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ABSTRACT
FLOW SEPARATION

One of the important characteristics of viscous flow past a solid body is the
separation phenomenon. Quite a number of important references is available on the
subject of the separation bubble in two-dimensional incompressible flow. However a
fully satisfactory engineering method for the prediction of the characteristics of these
bubbles does not yet exist. Despite two-dimensional case, literature on the circular
flow separation around the nose of a circular blunt body are quite rare. Therefore, it
is quite necessary to carry out more experimental works especially circular separation.

The present study tries to increase our knowledge about circular separation
bubble. The effect of Reynolds number on the flow field around circular cylinder with
blunt nose (which is parallel to uniform flow), have been investigated experimentally.

This study consists of five main sections (Chapter 1-5) and 1 appendix (Ap-
pendix A).

In Chapter 1, the importance of the subject was explained. The purpose and
contents of this work were also given.

In Chapter 2, a general brief about flow separation was given.
Chapter 3, consists of the experimental investigation performed in this study.

The results obtained in this work and the discussions of these results were
presented in Chapter 4.

In the last chapter -Chapter 5- the conclusions and the originality of this work
were given.

In Appendix A, the results of the mean velocity and turbulence intensity mea-
surements for Model-1 were given.



OZET

AKIM AYRILMASI

Akim ayrilmasi akiskanlar mekani}i ve aerodinamifin en karmasik ve dolayis:
ile incelenmesi en zor olaylarindan biridir. Buna karsihk mihendislikteki bircok uygu-

Jamada akim aynlmasi olusmaktadir. Bu pedenle akim ayrilmasinin incelenmesi ayn
bir 6neme sahiptir.

Olaym fiziksel olarak aciklanmasi genellikle deneysel ¢calismalardan elde edil-
mektedir. Aynca hesaplama metodlarimn ve teorinin gelistirilmesi ve desteklenmesi
acisindan da deneysel cahsmalar gerekmektedir. Akim aynlmas) incelemelerinde deney
sartlarina gore uygun deney teknifi secilmelidir.

Akim alaninin hareketli olarak gorintilenebilmesi akim ayrilmasimn anlasil-

mas; aqisindan 6nemlidir. Ayrica akim goriiniirligi deneyleri kalitatif olarak en cabuk
ve en etkili deney teknigidir.

Akim ayrilmasinimn yeri ve aynimig akimm karakteristikleri kantitatif olarak hiz
profili, ytizey siirikleme katsayisi ve 1s1 transferi olciimleri ile bulunabilir. Fakat kayma
tabakas: ¢ok kiiciik ve ince oldufu icin 6l¢me aletlerinin de ona gore akimi bozmayacak
gekilde kiicik olmasi gerekmektedir. Kayma tabakasi iz profilleri genellikle sicak-tel
anemometresi ile olclilmektedir.

Aerodinamik elemanlarn maksimum performansin: genellikle akim aynlmasi
olaymmin belirlemesi nedeniyle, akiskanlar mekanigi qathaIémmn esas amacl Sinir ta-
baka aynlmasimin tamamen belirlenebilmesi olmahdir. Yani akim karakteristikleri ve
geometri, Reynolds ve Mach sayisi gibi 6nemli parametrelerin etkisi incelenmelidir. Bu
amacla bu calismada kiit burunlu eksenel simetrik silindir etrafindaki akim ayrilmasi
deneysel olarak. incelenmistir. Narinlik oram ve Reynolds sayisi {model capina bagh)
parametre olarak secilmigtir.

Akim aynlmasim meydana getiren nedenler geometrik siireksizlik ve ters basing



gradyantidir. Bu etkilerin meydana gelisine bagh olarak degisik akim aynlmas hallerine
rastlanabilir. Kiit burunlu bir silindir etrafindaki akim aynlmas: halinde aynlma yeri
sabit ve burun kisminda olmasina kargihk akim genel olarak eksenel simetriktir ve yapis:
kit burunlu levba tzerindeki iki boyutlu akim aynlmasina nisbeten daha kansiktir.
Fakat kiit burunlu levha haline kiyasla daha cok uygulama alam olan kit burunlu
silindir hali icin cahsmalar daha azdr.

