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SUMMARY

In this study, a passive control of wake formed from a circular cylinder
has been investigated. The passive control is achieved using a splitter plate
attached to the base of circular cylinder.

Vortex—in—Cell (VIC) method forms the basis of the numerical method.
The Navier-Stokes equations in two dimensions are solved using the operator—
splitting technique: Convection and diffusion are treated separately. When
modelling convection, a mixed Eulerian-Lagrangian scheme is used. The key
to this hybrid scheme is to by—pass the Biot—Savart law and use sequentially
the Lagrangian frame to track the vortices and the Eulerian frame to calculate
the velocity field through the use of the Poisson equation for the stream func-
tion. The diffusion, on the other hand, is calculated on mesh using the Finite
Difference Technique.

The effectiveness of splitter plates in reducing the drag of circular cylin-
ders was examined and it was found, for example, that a splitter plate with a
length 1.5 times the cross flow width of a cylinder could reduce the drag by as
much as a third. In accord with experimental studies, the formation length of
vortex experienced changes with varying plate length and the Strouhal number
reached to a minimum value at about L/D = 1.5. Additionally, a secondary
vortex formation from the tip of the plate emerges to be a part of a poss-
ible mechanism responsible for the experimentally observed variations in flow
characterictics such as the Strouhal number.
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OZET
DAIRESEL SILINDIRDEN OLUSAN IZ AKISININ AYIRICI LEVHA

ILE PASIF KONTROLU: VISKOZ VIC BENZESIMI

Kiit cisimler etrafindaki akig ve bu akigin olugturdugu iz bolgesi birgok
mithendislik dalimin ilgi alanina girmektedir. Yiiksek binalarin, koprilerin
rizgar etkisi de géz Oniine alinarak tasarimi veya is1 degigtirici tip demet-
lerinin tasarimi ve daha pek gok benzer mithendislik uygulamalan iz akiginin
ne denli 5nemli oldugunu gostermektedir. Kit cisimler arasinda, genig bir uygu-
lama alani olmas: nedeniyle dairesel silindir 6zel bir 6neme sahiptir. Aragtirma
caligmalar: arasinda da, dairesel silindirin siklikla ve uzun bir zamandir ele
alindig: gorilmektedir. Ancak, Strohal’in 1870 lerde yaptig1 gozlem ve calig-
malardan itibaren ginumize kadar yapilan birgok deneysel ve teorik galigma-

lara ragmen, dairesel silindir etrafindaki akig bir¢ok aragtirici icin cazibesini
korumaktadir.

Dairesel silindir gibi kit bir cismin maruz kaldig yikleme hali iz bol-
gesinde yer alan olaylarla yakindan ilgilidir. Sinir tabakalarin, cismin alt ve
ist ylizeyleri tizerinde gelisimlerini takiben ayrilmalan ile ortaya cikan gir-
dap olarak adlandirdigimiz akig yapist sonugta agagi akim bolgesine tagiarak
~Karman Vorteks Caddesi olarak amilan yapiy: olugturur. Sinir tabakalarin
alt ve iist yiizeylerden aralarinda belirli bir faz fark: ile ayrilmalar cismin
iizerine gelen kuvvetlerin de periyodik bir karakterde olmasini saglar. Ornegin,
tagima katsayisi, sifir ortalama etrafinda ve vortex olugum frekansinda bir
calkant1 gosterir. Siriikleme kuvveti de belirli bir ortalama etrafinda gir-
dap olugum frekansimin iki katinda bir galkant: icermektedir. Bu durumda
yeteri kadar biiyik genlikte ve uygun bir frekansta tekrarl yikleme halinin
izin olugumundan sorumlu olan veya o iz akigi ile etkilegimde bulunan bir cis-
min uzerinde tahrip edici olacag: agikardir. Dolayis: ile, su veya bu sekilde,
girdap olugumunun kontrol altina alinmasi veya miimkiinse tamamen ortadan
kaldirilmasi, s6zii edilen tahripkar durumdan uzaklagmak igin onemli olmak-
tadir.

Vorteks olusumunun kontrolu aktif veya pasif denebilecek yontemlerle
saglanabilmektedir. Aktif kontrolde dogrudan akis i¢cinden alinan bir sinyalin
iglenerek bu iglenmis sinyal uyarinca iz akigina midahalede bulunulmas: soz
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konusudur. (“)rneéin, Williams ve Zhao (1989) girdap caddesine yerlegtirdikleri
bir sicak tel anemometresinden aldiklar: sinyali igleyip, bunu tiinel duvarina yer-
legtirilmig bir hoparlérii cahigtirmada kullanarak bir kontrol ¢cevrimi olugturmug-
tur. Sinyal uygun gekilde bir tiir isleme tabii tutuldugunda, hoparlérden yayilan
ses dalgalar girdap olusumunu tamamiyla ortadan kaldirmaktadir. Iz akiginin
pasif kontrolunde ise, akiga yapilan miidahalenin karakteri farkhidir. Miidahale,
ornegin akig alapina kiit cismin tabanindan akigkan iflenmesi veya emilmesi,
cismin 1sitilmas: veya sogutulmasi, akig alanina ikinci bir cismin yerlegtirilmesi
v.b. geklinde olmaktadir. Buradaki galigmada, pasif kontrol dairesel silindirin
tabanmina serbest akima paralel olacak gekilde bir levha monte edilerek saglan-
maktadir.

Literatiirde, ayiricl levhanin kit cisim iz akig1 izerine etkisini aragtiran
galigmalara ¢ok nadir olarak rastlanmaktadir. Bu galigmalardan en Gnemlisi
Roshko (1954), Apelt, West & Sczewczyk (1973), Gerard (1966) ve Bear-
man (1965) olarak sayilabilir. Rastlanan tek sayisal ¢cahgma ise Kawai (1990)
tarafindan yapilmistir. Bu galigmada dairesel silindiri temsil eden hiz potan-
siyeli, dairenin merkezine yerlegtitilmig bir duble ve serbest akimin hiz potan-
siyellerinin toplam seklinde ifade edilmig, ayirici levha ise bir dizi kaynakla tem-
sil edilmigtir. Silindirin alt ve dst ylizeylerinden ayrimg sinir tabakalar1 temsil
etmek tizere birakilan potansiyel girdaplarin yoriingeleri Biot—Savart yontemi
ile bulunmugtur.

Deneysel galigmalarda, ayirici levhanin etkin bir kontrol arac: oldugu,
. uygun levha boyunun siirikleme kuvvetinde 6nemli 6lglide azalma sagladig: ve
Strouhal sayisimin da belirli miktarda kontrol edilebildigi ortaya koyulmustur.

Ancak, halihazirda, bu kontrolun nasil bir fiziksel mekanizma ile saglandig
* acgik degildir. Fiziksel anlayisimiz: geligtirmek icin, yeni deneysel ¢aligmalara ve
gavenilir yontemlerle sayisal galigmalara ihtiyag vardir. Burada yapilan sayisal
caligma, kismen de olsa bu ihtiyaca cevap vermeyi amaglamaktadir. Sayisal
caligmanin esasim, viskoz ayrik girdap yontemi olugturmaktadir. Viskoz ol-
mayan "Lagrange”sal ayrk girdap yontemindeki Biot-Savart yasasinin kul-
lamlmas: yerine, bu yontemde girdap konumlarindaki hizlar, akim fonsiyonu
igin Poisson Denklemi ¢oziilerek bulunmakta ve bu hizlardan yararlanilarak gir-
daplar yeni konumlarina ilerletilmektedir. Yani Euler-Lagrange yaklagimlarinin
birlikte kullamldig1 melez bir yontem kullanilmaktadir.

Yontem iki boyutlu Navier-Stokes denklemlerinden elde edilen Gir-
dapliligin Taginim Denklemini’ni (GTD) (Vorticity Transport Equation) ¢ozer.



Iki boyutta Navier—Stokes denklemleri;
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geklindedir. Bu denklemlerin gapraz tiirevleri alimir ve basinglar yok edilirse
GTD elde edilir: P
w

5T (U.V)w = vV (2)

Burada w z yoniindeki girdaplilig: ifade etmektedir. Bu denklem Difiizyon (3)
ve viskoz olmayan Tagimm (4) olarak iki pargaya aymlabilir

Ow

_a—t = uV2w (3)
‘;—‘: =—(0.V)w (4)

ve ardigik olarak cozilebilir. Lineer olmayan yapidaki taginim terimleri esas
denklemden ayrilarak ¢6zim kolayhg: saglanmaktadir. Ayrica yontemin, difizyon
ve tagimim igin degigik ¢oziim teknikleri ve degigik yaklagimlar kullanilmasina
izin vermesi bir diger avantajdir. Bu caligmada tercih edilen, difizyonun Eule-
rian, tagimimin ise Eulerian-Lagrangian, melez yaklagimla ¢ézimudir.

