, birbirlerine paralel, sonsuz uzunluktaki iki noktasal vorteks
dizisinin etkilesimi seklinde modellemistir. Model, deneysel calismalarda gdézlenen, iz
akisinin akimalti dofrultuda geniglemesi gibi bazi 6zelliklerle uyum iginde sonuglar
Gretmektedir. Ancak, vorteks dizisi sistemi, deneysel galismalarda rastlananin aksine,
belirli bir frekansta degil, calismada denenen tim frekanslarda vorteks caddesi benzeri bir
yapinin olusumuna yol agmaktadir. Clements (1973), daha gercekci bir modelleme ile,
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sonsuz genislikteki bir bdlge igindeki sonsuz uzunluktaki vorteks dizileri yerine, kit cismi
temsil etmek Uzere, kati bir cidarla sinirlh bir bdige icine, akim ayrilma noktalarindan
belirli zaman araliklariyla birakilan noktasal vorteksler halini goz onine almigtir. Bu
durumda da, noktasal vortekslerin anlik dagilimi, vortekslerin birbirlerine indUkledidi
hizlar uyarinca bulunmaktadir. Ancak, kati cidari temsil etmek icin, cisim iginde
bulundugu disindlen imaj vorteksler, cisim civarindaki hiz alanim &nemli dlgide
degistirmektedir. Daha da &nemlisi, arttk noktasal vorteks dizileri, baslangti¢
bozuntusundan bagimsiz olarak, belirli bir frekansta vorteks kiimesi olusumuna izin
vermektedir. Bu uygulamada belirlenen, boyutsuz vorteks olugsum frekansi {St) deneysel
calismalarda belirlenenle blydk bir uyum igindedir. Clements (1973) tarafindan yapiian
bu calisma, ayni ydntemin kullaniidigt ve birden ¢ok cismin etkilesimli iz akigt gibi
daha karmastk problemlerin ele alindigi ¢ok sayidaki arastirmaya esin kaynad
olmustur. ‘ :

Ancak, iz akisimn kararliik analizi agisindan _sahip oldufu Gneme karsin,
ortalama hiz dagiliminin, ayrik vorteks ydntemiyle ne derece dogru hesaplanabildigi
konusuna iliskin bir galisma literatirde bulunmamaktadir. Burada sunulan caligmada, iz
bolgesi ortalama hiz alani belirlenmekte ve ayrica calkanti hizlarinin akima dik
dogrultudaki davranigina da deginilmektedir. Ayrica, icinde yer aldigi serbest akima,
bu akim boyunca siniizoidal salinimlar verilmesinin dairesel bir silindirin iz yapist ve
yiklenmesine etkisi Lagrange’sal ayrik vorteks yontemi ile arastirlmaktadir.
Salinimsiz haldeki dopal vorteks olusum frekansinin tam katlarindaki salinimlar g6z
énane alinmaktadir. Salinim etkisi ile ortaya gikan kigiik lgek vortekslerin etkilegimleri
sonucu, biyiik 6lcek vorteks olusum frekansinin salinimsiz hale gdre énemli bir
farkhltk gdstermedigi ve global iz akiginin batin salinim frekanslar igin Universal bir
yaplya (klasik Von Karman vorteks caddesine) kavustugu gosterilmektedir.

Literatirde ayirici levha dairesel silindir etkilegimi Uzerinde g¢ok fazla saylda
calisma bulunmamaktadir. Deneysel olarak iki galisma yaptimistir, ki 1954 de
Roshko, ikincisi 1973 de Apelt, West ve Sczewczyk tarafindan yapilan bu deneylerde
ayirici levhanin sirikleme kuvvetini azaltigi ve Strouhal sayisint dislrdiga
gbrilmiigtir. Kawai tarafindan yapilan 1990 da yapilan sayisal calismalarda ise
bunlara ek olarak tasima kuvvetinin galkantisinin da distGgi gozlemlenmigtir. Ancak
calkantidaki bu disls ayirict levhayt ayrt bir cisim olarak ele alip, silindire monte
edilmemis gibi kabul edilmesi sebebiyledir. Ashinda ayirict levha sebebiyle cisim
Gzerindeki tagima kuvvetinde artis olacaktir. Bu, Bearman tarafinda Imperial College’de
yapilan, yayinlanmamis , deneylerde de gorGlmustir.

Calismada elde dilen sonuglarin, bu konu Gzerinde yapilan deneylerle
karstastirildiginda, deney sonugclari ile iyi bir uyum iginde oldugu gordimistir. lze
yerlestirilen ayirict levhanin strikleme kuvvetini disirdiga ve vorteks olusum
frekansint azalttigi, sorikleme ve tasima kuvvet katsayilart C, ve G 'nin zamana
bagll degisimlerinden gordlebilir. Ayrica yine deneylerde gbrald0gd gibi tasima kuvveti
calkantisinin da artan ayirict levha boyuyla arttigl bulunmustur.
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Caligmanin son kisminda, ‘Lagrange’sal-Euler’sel’ hibrid, viskoz ayrik vorteks
yontemi vyardimiyla, NACAOO12 etrafinda . disik Reynolds saylsindaki akig
incelenmistir. Profil etrafinda disik Reynolds sayilarindaki akis konusunda literatlrde
yeteri sayida ¢alismaya rastlanmammaktadir. Burada, profil etrafinda girdap ve sonug
olarak kuvvet calkantilari olusum mekanizmast detayll ofarak incelenmis, ve digik
Reynolds sayili profil etrafindaki akiglarin ylksek Reynolds sayill akiglardan farklari
vurgulanmigtir. Ayrica hicOm agisinin deQisimide go6zonine alinarak 0°'den 24 'ye
kadar 15 degisik hiicim agisinda ¢bzimler elde edilerek, genel olarak narin cisimden kit
cisime gecis incelenmis ve yukarda bahsedilen yiksek Reynolds sayili, disik Reynolds
sayilt akig kargilastirmast hGcOm aglsi degisimi biy0klGgane gdre yapiimigtir,

Disiik Reynolds saytlarinda, stall yliksek Reynolds saylli akigtan oldukca gec
olusmaktadir (22°). Hicum agisinin 8" degerinden itibaren gdzlenmeye baslanan
hicum kenarl ayrilmast kendini, kuvetlerin galkantisini artirmada glstermektedir ve
22° civarinda galkantinin miktari ortalama kuvvetin %20’'ne kadar ydkselmektedir.

Profil etrafindaki akigi ¢62digimiz ydntem ilk ydntemin aksine viskoziteyi goz
dnine almaktadir. Yontem iki boyutlu Navier—Stokes denklemlerinden elde edilen
Girdapliligin Tasinimi Denklemini'ni  {GTD) (Vorticity Transport Equation) ¢ozer. ki
boyutta Navier-Stokes denklemleri;

u, w, u_ 1op, [P, Fu
p Ox

—_— * Y— + YV— = Pl
at ax2 ay2

¢))
@.+u@+v_=_1.@+v[ﬁ+iv_}
o  ox p Oy 2 o

seklindedir. Bu denklemlerin ¢apraz tirevleri alinir ve basing terimi yok edilirse GTD elde
edilir:

Z (VYo =vVo 2)

Bu denklem Difizyon (3) ve Tasinim (4) olarak iki pargaya ayrilabilir,
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0 - ¥ 3
® 3)

aw=_(fjv)m 4)

Bu parcalarin ayri ayrt ¢6zimlerinin toplami ise tim denklemin bir ¢6zimUdar.
Bu, non--lineer yapidaki taginim terimini esas denklemden ayirarak ¢6zim kolayligi
saglar. Ayrica ydntemin, difizyon ve tasinim igin deisik ¢6zim teknikleri ve deQisik
yaklastmlar kullaniimasina da izin vermesi bir diger avantajidir. Bu c¢aligmada tercih
edilen, difizyonun Euler'sel, tasginimin ise Lagrange’sal yaklasimla ¢6zimi yodnteme
melez bir yapt kazandirir,

Bu denklemler iteratif veya dogrudan metodlarla ¢ozUlebilir. Bu ¢aligmada eliptik
yapidaki Poisson denkleminin ¢6zGmi i¢in CFD (Fast Fourier Transform) kullaniimtstir.
Her bir ag noktasindaki akim fonksiyonu degerleri elde edildikten sonra difizyon
denkelemi igin sinir garti koyulur. Bu sart duvarda, yani cisim cidarinda, kaymama
sartidir (9). Bu sart altinda ag Gzerinde difGzyon uygulanip tekrar Poisson denklemi
¢dzUllir ve yeni akim fonksiyonu degerleri bulunur.

Tasinim igin yapian modelleme 1950°’lerin basinda ortaya atilan ve zamanla
gelisip cok popiler olan Hicre iginde Girdap (Vortex--in--Cell) teknigidir. Bu teknikte her bir
vorteks iginde bulundugu hicrenin kosgeleriyle etkilegim halindedir. Poisson denkleminin ve
difizyonun ¢dzimiinde kullanilan ag noktasindaki c¢evri degerleri vortekslerin hicre
icindeki konumuna gbére alan interpolasyonuyla koselere dagitilir. Daha sonra akim
fonksiyonu degerlerinden af noktast hizlari bulunur. Bu hizlardan tekrar geriye
interpolasyonla vorteksler Gzerine indiklenen hizlara gegilir ve tasinim sadlanir.

Bu teknikle, Biot-Savart indiksiyon metodunda oldugu gibi her bir vorteks
Gzerindeki hiz diger vortekslerin etkisiyle hesaplanmaz. Bu ylzden merkezi islem zamani
bir hayli kisalmaktadir. Biot--Sawart ind{ksiyon ile gereken ortalama islem sayisi NZ (N
Vorteks sayisit) iken, bu yéntemde M log, M (M ag nokta saylsi) dir.

Ozetle, bu calismada iki-boyutlu dairesel yapilarin iz akisi ve iz kontrold
incelenmistir. Once sabit dairesel silindir etrafinda akis incelenmis ve bu referans alinarak
kullanilan yontem gelistirilmis sonra bir basamak ilerleyerek bir iz kontrol ydntemi olan
calkantih akis igindeki dairesel silindir etrafindaki akis incelenmis ve dairesel silindir
etrafindaki akislara daha kapsamli ofan ayirici levhali dairesel silindir etrafindaki
akislarda incelenerek nokta konulmustur. Son olarak bir pasif iz kontrol ydntemi olan
ayirict levha ekli dairesel silindir incelenmigtir. Bundan sonra ¢ok yaygin olarak bilinen
NACA 0012 profili etrafindaki akisa hiicGm acist etkisi incelenmistir.




CHAPTER 1

MECHANISM OF VORTEX FORMATION FROM BLUFF BODIES

1.1.Boundary Layer Separation

The behaviour of a boundary layer in a positive pressure grédient, i.e. pressure
increasing with increasing in distance downstream, may be considered with reference to
Fig.[1.1], which shows a length of surface ‘which has a gradual but steady convex
curvature, such as the surface of an aerofoil beyond the point of maximum thickness. In
such a flow region, because of the retardation of the mainstream flow, the static pressure
in the mainstream will rise (Bernoulli’s equation). The variation in static préssure along a
normal to the surface through the boundary layer thickness is essentially zero, so that the
pressure at any point in the mainstream, adjacent to the edge of the boundary layer, is
transmitted unaltered through the layer to the surface. In the light of this, consider the
small element of fluid (Fig.[1.1]), marked ABCD. On face AC, the pressure is p, while on
face BD the pressure has increased to p +(d@/x)éx. Thus the net pressure force on the
element is tending to retard its velocity. This retarding force is in additibn to the viscous
shears which act along AB and CD and it will continuously slow the element down as it

progresses downstream.

This slowing down effect will be more pronounced near the surface where the
elements are remote from the accelerating effect, via shearing actions, of the mainstream,’
so that successive profile shapes in the streamwise direction will change as shown in
Fig.[1.1].

Ultimately, at a point S on the surface, the profile slope {u/dy),, becomes zero.
Apart from the change in shape of the profile it thickens rapidly under these conditions, in
order to satisfy continuity within the layer. Downstream of point S, the flow adjacent to
the surface may we!l be in an upstream direction, so that a circulatory movement, in a
plane normal to the surface, may take place near the surface. A line (shown dotted in
Fig.[1.1]) may be drawn from the point S such that the mass flow above this line
corresponds to the mass flow ahead of point S. The line represents the continuation of

the lower surface of the upstream boundary layer, so that, in effect, the origina! boundary



layer separates from the surface at point S. This is termed the separation point.

Reference to the velocity profiles for laminar and turbulent layers (Fig.[1.1] and

Fig.[1.2]) makes it clear that, due to a greater extent of lower energy fiuid near the surface
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Figure 1.1 Mechanism of Separation (Houghton & Carpenter, 1993).

under, the effect of a positive pressure gradient a turbulent layer sticks to the surface

better than a laminar one.

The result of separation on the rear half of an aerofoil is to increase the thickness
of the wake flow, with a consequent reduction in the pressure rise near the trailing edge.
In other words, the forward acting pressure force components on the rear part of the
aerofoil can not offset the rearward acting pressures near the front stagnation point, and
the pressure drag of the aerofoil increases. In face, of boundary layers, there would be
a stagnation point at the trailing edge and the boundary layer pressure drag, as well as the
surface friction drag, would be zero. If the aerofoil incidence is sufficiently large, the
separation may take place close to the minimum pressure (maximum suction) point, and
thus a large wake may develop. This will cause such a redistribution of the flow over the

aerofoil that the large low pressure field at the upper surface leading is seriously reduced,
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with an accompanying reduction in the lift force. This condition is referred to as the stall.
A negative pressure gradient will obviously have the reverse effect, since the streamwise
pressure forces will cause energy to be added to the slower moving fluid near the surface,

decreasing any tendency for the layer adjacent to the surface to come to rest.

1.1.2 Separation Bubbles

On many aerofoils, with relatively large upper surface curvatures, high local
curvature over the forward part of the chord may initiate a laminar separation when the

aerofoil is at quite a moderate angle of incidence (Fig.[1.2]).
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Figure 1.2 Mechanism of separation bubbles (Houghton & Carpenter, 1993).

Small disturbances grow much more readily at low Reynolds numbers in separated,
as compared to attached, boundary fayer. Consequently the separated laminar !ayér may
well undergo transition to turbulence with a rapid thickening. This rapid thickening may be
sufficient for the lower edge of the rear turbulent, shear layer to come back into contact
with the surface and re-attach as a turbulent boundary layer on the surface. In this way
a bubble of fluid is trapped under the separated shear layer between the separation and re-
attachment points. Within the bubble, whose boundary is usually taken to be the
streamline which leaves the surface at the separation point, two regimes exist. In the
upstream region a pocket of stagnant fluid at constant pressure extends back some way
and behind this a circulatory motion develops as shown in Fig.[1.2], the static pressure in

this latter region increases rapidly towards the re-attachment point.




1.2. Flow Past Cylinders and Spheres

Some of the properties of boundary layers discussed above help in the explanation
of the behaviour, under certain conditions, of a cylinder or sphere immersed in a uniform
free stream. If the attention is restricted to the flow over bodies of reasonably streamline
form, behind which a relatively thin wake is formed. The drag forces are largely due to
surface friction, i.e. to shear stresses at the base of the boundary layer. On the other
hand when dealing with non-streamlined or bluff bodies, it is found that, because of the
adverse effect of a positive pressure gradient on the boundary layer, the layer usually
separates somewhere near points at the maximum cross-section, and leads to a broad
wake. As a result, the surface friction drag is relatively small, and the major part of the
total drag now consists of pressure drag due to the large area separated with a reduced
pressure at rear of the body. Experimental observation of the flow paét a sphere or
cylinder indicate that the drag of the body is markediy inﬂ—dénced by t.he_ t;ross-sectional
area of the wake, a broad wake being accompanied by a relétively high drag and vice

versa.