Deneyler, ITU 50x50x200cm deney odas: kesitli acikk devreli Subsonik Hava
Tiineli’nde yapilmistir. Serbest akim hiz 10 m/s’dir. Bu hiza karsilik gelen tiirbilans
siddeti .3%’t1r.

Narinlik oramimin akim alanina etkisinin incelendifi deneylerde akim gori-

nirligi ve basing olclimi teknikleri kullamlmigtir. Akim goriniirlifi deneylerinde
yag-filmi methodu secilmistir. Bu teknik hava akimina marug cisim yiizeyi tigerindeki
akim cizgilerinin ¢abuk ve kolay olarak resimlenebilmesini saglar. Sirtinme kuvvetine
bagh olarak hava akimi kati ylizey tizerine siiriilen yag1 beraberinde gotiiriir. Geride
kalan boya maddesi ise akim aynimas: ve yapigsmas: gibi fiziksel olaylar hakkinda kual-
itatif olarak bilgi verir. Efer yiizey siiriikkleme cizgileri bir cizgi etrafinda birlesiyorsa
yizey izerindeki yaglar bu cizgi etrafinda toplamir. Bu cizgiye ® Aynlma ¢izgisi® denir.
Eger yiizey siiriikleme cizgileri bir cizgi iizerinden uzaklasiyorsa bu cizgiye de *Tekrar
yapigsma hatt1” denir. Bu cahgmada 10 numarah makina ya#i, gaz yaf1 ve karbon tozu-
nun uygun bir gekilde kanstirlmasiyla elde edilen sivi, beyaz renkli modeller tizerine
sirilip (d=50mm, L/d=3.1,4.0,5.0,9.2), hava akimma maruz birakildiktan sonra, akim
cizgilerinin fotograflan cekilmistir. Fotograflardan elde edilen sonuclara gore narinlik
oran: azaldikca tekrar yapisma hattmmm model burnundan olan uzakhmm azaldifa ve
narinlik oram (L/d) 5, degerine kadar kiit burunlu silindir etrafindaki akimi etkiledi¥i,
bu deferden sonra ise narinlik oraminm etkisinin ortadan kalktif: goralmistdr.
' Basing olciimii deneylerinde ise 9 ayn model kullamlmistir (d=50mm, L/d=
3.1, 4.0, 5.0, 5.94, 6.92, 7.5, 7.92, 8.28, 9.2). Basing pirizleri model yiizeyi tizerinde ve
simetri ekseni dogrultusunda burundan itibaren 4d uzakhifa kadar 18 adet yerlestirilmis-
tir. Deneylerde 2 adet mikromanometre kullamlmistir. Bunlardan biri dinamik basing
olciimiinde, diferi ise model yiizeyi tizerindeki pirizlerden alinan basing ile serbest akim
statik basinci arasindaki farkin 6lciimiinde kullamlmigtir. Simetri ekseni boyunca model
yiizeyi tizerindeki basing katsayis1 dajahmmin
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esitligi ile bulundugu bu deneylerde narinlik oranimn kiit burunlu silindir etrafindaki
akim alanmna etkisi hakkinda akim gorinirlugi deneylerinde elde edilen sonu¢ dogrulan-
mugtir. Narinlik oram azaldik¢a modelin arka yizeyindeki akinm hizlandifn ve basing
katsayisi1 *0” deferine daha ki¢iik x/d degerinde ulagtifa ve L/d’nin 5’ten biiyiik olmasi
halinde narinlik oranindaki degisimler akim alanim etkilemedi§i gorilmistir.

Reynolds sayisiin akim alanina etkisinin incelendifi deneylerde ise sicak-tel
anemometresi kullamlmigtir. Sicak-tel anemometresinin ol¢id ucu, elektrikle sitilan bir
telden ibarettir. Akiskan akim telin sofumasma, dolayiei ile direncinin azalmasina
neden olur. Telin sicakhffim sabit tutabilmek icin gerekli akim olciilerek hava hizi tayin
edilebilir. ' -

Sicak-tel anemometresi su {initelerden olusmustur: 1- Gii¢ Unitesi. 2- Filtre.
3 Dijital Voltmetre. 4- RMS Unitesi. 5- Lineerlestirme Unitesi. 6- Sicak-tel probu
7- Hareket Mekanizmasi. 8- Hareketi saglayan motor. 9- Hareket Kontrol Unitesi 10-
Data Acquasition Unitesi. 11- Bilgisayar.