Yontemin akim alanina uygulanabilmesi igin cisim etrafinda bir ag
(grid) iiretmek gereklidir. Céziimler dikdortgensel yar: sonsuz diizlemde yapil-
" mugtir. Bu ylizden de yan sonsuz dizlem ile ayiric1 levhal silindir dizlemleri
arasinda bir dontgiime ihtiya¢ vardir. Bu Jukowski doniligimi ile agagidaki
gekilde elde edilmigtir. Burada z fiziksel diizlemi, { da (doniigiim) hesaplama
dizlemini gostermektedir.

z=F+VF2-1 (5)

F= Q’%ﬁ (c + -Z;) (5.a)

ki burada

Bu ag tzerinde ilk once akim fonksiyonu degerleri Poisson denklemine
gore hesaplanir. Poisson denklemi, girdapliligin

Oov Ou
w = % - '5‘-1; (Ga)
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ve akim fonksiyonunun

_ oy _
u= 3y V=0 (6.b)
olacak gekilde tanimlanmas: ile, stireklilik denkleminden
V= —w (7)

geklinde elde edilir. Bu denklem iteratif veya dogrudan metodlarla ¢oziilebilir.
Bu caligmada eliptik yapidaki Poisson denkleminin ¢6ztimi icin CFD (Cabuk
Transform Dontigimi) kullamlmigtir. Her bir ag noktasindaki akim fonksiyonu
degerleri elde edildikten sonra, kat: cidarda kaymama sinir gartindan uygun

girdaphlik degerleri.
wy =~ APt ~ Vo) (8)

seklinde elde edilir. Burada, h cidarla cidara yaki ag noktas: arasindaki uzaklik,
Pw Ve Y41 ise bu noktalara sirasi ile tekabiil eden akim fonksiyonu degerleridir.
Tagimim igin 1950’lerin baginda ortaya atilan ve zamanla geligip cok popiiler
olan Hiicre iginde Girdap (Vortex—in—Cell) teknigi kullanilmaktadir . Bu teknikte
her bir girdap, i¢inde bulundugu hiicrenin kogeleriyle etkilegim halindedir. Pois-
son ve diflizyon denklemlerinin ¢ézimiinde kullamlan ag noktalarindaki gir-
daphlik degerleri girdaplarin hiicre igindeki konumuna gore alan interpolasyo-
nuyla kogelere dagitilir. BSylece, Poisson denkleminin (7) sag tarafi olugturulmug
olur ve bu denklemin ¢oziimi ile ag noktasi hizlar1 belirlenir. Bu hizlardan
geriye interpolasyonla girdaplar tizerine indiklenen hizlara gecilir ve tagimm
saglanir.

Bu teknikle, Biot—Savart indiksiyon metodunda oldugu gibi her bir gir-
dap tizerindeki hiz diger girdaplarin etkisiyle hesaplanmaz. Bu ytizden merkezi
iglem zaman1 bir hayli kisalmaktadir. Biot-Savart indiksiyonu ile gereken or-
talama iglem sayist N2 (N Vorteks sayis1) iken, bu yontemde M log, M (M ag
nokta sayisi)dir. '

Yontem uygulamirken, sonuglarin ag yapisindan bagimsiz olarak be-
lirlenmesi igin, ag yapis: i¢in parametrik bir galigma yapilmgtir. Hesaplama
dizleminde, fiziksel dizlemdeki cisim cidarina tekabiil eden dikdortgensel diiz-
lemin alt kenar1 boyunca sabit aralikli bir ag tretilmigtir. Bu, Poisson Denklemi
¢oziimiinde CFD kullanilmasi nedeni ile ortaya ¢ikan bir zorunluluk olmaktadir.
Diger taraftan, agin cidara dik yondeki yapisi belirlenirken, sinir tabaka iginde
yeteri kadar ag noktasi kalmasi, agin en dig sinirinin ise yeteri kadar uzun
hesaplama zamanina imkan tanimasi amaglanmigtir. Bu nedenle, ag cidara dik



yonde genigleyen bir karakterdedir. Cidardan uzaklagirken, hiicre blyuklagi
artiminin yavag olmasina dikkat edilmigtir. Ayrica segilen Reynolds sayisina,
hesaplama diizleminden fiziksel diizleme gegiste dontigim modilinin en kiigik
degerine ve en kiglk hicre boyutuna bagh olarak, en biyik integrasyon za-
man araligi kararsizlik olugturmayacak gekilde belirlenmisgtir. Sonugta, fiziksel
dizlemde, cidara hemen komgu hiicrenin cidara dik dogrultudaki uzunlugu,
yaricapa oranla 0.05 dir; en biytugu ise 628 olmaktadir. Fiziksel diizlemde
ag cisim merkezinden 1308 yaricap asagilara kadar uzanmaktadir. Yargap
ve serbest akim hizina gore boyutsuzlagtirilmug integrasyon zaman arahig: ise
0.005 dir. Bu zaman aralig: difizyonda kararsizlik olugturmayacak gekilde be-
lirlenen en biytik zaman arahfindan oldukga biiyiktir. Bdylesi biyik bir
zaman aralhig hesaplama imkanlarinin yetersiz olugu nedeni ile segilmistir.

Ayma levhanin iz karakteristiklerine etkisi alt1 degisik levha boyu
ele alimarak incelenmigtir. Bunlar, silindir ¢ap: ile boyutsuzlagtinimg haliyle
L/D = 0.25,0.5,1.0,1.5,2 ve 2.5 dir. L/D = 0, yani ayiria levhasiz silindir
referans hali olmaktadir. Bu hal icin literatiirde deneysel, sayisal ¢ok sayida
galigma bulunmaktadir ve dolayisi ile hakkinda nisbeten en ¢ok bilgi sahibi
olunan haldir. Bu nedenle de yukarida belirtilen, ag yapisi i¢in parametrik
caligmada yol gosterici olmugtur. Caligmada kullanilan viskoz kod, akig yapisina
bagar ile benzegim saglamakla kalmayip, siirikleme ve tagima katsayilar (Cp, Cp,
)} ve Strouhal sayis1 (St) gibi bliyikliklerin deneysel sonuglara uygun olarak
bulunmasin: saglamkatadir.

. Ayirici levha bulunmas: halinde de siiriikleme katsayis: Cp ile Strouhal

sayis1 (St) ayiria levha boyuna gore deneysel caligmalarda belirlenen tarzda
degigmektedir. Capin 1.5 kat1 uzunlugindaki ayirici levhanin silindirin maruz
kaldig: siiriikleme kuvvetini levhasiz hale gére %30 a yakin bir oranda diigiirmesi
deneysel sonuglarla uyum igindedir. Strouhal sayisimin artan levha boyu ile
once azalmasi sonra ise artmas: da deneylerle uyum igindedir. Ancak, azalma
orani bu caligmada deneysel caligmalara gore oldukga biyik olarak ortaya
gikmaktadir. Strouhal sayisinin azalma oranindaki bu uyumsuzluk halihazirda
aragtirilmaktadir. Global biiyiikliklerdeki bu degigimler, elbette ki silindirin
alt ve Ust ylzeylerinden geligen sinir tabakalarin ayrilmalarim takiben girdap
olugumu ile son bulan geligimlerinde ayiric1 levha boyuna gore gbzlenen degi-
gimlerle yakindan iligkilidir. Ayirici levha boyu arttikga girdap olugum uzakhg
artmakta, diger bir deyigle girdabin tam geligmig hali ile ortaya cikmas: si-
lindirden gitgide daha uzak akimalt: bolgelerine kadar ertelenmektedir. Buna
paralel olarak, alt ve list taraflardan ayrilan simir tabakalar arasindaki etki-
legim ayirict levha boyu arttikga gitgide artan oranda simirlanmaktadir. An-
cak, burada ilging olarak ikinci bir tir etkilesim ortaya ¢ikmaktadir; ayirici