The variation with respect to Reynolds number of the flow pattern around a bluff
body may be considered with reference to the flow past a circular cylinder. For the most
part the flow past a sphere also behaves in a similar way. At very low Reynolds number
{ Re =U_D/v, where U_ is the free stream velocity, v is the kinematic viscosity coefficient
in the free stream and D is the cylinder diameter.) , i.e. less than unity, the flow behaves
as if it were purely viscous with negligible inertia. Such flow is known as creeping or
Stokes flow. For such flows there are no boundary layers and the effects of viscosity are
felt in the whole flow domain. The streamlines are completely symmetrical fore and aft,
as depicted in Fig.[1.3.(a)]. In appearance the streamline pattern is superficially similar to
that for potential flow. For creeping flow, however, the influence of the cylinder on the
stream lines extend to much greater distances than for potential flow. Skin-friction drag
is the only force generated by the fluid flow on the cylinder. Consequently the body with
the lowest drag for a fixed volume is the sphere. Perhaps it is for this reason that
microscopic swimmers such as protozoa, bacteria and spermatozoa tend to be near-
spherical. In the range 7 <Re <5 the streamline pattern remains fairly similar to that of Fig
[1.3.{a)], except that as Re is increased within this range a more and more pronounced
asymmetry develops between the fore and aft directions. Nevertheless the flow remains

attached.

When Re exceeds a value of about 5, a much more profound change in the flow

pattern occurs. The flow separates from the cylinder surface to form a closed wake of




recirculating flow see Fig.[1.3.(b})]l. The wake grows progressively in length as Re is
increased from 5 up to 41. The flow pattern is symmetrical about the horizontal axis and
is steady, i.e. it does not change with time. At these comparatively low Reynolds
numbers, the effects of viscosity still extend a considerable distance from the surface, so
it is not valid to use the concept of the boundary layer, nevertheless the explanation for

flow separation occurring is substantially the same.

N\

" Wide turbulent wake

{a) Ar <1t

(d) 400 < B2 < 3210°

.

Flow seporotion Narrower turbulent woke

(b) Ae:a0 Symmetrical recircutoting woke Lami"af N Turbulept
separation  yyrhylent  separation
5 reattacment
Alternate vortex formation (e) 3210 < Re < 3210°
in a broad wake ' '
/\%T:: .
S T
44:
{¢) 100 < Re < 200 (1) Pe>3x108

Turbulent separotion

Figure 1.3 Regimes of fluid flow across generalized bluff bodies (Houghton& Carpenter, 1993).
Note that the Reynolds number limits quoted are only approximate.

When Re exceeds a value of about 41 another profound change occurs; steady
flow becomes impossible. in some respects what happens is similar to the early stages
of laminar-turbulent transition (Houghton & Carpenter, 1993), in that the steady
recirculating wake flow, seen in Fig.[1.3.(b)], becomes unstable to small disturbances. In

this case, though, the small disturbances develop as vortices rather than waves. Alsoin




this case, the small disturbances do not develop into turbulent flow, but rather a steady
Iaminar wake develops into an unsteady, but stable, laminar wake. The vortices are
generated periodically on alternate sides of the horizontal axis through the wake and the
centre of the cylinder. In this way a row of vortices are formed similar to that shown in
Fig.[1.3.{c}], except that the vortices are formed further downstream in the wake. The
vortex row persists for a considerable distance downstream. This phenomenon was first

explained theoretically by von Karman in the first decade of the twentieth century.

For Reynolds numbers between just above 40 and about 100 the vortex street
develops from amplified disturbances in the wake. However, as the Reynolds number rises
an identifiable thin boundary layer begins to form on the cylinder surface and the
disturbance develops increasingly closer to the cylinder. Finally, above about Re =100
eddies are shed alternately from the laminar separation points on either side of the cylinder.
Thus, a vortex will be generated in the region behind the separation point on one side,
while a corresponding vortex on the other side will break away from the cylinder and hove
downstream in the wake. When the attached vortex reaches a particular strength, it will
in turn break away and a new vortex will begin to develop again on the second side and
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Figure 1.4 Formation of vortex and wake (Houghton&Carpenter, 1993). Flow patterns and
sideways force reverses when vortex detaches and a new vortex begins to form on

the opposite side.

The wake thus consists of a procession of equal strength vortices, equally spaced
but afternating in sign. This type of wake, which can occur behind all long cylinders of
bluff cross-section, including flat plates normal to the flow direction, is termed a von
Karman vortex street or trail {see Fig.[1.4)]1. In a uniform stream flowing past a cylinder

the vortices move downstream at a speed somewhat less than the free stream velocity,




the reduction in speed being inversely proportional to the streamwise distance separating

alternate vortices.

It will be appreciated that, during the formation of any single vortex while it is
bound to the cylinder, an increasing circulation will exist about the cylinder, with the
consequent generation of a transverse {lift) force. With the development of each successive
vortex, this force will change sign, giving rise to an alternating transverse force on the
cylinder at the same frequency as the vortex shedding frequency. The oscillating pressure

field and net force on a cylinder are shown in Fig.[1.5] for a portion of the shedding cycle.

A unique relationship is found to exist between the Reynolds number and a
dimensionless parameter involving the shedding frequency. This parameter, known as the
Strouhal number, is defined by the expression S=nD/U,, where n is the frequency of
vortex shedding, Fig.[1.6] shows the typical variatioﬁ of S with Re in— tiwe_ vortex street

range.

t 0903 SEC t = 0.968 SEC

U~ 0935 SEC

Figure 1.5 A sequence of simultaneous surface pressure fields and wake forms at Re=112000
for approximately one of one cycle of vortex shedding. (Blevins, 1974).

Despite the many other changes {or transitions), described below, which occur in
the flow pattern as Re increases still further, markedly periodic vortex shedding remains
to be a characteristic flow around the circular cylinder and other bluff bodies up to the
highest Reynolds numbers. If the frequency of vortex shedding happens to coincide with
the natural frequency of oscillation of the cylinder, however it may be supported, then
appreciable vibration may be caused. This phenomenon is responsible, for example, for the

singing of telegraph wires in the wind (Aeolian tones), and can have important



consequences in engineering applications. A dramatic example was the failure of the
Tacoma Narrows Bridge (in Washington State, USA) in 1940. In this case the natural
frequency of the bridge deck was close to its shedding frequency in a brisk wind, thereby

leading to resonance and disastrous consequences.

For two ranges of Reynolds number, namely 200<Re< 400 and
3x 10°<Re < 3x10°, the regularity of vortex shedding is greatly diminished. In the former
range very considerable scatter occurs in values of Strouhal number, while for the latter
range all periodicity disappears except very close to the cylinder. The values of Reynolds’
number marking the ends of these two ranges are associated with pronounced changes in
the flow pattern. At Re=400 and 3): 10° the transitions in flow pat'tern are such as to

restore periodicity.

Below Re = 200 the vortex street persists to great distances downstream. Above
this Reynolds number, transition to turbulent flow occurs in the wake thereby destroying
the periodic vortex wake far downstream. At this Reynolds number the vortex street also

becomes unstable to three-dimensional disturbances leading to greater irregularity.
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Figure 1.6 The Strouhal-Reynolds number relationship for a circular cylinder (Blevins, 1974).

At Re =400 a further change occurs. Transition to turbulence now occurs close
to the separation points on the cylinder. Rather curiously, perhaps, this has a stabilizing
effect on the shedding frequency even though the vortices themselves develop
considerable irregular fluctuations. This pattern with laminar boundary-layer separation and
a turbulent vortex wake persists until Re =3x 10°, and is illustrated in Fig.[1.3.(d})]. Note



that with laminar separation the flow separates at points on the front half of the cylinder,
thereby forming a large wake and producing a high level of form drag. In this case the

contribution of skin-friction drag is all but negligible.

When the Reynolds number reaches a value in the vicinity of 3x10° the laminar
boundary layer undergoes transition to turbulence almostimmediately after separation. The
increased mixing re-energizes the separated flow causing it to reattach as a turbulent

boundary layer, thereby forming a separation bubble (as described in Section 1.1.2) - see

Fig.[1.3.(c)].
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Figure 1.7 Approximate values of C), with Re for spheres and circular cylinders (Goldstein,
et.al. ,1963).

At this critical stage the second and final point of separation, which now takes
place in a turbulent layer, moves suddenly downstream, because of the better sticking
property of the turbulent layer, and the wake width is very appreciably decreased. This
stage is therefore accompanied by a sudden decrease in the total drag of the cylinder. For
this reason the value of Re at which this transition in flow pattern occurs is often called
the Critical Reynolds number. The wake vorticity remains random with no calculable
frequency. With further increase in Reynolds number the wake width will gradually
increase to begin with, as the turbulent separation points slowly move upstream round the
rear surface. The total drag continues to increase steadily in this stage, due to both
pressure and surface friction drag increases, although the drag coefficient, defined by;
tends to become constant, at about 0.6, for values of Re> 1.3x70°. The final change in

the flow pattern occurs at Re=3x 10° when the separation bubble disappears, see
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Fig.[1.3.(f]). This transition has a stabilizing effect on the shedding frequency which
becomes discernable again. C, changes little for Re>3x1 0.
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Figure 1.8 Regimes of fluid flow across circular cylinders (Blevins, 1974).
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The actual value of the Reynolds number at the critical stage when the dramatic

drag decrease occurs depends, for a smooth cylinder, on the small-scale turbulence level

s i
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existing in the oncoming free stream. Increased turbulence, or, alternatively, increased
surface roughness, will provoke turbulent reattachment, with its accompanying drag
decrease, at a lower Reynolds number. The behaviour of a smooth sphere under similarly
varying conditions exhibits the same characteristics as the cylinder, although the Reynolds
numbers corresponding to the changes of flow regime are somewhat different. One
marked difference in behaviour is that the eddying vortex street, typical of bluff cylinders,
does not develop in so regular a fashion behind a sphere. Graphs showing the variations
of drag coefficient with Reynolds number for circular cylinders and sphere are given in

Fig.[1.7]. A graph which summarize regimes of fluid around cylinder with respect to

Reynolds number is given at Fig.[1.8]

1.3. Some Significant Features of Laminar Wakes

The terminology "street” refers to the multitude of vortices in a regular alternating
arrangement (Chang, 1970). The fluid dynamic theory of inviscid and viscous flows
indicates that vortex streets can be produced experimentally in air, and the rate of periodic

shedding is an important phenomenon of wake flow.

-

—)

Figure 1.9 Karman vortex street (diagrammatic). Stream lines drawn in a system of coordinates
moving with the vortex street.

Karman (as referred to in Chang, 1970) found that for two-dimensional infinitesimal

displacements, a staggered arrangement of vortices is stable if

sinh ("—l") =1 and Rl =0281, (1.2)

where / is the horizontal spacing of the vortices and h is the vertical spacing Fig.[1.9].

¢

This special case involving only the so-called Karman coefficient h//=0.281 is
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possible for vanishing viscosity and vanishing time, as proved by Domm (as referred to
in Chang, 1970} through his analysis. Domm proved, furthermore, that a single row street
is unstable. In general, flow can be stable for all ratios of A//, if the mean values of A and

/ are used. The instability present is associated only with the periodicity (Chang, 1970).

The other formula which has been given independently for stability is
sin (%) = sinh (5 ‘ (1-3)

where ¢c// is the dislocation ratio. The symbol ¢ refers to an arbitrary length, O<c=</. For
a value of ¢, there is a corresponding value of h// for the stable vortex behaviour.
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Figure 1.10  Velocity fluctuations in the vicinity of cylinder surface [4].

The flow velocity fluctuations measured close to the forward stagnation point were
surprisingly large {Chang, 1970). This disturbance seems to damp out and disappear into
the boundary layer as it moves towards the wake, but the large velocity fluctuations in the
vicinity of the forward stagnation point may become an important precursor of the wake
generation. Particularly, the "funnel of vorticity” in the vicinity of the separation point
seems to be the starting point of large vortices in the wake. In the funnel of vorticity, the
amplitude of fluctuation is large. These fluctuations are fed by the agglomeration of smaller

vibrations occurring in the separating boundary layer.




ACOUSTIC THEURY A oma

pry

oul [g M@&

T STROUHAL

® ETKIN, KOHBACHER
. " anc KEEFC
0%} % FAGE

~d St | k3
b o TYLER
Yoy o 24 (uarus) & DRESCHER
) i .

s e
Uae

logye Rc‘

Figure 1.11 A comparison of experimental Strouhal numbers with Shaw’s acoustic theory
{Chang, 1970).

The acoustic energy effect in the wake is a new subject involving turbulence
(Chang, 1970). The velocity fluctuations in a turbulent wake and the fluctuating stresses
at the body surface act as acoustic sources, generating sound the intensity of which varies
exponentially with relative fluid velocity. For circular cylinder flow there are three centres
of disturbances: two strong areas are at the separation points, and a weak one at the
stagnation point. Acoustic pressure pulse sources are limited to these three centres. The
pulses travel in the cylinder boundary layer and through the ambient flow at sonic velocities
(Fig.[1.10]). Shaw (as referred to in Chang, 1970} found that the frequency is about
3a/2nd, where a is the speed of sound and d is body diameter. The shed vortex
oscillating at this frequency sends back pulses of the attached layer, and due to Doppler’s
effect, the frequency is then reduced in the ratio 1-fu-u,J/a, where u, is velocity of the
vortices relative to stream velocity. An interaction takes place between the acoustic
vibrations of attached flow (which has the original frequency) and the shed vortex, which
produces strong puises with beat frequency ;3:—4 ('—';i) . These strong pulses cause the
shedding of the vortex. The shedding frequency of the vortex pair is then
(1/2)(2/3)x( 1/nd)(u,,-u,), and the Strouhal Number may be written by

2 -2 1.4
41: a ) (1.4)

St

The distance between consecutive vortices is equal to 4rd/3 and is invariant, which is
confirmed by experiment. As shown in Fig.[1.11], a good agreement between theoretical

Strouhal Number and experimental results is obtained.
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A further study and comparison of Shaw’s theory with experimental data may lead
toward the much desired information on self-generated sound-energy effect on wake flow.
The effect of sound-energy injection to the laminar flow was studied by Schade and

Michalke (as referred to in Chang, 1970).

1.4. Bluffness of a Body

With the result of the free streamline theory of Roshko (1955}, the idea of
"Bluffness” has been put on a firm basis and correlated with experimental observations.

The main features associated with blufness may be enumerated as follows.

(1) Of two bodies having the same frontal area, the bluffer one tends to diverge

the flow more, to create a larger wake, and to experience a higher drag. The results of the

free streamline theory are quite in accord with this definition.

(2) It is a matter of observation that bluffer cylinders have lower Strouhal
Numbers. This explains why the biuffer cylinders, which have wider wakes, have lower

shedding frequencies and correspondingly lower Strouhal Numbers.

(3) For different cylinders the base pressures are approximately equal, within
about 10 percent, provided there is no interference in the wake. Whatever variations of
base pressure do exist do not show any systematic variation with bluffness but appear,
rather, to be related to Reynolds Number effects. Thus the variation between different
cylinders is no more than what may be obtained for the same cylinder at different Reynolds
Numbers. The remarks here apply to a range of Reynolds Numbers of about 500 to 10°
for the circular cylinder and to even higher values for the other two. This is the range in
which C, is ordinarily described as being constant, but actually this also varies somewhat
with Re, and, in fact, the variations are associated with those in C,,. Likewise, the
Strouhal Number may be described as constant only to the same degree, its variations also
being associated with the variations in C .. Over this Reynolds Number range the values

of C, and St are within 10 percent of those given in Table [1 .11 and, for our present

purposes, may be assumed to be constant.

{4) The above remarks apply to cylinders with undisturbed wakes. If interference
elements are placed in the wake, as described in the above experiments, then significant
changes are produced in C,_, and correspondingly in C, and St . The important results is

that, for a given cylinder, a decrease in drag is accom'panied by a decrease in shedding
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Table 1.1 Approximately Cp, and St value at range of Re Numbers of about 500 to 10° for the
circular cylinder and to even higher values for the other two (Roshko, 1955).

Cp St
Circular cylinder 1.0 0.21
90" wedge 1.3 0.18
Bluff plate 1.7 0.14

frequency. This is at odds with the behaviour indicated in Table [1.1] for different-

cylinders, but it will be seen to be entirely in agreement with the observation that shedding
frequency decreases when wake width increases. This seems contrary to intuition, but it
may be pointed out that the increase in wake width is accompanied by a decrease in wake

velocities sufficient to give a net decrease in wake energy.

{5) The wake structure of different biuff bodies is similar. That is, the shape, or
bluffness, of the body has no characteristic effect on the wake other than to determine its

geometrical and velocity scales.