Anemometrenin voltaj ¢iktisi (E) ile bava akim hizs (U) arasindaki baginta:

E? = EZ + BzUMm

geklindedir. Burada B ve m sicak-tel probu ve sicak-tel ile hava akimi arasindaki sicakhk
farki ile ilgili sabitlerdir. E, ise hava akim hiz sifir oldufu zaman anemometrenin
gosterdifi voltaj deferidir.

Efer sistemde bir lineerlestirme tinitesi kullanihrsa lineerlestirme tinitesinin

voltaj giktis1 (E;) ile hava i (U) arasinda lineer bir bagmt: vardar:

viii



U = KzE,

Burada E, E, ve E; volt, U ise m/sn cinsindendir. K bir sabittir ve K=10 olacak gekilde
lineerlegtirme tnitesi ayarlanabilir.

Akim goriniirligi ve basing ol¢iimii deneylerinin sonuclarma gore narinlik
orammn deferi yaklasik olarak 5’ten biiyiik alimrsa, narinlik oranindaki defisimlerin
akim alanim etkilemedigi bulunmugtu. Bunun icin Reynolds sayisinin parametre olarak
secildifi deneylerde, modellerin narinlik oran: 7.5 olarak secilmistir. Bu deneylerde
kullanilan modellere ait capa bagh Reynolds sayilan ise sirasiyla soyledir: 3.45z104,
5.182104, 7.592101.

Sicak-tel anemometresi akimin yoniinii belirleyemez. Anemometrenin ciktist
her zaman pozitiftir. Fakat akim ayrilmas: sonucunda olugan hava habbecifi icinde
ters akim bolgesi vardir. Bu bolge anemometre ¢iktilarinda, yizeye yakin bolgede bir
artig ve tekrar azalma ile ayrt edilebilir. Hiz profillrinde, bu bélge bulunarak ve bu
bolgedeki hiz degerlerinin direkt negatif degeri alnarak diizeltme yapilmistir.

Hiz ve turbilans profillerinden faydalanarak akimin tekrar yapisma hatti, akim
habbecigi boyutlari ve smir tabaka kahnhklan bulunmugtur. Limit akim cizgisi akim
fonksiyonunun (¢ = 0) sifir oldugu noktalar bulunarak ¢izilmistir. Akim kit burunlu
silindirin burun kisminda kopuyor ve belli bir uzakhkta yiizeye tekrar yapisiyor, bunun
sonucunda da akim habbecigi olusuyor. Akim habbeciginin model yizeyinden olan dik
uzakh# model burnundan itibaren artip, bir maksimum degerden sonra tekrar azalmak-
tadir. Akim habbecifi icinde bir donme bolgesi ve dolayis: ile ters akim olusmaktadir.
Akim habbeciginin icinde bulunan istasyonlarda ki akim hiz, y dofrultusunda gidildik-
ce, serbest akim lzmdan biiyiik bir defere ulasmaktadir ve daha sonra serbest akim hiza
degerine kadar azalmaktadir. Akim habbecifinden sonra simir tabaka kahnhf model
yuzeyi boyunca kahnlagsmaktadr.

Tirbiilansin maksimum oldufu noktalar akim habbecifi yiksekligi ile benzer
bir davraniy gostermektedir ve bu noktalar iz gradyantinm biiyik oldugu noktalara
tekabiil etmektedir. Akim habbecifi icindeki istasyonlarda tiirbiilans kiiciik bir mak-
simum degere sahiptir. Akim habbecifinin Gst kismmda kayma tabakasi oldufu igin
buradaki tiirbiilans dafihmi sir tabaka tiirbiilans dafahmma benzemektedir.



Model yiizeyi iizerindeki Tirbilans profillerinde, tirbiilans siddetinin maksi-
mum degerlerinin x/d’ye gore cizilen defisimi oldukca karisik bir yapiya sahiptir.

Reynolds sayisimn 3.45210* degeri icin iz ve basing dafnhimlan karsilastirilirsa,
hiz dafilimindan elde edilen tekrar yapisma noktasi basin¢ dafiliminda, basing kat-
sayisiun maksimum oldufu noktadan daha onceki bir noktaya tekabiil etmektedir.
Basing katsayisimin minimum oldugu nokta ise akim habbecifi yiksekli§inin yaklasik
olarak en biyiik deferine karsihk gelmektedir.