levha ucunda olugan ikincil bir girdap olgumu gézlenmekte ve bu girdap biiyiik
olgekteki birincil girdap ile etkilegimde bulunmaktadir. Bu etkilegimin, 6rnegin
Strouhal sayis1 gibi bir biyikligin levha boyuyla degigiminde ne gibi bir
etkisi oldugunu belirlerken, girdap olugum uzaklify ve tam geligmig girdabin
giddetindeki degisikliklerin de gz oniine alinmasi gereklidir. Vorteks olugum
uzakhg artan levha uzunlugu ile artmakla birlikte bu artim ilelebet devam
etmemekte, belirli bir levha boyundan sonra artik bir artim olmamaktadir.
Dolayist ile de levha ucu girdabinin olugumu ile birincil girdap olugumu arasinda
levha boyuna bagh olarak degisen faz farklhiliklar: gozlenmektedir. Ornegin, gir-
dap olugumunun ancak levha ucuna kadar ertelendigi levha boylarinda, pozitif
igaretli bir birincil girdap, negatif igaretli bir ug girdah ile birlikte olusurken,
girdap olugumunun levha ucundan geriye digtiigii uzun levha boylarinda aym
igaretli birincil ve ug girdaplar birlikte goziikmektedir. Birincil ve ikincil gir-
daplarin etkilegimi sonucu ortaya c¢ikan biyik Slgekteki nihai girdabin, bu du-
rumda, degigen levha boyuna gore farkli giddetlerde ortaya gikacag agikardir.
Daha biiyiik siddetteki nihai girdabin daha kiigiik siddettekine gore daha biiyik

- bir Strouhal sayisina yol agacag: seklindeki genel kam dikkate alinirsa, Strouhal .
sayisinin artan levha boyu ile 6nce azalmasi sonra da artmasinda birincil girdabin
ug girdabi ile etkilesimi mekanizmasinin belirleyici oldugu ileri sirtilebilir. Bu
iddianin dogrulugu, Imperial College Havacihk Bolimi su kanalindaki akim
gorinirligli deneyleri ile sitnanacaktir.



CHAPTER 1

MECHANISM OF VORTEX FORMATION

1.1 Vortex Shedding from a Circular Cylinder

In the case of fluid motions for which the measured pressure distribution
nearly agrees with the perfect-fluid theory, such as the flow past an airfoil, the
influence of viscosity at high Reynolds numbers is confined to a very thin layer
in the immediate neighbourhood of the solid wall. If the condition of no-slip
were not be satisfied in the case of a real fluid there would be no appreciable
difference between the field of the flow of the real fluid as compared with that
of a perfect fluid. The fact that at the wall fluid adheres to it means, however,
that frictional forces retard the motion of the fluid in a thin layer near the wall.
In tha,t thin layer the velocity of the fluid increases from zero at the wall (no-
slip) to its full value which corresponds to external frictionless flow. The layer
under consideration is called boundary-layer [1]. The decelerated fluid particles
in the boundary-layer do not, in all cases, remain in the thin layer which ad-
heres to the body along the whole wetted length of the wall. In some cases the
boundary-layer thickness increases considerably in the downstream direction
and the flow in the boundary-layer becomes reversed. This causes the deceler-

ated fluid particles to be forced outwards, which means that the boundary-layer



is separated from the wall. This phenomenon is called boundary-layer separa-
tion which is always associated with the formation of vortices and with large
energy losses in the wake of the body. It occurs primarily near blunt bodies,

such as circular cylinders and spheres.

Figure 1.1 Boundary-layer separation and vortex formation

on a circular cylinder,S= Separation point [1]

The phenomen of boundary layer separation is illustrated in Fig [1.1] : A
fluid particle is accelerated on the upstream half from D to E and decelerated
from E to F. Hence the pressure decreases from D to E and increases from
E to F. Owing to the large friction forces in the thin boundary-layer such a
particle comsumes most of its kinetic energy on the path D to E , and the
reminder is not enough to surmount the pressure hill from E to F. So this
particle cannot move far into the region of increasing pressure between E and
F, and its motion is, extremely, arrested. The external pressure causes it then
to move in the opposite direction. This is what is called as boundary-layer
separation for a circular cylinder. For a circular cylinder in a uniform flow with

velocity Uy, velocity around it is;

Uz) = 2Ux sin% (1.1)



where r denotes the arc measured from front stagnation point and R is the

radius of the cylinder. Then the time when separation occurs is [1];

201+ 5

(1.2)
and the distance covered until separation is
6; = 0.351R (1.3)

This separation highly dependent on Reynolds number. Maximum distance
from the front stagnation point at which the boundary-layer remains attached
is dependent on how energetic the fluid is in the close neighbourhood of the
surface. To illustrate, flow at high Reynolds numbers shows a longer distance

of separation position than one at low Reynolds numbers does. Figure[l1.2]

Laminar separation \ Turbulent separation /

Turbulent separation
Turbulent reattachment

Laminar separation

Re <3 x 108 3x10° <Re<3x10¢ * Re>3x10*

Figure 1.2 Separation positions for various Reynolds

number ranges [2]

This brings narrower wake at high Reynolds numbers and it can be
shown from the conservation of linear momentum that this narrower wake re-
sults in lower form drag. These features can be clearly observed from the

Figures [1.3],[1.4]
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Figure 1.3 Drag coefficient for circular cylinders as a

function of the Reynolds number1]

Periodic vortex formation following the separation of boundary layers
from upper and lower sides of a 2-D bluff body builts a structure downstream
of the body with particles moving alternately clockwise and counterclockwise
directions. This structure is known as Karman Street after his work on wake
mechanism [3]. Blevins [4] gives the following description for the regimes of flow
around circular cylinders also summarized in Fig [1.4]: At very low Reynolds
numbers ( i.e. Re < 5 ) based on the cylinder diameter, the flow is unsep-
arated. For a higher Reynolds number range a fixed pair of Foppl vortices
are observed close behind the cylinder. As Re is further increased, these
vortices elongate and break away and thus form a periodic wake with stag-
gered vortex street. Re of approximately 150 marks the point up to which
the vortex street is fully laminar. At a Re of 300, the street is turbulent
and degenerates into fully turbulent flow beyond approximately 50 diameters
downstream of the cylinder. The Re range of 300 to approximately 3 x 10°

has been called the subcritical range, because it occurs prior to the onset of



the turbulent boundary layer at a Re of approximately 3 x 10°. The shed-
ding occurs at a well defined frequency in the subcritical Re range. However,
at the transition Re, the flow separation point moves backwards, the vortex
shedding is disorganised and the cylinder drag drops sharply [ see also Fig

1.3]. At higher supercritical Re ranges the vortex street re-establishes itself.

—_— —— Be < 5 REGIME OF UNSEPARATED FLOW

§T0 15 < Re < 40 A FIXED PAIR OF FOPPL
VORTICES IN WAKE

40 < Re < 90 AND 50 < Re < 150
TWO REGIMES IN WHICH VORTEX
STREET IS LAMINAR

150 < Re < 300 TRANSITION RANGE TO TURBU-
T LENCE IN VORTEX

O 300 < Be ¥ 3X105 VORTEX STREET IS FULLY
TURBULENT

4

m 3% 105 2 Re < 35 108

LAMINAR BOUNDARY LAYER HAS UNDERGONE
TURBULENT TRANSITION AND WAKE IS
NARROWER AND DISORGANIZED

35% 105 < Re
RE-ESTABLISHMENT OF TURBU-
LENT VORTEX STREET

Figure 1.4 Regimes of fluid flow across circular cylinders [4]



Since the Strouhal’s experiment in the late 19th century, a wake of a
circular cylinder has been subject to formal investigations. Strouhal found that
the frequency of vortex shedding generated by a circular cylinder is proportional
to the wind speed divided by cylinder radius that is f ~ U/D. Following him,
Rayleigh defined a non-dimensional quantity which is known as the Strouhal
number. The Strouhal number for circular cylinder is shown in Fig [1.5].

si=12 (1.4)
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Figure 1.5 The Strouhal-Reynolds numbers relationship

for circular cylinders [4]

After that, Roshko [5] defined such a universal number that the number
is not dependent on the thickness of the body responsible for the wake but the
distance between the boundary layers ( wake width ) separated from the body.
This definition constitutes the idea in the article of Abernathy & Kronauer
[6] ” given two parallel vortex sheets separated by some initial distance; is it
necessary to have a solid body between them in order to form a vortex street?
The answer is definitely no.” In their work, they consider two infinite vortex

sheets, initially a fixed distance,h, apart, in an inviscid incompresibble fluid,



and calculate the non—linear interaction of these sheets for various ratios of h
to wavelength, a, of the initial disturbance. The nonlinear interaction give rise
to a vortex street formation and the value of h/a does not alter the general
pattern of the vortex street but rather influences the details of the interactions.
In contrast to this study cocentrated to the vortex street region, Gerrard (7]
draws the attention to the events taking place in the region of flow just behind a
bluff body. In a physical discussion of the mechanics of the formation region, he
introduces a relationship among the size of the formation region, the strength

of the vortices and the frequency of vortex shedding.