These several observations on the characteristics of bluffness may be incorporated
into a simple dimensional anélysis. Consider the two paralle! vortex sheets, which are
intended to be some bluff body. If these vortex layers roll up to form vortices, then the
frequency with which this occurs should depend only on the characteristic velocity, U,,
and the dimension, d’, associated with the configuration. It should not depend on the
body that created it. In other words, there should be a Strouhal Nufnber for the wake,

defined as

!
stﬁ = n d (1.5)

which should be universal for the vortex shedding from different bluff bodies (Roshko,
1955). Of course it may be expected that there will be some variation with Reynolds
Number, just as for the ordinary Strouhal Number. For the present, Roshko propose to

take this into account only roughly, by defining a wake Reynolds Number (Roshko, 1955)

g2 (1.6)

€
v

To take the Reynolds Number effects into account more precisely will complicate matters
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considerably. For instance, the shear layers set up by different biuff bodies will not be the
same, even at the same Re’, for they may have had different histories up to the point
where they start to roll up. Thus they may be thicker or thinner, may have become
turbulent earlier or later, etc., and these features will have an important influence on the
vortex dynamics. They will therefore be extremely important for the vortex dynamics and
the base pressure. However, Roshko’s considerations are only kinematic, and, for that,

the secondary Reynolds Number effects, the details of the free streamline shape, etc., may

be less important.

To confirm that such a universal wake Strouhal Number exists, some
measurements were made on the three different cylinders, with and without wake
interference, as follows. The wake Strouhal Number is related to the ordinary Strouhal

Numbgr by o

nd & U. st d (1.7
U, d -

To determine St’, two measurements are needed. St is determined in the usual way from

a measurement of the shedding frequency. kis determined from a measurement of the

base pressure {Roshko, 1955).

(1.8)

This relation may be regarded as the essential one in the coupling between the potential
flow and the wake, for it determines, for a given cylinder, the wake velocity and
dimension in terms of the base pressure. The results, plotted in Fig.[1.12], show that
there is indeed a universal relation, St"=St"(Re’). Possibly the scatter is too large to
show any functional trend, as has been attempted with the solid line, and one shouild

simply assume that St' is constant at about the value 0.16.

1.5. Wake Controlling and Effects of Splitter Plate

There are several methods existing for the purpose of artificial controlling the

behaviour of the boundary layer over any bluff bodies.

The aim of this control is to change the structure of boundary layer by effecting to
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Figure 1.12  The wake Strouhal number S according to The wake Reynolds number R,

whole flow field and as a result of this change to provide improvements in desired direction
in the quantities of flow. Without controlling, how the boundary layer develops, vortex
formation occurs and what the flow characteristics are, are inen before. Many researches
were investigated for the aim of reducing the amplitudes of fluctuating lift and 'dr'ag fofces
and decreasing the drag force by controiling the instabilities in the periodically separating
boundary layer. There are two strategies for this: Active and Passive control. Basically,

the main methods in passive control can be put out as follows:

{i) Motion of solid wall
(i) Acceleration of boundary layer (blowing, base bleed)
(iii} Injection of different gas

{iv) Cooling of the wall

The purpose of these mentioned methods is to increase the kinetic energy of
boundary layer and to provide it to surmount the high pressure gradient forcing it to apart
from the surface.

Blowing or introducing bleed in a convenient rate from the base of bluff bodies has
a particular importance which has been subject of many studies. What is tried to do here
is to displace the formation region of the vortex street away from the body. Forincreasing
rate of bleed, the regular shedding of vortices ceases intermittently at first and then
completely. Yilmaz {1990)] tried to simulate numerically the wake from a flat plate with
blunt trailing edge with base bleed.

Passive control of wakes by means a secondary body interference has been
investigated many authors. Yilmaz (1990) and Strykowsky & Sreenivosan {1990) placed
a little control cylinder near the cylinder in various arrangements. Strykowsky &



Sreenivosan pointed out that the suppression of the vortex street corresponds to the global

decay of modes that would be temporally amplified under normal circumstances. Yilmaz
stated the changes of stagnation and separation points over a circular cylinder with a
nearby circular cylinder with very small diameter. Controlling wake passively by means of
a splitter plate placed in the wake of circular cylinder with different arrangements has been
studied by many authors since the early experiment of Roshko (1955). He used different
lengths of splitter plates, set them up in different distances of downstream of the wake.
He found that the different arrangements between the splitter plate and the cylinder have
different effects on the pressure and the wake. The most recent research of Unal &
Rockwell {1888) is similar to the work of Roshko, in that they placed a wake plate in
downstream of the cylinder with various separation. Interaction of the wake of a circular
cylinder with a downstream splitter plate has been also investigated by Smith & Karamcheti
(1975).- According to the above mentioned studies, the body wake is less sensitive than
a streamlined body is, when a splitter plate is introduced downstream of the wake. The
brief physics of this feature can be explained as follows: The wake impinging upoh the
splitter plate creates unsteady pressure fluctuations there; in turn, these pressure
fluctuations induce an upstream influence at the sensitive region near separation points of
the boundary layers. This phenomenon occurs between separation and impingement
simultaneously i.e. they are not of consequence of each other. They form a close loop.
The near wake of a bluff body has a high degree of self-control and therefore is insensitive
such an upstream influence {Unal & Rockwell, 1988 - Smith & Karamcheti, 1975).

According to Bearman (1965), splitter plate attached to the base of bluff body
rather than being placed downstream has different effects. Such a Wake controlling has
been tried by many investigators e.g. Bearman (1965), Kawai (1990), Apelt et.al. (1973),
Cete (1989), Cete & Unal (1992), Misirlyogiu (1992).

in Bearman’s study, the splitter plate attached to the blunt trailing edge increases

the distance between the vortex formation region and the body that this formation occurs
~after the end of the splitter plate unless the length rate of plate is smaller than a definite
amount. At higher amounts, no formation occurs. The most renowned experiment on the
effects of a splitter plate attached to the end of circular cylinder was done by Apelt et.al.
(1973). They found remarkable effects of splitter plate on the wake and features of them
in the range 10*<R* < 5x 10°. In their experiments, the maximum length of splitter plate
is equal to the cylinder diameter. Reductions in Strouhal number and drag coefficient,
followed by increases with increasing splitter plate length were observed. Then definition

of "Long” and "Short" splitter plates was given as a result of above observation.
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When the length of the splitter plate is short, the amplitude is reduced and the
frequency is altered, indicating that periodic wake is influenced by the early stage of wake
rather than the downstream flow. If a spiitter plate of sufficient length is used, the
stagnation occurs on the solid surface, and lateral oscillation of the wake is prevented,

although the cavity flow near to the splitter plate remains.

Although first numerical approaches to the effects of splitter plate have short
history, similar characters with the experiments have been found (Kawai, 1990 - Cete &

Unal, 1892 - Misirlogly, 1992)




CHAPTER 2

FLOW AROUND AN AEROFOILS

An aerofoil yields optimum aerodynamic characteristics of high lift and low drag if .

the flow is attached to the surface. However, if the aerofoil is under a sufficiently large
angle of attack, then the flow on the upper surface separates as indicated in Fig.[2.1], and

the stream pattern over the upper surface is far apart from the optimum design condition.

Furthermore, a considerable size of separated region is created with-the- formation of -

vortices. This kind of separation on an aerofoil is called "stalling”, expressing the

unfavourable aspect of engineering application.

M Stationary Particles
Turbulent

Vortices
‘Wake

A BT TR T

Boundary Layer Thickness
-Grectly Enlarged

Revzrse Flowing Separated
Boundary
Boundary Layer Layers

Figure 2.1 Viscous effects in flow around an aerofoil (positivé 'angle of attack) (Chang, 1970).

The stalling is closely connected with closed separation bubbles, which are due to
dynamical characteristics of flow setting up circulating motion on the aerofoil surface.
Depending upon the length, the closed bubbles are short or long. The short bubble is
enclosed between the points of separation and reiattachment, and its length is the order of
1 percent of chord length, which does not significantly influence the pressure distribution.
But if the short bubble of a laminar layer breaks down on the aerofoil, then leading edge

stall occurs and causes sudden increase of drag and loss of lift.

With a long bubble whose length is about 2 or 3 percent of chord, pressure
distribution slightly changes, but its breakdown does not lead to a complete separation of
flow; instead, the separated flow passes over the body surface and reattaches further

downstream.



21

2.1. The Velocity Distribution in the Boundary Layer at the
Surface of an Aerofoil

The boundary layer of an aerofoil resembles that of a flat plate in that at a
sufficiently high Reynolds number there is a region of laminar flow at the nose, then a
transitional region in which the distribution of mean velocity changes more or less
erratically with time, and finally a region of fully developed turbulent motion. A further
resemblance is that turbulence in the general stream, and irregularities on the surface near
the nose, cause an earlier transition to turbulent flow. But separation eventually occurs.

on the upper surface of an aerofoil, no matter what the shape may be when the angle of

incidence is increased.

A
4
kY

The relative extends of the laminar, transitional, ar;\_d turbulent boundary layers, and
the position of the separation (if any) depend on the shar}\e and_ incidence of fhe aerofoil,
on the Reynolds number, on surface roughness, and on t / e turbulence in ‘the free stream.

/

In wind tunnels of ordinary type {(compressed -air and full-scale tunnels excluded)
some difficulty may be experienced in obtaining c/!etéils of the flow in the boundary layer
of an aerofoil at large incidence, because when thé chord is large compared with the width
of the tunnel stream, the walls (for a closed jet) or free boundary (for an open jet) introduce
a large interference with the flow. On the other hand, when the interference is lessened
by making the chord relatively small, the boundary layer becomes too thin to permit reliable
measurements. Further, flow phenomena in a wind tunnel have generally to be observed
at a low Reynolds number; if in addition the flow in the tunnel is turbulént, the results may
give misleading information on the behaviour of the same section in free flight at a higher
Reynolds number-especially at the stall. For these reasons information on boundary layer
flow has been sought not only on the model but also from flight experiments: in these
experiments the flow is not two-dimensional, but results of great practical valde are

obtained.

It follows that the. céﬁaitions of the experiment were such that the combined
effects of an increase of Reynolds number and of a decrease of lift coefficient were
measured. These two influences affect the position of the transition from laminar to
turbulent flow in opposite ways: increase of Reynolds number moves the transition region
towards the nose, whereas decrease of lift coefficient is associated with a decrease of the
pressure gradient along the chord, which tends to make the transition occur later.
Researcher {Goldstein, et.al., 1865) found the transition region on the upper surface at
about 0.1¢c to 0.3c from the leading edge .This results is typical of thick sections.

Transition occurs just beyond the position of minimum pressure. (For a thin section this
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position is just behind the leading edge, so transition may be appreciably closer to the
leading edge on a thin section than on Stiper’s thick section). Stiiper's observations also
indicated that on the under surface the transition occurred earlier than on the upper

surface, but the position could not be determined with precision {Goldstein, et.al., 1965).

The velocity graphs obtained by Stiiper (as referred to in Goldstein, et.al., 1965)
in the second series of measurements (Reynolds number 3.62x10°%; lift coefficient 0.55)
are reproduced in Fig.[12.2], where graphs of U/U, ag‘qinst y are shown, U being the

velocity in the boundary layer at a distance y from the sn;‘:rface and U, the velocity of the -

wing relative to the undisturbed air.
/

: /

/

s

If 6 is the momentum thickness defined as f\(l—U/U,)(U/U,)dy , where & is the
thickness of the boundary layer and U, the velocity fﬂst outside the layer, then Stiper
found that U,8/v lies between 250 and 650 at the transition to turbulence.

2.2. The Flow at the Sta". Forward and Rear Separation

On all aerofoils the first sign of an approaching stall is the formation of a thick
region of low total head over ihe upper surface near the trailing edge (see the free-hand
sketch in Fig.[2.3.(a)1), but without definite separation of the stream from the surface. The
formation of this region is associated with a progressive fall in the rate of increase of C,
with incidence (before this region forms C, increases linearly wit incidence), and with a
slight rise in the rate of increase of drag; during or before this stage (Which precedes the
true stall) the air-stream may separate from the upper surface near the leading edge, and
thin quickly rejoin the surface to form a kind of shallow "bubble” in which the flow is
turbulent. This "bubble” of turbglence ivs_,_'p_robably due to a failure of the potential flow to
force its way against a sharpl’y‘ riéiﬁigwpressure gradient, so that the stream-line Which

otherwise would coincide with the surface is separated from it for a short distance.

Some aerofoils show large discontinuities in the lift and drag curves at the stall:
such discontinuities are due to a sudden and complete separation of the stream from the
upper surface near the leading edge, the boundary of the stream passing well above the
surface, with a region of permanent uniform low pressure occurring over practically the
whole of it. There may be a small incidence range within which either the stalled state or
the unstalled state of flow may occur and be maintained for a considerable time, with the
corresponding parts of the lift curve (and of the drag curve) overlapping. The changes of
flow may be sudden, and are then associated with large differences in the values of the

lift and drag coefficients. When the differences are not large the boundary of the stream
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Figure 2.3 The samples of flow at the stall (Goldstein, et.al., 1965).

alternates between two fairly distinct forms, roughly outlined in Fig.[2.3.(b}]: one of these
forms represents the completely stalled state, whereas in the other the separated layer,
clearly defined at first, remains above the surface over about haif the chord, and finally
becomes diffused and hard to define. Alternation between these two forms of flow is
Apart from the turbulence bubble which may form at Iow mmdence on the upper surface
behind the leading edge, the first signs of ,separatlon from the leading edge are either
discontinuities in the lift and dra}gf«cur\}é’s or the onset of violent fluctuations: these

phenomena do not necessarily h"§bpen at the incidence of maximum lift,

With some aerofoils, particularly when they are thick and the maximum thickness
is well back from the leading edge, the first definite separation occurs near the trailing
edge, and a dead-air region appears of the form illustrated in Fig.[2.3.(c)]. With increasing
incidence this dead-air region gradually extends until the form shown in Fig.[2.3.(d)] is
obtained, and during this growth the lift gradually fails without any serious discontinuities
or fluctuations. Eventually, even in these circumstances, fhe flow separates 'sudden!y from
the leading edge and characteristic fluctuations occur, but at an incidence well beyond that

of maximum lift.

It appears that as the incidence of an aerofoil of moderate thickness increases there

are two paositions in the boundary layer where the conditions may give rise to separation




from the surface; one of these is near the leading edge and the other near the trailing edge.

It separation occurs first at the front, violent fluctuations mark the attainment of maximum
lift, whereas if rear separation occurs first, violent fluctuations are postponed to incidence

well above that of maximum lift.

2.4. The Hysteresis Loop in the Lift-incidence Curve for a
Stalled Aerofoil. ‘ '

A balance has been designed by W.S. Farren (as referred to in Goldstein, et.al.,
1965) for the Aeronautics Laboratory, Cambridge to record automatica"y-‘ the aerodynamic
force acting on an aerofoil whose lift is rapidly changing, and researches (Goldstein, et.al.,
1965) with this balance have shown that, when an aerofoil is started suddenly at an_
incidence well above that at which the stall occurs in steady motion, the flow remains
unstalled during the first few chords of travel. This phenomenon suggests fhat the lift of
an aerofoil whose angle of incidence ‘is rising rapidly, from-a-value below the normal
stalling angle to one well above it, may appreciably exceed that measured at a fixed angle

of incidence above the stall; and this was found to be the case.

This latter phenomenon, and those associated with fluctuations of flow at the stall,
were investigated on aerofoils of various shapes and thicknesses, under conditions of two-
dimensional flow. It was found that a large hysteresis effect exists above the stall, the
shape of the force incidence curve depending both on the rate of change of incidence and
on the sense of the change. The general nature of this phenomenon is illustrated in
Fig.[2.4]. The lift curve for a very slow change of incidence is shown by a broken line, and
that for the fluctuating region by a band. When the angle of incidence is changing 1 “in
the time the wind takes to travel 2.5 chords (the greatest rate of change which was
investigated), the lift follows the full lines: no consistent difference is found in the lower
part of the curve, but the whole of the stalled part of the curve lies above the mean curve
for slow changes when the incidence is increasing, and below it when the incidence is
decreasing. Near the fluctuating region there is, with increasing incidence, a notable
"peak™ of high lift over a small incidence range: the position of this peak depends on the
shape of the aerofoil section. In Farren’s experiments the recorded lift exceeded the mean

lift at fixed angles by 15 to 20 percent.

Records of force fluctuations were taken by Farren at fixed angles of incidence near
the stall: the fluctuations were nearly harmonic, the period for the slower oscillations being
the time taken by the wind to travel a distance of about 13 chords; the fluctuations in lift

were about + 15 per cent of the mean value.
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Figure 2.4 The lift-incidence curve for a stalled aerofoil.

