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ABSTRACT

MSc THESIS

FLOW CONTROL IN THE WAKE OF A CIRCULAR CYLINDER BY
MEANS OF PERFORATED SEMI CIRCULAR CYLINDER AND
SPLITTER PLATE

Aykut CETIN

CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES
DEPARTMENT OF MECAHNICAL ENGINEERING

Supervisor : Prof. Dr. Hiiseyin AKILLI
Year: 2019, Pages: 125
Jury : Prof. Dr. Hiiseyin AKILLI
: Prof. Dr. Besir SAHIN
: Assist. Prof. Dr. Tahir DURHASAN

The main purpose of the present experimental study was to control unsteady
flow behaviors in the wake region of a circular cylinder (inner cylinder) by means of
permeable semi circular cylinder (outer cylinder) and splitter plate. Inner and outer
cylinder diameters and Reynolds number with respect to inner cylinder diameter were
kept constant as 50 mm, 125 mm and Re=5000 respectively throughout the
experiments. Two different porosity ratios were designated as cylinder porosity ratio
(Bc) and plate porosity ratio (Bp). Three different cylinder porosity ratio and four
different plate porosity ratio were determined as fc=0.3, 0.5, 0.7 and Bp=0, 0.3, 0.5, 0.7
respectively. Also, plate angle (a) relative to the flow direction was defined to
investigate the effect of splitter plate location to the flow behavior. And these plate
angles were chosen as o=90°, 120°, 150°, 180°. For all configurations, dye
visualization method was utilized initially, and then to have quantitative results PIV
technique was applied. Results indicated that as the plate porosity ascends the TKE,; .«
values has diminishing trend. Also cylinder porosity has remarkable influence on
TKEax values, TKE,,x reduction was obtained for lower porous cylinders. And plate
angles of 150° and 180° were found to be the most effective angles regardless of the
plate porosity ratio. The highest TKE,x decrease was attained as 34% for the Bc=0.3,
Bp=0.5 at 180°. On the other hand, Bc=0.7 has insignificant control over flow by reason
of its high permeability. Consequently, Bc=0.3 and 0.5, Bp=0.5 and 0.7, and plate
angles of 150° and 180° were found as the most effective parameters in order to control
the flow.

Key Words: Cylinder, Passive control, PIV, Splitter plate, Turbulent Kinetic Energy
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YUKSEK LiSANS TEZi

DAIRESEL SILINDIRIN ARDINDAKI AKISIN DELIKLi YARIM
DAIRESEL SiLINDIiR VE AYIRICI PLAKA VASITASIYLA KONTROLU

Aykut CETIN

CUKUROVA UNIVERSITESI
FEN _BiLiMLERi ENSTITUSU
MAKINE MUHENDISLiGi ANABILiM DALI

Danigsman : Prof. Dr. Hiiseyin AKILLI
Yil: 2019, Sayfa: 125
Jiiri : Prof. Dr. Hiiseyin AKILLI
: Prof. Dr. Besir SAHIN
: Dr. Ogr. Uyesi Tahir DURHASAN

Bu deneysel ¢aligmanin temel amaci, gegirgen yari1 dairesel silindir (dis
silindir) ve ayirici plaka yardimiyla dairesel bir silindirin (i¢ silindir) ardindaki kararsiz
akis davranmiglarini kontrol etmektir. Deneylerde i¢ ve dis silindir ¢aplar ve i¢ silindir
capma gore Reynolds sayisi sirasiyla 50 mm, 125 mm ve Re= 5000 olarak sabit
tutulmusgtur. Silindir gegirgenlik oran1 (Bs) ve plaka gecirgenlik oranmi (Bp) olarak iki
adet farkl1 gecirgenlik orani belirlenmistir. Ug farkli silindir gegirgenlik oram ve dort
farkli plaka gecirgenlik oranmi sirasiyla Bs=0.3, 0.5, 0.7 ve Bp=0, 0.3, 0.5, 0.7 olarak
belirlenmistir. Ayrica, ayirict plaka konumunun akis davranigina etkisini aragtirmak
icin akis yoniine gore ayirici plaka agisi (o) tanimlanmistir. Ve bu plaka agilart 0=90°,
120°, 150°, 180° olarak secilmistir. Tiim konfigiirasyonlar i¢in, baslangigcta boya
gorsellestirme yontemi kullanilmis ve daha sonra nicel sonuglar elde etmek i¢in PIV
teknigi uygulanmigtir. Sonuglar, plaka gbzenekliligi arttikca TKE,., degerlerinin
azalma egiliminde oldugunu gdstermistir. Ayrica silindir gozenekliliginin TKEx
degerleri lizerinde belirgin bir etkisi vardir, diisiik gozenekli silindirler i¢in TKEax
azalimi elde edilmistir. Ayrica, plaka goézeneklilik oranina bakilmaksizin, 150° ve
180°'lik plaka agilarmin en etkili agilar oldugu belirlenmistir. En yiliksek TKE .«
diisiisii 180°'de Bs=0.3ve Pp=0.5 igin %34 olarak bulunmustur. Ote yandan, Bs=0.7,
yiiksek gecirgenlik nedeniyle akis {izerinde kayda deger bir kontrol etkisi
gosterememistir. Sonug olarak, Bs=0,3 ve 0,5, Bp= 0,5 ve 0,7, ve 150° ve 180°'lik plaka
acilari, akigi kontrol etmede en etkili parametreler olarak saptanmistir.

Anahtar Kelimeler: Silindir, Pasif Kontrol, PIV, Ayirici plaka, Tiirbiilans Kinetik
Enerji
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EXPANDED ABSTRACT

Since the circular cylinder applications widely appear in engineering
applications such as offshore structures, underwater pipelines and cables, wind
turbines etc., flow behaviors around this significant, prevalent but simple geometry
needs to be scrutinized. Because all applications that utilize cylindrical shape need
to be durable and can withstand the adverse effects of the flow around them. When
fluid flow runs over a bluff body such as circular cylinder, flow separation occurs
at the shear layers. This flow separation phenomenon is the main reason of vortex
formation downstream of the cylinder and vortex shedding which give rise to
vortex induced vibration (VIV). Besides, this vortex formation in near wake region
can give rise to vortex pair interaction which is another adverse effect for the
cylinder. Accordingly, these adverse effects such as VIV need to be attenuated or
controlled. Researchers have been studying flow structure around bluff bodies for
many years and they have found lots of control techniques which are subdivided
into two main categories as passive and active control techniques. Both flow
control techniques have some advantages over each other, yet passive control
techniques are more preferable by reason of its easy implementation and
inessentiality of the external energy input. Since two passive control techniques
(splitter plate and perforated semi circular cylinder with different porosities)
utilized together in the present study, passive control methods were investigated
more elaborately.

For the experiments, large scale water channel was utilized in the Fluid
Mechanics Laboratory at the Cukurova University. To have a preliminary idea
about the general flow behavior of the flow around the cylinder, dye visualization
technique was applied initially. The main principle of the dye visualization is that
the dye injected to the flow is illuminated by a continuous laser and the flow is
recorded by high definition camera. Thereby, qualitative results can be obtained by

dye visualization method. Subsequent to dye visualization technique, Particle
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Image Velocimetry (PIV) method, which is a non-intrusive flow measurement
technique, was utilized to have quantitative results about the flow structure. The
principle of the PIV based upon the measuring the displacement of the particles,
which are illuminated by pulsed laser source, at a definite time interval. In these
experiments, flow around an inner cylinder with diameter of 50 mm was
investigated. Porous semi circular cylinder, which has constant diameter of 125
mm, was situated downstream of the inner cylinder concentrically. And the splitter
plate that has various porosity ratios was located between inner and outer cylinder
(annular region). Reynolds number was calculated according to the inner cylinder
diameter as 5000 and it was remained constant throughout the experiments. To
determine the most effective flow control parameters, various porosity ratios were
arranged. Porosity ratio of the cylinder and splitter plate can simply be defined as
the gap area to the total surface area. B¢ and Bp stand for the porosity ratios of outer
cylinder and splitter plate respectively. Three different outer cylinder porosity
ratios were determined as Pc= 0.3, 0.5 and 0,7. And for splitter plate porosity
ratios, Bp= 0, 0.3, 0.5 and 0.7 values were designated. Also plate angle (o) was
designated to investigate the most appropriate location of splitter plate for
controlling the flow. Plate angle can simply defined as the perpendicular location
of the splitter plate relative to flow direction and as the plate angles decrease it
becomes more perpendicular to the flow direction. Four different plate angles were
determined as 90°, 120°, 150° and 180°. As mentioned above there are three
determinant and variable parameters to specify the most effective control
parameters.

As mentioned earlier, in the first step dye visualization experiments were
carried out to analyze the general flow behavior. More extensive field of view was
examined throughout dye visualization experiments and focused on the wake
region rather than the annular region. And the flow structure was tried to be
interpreted according to Karman Vortex Street or vortex formation. In general

cylinder porosity ratio of fc= 0.5 was determined as the most successful one for
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almost all configurations. It provides a perfect flow control in the wake region
especially for Bp= 0.5, 0.7 ratios. fc= 0.3 can also be regarded as effective porosity
ratio for the outer cylinder, except that causing jet like flow this porosity ratio
provided remarkable flow control for most of the configurations. However, flow
control could not be achieved for nearly all configurations with fc= 0.7 ratio due to
its high porosity ratio and excessive flow that passes through the outer cylinder.
More far-reaching investigation was carried out by PIV experiments and
quantitative results were obtained. PIV experiments revealed more detail about the
flow characteristics and flow behaviors were interpreted according to the time
averaged streamlines <y>, time averaged vorticity contours <> and TKE
distributions. These results indicated that plate porosity ratio has significant effect
on the flow characteristics. As the plate porosity ratio increase the TKE,,« value
indicates certain diminishment. Bp= 0.5 and 0.7 found to be the most effective plate
porosity ratios regardless of the plate angle with respect to TKE,.,x distributions.
However, for lower porous splitter plates (Bp= 0 and 0.3) the plate angle comes into
prominence. When the plate angles located more perpendicular way to the flow
direction (90° and 120°) the flow is directed to the upper shear layer by reason of
high blockage effect of low porous plates, causing higher momentum flow by
upper shear layer. On the other hand, plate porosity ratios of Bp= 0 and 0.3
exhibited remarkably high flow control at 150° and 180°. Bc= 0.5 ratio for Bp= 0.5
and 0.7 can be regarded as the most efficient configuration for all plate angles
according to time averaged streamlines <y>, time averaged vorticity contours <m>
by reason of no vortex pair interaction and vortex formation take place in the wake
region. And TKE,.x reduction of 20-22% was obtained in this configuration for
120°<a<180°. Bc= 0.3 was another effective control parameter except that jet like
flow takes place at the outer cylinder due to lower permeability. Although Bc= 0.5
was defined as the most effective cylinder porosity in general, the maximum
TKE . reduction was obtained with Bc= 0.3 as 34% for Bp= 0.5 at 180° plate

angle. However, with Bc= 0.5 cylinder porosity ratio, even Bp= 0.3 exhibit more
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controlled flow for 120°<0<180° while pp= 0.3 provides control only at 180° for
Bc= 0.3 ratio. When Bp= 0.5 and 0.7 ratios utilized with Bc=0.3 this configuration
can be presumed effective control parameters since the TKE,,. values were
diminished at all plate angles. Lastly, for the Bc=0.7 case, it cannot be said that
there is a significant flow control. Cylinder porosity ratio fc=0.7 could not achieve
flow control except for few configurations due to its high porosity ratio and
excessive flow that pass through easily.

In conclusion, in the present study, remarkable flow control was achieved
for majority of the configurations in both annular and wake region. Vortex
formation and Karman Vortex Street were attenuated and even annihilated for most
of the configurations. Cylinder porosity ratios of Bc=0.3 and 0.5, plate porosity
ratios of fp= 0.5 and 0.7, plate angles of a=150° and 180° can be considered as the

most effective and consistent parameters of the present experimental study.
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GENISLETILMIS OZET

Dairesel silindir uygulamalari, acik deniz yapilari, su alti boru hatlar1 ve
kablolari, riizgar tlirbinleri vb. miihendislik uygulamalarinda yaygin olarak
goriildiigiinden dolayi1, bu énemli, yaygin ancak basit geometrinin etrafindaki akig
davraniglarimin  incelenmesi gerekir. Ciinkli silindirik sekli kullanan bu
uygulamalarin tiim sistemler gibi dayanikli olmasi ve etraflarindaki akisin olumsuz
etkilerine dayanabilmesi gerekir. Bir akigkan, dairesel silindir gibi bir kiit bir
govdeyle karsilastiginda, alt ve iist kayma tabakalarinda akis ayrilmasi gergeklesir.
Bu akis ayrilmasi durumu, silindirin art izinde girdap olusumunun ve girdap
kaynakli titresime (VIV) yol acan girdap dokiilmesinin temel sebebidir. Ayrica,
silindire yakin bdlgedeki bu girdap olusumu, girdap ¢ifti etkilesimine yol agabilir
ve bu durumda silindir i¢in ayr1 bir olumsuzluktur. Bu nedenle, bu olumsuz
etkilerin hafifletilmesi ve kontrol edilmesi gerekir. Aragtirmacilar, yillardir kiit
govdelerinin etrafindaki akis yapisimi incelemektedir ve pasif ve aktif kontrol
teknikleri olarak iki ana kategoriye ayrilan ¢ok sayida akis kontrol teknigi
bulmuslardir. Her iki akis kontrol tekniginin de baz1 avantajlar1 vardir, ancak pasif
kontrol teknikleri, kolay uygulanmasi ve harici enerji girisinin gerekmemesi
nedeniyle daha ¢ok tercih edilmektedir. Bu c¢alismada iki pasif kontrol teknigi
(farkli gozeneklere sahip ayirict plaka ve delikli yan silindir) birlikte
kullanildigindan, pasif kontrol yontemleri daha ayrintili olarak incelenmistir.

Deneyler i¢in, Cukurova Universitesindeki Akiskanlar Mekanigi
Laboratuvari'nda bulunan biiyiilk 06lgekli su kanali kullanilmistir.  Silindir
etrafindaki akisin genel akis davranigi hakkinda 6n bir fikre sahip olmak igin,
baslangicta boya gorsellestirme teknigi uygulanmistir. Boya gorsellestirmesinin
temel prensibi, akisa enjekte edilen boyanin siirekli bir lazer 15181 ile aydinlatilmasi
ve akisin yiiksek ¢oziiniirliikli kamera ile kaydedilmesidir. Bodylece, boya
gorsellestirme yontemi ile nitel sonuclar elde edilebilir. Boya gorsellestirme

tekniginin ardindan, akis yapisi hakkinda nicel sonuglar elde etmek igin, akisi
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kesintiye ugratmayan bir akig 6l¢iim teknigi olan Parcacik Goriintillemeli Hiz
Olgme Yontemi (PIV) kullamlmustir. PIV ilkesi, kesintili aydinlatma yapan bir
lazer kaynagi ile aydinlatilan pargaciklarin yer degistirmesinin belirli bir zaman
araliginda olgiilmesine dayanir. Yapilan deneylerde, S0 mm ¢apinda bir i¢ silindir
etrafindaki akis incelenmistir. Sabit ¢ap1 125 mm olan goézenekli yar1 dairesel
silindir, i¢ silindirin akis asagisina es merkezli olarak yerlestirilmistir. Ve cesitli
gecirgenlik oranlarina sahip olan ayirici plaka i¢ ve dis silindir (halka seklindeki
bolge) arasina yerlestirilmistir. Reynolds sayisi i¢ silindir ¢apina gére 5000 olarak
hesaplanmig ve deneyler boyunca sabit tutulmustur. En etkili akis kontrol
parametrelerini bulabilmek i¢in ¢esitli gecirgenlik oranlar1 belirlenmistir. Silindirin
ve ayirici plakanin gegirgenlik orani, basit olarak, bosluk alaninin toplam ylizey
alanina orani olarak tanimlanabilir. Bs ve Bp sirasiyla dis silindir ve ayirici plakanin
gecirgenlik oranlarini ifade eder. Ug farkli dis silindir gegirgenlik orani, Bs=0.3, 0.5
ve 0,7 olarak belirlenmistir. Ayirici plaka gecirgenlik oranlar i¢in ise Bp=0, 0.3, 0.5
ve 0.7 degerleri belirlenmistir. Ayrica, akisi kontrol etmek i¢in en uygun ayirici
plaka yerini arastirmak iizere plaka agisi (o) tanimlanmistir. Plaka acist basitce,
ayirma levhasinin akis yoniine gore dikey konumu olarak tanimlanabilir ve plaka
acist azaldik¢a akis yoniine daha dik hale gelmektedir. Dort farkl plaka agisi 90°,
120°, 150° ve 180° olarak belirlenmistir. Yukarida da belirtildigi gibi, en etkili
kontrol parametrelerini belirlemek i¢in ii¢ belirleyici ve degisken parametre
incelenmistir.

Daha once belirtildigi gibi, genel akis davranigini analiz etmek igin ilk
olarak boya gorsellestirme deneyleri yapilmistir. Boya gorsellestirme deneyleri
boyunca daha genis bir goriis alan1 incelenmis ve i¢-dis silindir ara bolgesi yerine
silindir ardindaki bdlgeye daha fazla odaklanilmigtir. Akis yapist Karman girdap
caddesi ve girdap olusumuna gore yorumlanmaya c¢alisilmistir. Genel olarak Bs=0.5
silindir gecirgenligi, neredeyse tiim konfigiirasyonlar i¢in en basarili gecirgenlik
orani olarak belirlenmistir. Bu gegirgenlik orani silindir art izinde, 6zellikle fp=0.5,

0.7 oranlart i¢in miikemmel bir akis kontrolii saglamistir. Bs=0.3, dis silindir i¢in
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bir diger etkili gegirgenlik orani olarak kabul edilebilir, jet benzeri akisa neden
olmas1 diginda, bu gecirgenlik oranmin ¢ogu konfigiirasyon i¢in kayda deger akis
kontrolii sagladig tespit edilmistir. Bununla birlikte, yiiksek gegirgenlik orani ve
dis silindirden gegen asir1 akis nedeniyle Bs=0.7 gegirgenlik orani i¢in neredeyse
tiim konfigiirasyonlarda akis kontrolii saglanamamustir.

PIV deneyleri ile daha genis kapsamli arastirmalar yapilmig ve nicel
sonuglar elde edilmistir. PIV deneyleri akis 6zellikleri hakkinda daha fazla detay
ortaya koymus ve akis davranislari, zaman ortalamali akim ¢izgileri <y>, zaman
ortalamali girdap kontiirleri <w> ve TKE (Tiirbiilans Kinetik Enerji) dagilimlarina
gore yorumlanmistir. PIV deneyleri, levha gecirgenlik oraninin akig 6zellikleri
iizerinde Onemli bir etkiye sahip oldugunu gostermistir. Plaka gecirgenlik orani
arttikca, TKE,.x degeri belirli bir azalma gostermistir. Bp=0.5 ve 0.7, TKEax
dagilimlarina gore plaka agisina bakilmaksizin en etkili plaka gecirgenlik oranlari
olarak belirlenmistir. Bununla birlikte, daha diisiik gozenekli ayirma plakalari
(Br=0 ve 0.3) icin plaka acist daha da 6nem kazanmaktadir. Plaka acilari, akis
yoniine daha dik bir sekilde (90° ve 120°) yerlestirildiginde, akis, diisiik gdzenekli
plakalarin yiiksek blokaj etkisi nedeniyle iist kayma tabakasina yonlendirilir, bu da
iist kayma tabakasinda daha yiiksek momentumla akisa sebep olur. Diger yandan,
Bp=0 ve 0.3 levha gecirgenlik oranlari, 150° ve 180°'de oldukga iyi akis kontrolii
saglamistir. Bp=0.5 ve 0.7 i¢in Bs= 0.5 orani, zaman ortalamali akim ¢izgileri <y>
ve zaman ortalamali girdap kontiirlerine <> goére girdap olusumu ve etkilesimi
gozlemlenmediginden dolay: tiim plaka agilart i¢in en etkili konfigiirasyon olarak
kabul edilebilir. Bu konfigiirasyonda 120°< a <180° i¢in ortalama olarak %20-22
arasinda TKE,,,, diislisii elde edilmistir. Bs=0.3, diisiik gecirgenligi nedeniyle dis
silindirde jet benzeri akisa sebep olmas1 disinda bir diger etkili kontrol parametresi
olarak diigiiniilebilir. Her ne kadar Bs=0.5 genel olarak en etkili silindir gegirgenligi
olarak tanimlansa da, maksimum TKE,,,, azalmas1 180° plaka acisinda Bp=0.5 i¢in
Bs=0.3 ile % 34 olarak elde edilmistir. Bununla birlikte Bs=0.5 silindir ge¢irgenligi,

Bp=0.3 i¢in bile 120°< a <180° acilarinda kontrollii akis saglarken, fp=0.3, fs=0.3
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orani igin sadece 180°’de kontrol saglamistir. fp= 0.5 ve 0.7 oranlar1 Bs=0.3 ile
kullanildiginda, bu konfigiirasyon TKE,,, degerlerinin tiim plaka acilarinda
azalmasina sebep oldugu igin etkin kontrol parametreleri olarak kabul edilebilir.
Son olarak, Ps=0.7 durumu igin, Onemli bir akis kontroliiniin oldugu
soylenememektedir. Silindir gegirgenlik oran1 fs=0.7, yiiksek gecirgenlik orani ve
kolayca gecen asir1 akis nedeniyle birka¢ konfiglirasyon disinda akis kontrolii
saglayamamuistir.