Figure 1.6 Filament line sketch of the formation region. Arrows

showing reverse flow (c) and entrainment (a) and (b) [7]

The end of the formation region is defined as the point on the wake axis,
closest to the cylinder at which a hot—wire signal shows a sudden reduction of
the low—frequency irregularities always observed in the formation region [8].
This definition agrees well with that based on the location of the maximum
intensity of longitudinal velocity fluctuations at first harmonic frequency on
the wake axis [9]. The position at which the streamwise velocity fluctuations
along a line parallel to the wake centerline reach a maximum can also be taken

as the end of the formation region [10]. All of these imply that the end of the



formation region is where fluid from outside the wake first crosses the wake axis.
It is this definition which is employed in the study herein. Going back to the
definition of vortex formation presented by Gerrard, we see that an entrainment
process is proposed to have a determining role in the vortex éhedding: Figure
[1.6] shows the instant when irrotational fluid is begining to cross the wake
axis. At later times, this fluids follows the paths indicated by arrows: It is
partly entrained by the growing vortex and partly by the shear layer upstream
of the vortex. Some of it also finds its way into the interior of the formation
region. The entrainment of fluid bearing vorticity from the other shear layer
takes place periodically, and this periodic entrainment of fluid across the wake
has a predominant influence in the vortex shedding. In other words, circulation
supply to the growing vortex is cut by the circulation of opposite sign drawn
accross the wake. Another explanation for the mechanism of vortex formation
that is different but not contradicting the one given by Gerrard is due to Unal &
Rockwell [11]. According to them, it is the absolute instability of the separated

boundary layers that gives way to the vortex formation.

An interesting feature of the vortex formation from a circular cylinder is
the appearence of secondary vortices from the downstream face of the cylinder.
The experimental work of Bouard & Coutanceau [12] shows that, at Reynolds
numbers greater than 300 there appear small eddies near the wall of an impul-
sively started circular cylinder. At an earlier study, Thoman & Szewczyk [13]
also report generation of such eddies having circulation of opposite sign with
respect to the large scale vortex. The numerical work of Ta Phouc Loc [14],
based upon vorticity—-stream function formulation analysis the mechanism of
the creation of secondary vortices behind an impulsively started circular cylin-
der, in the Reynolds number range 300-3000. However, all of these studies are

limited to the early stages of development of flow behind the cylinder. In a



recent study Braza et. al. [15] numerically study the near wake of a circular
cylinder and disclose the details of the generation of the secondary, counter ro-
tating vortices and their interaction with the main vortices. Interestingly, they
show this generation—interaction process as a cause to the relative constancy
of the Strouhal number in a wide Reynolds number range beyond. Re=200.
From the above mentioned point of view put forward by Gerrard, less coherent
vortex resulting from the interaction of the small scale, counter rotating vortex
with the main one implies a longer formation length and a smaller Strouhal .
number in comparison with the case that would have appeared if there were
no secondary vortex formation. Then, it becomes an unresolved issue if such
a secondary vortex also exists in the case of circular cylinder with a splitter
plate attached to its end and to what extend this generation plays a role in
controlling the wake flow characterictics such as the Strouhal number of vortex
shedding. Herein, the primary concern is to numerically disclose the details of
the vortex formation process to give a physical explanation to the experimen-
tally observed variations in the wake characterictics of a circular cylinder with

the splitter plate.
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1.2 Control of Wake from a Circular Cylinder and Effects of Splitter
Plate

The unsteady condition of a wake from a bluff body such as a circular
cylinder gives ways to undesirable high mean drag as well as high fluctuating
values in the lift force. However, many studies show that in an active or passive

way bluff body flows can have quite desirable characterictics.

Understanding the physics of vortex shedding is central in proposing
an effective means of controlling the bluff body wake characteristics. In this
context, experimental studies on especially the near wake region of bluff bodies
are relevant. Gerrard [16] shows that the oscillating properties of the flow past
a circular cylinder in the Reynolds number range 2 x 102 to 5 x 10* are highly
susceptible to small disturbances. If the level of disturbance is low there is a
large increase in fluctuating lift coefficient and the fluctuating velocity at the
side of the cylinder as the Reynolds number increases from 2 x 10% to about
5 % 10%. If the flow subjected to acoustic radiation at the frequency of the
transition waves which precede the turbulent flow in the shear layers shed from
the cylinder, the range of Reynolds number over which the quantities show
this large increase is shifted to lower Reynolds number. Similarly,for Reynolds
number at the order of 10* , Peterka & Richardson [17] show that, with a sound
field having its frequency matched sufficiently closely to that of the transition
waves the instability in the shear layer is enhanced and the vortex formation
length is reduced. However, the vortex street frequency is very weakly affected.
In summary, the sound radiation at an appropriate frequency can alter the flow
characteristics of a circular cylinder wake such as the formation length at least

in a limited range of Reynolds numbers. More recently, for Reynolds number
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400, Williams & Zhao [18] showed that the flow around a circular cylinder can
be actively controlled by an acoustic feedback of signals taken from hot—wires

in the wake of the cylinder.

Another way of controlling the characteristics of wakes from a circular
cylinder is to use end-plates [19]. Gerich & Eckelmann show that, if the dis-
" tance of two end—plates is appropriate the upper limit of the laminar range of
vortex street wake is extended from 160 to 250. Control of bluff body wake
is also achieved using a modified trailing-end. Greenway & Wood [20], based
on the flow visualization technique, demonstrate that a bevelled trailing—edge
provides an asymmetric circulation distribution in the vortex formation region
and thus suppress the vortex—excited vibration of the flat plate responsible for

the wake.

Passive control of wake from a circular cylinder is also achieved by a
proper placement of a second, much smaller cylinder in the near wake of the
main cylinder (Strykowsky & Sreenivosan [21], Yilmaz [22] ). Strykowsky &
Sreenivosan show that this secondary cylinder can alter the vortex shedding
and suppress it altogether over a limited range of Reynolds numbers. Since
the early experiment of Roshko [23], passive control of wake by means of a
splitter plate placed downstream of a cylinder in different arrangements has
been studied by many authors. Unal & Rockwell [24], Smith & Karamcheti
[25] show that a splitter plate placed at a distance downstream of a circular
cylinder is a possible way of controlling the bluff body instabilities. Unal &
Rockwell found out that when the plate is located downstream of the initially
formed vortex, effective control is possible when the near wake fluctuation level

and mean base pressure of the corresponding free wake (without the splitter
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plate) are sufficiently small. The wake impinging upon the splitter plate cre-
ates unsteady pressure fluctuations there in turn, these pressure fluctuations
induce an upstream influence at the sens_itive region near separation points of
the boundary layers. This phenomenon occurs between separation and im-
pingement simultaneously i.e. they are not of consequence of each other. They
form a close loop. If the slitter plate is placed far enough downstream to allow
for the evolution of the vortex street the near wake of a bluff body has a high

degree of self-control and therefore is insensitive such an upstream influence.

~

Other ways of the controlling the wake of a bluff body is to steadily
supply a small amount of fluid into the base region (base-bleed) [10] or to
employ a splitter plate attached to the base of the body [26] ,[27] . Both of
these methods have been proven to be an effective means of controlling the
near—wake characteristics, such as the Strouhal number of vortex shedding, the

formation length of vortices, etc.