2.5. Pressure Distribution on an Aerofoil

The pressure on the surface of an aerofoil in flight is not uniform. Fig.[2.5] shows
some typical pressure distributions for a given section at various angles of incidence. It
is convenient to deal with non-dimensional pressure differences with P.. the pressure far
upstream, being used as the datums. Thus the coefficient of pressure is introduced below

_(p-p.)
1 2
2PV

c

A @.1

Looking at the sketch for zero incidence ( =0 ) it is seen that there are small regions at
the nose and tail where C, is positive but that over most of the section C, is negative. At
the trailing edge the pressure coefficient comes close to + 1 but does not actually reach
this value. More will be said on this point later. The reduced pressure on the upper
surface is tending to draw the section upwards while that on the lower surface has the
opposite effect. With the pressure distribution as sketched, the effect on the upper surface
is the larger, and there is a resultant upwards force on the section, which is the lift.
As incidence is increased from zero the following points are noted:
(i) The pressure reduction on the upper surface increases both in intensity and extent
until, at large incidence, it actually encroaches on a small part of the front lower

surface




(i) The stagnation point moves progressively further back on the lower surface, and

the increased pressure on the lower surface covers a greater proportion of the
surface. The pressure reduction on the lower surface is simultaneously decreased

in both intensity and extent.

The large negative values of C, reached on the upper surface at large incidence, e.g. 15
degrees, are also noteworthy. In some cases values of -6 or -7 are found. This

corresponds to local flow speeds of nearly three times the speed of the undisturbed

stream.

{a) Incidence =0°

{b) Inciderce = 6°

Length of arrows @ G,
S denctes C, at stagnation

where G, =unity -
Direction of arrcws indicates positive

{c) Incidence =15° _ or negative Cps
Figure 2.5 Typical pressure distribution on an aerofoil section (Houghton & Carpenter, 1993).

From the foregoing, the following conclusions may be drawn:

(i) at low incidence the lift arises from the difference between the pressure reductions
on the upper and lower surfaces
(ii) at higher incidence the lift is partly due to pressure reduction on the upper surface

and partly due to pressure increase on the lower surface.

At angles of incidence around 18" or 20° the pressure reduction on the upper
surface suddenly collapses and such little lift as remains is due principally to the pressure
increase on the lower surface. A picture drawn for one small negative incidence (for this
aerofoil section, about -4 ") would show equal suction effects on the upper and lower
surfaces, and the section would give no lift. At more negative incidence the lift would be

negative.



CHAPTER 3

AN OVERVIEW OF THE DISCRETE VORTEX METHODS

In 1858, Helmholtz (as referred to in Sarpkaya, 1989) was the first to show one
of the most important contributions to fluid mechanics, showed that in an inviscid fluid
vortex lines remain continually composed of the same fluid elemehts and flows. with
vorticity can be modelled with vortices of appropriate circulation and infinitely small cross
section. This brings forth the discretization of the compact region of vorticity into an
assembly of vortices embedded in an otherwise potential flow. Such a discretization of
vorticity field _with point vortices leads to the Lagrangian approach for célculating the
evolution of the vorticity field: Point vortices are introduced into the flow field and traced

numerically by applying the Biot-Savart law of induction.

Flows around bluff bodies may be supposed to consist of boundary layer, wake
region and inviscid region. Boundary layer where develops from surface of body separates
and this boundary layer forms vortex sheets. After this layer completes its developing in
the near wake region, it involves to form vortices. The boundary layers which separated
from top and bottom surface of body form consecutive vortices with a certain difference
of phase. The review is organized around two major sections. Theoretical foundations and

practical applications of vortex methods.

3.1 Theoretical Foundations
The vorticity transport equation for a fluid of uniform density {p) and viscosity {v)

subjected only to irrotational body forces, is derived from the momentum equation in the

form

D3 _ 8, jvg =avl+ vWRa (3.1

in which use is made of the relations that the divergence of velocity and the vorticity are

zero. The term | ova ) represents the rate of change due to convection of fluid. The



term { @ V U ) represents the rate of deformation of the vortex lines and exists only in

a three-dimensional flow. The last term represents the rate of change due to molecular
diffusion of vorticity. Therefore, the motion of an incompressible fluid can be represented
as the creation and subsequent evaluation of a self-interacting vorticity field can be

assumed to be through an essentially inviscid mechanism. Consequently, the momentum

equation becomes;

22 =0 ‘ _ (3.2)

meaning that the vorticity is a kinematic property of a given fluid particle, and that the
vortex lines remains composed of the same elements of fluid as the flow develops.
Consequently calculating the evolution of the array of vortices leads to a Lagrangian
description of the fiuid flow. In certain flow cases vorticity is confined to thin layers rather
than being distributed to whole flow field. Unsteady fully separéted flows over two
dimensional bluff bodies at sufficiently high Reynolds numbers is one of the examples to
these flow cases. In simulation the evolution of the separated layers from a bluff body
using the Discrete Vortex Method (DVM), a typical approach is to represent the layers by
an array of discrete vortices introduced into the flow field at appropriate time intervals at
some points near separation. 'The obvious advantage of the above-mentioned Lagrangian
description is that, in order to calculate the evaluation of the self interacting vorticity field

only the velocities at the locations of the discrete vortices need to be calculated.

The method of calculation of the velocity field due to the poinf vortices placed at

locations { 7 )} is to use the Biot-Savart law;

z‘i(r",t)=—-$fff—(-?—:§——)|dV(?’) (3.3)

| 7
For two dimensions this gives azimuthal and radial components of velocity field as;

= — 2, =0 (3.9)
2n |r-r'|

In order to calculate the evaluation of the vortex arrays velocity field due to each
point vortex of circulation I' is superimposed onto the velocity fields of the other point
vortices and the irrotational potential flow ( If the reader wants to inquire about detail

of theoretical foundation of vortices methods, he refers Sarpkaya, 1988). Being grid free,



this method eliminates the problem of numerically generated viscosity.

3.2 Practical Applications of Vortex Methods

There are difficulties associated with the Biot-Savart approach even for
two-dimensional flow simulations with point vortices. First, the point vortices are
singularities, and therefore, create large velocities in their neighbourhood. This ca'uses
instabilities and physically impossible sheet crossings along and near the edge of the sheet '
represented with an array of discrete vortices. The second difficulty is that the number of
operations reqguired for the velocity field calculation is proportional to'N’ where N is the
number of vortices. Therefore the computation time for complex flow with high number
of vortices becomes too long to be practice. To cope with these difficulties_ \_Ia!'iOUS
smoothing techniques such as amalgamation and rediscretizaﬁon of‘ vortices and hybrid
methods making the use of Eulerian-Lagrangian approaches are used. Some smoothing
techniques will be treated at the next section, but for a detail, the reader n'iay refer to a

recent review by Sarpkaya (1989).

At the DVM, because circulations do not diffuse and have the same values all the
time and infinitely small point vortices occurs singularity. Both force values are high and
vortex distribution is chaotic. Most of the smoothing technique found on decreasing the
circulation. On the contrary rediscretization method improve chaotic distribution of vortex

locations by organizing the vortex locations at every time step.

3.2.1 Overview of The Applications of The Discrete
Vortex Method

Discretization of the compact regions of vorticity into an assembly of vortices
embedded in an otherwise potentiat flow began with the realization that in an inviscid fluid
vortex lines remain continually composed of the same fluid elements and that flows with
vorticity can be modelled with vortices of appropriate circulation and infinitely
cross-section (Sarpkaya, 1989). Naturally, calculating the evolution of the assembly of the
vortices leads to a Lagrangian description. However, as a response to the need for using
large number of discrete vortices for adequate description of a vortical flow field, a mixed
Lagrangian-Eulerian approach is the one that is being preferred in most of the recent
studies. Here after, the Lagrangian description will be referred to as the Lagrangian
Discrete Vortex Method (DVM) while referring to the mixed Eulerian-Lagrangian description

as the Vortex In Cell (VIC) method.



3.2.1.1 Lagrangian Discrete Vortex Method

Similar to the early experimental investigations, in pioneering studies of
bluff-body-wakes (Karman 1911 as referred to in Sarpkaya, 1989) using the Lagrangian
DVM, far-wake region has received the primary attention. The primary task in these
studies was to find out the conditions for which a stable pattern of vortex street may
exist. In these studies, no reference has been made to the body responsible for the wake
and the array of potential vortices are employed in representing the actual vortical
structures encountered in the wake. Von Karman taking into consideratioﬁ two paralle!l’
rows of vortices extending to infinity in both directions, found a value of the ratio of the
lateral spacind between the rows to longitudinal spacing between two consecutive vortices
in the same row, at which the idealized vortex street remained to be stable. Using a
similar approach, in 1962, Abernathy & Kronauer (as referred to in Sarpkaya, 1989)
studied the non-linear interaction of two infinitely-long vortex sheets, initially a fixed
distance apart, in an inviscid and incompressible fluid. They demonstrated that, as a résult
of the interaction, the point vortices cluster into clouds configuration of whose simulates
the vortex street forming behind bluff bodies. However, they did not consider the effect
of the bluff body on the non-linear interaction of separated layers.

Recent studies take into account the presence bluff body and, by representing the
separated boundary layers from the body by a row of potential vortices aim to concentrate
into the vortex formation mechanism taking place in the near-wake region. Of course, in
contrast to the Karman example, this time the potential vortices are not in an infinitely large
flow field but limited with a solid boundary representing the body. Therefore, in an inviscid
analysis, in order to satisfy the "no-flow normal to the boundary” condition image vortices

in the body should be accounted for.

Need to use the method of images brings forth the difficulty that not all the
geometries can easily be taken into consideration : Only the geometries which are suitable
for transformation to planes in which the location of the images can be easily found. For
example, Clements (1973), in a study of wake formation from a blunt-based flat plate uses
a semi-infinite half plane for the transformation plane. For a circular cylinder on the other
hand, no transformation plane is needed since the image vortices are simply introduced to
the inverse points in the cylinder (Sarpkaya & Schoaff, 1979 - Unal, et.al., 1992). In these
studies, the discrete vortices are introduced from separation points in an otherwise

potential flow with a constant time step and are tracked using a Lagrangian approach.

There are many problems associated with the application of the DVM in an inviscid

analysis. One of them is the randomization of the potential vortices for large



non-dimensional times. To avoid this, a method named as re-discretization is used
(Sarpkaya & Schoaff, 1979). In this method at, each time step of integration, potential

vortices are redistributed to their new locations on a line in such a way that the circulation
and the first moment of circulation are conserved. Second problem encountered is that
the potential vortices never decay. This results in high values in calculated drag and
fluctuating lift forces. Although contradicting with the potential theory,these higher values
are avoided using some kind of a decaying mechanism for vortices. Also in the same line
of thought, vortices getting too close to each other are removed from the field or
amalgamated into a single vortex. This also applies to vortices approaching very near to
their images.i.e. they are removed too. Therefore unrealistic velocities induced by vortices
are avoided. A second way to avoid this problem is to employ vorﬁces having viscous
cores. Therefore, these vortices will not induce unrealistic velocities. Also, they will

decay in accordance with the exact solution and will make finding more realistic lift and

drag values possible.

Another difficulty encountered, when taking the bluff body into analysis, is the fact
that not all the geometries have fixed separation points, and therefore a proper criterion
should be employed for predicting the points of separation. This problem can be overcome
by taking a form of body fo‘r which the separation points are fixed geometrically. For
instance, Clerﬁents (1873) studies the vortex formation from a blunt trailing -end for which
the corners of the edge are the separation points. Nevertheless, for geometries having no
sharp corners there are studies in which the separation points are assumed to be fixed.
Of course, a more proper approach is one which takes into account the nature of the
separation points and uses for instance an integral approach to predict the Jocations of the
separation points. This was done by Sarpkaya & Schoaff (1979) and results that fit to

actual physical situation are found.

Before closing, it should be added that, using the panel method. it is possible to
overcome the above-mentioned constraint about the geometry of the body arising from the
application of the method of images. A recent review paper by Sarpkaya {1989) can be

resorted to for this and other computational methods with vortices.

An important outcome of these studies is that the Strouhal number of vortex
shedding can be correctly predicted. However, in order to predict the drag and fluctuating
lift forces correctly, some kind of circulation reduction technique needs to be employed.
Of course at the expense of violating the ’‘preservation of circulation’ principle.
Nevertheless, from an engineering point of view, applications of the classical DVM can be
regarded as successful in not only predicting the frequency of vortex shedding but also in

disclosing certain details about loading of bluff bodies due to alternate shedding.



3.2.1.2 Vortex-in-Cell Method

Being grid-free, the Lagrangian DVM is ah advantageous one when compared with
a grid dependent method. However, in view of the number of operations needed to
calculate the velocities at vortex positions for each time step, it becomes impractical and
in certain applications stretches the capability of even the fastest computers of the day.
in view of this, the Vortex-in-Cell method provides a great advantage, in that, instead of
computational time increasing as N, itis proportional to M Jog, M, where N and M are the

number of vortices and the number of grid points.

Following its development at Los Alamos at the middlé of 1950's, the
Vortex-in-Cell method has provided basis for many studies. Since its application allows the
physical processes of vorticity creation, diffusion and convection to be modelled in
conceptually clear manner, the viscous Vortex-in-CelI method  can make a major

contribution to increased understanding of the underlying physics of the flow.

In the area of vortex formation from sharp edges and bluff bodies, most notable
studies using the VIC method are those of Graham {1980), Cozens (1988), Graham &
Cozens (1988) and Stansby & Dixon (1982). For a comprehensive information, reader is

referred to the recent review article by Sarpkaya (1989).

In this study, two method for solving the flows is used. First method is DVM that
uses conformal mapping for body representation and second method.is a viscous DVM.
This method uses the time splitting of the vorticity transport equation. While solving the
convection part using the VIC method the diffusion of vorticity is solved directly on the
mesh using finite difference technique. Detailed description of the solution procedures are

in the following two chapter.



CHAPTER 4

THEORY AND TECHNIQUE OF LAGRANGIAN DISCRETE
VORTEX METHOD AND AN APPLICATION TO FLOW
AROUND CIRCULAR CYLINDERS WITH AND WITHOUT

SPLITTER PLATE

4.1 Stationary Circular Cylinder

The vorticity transport equation for a fluid of uniform density (p) and viscosity (v)

subjected only to irrotational body forces is derived from the momentum equation in the

form;

D3 3B ,j5vg-avi+ vwia 4.1)

At high Reynolds numbers, the evolution of the self-interacting vorticity field can
be assumed to be through an essentially inviscid mechanism. Therefore, if flow is also
two-dimensional, the momentum equation for the scalar vorticity w becomes,

For two dimensional flow of an inviscid fluid, the vorticity (w) convection equation,

Do, 4.2)
Dt :
or its Lagrangian equivalent,
0A (w)
Jat = Ufw) (4.3)

allows for calculation of the position of each vortex after a small time interval &t; where
4, is the complex co-ordinate of the position of a potential vortex having vorticity @ and
a corresponding complex velocity U, The vorticity field is represented by a summation over

all the vortices in the flow field,



N
o) = Y TB (1 -20) 4.49)
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where 4,ft) is the instantaneous position of a point vortex having circulation T; ,and & is
the Dirac distribution, and thus in order to determine evolution of the array of vortices
representing the separated boundary layers, only the velocities at locations of potential
vortices need to be calculated. The complex conjugate velocity induced at a location
z=x+1y is calculated from the below expression which is obtained by taking the derivative

of the total complex potential due to the basic flow.

4.1.1 Potential Theory

For incompressible, irrotational and two-dimensional flow,

v __ 3 ' 4.5)

where ¢ and v is the velocity components in x and y directions. ¢ is stream function and
@ is potential function, so;

- 9%

3y

gl

- -5 _ (4.6)
ax
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can be order from Eq.(4.5}, and these equation is known Cauchy-Riemann equations, so

a complex potential can be occur by using ¥ and @ function;

feo+iv @7
derive this equation with respect to the z,
& _% ;N .8)
dz o &

where df/dz is complex conjugate velocity.