Sonug¢ olarak, bu caligmada, hem i¢-dis silindir ara boélgesinde hem de
silindir art izinde, konfigiirasyonlarin ¢ogu i¢in dikkate deger bir akis kontrolii
saglanmistir. Girdap olusumu ve Karman girdap caddesi, konfigiirasyonlarin ¢ogu
icin bastirilmis hatta yok edilmistir. Bs=0.3 ve 0.5 silindir gegirgenlik oranlari,
Bp=0.5 ve 0.7 plaka gecirgenligi oranlari, a=150° ve 180°lik plaka agilar1 bu

deneysel ¢aligmanin en etkili ve tutarli parametreleri olarak kabul edilebilir.
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1.INTRODUCTION Aykut CETIN

1. INTRODUCTION

Many engineering applications in nature, the designed structures are
exposed to flow around them. That flow generates unsteady loads and unsteady
vortices around the designed structures. The reason of unsteady loads and vortices
is that at certain speeds, flow around bluff bodies like circular cylinder can no
longer remain attached to the surface and flow separation occurs. In other words,
flow take place around the circular cylinder creates vortex shedding due to the
separation from the surface of the structure. This unsteady separations and vortex
shedding generate vortex induced vibration (VIV). And this VIV shorten the life of
the structure and it is the main reason of fatigue and even structural failure. In
many engineering applications the basic geometrical shapes are utilized such as
cylinder, spheres etc. Easy implementation and endurance to the environmental
effects make the cylinders one of the most versatile structural design for many
engineering applications and attract notice. Underwater pipelines (figure 1.1-a) and
cables (figure 1.1-b), bridge piers (figure 1.1-c), wind turbine towers (figure 1.1-d),
offshore structures (figure 1.1-e), chimneys (figure 1.1-f) and other cylindrical

buildings can be counted as an example of this versatile geometrical shape.

a) Underwater pipelines b) Marine cable c) Bridge piers

d) Wind turebine towers e) Offshore structure f) Chimneys
Figure 1.1. Circular cylinder applications in engineering

1
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To understand the concept of flow around bluff bodies like circular
cylinder, complex flow mechanisms (boundary layer separation, vortex shedding,
shear layers and recirculating regions) must be understood well. Because boundary
layer separation, vortex shedding and VIV are the main reasons for energy loss and
failure of the system. To overcome these undesirable effects, researchers have
come up with some control techniques. Abundance of cylinder-like structures in
engineering applications have attracted many researcher from past to present, and
the desire of controlling the flow around this basic circular cross section paved the
way for understanding of complex flow mechanisms and some flow control
techniques. In the present study, the main aim is to scrutinize the flow around
circular cylinder and attenuate the undesirable vortex shedding and VIV and to

have more stable and more controlled flow by means of passive control methods.

1.1. Flow around a Circular Cylinder

Flow around bluff bodies has drawn interest of researchers for many years
due to its simple but explanatory nature for complex flow mechanisms such as flow
separation, vortex shedding and shear layer instability. To understand these
mechanisms, vortex shedding mechanism needs to be studied in a detailed way
since it is the main reason for VIV and has a destructive nature. The common
occurrence in nature and in engineering applications, this basic but versatile
circular cylinder shape became one of the first studies to examine. Strouhal’s study
of vortex shedding around circular cylinder can be accepted as the milestone of the
flow behavior around bluff bodies and this study inspired many others (Strouhal,
1878).

When a flow encounters with cylindrical shape, flow separation, vortex
shedding and shear layer instability arise from for different Reynolds numbers and
as a consequence of these undesirable lift and drag forces may be exerted on the
cylinder. In the absence of external forces, the dynamics of flow around a cylinder

depends only on the Reynolds number (Re =U,D / v where U, is the free-stream
2
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velocity far from the cylinder, D is the cylinder diameter and v is the kinematic
viscosity). Characteristics of this flow are well-recognized for a wide range of flow
regimes, from creeping flows (Re <<1) to fully turbulent flows (Rex 107). The
flow regimes at low Reynolds numbers can be classified as follows:

The flow is steady and two-dimensional for Re < 6 with only one separation point.
For the range 6 < Re < 47, flow separates from the trailing edge of the cylinder and
stationary vortex pair (Figure 1.2-a) form in the wake whose recirculation length

grows as the Reynolds number increases.

D
7

a)Steady Wake

Shear Layer

b)Unsteady Wake

Figure 1.2. Cylinder wake at different Reynolds numbers. a) Steady wake structure
for 6 <Re <47, b) Unsteady wake structure for 47 <Re <200

At the critical Reynolds number (Re~ 47), even though all conditions are

kept constant, instabilities increase all of a sudden and vortex shedding appears
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behind the circular cylinder, resulting in the well-known von Karman Vortex Street
(Figure 1.2-b).

For 47 < Re < 200, unsteady and periodically oscillating forces occur on
trailing edge of the cylinder. Instabilities are developed by recirculation region
whose amplification and strength grow with Reynolds number resulting in
alternating high and low pressure regions on the leeward of the body and the
cylinder experiences a periodic net force because of these regions. This oscillation
may amplify the vortex shedding, because now the cylinder itself is moving in the
flow, forcing the vortex street to occur with large amplitude. The frequency of the
vortices is given by dimensionless Strouhal number St (Strouhal number, St = f D/
U., where f is the frequency, D is the cylinder diameter, U, is the free-stream
velocity, and the vortices produced in this manner are called Strouhal vortices.
Consequently, for higher Reynolds numbers (Re>200), the flow becomes turbulent
and three-dimensional.

For better understanding Gerard illustrated the vortex shedding mechanism

as it can be seen from figure 1.3 (Gerard, 1964).

by a

Figure 1.3. The Vortex Shedding mechanism proposed by Gerard (1964)
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Figure 1.3 depictures the vortex shedding mechanism that Gerrard (1964)
came up with. When the cylinder encounter with fluid flow the flow separation
takes places on both upper and lower side of the cylinder. So the upper and lower
shear layers bring about transition waves due to flow separation. At sufficiently
high Reynold numbers these transition waves generate vortex formation (upper or
lower) and one of them surpasses the other one. So there are two vortices that have
opposite sign. When the dominant vortex (upper or lower) starts growing, it draws
the corresponding shear layer on the opposite side across the wake. After that the
weaker vortex is start growing and annihilates the supply of the dominant vortex
and makes it shed. The process repeats itself alternately at the either side of the
body and generates the vortex shedding mechanism, thus creating Vortex Street at

the wake of the body.

1.2. Karman Vortices and Kelvin-Helmholtz Vortices

There are two types of streamwise vortices that have been introduced in the
laminar and transitional wakes of the cylinders. When the Reynolds number is
sufficiently high, transition waves appear in the shear layer, which is separated
from the cylinder surface. These waves are perceptible in the wake region, which is
extending from the separation point on the body surface to the first appearance of
the large-scale Karman vortex. Consequently, the local pressure changes cause a
vortex to shed from the cylinder surface every time. For this reason, the cylinder is
exposed to a fluctuating drag and lift accompanied by the mean drag and lift forces.
The drag, lift and vortex shedding frequencies are stated as dimensionless forms
which are Cp, C. and St and they stand for the drag coefficient, lift coefficient and
Strouhal number respectively. These three dimensionless parameters depend on
flow characteristic and structure of the cylinder. When the cylinder is located near
a plane boundary, the bed proximity, the velocity gradients in the boundary layer
and the turbulent characteristics of the boundary layer have some influence on

these parameters.
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At sufficiently high Reynolds number values, transition waves appear in
the form of Kelvin-Helmholtz vortices which is shown in figure 1.4. These small-
scale vortices are also referred as Bloor-Gerrard vortices. Inception of the transition
waves is considered to be a strong function of the disturbance level of the free
stream, by taking into consideration that they result from convective-type
instability, as described by Ho and Huerre (1984). Initially, Bloor (1964) detected
the small-scale vortices for Reynolds number Re>1300, but Unal and Rockwell
(1988) first noted these vortices at Re;=1900. Also Wu et al. (1994) discussed the
possible effect of background disturbance levels and observed these waves over the
range of Reynolds numbers 1000<Re<3000.

The Kelvin-Helmholtz vortices in the shear layer are corollary of the
transition from laminar to turbulent state. Another result of this transition state is
the Karman vortices, which can be seen at Re=5000 is basically turbulent. The

Karman vortices in the wake of a cylinder can be seen in the figure 1.4.

Kelvin-Helmholtz

Vortices
v
ﬂf_/jx
Karman
Vortices

Figure 1.4. The Kelvin-Helmholtz vortices and the Karman vortices in the
cylinder wake region
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1.3. Flow Control

Vortex shedding downstream of bluff bodies have been one of the most
salient subject for many researchers since Roshko first measured the period of
Karman vortex shedding downstream of a bluff body in 1954 (Roshko, 1954). The
reason vortex shedding and near wake flows are so salient is that the flow around
bluff bodies can be encountered with in nature and in engineering application too
often. So researchers have been scrutinized the flow separation and shear layers
behind the bluff bodies due to their fundamental significance and practical
importance in fluid dynamics. In these situations, bluff bodies are exposed to
unsteady loads because of the flow separation and formation of vortex shedding.
This vortex shedding brings about a significant pressure drop on the back surface
of the body. Also VIV (vortex induced vibration) takes place due to the vortex
shedding and this situation can cause failure of the system. For this reason design
of such an application is very important for engineers to alter or reduce these
undesired loads and vibration that is exerted on the body.

Therefore the efficient methods are needed to eliminate vortex shedding
and VIV, and researchers have been developed some control methods to attenuate
the vortex shedding for many years. Control of the wake region and flow
separations could considerably diminish the unsteady loads on the body; resulting
less structural vibration. Scientists offered many control methods for essentially
attenuate the vortex formation and potential influences of this formation. These
control methods can be categorized into two main groups as passive and active
control methods. The passive control methods can simply expressed as
modification of the body geometry to manipulate the pressure gradients or adding
external geometries such as splitter plate or porous media to reduce drag. For
passive control techniques external energy input is not required in contrast with
active ones. On the other hand, active flow control methods need external energy

input to manipulate the flow behavior around the bluff body.
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1.3.1. Active Flow Control Techniques

Flow control techniques are widely used to manipulate the flow pattern and
augment the efficiency of the designed structure. These techniques also provide
environmental compliance and enhanced performance, accordingly help us to
overcome the instabilities like flow separation and vortex shedding. Among other
flow control techniques, active control techniques have come into prominence in
recent years due to its advantageous nature. Researchers have been studying the
active flow control techniques in recent years elaborately and lots of studies are
available in literature at the moment. In contrast with passive flow control, active
flow control needs an external energy or auxiliary power input to carry out the
desired flow control. Although it is not as easy as to implement like passive flow
control techniques, active flow control has two main advantages on the contrary to
passive flow control. First one is that active flow control provides a natural stability
to the flow and makes it possible to obtain very high effect by using very small
localized energy input. In other words, more precise and effective flow control can
be achieved by introducing the control input at any critical location or high
receptivity region. The second advantage is that it can be used to control complex,
dynamical processes like turbulence production in turbulent boundary layers to
reduce skin friction and viscous drag. However it has some disadvantages like it
may be difficult to implement active control methods to the real engineering
applications because of the complexity of the actuators and the external energy that

is needed.

1.3.1.1. Feedback Control

Feedback control method has been studied nearly twenty years by the
researchers. This technique has been utilized for several applications in thermal and
fluid engineering. This method includes the triad of flow phenomena,
actuators/sensor and control situation. Actuators are very important for this control

method because it is the determinant of the whole process. It is responsible to
8
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control the flow and alter the flow field. So, low energy consumption, low cost,
easy implementation and fast response are the desired qualifications of the
actuators. The early study of Berger (1967) promoted feedback control method to
the suppression of the flow instabilities at low Reynolds number using an
oscillating body. This method attracts notice of a lot of researchers recently.
Potential effects of feedback control method on the cylinder was investigated
experimentally Fujisawa et al. (2001).

A hot-film probe, a phase shifter, amplifiers and a dynamic shaker are
utilized to apply feedback control. So as to obtain strong signal of vortex shedding,
the hot-film probe is located in one of the shear layer of the wake. Also a sensor is
located downstream of the actuator in the feedback control loop in order to
measure the controlled flow parameters. The signal that obtained from the feedback
probe are phase- shifted and amplified to drive the shaker which is connected to the
cylinder to produce perturbations in the wake region. A monitor hot-film probe is
also situated in the wake to appraise the control effect on vortex shedding. The
obtained signals from both feedback and the monitor probes are turned into

frequency spectra by the help of a computer.

1.3.1.2. Electro-magnetic Control

Electro-magnetic control, which is also known as Magnetohydrodynamics
(MHD), is an active flow control technique. And it is accepted as a boundary layer
control method. This method is very advantageous for conducting fluids because of
the Lorentz force that acts as a volume force inside the fluid, and it can be
regulated to behave only in a specific region of the flow. The principle of this
technique is simply based on utilizing the magnetic field in a conductive fluid. If
any movement takes place in the magnetic field, an electric current is generated. In
the presence of the magnetic field and the current, the unit volume is exposed to a
fluid force that is named as Lorentz force. The Lorentz force has an impact

opposite direction to the flow and it bring down the flow velocity, provide a certain
9
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stability to the flow and affects the drag and lift forces significantly. Many
techniques have been promoted since 1960s utilizing the electric and magnetic
field to control the turbulent boundary layer and drag reduction.

The implementation of the method is that the body is coated with
electrodes and permanent magnets adjacent to each other. To arrange the exact
layout, positive electrode, N-pole magnet, negative electrode and S-pole magnet
are located side by side respectively and the sequence is repeated. If a cylinder is to
be coated, the sequence must repeat itself until the end. Also the direction of
Lorentz force can be reversed by only changing the poles of the electrodes. Figure

1.5 illustrates the arrangement of the magnets and electrodes.

%

X

Flow

a

Figure 1.5. Lorentz force generated by magnetic fields

Also to understand electro-magnetic control method better Figure 1.8
illustrate how low and high magnetic field affects the vorticity contours. Also

vorticity contours without magnetic field effect is shown.

10
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.f—a:ﬁ-,f"\

Without magneuc field

High magnetc field

Figure 1.6. Vorticity contours at different magnetic field strength at Re=100
(Rashidi, Hayatdavoodi, and Esfahani, 2016)

1.3.1.3. Generating a Secondary Flow

Suction and blowing are the active flow control methods that rely on
generating a secondary flow and just like the other active control methods it
requires energy input. This method is utilized in some practical engineering
applications such as aircrafts, turbine blades etc. Suction and blowing methods are
useful to solve the problems in engineering applications that is related to fluid
dynamics.

Although both suction and blowing have the same principle of generating a
secondary flow, their influence to the flow is way too different. To begin with
suction, it has two basic effects when it is applied to cylinder base. First one is that

the suction method enhances the magnitude of negative velocities. The latter is that

11
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it reduces the length of the recirculation zones and thus reduces the streamwise
extent.

In other respects, the effects of blowing are contrary to effects of suction.
The linear temporal growth rates in the near wake are anticipated to decrease due to
reduced back flow, and the extent of absolute instability is anticipated to enhance.
So in both condition, we have to rest on phenomenological observations, and

specify which method surpass the other one and provide us the desired effects.

1.3.1.4. Wake heating

Wake heating can be effective method for horizontally situated cylinder or
other structures to attenuate the vortex shedding by utilizing the heat input. But
since the fluid that flows around the bluff body change, this method may have
different effects for air and water flow. The basic principle of the wake heating is
that the desired region is heated to alter the flow pattern. Since the viscosity change
of gases and liquids shows different reactions to heat, one should take into
consideration that which fluid is flowing around the bluff body for wake heating
method. For air flow case, increment of heat input to the cylinder can be helpful to
attenuate the vortex shedding. However for water flow case, increment of heat
input may be detrimental rather than advantageous. But for liquids, the range of
heating conditions, which the buoyancy effects are negligible, is more limited.

The discrepancy of liquids and gases propound that this control is about
both changes of dynamic viscosity and density with temperature and it is not only
related with density variance as Yu and Monkewitz (1990) suggested. So this
discrepant behavior of air gas and liquid propound that the change of viscosity is
predominant for wake heating method. The explanation of this situation is that
generally the viscosity of liquids decrease with increment of heat input while the
viscosity of gases increase with increment of heat input without exceptions. So we

can say heating the near wake lead to density and viscosity change and this

12
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situation affects the velocity profile, instability and the amplitude of the shedding

vortices.

1.3.2. Passive Flow Control Techniques

The need for controlling the flow in a way that is more stable and
controlled manner gave rise to researchers to find out new techniques. Among
other flow control techniques the passive flow control techniques are the most
preferred techniques due to its easier implementation, simplicity and lower cost.
Also the unnecessity of external energy expenditure and complex actuators make
the passive control methods practical and favorable. These methods can easily be
applied to suppress vortex shedding and reduce drag force significantly. Passive
control methods can also be implemented for underwater applications such as
marine risers and underwater pipelines etc. to annihilate the vortex induced
vibration and acoustic noise. The logic behind the passive methods is that changing
or reshaping the geometrical shape of the body or adding external devices such as
splitter plate. In other words, passive control methods are based on modifying the
geometry to manipulate pressure and velocity gradients and to control the flow
separation. Some applications of passive control methods are utilizing porous
structure, adding perforated cylinders and splitter plate, designing the wavy or
rough surface and applying base bleed. These methods mentioned above have
proved themselves and used in the past to suppress vortex shedding, reduce the
drag coefficient and instabilities.

Roshko (1954) and Zdravkovich (1981) are among the first investigators,

Zdravkovich (1981) classified control techniques into three categories:

(1) The control of shear layer by the help of surface protrusion (tripping wire,
fin, helical strakes and wires, studs, etc.), which acts upon flow separation
lines (James and Truong, 1972); this can be further subclassified into

omnidirectional and unidirectional. The omnidirectional methods are those
13
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not influenced by the direction of flow velocity; for instance, helical
strakes, and helical wires. The unidirectional are those effective only for a
certain direction of flow velocity; for instance, straight fins.

(i) The full shrouds are omnidirectional, whereas incomplete shrouds become
unidirectional.

(ii1)) The control of the entrainment layers by shrouds (perforated gauze, axial
rods, etc.) that provide irrotational fluid to the entrainment layers (Knell,
1969)

(iv) The instability control of wakes by near-wake stabilizers (splitter plate,
guiding plates, base-bleed, slits cut along the models, etc.) that reduce the
interaction of two opposite shear layers (Roshko, 1954, Bearman, 1965,

Apelt, West and Szewczyck, 1973).