Reynolds sayis: arttirildifinda akim habbeciginin boyu ve yiksekligi biiyiimek-
tedir. Fakat akim habbecifinin boyutlan d cap: ile boyutsuzlastinlirsa tekrar yapisma
noktasmin yeri artan Reynolds sayisi ile sabit kalmaktadir, Habbecik yiiksekligi ise d
cap: arttinldikca boyutsuz olarak kii¢iilmektedir.

Akim habbeci}inin icinde bulunan istasyonlardaki hig profillerinde, akim hizi-
nin 1.01 Uy, oldufu, akim habbecifi diginda ise akim hizinm .99 Uy, oldufu noktalarmm
grafifi cizilirse, bu noktalarm dafilmi akim habbecii yikseklifinin yapisini verdigi
gorilmistir. Ortak bir dafnhm elde etmek icin logaritmik eksen takimi kullamlmistir.

Boyutsuz eksen eksen takimi kullamlarak hiz profilleri icin tiniversal bir egri
elde etmek amaciyla olusturulan grafiklerde, U,.; serbest hava akimi hizinin yansidir.
Yrey ise hiz profilinde akim hizinin referans hiza ulagify noktamin model yizeyinden
olan dik uzakhfidir. Akim habbecigi icindeki istasyonlarda hiz dafhhminin dizeltme
yapilmis bolgelerinde kansikhk olmasindan dolay: inceleme yapihrken huz profilleri tek-
rar yapigma noktasindan once ve sonra olmak iizere iki gruba aynlmigtir.

3 ayn Reynolds sayisi icin ¢izilen boyutsuz hiz grafi§i gostermistir ki ters akimin
olugtugu bélge harig iz profilleri i¢in finiversal bir efri elde edilebilir. Ozellikle tekrar
yapisma noktasindan sonraki boyutsuz hiz profilleri ¢ok iyl bir uyum gostermistir.

Elde edilen sonuglar sirasiyla su gekilde genellestirilebilir:

1- Kiit burunlu silindir halinde narinlik oram (L/d) akim alam icin Gnemli bir parame-
tredir. Narinlik oranmin etkisini kaldirmak icin (L/d) deferi, 5’ten biiyiik almmalidir.

2- Capa bagh Reynolds saysi arttik¢a kiit burunlu silindirin burun kisminda olusan
akim habbeciginin boyutlan da biiytimektedir. Fakat akim habbeciginin boy ve yiiksek-



lifi d caps ile boyutsuzlastinhrsa, artan Reynolds sayis ile, tekrar yapisma noktasmmn
yeri defiismemektedir ve boyutsuz habbecik yiiksekli§i kiicilmektedir.

8- Ters akim bolgesi icindeki hiz degeri 35% U, deferine kadar ulasmaktadir. Akim
habbecigi icindeki istasyonlarda tiirbiilansin maksimum oldu}u noktalar yaklasik olarak
akim habbecifi yukseklifine karsihk gelmektedir.

4- Ozellikle tekrar yapisma noktasindan sonraki iz profilleri iin, boyutsuz eksen takim
kullamlarak, bir @iniversal egri elde edilebilir.



CHAPTER 1
INTRODUCTION

Boundary-layer separation from a surface is an important problem because it
is usually responsible for setting an upper limit to the performance of acrodynamic
divices. Because of flow separation, energy is lost. As maximum performance usually
occurs very close to the separation condition and the subject is relevant to a wide
range of engineering and environmental applications, an ability to predict boundary-
layer separation has been, and remains, a major aim of fluid mechanics research. So
the objective must be to develop understanding of the flow characteristics and of the
influence of important parameters including geometry, Reynolds and Mach numbers,

and to make use of this understanding to improve design procedures.

Considerable theoretical, experimental, and computational work has been un-
dertaken in last years in an effort to understand the nature of three-dimensional flow

separation.

In most cases calculations have not been able to identify separation lines
mainly because the numerical methods used in three-dimensional boundary-layer
flows have not been sufficiently accurate to represent zones of influence and de-
pendence governing the three-dimensional boundary-layer development along the

surface. The difficulty of solving the Navier-Stokes equation for separated flows has
led to do solution of simplified problems.