—u-iv (4.9)

R |8y
1!
&R

Therefore we need to a complex potential which represents flow around the circular

cylinder. Circle theorem is written as;

D = @ + f',',(“72> 4.10)

where f,(z/} is complex potential of mean flow. In this study, the mean flow is uniform flow
(free stream) and f(z) is complex potential of basic flow that is embedded circle to mean

flow. An overbar indicates a complex conjugate. The mean flow is as a uniform flow;

@ =Uz S (4.11)

where U, is free stream velocity. We write again using Eq.(4.11),

- a2
fD=U,z+ Uo—a- (4.12)
z
where & is radius of circle. in the other hand, flow due to a vortex of circulation I

placed z, is given by the complex potential;

. _ ir _
g = P log(z - z,)

(4.13)

We must add image vortex term to satisfy the zero normal velocity on the cylinder.

2
g@ = L logz - &)
2n z

o

4.14)

where z, is image vortex position and, z,” = a’/z,,; Therefore the complex potential of flow

around circular cylinder with point cortices is; w(z}

Ua® XiT N iT 2
) =U z+—2— +Y — logz-2)+ ¥ —L loglz - = (4.15)
M@ =L z z,: om 8 Y 2,: 2n & z;

where z; and I, are the location and the strength of the j th vortex. And we can obtain



complex conjugate velocity by deriving equation;

) & [, U) iy 11! 4.16
dt(Uz] };rj(z J"()

dz 2| 2% -4 z-a

For details of these expressions, the reader may refer to Sarpkaya & Schoaff
(1979), Suhubi (1968), Milne-Thompson (1973), Sarpkaya (1989).

After determining the upper and lower introduction points, the motion of vortices
introduced into the flow from these points with a certain time interval can be calculated
by integrating the Eq.{4.16) via using a proper integration scheme. In this study, a first-
order Euler integration scheme, i.e.

a o
A(T +8T) = M(D) + —a-Tl 3T (8

with a time step non-dimensionalized with respect to the free-stream velocity and the

radius of the cylinder, §7=0. 1 is used.

4.1.2 Prediction of introduction points

The potential vortices are introduced into the flow at the locations at radial
distances (r,) out from the separation points (Fig.[4.1]). The simulation used herein allows
for the determination of the separation points, and the radia! distances are calculated to
satisfy the no-slip condition at the separation points at the instant of introduction of new
vortices. At Fig.[4.2], Schematic view of the wake formed from a bluff body with variable

separation point.

One of the difficulties encountered when applying the inviscid discrete vortex
method for a bluff body with variable separation points is prediction of the separation
points. A good many studies ignore the movement of the separation points altogether and
consider these points fixed at values close to that found in experiments. Herein, two
different approaches for calculating the separation points are emplc;yed, one of them, the
separation points are assumed to be fixed at + 90" from the front stagnation point, and
the other, they are allowed to move in accordance with the downstream periodicity. For
prediction of separation points, Sarpkaya & Schoaff (1979) employed Pohlhausen’s quasi-
steady state method based on the instantaneous velocity distribution around the cylinder



boundary obtained from the potential theory. Herein, we apply a quasi-steady approach
similar to the one proposed by Sarpkaya {1968) and Stansby (1981}, in which the locations
of maximum velocity on the cylinder boundary are taken to be the separation points. For
each separation point, velocities are calculated at 40 points on the cylinder with 0.05
degree increment between successive points. At each time step, the points are centred
around the separation points determined in the previous time step. Similar procedure is
applied for prediction of the stagnation point fluctuations, but of course, this time the
minimum velocity location at each time step is taken as the instantaneous stagnation point
angle. Therefore, for each instant of calculation, the velocities are calculated at 120 points
altogether. However, when doing this , effects of last 10 vortices released from the
separation points are not taken into account. Consequently, only thé large scale vortices

(i.e. clouds formed by point vortices) dictate the motion of the separation and the

stagnation points.

Y 32 line
Introduction point

Separation point

Figure 4.1 Sketch showing the parameters employed for introduction of discrete vortices.

As regard with the radial distance of the point of introduction of the vortices: in
some studies, it is defined somewhat arbitrarily and based on experience and trial
calculations (Clements, 1973 - Sarpkaya, 1963). However, the velocities at the inner and
the outer edges of the shear layers separated from surfaces, the time interval between
introduction of vortices and the Kutta condition are interdependent (Sarpkaya, 1989).
Therefore, points of introduction and the time step cannot be taken arbitrarily. Herein, the
radial distances are determined so as to satisfy the no-slip condition at the separation
points at the instant of introduction of new vortices and thus they are allowed to move in

harmony with the downstream periodicity (Sarpkaya & Schoaff 1979).



. Mobile

sta na
gnation 1 j T
pomt
o \ C' b _
Mobile/ —
se atl .

parallon  Near-wake Far-wake

point
Figure 4.2 Schematic view of the wake formed from a bluff body with variable separation

points. . - ool

Herein we determine the distance r, from the cylinder surface along the radial line
passing through the separation point Fig.[4.1] with the requirement that the no-slip

condition is satisfied at separation point. Therefore the value of r, is such that;

., . L+Inlesu) (4.18)
* 1 - [T,)@rU)

where the velocity U, is taken as the velocity at the separation point prior to the
introduction of the nascent vortex. However, upon determining the radial distances, new
vortices are not placed at those distances along the radial lines. Instead, in order to
simultaneously satisfy the no-slip and the no-back-flow conditions they are placed on the

32 degree-lines (Fig.[4.1]) as suggested by Sarpkaya (1989).

The circulations of the new vortices released into the flow from the introduction

points are calculated from:

Ul 8T (4.19)

where U is the velocity at the point of separation prior to the introduction of a new vortex,
and 67 is the time increment between successive introductions; Ug and the time increment
ST are non-dimensional quantities based on the free-stream velocity in the physical plane

and the radius of the cylinder.
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4.1.3 Circulation Reduction Scheme

Another difficulty associated with the DVM is that the potential vortices never
decay and thus lead to high values in calculated drag and lift coefficients. Although
contradicting with an inviscid analysis, to obtain realistic values for these coefficients, a
circulation reduction scheme is frequently resorted to. In this study, the heuristic model
used for circulation reduction is due to Sarpkaya & Schoaff (1979) in which every vortex
in the wake loses its strength in an amount proportional to.its current strength and

position. The constat of proportionality is such that;

B = (——°'°°9 T for <5
o (4.20)
g = 0.009 for T>5 in the region 0<x<10 .

B = -0.0009x + 0.018 for the region x>10

All of the Lagrangian DVM applications, point vortices approaching to a solid
boundary smaller than a prescribed distance {a cancellation distance} is removed from the
flow field just to avoid unrealistically high velocities that would have been induced to them

by their images otherwise.

However, in order to quickly provide the evolution of the wake flow, an asymmetry
is induced to the developing flow field for a limited time interval. As suggested by Sarpkaya
& Schoaff {1979) the vortices on one side of the wake are given small lateral

disptacements. However, the magnitude of asymmetry is much smaller than that used by

them. The form of the asymmetry is;

Ax = 0.01 {1 - Cos (ﬂ}ﬂ” for 5<T<9 (4.21)

4.1.4 Calculation of lift, drag coefficients

Lift and drag coefficients are calculated from the Generalized Blasius equation;

. 1., 2 . 9
coric =1ig{Mf g - 2 [y (4.22)
p* 1% 2'f(dz o 'arf(dz)z

where the integral are taken round the perimeter (s) of the body first term of right hand



41

side of the equation is solved by using Lagally’s theorem and second term is solved by

using Residue theorem (For detail, Sarpkaya, 1963). As a resuit;

. +i af;( ) @)
D _—I:j

\'f"l""

or its other form;

LY
Sike

(4.24)

¥
C+lC—12I‘( -iy
J

where V; = u; + iv; ; j th vortex velocity, dT/dT; derivative with respect to non-
dimensional time of j th vortex, of course Reduction is caused to be or not. Second form

of force equation is more accuracy other than. Image vortex velocity is

2
uﬁ:l]‘[(yj x)u-2xyv] €25)
vﬁ='d4[(x -yj)v 2xjyl.uj]

4.1.5 Calculation of Pressure Coefficient Distributions
Bernoulli’s equation for unsteady incompressible flows;

% _, .1,y (4.26)

1 2 2
+ = + +
P ZP(“ ve) Pa >

where ¢ is the velocity potential forming the real part of the complex potential W.

Defining the pressure coefficient in the usual way, as

A

1
~
8

C, = (4.27)

[SRTN
O
<

Eq.(4.26) is modified into



€, =1-(i+v)-22 (4.28)

where u and v are the non-dimensional velocity components in x and y directions around

the cylinder in the physical plane and ¢ is the velocity potential.

If d@/d T is wanted to be calculated numerically, pressure values are unrealistic. So

we must calculate them analytically. Let derive equation (4.15) and let write its real

component ( —‘Z—‘; = St(%) )

4.29)

o i« |9 a* 1
XY | L | loge-S) - loglz -z, —V, - ——
ar 2n 2,: [ ar | 8¢ z,.) cBle ) | (z-z,. !

where V; is j th image vortex velocity.

Effects of the reduction on the fluctuating quantities such as the separation and

stagnation point angles, lift and drag coefficient as well as the wake structure are studied.

4.2 Oscillating Circular Cylinder

Most of the techniques and parameters of this study is the same to the stationary
circular cylinder (the previous section), so only different technique and parameters are

mentioned in this study.

4.2.1 Free Stream Velocity

The most important difference is not to be constant free stream velocity. x direction

of free stream changes by sinusoidal (Fig.[4.23}).

U, =U, + U, Cos(2nf,T) (4.30)

where U, is mean velocity of free stream, U, is magnitude of oscillation and f, is

frequency of oscillation. In this study that is supposed cylinder to be stationary and stream
Ul
2nf,

oscillates. Non-dimensional magnitude of oscillationis G, =



Non-dimensional oscillation magnitude of the study that the cylinder oscillates is
. A/D, where A magnitude of oscillation and D is diameter. A/D opposes to G,. In this
study, G, is given 0.3. ’

Vortex-vortex | —
interaction region
| ——

!

/cr'
U= U+ U,Cos( 2nft)
[ et

£ )

o

PFar waks region

Figure 4.3 Schematic view of the wake formed from a bluff body with vaﬁable separation
points and with oscillating free stream velocity.

4.2.2 Calculation lift and drag

In this study, we must add a additional térm to force equation (Eq.(4.24)). Let’s

write with new form as;

ad N g2 ar au.
Cn+iC, =iSST(V-V,)-iY & T, onp g2 0 (4.31)
AR “,:/(/ ") '); z ot ¥ |

4.3 Circular cylinder with splitter plate

Some of techniques and parameters of this study is the same to stationary circular

cylinder {Section 4.1) so only different techniques and parameters mentioned in this study.

In this study, motion of the vortices has been calculated in a transformed plane.
This plane is obtained by the following set of conformal transformations which maps the
points on and outside of the circular cylinder with an attached-plate to points on and

outside a circular cylinder with unit radius (Fig.[4.4]):




4.3.1 Conformal mapping from circular cylinder to circular
cylinder with splitter plate

This transformation occurs in two steps. First step is transformed from plate to

circle { ¢ plane to 4 plane, See Fig.[4.4]). This transformation is;

=3 1 4.32
=2 () ‘ (4.32)

And then from plate to circle with plate (£ plane to z)

Kl T 5/4 | &/4

——Zp

Figure 4.4 Sketch showing the physical plane z and the computational plane 1.

Let’s draw z;

+1)? -1 +1)2 _12)?
zza,n(l+1)+upn¥ Y@l)(l+l)+apn}4 (4.35)

8L, A 4L, 8L, A 4L,

This equation is transformation from circular cylinder to circular cylinder with



splitter cylinder. Let’s write down inverse transformation;

A= - (Z + 3 ) &y ¥ e (Z - ) - (Lr“l)_2 2'-1'(4'36)
(Lp+1)? z ] L1y

and Let derive Eq.(4.35) with respect to A;

(Lp+1) ( N ) . L @1y L1
iz_=(Lp+1)2[1__1_); 8L, \ % 4L | 8L \ ¥

. 8L, A2 A 2
@G (1Y, G|
8 L, A 4L,

dr 4L
where - = —2t
& a-Ly

Cete & Unal, 1992).

as  ZA=o (For more detail the reader refers Cete, 1989 -

4.3.2 Representation the Flow around the Circular Cylinder
with Splitter Plate

Consequently, for the free-stream velocity in the physical plane to be U, the

compiex potential:
(1+L,Y 1
W) =——U| A-— (4.38)
2 o[3)

represents the basic flow around the circular cylinder with unit radius. Then, the total
complex potential is obtained by adding this to the complex potential due to N vortices in
the flow field, and their images in the cylinder which are required to satisfy the zero normal

velocity on the cylinder:
j=1

W) = W, v 5 - a2 4.39
S AOESS E{m(x—xj) m(x —f)] | (4.39)
i

where 1, is the complex conjugate of 4,

Derivative of this complex potential with respect to the complex co-ordinate 1 gives



the complex conjugate velocity in the transformed plane. Since the vortices are convected

in the transformed plane, Eq.(4.3) is modified to take into account the transformation
modulus at vortex locations | di/dz | 2. Therefore, complex conjugate of Eq. (4.3)

becomes:

oA

9 _jaw T
o

a, (4.40)
8).1. 4r

dz

d*dA;
&,

where the second term in the parenthesis represents the Routh correction factor in the

transformed plane and complex conjugate velocity is;

&, |aw T, &ejdr; dh,

a | 9, 4m | dgdh, &
_ , _ . : (4.41)
o O NI S U S S 1 [ A L
dt 4L, 12 2 G A T aZ/A.J 4n | dgd, dz

Agrr,

where z, is anywhere in the flow and 4, is its transformed value in the transformed plane.
Of course, if there is not a point vortex at z, location, Routh correction factor will be

dropped.

After determining the upper and lower introduction points, the motion of vortices
introduced into the flow from these points with a certain time interval can be calculated
by integrating the Eq.(4.7) via using a proper integration scheme. In this study, a first-order

Euler integration scheme, i.e.
A T+8T) = A(D + % 8T (4.42)
7 i aT

with a time step non-dimensionalized with respect to the free-stream velocity and the

radius of the cylinder, §7T=0. 7 is used.

4.3.3 Circulation reduction scheme

Another difficulty associated with the inviscid discrete vortex method is that the
potential vortices never decay and thus lead to high values in calculated drag and lift
coefficients. Although contradicting with an inviscid analysis, in order to obtain realistic

values for these coefficients, a circulation reduction scheme is frequently resorted to



{Kawai, 1990 - Sarpkaya & Schoaff, 1979).

in this study ,the model used for circulation reduction is similar to the one
employed by Kawai (1990), in which every vortex in the wake loses its strerigth in an
amount depending on its non-dimensional life time (T,). The form of the proportionality is

as foil'ows:

p=0.002T, for T,<5
B=0.01T, for 5<T <20
B=0 - for T>20 ‘ (10$)

Once the introduction points defined by the separation points and the radial
distances are determined and the circulation reduction scheme has been employed, a
couple of new potential vortices are introduced into the flow field at each time step, and

their motion are calculated according to the Eq.(4.40) and (4.42).

However, in order to quickly provide the evolution of the wake flow, an asymmetry
is induced to the developing flow field for a limited timé interval. As suggested by Sarpkaya
& Schoaff (1979), the vortices on one side of the wake are given small lateral
displacements. However, the magnitude of asymmetry is much smaller than that used by

them. The form of the asymmetry is:

Ax =001 (1 - Cos{ n(T-5)/4]) for 5<T<9 (§‘44)

it should be noted that, the magnitude of the asymmetric perturbation is decided
after many preliminary calculations for different sets of values of the asymmetric
perturbation and the constant of praportionality for the reduction. The set of values used
for the results presented herein not only provides the stable regime for the circular cylinder
without the splitter plate in a very short time but aiso gives way to values of 6scillating
quantities such as lift and drag coefficient, which are in agreement with previous numerical

and experimental studies {Sarpkaya & Schoaff, 1979).



4.3.4 Calculation of Pressure Distributions and Lift, Drag
Coefficients

Lift and drag coefficients are calculated from the instantaneoUs‘ pressure
distributions around the body. In doing this, pressures are calculated at a number of
statiohs on an envelope around the body in the physical plane. The calculation is carried
out at every other 10 time increments and at 180 points with equal increments on the
circular cylinder, whereas the number of stations on the uppér and lower faces of the
splitter plate, with equal spacing of 5% of the plate length, vary depending on the plate.
length.