1.3.2.1. Splitter Plate

Many flow control methods have been developed to suppress the vortex
shedding and control the undesired effects of the flow around bluff bodies.
Researchers is still studying and trying to find more effective and easier methods to
control the flow. But they have already found consistent and effective control
methods such as splitter plate. Splitter plate is one of the successful and preferred
methods due to its consistency and easy implementation. Being a passive control
method and requiring no energy input is a determinant for splitter plate to be
preferred. It has been studied a lot and attracted notice of abundant number of
researchers due to its success of suppressing vortex shedding. Generally a splitter
plate is located to the rear surface of the cylinder and its direction coincides with
the centerline of the cylinder. Attached splitter plate modifies the geometrical
shape of the body and performs splendid changes on the vortex shedding frequency
depending on the length of splitter plate. As well as length of the splitter plate, the
Reynolds number is another important factor for the vortex shedding frequency. At

sufficiently high Reynolds number, the vortex shedding frequency does not
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diminish gradually as the splitter plate length increases. The vortex shedding
frequency diminishes for L<D and increases for D<L<2D, and finally it diminishes
as the length of the splitter plate increases (L is the splitter plate length and D is the
diameter of the cylinder).

When the splitter plate length is bigger than the critical length, the vortex
shedding around the cylinder wvanishes totally, and this critical length is
proportional with the Reynolds number. At a certain Reynolds number, the drag
force exerted on the body is substantially reduced by the splitter plate and for the
minimum drag force there is an optimal length of the splitter plate.

So the splitter plate length, Reynolds number and drag force are related to
each other. And studies and previous experiments showed that up to 40% of drag
force reduction is applicable when the splitter plate is located to the right place.
Also the distance between the cylinder and splitter plate is another determinant and
it should not be larger than the critical distance to achieve the drag reduction.

In this study, splitter plate is utilized with another passive control method
together and it is located at different angle to the flow direction and the possible

effects of the splitter plate are scrutinized.

1.3.2.2. Porous structure and Perforated Cylinder

Porous structure or perforated cylinder is a passive flow control technique
that does not require any energy input as well as splitter plates. This method allows
manipulating the flow in a desired fashion without changing the geometrical shape
of the bluff body. Just like splitter plates, porous structures have been studied and
attracted notice in recent years. Easy implementation, low cost, consistency and
keeping the geometry unchanged make this method preferable and useful for
suppressing the vortex shedding and reducing the drag. This method is a beneficial
alternative to the active flow control methods due to the unnecessity for energy

input and complex actuators/sensors.
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Lots of useful experimental and numerical results have been reported by
the researchers and this method took place in literature. The methodology utilized
in this passive control method comes into existence by separating the bluff body
surface from the direct flow by a porous interface. Here the logic is to create an
intermediate flow that decreases the boundary layer effect and especially reducing
the flow velocity. When a permeable cylinder is located concentric to the inner
cylinder, the flow encounters with permeable surface and velocity gradients is
reduced between the outer permeable cylinder and inner cylinder. This allows
having more stable shear layer that the effect of transition waves and flow
separation are less dominant, resulting less drag force.

In this study perforated cylinder is implemented as well as splitter plate.
And a combined or hybrid passive control method, which consists of splitter plate

and perforated semi circular cylinder, is studied experimentally.

1.3.2.3. Surface Roughness

In underwater engineering applications, attenuation of vortex shedding is
quite a bit important due to the destructive effects of VIV for marine risers,
underwater pipelines etc. the importance of controlling the vortex shedding and
VIV gave rise to some flow control techniques and surface roughness is one of
them. Surface roughness is an effective way to suppress the vortex shedding and it
has also a great impact on the drag coefficient around a circular cylinder at a
certain Reynolds number range. Because the drag coefficient is related to the
separation point and since the surface roughness alters the separation point it is also
has an effect on drag coefficient. When a flow takes place around a circular
cylinder, the surface roughness leads to a shift in the separation point along the
body and this rough surface accelerate the transition into a turbulent flow range. So
it changes the wake flow structure by changing the flow separation point. O-ring
and trip wire are just some of the surface protrusion methods and they are utilized

widely in literature.
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1.3.2.4. Base Bleed

Base bleed is another passive flow control method that is useful for
suppressing the vortex shedding around bluff bodies. It also has been studied
widely as well as other passive control methods. Consistency, easy implementation
and low cost make it an advantageous control method for flow control. This
method is applied to bluff bodies by making a slit or some other gap on the blunt
base to make the flow pass that gap as well as around the body and generate a
secondary flow. Base bleed is also an effective and well-known method for vortex
shedding suppression at some supercritical Reynolds numbers as well as other

passive control methods.
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2. PREVIOUS STUDIES

To investigate the flow structure around a bluff body experimentally, a
researcher needs to create an archetype of the real engineering or environmental
application. Since the real applications exposed to fluid flow around the bluff body,
air and water tunnel is widely utilized to examine the flow around a bluff body. In
the present study, even though water channel was utilized, the compilation of
previous study involves air tunnel, water channel and even some numerical studies.
Flow around bluff bodies and control of this flow and vortex shedding downstream
of a circular cylinder have been topic of too many studies and lots of investigation
have been carried out. Among the other cylindrical shape squared and circular
cylinders are the most popular ones due to their significance and prevalence in the
real engineering applications. In literature, even though the spherical, cone and
square bodies were investigated, circular cylinder is still the most prevalent one to
examine. And because of significance and prevalence in real life applications and
being the keystone of the present study, the circular cylinder will be the main issue
of this previous studies title.

Another concern of the flow around bluff bodies is the control methods that
are used for attenuation of vortex shedding, suppression of VIV and reduction of
drag/lift coefficient. Flow control methods are categorized in two groups as active
and passive according to their energy requirements. Active flow control techniques
need an external energy input, while passive control is based upon the modifying
the geometry or adding external geometries to the flow. Although many
investigations have been carried out about active and passive control methods, the
passive flow control was analyzed in a more detailed way, since the present study

involves two passive control methods (splitter plate and perforated cylinder).
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2.1. Passive Flow Control Techniques

Passive control methods have remarkable advantages over active control
methods to control the flow and vortex shedding downstream of a circular cylinder.
Because passive control methods do not require an external energy input and
complex actuators, and implementation of passive methods are easier than active
ones. The previous techniques utilized as passive control involves basically splitter
plates, surface protrusion, base bleed, adding porous elements etc. and the basic

passive control methods will be investigated and introduced.

2.1.1. Passive Control by Splitter Plate

Using splitter plate as a passive control method is one of the most effective
and prevalent technique to control the flow and suppress the vortex shedding. Easy
utilization, low cost, consistency and convenience to observe experimentally;
making splitter plate a salient method. This method has the ability to manipulate
the whole flow characteristic and wake structure, and the first study of splitter plate
date back 1950s.

Roshko (1954) carried out some experiments about vortex shedding
downstream of a circular cylinder and found successful results of splitter plate for
suppression of vortex shedding. He conducted the experiments at Re=14500 by
using a plate that the length of 5D (D is the diameter of cylinder) located at the
cylinder base and he was able to attenuate the vortex shedding completely.
Moreover, the splitter plate gave rise to an increment in the base pressure and a
reduction of net drag force. Another observation that he made was that when the
plate was situated downstream of the cylinder at the distances of lesser than 4D, the
plate was able to work efficiently in the wake, it diminished the Strouhal number
and enhanced the base pressure.

Another experimental study was carried out in 1965 by Bearman (1965)
about wake flow behind a two dimensional bluff body that a splitter plate attached

to it. He determined that the space between fully formed vortex and model base
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was adversely proportional to the base pressure coefficient. In addition to this, he
classified the flow into five category, as for that the distinctive wake behaviors
along with the increment in the length of the splitter plate.

Gerrard (1966) investigated the vortex generation mechanism and tried to
explain that mechanism in detail. He also examined the frequency, size, formation
and influence of vortex behind a circular cylinder at Rep=2x10*. He accounted for
the influence of the splitter plate on the vortex shedding frequency in the sense of
the frequency determining mechanisms in the vortex formation region and the
shear layer diffusion length. One can make inferences from his study that the
Strouhal number diminishes when the splitter plate length is less than D (cylinder
diameter), but it increases for D<L<2D. Over and above these, he proposed that the
vortex formation zone under a strong elongation when the splitter plate is used and
two modes of vortex formation could arise as for that the length of the splitter plate
and the space between splitter plate and the experimental model.

Apelt et al. (1973) and Apelt and West (1975) carried out a consecutive
experimental studies to scrutinize the effect of the splitter plate on the flow
characteristics by means of pressure distribution, flow visualization techniques and
frequency of vortex shedding. The consequence of this experimental study gave
lots of useful and effective details about flow mechanism by the use of splitter
plate. The splitter plate led to drag force reduction, increment of base pressure,
narrowing of the wake width and alteration of the Strouhal number. Another
contribution of their study was the change of wake flow structure and other flow
mechanisms according to the length of the splitter plates. The short plates were
utilized to stabilize the separation points increasingly and diminish the wake width
with increasing plate length. In addition to that, the trailing edge of the short plates
facilitates a fixed vortex formation point. On the other hand, the long plates prevent
the interaction of the discrete shear layers and diminished roll-over effect of the
vortices. And finally, enhancing the plate length (long plates) enabled to annihilate

the vortices from crossing the base line.
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Unal and Rockwell (1988) split the wake region into two discrete regions
and defined them as the pre-vortex formation region and post-vortex formation
region. They discovered that the interaction between the wake and splitter plate
was able to control the instability of the near wake on a large scale.

Nakamura (1996) conducted a series of experiments to examine the vortex
shedding mechanisms of different cross-sectional shapes by making use of an
extended splitter plate. One observation that he made is that the dynamics of the
wake is determined by the impression of shear layer instability. He discovered that
the Strouhal number ascends gradually in accordance with increasing the length of
the splitter plate. Additionally, the experimental study of Nakamura (1996)
comprehended single-layer instability and the formation of vortex shedding when
an extended plate is attached to the bluff bodies (circular and semi circular cross
section) with or without a rectangle shape block. Basically, four different bodies
that they used had the splitter plate attached to them. The dimensional parameters
that were designated for the circular cylinder can be collocated as in this way; the
diameter of the circular cylinder (D) which was 20 mm and the 2 mm thick plate
and when it comes to calculate the length of the cylinder, dimensions were taken
from the center of the cylinder. This study revealed that utilization of splitter plates
with the bluff bodies which have divergent structural shape is mostly depends on
Strouhal number (St). The significance of the Reynolds number (Re) and cross-
section geometry were reported to be less dependent.

Another study of vortex shedding mechanism downstream of a circular
cylinder and interaction of splitter plate with the vortex shedding were carried out
by Kwon and Choi (1996) at the 80-160 Reynolds number range. Their study
revealed that the vortex shedding frequency change in a similar fashion as the
earlier studies for the Rep>120, however the frequency of vortex shedding
diminishes gradually as the plate length enhances for the Rep<100. They predicate
the ascended shedding frequency to a formation of the secondary vortex at the edge

of the splitter plate for L>D and the ReD>120. And that secondary vortex
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formation near the trailing edge of the splitter plate may accounts for the origin of
the vortex induced noise.

An important and illuminative study was carried out by Anderson and
Szewczyk (1997) and it revealed that utilization of splitter plate stabilize the
transverse flapping of the discrete shear layers, so that reduction of the three-
dimensionality level in the vortex formation region can be accomplished. In
addition to this, splitter plate reduced the momentum thickness of the shear layer
more or less 45% in opposition to the plain cylinder case.

Ozono (1999) indicated that in the presence of splitter plate, different
distances between the cylinder base and the tip of the splitter plate have an effect
upon the Strouhal number and make it go beyond the natural vortex shedding
frequency of the plain cylinder case. The reason of this situation is explained as
that when the flow is compelled to the gap between the splitter plate and the
cylinder, shear layer separated from the gap side and results in enhanced
interactions in the near wake.

Zhou et al. (2005) carried out a numerical investigation to suppress the
fluid forces on a squared cylinder in cross-flow by the help of flat plate. They
concluded that the presence of control plate alters the flow characteristic
completely in the front region of the squared cylinder. The net drag force exerted
on the cylinder and the total drag force on the bodies (squared cylinder and the
attached flat plate) was reduced significantly by the flat plate. For a specific flat
plate height, the optimal reduction of the drag force that is exerted on the squared
cylinder and the ideal location of the plate are determined in this study. Moreover,
they discovered that when the flat control plate is utilized, amplitude of the
fluctuating lift on the cylinder can be attenuated. They reported that, when the
control plate is located to a proper position and height of the flat plate is regulated
to a certain value, the fluctuating lift can be suppressed completely.

An extensive experimental research was carried out by Akilli et al. (2005).

They analyzed the effects of discrete splitter plates which were located at different
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distance from cylinder base on the vortex shedding suppression in shallow water by
means of PIV (Particle Image Velocimetry). To explain the flow characteristic in
detail, velocity vector field and associated vorticity contours, streamline topology
and Reynolds stress concentrations were utilized. The splitter plates utilized in the
experiments had variable thickness and constant length of 50 mm, which was also
the diameter length of the cylinder. Another variable in the experiment was the
distance, which it was ranged from 0 to 2D, between the cylinder base and the
leading edge of the plates. For better comprehension of the flow characteristic of
different arrangements on suppression of the vortex shedding the gap ratio (G/D)
and the plate thickness ratio (T/D) were defined. Despite the fact that, suppression
of vortex shedding was achieved considerably for the gap ratio between 0 and
1.75D, almost no effect was determined when the gap ratio was 2D (Figure 2.1).
The effects of plate thickness were also investigated according to thickness ratio
which has values of 0.016, 0.04 and 0.08 and the results showed similarity to the
effects of gap ratio. After passing the splitter plates, the oscillation takes place with

smaller frequency than the natural frequency of the bare cylinder.
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Figure 2.1. The change of vortex formation length according to gap ratio for three
different splitter plate thicknesses. (Akilli et al., 2005)

Turki (2008) numerically scrutinized the flow control by attaching a
splitter plate behind a squared cylinder in a horizontal channel. The study was
carried out for fixed position cylinder at Reynolds number varies between 110 and
200 and blockage ratio (p = h/H = 1/4) was kept constant. He also investigated the
possible influences of the splitter plate length and its position in the wake region on
the drag and lift coefficients and the Strouhal number. He made a deduction that,
for a given Reynolds number the Strouhal number indicates two distinct behaviors
as the splitter plate length changes. Another observation that he made that, the
change of Strouhal number (St) and drag coefficient (Cp) depends on the splitter
plate location (G). When the Reynolds number range between 150 and 200, sudden
increment in St and Cp takes place at the optimal location of splitter plate (G=
3.27).

Akilli et al. (2008) scrutinized the effect of splitter plate to the vortex

shedding downstream of a circular cylinder experimentally. But this time they
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conducted the experiments to determine the effects of splitter plate length and they
located the plates adjacent to the cylinder in shallow water. The Reynolds number
was kept constant at the value of 6300 throughout the experiment. To analyze the
flow characteristic according to the length of the splitter plate, L/D was designated
in this study and this value ranged from L/D=0.2 to L/D=2.4. Velocity distributions
and streamline topologies evidently proposed that the varying length of the splitter
plate has a significant influence on the flow characteristic. The crucial conclusion
that this study indicated, the flow characteristic in the wake region change abruptly
up to L/D=1.0, however over this value, slight changes takes place in the flow
characteristic.

Assi, Bearman and Kitney (2009) utilized a two dimensional control plates
and obtained successful results. They accomplished the suppression of vortex
shedding and VIV of a circular cylinder and by using the control plate they were
able to reduce the drag coefficient inferior to that the drag coefficient of the fixed
plain cylinder. They also pointed out how the vortex induced vibration can be
annihilated in a practical way by the help of control plates that are capable of
rotating without constraint. The attenuation of the drag coefficient reached up to
60% of those fixed plain cylinders. The maximum Reynolds number value that was
utilized 30000 in this experiment.

Shukla et al. (2009) studied flow around a circular cylinder and preferred
hinged-rigid splitter plate rather than fixed ones. The hinged-rigid plates utilized in
the experiment made out of two plastic sheets having the thickness of 100 um and
very flexible plastic sheet of 30 um thickness which was located between them.
PIV technique was utilized to carry out the experiments and to analyze the flow
characteristics. In this study the two primary parameters were designated as
Reynolds number (Re) and the ratio of splitter plate length to the cylinder diameter
(L/D). In other respects, the relative mass of the plate, the stiffness and the internal
damping effect of the hinge were not taken into consideration in this study, in other

words they are neglected and assumed that they had no effect on flow
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characteristic. The oscillation of the splitter plate leads to instantaneous changes in
the magnitude and character of it and this situation may cause vortex induced
vibration. This study emphasized the significance of the L/D ratio for specifying
the magnitude and the characteristic of the oscillations in the hinged splitter plate
case. From the experimental results they concluded that as the Reynolds number
increase, the oscillation of the splitter plate increase and after a significant value of
Reynolds number the oscillations of the splitter plate remain unchanged. The most
important discovery of the experiment is that there are three distinct facts for three
different splitter plate lengths. Firstly, for the small lengths (L/D< 3.0) periodic
oscillations were observed. Secondly, when the splitter plate length is ascended
beyond L/D> 4.0, the oscillations behaves in aperiodic manner with smaller
amplitudes. And finally for the case of L/D> 5.0 the hinged splitter plate loose its
character and behave like fixed splitter plate.

Gim et al. (2011) scrutinized the flow characteristic of the case in which
control rods of different sizes were utilized behind a circular cylinder by means of
particle image velocimetry technique in water channel. The experimental study was
conducted for different control rod sizes and cylinder diameter of 50 mm. Another
variable parameter was the Reynolds number and it ranges from 5000 to 20000.
Time averaged velocity field, turbulence intensity and Reynold stresses were
acquired in this experiment. And when they deduced from the parameters above
that the cylinder wake was notably affected by the presence of the control rods due
to the interactions of the vortex pairs formed in the upper and lower shear layers.
So we cannot mention about an optimum rod size for controlling the flow, since the
rod size and Reynolds number are both variable parameters.

Igbalajobi, McClean, Sumner, and Bergstrom (2013) examined the flow
behind a circular cylinder to observe the effects of splitter plate to the flow
structure at the Re=7.4 x 10*. In this study, they utilized four different type of
cylinder aspect ratios (AR= 3, 5, 7 and 9) to determine the drag coefficient and the

Strouhal number. Throughout the experiment, the cylinder height was kept constant
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and the splitter plates, which have different lengths (L/D= 1, 1.5, 2, 3, 5 and 7),
were situated on the centerline of the wake. Also the relative boundary layer
thickness on the ground plane was kept constant as well as cylinder height. Very
effective drag coefficient reduction was achieved by the aid of the splitter plate in
this experiment for the infinite circular cylinder in comparison with the finite one.
They determined that the most effective parameters of the experiment as AR=9 and
splitter plate length ratio (L/D) between 1 and 3. The drag reduction ratio that they
obtained with the help of these parameters was 12% for the infinite circular
cylinder configuration. Consequently they reported that when the splitter plate
becomes longer, drag coefficient ascends gradually until the value of those bare
cylinder.

Shukla, Govardhan, and Arakeri (2013) placed a flexible splitter plate to
the near wake of a circular cylinder and studied the flow behavior and possible
effects of that flexible splitter plate. The splitter plate used in the experiment had a
conformation that it can change shape due to the unsteady forces of the flow. They
defined the splitter plate as flexural and designated flexural rigidity (EI) for the
splitter plate. The other designated parameters of the study are the plate length (L)
and the flow speed (U). The flexural rigidity exhibit the behavior of travelling
wave type deformations of splitter plate. K* stands for the bending stiffness in this
study to comprehend the effect of flexural rigidity better and has the formula of
K*= EI/0,5pU’L’. They observed that when the speed is not too high periodic
oscillation of plate with the amplitude of 0.5D takes place and it is referred as
mode I. When the flow speed becomes higher the splitter plate oscillations is
accepted as aperiodic with large changes in amplitude depending on time. After a
certain increase in the flow speed, the splitter plate begins to oscillate in a periodic
manner and this is known as mode II. The remarkable indication they discovered is
that, when the plate oscillation is periodic, Strouhal number has almost same value
(0,2) with bare cylinder case while the splitter plate motion frequency is lower in

the aperiodic regime. They interpreted from the experimental results that although
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shorter plates have remarkable differences, the oscillation of splitter plates with
varying lengths point out that the plates which are notably larger than the formation
length of the cylinder wake have similar indications.