CHAPTER 2

AN OVERVIEW OF NUMERICAL APPROACHES WITH VOR-
TICES

Helmholtz, who gave one of the most important contributions to fluid
mechanics, showed that in an inviscid fluid vortex lines remain continually
composed of the same fluid elements 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 assem-
bly of vortices embedded in an otherwise potential flow. Such a discretization
of vorticity field with point vortices leads to the Lagrangian approach for calcu-
lating 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.
Being grid—free, this method eliminates the problem of numerically generated
viscosity. However, there are difficulties associated with the Biot—Savart ap-
proach even for two—dimensional flow simulations with point vortices. First,
the point vortices are singularities, and therefore, create large velocities in their
neighbourhood. This causes instabilities and physically impossible sheet cross-
ings along and near the edge of the sheet represented with an array of discrete

vortices. The second difficulty is that the number of operations required for
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the velocity field calculation is proportional to N? where N is the number of
vortices. Therefore the computation time for complex flows with lﬁgh number
of vortices becomes too long to be practicle. To cope with these difficulties,
various smoothing techniques such as amalgamation and rediscretization of vor-
tices and hybrid methods making the use of Eulerian-Lagrangian approaches
are used. For a summary of smoothing techniques, the reader may refer to a re-
cent review by Sarpkaya [28]. The key to the hybrid approach is to by—pass the
Biot—Savart law and to obtain the velocity field as a solution of the Poisson’s
equation for the stream-function across the mesh and consequently advance
the vortices to their new positions using a Lagrangian approach. The basic
advantage of VIC technique is that the number of velocity calculations does
not increase as N? as in Biot—Savart approach. Poisson solvers require in the
order of Mlogs M operations where M is the number of grid points. Therefore
the VIC technique enables one to track a larger number of vortices (several
thousand) compared with several hundred with the Biot—Savart method. How-
ever in some cases the time saved may be disappointingly small because of
the Eulerian step overhead. An additional advantage gained through the use
of VIC tecnique is the desingularization of the velocity field by smearing the

vorticity over a cell area.

2.1 Lagrangian Discrete Vortex Method

In early studies of bluff body wakes using Lagrangian Discrete Vortex
Method, the primary task was to find out the conditions for which a stable
pattern of vortex street may exist. In these studies, the array of vortices were

employed in representing the actual vortical structures encountered in the wake
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without taking the body responsible for the wake into consideration. Von Kar-
man [3] took two parallel rows of vortices extending to infinity in both direc-
* tions and found a ratio of the lateral spacing between two rows to longitudinal
spacing between two consecutive vortices in the same row at which the vortex
street remained stable. Abernathy & Kronauer [6] studied the non-linear in-
teraction of two infinitely long vortex sheets, initially a fixed distance apart, in

an inviscid and incompressible fluid.

More recent studies take into account the presence of 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
into the near wake region. Of course this time, in contrast to the examples
of Karman and Abernauty & Kronauer, the potential vortices are not in an
inﬁnitelynlarge flow field but limjted“ with a solid boundary. Therefore, in an
inviscid analysis, in order to satisfy the ” no flow across the boundary ” condi-
tion, the image vortices in the body should be accounted for. This brings forth a
difficulty that not all the body geometries are suitable for the of image method.
Only the geometries such as semi-infinite half plane or circular cylinder allow
for finding analytical expressions for the location of image vortices. Pioneering
works of Clements [29] and Sarpkaya & Schoaff [30] constitute two renown ex-
amples to the application of the Lagrangian Discrete Vortex Method with the
image vortex technique to represent the body boundary. Clements transforms a
semi-infinite half plate with a blunt trailing-end to a semi-infinite plane where
the location of the image vortices are easily found. Whereas in the work of
Sarpkaya & Schoaff, the image vortices are placed directly at their locations
inside the circular cylinder. With the conformal mapping-image technique the

flow around multiple bluff bodies can also be studied [31]. In These studies,
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vortices are succesively introduced into the flow field from upper and lower sep-
aration points and are tracked in time using the Biot-Savart law. Of course,
in such inviscid simulations of the evolution of the separated boundary layers,
it is not possible to predict the location of the flow separation unless the; body
has fixed separation points (e.g. flat plate, [29]). Therefore, a boundary layer
solution to predict the separation points must be included to the inviscid anal-
ysis ([30], [32] ). However, there are some inviscid approaches that allow for
the prediction of the separation points based on the maximum velocity location
on the boundary ( [33], [22] ). It should also be noted that many good studies
ignore the variation of the separation points in harmony with the downstream
periodicity altogether and keep them fixed at values close to the experimentally

determined ones.

The discrete vortex methods with vortex and/or source based panel
methods have been applied to single bluff bodies with simple geometries. The
body surface is discretized into many segments (panels), and distribution of
sources and/or vortices is assumed on the segments. By solving a syétem of
linear equations at each time step for the unknown source and/or vortex, the
strength of the vortex on each segment is determined so that the boundary
condition is satisfied at the center of each segment (control point). Because
neither the conformal mapping nor the superpositions of the image vortices
are required, the vortex and/or source based panel methods can be applied to
more complex body geometries. As to the introduction of the nascent vortices,
vortex and/or source panel methods do not differ from the conformal mapping-
image technique. In both of these, the nascent vortices are convected into the

fluid at the separation points.
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However, the vortex tracking method due to Spalart & Leonard [34]
allows for introduction of many vortices all around the body surface into the
flow field. In this method, the body is discretized into many wall points as in
the panel method but the bound vortices are created around the body (not on
the body surface) so that all the wall points are on a streamline. In view of the
computational burden of the Lagrangian Discrete Vortex Method, it is obvious
that the vortex tracking scheme requires powerful computers especially when

the flow around multiple bodies are taken into consideration [35].

As mentioned above, the velocity induced by a point vortex is infinite
at the center of point vortex, which is unrealistic fqr a real fluid. To avoid this,
a Rankine vortex has been widely used in the vortex methods. The induced
velocity by the Rankine vortex within the core is proportional to the radial
distance from the center of the vortex and is the same as the velocity induced
by the point vortex outside the core. Once the Rankine vortex concept is
employed to remove the singularities due to point vortices one may as well
allow for a time dependent core radius in order to éimulate the viscous diffusion
of circulation. However, it should be noted that, even though core expansion
appears to simulate the viscous diffusion of the vortex this idealization violates
Euler’s equation and Helmholtz’s laws. Nevertheless, the simulation of diffusion

via core expansion has been used extensively. ( e.g. [36] , [35] )

A more precise way of simulating the viscous diffusion is the random
walk method due to Chorin [37]. In this method, a random displacement
with Gaussian probability distribution and zero mean and standart deviation
o= ﬂm is given to each computational element. Therefore the con-

vection has a deterministic part given by the velocity induced at the vortex
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positions in addition to a random part named as the random walks. The vor-
tex sheets diffuse perpendicula,f to the wall only and the sheets that penetrate
the body are reﬂécted back into the flow. However, Chorin [37] points out as-
sesing the effect of interaction between the random and deterministic parts of
the convection as a crucial problem associated with the random walk method
: He states ” we do not expect valid solutions at low Re ”, and ” at the other
extreme, some difficulty may be expected at very high Re numbers. This is
because the boundary layers formed by the algorithm are made up of a few
bouncing vortices and are thus noisy; turbulence effects should therefore ap-
pear at too small a value of Re, as they do, for example, in noisy wind tunnels
around rough bodies”. Therefore, in order for the random walk method to
work, one should increase the definition within the flow by using many discrete
vortices which means moréz computational time. However at this stage, VIC
method provides a useful tool in calculating the velocity field for large number

of vortices.

2.2 Lagrangian-Eulerian Hybrid Discrete Vortex Method

In response to the need to reduce long CPU times involved in applica-
tion of the Lagrangian Discrete Vortex methods using the Biot~Savart Law of
Induction, Cloud-in—Cell (CIC) or Vortex—in—-Cell (VIC) method [38] has be-
come very popular among many researchers. The key to the execution of this
grid dependent hybrid scheme is to by-pass the Biot-Savart law and use se-
quentially the Lagrangian frame to track the vortices and the Eulerian frame to
calculate the velocity field through the use of Poisson’s equation. This requires

a fine-enough grid, the assumption that the vortices in a given cell temporarily
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become cell-shaped blobé with a prescribed vorticity distribution ( often uni-
form ), a vorticity allotment scheme which allocates vorticity to the surrounding
~mesh points (i.e. from the location of vortices to the nearest node points of the
mesh), a numerical solution of Poisson’s equation by a "fast Poisson solver”
and an interpolation scheme which determines the velocities at the location of
the original vortices from the node point values. The last step couples with

a Lagrangian description of vortex convection, completing a cycle of the VIC

scheme [28].