Distribution of the pressure coefficient (C,) around the cylinder is calculated from

the unsteady Bernoulli’s equation:

CP=lv—(u2+v2)-2% A (4.45)

where u and v are the non--dimensional velocity components in x and y directions around

the cylinder in the physical plane, and @ is the velocity potential.

The lift and drag coefficients are obtained by means of integration of the pressure
distribution around the cylinder and the splitter plate. In order to eliminate the effect of
meaningless pressure values just downstream of separation, a procedure similar to that
employed by Stansby (1981) is used: Pressure is assumed to vary linearly between the
pressures at stations 5 degrees ahead and 15 degrees after the instantaneous separation

angle.

In all of the Lagrangian discrete vortex method applications, point vortices
approaching to a solid boundary smaller than a prescribed distance ( a cancellation
distance) is removed from the flow field just to avoid unrealistically high velocities that
would have been induced to them by their images otherwise. As pointed out by Stansby
(1981), the pressure coefficient in the base region is sensitive to the cancellation distance.
In this study, this distance is chosen to 4% of the radius of the cylinder for both the

cylinder and the splitter plate.

The computations were performed using an i860 microprocessor for 11 different
plate lengths (L) non-dimensionalized with respect to the diameter of the cylinder (D).
These plate lengths are: L/D =0, 0.0625, 0.125, 0.25, 0.50, 0.75, 1.0, 1.25, 1.50, 1.75



4.4 Calculation procedure

The studies mentioned in this chapter have same calculation procedure. Steps of

the calculation are as follows:

awe

iv-

vi-

vii-

viii-

Determine the separation points,

Calculate the induced velocities at the separation points.

Calculate the strength and radial location of new vortices.

Calculate the pressure coefficient distribution around the cylinder and on the
plate and integrate it to find the drag and lift coefficients.

Determine velocities at introduction points and previously-introduced vortex
locations. _

Release new vortices into the flow by convecting them with the velocities
found in step v.

Advance rest of the vortices to their new positions using velocities found in
step v.

Apply reduction to circulation of the vortices.

Return to step i to introduce new vortices into the flow.



CHAPTER b

THEORY AND TECHNIQUE OF VORTEX-IN-CELL METHOD
AND AN APPLICATION TO FLOW AROUND NACA 0012
AIRFOIL

5.1 Governing Equations

The fundamental equation of a flow for a newtonian fluid is the equation derived
from the balance of momentum namely the Navier-Stokes equation. The balance of
momentum for a fluid can be written as; ‘

p 2 gV G.1)

br

By taking & in consideration according to Stokes's postulates, for an

incompressible and constant-viscosity fluid, this equation becomes:

]

D

—_— = _.~V+ Wij ' (5'2)
th b & /N

The gravity term is negligible in most cases. Thus the two-dimension form of the

Navier-Stokes equations for a constant property fluid are;

;‘E+u%+vi=-l@+v[_afﬁ+i§}
& & oy pa  |ar 3 5.3)
@,,usz@:__l_@”_aiv_+ﬁ}
& ax ¥y p ax? &t

Taking the curl of these two equations and thus eliminating the pressure from them gives

"Vorticity Transport Equation™ in two-dimension, that is

Do _ . w2, (5.4)
Dt

or
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-‘?ai:-«»(ﬁV)w:vvzw (5.5)

where " @ " is defined here as "fluid vorticity”.

0= _ou (5.6)
ax oy
Consequently the incompressibility assumption divl =0 ,i.e.;
u > _yq .7
a&x o
and definition of the stream function ¢ as;
v _, o ., (5.8)
y o '
gives the Poisson’s equation;
(5.9)

5.2 Splitting the Equations

The method proposed by Chorin {1973) in connection with his work on "Slightly
Viscous Flow Over a Circular Cylinder” is known as the "Operator Splitting”, "Time
Splitting™ or "Viscous Splitting™ algorithm. in this method, at each time step one may solve
the convection and diffusion of vorticity sequentially, rather than simultaneously. For 2-D,

the Vorticity Transport equation in the non-dimensionalized form, is

Do _ 1 2, (5.10)

where the Re is based on the cylinder diameter. But the method suggests to separate this

equation into two parts as viscous diffusion

dw

Ly, (5.11)
ot Re

and convection



%‘;_’ e AX (5.12)

Denoting the solution operations of equation (5.10) and {5.11) as Dft} and Cft)
respectively, one can mathematically write the description of viscous splitting algorithm

which is applied at each of m time steps of duration At as
o(mAf) = D(A7) C(AD™ w(0) (5-13)

Here, wfm At} is the vorticity distribution after "m" time step and &f0) is the initial
distribution (Benson et al., 1989). The accuracy of the method is proved as converging
to the Navier-Stokes solutions, under some restrictions by Beale and Majda {As referred
to Benson et.al., 1989). Convergence of solution depends on the accuracies of convection

and diffusion individually (Benson et al., 1989).

5.3 Diffusion of Vorticity and Boundary Conditions on
Circulation

in this study, he diffusion part of vorticity transport equation is solved on the mesh.

In two dimensions, non-dimensionalized form of the diffusion equation is;

dw _ 1 [azmjw] (5.14)

where the Reynolds number is based on the cylinder diameter D and the free-stream
velocity U, i.e. Re=U_D/v Under transformation, this equation takes the form that
includes the transformation modulus { Jacobian ) between computation and physical
planes. Thus, using the mesh circulation values instead of vorticity which assumed to

spread uniformly in A, the diffusion equation can be written as follows;

A _ 1 | F@) | FT)
ot Re | &2 3y?

ésr (5.15)
dz -

The finite difference technique is applied to this equation with proper discretization allowing
explicitly calculations in -x direction and implicit in -y direction. The finite difference forms

of this equation was given in Appendix A.

The diffusion equation is solved subject to the no-slip boundary condition at the

surface. The first order approximation for the surface vorticity, in its circulation form



(Roache, 1972) is employed.

r, - _?_(‘Lv;:_""ﬁ Ax (5.16)

where subscript "e" stands for the value at the wall, "w+ 1", for the neighbouring grid
to the wall A" is the distance neighbouring grid to the wall and Ax is the constant mesh
spacing in -x direction. Since the flow is impulsively started, the wall circulation values at
the start of the motion are determined by the stream function values of the basic flow. As .
indicated by Roache higher degree of circulation boundary condition requires more

computational time and for some cases improper resuits.

For the solution of the Poisson’s Equation for the stream function periodicity is
imposed at the right and left boundaries of the computation plane, and at the upper
boundary the stream function values induced by the discrete vortices and their images in
the body are taken as the boundary condition. At the lower boundary describing the wall,
the stream function value is taken as zero. After calculating the diffused vorticity across
the mesh and therefore determining the new vorticity field, the Poisson's Equation is solved
again and the stream function values at grid points are used to calculate the convection
velocities of vortices. Consequently, the vortices are convected to their new positions at

the end of each time step.

5.4 Convection of Vorticity

The method described above produces high number of discrete vortices in the flow
field. The Vortex-in-Cell method employed in this study provides an effective way to

calculate the convection velocities for these vortices.

In its simplest form, VIC technique requires allotments of circulation of each vortex
occupying a cell to the four surrounding mesh points according to the bilinear area
weighting scheme; in another words, the total circulation of a mesh point is defined by
summing the contribution from all of the vortices resident in the four surrounding cells.
If the circulation of a vortex is ' then the contribution this vortex assigned to the four
surrounding points on a cartesian mesh (Fig.[5.1.(a)]) is calculated by;

T4

r@ = 4 (5.17)
T4

ka1

This assignment gives the mesh circulations {i.e. the right hand side) used in the
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Figure 5.1 Interpolation procedures for circulation and velocity.

solution of Poisson’s equation. With the stream function values determined from the
solution of Poisson’s equation (see section 5.5) the mesh velocities are calculated also

taking into consideration the transformation moduli.

31
% ldz (5.18)

o 4
dz

Known the mesh velocities, an area weighting scheme, in reversed direction

ox

(Fig.[5.1.(b}]) then gives the convection velocities of the discrete vortices as follows;

ket (5.19)

4
vp:z A

k=1

where A is the total cell area. Consequently the vortices are advanced to their new

locations, by a first order approximation:




i

x,(t+AD)

xp(t) + up(t)At

(5.20)

Y,(t+An) = y (1) + v (AL

where x, and y, are the orthogonal coordinates of vortex P, u, and v, are the velocities in -
x and -y directions obtained at the previous calculation step.
5.5 Solution of Poisson’s Equation

The stream function values required to be determine the convection velocities of

the discrete vortices are obtained using Poisson’s equation in its circulation form:

Ry=- (5.21)

> i

Many of the algorithms developed for the simple Poisson’s equation fall into two apparently
distinct categories: those based on Fourier decomposition in one dimension, using Fast
Fourier Transform {FFT) technigues, and those based on block cyclic reduction. In present
study, the former is used. This brings a restriction on the type of solutioh domain, although
some other direct methods do not: If the solution domain is a rectangular NxM grid, N,
being the number of mesh points in x direction in which the Fourier transformation is taken,

is restricted to be power of 2,i,e. N=2*(k=1,2,...).

Taking the fourier transform along x direction reduces Poisson’s equation into a
tridiagonal system of equations. As described before, the boundary conditions at top and
bottom in transformation plane are given as Dirchlet type. For surface, the stream function
value is zero. On the other hand, the FFT technique is used in this study aséumes
periodicity of stream function at the left and right boundaries. Since the Poisson’s
equations is a linear equation the super position principle is applied and the stream function
corresponding to a non-zero circulations distribution is added onto the stream function of

the basic flow. (see section 5.7)

A detailed comparative study can be found in the review article of Temperton

{1979). The discretized form of Poisson’s equation is given in Appendix B.
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5.6 Amalgamation of Vortices

For a number of reasons, in numerical studies with the discrete vortices,
amalgamation or merging of two or more vortices into a single one is generally resorted
technique: Amalgamation .
*  can eliminate the unrealistically large velocities induced by the point vortices
*  Shorten the computing time by reducing the number of vortices, and

*  can simulate some naturally occurring merging

By smearing the vortex onto a mesh it occupies, the VIC technique automatically
eliminates the large velocities induced by the discrete vortices. However, due to production
of large number vortices, the VIC technique without an amalgamation procedure becomes

computational impractical.

Since the amalgamation is an approximation, there is no correct or guarahteed way
to perform it. It should be used with care and, if possible, verified that it does not introduce
unacceptably large errors. But unfortunately, it is difficult to assess the more elusive
effects of merging on the numerical predictions since the problem is highly non-linear and

its results depend on many different parameters which can easily be intermingled.

There are two merging schemes examined in this study. One of them is to
associate the point vortex existing in a cell with the diffused vorticity at the four
surrounding mesh points diffused vorticity without taking account their being like or unlike
signed. Other one goes to a discrimination between like and unlike signed vortices. The
oppositely signed vortices are combined when the distance between them is less than
prescribed value to mimic the cancellation of oppositely signed vorticity which is the major
mechanism of enhanced energy dissipation in turbulent flow. This length is defined to be
shorter than the one for amalgamation of like signed vortices. When merging the like signed
vortices the total circulation and linear momentum are conserved. But the second moment
of vorticity distribution decreases and velocity fields before and after merging are not
identical. This generally causes the discontinuities in the calculated force if either the
generalized Blausius theorem or the time rate of change of first moment of circulation is
used. Discrimination between like and unlike signed vortices gives large number of vortices
thus increases the computing time although it is more accurate to simulate the viscous

effects.



5.7 Solution Domain and Conformal Transformation

As a necessity of using hybrid scheme for flow computations, a proper grid should
be produced around the body in order to simulate accurately the diffusion and convection
processes. For a successful simulation the grid should be fine enough to cover at least
three or more mesh in the boundary layer {Roache, 1972). To extend this fine grid
structure into a region far from the body an impractically large number of grid points are
required. However since the large scale structures are the domfnant feature of the flow
far downstream a coarser mesh is sufficient there. For the y locations of grid points the .

following expression is used:

id + J A% + 4 BCU-1) (5.22)

Y 2B

where A=J-7-D. By assigning different values to the parameters B,C,D, various grid
structures can be produced in transformation plane which provides different definitions in
the boundary layer and different locations for the outer boundary of the computational

domain.

The transformation between the computation {rectangular) and the physical
domains is achieved in two stages:
* transformation from semi-infinite plane to plain cylinder,

* transformation from plain cylinder to the airfoil (NACA 0012).

1- Transformation from semi-infinite plan lain_cviinder
Calling semi-infinite plane as ¢ plane, plain cylinder plane as { plane, the

expression for this transformation is;
{ = R exp( -iaf ) (5-23)
where { and § represent complex coordinates
C=C0p+ig, E=8+i§

in semi infinite plane and the plain cylinder plane respectively and R is the radius of cylinder
and o is step size in angular direction. For this stage the differential quotient of the

mapping function is;

— = -i a R exp( -iaf ) (5.25)




Stage 2- Transformation from plain gvlinder to airfoil (NACA 0012)

Using Jukowski transformation formulae, transformation between these two plane

was proved as follows:

Z=A(C+5+C“;26) (5.26)

where ¢, 6 and A are constant related to the thickness, camber specifications and scale
factor of the airfoil. Eq.(5.26) with ¢*=0.8061 and 6 =-0.06474 closely defines NACA -
0012 airfoil profile and A is selected 1/1.8 so, the airfoil chord (c) is equal 2. z represents
the complex coordinate in the physiéal plane (i.e. NACA 0012 profile), and the

corresponding differential quotient of the mapping function is

!5:4(1-__5_2__] o (5.27)
d; (¢ +8)

From foregoing expressions, the global differential quotients of the composité mapping is

product of these two quotients. That is;

&z _ & df (5.28)

X &

The stream function of the basic flow around a circular cylinder placed in a uniform flow
can be easily expressed in the intermediate plane of circular cylinder. However, in order to
determine the corresponding basic flow in the physical plane this' stream function
expression shouid be multiplied by the limit value of the differential quotient of the
transformation passing from physical plane to the intermediate one (i.e. plain cylinder
plane). The limit, as { gaes to infinity, is;

lim (5.29)
oo

R[&
I
™

5.8 The Calculation of Force and Pressure Coefficient
Distribution

Force due to vortex shedding is determined by the total rate of change of first
moment of circulation. Approach is applicable to viscous flows as well as inviscid flows

{Wu, 1981). Therefore the expression for the vortex force is

F,=-ip a8 (5.30)
dt




where @ is the first moment of vorticity field:

o = f PxG dR (5.31)

R’

where 7 is the position of the vortex; R, includes all the region outside of the body.
Consequently the discrete version of the force expression in terms of mesh circulation I,

can be written as follows;

v

N
Fo=-ip 2y 1, (5-32)
o i1 _

where z, is the physical plane complex coordinates. Actually, the mesh points do not

change with time but circulations do. Thus the equation takes the following form;

0
F,=-ip Z_; z, =T} | (5.33)
Dimensionless force coefficient follows as;
c Ey | (5.34)
» -:-p Ul )

where U is the free stream velocity and d is the cylinder diameter. The real and imaginary

parts of this expression are dimensionless drag (C,) and lift (CL) coefficients respectively,
If the Navier-Stokes equation in primitive variables are considered at the wall
together with the definition of vorticity and the no-slip boundary condition, it is possible

to derive the following expression.

(5.35)

where p is the pressure, n and s are coordinates in the normal and tangential directions.
The vorticity of the surface and its neighbouring using the first order approximation can be

written as follows;



r

_ Tiwall+l

©; watisl =
An As (5.36)

3
©iwat = _A_nz (¥ ottt Vi) = 0590 gy

The pressure distribution around the surface of the profile is obtained by integrating

as follows;

As (5.37)

APt = =V (@ qie; = Opa) An

where An and As are the increments the normal and tangential directions.

The calculation procedure of the time-splitting solution of the Navier-Stokes

equations is given as follows;

+*

*

L J

Interpolate circulation onto mesh

Solve Poisson’s equations for ¢ Adjacent to solid boundaries

Create circulation at solid boundary and diffuse circulation for entire mesh
Solve Poisson’s equation for entire mesh

Create modified circulation at solid boundary

Diffuse circulation adjacent to solid boundary

Amalgamate or release diffused circulation

Evaluate force and pressure distributions

Difference stream function to obtain velocity field

Interpolate velocity onto point vortices and convect them



CHAPTER 6

RESULTS AND DISCUSSIONS
6.1 Results and Discussion of Stationary Circular Cylinder

In this study, the main concern has been to ciearly demonstrate the effects of
employing a circulating-reduction scheme and assuming fixed and variable sgparation point
to the fluctuating quantities as well as to the wake structure, and the discréte vortex
method has been shown to predict the mean and fluctuations veioéity fields behind a

cylinder in agreement with experimental findings.