Gozmen, Akilli and Sahin (2013) conducted two separate experimental
studies in 2013 for suppression of vortex shedding. One of control method is
controlling the flow by means of permeable cylinder and the other one is
suppression of vortex shedding by splitter plate. PIV technique was utilized in both
study and flow characteristic like streamline topology, Reynold stresses, velocity
profiles were scrutinized extensively. But the one with passive control method by
means of splitter plate is our concern as we are looking for splitter plate study in
this title. Two primary parameters were propounded in this study as the ratio of
splitter plate length to the cylinder diameter (L/D) and the ratio of splitter plate
height to the water level height (h,/hy). The Reynolds number based on the
cylinder diameter was to be 6250 in the study. According to their experimental
study, they proposed (L/D) =2 and h,/hy=1 values to be the most consistent and
effective parameters for suppression of vortex shedding separately. However, the
value hy/h,=1 was not compatible with the different plate length and indicated
different behaviors in each case. Although the L/D and hy/h,, are interrelated and
affect each other, they proposed the value of hy/h,=0,5 for the case the height ratio
and the plate length are taken into consideration together.

An experimental study of vortex shedding formation behind a square
cylinder was carried out by Sarioglu (2017). He located a fixed splitter plate to the
downstream direction of the cylinder and performed his study in subsonic wind
tunnel. The length of the splitter plate and cylinder were chosen to be 30 mm and
incidence angle of the cylinder range from 0° to 45°. The Reynolds number in
which the experiment was conducted is 3x10*. Despite the fact that, he managed to
attain the minimum drag coefficient at the approximate value of 13° incident angle,
the abrupt increment of Strouhal number took place. However, by arranging

incident angle to 0°, he managed to diminish drag coefficient about 20% and made
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Strouhal number decrease. He deduced from his experimental study that the
minimum drag coefficient takes place at the 13° incident angle, whereas maximum
drag coefficient occurs at the 20°.

One of the very recent experimental studies was conducted by Ozkan, Firat
and Akilli (2017). They investigated the influences of splitter plates that have
different porosity ratios on the drag coefficient by locating the plates at a specific
angle with respect to the flow direction. First they applied dye visualization
technique to attain qualitative results and to obtain general flow structure. Than
they applied Particle Image Velocimetry technique to acquire the quantitative
results like streamline topology, vorticity contours etc. and evaluate the results in a
more comprehensive manner. Both the dye visualization and PIV experiments were
carried out in water channel. To determine the possible effects of splitter plate
porosity ratio to the flow structure in detail, they kept the Reynolds number and
diameter of the cylinder constant throughout the experiment. The porosity ratio of
the splitter plate (B) was defined as the ratio of permeable gap area to the whole
surface area. The porosity ratios () were calculated with respect to this definition
is to be 0.4, 0.5, 0.6, 0.7 and 0.8. For the porosity ratios of f= 0.4, 0.5, 0.6,
although the drag coefficient that is effective on the body increased, the splitter
plate was able to suppress the vortex shedding. On the other hand, we cannot
accept the porosity ratios of B= 0.7, 0.8 as effective parameters since hindering of
vortex shedding has not been accomplished. However, these parameters may
justify their utilization by reducing the vibration and fluctuating force acting on the
body.

They also conducted the exact same experiments in the wind tunnel to
evaluate the drag coefficient that is exerted the cylinder by utilizing all the
parameters. The permeability of plate (B) and the angle of splitter plate with respect
to the flow direction (6) were the primary parameters for this experiment that
carried out in the wind tunnel. They investigated the effect of splitter plate

porosity, angle and presence to the drag coefficient of the cylinder. They observed
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that the presence of splitter plate has significant effect on suppression of vortex
shedding and reduction of velocity fluctuations in the wake region. From the
experimental results they deduced that plate porosity of 0.4 < < 0.6 and angle of
plate that range between 45° < 6 < 90 ° has notable effect of flow fluctuation
reduction, diminished turbulent kinetic energy and also less vortex induced
vibrations. They also propounded that in this study, it would be good to utilize this
method where the control of vortex induced vibrations is needed. But one should
apply the effective parameters, which are 0.4 <3 <0.6 and 6 > 30 °, to accomplish
the desired control of flow. It is also should be taken into consideration that the

increment of drag coefficient for some parameters.

2.1.2. Passive Control by Adding Porous Element

Adding porous elements to the flow around bluff bodies has been applied
significantly and lots of numerical and experimental studies have been conducted.
This flow control technique is a passive control technique, since the unnecessity of
energy input or complex actuators/sensors. The aim is to put a permeable structure
which allows the flow to pass from the permeable structure in a restrained manner.
By the help of porosity of the permeable element, an intermediate flow takes place
between the bluff body and permeable structure. Thus flow velocity is reduced and
make the drag coefficient diminishes. In literature, porous structure utilized around
the bluff body show great diversity geometrically and researchers have always
been tried to find the most effective and consistent way of controlling the flow
characteristic.

Bruneau and Mortazavi (2004) and Bruneau and Mortazavi (2006) carried
out a few numerical studies to provide a controlled flow by using porous elements.
They applied a numerical flow simulation that utilizing Navier-Stokes equations.
By the help of permeable media around the squared cylinder, they intended to alter
the boundary layer structure and vortex shedding mechanism. They designated

permeability coefficient (K) and applied it to the Navier-Stokes equations. They
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also specified three different Reynolds numbers as follows Re = 3x10%, 3x10°,
3x10* and studied three different flow regimes. From the investigated numerical
results they deduced that, for the Re = 3x107, the drag coefficient of the squared
cylinder diminishes severely due to the transient regime of the Re = 3x10°. With
the well-defined permeability coefficient the Reynolds number is affecting-factor
for regulating and controlling the flow characteristic when it is at higher values.
However they indicated that reducing the drag coefficient and suppressing the
vortex shedding downstream of the cylinder is not achievable for all cases.
Nevertheless, they concluded that, it is accomplished that in the presence of porous
element the reduction of drag coefficient up to 40%, attenuation of vortex shedding
and controlling the flow remarkably.

Bhattacharyya, Dhinakaran, and Khalili (2006) conducted a study in a
numerical manner to examine the flow characteristic and flow concentration
around a permeable cylinder. They designated four different parameters to evaluate
the flow mechanisms as follows Reynolds number (Re), Schmidt number (Sc),
Darcy number (Da) and porosity (€). They concluded from the results that, when
the drag coefficient (Cp) comes across with the permeable cylinder diminishes for
the case when Reynolds number is high and Darcy number is low. For the lower
Reynolds numbers, the results indicated that drag coefficient is in tendency to
diminish as the permeability of the cylinder increases. In addition to those results,
further analysis indicated that when the Darcy number ascends, the separation
angle and the wake length reduce.

Bruneau et al. (2008) carried out a numerical study on a square back
Ahmed body by utilizing seven distinct types of porous layers between a solid
body and fluid. They interpreted the results in terms of vorticity fields, root mean
square of the lift coefficient (Cr.s) and drag coefficient. For every single
configuration, they obtained very distinctive consequences from this numerical
study. To give an example, for the configuration 1, the rear side of the porous layer

led to vertical jet flow, hence the drag coefficient ascended as well as the frequency
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of vortex shedding. When the conformation of porous media becomes transient,
from porous to solid structure, the pressure differences and velocity gradients
increase. Thus the total drag enhanced nearly 22%.

Zhao and Cheng (2010) carried out a numerical study to look for the
effects of porous layer on the lift coefficient and their purpose was to reduce the lift
coefficient. They designated the Reynolds number values as follows Re= 10°,
2.5x10° and 5x10° and finite element method was utilized to investigate the flow
structure inside and outside of the permeable structure in this numerical study. And
they justified the utilization of the porous layer by reducing the lift coefficient for
the proper selection of porous layer. But the quantity of lift coefficient reduction
depends heavily on the Reynolds number, the porosity ratio and the Forchheimer
coefficient. Moreover they concluded that lower lift coefficient is attainable if the
thicker permeable structure is utilized. They also investigated that the existence of
critical Darcy number (Da), where the minimum RMS lift coefficient takes place,

as it can be seen from Figure 2.2.
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Figure 2.2. Change of RMS lift coefficient with different Darcy number for
different Reynolds numbers (Zhao and Cheng, 2010)
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Ruck, Klausmann, and Wacker (2012) carried out an experimental study to
investigate the drag resistance of a cylinder in a wind tunnel with the aid of porous
coating at the range of Reynolds number, Re= 10" to 13x10*. The porous coating
utilized in the experiment was made out of polyester (Poret-Ester-Foam) that had
various thicknesses of 3, 5 and 10 mm. The porosity was identified as pores per
inch (PPI) in this study and the PPI values of 10, 20 and 30 were investigated.
Additionally, they conducted the experiments with "full coating" and "half coating"
and investigated their effects to the flow. Consequently, they designated enhanced
flow resistance for the case that full coating is utilized. On the other hand, the flow
resistance diminished when the half coating was applied.

Ozkan, Oruc, Akilli and Sahin (2012) designed an experimental
configuration in order to investigate the influence of porous outer cylinder and its
diameter on the flow behavior in the wake region. The diameter of the inner
cylinder (controlled cylinder) was kept constant (d=50 mm) throughout the
experiments and the diameter of the outer cylinder (control cylinder) varied to the
values of D= 60, 70, 90 and 100 mm. Another variable parameter of the experiment
is porosity ratio which has the values of = 0.4, 0.5, 0.6 and 0.7. To make a control
case, the bare cylinder (inner cylinder) was investigated to determine turbulence
intensity, and the result compared with the other configurations which the porous
outer cylinder was used. And for better understanding the diameter ratio is defined
as the diameter of the inner cylinder to the diameter of the outer cylinder (d/D). For
some diameter and porosity ratios, suppression of vortex shedding was achieved.
The results obtained by the PIV technique indicated that the utilization of the outer
cylinder affect the maximum values of turbulence intensity positively. In general,
the both vortices on the separate side of the cylinder were affected by diameter
ratio (d/D), regardless of the porosity ratio of the outer cylinder. They also
accepted that the results of drag and lift coefficients provide insight to comprehend

the influence of the porous outer cylinder.
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Gozmen, Akilli, and Sahin (2013) conducted an experimental study in
order to suppress the vortex shedding downstream of a circular cylinder. A
permeable outer cylinder that has the constant diameter of 75 mm was used in the
experiment. The porosity values of $=0.4, 0.5, 0.6, 0.65, 0.7, 0.75, 0.8 and 0.85
were investigated in order to comprehend the effect of divergent porosities. Such a
wide range and close values were utilized for better comprehension of the possible
effects of the porosity values over flow structure. The porosity ratio was defined as
the ratio of pores area on the body to the whole surface body area. Throughout the
experiments, the free stream velocity, Reynolds number and the diameter of the
inner cylinder was remained constant. The conclusion that they made, among other
porosity ratios, the porosity value of B=0.7 is the most effective ratio for
controlling the flow around the cylinder. Compared with the bare cylinder case,
almost 70% reduction was accomplished with the help of outer porous cylinder.

Besides experimental studies, numeric studies were also carried out and
one of them was conducted by Valipour, Rashidi, Bovand, and Masoodi (2014).
They conducted notable analysis numerically for controlling the flow. Their
numerical study consists of permeable diamond-square cylinders and two
dimensional and steady flow takes place. The numerical experiment results were
compared with the wake length according to Darcy number, and the pressure
coefficient exhibited a tendency to diminish when the Darcy number increases.

Mimeau et al. (2014) conducted numerical study that utilizes passive
control method with porous coating around a two dimensional semi circular
cylinder. The Vortex-penalization technique that allows computing concurrently
the fluid, porous and solid layers was preferred for this numerical study. They
anticipated this numerical study to be successful, to hinder the vortex formation in
the boundary layer, to suppress vortex shedding, to reduce the drag coefficient and
unsteady forces and lastly to attenuate the vortex induced vibration. They
designated the Reynolds number of Re= 550 and Re= 3000 at the transitional flow

regime. The first parameter defined in this study is porous layer permeability (L).
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The value of A = 1 stands for high permeability, while 10, 10> and 10’ values stand
for lower permeability and A = 0 means that there is no control. And the second
parameter of the study is porous layer thickness (1). At first, results indicated that
higher A values more effective than lower values of A. But the most useful and
consistent parameters that results were obtained for the drag reduction were those
with intermediate porosity and thin layer thickness. They also indicated that
intermediate porous ring on the edge of the wall can be applied in real engineering
applications easily and in a cheap way.

Pinar et al. (2015) carried out an experimental investigation in water
channel and scrutinized the effects of shallow water to the flow around perforated
cylinder. They utilized perforated circular cylinders that have various porosity
ratios (B) and defined this ratio as the gap area to the whole surface area of the
cylinder. In order to understand the effect of the porosity ratio better, they
investigated the porosity ratios between 0.1< B <0.8 while they kept the other
parameters constant. They regulated the desired Reynolds number according to the
free stream velocity (U) and cylinder diameter (D). To scrutinize the effect of
porosity, they investigated another cylinder which has the same dimensional
properties without porosity. And they compared these results with the permeable
cylinder results according to velocity gradients, vorticity contours, turbulence
kinetic energy and Reynolds stress values. It was concluded from this experimental
study that, porosity ratios of 0.4< B <0.8 is efficient for suppression of Karman
Vortex Street. But it should be taken into consideration that the effect of drag
coefficient reduction of the perforated cylinder should also be investigated for
these parameters.

Oruc, Akilli, and Sahin (2016) carried out an experimental study by
utilizing a passive control technique. They investigated the possible effects of
perforated cylinder as an external control element to the flow characteristics,
regardless of the existence of the inner cylinder. Particle Image Velocimetry

technique was utilized to obtain useful results. The experiments were conducted for
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three different Reynolds number. Consequently, control of the flow was certainly
accomplished and also elongation of vorticity layers was observed. Another useful
observation they made is that a certain reduction of Turbulent Kinetic Energy and
Reynolds Shear Stress takes place in the wake region.

Durhasan et al. (2016) conducted a series of experimental study about the
effects of perforated fairing on vortex shedding suppression of a circular cylinder
in shallow water by means of PIV technique. They investigated the effect of three
different arc angle (a= 120°, 150°, 180°) and porosity ratio of fairing (= 0.3, 0.4,
0.5, 0.6, 0.7 and 0.8). Turbulent kinetic energy and Reynold shear stress in the
wake region were examined at the Reynolds number of Re=5x10°. They concluded
that the opposing shear layers weakened remarkably compared with the bare
cylinder case. The Reynold shear stress value was diminished up to 75% for the arc
angle of o= 180° and location of maximum Reynold stress value was sent away
further from the cylinder base. They deduced that the most effective flow control
was accomplished for the f= 0.6 and a= 180° case.

Another experimental study carried out by Durhasan et al. (2016) was
about perforated circular cylinders. They scrutinized the flow structure around the
constant diameter perforated cylinders (100 mm) by means of PIV technique.
Reynolds number was also kept constant value of 10000 with respect to perforated
cylinder diameter. They examined the different porosity ratios in the range of
0.25<$<0.80 and evaluate the flow structure according to turbulent kinetic energy,
stream wise Reynolds stress, transverse Reynolds stress and Reynold shear stress
statistics. They realized that by increasing the porosity ratio, § instabilities are
significantly reduced in the wake region. Consequently, suppression of Karman
Vortex Street was achieved by the aid of perforated cylinders, resulting in
elongated and fragmented shear layers and weaker vortices.

Durhasan et al. (2019) carried out an experimental study in order to control
the flow around a circular cylinder by locating a permeable cylinder around the

inner cylinder concentrically. They designated two determinant parameter as
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porosity ratio (B) and diameter ratio of inner and outer cylinders (D/Ds). Reynolds
number was kept constant at Re=5000 according to the inner cylinder diameter and
porosity ratio varied from 0.3 to 0.7 were examined. They also investigated the
effect of different diameter ratios (D/Ds = 0.4, 0.5 and 0.6). They observed that the
vortex formation appears only in the gap between the cylinders and shroud
generates its own wake flow structure for the porosity ratios of f < 0.5. Jet-like
flow from the shrouds prevented the interaction of the upper and lower shear layers
in the near wake. They also conducted force measurements in an air tunnel to
unveil the effects of permeability on the drag coefficient. In comparison with the
bare cylinder case, the drag coefficient of the cylinder with perforated outer
cylinder was diminished notably. However, when the outer perforated cylinder was
taken into consideration with the inner cylinder, the drag coefficient of these two

cylinders was higher than the bare cylinder case due to the enhanced areas.

2.1.3. Passive Control by Surface Protrusions

Surface protrusion is a passive control technique that can be regarded as
boundary layer control method in literature. The principle of this method is based
on modifying the geometrical shape of the bluff body surface. By modifying the
surface geometry this method becomes capable of delaying the boundary layer
separation. Thus manipulation of vortex shedding formation, unsteady forces, drag
and lift coefficients and vortex induced vibrations can be applicable by surface
protrusions method. For the applications that surface protrusion is utilized, one
should know there is a strong correlation between surface roughness and drag
coefficient. Up until now this method have been investigated and utilized broadly
by the researcher and countless studies have been carried out in literature. Also
easy implementation and consistency make this method noteworthy. Initial
investment may be high due to chance of complex surface geometry may be

needed, but when it is implemented once, the desired flow control can be achieved.
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Achenbach (1971) conducted an experimental study in a wind tunnel to
examine the cross flow around a circular cylinder by using surface protrusion and
became pioneer for many researchers in this area. He carried out the experiments
for a fixed cylinder that has sand grain shape as surface roughness model and
Reynolds number of up to Re= 3x10° was investigated in the study. He found out
that when the surface roughness increases, flow has a tendency of faster change
from laminar to turbulent. He contributed the literature and defined the term “drag
crisis” that explained as the sudden drop of drag coefficient when the flow
behavior turns from laminar to turbulent at the critical Reynolds number. He
concluded that this abrupt reduction could be annihilated by enhancing the surface
roughness. In other words, when the boundary layer flow turns to turbulent state
from laminar state, the net drag exerted on the cylinder decreases rapidly at the
critical Reynolds number. And as the surface protrusion enhances, the effects of
drag crisis phenomena can be attenuated.

Another experimental investigation was made by Achenbach and Heinecke
(1981) in the Reynolds number range of Re= 6x10* - 5x10° to modify the vortex
shedding frequency downstream of a circular cylinder. Surface protrusion pattern
utilized in this experiment was chosen to be pyramidal roughness model as can be
seen from figure 2.3. The study was conducted in the wind tunnel and they
measured the local pressure and drag coefficient with respect to different surface
roughness parameters and Reynolds numbers. They realized the fact that enhancing
surface roughness gives rise to critical Reynolds number to decrease, hence
remarkable reduction in drag coefficient takes place. They also found out this
surface roughness has an effect to the flow at the subcritical Reynolds numbers, but

these effects are not significant as those at the critical Reynolds number.
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Figure 2.3. Pyramidal surface patterns (Achenbach & Heinecke, 1981)

Kawamura, Takami, and Kuwahara (1986) analyzed the influence of the
high Reynolds number to the flow on a circular cylinder in the presence of surface
protrusions. They carried out both numerical and experimental study and began the
investigation with the Reynolds number, Re= 1.2x10°. They obtained the results
from both numerical and experimental methods and when they compared these
separate results, they realized that the results correspond to each other. Remarkable
and abrupt reduction of the drag coefficient was acquired when the Reynolds
number had the value of Re= 2 x 10* as shown in figure 2.4. The underlying reason
of this reduction of drag coefficient was that the small eddies generated on the

surface in the vicinity of the separation points.
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Figure 2.4. Reynolds number changes relevant to the flow a past circular cylinder
(Kawamura et al., 1986)

Bearman and Harvey (1993) investigated the relation between surface
roughness and drag coefficient and carried out an experimental study on wind
tunnel. They applied dimpled pattern as the surface roughness model and Reynolds
number varied between Re= 2x10* and 3x10°. In comparison with the plain
cylinder case, they observed that due to the dimple effect the critical Reynolds
number took place at lower values. However, beyond the critical Reynolds number,
dimpled cylinder indicated the same flow behavior (same drag coefficient) as plain
cylinder, regardless of the dimples. In addition, dimpled cylinder had a lower drag
coefficient than plain one at the Reynolds number range between Re= 4x10* and
3x10°. Consequently, they reported that they did not utilize different type or scale
dimples, so by the aid of applying different type of dimples reduction of drag
coefficient can be attained on a larger scale.