Physical understanding is usually obtained from experimental investigations
and experimental results are essential to the developement and evalution of calcu-

lation methods, and it is useful to review them and the understanding which they

provide.

The interpretation of flow phenomena associated with separation is not always
straightforward and requires both skill and experience. Therefore, it is necessary
to examine in detail the various experimental techniques available in order to make
right choice for the given conditions of the experiment as well as for the particular

problem of flow separation that is to be studied.

The actual observance of flow may lead to an understanding of an obscure
flow phenomenon. Therefore, flow visualization based solely on observation and
needing to tedious data reduction is a very eflective and satisfactory technique for
obtaining qualitative information. Flow visualization techniques are often grouped
in two categories; those applicable to wind tunnels and those applicable to liquid
channels. In this study the oil-film technique was used. The surface streamline or
flow direction on the surface may be visualized by coating a surface with oil film.
Since a separation line is generally an envelope of surface streamline, the separation

line is detected by this technique.

The position of separation and characteristics of separated flow may be de-
termined by quantitative measurements, e.g., of the velocity profile, skin friction,
and heat transfer in neighbourhood of separation and within the separated region.
These physical measurements are generally tedious, expensive, and require consider-
able amount of data. Furthermore, since the shear layer of attached flow is usually

thin, the measuring devices must be accordingly small, and special techniques for



their manufacture are reqired.

In this study pressure distribution along the model symmetry axis is obtained
by measuring the pressures in various points. An adverse pressure gradient is a
necessary condition for flow separation on a continuous body surface. Hence, the
position of separation may be estimated for some cases by surveying the pressure dis-
tribution, for example, in the case of Jaminar flow over a surface where a sufficiently
strong adverse pressure gradient prevails. In this case, laminar flow separation may
be expected to occur downstream of the pressure minimum. As separation as ap-
proached, the shear layer grows rapidly. Therfore, an estimate of separation point

generally survey and measurement of the shear layer growth.

The velocity profiles of shear flows are commonly measured with a hot-wire
anemometer. The standard hot-wire anemometer consist essentially of a short length
of very fine wire supported between two metal prongs and heated electrically. The air
velocity is deduced from the cooling produced by the airflow. Method is satisfactory

for studying separation air speeds less then 30 m/s.

In the present work a blunt nose circular cylinder is used. Due to the mis-
sile aerodynamics, the flow separation on the blunt nose of a circular cylinder has
a practical importance in addition to its fundamente] importance. The blunt nose
separation‘depends on the geometry of the body, Reynolds and Mach numbers, and
angle of attack. In this study first the effect of the fineness ratio and then the effect
of Reynolds number on the‘ flow field around the circular cylinder was examined.
In examining the effect of the fineness ratio, flow visualization and pressure mea-

suring techniques were used. In examining the effect of Reynolds number, hot-wire

anemometer was employed.
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All the tests were carried out in ITU subsonic open-circuit wind tunnel with
a test section 50x50x200 cm. Separation and reattachment lines and critical points
on the body have been identified from the flow visualization, pressure, and hot-wire

measurements.

The results of the experiments and the discussion are given in Chapter 4.



CHAPTER 2
GENERAL CHARACTERISTICS OF FLOW SEPARATION

2.1 INTRODUCTION

This chapter attempts to outline the flow separation and describe the charac-
teristics and effects of parameters on this phenomenon. Because the phenomenon is
complicated, it is necessary to understand its physical aspects before making exper-

iments. So after giving a general brief about flow separation, the original present

studies and their results were examined.

2.2 GENERAL STRUCTURE OF FLOW SEPARATION

Under certain conditions, fluid flowing over bodies separates from wall sur-
faces, causing pressure, velocity and temperature conditions to change drastically
from conditions of flow attached along the wall. The subject of fluid flow separation
is one of the many aspects of viscous flow, which is very important but compli-
cated. Because of flow separation, energy is lost. In case of external flow at subsonic
speeds, such as in airborne vehicles, drag increases , lift decreases, and reverse flow
and stalling occur. Because of complexity of the problem, a rigorous definition of
flow separation should be made. The classical concept of flow separation is due to
viscosity [1]. When a fluid flow past a fixed body, because of the effect of the vis-
cosity, no matter how small, the layer of fluid immediately adjacent to the surface is
at rest. Away from the wall the fluid is in motion with certain velocity. This means
that as the solid surface is approached, fluid layers are retarded. The retardation

arises out of the action of the viscous forces. It is observed that for fluid with small
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viscosity, such as water and air, the retardation effects are confined only to a very

thin region close to the body.