Similar to the previous studies Sarpkaya & Schoaff (1979) making use of the
inviscid DVM, the global structure of the circular cylinder wake is successfully simulated
{Fig.[6.1]). Of course, with this method there is no intention of predicting the fine scale .
structure of vortices. The predicted wakes should be observed only globally: The discrete
vortices originally released from introduction points form clouds of vortices global structure

of whose resembles the actual vortex street wake.

The effect of circulation reduction to the wake structure is demonstrated in
(Fig.[6.1]). For comparison, the structures are sampled at the same phase of the wake
oscillation: For each case the fluctuating lift passes through minimum. QObviously, narrower
wakes are associated with vortices of lower strength, and thus the reduction causes the
wake-width to decrease with respect to the case in which no reduction is applied. Also
evident in Fig.[6.1] is that when the reduction is applied, irreguiarity of the far wake due
to high induced velocities are eliminated and thus the vortex street wakes become more

organized for longer downstream distances.

As regard with corresponding variations in related quantities: In the case of fixed
separation points, the rates of circulation fed into the flow from the upper and the lower
introduction points have almost the same time-mean value regardless of whether the
reduction is applied or not (Fig.[6.2.{b)] and Fig.[6.3.({b}]). Also, a low frequency variation
in the mean value of the rate of circulation is evident for the case of no-reduction.

However, when the reduction is applied, the variation {Fig.[6.3.(b)]) has almost a steady




mean vaiue. Additionally, the fluctuating part of rate of circulation exhibits a more

organized variation in the case of reduction. In fact, these characteristic of variation with
respect to are also evident in the mean and fluctuating parts of the other ﬂpctuating
quantities such as the radial distances of introduction from the separatidn points r,
(Fig.[6.2.(d)] and [6.3.(d)]). In accord with the feed back of the downstream unsteadiness,
the radial distances show nearly sinusoidal small variations. Similar to the variations with
respect to time of the rates of circulation fed into the flow from the upper and the lower
separation points, the radial distances of the introduction points at the upper and the lower .
surfaces of the cylinders are almost 7 out of phase with each other. Additionally, variations
of r, and DI/DT on the same side of the cylinder are in phase.With the circulations-
reduction in progress, the fluctuating drag and lift forces are taken down to vaiues which
are in agreement with those found experimentally (Dwyer & McCroskey, 1973)
(Fig.[6.2.(a)] and [6.3.(a)}). The time value of the drag coefficient is about 7.28 and the
lift coefficient fluctuates +0.8, whereas when there is no reduction the corresponding
values for the drag and the lift coefficient are 7.85 and + 71.85 respectively. Similarly, the
reduction leads to a more realistic value {-7.45) for the time-value of the base pressure

coefficient (Fig.[6.3.(c)]).

When the sepération points as well as stagnation point are allowed to move in
harmony with the periodic vortex wake, variations of the fluctuating quantities become
more organized with respect to the case of fixed separation points: The low frequency
variations of the mean value of r, and DI /DT with respect to time are absent in the case
of variable separations points (Fig.[6.2.(b)], [6.4.{d)], [6.2.{d})], [6.5.(f)]. Due to an
increase, in comparison with the case of fixed sepafation points,of effectiveness of the
feedback of downstream unsteadiness, the variable separations points leads to somewhat
larger values of the time mean value of the drag coefficient and the lift coefficient
fluctuations (Fig.[6.2.(a), [6.5.{c}].

Despite the fact that prediction of the separation -and the stagnation point- angles
are based on a very simple approach, the variations of these angles are, relative to those
achieved by the quasi-steady Polhlhausen’s Approach Sarpkaya & Schoaff {1979), in better
agreement with those found experimentally. The separation angles exhibit +2.75
fluctuations around the mean value of 80°, whereas the amplitude of fluctuation of the
stagnation point angles is nearly 2~ (Fig.[6.6.(a)], [6.6.(b)]). For the case in which the
reduction is applied and the separation points are allowed to move, the Strouhal number
based on the diameter of the cylinder (f2ail,) is 0.22.

The variations within a period of wake fluctuations of the pressure coefficient

distributions around the cylinder are demonstrated in Fig.[6.8] and this figure insensible



(see Fig.[1.5] and Blevins, 1974). The time difference between the distributions at
successive non dimensional times are equal (AT = 2), and the arrows at the centre of the
cylinder indicate the instantaneous lift and drag coefficients. Except a very small region in
front of the cylinder, all the pressure values indicate suction. Naturally, the variati'on of the
pressure distribution is accord with that of the wake structure. Fig.[6.4]1 is produced using
DVM with the variable separation points and reduction, the variation within a period of
wake fluctuations of the pressure coefficient distributions around the cylinder produced in

this study is in a good agreement with experimental result (see éection 1.2, Fig.[1.5]).

Using this case giving a better agreement with experiments, the velocities in the
free stream (x) and the vertical {y) directions at 240 selected points are calculated. These
240 measurement station are shown in Fig.[8.8]. The variations of the velocity
components with respect to time is obtained at these measurement stations (Figs. 6.10,
11, 12, 13). The average velocity profiles at various x/a location are given Fig.[6.9],
where a is the radius of the cylinder and U, is free stream velocity. In addition, the
contours of the average and rms value of the x and y components of the velocity
fluctuations are plotted in Figs.[6.14,15,16,17]. The measurement plneis betweeny/a=2.
and .0 but because body geometry is symmetric, the contours are symmetric with respect
to the centerline of the wake. Similar to the experimental studies {e.g. Durgin & Karisson,
1971), a velocity profile with high shear in the near wake change into a typical far wake
profile. That is the rate of shear reduces with increasing x/3 . Additionally, the
acceleration at the shoulder of the cylinder is evident. The contours of velociyt fluctuations
in x and y directions are alsc similar to those obtained experimentally: At the centerline
of the wake, y/a=0 , the frequency of U velocity fluctuation is twice that of vortex
shedding. However at the location where y/a is not equal zero, it seen that the frequency
of v and v velocity fluctuations is the same. The magnitude of V velocity fluctuations
decrease while y/a is increasing, whereas the magnitude of u velocity fluctuations first
increases and then decreases. The y/a@ location where the magnitude of u velocity
fluctuations is maximum correspond to the y/a location where the average velocity is equal
to half of the free stream velocity like expected. These properties are clearly seen in
Fig.[6.14,15,16,171.



Fig.6.1. Discrete vortex distributions corresponding to the cases of fixed separation points,
without reduction (a); with reduction (b), and variable separation points, without
reduction (c); with reduction.
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6.1 Results and Discussion of Oscillating Circular Cylinder

In this study, effects of longitudinal sinusoidal oscillations of free stream on wake
structure and loading of a circular cylinder has been investigated by means of the
lagrangian discrete vortex method. In this study the amplitude of oscillation is 0.3 and the
other parameter f/f," varies. f," is the natural vortex shedding frequency and f,=0
corresponds to the freely developing wake with the natural vortex shedding frequency of
f,"=0.1. The computations were performed for £,/f," =0.5, 1., 2., 3. and 4..

In an experimental study, interesting results about near wake of oscillating cylinders
have been found by Ongdren & Rockwell (1988). A symmetric vortex formation at
oscillation frequency at the upper and lower surface is observed (case S); if £./f," =2,
because of groups of vortices forming in opposite directions with respect to the centerline
of the wake, a asymmetric vortex street with half the oscillation frequency is obtained
{case A-ll, Fig.[6.18]). The vortex formation changes to a symmetric structure at the case
of £./f," =4 (case A-IV), while itis asy'mmetric in the case of f,/f,' =3.0 As for the case
of A-l, an asymmetric vortex formation with natural vortex shedding frequency resembles
the classical Karman vortex street. Fig.[6.19] shows the fluctuation of the rate of change
of strength of the point vortices released into the flow field from the upper and lower
separation points of the cylinder (dT/dT ; here, T stands for the non dimensional time
obtained by using the cylinder diameter {(a) and mean free stream velocity U, i.e.,
T=U_,t/a). When there is no external effect (f,/f," =0), the fluctuations at the upper and
lower sides of the cylinder are i out of phase and the fluctuation frequency is equal to the
natural vortex formation frequency (f,"). £, is determined as 0.7 and corresponding
Strouhal number St=f2a/U, is in accordance with the experiments. The change of lift
coefficient with respect to time is at the same frequency. Periodical vortex formation
results in the fluctuation of the lift coefficient with the same rhythm (Fig.[6.20]). As seen
in Fig.[6.21], large scale vortices with & out of phase formed from cylinder and travelied
to the downstream gives way to the asymmetric wake structure. When the frequency of
free stream oscillation is half of the natural vortex formation frequency (£/f,"), vortex
formation frequency (f,) does not differ very much from its free value as clearly seen in the
fluctuation of the lift coefficient in Fig.[6.20]. However, dT/dT variation has not a mean,

steady value as in the case of f,/f,,' =0, but fluctuation at oscillation frequency Fig.[6.19].

When £./f," = 1.0, C, versus T variation {Fig.[6.20]) puts forth an evident reduction
at the large scale vortex formation frequency. When the the vortex formation frequency
{f,) approaches the oscillation frequency (f,) or its subharmonics, the decrease of the
vortex formation frequency is also observed in the experimental studies (Barbi, et.al.,

1986). dr/dT variation at the upper and lower separation points corresponding to this




case, as a result of symmetric forcing of free stream, shows phase difference of less then
n. However, the downstream wake is in an asymmetric structure similar to the case
f/f,"=0. (Fig.[6.21,22]). There is also similar phase relation between df/d7 - T variations
at the upper and lower separation points for £,/f,"=2. and 3. When f/f,’ =2., dr/dT -
7 variation indicates that there exist two pairs of small scale vortex formation from upper
and lower separation points. Mareover, it is seen that, there exists a difference in strength
of vortices formed almost in synchronization from the upper and lower sides. A vortex
forms from the upper side together with a vortex with lesser strength from the lower side,
and at the succeeding oscillation period 7,= 7/f, opposite is observed and this repeats
almost perfectly. It appears that each of the large scale vortices formed from the upper and
lower sides comes out as a resuit of grouping of a large scale vortex formed with a small
scale vortex formed from the opposite side. And, as a result of this vortex-vortex
interaction, a regular overall wake formation is obtained at the haif out the oscillation
frequency (Fig.[6.21,23]). Locking of vortex formation frequency to the half at ‘the
oscillation frequency is a feature clearly seen also in experimental works_ (Griffin &
Ramberg, 1976 - Detemple-Laake & Eékelmann, 1989). Equalization of vortex formation
frequency (f,) to the natura! vortex formation frequency of no-oscillation case is clearly
observed in the lift coefficient variation {Fig.[6.20]). However, the vortex-vortex interaction
mechanism suggested here is different from that observed by work of Ongoren & Rockwell
{1988). In this experimental work, A-lll regime explained in previous pages is observed, but
the suggested regime here is A-1V in A-lll contrary to A-lV, grouping of large-small vortex
is observed only in one side of the wake region. For the cases f,/f," =3. and 4., as similar
to the case £,/f," = 2, as a result of large-small vortex interaction, wake structure is formed
by vortices at £,=f," frequency (Fig.[6.21]). Interactions, which are effective in reaching
to this overall structure, can be proposed by starting with the variation of dI/d7-dT as
follows: when £,/f," = 3, in natural vortex formation period {7,°) triple small scale vortices
form from the upper and lower separation points in mutual phase agreement. Each vortex
formed from one side is met by a larger vortex and a smaller vortex formed from the other
side. And, as a result of this interaction between the vortices, far wake structure is actually
formed by vortices with the natural formation period (T,’). The lift coefficient fluctuates
at the frequency of the formation of this large scale vortices which is not different from
natural frequency f£,’) (for £,/f," =3 and 4, the difference at T axis in Fig.[6.19,20] must
be taken into account.). When £,/f," =4, the resulting vortex formation frequency (fJ is
again almost the same with natural formation frequency (f,,'}. For f,/f,' =3 and 4, although
the small scale symmetric vortex formations at f, frequency are observed in the
experimental work of Ongéren & Rockwell (1988), there is no observation for the for the
far wake structure. Another character observed in the experimental works is that the lift
coefficient increases higher and higher as it is reached to the synchronization regime. The

work presented here confirms this observations (Fig.[6.20]}). As conclusion, in spite of



near wake structure displaying different configurations depending on the oscillation
frequency, overall far wake structure is interestingly universal independent from the
oscillation frequency. Interaction among vortices is the cause of reaching to this universal

structure
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Fig.6.18. Representation of basic modes of vortex formation from an oscillating cylinder
(Ongdren & Rockwell, 1988).
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Fig.6.19. The variation of change of circulation with respect to time (dI'/dT) depending on
the rate £./f,”




Fig.6.20. The variation of lift coefficient (Cp) with respect to time depending on £./f,”, (------)
is for the free-stream oscillation.




Fig.6.21. Wake structures for the cases f./f,"=0, 0.5,1,2,3 and 4 from top to bottom
respectively.
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Fig.6.22. The point vortex distnbution for the case f/f,"=2.0 in a period.

Nondimensional time corresponding to each case is indicated on the C; vs T

variation.
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Fig.6.23. The point vortex distribution for the case f/f, =4.0 in a period.

Nondimensional time corresponding to each case is indicated on the Cp vs T

variation.




6.2 Results and Discussion Circular Cylinder with splitter
plate

The calculation results for the cylinder without the plate are in good a.greement
with both numerical and experimental studies (Sarpkaya & Schoaff, 1979): Time mean
value of the drag coefficient (C,) is 1.1; the lift coefficient (C,) has a mean amplitude of
about 0.68 and a Strouhal frequency of St=0.22; and the separation points (Ogqp)
fluctuate nearly sinusoidally with an amplitude of 2.6 degrees ébout a mean value of 77 .

degrees, while the stagnation angle has a fluctuation amplitude of 2 degrees.

Discrete vortex distributions in Fig.[6.24] show the effect of the splitter plate on
the flow structure. These distributions correspond to non-dimensional times at around 95
at which the fluctuating lift passes through a minimum in each case. Several
experimentally-observed features (Apelt, et.al., 1973) of the flow are evident in this figure:
With the action of the splitter plate, interaction between the separated layers decreases,
the vortices form further downstream of the body, and the width of the waké decreases
accordingly. Irregularity of the vortex street for the cases with a long splitter plate is also

observabie.

To quantify the variation of the length of formation of the vortices {/), a method
proposed by Bearman (1965) was used. According to this method, streamwise velocity
fluctuations at vortex shedding frequency were calculated at a number of stations along
a line parallel to the wake-centreline and at y =0/4. Then, the distance (x/D} between the
location at which the velocity fluctuation peak occurred and the centre of the cylinder is
called the vortex formation distance. The variation of the rms value (u,,,,/U,) of the velocity
fluctuation with respect to the non-dimensional downstream distance for various plate
lengths is shown in Fig.[6.25]. For the cylinder without the plate both the u,,, level and
1/D agree well with those abtained experimentally, which are calculated to be 0.4 and 1.2

correspondingly.

The formation length information deduced from Fig.{6.25] is shown in Fig.[6.26],
where variation of the rms value of the lift coefficient is also demonstrated. The formation
length variation is in accordance with the experiment of Apelt, et.al. {1973) based on flow
visualization: A short splitter plate causes the vortices to form much further downstream
with respect to the case without the plate, and for longer plates, the formation distance

remains essentially the same.
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Fig. 6.24 Effect of splitter plate on flow structure. L/D=0, 0.125, 0.5, 1.5, 1.75 and 2,
from top to bottom.




0.2 1

0.0

Fig. 6.25 Variation with downstream distance of the rms value of streamwise velocity
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Fig. 6.26 Variation with downstream distance of formation length (I¢ &) and lift coefficient
fluctuation (C; . a).
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Parallel to this variation in the formation length, a weakening in the strength of fully
formed vortex is expected. A clear indication of this weakening is seen in Fig.{6.25] where
the maximum fluctuation level is decreasing with incfeasing plate length. Corresponding
to the abrupt increase in the formation length for short plate lengths, there is 'a sudden
decrease in the fluctuation level with increasing piate length. These changes in the strength
and the formation length of the fully-formed vortex refiect into the variation of the lift
coefficient (Fig.[6.28]).