Being aware of the accomplishment on reducing the drag coefficient of
bluff bodies Merrick and Bitsuamlak (2008) conducted both numerical and
experimental study. They carried out the study at high Reynolds numbers in order

to have more controlled flow around a circular cylinder by the aid of surface
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protrusion that is applied to the exterior surface of the cylinder. According to
experimental results they obtained, they could not find ideal roughness model for
retarding the separation point of the flow and concluded that further investigation
must be carried out for the aim of scale model testing.

From all the studies that were carried out, it is deduced that utilization of
the surface protrusions to the bluff bodies can change the pressure distribution and
the drag coefficient downstream of the cylinder in a positive manner. Up until now,
the surface protrusion studies mentioned above were conducted in the wind tunnel
and this method associated with drag coefficient. Due to the present study is
concerned with the vortex shedding downstream of a circular cylinder in deep
waters to eliminate vortex induced vibration, experiments that were carried out in
the water channel should also be investigated.

Allen and Henning (2001) conducted an experimental study to understand
the effects of surface protrusion to the vortex induced vibration and the coefficient
of drag around a circular cylinder with a large aspect ratio at the critical and
supercritical Reynolds numbers. Surface roughness was designated as k/D (k is the
height of average peak from trough of the surface protrusions and D is the cylinder
diameter) and it became the key parameter for the investigation as well as
Reynolds number. Experimental results indicated that the plain cylinder is more
efficient for suppression of vortex induced vibrations than the other one in general.
And when turbulent flow took place the drag coefficient of plain cylinder has a
lower value. Moreover, up to a certain point, when the surface roughness increases
the displacement is also increases and there is a correlation between the
displacement and drag coefficient. Consequently, they determined that the surface
protrusions model is determinant for this method.

Bernitsas and Raghavan (2008) investigated the surface protrusion effects
to the vortex induced vibration of a circular cylinder. They applied protrusion to
the surface by the aid of sandpaper strip and conducted the experiments in a free

surface water channel at low turbulence. Several parameters were examined in this
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study. The first one is the reduction rate of vortex induced vibration (VIV) of the
cylinder. Latter is the beginning and ending of protrusion and the last parameter is
the thickness of the sandpaper base and grit size. They concluded that if the surface
protrusions well-distributed in a homogeneous way, the VIV can be attenuated or
even suppressed. They carried out an experiment similar to this study to reduce
VIV (Bernitsas et al., 2008) with only one difference which is the Reynolds
number. Their experimental consequences were almost the same for both study and
their method was able to reduce the VIV.

Chang et al. (2011) studied experimentally flow around a circular cylinder
in a water channel at high Reynolds number, which range between
3x10*<Re<12x10*. To understand the effects of surface protrusions, they carried
out the experiments with a plain cylinder and protrusive cylinder. They
investigated the effects of roughness to the vortex induced vibration and how
roughness modifies the vortex induced motion. According to experimental results,
they deduced that the rough surface is more efficient for reduction of VIV and
vortex induced motion than the smooth surface. They also concluded that the
cylinder with surface roughness sheds five vortices per cycle, whereas cylinder
with smooth surface sheds seven vortices per cycle.

Kiu et al. (2011) investigated the effects of uniform surface protrusion to
the vortex induced vibration of towed cylinder at underwater. They made a
conclusion from the experimental results, that the surface roughness has a
significant effect on the hydrodynamic effects. As the surface roughness enhances,
the maximum mean drag coefficient has a tendency to diminish. Another
consequence of the study was that, Strouhal number has lower value for the case
which smooth cylinder is used than the case that surface roughness was utilized.

When a flow passes around a cylinder, it exerts time-dependent drag and
lift forces to the cylinder between a certain ranges of Reynolds number. The
cylinder may be exposed to vortex induced vibration if it is not fixed properly like

marine cables and underwater pipelines. The lift force generally induces cross-flow
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(CF) vibration, while the drag force induces inline (IL) vibration and with a more
general definition this is called VIV. Gao et al. (2015) investigated experimentally
on these phenomena of VIV with the help of surface protrusions on a circular
cylinder. To comprehend the effects of surface roughness, they designated
displacement response, drag/lift and vibration frequency as the determinant
parameters in their study. The observation that they made was, the displacement
response diminishes as well as vibration frequency and the vortex shedding
frequency ascends with the increment in the surface roughness. And according to
their study, the drag coefficient diminishes remarkably with small surface
roughness value beyond a certain value of Reynolds number.

Another experimental investigation about drag and lift coefficient
according to different surface roughness was conducted by Zhou, Wang, Gho, and
Tan (2015). They utilized two distinct surface protrusion models for their
experimental study. In both methods, the cylinder covered with a uniformly
distributed material. These methods are the netting and dimples as it can be seen
from Figure 2.5. The experimental Results indicated that for the case which the
dimpled cylinder is used, the reduction of drag coefficient by 30% is achieved
compared with plain cylinder case. In addition to these results, they also
determined that the root mean square lift coefficient of both rough surfaces is lower

than those of plain cylinder case.
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(©)
Figure 2.5. The rough cylinders with (a) netting (b) dimples. (c) details of the
dimples (Zhou et al., 2015)

Rodriguez et al. (2016) carried out a numerical flow simulation to examine
the surface roughness of cylinder with sand grain type surface roughness. Their
intention was to determine the influences of this sand grain type surface roughness
to the boundary layer of the circular cylinder and to the wake structure downstream
of the cylinder. They made the comparison between the cylinders with and without
protrusion to comprehend the effects to the flow and Reynolds number was
determined as Re= 4.2x10°. They indicated that instabilities due to the roughness
on the cylinder surface bring about an early transition to turbulent state. For this
reason, the drag coefficient value of Cp= 1.122 was obtained which is higher than
those of plain cylinder.

As indicated above in this title, the surface protrusion brings about abrupt
and observable drag coefficient reduction of bluff bodies at subcritical Reynolds

number. Another effect of the surface protrusion technique is that the delay of flow
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separation in the boundary layer. Consequently, it can be concluded that surface
protrusion method can be applied for many engineering applications and it is worth

to investigate in detail to control the flow characteristics.

2.2. Active Flow Control Techniques
2.2.1. Active Control by Feedback Control Method

This is an active control method based upon the idea of utilizing an
actuator feedback by the help of convenient sensor. There are numerous
investigations of this method as an earlier study, for instance Williams and Zhao
(1989) applied feedback control method by the aid of experimental arrangement
they designed. They obtained feedback of acoustic signals from hot-wires situated
in the wake of a circular cylinder. Another early period feedback control method
study was carried out by Park et al. (1994). Their investigation is based on the
principle of feedback method, and they utilized two dimensional Naiver Stokes
equations to carry out this study. And their purpose was to control Karman vortices
at low Reynolds number around the cylinder. They stated that they suppressed the
vortex shedding completely, under the circumstances of Reynolds number value of
Re=60 and by the usage of single feedback sensor. They also concluded that when
the location of feedback sensor is stationary, the vortex shedding can be suppressed
by increasing the feedback gain (o). However further increase of the feedback gain
endangers the flow consistency and beyond Reynolds value of 80 it is not possible
to control the vortex shedding.

Roussopoulos and Monkewitz (1996) applied feedback control method in
order to control Karman vortices by utilizing a nonlinear model. They determined
the critical Reynolds number value as Re=47 according to the cylinder diameter.
They reported that for relatively long cylinders, despite the fact that the actuation
takes place on an equal basis over the entire span, suppression of vortex shedding

can only be accomplished for span wise location.
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Tao, Huang and Chan (1996) carried out visualization techniques to
comprehend the flow behavior of the cylinder wake and flow behind the cylinder
for the case that feedback method applied. They observed that the vortex shedding
takes place for the no control case and it can be suppressed when the feedback
method is utilized. Moreover, they indicated that the wavy character of the streak
lines can be converted almost a straight line. Consequently, they concluded that the
peak points indicated by the monitor probe are diminished by the aid of feedback
control method.

Fujisawa et al. (2001) investigated the vortex shedding mechanism
downstream of a circular cylinder at the intermediate values of Reynolds number.
The experimental study they carried out is based on the principle as follows. First a
feedback signal is obtained from the velocity gradients of the cylinder wake, than
the rotary cylinder oscillations are controlled by the feedback signal. From the
experimental results they concluded that the velocity fluctuations and fluid forces
diminish in comparison with the uncontrolled case.

Fujisawa and Nakabayashi (2002) conducted a series of experiments to
suppress the vortex shedding downstream of a circular cylinder with the aid of
feedback control method with rotational oscillation. As being an active control
method, this method utilizes a neural network model. Their purpose was to enhance
the performance of the feedback method by using rotational oscillation. As being
one of the most practical feedback control method, it was able to attenuate the lift
force by 70% and the drag force by 16% on contrary to plain cylinder case which

no control method applied.

2.2.2. Active Control by Generating Secondary Flow

Seal and Smith (1999) investigated experimentally the influence of steady
suction to the turbulent flow. They utilized Particle Image Velocimetry (PIV) to
determine the flow pattern by means of quantitative results and investigated the

downstream and cross stream plane. They indicated that, surface suction provides,
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to diminish instantaneous turbulent vortex and its corresponding surface
interactions in the symmetry plane, to annihilate the turbulent necklace vortex
formation in the symmetry plane, and attenuate downstream vortex extensions.
Moreover, it was reported that suction diminishes the frequency of the Reynolds-
stress in symmetry plane and trailing edge, and provides more stable flow behavior.

Tensi et al. (2002) tried to control the flow around a circular cylinder by
using unsteady blowing method (synthetic jet) at the Reynolds number value of
Re=105 according to cylinder diameter. Synthetic jet productivity was evaluated
according to delaying the flow separation and modifying the drag coefficient.
Consequently, they made the conclusion that it would be appropriate to utilize
zero-mass-flux type actuator (needs very little energy input) for further
investigations and to control the flow around different type of bodies.

Glezer and Amitay (2002) indicated that when the synthetic jet located on a
certain position over the cylinder, it can delay the flow separation at various
Reynolds number (both in a turbulent or laminar boundary layer). They concluded
that this delay is based upon enhanced interfering within the boundary layer.
Additionally, the interactive relation between the synthetic jet and the cross flow
has a significant influence on the separated shear layer and on the wake. The
Reynolds stress values were diminished and this situation signify that the delay of
flow separation not only stem from a transition in the boundary layer.

Feng et al. (2010) carried out a study in order to control the flow around a
circular cylinder by an authentic synthetic jet located at the rear stagnation point.
The suction duty cycle factor (k) designated as the ratio of the time duration of
suction cycle to the blowing cycle and it is utilized as determinant to qualify the
synthetic jet signal. They concluded that, when the suction duty cycle factor
enhances, the momentum coefficient increases, and a more powerful synthetic jet
vortex pair is created and it can arrive further downstream. This particular feature

has a remarkable effect on the wake and vortex shedding of the cylinder.
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Chen et al. (2013) studied experimentally in order to attenuate the vortex
induced vibration (VIV) of a circular cylinder by applying the suction technique.
Experiments were carried out in a wind tunnel that has a test chamber whose
dimensions are 4 m width, 3 m height and 25 m length. The circular cylinder made
out of acrylic has spring mass system and four suction holes (10 mm diameter)
located at the lower side of it utilized for the experimental study. In a flow around
bluff body, vortex induced vibration and corresponding dynamics are quantified in
terms of pressure coefficient and aerodynamic force coefficients acting on the
body, regardless of flow control. For this reason, corresponding flow parameters,
the suction flow rate and the productivity of control method can be determined
quantitatively. In the experiment, various suction flow rates applied to the flow and
control of the flow could not be achieved at very low and very high flow rates.
Alternatively, the maximum performance was obtained at the optimal suction rate
on contrary to these values. Consequently, from the experimental results, it can be
concluded that the steady suction flow control is a productive technique to diminish

and suppress vortex induced vibration.

2.2.3. Active Control by Electrical Methods

Artana, Sosa, Moreau, and Touchard (2003) utilized a simple cylinder
model and carried out an experimental study about time averaged flow parameters
of the near wake by the aid of electro hydrodynamic actuator. This study was
conducted for the cases which the flow is perturbed continually and the Reynolds
number varied between 2300 < Re < 58000. A wind tunnel was utilized to perform
the experiments and electrodes that are parallel to the cylinder axis were used for
this study. They made the deduction from the experimental results, although
utilization of the actuator at the lower Reynolds numbers has remarkable influence
on the near wake of the flow. However, for the case of higher Reynolds number,

the actuator was not effective for delaying separation of the boundary layer.

49



2. PREVIOUS STUDIES Aykut CETIN

Hyun and Chun (2003) performed an experimental study and applied ion
wind method which is an active flow control technique. Their purpose was to
control the vortex generation caused by the flow that in contact with the cylindrical
surface. This technique is simply based on the utilization of electrical momentum
that is obtained from ions and transferring this momentum to the flow. First the
ions are generated in the strong electrical fields, than the electric momentum of
these ions is transferred to the adjacent fluid. Thus fluid movement of the flow can
be manipulated and this procedure is called ion wind method. H is one of the
parameter they designated and it can be defined as the distance between the
electrode wire and the cylinder. The second parameter is 6 that stands for the angle
and it is defined as the angular value measured in clockwise direction from front
stagnation point. In the experiment two wires were utilized except the one case that
the angle (0) is 180°. Consequently, this method proved itself and they concluded
from the experiment, that the ion wind is an efficient technique to control the wake
region, vortex shedding and flow separation.

Thomas, Kozlov, and Corke (2008) carried out a study in order to control
the flow around the cylinder, unsteady vortex shedding and to reduce the noise by
using single dielectric barrier discharge plasma actuators (main characteristics of
this type of actuator is well defined in the study of Enloe et al. (2004)). In this
study Reynolds number was kept constant value of 3.3x10* and both steady and
unsteady actuators were investigated. They reported that for both steady and
unsteady actuators, vortex shedding is suppressed, the wake turbulence level
remarkably reduces and the sound level is reduced by 13.3 dB. They indicated that
the unsteady actuator is capable of reducing total shedding pressure by 25%.

Mertz and Corke (2011) applied single dielectric barrier discharge plasma
actuators (this actuator is explained in detail in the study carried out by Enloe et al.
(2004)) to control flow structure, vortex shedding and to diminish the noise. They
developed a flow control technique to attain the dynamic structure of the local air

ionization and vector dispersion for unsteady body force. They carried out a
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numerical study to simulate the SDBD plasma actuator model. In order to suppress
the Karman Vortex Street, they applied two flow simulations. First one was the
utilization of impulsively started plasma actuator in still air and the other one is
flow around a circular cylinder in which plasma actuators were utilized. From the
results of the study carried out, it can be seen that the experimental and numerical

study are consistent with each other.

2.2.4. Active Control by Magnetic Field

Mutschke et al. (1998) conducted a numerical study to control the wake
structure of a circular cylinder by means of magnetic field control method. They
applied stability analysis by means of numerical simulation method at different
Reynolds number and tried to control the two and three dimensional flow regime.
According to the numerical results they concluded that, two-dimensional flow
regime can be stabilized and the vortex shedding can be attenuated or even
annihilated with respect to magnitude of the magnetic field utilized.

Chen and Aubry (2005) carried out a study of controlling by magnetic field
and created an effective active control algorithm in order to modify the wake
structure of solid cylinder in an electrically low conductive fluid (e.g. seawater).
They conducted the study with the aim of vortex shedding suppression, delaying
flow separation in the boundary layer and remarkable reduction of the drag
coefficient. They generated a Lorentz force in the azimuthal direction by the aid of
an array that consists of permanent magnets and electrodes situated on the solid
body. And by the help of this Lorentz force they were able to attenuate the vortex
shedding downstream of the cylinder and eventually they manage to annihilate the
vortex shedding thoroughly when the Lorentz force is notably high.

Zhang et al. (2010) carried out a numerical study to control cylinder wake
by electromagnetic field based on a nonlinear adjacent optimal control approach.
They designated Lorentz force as N, and made an observation that when optimal

Lorentz force N(t) takes place, the flow separation is attenuated completely. Also
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mean drag coefficient diminished significantly. For the different adjacent flow
fields, efficiency of the flow control may indicate differences because of different
optimal values are needed for each case.

Another study of active control by means of magnetic field was carried out
by Sintu Singha (2011). His purpose was to control the vortex shedding behind a
circular cylinder by utilizing imposed transverse magnetic field, at the Reynolds
number range varying from 50 to 250. According to their study, they made the
conclusion that when the applied magnetic field is sufficiently high, vortex

shedding can be annihilated completely at higher Reynolds numbers.
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3. MATERIAL AND METHODS

When a fluid flow around a bluff body, the fluid and bluff body interact
with each other and complicated flow mechanisms take place like flow separation,
vortex formation etc. Therefore, a researcher needs a flow visualization technique
to scrutinize the flow structure and these complex flow mechanisms. And
increasing technological advancement, especially in electric and electronic area,
paved the way for some flow visualization techniques (high resolution camera
etc.). However, measuring some values at a single point or small region may be
inadequate for some applications such as visualization of vortex formation or flow
around a bluff body. For this reason a versatile and comprehensive measurement
technique have been developed like Particle Image Velocimetry (PIV). Among the
other Measurement techniques, Particle Image Velocimetry is a non-intrusive
method that measures an instantaneous two or three dimensional velocity vector
field of desired area. Its principle is based upon measuring the displacement of

small particles, in the presence of laser light.

3.1. Water Channel System

The present study was carried out in order to see the flow characteristics
downstream of a circular cylinder in deep water. To accomplish deep water effect
for the desired situations and to examine the related parameters in this effect, the
experiments were carried out in a large scale closed-loop water channel in the
Mechanical Engineering Laboratory at Cukurova University. The channel has a
width of 1000 mm, a length of 8000 mm and a depth of 7500 mm from the free
surface. And the water channel length is approximately 15 m. The general layout of
the water channel is shown in Figure 3.1. The test section of the water channel is
made up of 15 mm thick optically transparent Plexiglas to observe the flow

thoroughly.
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Figure 3.1. The Layout of the water channel

For the test section, steady flow without any interruption of flow is needed
and to provide this steadiness, water channel has two different reservoirs at the
inlet and the outlet of the test section. Water is driven by a pump, which can work
at variable speeds by the aid of speed control panel, between the inlet and outlet
reservoirs. The water then flows from the inlet reservoir to the honeycomb set and
then to the contraction zone with a ratio of 2:1. The design of honeycomb and
contraction zone is the key to ensure the uniform flow and to maintain the
turbulence intensity lower than 0.5 %.

A platform which is shown in Figure 3.2 was placed in the water channel
and it was utilized to attach the inner cylinder, perforated outer cylinder and splitter
plate. The dimensions of the platform were 2300, 980 and 220 mm and these

dimensions are length, width and height respectively. The platform was not just
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used for to hold the cylinders and splitter plate together; it also provided us to

create a deep water affect and to regulate the desired Reynolds number.