One obvious advantage of the VIC method is that it allows for calcula-
tion of viscous diffusion in various ways e.g. using the random walk method,
employing a finite difference technique accross the grid. In the applications of
the random walk technique, increasing the definition within the flow by intro-
ducing a large number of vortices around the surface becomes practical via the
VIC technique. Stansby & Dixon [39] and Smith & Stansby, [40] applied the
method in combination with the random walk method to a flow around circu-
lar cylinder up to Reynolds number of 10*. The representation of the body is

achieved using the vortex panel method.

Splitting the equations of flow into separate convection and diffusion
equations, the idea central to all discrete vortex methods, gives way to alter-
native treatments of vorticity diffusion. Benson et. al. [41] applies a direct
exact solution for the diffusion of vorticity at each time step followed by redis-
cretization onto a mesh of grid points to obtain the stream function solution
of Poisson’s equation for convection by the VIC method. The method is ap-
plied to low Reynolds number flows about circular cylinders with both steady

and oscillating wakes, and the comparison with a finite element solution and
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with experimental results shows good agreement up to a Reynolds number of
200. The main drawback to such a diffusion algorithm is computational cost,
although it does have the advantages over the random walk method, of higher
accuracy at low Reynolds numbers. Another alternative treatment of diffu-
sion of vorticity along with the VIC method for convection can be seen in the
work of Vada et.al [42]. They account for dissipation in a primitive manner
by reducing the strength of the vortices in time, and for viscous flow around
a circular cylinder in the boundary layer near a wall, found an encouraging
comparison with experimental data. Another direct solution of the diffusion of
the point vortices involves extending the Eulerian part of the VIC scheme to
calculate the diffusion on the mesh [43] . In contrast to vortex sheet creation to
satisfy the no—slip boundary condition in the panel-based methods, herein, the
vorticity at the solid surface is calculated by a finite difference approximation.
Following the algorithm, the vorticity naturally diffuses from the surface, and
to keep the number of point vortices at a reasonable amount, the newly formed
vorticity, depending on its strength, is either amalgamated with the nearest

point vortex to the mesh point, or, released as a separate vortex.

In this study, as in any other viscous discrete vortex method, the time
splitting of the vorticity transport equation is used. While solving the convec-
tion part using the VIC method the diffusion of vorticity is solved directly on
the mesh using finite difference technique. Detailed description of the solution

procedure is in the following chapter.



CHAPTER 3
THEORY AND TECHNIQUE OF SOLUTION

3.1 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;

D[-j => )
—— =p7+ .
By =PI+ (3.1)
By taking & in consideration according to the Stokes’s postulates [44], for an

incompreésible and constant—viscosity fluid, this equation becomes :

pU o
oF =PI Vp+ pV2U (3.2)

The gravity term is negligible in most cases. Thus the two—dimensional form

of the Navier—Stokes equations for a constant property fluid are;

Ou Ou Ou_  10p 0%u 0%
3 T 5 Ty T pos [a— 5;] (3:3)
v v 19p v
B ““a;*'”a—y——;az“[a?*'a—yz} (3.4)
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Taking the curl of these two equations and thus eliminating the pressure

from them gives the ”Vorticity Transport Equation” in two-dimension, that is
gt y

Dw  _,
vV
or
i + (0. V)w = vV
at T

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

dv Ou

w —— o ——

= bz dy

Consequently the incompressibility assumption divl = 0,ie;

Ou Bv__

6_:1:—‘—53;_'0

and definition of the stream function ”%” as;

3.2 Splitting the Equations

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

The method proposed by Chorin [37] 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 sequen-

tially, rather than simultaneously, . For a two-dimensional flow, the Vorticity
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Transport equation in the non—dimensionalized form, is
—=—V% (3.11)

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

separate this equation into two parts as viscous diffusion

ow 1

—a—t = —R—eV% (3.12)
and convection .

A (3.13)

Denoting the solution operations of equation (3.12) and (3.13) as D(t) and C(t)
respectively, one can ﬁlathematically write the description of viscous splitting

algorithm which is appiied at each of m time steps of duration At as
w(mAt) = {D(At)C(At)}"w(0) (3.14)

Here, w(mAt) is the vorticity distribution after ”m” step and w(0) is the ini-
tial distribution [41] . The accuracy of the method is proved as converging
to the Navier—Stokes solutions, under some restrictions by Beale and Majda
[As referred to in 41]. Convergence of solution depends on the accuracies of

convection and diffusion individually.[41]

3.3 Diffusion of Vorticity and Boundary Conditions on Circulation

In this study , the diffusion part of the vorticity transport equation
is solved on the mesh. In two dimensions, non—dimensionalized form of the
diffusion equation is; .

ow 1 [32w 82w]

3" Re -6";2-4-5‘52- (3.15)
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where the Reynolds number is based on the cylinder diameter D and the free—
stream velocity Uy, i.e. Re = UyxD/v Under transformation, this equation
takes the form that includes the transformation modulus ( Jacobian ) between
the computation and physical pla,nes. Thus, using the mesh circulation values
instead of vorticity which is assumed to spread uniformly in A, the diffusion

equation can be written as follows; -

2

@
dz

a(T/4) _ 1 [8*(T/A) az(r/A>] .16)

ot Re| 0z? oy*

The finite difference technique is applied to this equation with proper discretiza-
tion allowing explicit 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 condi-
tion at the surface. The first order approximation for the surface vorticity, in

its circulation form [45] is employed.

Ty = -?-(’/’ﬂlh—'-ﬂ'lm (3.17)

where "w” stands for the value at the wall, "w+1” for the neighbouring grid to
the wall, ”h” is the distance of the neighbouring grid to the wall and Az 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 ‘t;y 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 results.

For the solution of the Poisson Equation for the stream function period-

icity is imposed at the right and left boundaries of the computation plane ,and
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at the upper boundary the stream function values induced by the discrete vor-
tices 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 determin-
ing the new vorticity field,the Poisson 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.

3.4 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 ,the VIC technique requires allotment of circulation
of each vortex occupying a cell to the four surrounding mesh points according
to the bilinear area weighting scheme; in other 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 I, then
the contribution of this vortex assigned to the four surrounding points on a

cartesian mesh (Fig [3.1.(a)] )is calculated by ;

I'() = F Ai (3.18)

%, A

This assignment gives the mesh circulations (i.e. the right hand side ) used in

the solution of Poisson’s equation. With the stream function values determined

from the solution of Poisson’s equation (see section 3.5 ) the mesh velocities
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are calculated also taking into consideration the transformation moduli.

a 2
w= a_‘; % (3.19)

o
-2 o

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

(Fig. [3.1.(b)]) then gives the convection velocities of the discrete vortices as

follows; )
u(k)A,
up=y (/1 : (3.21)
k=1
. .
v= ————UUZA" | (3.22)
k=1

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

new locations , by a first order approximation:
zp(t + At) = z,(t) + u,(¢) At (3.23)

Yp(t + At) = yu(t) + vp(t) At (3.24)

where z, 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.
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Figure 3.1 Interpolation procedures for circulation and velocity

3.'5 Solution of Poisson’s Equation

Stream function values required to determine the convection velocities
of the discrete vortices are obtained using Poisson’s equation in its circulation
form :

r

V= (3.25)

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) techniques, and those
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based on block cyclic reduction. In the present study, the former is used. This
brings a restriction on the type of solution 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 powers of 2, ie. N= 2§k =1,2,...).

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

basic flow. ( see section 3.7)

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

perton [46]. The discretized form of Poisson’s equation is given in Appendix

B.
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3.6 Amalgamation of Vortices

For a number of reasons, in numerical studies with discrete vortices,
amalgamation or merging of two or more vortices into a single one is a generally-

resorted technique: Amalgamation

s can eliminate the unrealistically large velocities induced by the point vor-
tices
e shorten the computing time by reducing the number of vortices, and

e can simulate some naturally occuring 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 with-

out an amalgamation prodecure becomes computationally impractical.

Since the amalgamation is an approximation, there is no correct or guar-
anteed 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 predic-
tions 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
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the distance between them is less than a prescribed value to mimic the cancel-
lation 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 the a,ma,lgam.a.tion 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 discontinities 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 comput-

ing time although it is more accurate to simulate the viscous effects.