Variation with respect to the non-dimensional time of the fluctuations of: the rate
of circulation fed into the separated layers from upper and lower separation p_oints (dT/dT;
the upper and lower separation angies { ©,,,0,,); the radial distances of introduction {r.);
and the lift coefficient (C,) are shown in Fig.[6.27-30). For the case of circular cylinder
without the splitter plate (L/D = 0), a stable regime is reached at about 7=20. Whereas,
for the cases with splitter plates, fluctuations become intermittent and therefore it becomes

difficult to mention about a stable regime (Fig.[6.28-30]).

In accord with the observation of Apelt, et.al.(1973) a very short splitter plate
(L/D = 0. 125) reduces the oscillation of the separation points greatly (Fig.[6.27,28]). With
a longer plate, oscillations of the separafion points are further stabilized (Fig.[6.29]). This
is accompanied by reductions in DI/DT and the lift coefficient (C,) fluctuations.

It should be noted that, in attaining the time traces of the fluctuating quantities
presented herein, the magnitude of the initial asymmetry is not chosen arbitrarily. It is
found out that the behaviour of the simulated wake, and the time required to elapse before
attaining a nearly stable regime for the short piate lengths including the case without the
plate, changes appreciably depending on the set of values for the reduction parameter and
the magnitude of the initial asymmetry. On the other hand, for long splitter plates
(i.e.l/D=1.75), the simulated wake is not so sensitive to the magnitude of the initial
asymmetry. Therefore, after many preliminary runs for different sets of values, the final
set (8=0.95 and 0.017 for the magnitude of the artificial asymmetry) is determined by
requiring that it lead to small elapsed-times for reaching the nearly stable regime of flow
for all of the plate lengths, and for the case without the plate, give way to values in various

characteristics such as drag and lift coefficients which are in agreement with experiments.

Fig.[6.32] shows the variation with respect to splitter plate length of the Strouhal
number deduced from the lift fluctuations (Fig.[6.31]). Just as the same with that done for

determining the other mean quantities such as the force coefficients (C,, C,), the
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Strouhal number is calculated by means of a Fast Fourier Transform routine by considering
the parts of the data that are thought not to carry signs of the initial asymmetry (i.e. non-

dimensional times after about 60).

When compared with its experimental counterparts, except the range of very short
plate iengths,:the present simulation paves way to Strouhal numbers which differ greatly
from the experiments for a wide range of splitter plate lengths. Up to L/D =0.25, there is
a good agreement and the predicted value for L/D =2 coincides with that measured by
Apelt, et.al. (1973). It should be added that the Strouhal number variation calculated by

Kawai (1990) shows similar characteristics.

Along with the intermittency mentioned above, the fluctuating quantities do not
have a well-defined frequency for the cases with splitter plate. For example} as also evident
in the time traces shown in Fig.[6.27-30], the rms spectra of the lift coefficient fluctuations
do not indicate a single frequency (Fig.[6.33]). This is in contrast to the case without the

plate.

St

0.25

0.15

005 T T T T r T l 1
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Fig. 6.32. Variation of Strouhal number (St) with respect to splitter plate length (L/D). Apelt
et. al. (1973): a; Gerrard (1966): ---; present simulation: 0.

Another point in relation with the predicted-frequency variation as function of the
splitter plate length is that, it is an outcome of employing a reduction scheme such as the
one used for the resuits presented here. Caiculations without employing any reduction

scheme shows that, although the variations of the formation length of fully formed vortex
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Fig. 6.33. Spectrum of lift coefficient fluctuations (Cimy) for various plate lengths (L/D).
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Fig. 6.34 Variation of mean drag coefficient (Cp) with respect to splitter plate length (L/D).




and the drag coefficient follow similar trends to those presented in this study, the Strouhal
number continuously decreases with increasing plate length. For plate lengths (L/D) larger
than 7.5, the simulated wake does not even respond to an artificial

asymmetry.

- As to the mean drag coefficient (C,), the predicted values sharply reduces
at first and than continually decreases with increasing plate len‘gth. The sharp reduction
is in agreement with the experiment (Apeit, et.al., 1873), but the recovery of the drag
coefficient to a higher value for long plate lengths is not predicted. Additionally, for a large
range of plate lengths, the simulation gives higher values in comparison with the

experiment.

To conclude, the present Lagrangian discrete vortex simulation with a heuristic
model for vorticity reduction paves way to determination of many experimentally-observed

characteristics of the unsteady wake.




6.3 Results and Discussion of Airfoil

In setting up the computational model of a real system, the determination of
computational parameters such as the Reynolds number, the size of the integration time
step and size of mesh cells constitutes the first problem. Of course, the grid should be fine
enough and the time step sufficiently small so that mcreased temporal or spatial resolution

will not affect results.

The grid dependent hybrid method employed in this study requires a proper grid to
calculate the velocity field through the use of Poisson’s equation, and to solve the diffusion
port of fhe vorticity transport equation. In close neighbourhood of the body, the grid must
be fine enough for representation of the boundary layer accurately. On the other hand, the
grid should extend far enough in streamwise direction so that the rotational fluid cannot
reach to the outer boundary of the solution domain during the calculations. All of the
computatmns are carried out in a rectangular domain obtained conformally transformmg
the physical flow domain (i.e., the region outside of the airfoil) (Fig.[6.35,36] ). The above
mentioned constraints lead to grid expanding in direction perpendicular to the lower
boundary of the rectangular domain (in -y direction) corresponding to the body boundary.
Whereas, in direction parallel to the lower boundary (in -x direction), a constant spacing

-is employed in order to obtain a numerical solution of Poisson’s equation by making use
of Fast Fourier Transformation technique. The rate of expansion of the cell size in -y
direction is chosen to be less than 1.2. The grid structure satisfying these restrictions is
shown in Fig.[6.35], whereas Fig.[6.36] shows the corresponding grid structure in the
physical plane. In the computational plane, ratio of the successive mesh spacings is not
greater than 7.15 and the number of mesh point is 728 in -x direction and 770 in -y
direction. This grid structure was considered sufficient for calculations at Re = 1000.
The time step choosen is 0.0025 .

Result of the time step splitting algorithm at Re = 1000 are obtained for 15
differentincidences. Theseare 0", 3°,4°,8", 12°,13°,14°,15°,16°, 17", 18", 20°,
22° and 24°. The numerical study by Sampath (1977) and Wu & Sankar (1977) forms

a basis of comparison.

All the result can be classified into four types with respect to incidence. The first
type is the unseparated boundary layer. The second type is state of trailing edge separation
and a resulting narrow wake, the third type is state of strong trailing edge separation, weak
leading edge separation and medium width wake and the fourth type is state of leading
edge and trailing edge separation and a wide wake. In Fig.[6.37,38,39], the point vortex




distributions corresponding these four types of flow are plotted. The point vortex
distributions for the cases of a=13", 16", 18" are also shown in Fig.[6.40,41,42].
Although, there is no separationat a=0", 3", 4° , the resulting narrow wake develops
an instability and thus a wavy far wake. For larger incidences a bluff body wake type flow
exist pehmd the profile,

The colour coded vorticity distributions for the types of flow mentioned above are
shown in Fig.[6.43]. The contours of vorticity distributions and streamline pattern for
various incidence are shown in Fig.[6.44,45,46].

The colour coded vorticity distributions, pressure distributions on the airfoil surface,
streamline patterns and velocity profiles on the airfoil surface at certain nondimensional
times for various smail incidences are shown in Fig.[6.47,48,49]. Since these figures
include only case of small incidence, the instantaneous quantities is assumed to nearly
represent quantities of the steady state or time average. This assumption will not be valid
for larger incidences with large scale flow separation in Fig.[6.50,51,52,53]. These figures
include the colour coded vorticity distributions, pressure on the airfoil surface, streamline
patterns and velocity profiles on the airfoil surface at certam nondimensional times. which
are md:cated by bold circles in (C,) versus nondimensional time graphics. The time average
of quantities shown in Fig.[6.50,51,52,53] are demonstrated in Fig.[6.54].
Fig.[6.50,51,52,53] demonstrates the wake evolution at a high incidence. At the
beginning of a period (Fig.[6.50]), fully developed vortex from the trailing edge corresponds
to minimum lift. At a later time (Fig.[8.51]), the leading edge large scale vortex becomes
more dominant in comparison with that forming from the trailing end and the instantaneous
lift increas‘es. When the leading edge large scale vortex fully develops (Fig.[6.521), the lift
reaches to its maximum value.

In the time average sense, the leading and the trailing edge vortices produce a high
suction on the upper face and thus a high time mean lift coefficient Fig.[6.54]. The
velocity profiles in Fig.[5.50.(b),51. (b),52.(b},53.(b)] clearly shown separated reg:on
corresponding to the large scale vortices.

Variations for various incidences of lift and drag coefficients (C,, C,) with respect
to nondimensional time Fig.[6.55,56,57,58,59,60]. With increasing incidence, both of
these coefficients experience increases in their mean values and the fluctuation amplitudes.
The lost of lift (stall) has been obtained later then @=22". This is quite high for the flow
with high Reynolds number (see Chapter 2 for the flow around airfoil). Resuits obtained in
this studya=0"and 3" are in agreement with computations of Sampath {(1977). The rate

of lift coefficient with respect to incidence measured experimentally for high Reynolds




numbers is in good agreement with the analytical value according to inviscid theory by until
the stall. Owing to its low Reynolds number, results of this study does not show the same
agreement. Another disagreement with high Reynolds number fiows is that the the stall
occurs at about 22°. The rms value of lift and drag coefficient fluctuations (me Corms)
are shown in Fig.[6.61.(b)]. The rapid increase of C..ms COrresponds to the first existence
of the leading edge separation. Spectrum of lift coefficient fluctuations (Cy,ms) for various
incidence are demonstrated in Fig.[6.62]. The nondimensional frequency of shedding (or

lift coefficient fluctuations), the Strouhal number, can be determined from

=~M
[/

where f is frequency of flow, A is the height of the airfoil with its incidence and U, is the
free stream velocity and therefore the Strouhal numbers (St} for @= 72" and 24° are 0.42
and 0.35 correspondingly. Fig.[6.63] shows the lift and drag coeffnc:ent (C.. Cp)
variations with respect to nondimensional time given from Sampath (1977). Additionally,
the pressure distributions calculated by Sampath (1977) on the airfoil surface for g = o’
and 3 are shown in Fig.[6.65,66]. The correspondmg variations of the study herein is
shown in Fig.[6.64] and Fig.[6.67,68].
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Fig.6.37. Discrete vortex distributions for a=0, 10, 15., 22,




Fig.6.38. Discrete vortex distributions for =3, 8., 14., 20,
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Fig.6.42.




Fg. 6.43. Colour coded vorticity distributions for &=3°, 8°, 14°, 20°




®

. 6.44.  For o=3°, colour coded streamlines (a); and vorticity distributions (b).
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7

. 6.45.  For a=14°, colour coded streamlines (a): and vorticity distributions (b).




®

Fig. 6.46. For o=22°, colour coded streamlines (a); and vorticity distributions ®).
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Fig.6.51.

For @=20" and T=28.5, colour coded
vorticity  distributions (@); velocity
profiles on the body surface and
streamlines  pattern (b); pressure
distribution on the body surface (c); and
C; with respect to nondimensional time
(d). Full circle on the C;-T diagram
indicates T=28.5.
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1.8+

"“"A vorticity  distributions  (a); velocity
profiles on the body surface and
streamlines pattern (b); pressure

Ty = % = distribution on the body surface (c); and
‘o2 C, with respect to nondimensional time
{d). Bold circle on the C,-T diagram
o) ~ indicates 7'=29.0.
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For @=20" and average values in 28.0-
29.9 nondimensional time interval of
colour coded vorticity distributions (a);
velocity profiles on the body surface and
streamlines pattern  (b); pressure
distribution on the body surface (c); and
C, with respect to nondimensional time
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APPENDIX A

Finite Difference Forms on Rectangular Mesh

The basis of the approximation of flow equations used in this study is the Eulerian
concept of discretising the flow field onto a mesh to calculate quantities such as velocity
and circulation. According to this concept, equations are derived for a rectangular mesh
and each term in flow equations, used for the diffusion and convection processes are
obtained in discretized form. First and second order difference formulae are used for
constant mesh spacing in -x direction and expanding unequal, mesh spacing in -y direction.
Also the Fourier transformation of Poisson’s equation as taken in -x direction. The
discretized forms can be derived by using Taylor series expansion. In general, let f{x) be
a function whose differences are required to be established at a point "p", provided that
fors 5 F,4,y are given.

For the unequal mesh spacing, definition of mesh intervals is;

8Y,%5,.:77, (A1)

Ay 1= Yy (A.2)
and the ratio of these is

5= AAYZ: | (A.3)

Taylor series with the definitions above are:

J;q=f,,+f$Ay,,+—;r{,’ Ayﬁ*%f;”ija.. (A.4)
1 1
Jp17 P-f;AyP-1+5-r;/Aypz-l *‘Ef;”ﬁ)?j.ﬁ--- (A.5)

Subtracting equation (A.4) from equation (A.5) gives
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‘fpol—-f‘p-l l //Ayp
= = (1-5)+O(Ay ) .
5 Ay, Ao o —5 (=)+0y,) (A.6)
Taking only the first term in the right hand side gives a first order accuracy; for s=1
accuracy is second order. A second order accurate expression for j;/ obtained from A.4
and A.5 is as follows

n_ 25 Fpy~(L+s),,
Possl Ay?

(A.7)

From these foregoing expression it is now easy to discretise the equati‘ons in the finite
difference form proper for the solution on a rectangular mesh in cartesian coordinates.

Thus the diffusion equation in two-dimension becomes;

..n n

@y 20 04
2

Ax;

t

mf‘,=wzj+Atv

(A.8)
25 S0 ~(1+8)0) @y, 2

CUR

&K
2

o

2
where l% term is the transformation modulus, "n" refers the condition at time "t" and
i

"k" refers to the intermediate condition between "t" and "t + At". In fact, the method uses

mostly the circulation values as mentioned before. Mesh circulation is defined here as;

(Ay-+Ay!-_1)
Fif“’quf . ) {A.9)

then in terms of circulation the diffusion equation can be rewritten as;

I’:l = F:j + AN r?'lJ-ZI?J+ ‘*1J+ 2s (ij"'A)'jd)

2
Ax? s+1 Ay/
STy A, T I X[ (A.10)
Ay, +Ay; ) (Ay+Ay,,) (Ay,;+Ay) % |y
Mesh velocities appear in discretized form as follows;
-y, . 2
- ¥ij1 ¥y -l}d_c (A.11)
Ay 8y 1kl
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v = Vit~ ¥icry 2

¢
W 2Ax

dz

(A.12)
5]

and Poisson’s equation is;

¥t ¥y W28 SY, -1+, ¥,
Ax? s+1 Ay?

2T

- W

—_— Y A.13
Ax(Ay;+Ay; ) ( )




APPENDIX B

Fast Solver for Poisson’s Equation
In Appendix A is has been found that the discretized form of Poiéson's equation

Vi 20 Wiy 25 SU, -+, 0,
Ax,2 s+1 ij2

T,

Ax(Ay+Ay, (B.1)

This equation is solved by a direct method. In doing this, it is rearranged to form a
tridiagonal system suitable for the use of Gaussian elimination technique:

Taking the Fourier transformation of the above equation along -x direction; one
obtains;

‘HTU'F 2s Sq’uq '(1 +s)‘l’u+q’uq - ZG;J

(B.2)
s+1 A)’;‘ Axg(A}’f'A}’j-x)

where "k" is the wave number of transformation, "G" is the transformation of circulation
and "¥" is transformation of "§" along x direction that is;

F=[ exp(-ikadx (B.3)
or in discretized form
N-1
T;,k=§ exp(21:yk/N)t(tU (k=0,1,2,... N-1) {B.4)
7

Using this transformation, Poisson’s equation becomes




151
IR TS SN ~ (BS)
with the coefficients a, B, ¢;
2s 2
==, (~k2Ay?-2s B.6
KT A e s e

This tridiagonal system may now be solved by Gaussian elimination technique to obtain ¥
- values for the entire mesh. Then taking the reverse transformation of ¥ by usmg the
expression below gives the stream function ¢ values on the mesh.

N-1

V=) exp(-2nijk | ¥,  (j=0,1,2,... N-1) (B.7)
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