Figure 3.2. The Platform used for creating the deep water effect

3.2. Measurement and Visualization techniques
3.2.1. Dye Visualization Technique

There are several ways to visualize the flow and to analyze it according to
different aspects. Some visualization techniques like PIV give us numerical results
and make it possible to study the flow elaborately. However it might be helpful to
have basic information about the subject for subsequent steps. Therefore dye
visualization technique was used in the present study to determine the distinctive
flow behavior. In contrast with PIV, dye visualization technique doesn’t provide
numerical information, but it gives preliminary and distinctive information about
the flow. This technique makes it possible to obtain results quickly, since it is easy
to implement and does not require any extra data processing. To visualize the flow
in water channel a solution which contains water and Rhodamine (Rhodamine 6G
or Rhodamine B can be used) is used. This solution is almost invisible in daylight,
but when it is brightened by the continuous laser sheet in dark environment, it
becomes apparent and flow can easily be observed. Spectra Physics continuous
laser source shown in Figure 3.3, which has 532 nm wavelengths, was used for the

illumination.
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T ——

gure 3.3. Spectra Physics Continuous Laser Source

A container full of dye solution was placed about 75 cm above the free
surface of the water channel and dye was drained by 3 mm diameter plastic tube to
visualize the flow. SONY HD-SR1 Video Camera was utilized to record the flow
pattern for about 3 minutes. After analyzing video footages -elaborately,
instantaneous images of flow were taken by software which is called Play

Memories.

3.2.2. Particle Image Velocimetry (PIV)

Many measurement techniques in fluid mechanics provide time-dependent
information at a single point of flow. But to analyze the flow in detail in a certain
region, it is necessary to have a comprehensive measurement technique which we
can perform simultaneous measurements at multiple points in the studied area. This
necessity led to the development of the PIV method and allowed us to perform
simultaneous measurements at multiple points and to analyze the flow structure in
detail. Particle Image Velocimetry (PIV) method allows us to perform 2 and 3

dimensional analysis in the selected region in the flow. PIV method allows the
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researcher to examine the presence of small flow structures and their influence,
obtain vorticity fields quantitatively and, finally, obtain mean velocities, turbulence
level and stresses at desired region. This method is a powerful diagnostic tool for
solving problems, and provides unique insight into the nature of flow and the
ability to improve the performance of fluid machinery and systems. Instantaneous
or mean velocity field, vorticity contour, streamlines and turbulent statistics can
also be attained by PIV.

PIV principle was first propounded by Landreth and Adrian (1988) in the
late 1980s. Just after this theoretical study, Keane and Adrian (1990) carried out
the first implementation of PIV technique experimentally. At that time, because of
hardware restrictions, a single photograph frame was analyzed by the aid of auto-
correlation technique. Afterwards, development of speed photographic recording
enabled capturing two separate frames and these frames analyzed by cross-
correlation techniques. The first appearance of digital camera technology in PIV
facilitate the direct recording of particle images (Willert et al., 1991), to the
detriment of resolution, ending up with the development of digital PIV
(Westerweel et al.,, 1997). Besides those hardware innovations, some new
algorithms have been improved in the last decades, developing the consistency and
speed of PIV technique. One of the crucial advantages of the PIV method contrary
to other traditional methods such as hotwire anemometry is that the capability of
obtaining instantaneous flow-field information, and this enabled to investigate the
turbulent flow field structure (Meinhart and Adrian, 1995; Westerweel, Draad, Van
der Hoeven, and Van Oord, 1996).

PIV applications are usually carried out in wind and water tunnels. In the
present study closed loop water channel is preferred. The principle of PIV can be
defined simply as adding reflective material to the fluid, illuminate the particles by
a light source and record the flow in a certain time period. To determine the
velocity vector distribution of the flow we need 2 separate frames at a certain time

interval. Laser source is not continuous and it provides intermittent illumination in
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a certain plane. First strike of laser source illuminates the particles and camera
detects the first frame simultaneously. Second frame is obtained just like the first
one. A synchronizer is used to make laser pulse and camera capture time overlap. If
the time interval between first and second frame is known, than the velocity
profiles of the particles can be obtained. Figure 3.4 shows the general principle of

the PIV.
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Figure 3.4. PIV Measurement Principle (Dantec Dynamics, 2019).

[llumination, particle seeding, image acquisition and image processing can
be counted as indispensable steps of PIV process. To create a proper illumination
and make particles reflect the sufficient amount of light to the camera a Nd: YAG
Laser (Neodymium-Doped Yttrium Aluminum Garnet) was used in the present
study. The laser beam has 120 mj energy and it strikes 15 times in a second. A
CCD (Charged Couple Device) camera, which has resolution of 1600x1200 pixels,
synchronized with the laser source to capture the images. Adequate laser light and

tracer particles should be used to provide accurate images. But adjusting the laser
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source timing and light intensity at desired levels is not the only necessity;
researcher must add the right amount of tracer particles. For seeding process, 10
micron diameter silver coated glass spheres are used. Sufficient amount of particles
are mixed with water and poured into the water channel. To have the homogeneous
and uniform particle distribution throughout the water channel, centrifugal pump
was operated at almost full speed about 3-5 minutes. Tracer particles should also be
reflective, noncorrosive, nonpoisonous, and nonabrasive and clean enough. Density
of the tracer particles must be close enough to water density to move with the
water; otherwise the particles may descend or ascend due to buoyancy forces.
When the right amount light illuminates the flow field and the channel is seeded
with right amount of particles (25-35 particles for each interrogation areas), the raw
images are taken by the camera. Interrogation arear are shown in figure 3.5. The
size of these interrogation areas is 32x32 pixels, which can be obtained 7227

vectors from an image with a resolution of 1600 x 1200 pixels.

Figure 3.5. Interrogation Areas

The cross-correlation technique is used to designate the displacement by
using related interrogation areas for every single image. This method is a complete
and it ensures valid results. Throughout the experiment for every single run 1000
raw images were taken. Dantec flow grabber digital PIV software employing

frame-to-frame adaptive correlation technique was used to calculate the raw
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displacement vector field from the particle image velocimetry data. Then to attain
the velocity field, the cross-correlation technique, with 32x32 interrogation areas,
was applied, with an overlap of 50% (Dantec Dynamics Software Manual).
CLEANVEC software written by Meinhart and Soloff (1999) was used to
eliminate the spurious vector from every single instantaneous raw image. To
compensate the deleted vectors, bilinear interpolation with least squares fit was

used.

3.3. Experimental Parameters

In the present study, flow control over a circular cylinder (inner cylinder)
was investigated by means of a splitter plate and perforated semi circular cylinder
(outer cylinder). To perceive the experimental setup completely, experimental
parameters must be defined properly. Inner cylinder was made up of acetyl
polymer which is optically transparent and its diameter is 50 mm. Due to its
transparency laser beam can pass the other side of the cylinder. Outer semi circular
cylinder has diameters of 125 mm, and it has 10 mm diameter holes on it to
provide the desired porosity. Both outer cylinder and splitter plate are made out of
chrome metal sheet. Also splitter plate has different porosities. Porosity of the outer
cylinder and splitter plate are one of the most determinants for this study. By
reason of the effective porosities of cylinder and splitter plate were investigated in
the present study. To evaluate the porosities of cylinder and plate the formula in the

figure 3.6 was used.
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Figure 3.6. Porosity calculations of outer cylinder and splitter plate.

As it can be seen from the figure above, porosity (B) can be defined as the
ratio of the blank area to the surface area of the whole body. Since we have two
porosity values, . for the porosity of outer cylinder and B, for the splitter plate
were designated. Dy/D, is another dimensionless parameter to define the diameters
of inner and outer cylinder easily and it refers to the ratio of the inner cylinder
diameter to the outer cylinder diameter. Since perforated outer cylinder is half cut,
layout of the outer cylinder is important. Figure 3.7 shows the general layout of the
experimental system (inner cylinder, outer cylinder and splitter plate), and it is seen

that outer semi circular cylinder is located downstream of the inner cylinder.
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Figure 3.7. Layout of the components according to the flow direction

To accomplish the deep water effect, the depth of the water in the base of
the channel was kept 55 cm. In this study the experiments were carried out at
Re=5000, which was based on the inner cylinder diameter (50 mm). Free stream
velocity of the flow was kept constant both in PIV and Dye Visualization
experiments at 97,5 mm/s. Both PIV and Dye Visualization Experiments were

conducted according to Plan View, as shown in Figure 3.8.
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Figure 3.8. General Layout of the experimental setup

The aim of the present study was to examine the flow around a circular
cylinder and to control the flow in the annular region and downstream of the
circular cylinder. To control the flow, two passive control methods were applied
together. As mentioned before three dimensionless parameters were defined (Dy/D,,

Be, Bp). For this study Di/D, were designated as Di/D, =0,4 and it was kept constant
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throughout the study. The results were studied one by one, but also comparisons
were made according to the different parameters. Bc values were chosen as ¢ =0.3
, Bc =0.5 , Pc =0.7 to determine the effects of different cylinder porosities. Also
four different Bp were designated to make comparison as fp= 0, Bp= 0.3, Bp= 0.5,
Bp= 0.7. The last parameter to investigate is the location of the splitter plate with
respect to flow direction. This location was symbolized as a and it is the angle
between splitter plate and the flow direction. Plate angle values of 0=90°, a=120°,
0=150" and 0=180" were examined in this study and comparison between these

angles were made.
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4. RESULTS AND DISCUSSIONS

In the present study, the perforated circular cylinders were cut into half and
located downstream of a circular inner cylinder concentrically in order to prevent
or attenuate the vortex shedding downstream of the cylinders as a passive control
technique. Another passive control device, splitter plate was also utilized between
inner and outer perforated cylinders to control the flow in the annular region and to
prevent the interaction of vortices in between inner and outer cylinders. Both
splitter plate and perforated cylinder have different porosity ratios and the effect of
these different porosity ratios were scrutinized and compared with each other. In
this chapter, the time averaged vorticity contours <w>, the time averaged
streamlines <y> and instantaneous dye visualization results were introduced to

visualize and comprehend the corresponding flow structure.

4.1. Bare Cylinder Case

When analyzing the flow structure of control elements (perforated semi
circular cylinder and splitter plate around circular inner cylinder), a control case is
needed to comprehend the effectiveness of these control elements. For this reason,
flow around the circular cylinder (bare cylinder with the diameter of 50 mm) was
investigated without splitter plate and perforated cylinder in order to take it as a
reference point and to make comparison with the other experimental results.

To form a reference point and comprehend the basic flow behavior around
a circular cylinder, the time average streamlines <y> and the time average vorticity
contours <> are indicated in figure 4.1. By the aid of PIV technique, 1000
instantaneous images were taken and these two images were acquired. As it can be
seen from the figure 4.1, the time average streamlines constitutes focal points F,
and F, in the wake region of the cylinder. They appear in a symmetrical order as it

is anticipated and they are getting closer to each other. From figure 4.1, it is also
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can be seen that symmetrical time average vorticity contours <> takes place and it

is in accordance with streamline topology result.

Figure 4.1. Time averaged streamlines <y> and time averaged vorticity contours
<> of the inner cylinder

4.2. Effects of Perforated Semi Circular Cylinder with Different Diameter and
Porosity Ratios

In the present study, three determinant and variable parameters are
designated initially to investigate the flow structure according to their presence.
These are the porosity of outer semi circular cylinder, the porosity of splitter plate
and the splitter plate angle with respect to flow direction. However, investigation of
these parameters simultaneously might be difficult for comprehension of individual
characteristics of these parameters. Accordingly, in the first step, flow behavior of
inner cylinder and outer perforated semi circular cylinder configuration was
examined thoroughly. But, more far-reaching investigation was carried out in this
stage to determine the most effective parameters. Three different diameter ratios
(Di/Dy= 0.4, 0.5, 0.6) and five different porosity ratios (Bc= 0.3, 0.4. 0.5, 0.6, 0.7)
were examined and the flow characteristic of these configurations were interpreted
according to time averaged streamlines <y>, time averaged vorticity contours <m>

and instantaneous dye visualization results.
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In figure 4.2, 4.3 and 4.4; time averaged streamlines <y>, time averaged
vorticity contours <> and instantaneous dye visualization results are indicated
respectively. In the first, second and third columns; Dy/D,= 0.4, Diy/D,= 0.5 and
Di/D,= 0.6 are presented respectively and in each rows different porosity ratios are
indicated incrementally. In figure 4.2, F symbols stand for the circulating flow
structures and they indicate the complicated flow structure. For Di/D,= 0.4 in the
first columns, upper and lower shear layers generated by the inner cylinder, interact
with each other up to the outer cylinder and give rise to unsteady flow in the
annular region as well as downstream of the cylinders. This situation can also be
seen from time averaged vorticity contours <w> in figure 4.3. Upper and lower
shear layers get blocked initially by the perforated cylinder wall, generating
circulation pairs and then they are dispersed in downstream of the cylinders for
0.3< B¢ <0.6. Although it is seen from figure 4.2 that some circulation points (F)
take place in downstream of the cylinders, suppression of Karman Vortex Street is
achieved for D/D,= 0.4 and 0.3< B¢ <0.6 parameters. In figure 4.3 and 4.4, time
averaged vorticity contours <@> and instantaneous dye visualization results
confirm the suppression of Karman Vortex Street. In figure 4.3, it is seen that jet-
like flow takes place for lower porosity ratios. And also in figure 4.4 there is no
evidence that Karman Vortex Street takes place for Di/D,= 0.4 and 0.3< B¢ <0.6.
For porosity ratio of Pc=0.7, more fluid flow can pass through the perforated
cylinder according to lower porosity cylinders and perforated cylinder cannot
dispersed the flow structure caused by the flow separation, thus generating Karman
Vortex Street as it can be seen in figure 4.4. This situation is valid in all diameters
ratio for Bc=0.7 and this porosity ratio might be regarded as ineffective for
controlling the downstream of the cylinders. Herein, Bc=0.6 can be regarded as the
transient parameter for controlling the downstream region. Consequently, for the
case Dy/D,= 0.4 and 0.3< B¢ <0.6, there is a control situation downstream of the
cylinders, yet high magnitude vortex pairs and unsteady flow take place in the

annular region between inner and outer cylinder.
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The second columns in figure 4.2, 4.3 and 4.4 indicate the results of D/D,=
0.5 and these results show similarities to D;y/D,= 0.4 case. However, in this case,
vortices generated from the inner cylinder encounter with the perforated cylinder
wall in shorter range stemming from smaller diameter of outer cylinder. Transition
parameter in this case can be noted as fc=0.5, because unsteady flow behavior such
as vortex shedding and Karman Vortex Street arise due to higher porosity ratios.
Especially for the porosity ratio of Bc=0.7, as it can be seen from the instantaneous
dye visualization results, Karman Vortex Street takes place in wider range as
compared with lower porosity ratios.

The last columns in the figure 4.2, 4.3 and 4.4 present the results of D;/D,=
0.6 by means of time averaged streamlines <y>, time averaged vorticity contours
<m> and instantaneous dye visualization results and these configurations reveal
another situation. Vortex pairs generated by the inner cylinder can pass through the
shrouds easier as the porosity ratio enhances. And flow structure exhibits
oscillations for porosity ratio in the range 0.3< B¢ <0.5. Besides, in the case of
Bc>0.6, large scale Karman Vortex Street comes into existence downstream of the
cylinders. For this reason, it is not anticipated that this configuration becomes
successful for controlling the flow even if a splitter plate is utilized. Because in this
diameter ratio, the inner and outer perforated cylinder tend to exhibit single
cylinder (bare cylinder) behavior. Accordingly, Di/D,= 0.6 configuration are not

presented in the present study with splitter plate.
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Figure 4.2. Time averaged streamlines <y> of inner and perforated semi circular
cylinders without splitter plate in the wake region
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Figure 4.3. Time averaged vorticity contours <m> of inner and perforated semi
circular cylinders without splitter plate in the wake region
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Inner and Perforated Cylinders without Splitter Plate

,

Figure 4.4. Instantaneous dye visualization results of inner and perforated semi
circular cylinders without splitter plate in the wake region

4.3. Dye Visualization Results

In the previous title, perforated semi circular cylinders, which have
different porosity and diameter ratios, were located concentrically downstream of
the inner cylinder and flow behavior around this configuration were scrutinized.
After analyzing time averaged streamlines <y>, time averaged vorticity contours
<m> and instantaneous dye visualization results of this configuration, efficient

parameters were determined as Dy/D,= 0.4, 0.5 and Bc=0.3, 0.5. Since D;/D,= 0.4
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and Dy/D,= 0.5 indicated very similar behaviors, it was decided that keeping the
diameter ratio constant as Dy/D,= 0.4 for following investigations. Subsequent to
outer cylinder investigation, splitter plate utilization took place in this chapter. As
mentioned earlier four different splitter plate porosity as Bp=0, 0.3, 0.5, and 0.7
were examined with different Pc ratios. Although it was regarded as ineffective
parameter in the previous title, fc=0.7 were investigated with the splitter plate
configuration as well as Bc=0.3 and 0.5.

In order to comprehend the general flow behavior of the corresponding
parameters, dye visualization experiments were conducted initially. Dye
visualization technique is very practical method to examine the flow behaviors in a
qualitative manner and it allows the researcher to make preliminary study in a short
time interval. So the flow was recorded for about 2-3 minutes and these videos
were watched a few times to scrutinize and comprehend the general flow
characteristic. Then, one distinctive and descriptive image was determined for
visualize the every single flow configuration and they were presented in this title.

In figure 4.5 dye visualization images were presented. As it can be seen
from figure, cylinder porosity has a constant value of Pc=0.3 in this case and
splitter plate porosity ratios are indicated in the first and second columns as Bp=0
and 0.3. In each row, splitter plate angle are shown from 90° and 180° with the
increment value of 30°. At first glance, more extended wake region draws attention
for 90° and 120° in both splitter plate porosity cases. This situation stems from the
blocking effect of splitter plates. Flow encounters with the splitter plate and
compelled to flow upper side of the inner cylinder and lower side of the splitter
plate. So on the upper side of the outer cylinder jet-like flow takes place and it is
also can be seen in figure 4.3 for fc=0.3. Porosity of the outer cylinder also causes
the extended wake region. Due to lower porosity ratio of the cylinder, the flow
compelled over upper side of the inner cylinder cannot pass through outer cylinder
and circulates in the annular region. Then, it encounters with the low porosity

splitter plate and compelled to flow through the outer cylinder. Besides, some of
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the flow can pass through the upper side of the outer cylinder and jet like flow
takes place, resulting extended wake region. Meanwhile, lower shear layer get
blocked by splitter plate and pass through the lower side of the splitter plate and
outer cylinder, ending up with jet like flow. Therefore, vortex shedding in the
annular region and near wake is attenuated, but in approximately 2D; distance big
scale vortex formation occurs. The only difference between Bp=0 and 0.3 for 90°
and 120° is that, reduction in the vortex scale for Bp=0.3. It should also be taken
into consideration that the low porosity splitter plates are exposed to high amount
of momentum.

When we look at a=180° configuration, narrower wake region and more
stable flow draw attention. This condition is valid for both Bp=0 and Bp=0.3 cases
and no Karman Vortex Street takes place. It can be said that the control of
downstream region of the cylinders are achieved. In this configuration, fluid comes
from upper and lower shear layers cannot pass through outer cylinder and generates
vortex pair in the upper and lower side of in the cylinder. However, this vortex pair
cannot interact with each other due to the splitter plate utilization. That means more
stable and controlled flow exists in both annular and wake region. Plate angle of
a=150° should also be examined since it affect the flow around inner cylinder in
the same way as 0=180° configuration. For both plate porosity ratios, fp=0, 0.3 and
plate angle of 150° provide controlled flow in annular and wake region. The only
difference between 150° and 180° configurations, a=180° provides slightly
narrower wake region than a=150° configuration. In conclusion, for porosity ratios
of Bp=0, 0.3 and the plate angle of 150° and 180°, flow control in both annular and

wake region is accomplished.
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Dij/Do=0.4 Cylinder Porosity of B.=0.3

Figure 4.5. Instantaneous dye visualization results of cylinder porosity, fc= 0.3
and plate porosity of Bp= 0, 0.3 for different plate angles

Instantaneous dye visualization results of cylinder porosity, Bc= 0.3 and
plate porosity values of Bp= 0.5 and 0.7 are presented in the figure 4.6. Porosity

values of Bp= 0.5 and 0.7 are indicated in the first and second columns respectively.
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And four different plate angles are shown in corresponding rows in an incremental
way. In this case splitter plate porosities are enhanced and same configurations in
figure 4.5 are applied for Bp= 0.5 and 0.7. Higher porosity ratios of splitter plate
means that more amount of fluid can pass through the plates according to previous
case.