3.7 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 meshes in the boundary layer
[45]. 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 dominant feature of the flow far downstream, a
coarser mesh is sufficient there. For the y locations of grid points the following

expression is used:

g = A+ /ATHABCU =T

55 (3.26)
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where A=J-1-D. By assigning different values to the parameters B,C,D , various
grid structures can be produced in the 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:

e First, the transformation from semi-infinite plane to plain cylinder and
e Secondly the transformation from plain cylinder to circular cylinder with

splitter plate attached to its end.

These stages are described as follow:

Stage 1- Transformation from semi-infinite plane to plain cylinder

Calling semi-infinite plane as ”¢” plane, plain cylinder plane as ”{” plane , the

expression for this conformal transformation is;
¢ = Rexp(—iaf) (3.27)
where ( and ¢ represent complex coordinates

¢ ={r+i, §=¢r+il (3.28)

in semi-infinite plane and the plain cylinder plane respectively-and R is the
radius of cylinder and « is step size in angular direction. For this stage, the

differential quotient of the mapping funtion is;

% = —iaRexp(—iaf) (3.29)

Stage 2— Transformation from plain cylinder to cylinder with splitter plate

Conformal transformation between these two planes also used by Cete [47] is
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as follows:
z=F4++VF2-1 ' (3.30)
where -
_ (14 L,)? 1
F = ————SLP (+ ¢ (3.31)

where L, is the length of the splitter pla.te.mea.sured from the center of the
cylinder. z represents the complex coordinate in the physical plane (i.e. circu-
lar cylinder with a splitter plate attached to its end) , and the corresponding

_differential quotient of the mapping function is

d_z__(1+L,,)2(1 1)i[\/FT1+F]

<‘2

From foregoing expressions, the global differential quotients of the composite

7= oL (3.32)

F2—1

mapping is the product of these two quotients. That is;

%:%% (3.33)
The stream function of the basic low 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 should 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 { goes

to infinity, is;
dz 4L

L (A (3:34)
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3.8 Force Calculation

Force due to the 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 [48]. Therefore the expression for the vortex force is

F, = -—z'p%‘g (3.35)

where § is the first moment of vorticity field:

o= / #x (dR (3.36)
R

and 7 is the position of the vortex; Ry includes all the region outside of the
body. Consequently the discrete version of the force expression in terms of

mesh circulation I'y can be written as follows;

PR
Iy = —ipgy kglI‘kzk (3.37)

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

foﬂowing form;

, d
F,=—ip ;’*EEF" (3.38)
Dimensionless force coefficient follows as;
F,
Civ = %p_UEE (3.39)

where U is the free stream velocity and d is the cylinder diameter. The real and
imaginary parts of this expression are dimensionless drag (Cp) and lift (Cg)

coefficients respectively.

The flow diagram of the time-splitting solution of the Navier—Stokes

eqautions is given in Fig. [3.2]
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Fig. 3.2 Flow diagram of Convective-Diffusive Solution of

Navier Stokes Equations




CHAPTER 4
RESULTS AND CONCLUSION

4.1 Choice of Run Parameters

In setting up the computational model of a real system, the detérmina—
tion of computational parameters such as the Reynolds number, the size of the
integration time step mesh cells constitutes the first problem. Of course, the
grid should be fine enough and the time step sufficiently small so that increased

temporal or spatial resolution will not affect the 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 equa-
tion, and to solve the diffusion part of the 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 ti1e solution domain during the calculations . All of the
computations are carried out in a rectangular domain obtained conformally

transforming the physical flow domain (i.e., the region outside of the circular
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cylinder with a splitter plate attached to its end) [Fig. 4.1]. The above men-
tioned consj;ra,ints lead to a grid expanding in direction perpendjcﬁlar 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 choosen to be
less than 1.2. The grid structure staisfying these restrictions is shown in Fig.
[4.1.(b)], whereas Fig. 4.1.(a) shows the corresponding grid structure in the
physical plane for which the splitter plate length L with respect to the cylinder
diameter D is L/D = 1. In the computational plane, ratio of the successive
mesh spacings is not greater than 1.15 and the number of mesh points is 128 in
—x direction and 40 in -y direction. This grid structure, having 4 points within

the boundary layer was considered sufficient for calculations at Re = 500.

After setting up the grid structure, the size of integration time step has
been determined. In doing this, the diffusive stability criterion is considered.
For the case of diffusion, the stability criterion is that the amount of vorticity
diffused from a mesh point onto the surrounding four mesh points must in total
be less than the original vorticity at that mesh point. Otherwise, it is possible
to have a point that diffuses more than its own value of vorticity away from
the point, which at the next time step would be diffused back onto the point,
allowing a mechanism of unstable vorticity growth in the fluid itself [49]. For

a regular square mesh this condition can be represented as

d¢ |?

___2___2
eV de

< Z‘ (4.1)
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Table 4.1 On this table, NX and MY are the number of grid points in
-x and -y directions respectively and J,,;, is the minimum

value of transformation modulus.

L/D | NX | MY | At Jiin | DYwan | Az
0 128 | 40 | 0.005 243 0.1 0.1
0.25 2.4.1073
0.5 1.5.10-3
1 1.5.1073
1.5 2.1073
2 2.4.1073
;2.5 3.1073

Taking the worst case computed here (non-dimensional splitter plate
length L/D=0.5 and 1 giving J2;, = 1.5 x 1072, (Table 4.1) gives an upper
bound of 0.00094 on the time step. However, this is prohibitively small time
step for the PC with 486 co-processor used in this study. Therefore, time step
for the calculations is taken to be 0.005. Effect of taking time step according

to the stability criteria is still under investigation.
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4.2 Circular Cylinder Without Splitter Plate

Vast amount of illuminating investigations into the case of flow around
a circular -cylinder ( [15] and [50] to [57] ) provides an excellent grounds for
comparison of and testing the code used in this study. The code has been
examined according to the run parameters such as the time step Af, mesh

spacings and number of grid points in —x direction in the computation plane.
4.2.1 Time Step Comparisons

For 64 grid points in —x direction five different time steps were consid-
ered. Fig. [4.2] and Fig. [4.3] show the variations with respect to time of
the drag and lift coefficients as a function of integration time step. According
to the above mentioned stability criteria the upper limit of time step for the
plain cylinder is 0.15. Therefore, all of the time steps considered satisfy the
criteria. However, for smaller time steps, drag coefficient shows a noisy vari-
ation. Additionally, the mean value of the drag coeflicient increases, whereas
there is not much variation in the fluctuation amlitude of the lift coefficient.
The mean value of the drag coefficient is a little less than 1 and the lift coef-
ficient fluctuates around zero mean value with an amplitude of approximately
1.5. Passing from At = 0.01 to 0.005 not much variation is observed either in
the mean value of the drag coefficient or the periodicity and amplitude of the
lift coeflicient fluctuation. Therefore 0.005 is considered as a sufficiently small

‘value for the time step.
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4.2.2 Mesh Spacing Comparisons

For this phase of the study a fixed time step At = 0.005 is used. Here the
critical parameter is the minimum mesh spacings in —y direction ( Ayyen ) in
the computation plane. Variations in the drag and lift coefficients with respect
to time are compared for five different values of Ay,,.; parameter. For all cases,
the number of grid points in —x direction is 128. The grid generation procedure
( please refer to section 3.7) in this study is such that for small values of Ay,
rate 6f expansion of the grid spacing in —y direction is larger. Therefore, smaller
mesh spacing in the immediate neighbourhood of the body boundary implies
large grid spacings in the region far downstream. Consequently, the accuracy of
transport of vorticity in the region downstream of the cylinder greatly reduces.
This is especially evident in the lift coefficient variation for small Ayy.y values
(e.g. Aywen = 0.04) : There is a considerable deviation in the mean value of the
lift coefficient from zero value. Additionally, the mean value of drag coefficient
is unrealisticly low for the values of Ay,,.; smaller than 0.1. Consequently, the

value of smaller mesh spacings employed in the rest of the study is decided to

be 0.1.
4.3 Circular Cylinder With The Splitter Plate

For this case the grid structure examined for the plain cylinder case is
employed. As mentioned above, due to the limitation put by even the most
powerfull computer available in our faculty, the time step is taken to be 0.005
which is larger than that the diffusive stability criteria indicates. For 128 grid,
this value of time step requires about 36 hours for one case to be completed. It

should also be indicated that the transformation from a perfect circular cylinder
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with a zero—thickness splitter plate attached to its end present singularities.
Fitting a small envelope around this geometry, the singularities are left aside
and therefore the flow considered in this study actually takes place around this

envelope. ( See e.g. Fig. [4.1.(a)] ).