For the plate angle of 180°, flow in the annular region and wake region can
be regarded as controlled by means of higher porous splitter plates. When
compared with the Bp= 0 and 0.3, both plate porosity ratios of Bp= 0.5 and 0.7 are
capable of preventing the interaction of vortex pair in the annular region. Also
more porous plates enable to scatter the vortex formation as well as preventing
interaction of them. So these splitter plates can be regarded as effective to control
the flow in the annular and wake region. Just like 180° configuration, plate angle of
150° prevent interaction of vortex pair in the annular region and control the flow
downstream of the cylinders for both porosity ratios. And plate angle of 150° can
be regarded as a special case, since its location is in the vicinity of separation point
and this configuration enables the splitter plate to scatter the vortex formation just
before it exists. Because of this specialty, plate angle of 150° can inhibit the
interaction of vortex pair in the annular region and give rise to more stable wake
region.

When we compare the Pp= 0.5 and 0.7 with the lower porosity ratios
according to 120°, it can be realized that the scattering effect of the high porous
plates enable more stable and controlled flow with small scale vortices as can be
seen from figures 4.5 and 4.6. In contrast with the very low porosity ratios, Bp= 0.5
and 0.7 allow flow to pass through the plate as well as preventing interaction of
vortex pair. So we can say plate angle of 120° has a significant amount of control
over suppression of Karman Vortex Street, yet still time averaged streamlines <y>
and time averaged vorticity contours <> should be investigated to determine the
efficiency of configuration. Lastly, for the plate angle of 90°, larger scale vortex

formation is detected relative to angle of 120°. However, when it is compared with
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the Bp= 0 and 0.3 case, it can be seen Bp= 0.5 and 0.7 arrangement attenuates the

vortex formation better.

Dj/Do=0.4 Cylinder Porosity of 8,=0.3

Figure 4.6. Instantaneous dye visualization results of cylinder porosity, fc= 0.3 and
plate porosity of Bp= 0.5, 0.7 for different plate angles
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In figure 4.7, cylinder porosity of Bc= 0.5 and plate porosity of fp= 0 and
0.3 are presented with different plate angles. For Di/Dg= 0.4, cylinder porosity of
Bc=0.5 was defined as an effective parameter to suppress the vortex formation and
inhibit the Karman Vortex Street in figure 4.4. It was also mentioned that it is
needed to control the vortex pair in the annular region in addition to wake region.
In order to obtain fully controlled flow, splitter plate was utilized with variable
porosity ratios. For the plate angle of 180°, both plate porosity ratios are influential
to control the wake region and disengage the interaction of vortex pair in the
annular region. Therefore plate angle of 180° can be regarded as the most effective
parameter for this arrangement. For ¢=90° and 120°, there is a circulation in the
annular region for both plate porosity ratios. Splitter plate with porosity ratio of
0.3, allows a little flow to pass through it and provide reduction in the magnitude of
vortex formation generated in the wake region. Even if vortex formation takes
place in the wake region occasionally, plate angle of 90° and 120° cannot be
described as inefficient to control the flow. Since Karman Vortex Street doesn’t
take place in these configurations.

Due to its proximity to separation point, plate angle of 150° has a
significant effect on controlling the flow characteristics of annular region and wake
region. This arrangement also exhibit similar flow behavior to a=180° case and can
be regarded as effective parameter. It not only prevents the Karman Vortex Street,
but also enables the more steady flow around the inner cylinder.

When we compare the figure 4.5 and 4.7, sharper circulations in figure 4.7
attract notice for plate angles of 90° and 120°. When the low porous splitter plates
are used with low porous outer cylinder (Bc=0.3), blockage effect of splitter plate is
less significant, because flow directed to the upper shear layer cannot pass through
outer cylinder easily, resulting lower scale vortex formation. However, when low
porosity splitter plates are utilized with higher porous outer cylinder (Bc=0.5),
blockage effect of splitter plate comes into prominence. The flow directed to upper

shear layer can pass the outer cylinder easily and jet like flow occurs on the upper
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side of the outer cylinder and flow moves very slowly on the lower side of the

outer cylinder, thus circulation takes place, resulting large scale vortex formation.

Di/Do=0.4 Cylinder Porosity of B.=0.5

Figure 4.7. Instantaneous dye visualization results of cylinder porosity, Bc= 0.5 and
plate porosity of Bp= 0, 0.3 for different plate angles
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Instantaneous dye visualization results of cylinder porosity, Bc= 0.5 and
plate porosity values of Bp= 0.5 and 0.7 are presented in the figure 4.8. Higher
splitter plate porosity ratios enable the flow to pass through the plate easily, hence
more stable flow structure can be realized from figure. The most effective
parameter of this arrangement can also be regarded as the plate angle of 180°.
Because splitter plate in this arrangement provide elongated and narrow wake
region without slightest Karman Vortex Street indication. Plate angle of 150° for
both plate porosity ratios also procures very effective control in the annular and
wake region.

In contrast with the Bp= 0 and 0.3 case, porosity ratios of fp= 0.5 and 0.7
enable to control the flow and inhibit the Karman Vortex Street. This configuration
also procures controlled flow behavior in the annular region by annihilation of the
interaction between vortex pair. In previous figures, it is indicated that the
arrangement of 90° plate angle is not efficient relative to other plate angles.
However, cylinder porosity ratio of Bc= 0.5 and Bp= 0.5 and 0.7 values seem to
have sufficiently high control indication for plate angle of 90°.

Up until now, among the other dye visualization results, Bc= 0.5 and fp=
0.5 and 0.7 parameters can be regarded as most effective ones at the first glance.
The underlying result of this situation might be the accordance and consistency
between splitter plate and cylinder porosity ratios. Both porosity ratios of Bc= 0.5
and PBp= 0.5 have same effect under the flow conditions. They allow the flow to
pass through almost in half and additionally have and sufficient blockage effect.
And when they are utilized together, their consistency and efficiency come into
prominence and they achieve flow control in both annular and wake region for
almost every plate angles. This combination is useful even for the plate angle of
90°, because of the blocking effect and sufficient permeability. Pp= 0.7 value has
almost identical dye visualization results with Bp= 0.5 for the wake region. But
investigation of time averaged streamlines <y> and time averaged vorticity

contours <@> might be needed for analyzing the annular region thoroughly.
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Dij/Do=0.4 Cylinder Porosity of .=0.5

Figure 4.8. Instantaneous dye visualization results of cylinder porosity, Bc= 0.5
and plate porosity of Bp= 0.5, 0.7 for different plate angles
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Momentary dye visualization images of cylinder porosity, fc= 0.7 and
plate porosity values of Bp= 0 and 0.3 are exhibited in the figure 4.9. When the
figure is examined in detail, it is explicit that fc= 0.7 has not much control effect
over inner cylinder. This is because, the flow directed to the inner cylinder is
separated and constitute upper and lower shear layers, then these shear layers
directed to the outer cylinder and can pass the outer cylinder easily due to high
porosity ratio. Therefore for fc= 0.7 case, due to absence of the blockage effect, the
shear layers cannot generate significant scale vortex pair. In contrast with fc= 0.3
and 0.5 cases, Bc= 0.7 configuration cannot accomplish effective control on the
wake region even with the presence of splitter plate angle of 180°. Normally, 180°
plate angle was one of the most efficient parameter for low cylinder porosities, but
Karman Vortex Street takes place even for the 180° case and this plate angle can be
regarded as inefficient. The arrangement with plate angle of 150° has slightly better
results than 180° and there is no significant Karman Vortex Street formation.

Splitter plate utilization comes into prominence for the fc= 0.7 case and
splitter plate becomes dominant in this arrangement. It should also be stated that
when very low porous splitter plate is utilized with very high porous cylinder, this
situation give rise to incompatibility between splitter plate and outer cylinder. For
the low plate angles of 90° and 120°, very low porous splitter plate blocks the flow
almost wholly and flow is directed to upper side of the cylinder. This flow moves
with a higher momentum and can pass through the outer cylinder easily. Even
though Bc= 0.7 allow the high momentum flow to pass through, it also has a small
dispenser effect that resulting more extensive wake region. Therefore, as can be
seen from figure 4.9, 90° and 120° configurations has a little control effect on the
inner cylinder relative to 150° and 180°. There is no Karman Vortex Street
presence for these cases, but occasionally large scale vortex formation takes place

in the wake region.
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Dij/Do=0.4 Cylinder Porosity of B.=0.7

Figure 4.9. Instantaneous dye visualization results of cylinder porosity, Bc= 0.7 and
plate porosity of Bp= 0, 0.3 for different plate angles

Momentary dye visualization images of cylinder porosity, fc= 0.7 and
plate porosity values of Pp= 0.5 and 0.7 are exhibited in the figure 4.10. Higher

porosity values of both cylinder and splitter plate give rise to the flow to pass
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through easily and they have not blockage effect as fp= 0 and 0.3. In the relevant
figure it can be seen that the 180° plate angle cannot control the flow in the wake
region and resulting the small scale Karman Vortex Street. However this Karman
Vortex Street is not intense as in the bare cylinder case. If the figure is analyzed in
detail, it can be seen the vortex formation in the wake initiates in far away from
cylinder pair. Therefore it can be stated that very little control over the inner
cylinder takes place even for the 180° plate angle. The plate angle of 150° has
almost same effect with the 180° over the inner cylinder and cannot be mentioned
from a fully controlled flow.

When the figure 4.9 and 4.10 compared with each other, narrower and
more controlled wake region attract notice for the plate porosities of Bp= 0.5 and
0.7. It is because the plate porosity ratio is in accordance with the porosity of the
outer cylinder and there is a certain consistency between them when they are
utilized together. The compatibility between splitter plate and outer cylinder
porosities came into prominence in this case just like in other cases.

For the plate angle of 90°, the flow seems to be controlled remarkably;
only occasional vortex formation takes place in the wake region. Besides, plate
angle of 120° draws attention in this arrangement as well as 90°. Because more
stable and more consistent wake region takes places in this configuration.
However, in general Bc= 0.7 application cannot be regarded as efficient as fc= 0.5

application.
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Dij/Do=0.4 Cylinder Porosity of B.=0.7

Figure 4.10. Instantaneous dye visualization results of cylinder porosity, fc= 0.7
and plate porosity of Bp= 0.5, 0.7 for different plate angles
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4.4. PIV Experiments Results

Up to this time, cylinder pair (inner and perforated outer cylinders)
application without splitter plate was investigated by means of time averaged
streamlines <y>, time averaged vorticity contours <> and instantaneous dye
visualization results and dye visualization technique was applied to understand the
flow structure in a qualitative manner for the splitter plate application. The purpose
of the dye visualization experiments was to have a preliminary consideration about
the flow, and comprehension of the splitter plate and cylinder effects to the flow
structure. But for investigating the flow structure thoroughly and to determine the
effective control parameters much better, quantitative and far-reaching PIV
technique was applied. Therefore, all parameters and configurations that were
examined by dye visualization method will be presented in this section by means of
PIV technique in order to scrutinize the flow characteristics of the desired control
parameters.

In figure 4.11 and 4.12, time averaged streamlines <y> and time averaged
vorticity contours <> were presented respectively, for cylinder porosity of fc=
0.3 and plate porosity of Bp= 0, 0.3 with different plate angles. Bc= 0.3 and plate
porosity of Bp= 0, 0.3 are the lowest porous medias for the present study. From the
dye visualization images the blockage effect of these porosities were observed and
for the streamlines <y> and vorticity contours <>, complicated flow structure can
be seen from the corresponding figures as it is anticipated. And the most salient
feature of this Bc= 0.3 configuration is that the jet like flow that takes place just on
the downstream side of the outer perforated cylinder, can be seen in figure 4.12 for
all plate angles. So even if the outer cylinder is used as semi circular cylinder, fc=
0.3 porosity hinder the vortex pair from passing through the outer cylinder in the
annular region and prevent large scale vortex generation in the wake region. Figure
4.11 is compatible with the figure 4.12 and this jet like flows, resulting circulating
flow structure, is indicated as F; and F, in figure 4.11. The circulating flow

structure developed out of jet like flow on the outer cylinder can be explained as
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follows. There are circular holes on the outer cylinder to obtain the desired porosity
ratio and the distance between these holes are remarkably high. These high
distances between the holes bring about dead flow regions between the jet streams.
Then between the jet streams and dead flow regions, strong shear layers come into
existence and reverse flows developed out of these shear layers around the jets.
Thus, the circulating flow structure just behind the outer cylinder comes into
existence.

In figure 4.11 and 4.12, there is no interaction of vortex pair generated by
inner cylinder and both streamlines <y> and vorticity contours <®> are in
accordance with each other for the plate angle of 180°. The only difference
between plate porosity of fp= 0 and Bp= 0.3 is that plate porosity of 0.3 bring about
lower scale of vortex pair. When we look at the a=180° configuration, the narrow
wake region and absence of Karman Vortex Street draws attention. So these PIV
results match up with dye visualization results and this configuration can be
regarded as successful to control the flow. For the plate angle of 150°, there is no
indication of vortex pair interaction according to vorticity contours <m>, but there
is a small scale vortex pair formation just in downstream of the outer cylinder
symbolized by F;-F; and <w;> in the corresponding figures. However this
configuration also seems to be effective control case as well as 180° application.
Therefore, Bp= 0 and Pp= 0.3 can be considered effective flow control parameters
for 0=150° and 180°.

For the plate angles of o= 90° and 120°, upper shear layer intensified by
the blockage effect of the splitter plate get blocked by low porous outer cylinder
and it is compelled to flow to the splitter plate. This effect can easily be seen from
figure 4.12. On the other hand, because of low porous splitter plate blockage
intensified upper shear layer give rise to larger jet like flow on the upper side of the
outer cylinder whereas there are very small jet like flow on the lower side of the
outer cylinder for 90° and 120° cases. Vortex pair formation in the upper side of

the outer cylinder is valid for all four configuration in figure 4.11 and 4.12 and
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symbolized as F3-F4 and <w;> in the relevant figures. In addition to these, large
scale vortex generation and high momentum flow that encounters with the splitter
plate may bring about unsteady and severe force on the splitter plate. Although
there are no vortex pair interaction in the annular region and deficiency of large
scale vortex formation for these plate angle values, we cannot consider 90° and

120° as effective parameters for fc= 0.3 and Bp= 0, 0.3.
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Di/Do=0.4 Cylinder Porosity of §.=0.3
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Figufe 4.11. Time averaged streamlines <y> of cylinder porosity, Bc= 0.3 and plate
porosity of Bp= 0, 0.3 for different plate angles
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Figure 4.12. Time averaged vorticity contours <> of cylinder porosity, fc= 0.3
and plate porosity of Bp= 0, 0.3 for different plate angles
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The results obtained from the plate porosity of Bp= 0 and 0.3 for a= 90°
and 120° were not efficient enough to control the flow and higher porous splitter
plates (Bp= 0.5 and 0.7) are applied for the fc= 0.3 configuration. The relevant time
averaged streamlines <y> and time averaged vorticity contours <®> were
presented in figure 4.13 and 4.14. As can be seen in figure 4.13, three different
vortex pair formation (F;-F,, F;-F, and Fs-Fg) takes place for most of the
configuration. It can be concluded that, this vortex pair formation is developed out
interaction of reverse flow and jet streams due to the low porosity of the outer
cylinder. Also, increasing the splitter plate porosity gives rise to the vortex pair
formation of Fs-F, that is not takes place in the previous case with plate porosity of
Bp= 0, 0.3. When we look at the time averaged vorticity contours <w> in figure
4.14, both plates are able to disperse the vortex formation generated by lower shear
layer partially, but they cannot prevent the interaction of vortex pair generated by
lower and upper shear layers. Besides, <w;> and <w,> vorticity contours are
getting closer each other in almost all plate angles except 150°. Plate angle of 150°
is in the vicinity of the flow separation point, thus vortex formation in the lower
shear layer is scattered just before the initiation, and momentum of the flow
passing through the plate holes is diminished. Therefore, plate angle of 150° can be
considered effective parameter to hinder the unsteady vortex shedding in the
annular region. Another efficient parameter is the plate angle of 180° and
increasing the plate porosity reduce the vortex pair interaction on a variable scale.
Although the presence of the vortex pairs of F3-F4 and Fs-F¢ in the wake region,
plate angle of 180° can be regarded as an effective control parameter for both plate
porosity ratios. Instantaneous dye visualization results also justify this efficiency.

In figure 4.13, there are large scale vortex formation which can be seen
partially at the end of the field of view, for Pp=0.5, a<150° and Bp=0.7, a=90°.
Even they cannot be seen in the vorticity contour <> figure, they are indicators of
small scale vortex shedding. This vortex formation caused by low porosity of the

outer cylinder may give rise to Karman Vortex Street in the far wake region.
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Di/Do=0.4 Cylinder Porosity of 3,=0.3

Figure 4.13.
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Time averaged streamlines <y> of cylinder porosity, fc= 0.3 and

plate porosity of Bp= 0.5, 0.7 for different plate angles
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D;j/Do=0.4 Cylinder Porosity of $.=0.3
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Figure 4.14. Time averaged vorticity contours <o> of cylinder porosity, Bc= 0.3
and plate porosity of Bp= 0.5, 0.7 for different plate angles
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It was stated before, for Di/Do=0.4, Bc= 0.5 is an effective parameter for
suppression of the vortex shedding and for prevention of the Karman Vortex Street,
according to the inner and outer perforated cylinder configuration in figure 4.2-3-4.
And it was also proposed that vortex pair generated from the inner cylinder needs
to be controlled to prevent the interaction of them and to eliminate the unsteady
vibration and forces. And to annihilate the unsteady effects of vortex pair
interaction, various porosity of splitter plates was also utilized and investigated for
the cylinder porosity of Bc= 0.5 application. In figure 4.15 and 4.16, time averaged
streamlines <y> and time averaged vorticity contours <®> were exhibited. At the
first glance, plate angle of 180° seems to suppress the vortex interaction and
Karman Vortex Street formation in both annular and wake region for either plate
porosities. Thus for this case, plate angle of 180° can be presumed as the most
effective plate angle.

Plate angle of 90° and 120° bring about the circulating flow structure in the
annular region. When we look at the plate porosity of Bp= 0.3, the flow generated
by the lower shear layer pass through the plate and create small scale vortex, and
then this small scale vortex interact with other large scale vortex that is generated
by the upper shear layer, resulting an unsteady flow structure. According to
streamlines <y> (see the figure 4.15), this unsteady flow gives rise to large scale
vortex formation in the far wake region, which may cause vortex shedding in
farther wake region. For this reason 90° and 120° plate angles can be presumed as
low efficient for controlling the flow behavior with low porous splitter plates.