4.4 Discussion of Results

Results of the time splitting a.igorithm at Re = 500 are obtained for 6
different splitter plate lengths as well as for the plain cylinder case. The splitter
plate lengths are L/D = 0.25,0.50,1.00,1.50,2.00and2.50. The experimental
studies by Apelt et.al.[27] and Gerrard [7] forms a basis of comparison. Up
to date, apart from that of Kawai [58] no numerical study into the effect of
splitter plate on a circular cylinder wake has been encountered in the litera-
ture. Kawai, by representing the splitter plate with a series of sources, makes
a Lagrangian Discrete Vortex Approach to the flow configuration considered in
this study. He applied a heuristic model for a circulation reduction and found
a Strouhal number variation with i‘espect to the splitter plate length that is in
qualitative agreement with experiments. Herein, it is hoped that the applica-
tion of the viscous discrete vortex method will increase our understanding of

the underlying physics of the flow.

Figures [4.6] and [4.7] show the streamline patterns and discrete vortex
distributions for varying splitter plate length L/D. In Fig [4.6] streamlines are
drawn with an increment of Ay = 0.1. Fig. [4.8] shows the color-coded stream-
lines corresponding to the cases given in Fig. [4.6], while Fig. [4.9] provides
information about the vorticity distributions as a function of the splitter plate

length . For comparison, the pictures are taken when the fluctuating lift force

7
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passes through a minimum in each case. The observed variations of the flow
structures with the splitter plate lengths is in accord with those revealed by
the experimental study by Apelt et.al.[27]: The formation of the vortex for the
cylinder without the splitter plate takes place in region very close to the base
of the cylinder . Wifh increasing plate length, the vortex formation is delayed
until the end of the plate and the travelling of the vortex accross the centerline
is gradually eliminated. As the plate length increases from L/D = 1.5 to 2
the formation length of the vortex somewhat reduces. However, passing from
L/D = 2 to 2.5 an increase in the formation length is observed. As evident
from the longitudinal spacings between the large scale vortices in the vortex
street wake (Fig. [4.7]), Strouhal number first decreases and then increases with
increasing splitter plate length. Variation of Strouhal number as a function of
L/D can be calculated by means of the Fourier analysis of the fluctuating lift
force vs. time (Fig. [4.14]). Fig. [4.10] shows the values obtained by such an
analysis. In conformity with experiments ([27],[7]) St number passes through a
minimum at arouﬁd L/D = 1.0 and for longer plate lengths recovers to values
(ilqse to that for the plain cylinder case. However, the predicted St numbers
for the intermediate plate lengths are much lower than those obtained experi-

mentally at Re = 10* [27]

There is a better agreement in the drag coefficient variation with respect
to the splitter plate length ( Fig. [4.11] ). The mean values of drag coefficients
values are obtained by time averaging of the drag coefficient variations with
respect to time ( Fig. [4.13] ). In doing this the part of the variation after
non~dimensional time T = 50 is considered. As seen in Fig. [4.11] the mean
value of drag coefficient sharply reduces close to a third of the plain cylinder
value. This sharp reduction is followed by a gradual one with increasing plate

length and in contrast to the experiment by Apelt et.al. no recovery of the
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mean value of the drag coefficient is predicted for the plate length L/D = 2.0

As to the fluctuating lift force ( Fig. [4.14] ), the fluctuation amplitude
steadily increases with increasing plate length. The variation of the amplitude
of fluctuation of the lift coefficient with respect to splitter plate length is given
in Fig. [4.12].

An interesting feature f;ha,t has not been reported in the literature before
is the appearance of secondary vortex developing from the tip of the splitter
plate. As evident in figures [4.15] to [4.18] this evolution is seen once a period of
vortex shedding and depending on the splitter plate length has different phase
relations with the neighbouring large scale vortex. As mentioned in the above,
increase in the length of the formation region with increasing plate length does
not take place indefinitely; after a certain plate length the vortices completes
the evolution before the end of the plate. Consequently depending on the
splitter plate length large and small scale (tip vortex) vortices can be like- or
unlike-signed. When the large scale vortex reaches to the end of the plate, in-
teraction between these vortices is expected to lead to a large scale of varying
strength depending on the plate length. For instance for L/D = 0.25,0.50,1.0
and 1.50 a positively signed large scale vortex co—exist with a tip vortex of op-
posite sign whereas for L/D = 2.0 vortices of like sign meet at the plate. This
interaction can be a possible mechanism responsible for the above mentioned

Strouhal number variation with the splitter plate length.
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4.5 Conclusion

In this study, the aim has been to simulate and thus increase our un-
derstanding of the physics of the flow around a circular cylinder with a splitter
plate length attached to its base. Results obtained show qualitative agreement

with those found by experiments.

| An interesting feature observed in this study is the appearance of a
secondary vortex formation from the tip of the splitter plate and its interaction
with the large scale vortex formed from the cylinder. This interaction varies
depending on the splitter plate length and may be an important part of the
mechanism responsible for the variation in the wake characteristics with plate

length. This feature deserves further attention.
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dimensionless time .

Fig. 4.2 Variation of drag coefficient Cp vs time with respect to different time

steps (At).
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Fig. 4.6 Streamline patterns for L/D=0(a),0.25(b),0.5(c),1(d),1.5(e),2(f),2.5(g) when

fluctuating lift force passes through a minimum.
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(For legend see page 58)
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(For legend see page 58)
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(For legend see next page )
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Figure 4.8 Color coded streamlines corresponding to the cases in Fig 4.6
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(b)

(For legend see page 62)
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(For legend see page 62)
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(f)

(For legend see next page)
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(g

Figure 4.9 Color coded vorticity distributions

corresponding to the cases in Fig 4.6
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(b)

(For legend see page 71)
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(For legend see next page)
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()

Figure 4.16 Color coded vorticity distributions for L/D=0.25

corresponding to Fig 4.15



T2

(For legend see page 74)
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(For legend see next page )
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Figure 4.17 Color coded vorticity distributions for L/D=0.25 (close-up views)
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(b)

(For legend see page 78)
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(d)

(For legend see page 78)



i

()

(For legend see page 78)



78

Figure 4.18 Color coded vorticity distributions at the tip of the plate

as a function of the splitter plate length.
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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 quan-
tities 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 is taken in —x direction. The dis-
cretized forms can be derived by using Taylor series expansion. In general, let
f(x) be a function whose differences are required to be establish;ed at a point

n_”

p”, provided that f,_1, fp, fp41 are given.

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

Ayp =Ypr1 = ¥p (A1)
Ayp1=Yp — Yp-1 (A2)
and the ratio of these is
A
s ke, (A.3)

Ayp—l
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Taylor series with the definitions above are:
! 1 1" 2 1 1 2
Jor1 = Jo + Ay, + §fp Ay, + gfr Ay, + ... (A4)

1 1.
foo1 = fp— follypo1 + §f’l”Ay’3_1 i gf,’, Ayl ... (A.5)
Subtracting equation (A.4) from equation (A.5) gives

v _Jeri—=fp-1 1

IIA
= A Tyl -2+ O(Ay)’ (4.6)
P 2=

Ll
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 f;'

obtained from A.4 and A.5 is as follows

—2_S_Sfp—l —(L+38)fp + for

"_
fp_s—i—l Ay?

+ O(Ay,)® (A7)

From these foregoing expressions it is now easy to discretise the equations in the
finite difference form proper for the solution on a rectangular mesh in cartesian

coordinates. Thus the diffusion equation in two-dimension becomes;

% = T T
Wiz1,5 2w1,1+wl+1,1

Az?

i

wf’j =wl; + Atu[

2

a¢
i o¢
¥ dz

(s+1) Ay?

25 swij — (14 s)wf; + w3j+1] (A.8)

4

where |%§~ 7, term is the transformation modulus, "n” refers the condition at

time ”t” and "k” refers to the intermediate condition between ”¢” and "¢+ At”.
In fact, the method uses mostly the circulation values as mentioned before.

Mesh circulation is defined here as;

T;; =w; Azwil
Hl 4l L 9

(A.9)

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