Among the other plate angles, 150° plate angle should be commentated
discretely. Because according to vorticity contours <>, it exhibit distinctive flow
behavior. The vortex formation generated by the lower shear layer gets blocked by
the splitter plate and pass through the outer cylinder, resulting elongated vortex
formation indicated as <w4> in figure 4.16. So 150° plate angle can be presumed as
transition parameter and it can be concluded that remarkable flow control is

achieved for the plate angle of 150° according to figure 4.15.
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Di/Do=0.4 Cylinder Porosity of 3.=0.5

Figure 4.15. Time averaged streamlines <y> of cylinder porosity, Bc= 0.5 and plate
porosity of Bp= 0, 0.3 for different plate angles
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Dj/Do=0.4 Cylinder Porosity of 3.=0.5

-30 26 -22 -18-14 -10 -6 -2 2 6 10 14 18 22 26 30
Figure 4.16. Time averaged vorticity contours <> of cylinder porosity, fc= 0.5

and plate porosity of Bp= 0, 0.3 for different plate angles
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In figure 4.17 and 4.18, time averaged streamlines <y> and time averaged
vorticity contours <> results were exhibited for cylinder porosity of fc= 0.5 and
plate porosity values of Bp= 0.5, 0.7. When plate porosities increase to 0.5 and 0.7
values, even for low plate angles (90° and 120° plate angles) vortex pair interaction
takes place in the annular region. Vortex pair that is getting closer to each other can
be seen from streamlines <y> and vorticity contours <®> in figure 4.17 and 4.18.
Because high porous plates allow the flow to pass through from the lower shear
layer to annular region, ending up with vortex formation and vortex pair
interaction. Even if the flow behaviors show similarities, the vortex formation
generated by the lower shear layer has larger scale for Bp= 0.5 and 0.7 relative to
Bp= 0 and 0.3. Nevertheless, the dye visualization results indicate that almost
perfectly controlled wake region for general fc= 0.5 and Bp= 0.5, 0.7 case. And
time averaged streamlines <y> and time averaged vorticity contours <m> are
compatible with corresponding dye visualization results. Additionally, jet like flow
occurred in this case for Bc=0.5 are substantially small relative to those take place
in Bc=0.3 case and no vortex pair formation (F;-F4, Fs5-F¢) appear as it can be seen
from time averaged streamlines <y> in figure 4.17. Therefore, up until now, all of
the configurations for cylinder porosity of Bc=0.5 and for plate porosity of Bp= 0.5,
0.7 can be presumed as the most effective case by virtue of the fact that prevention
of the Karman Vortex Street and controlling the wake region. However, because of
the interaction of vortex pair in the annular region and its effect to the inner
cylinder, that high porous plates may not be presumed as totally efficient to control
the annular region remarkably for this case. According to vorticity contours, <w;>
and <w,> vorticities head towards each other for almost all plate angles and they
interact with each other. Nonetheless, according to streamlines <y>, vortex pair
interaction seems to be prevented for the 180° plate angle in both plate porosities.
Consequently, plate porosity of Bp= 0.5 and 0.7 can be regarded as efficient control
parameters for 180° plate angle, to prevent the Karman Vortex Street and to control

both annular and wake region.
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Figure 4.17. Time averaged streamlines <y> of cylinder porosity, Bc= 0.5 and plate

porosity of Bp= 0.5, 0.7 for different plate angles
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Figure 4.18. Time averaged vorticity contours <o> of cylinder porosity, Bc= 0.5

and plate porosity of Bp= 0.5, 0.7 for different plate angles
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The relevant time averaged streamlines <y> and time averaged vorticity
contours <> of Bc= 0.7 and Pp= 0, 0.3 case were presented in figure 4.19 and
4.20. Increasing outer cylinder porosity brings about the high momentum flow
generated by shear layers pass through the outer cylinder easily and gives rise to
more complicated flow structure. This complicated flow behaviors can be seen
streamlines <y>, vorticity contours <> and dye visualization images clearly. For
all plate angles, vortex shedding occurs in the wake region and ends up with
Karman Vortex Street presence. As the plate angle increases wake region becomes
narrower in the vertical direction and smaller scale vortex formation takes place.

According to the figure 4.19, it can be observed that no effective flow
control is achieved and time averaged vorticity contours <®> and dye visualization
results confirm this situation. The vortex pair formation in the wake region is
indicated by F symbol and its extent decreases as the plate angles increase.
Additionally, for some parameters (Bp= 0.3 and o= 90° and 120°), saddle points,
which are the indicators of vortex shedding, appear in the wake region and that
means there is no flow control in the wake region. It can also be seen that the
distance between the vortex pairs (F5-F,) in the wake region diminishes as the plate
angle enhances, resulting narrower wake region. Although there is no complete
control in the wake region, vortex pair interaction in the annular region is
suppressed and unsteady forces that the inner cylinder is exposed to be prevented,
especially for the plate angle of 180°. Besides, it can be observed from the dye
visualization records that vortex shedding frequency downstream of the outer
cylinder is diminished.

When time averaged vorticity contours <> in figure 4.20 are examined in
detail, unusual flow structure in the downstream of the outer cylinder takes place
due to the high cylinder porosity. Particularly for the a>150°, the pair of vortices,
which are little or no contact with the plate, are subjected to some distortion by the
outer cylinder, forming a pairs of vortices (<w;-w4>) aligned with the upper and

lower layers of the inner cylinder. As a matter of fact, this vortex pair develops
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downstream direction, breaking each other and forming the vortex street.
Therefore, it can be said that Bc= 0.7 is not sufficient to control the flow structure
downstream of the outer cylinder. Compared to the inner-outer cylinder case where
the plate was not used, flow control was provided in the annular region for fp= 0
and o= 180°, and the vortex formation and vortex breakdown distance increased on

the horizontal axis in the downstream of the outer cylinder.
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Figure 4.19. Time averaged streamlines <y> of cylinder porosity, pc= 0.7 and plate
porosity of Bp= 0, 0.3 for different plate angles
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Dj/Do=0.4 Cylinder Porosity of B.=0.7
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Figure 4.20. Time averaged vorticity contours <> of cylinder porosity, Bc= 0.7

and plate porosity of p= 0, 0.3 for different plate angles
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The relevant time averaged streamlines <y> and time averaged vorticity
contours <®> of fc= 0.7 and Pp= 0.5, 0.7 case were presented in figure 4.21 and
4.22. The increase in the permeability of the plate results in an increase in the
strength of the eddy structure compared to the lower permeability of the plate. And
as can be seen from the time averaged streamlines <y>, both in the annular and the
wake region vortex formation takes place. This results in the formation and
breakout of the vortex in downstream of the outer cylinder, as can be seen from the
respective dye visualization results. This situation is clearly can be observed in
both plate porosities for almost all plate angles. When the results obtained are
compared with the non-plate state, there is a slight increase in the vortex shedding.
It cannot be said clearly about the effect of the vortex pairs formed in the annular
region on the inner cylinder, and it is seen that these vortex pairs also continue to
affect the downstream of the outer cylinder. The variation between the elongation
amounts of the vortex pair is particularly evident in the transition from a= 150° to
o= 180°, due to the fact that a= 150° is located in the vicinity of the flow
separation point.

When time averaged vorticity contours <®> in figure 4.22 compared with
the figure 4.20, there is no significant change especially for the 150° and 180° plate
angles and unusual flow structure in the downstream of the outer cylinder takes
place for these plate porosities as well. And vortices pair <w;-w4> formation can be

seen in figure 4.22 take place as the same way those in figure 4.20.
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Di/D0=0.4 Cylinder Porosity of $.=0.7
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Figure 4.21. Time averaged streamlines <y> of cylinder porosity, Bc= 0.7 and
plate porosity of Bp= 0.5, 0.7 for different plate angles
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Dj/Do=0.4 Cylinder Porosity of B.=0.7
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Figure 4.22. Time averaged vorticity contours <®> of cylinder porosity, fc= 0.7
and plate porosity of Bp= 0.5, 0.7 for different plate angles
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4.5. Turbulent Kinetic Energy Results

The dye visualization and PIV experiments results were interpreted
according to time averaged streamlines <y>, time averaged vorticity contours <m>
and dye visualization images for all control configurations in a qualitative manner
previously. However it was mentioned before that by the help of PIV technique
quantitative results can be acquired. Accordingly, to have solid ideas about the
flow control for the applied control methods and relevant parameters, and to affirm
the validity of the previous interpretations, the turbulence level of the flow for all
configurations were investigated thoroughly. As the control of downstream of the
circular cylinder both in annular and wake region is the main concern of the present
study, it is indispensable to diminish the Turbulence Kinetic Energy (TKE) level
especially in the annular region due to its proximity to the inner cylinder. It may
not be adequate and appropriate to commentate about the flow control only
according to streamlines, vorticity contours and dye visualization images. Because
even if vortex pair formation takes place in the annular region, the TKE values may
indicate a sufficient decrease. Accordingly, further qualitative investigation was
carried out by means of TKE values to compare and discuss the effectiveness of the
control parameters. To that end the general formula of the TKE is presented below

as;
TKE = % [u'u >+<v'v' > +<w'w' >]

The third fluctuating velocity component can be computed by a 2D
approximation when assuming the flow is isotropic (Sheng et al., 2000), in such a
way that the third component has been supposed to be equal to the half of
[<u'u' > +<v'v' >],in that case the TKE can be computed by the help of

formula given below;
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TKE= - [<u'u’ > +<v'v' >]

Sl w

In the figures presented below, maximum TKE values (TKE,,,) in the
annular region were determined for every single configuration and two dimensional
graphs were generated to make comparison of the results according to the bare
cylinder case. TKE,,,, values are indicated with respect to plate angles and plate
porosity values are shown as discrete symbols and lines that have distinct color.
The dashed lines represent the TKE,.x value for the bare cylinder case and it is
utilized in the graphs to compare the results obtained from every single
configuration. TKE,,,x for the bare cylinder case calculated as 0.044 that is the
reference point of the study and the values below the 0.044 can be regarded as
effective control parameters.

In figure 4.23, TKE,,.x values of Bc=0.3 case is presented according to the
relevant plate angles and different plate porosity ratios. The maximum turbulence
level diversity can be seen from the graph and every single parameter represents its
own qualification. In comparison with the streamlines topology, vorticity contours
and dye visualization results, the maximum turbulence kinetic energy results
indicate perfect consistency and compatibility. The plate angle of 180° was stated
earlier one of the most effective plate angle value with respect to streamlines and
vorticity contours and for the case of f=0.3, all the plate porosity ratios justify this
statement. Because the TKE,,, values of all plate porosity ratios, even for the =0,
are just below the TKE,,, value of bare cylinder. And these TKE,,.x values indicate
remarkably high control in the annular region for the plate angle of 180°. For the
Bp=0 TKE,.x value of 0.0356 is obtained and this correspond to 19% TKE,,x
reduction for the case 180° plate angle. And for the Bp=0.5 and 180° plate angle,
TKE . value was found to be 0.029 and corresponding TKE,.x reduction was
found as 34%. This reduction is also the highest reduction among the all

parameters.
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When we look at the figure 4.23, the TKE,,,x descends as the plate angle
enhances. This situation stems from the blockage effect of the lower splitter plate
angles. As the plate angle diminish, it becomes more perpendicular to the flow
direction and ending up with more blockage effect especially for lower porous
plates. And blocked by the splitter plate the flow is directed to the upper shear layer
and brings in higher momentum to the upper shear layer, then due to the low
porosity of the outer cylinder the flow cannot pass through and circulates in the
annular region. This high momentum and circulating flow is the main reason for
high TKE,,.« value as can be seen from the figure. For the plate porosity values of
Bp=0 and 0.3, the TKE,,, values are even higher than the bare cylinder case except
the 180° plate angle. As the porosity ratio enhances, the momentum level of the
upper shear layer decreases as well as TKE,,x value. This effect can clearly be
perceived from the graph, it can be seen that as the porosity ratio increase the
TKE .« value decrease almost gradually. Plate porosity ratios of 0 and 0.3 indicate
almost identical trend, the only difference is that the plate porosity ratio of fp=0.3
has lower TKE,,.x values in general.

Plate porosity ratios of Pp=0.5 and 0.7 are need to be commentated
separately, by virtue of the fact that they are capable of control the annular region
regardless of the plate angle. There is a complete control in the annular region for
Bp=0.5 and 0.7 at all plate angles. Another remarkable result is that the plate
porosity ratio of fp=0.5 exhibits almost linear decrease as the plate angle enhances,
and reaches its maximum TKE,.x reduction at the 180° plate angle. As it is
mentioned before according to streamlines topology and vorticity contours fp=0.5
is the most effective plate porosity ratio and that statement was validated by the
TKE results. It is because the plate with Pp=0.5 ratio allows sufficient amount of
flow to pass and blocks the sufficient amount of flow. Lastly, the Bp=0.7 ratio
exhibits a reduction only from 90° to 120° and remain nearly constant at the range

of 120°< a <180°. Except for the 180° plate angle, Bp=0.7 ratio has little bit lower
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TKE.x values than those of Bp=0.5 ratio. Consequently, the plate porosity ratio of

Bp=0.7 can be regard as effective and coherent control parameter as well as fp=0.5.
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0,03 e Bp=07
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Plate angle (a)

Figure 4.23. TKE,,, distribution according to different plate angles and splitter
plate porosity ratios, for Bc = 0.3

The maximum turbulence kinetic energy levels for the pc=0.5 case were
introduced according to different plate angles and plate porosity ratios in figure
4.24. When compared with the figure 4.23, as the cylinder porosity enhances, the
plate porosity ratio comes into prominence. This effect can be perceived easily
from the figure 4.24, the difference between TKE,.x distribution for fp=0 and 0.3
are greater than the fc=0.3 case. Another difference between Bc=0.3 and 0.5 is that
for the Pp=0 the highest TKE,.x value is lower than the pc=0.3 case. Even if the
maximum reduction of TKE,.x was accomplished for the Bc=0.3, the general
TKE . distribution of Bc=0.5 can be regarded as slightly more efficient than those
of Bc=0.3. By reason of the higher cylinder porosity ratio enables more flow to pass
through the outer cylinder at sufficient amount, reducing the upper shear layer

momentum for the lower plate angles. When we look at the p=0.3 ratio, there is a
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flow control in annular region except the plate angle of 90°, and the efficiency of
this control is almost the same as those of Bp=0.5 and 0.7 at 150° and 180° plate
angles. So fc=0.5 has better effect on flow control for fp=0.3 ratio and due to this
effect pc=0.5 can be considered slightly more efficient than Bc=0.3. Another
noticeable consequence is that the Pp=0.5 and 0.7 ratios have almost identical
TKE.x distributions according to plate angles. And even for the 90° plate angle,
Bp=0.5 and 0.7 have remarkable flow control. When the plate angle ranges between
120°< o <180° there is no significant change in the TKE,,,, values for p=0.5 and
0.7 ratios. Therefore, as in the previous case for Bc=0.5, Bp=0.5 and 0.7 can be
regarded as the most effective porosity ratios. In this arrangement for f=0.5 ratio,
the peak value of TKE,,,x reduction is 22% when the plate porosity is fp=0.5 and at
180° plate angle. Additionally, for fp=0.5 and 0.7, when the plate angle ranges
between 120°< o <180°, TKE,.x reduction is about 21% and almost remain
constant. Even for Bp=0.3, at 150° and 180° plate angles, the TKE,,x reduction of
nearly 20% was obtained. Besides, plate angle of 180° must be highlighted as the
most effective plate angle again for this cylinder porosity as the all TKE,x values

clustered around same value even for $p=0.
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Figure 4.24. TKE,.x distribution according to different plate angles and splitter
plate porosity ratios, for fc = 0.5

When the cylinder porosity enhanced up to 0.7, the time averaged vorticity
contours <m>, the time averaged streamlines <y> and instantaneous dye
visualization results indicated that there is no significant flow control in both
annular and wake region. By reason of high cylinder porosity, excessive amount of
flow can pass through the outer cylinder and the momentum of upper and lower
shear layers cannot be reduced at sufficiently, resulting uncontrolled flow
downstream of the inner cylinder. The TKE,., distribution of the Pc=0.7 was
presented in figure 4.25 according to relevant plate angles and plate porosity ratios.
At first glance the distributions of different plate porosity ratios attracts notice,
because they all exhibit almost same increment and decrease, at the relevant plate
angles except Pp=0.5 at 150°. And as it is anticipated, lowering the splitter plate
porosity ratio diminishes the TKE,,,x values. However, there is an exception that
the plate porosity of Bp=0.5 has the lowest TKE,,,x values in general. Its TKE,.«
values are even lower than the Bp=0.7. This might be caused from that p=0.7 is not

as efficient as the previous cases when it is utilized with the cylinder porosity ratio
111



4. RESULTS AND DISCUSSIONS Aykut CETIN

of Bc=0.7. Additionally, as it can be seen from figure 4.25 the Bc=0.7 ratio is not
efficient to control the flow for almost all plate porosity ratios and plate angles
except for the Bp=0.5 at 120° and 180°. And this cylinder porosity was already
determined as inefficient for controlling the flow according to the time averaged
vorticity contours <®>, the time averaged streamlines <y> and instantaneous dye
visualization results earlier. Consequently, the TKE,,, graphs are in accordance
with interpretations of previous streamlines topology, vorticity contours and dye

visualization results.
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Figure 4.25. TKE,,, distribution according to different plate angles and splitter
plate porosity ratios, for Bc = 0.7
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5. CONCLUSIONS

In the present study, the main purpose was to control the flow around a
circular cylinder (inner cylinder) and eliminate the formation of Karman Vortex
Street in the wake region by two passive control methods, splitter plate and
perforated semi circular cylinder. Inner and outer cylinder diameters were kept
constant throughout the experiments as 50 mm and 125 mm respectively. Also
Reynolds number was kept constant as 5000 and it was evaluated with respect to
inner cylinder diameter. Three variable parameters were designated as B¢, Pp and a,
and their effects to the flow behavior were observed. Cylinder porosity values were
determined as Bc=0.3, 0.5 and 0.7. Four different plate porosities were chosen as
Bp=0, 0.3, 0.5 and 0.7. And finally, four plate angles were chosen as a=90°, 120°,
150° and 180°. To have a preliminary comprehension about the flow, dye
visualization method was utilized first to the whole configurations. Later, PIV
technique was applied to have quantitative results such as time averaged
streamlines <y> and the time average vorticity contours <®> and Turbulence
Kinetic Energy (TKE) level.

Dye visualization reveals that, 180° plate angle was the most efficient
parameter for all plate porosities and for Bc=0.3, 0.5 to annihilate the Karman
Vortex Street in the wake region. Plate angle of 150° also was an efficient
parameter to attenuate the vortex shedding for all plate porosities and for fc=0.3,
0.5. It is because when the plate angle is 150°, splitter plate is located in the
vicinity of separation point and plate prevents the possible vortex formation for the
relevant shear layer. When the plate location becomes vertical to the flow direction,
especially for the lower porous plates, flow cannot pass through the plate and it is
directed to the upper shear layer, resulting higher momentum flow. Thus, the plate
angle values of 90° and 120° could not achieve the desired flow control especially
for lower plate porosities. Cylinder porosity of Pc=0.7 can be regarded as

inefficient to control the wake region for almost all configurations.
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For quantitative investigation, PIV technique was utilized and annular
region was analyzed in detail. And PIV results indicated that, vortex pair
interaction is prevented in the annular region for almost all configurations with
180° plate angle regardless of the plate porosity. 150° plate angle also can be
presumed as efficient control parameter due to its proximity to the separation point.
90° and 120° plate angles exhibited inefficient flow control performance for lower
plate porosities. To have a complete quantitative results, TKE,,, values in the
annular region were scrutinized. According to these results, plate porosity ratio
came into prominence and results indicated that as the plate porosity ratio ascends,
the TKE, .« values indicate a remarkable reduction. Besides, cylinder porosity has
also an effect on TKE,,x values and it was determined that as the plate porosity
diminishes the TKE,,,, values decreases. And the most notable configuration was
found to be Bc= 0.3 and 0.5 with plate porosities of Bp= 0.5, 0.7. Additionally, the
peak value of TKE,,,x reduction of 34% was obtained for Bc= 0.3 and fBp= 0.5 at
180°. According to TKE, .« graphs there is a complete flow control in the annular
region at 150° and 180° plate angles for almost all plate porosity ratios except for
cylinder porosity of Bc= 0.7. However, for 90° and 120° plate angles there is not
complete control in the annular region due to the vortex pair interaction and higher
momentum shear layer. Bc= 0.7 cannot be presumed as effective to control the flow
for almost all configuration according to dye visualization and PIV results.
Additionally PIV results, TKE,., values and dye visualization results are
compatible with each other. Consequently, the most efficient and salient
parameters of the present study can be regarded as fc= 0.3 and 0.5, fp= 0.5 and 0.7
with plate angles of 150° and 180°.

In the present study, near wake region was investigated by PIV technique,
hence for further investigation it may be useful to scrutinize the far wake region by
means of PIV technique. Investigation of the drag coefficient also may be carried

out to analyze the flow structure in a comprehensive way.
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