In such a region the velocity rises rapidly from zero at the wall to its value in
the main stream. In that region the spatial rate of change of velocity in a direction
normal to the body is large, and consequently the viscous forces would not be neg-
ligible even if the viscosity were small. Outside that region the velocity gradients
are small and the viscous forces there would be negligible. The thin region close
to the body in which the viscosity effects are confined is called the boundary layer
[2]. Further features are that the boundary layer thickness grows generally rapidly
at and downstream of the separation line and the interaction between viscous and

inviscid flow becomes large [3].

When flow separations occurs near the front of a body, there is often the
possibility that the separated shear layer will reattach on a downstream portion of

the body surface. This depends on the body shape and on the ratio of its streamwise

to transverse dimensions [4].

In adition, a necassary condition for flow separation is the adverse pressure
gradient. The flow esparation is not only caused by a gradual process, but also by
a severe discontinuity of the tangent to the surface [1].

If the body surface is of finite dimension, then flow separation is inevitable
because the flow expands over the downstream edge and flows away from the wall.
Thus, flow separates at the trailing edge of a wing, around a corner of a rearward-

facing step, at a cavity; see Fig.2.1.
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Furthermore, flow also separates upstream of obstacles, such as a forward-
facing step, a spoiler, and so on. Because the fluid is not capable of reaching an
infinitely large velocity at the sharp corner, as the streamline along the wall ap-
proaches the obstacle, it leaves the wall. Fig.2.2 [5]. On sharp-edged, separation is
fixed at the salient edges, whereas on rounded bodies, the location of the separation

depends on the shape of the body and the state of the boundary layer {4].

The flow along a curved surface separates only if the streamwise pressure
gradient is positive (or adverse); this is shown in Fig.2.3 for subsonic flow. Thus the
separation point is located on the portion of the surface where the flow decelerates.

Downstream of separation, reverse flow may occur [5].

As shown in Fig.2.4, separation may occur at supersonic speeds if a shock
wave strongly interacts with the boundary layer and creates a sufficiently large rise

in pressure downstream from the shock interaction.

It is clear from these illustrations that the governing factors that causing
separation for both subsonic and supersonic flow are the finite dimension of the
body surface, the abrupt change of the geometrical shape of the body surface, the
viscosity, and either a continuous or discontinuous adverse pressure gradient which
reduces the streamwise kinetic enrgy of flow is used to overcome the pressure rise.
The first two items (the finite dimension of the body surface and abrupt change of the
geometrical surface configuration) are associated purely with the body configuration.
However, the flow that confronts the abrupt change of surface configuration may
also be associated with the adverse pressure gradient caused: (1) by the pressure of
existing wall surface upstream of a corner (Fig.2.2.a), or {2) by a pressure gradient

due to the formation of shock at a corner. In relation to fluid mechanics, these last
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two factors (adverse pressure gradient and viscosity) are essential for flow separation.

If one of these factors is missing, then flow can not separate

Figures 2.1 and 2.3 indicated that the vortices in the separated region are
formed in such a way that the direction of the surface streamline of the vortices is
toward the separation point and opposite to the surface streamline upstream from
it. Hence, the separation streamline may be regarded as the line that divides all the
surface streamlines into those coming from the separated and unseparated portions
of the flow. Two sets of surface streamlines of opposite flow direction meet at the

separation point. This phenomenon is the same for laminar as for turbulent flow [5].

In a two-dimensional steady flow, it is generally recognised that separation
occurs when the wall shear-stress vanishes at a certain point which is called separa-
tion point. Beyond the point, the wall shear-stress 7, is negative which corresponds
to a velocity distribution along the direction normal to the surface having a portion

close to the wall where the streamwise component U streams oppsite to that of the

outer main flow.

In most three-dimensional flows, such a definition becomes insufficient and
useless. Legendre [6] has shown that nearly all the observed surface flow patterns
belonging to what are called separated flows can be interpreted in a rational and
simple way by introducing a very limited number of elementary singularities into

the family of skin-friction lines of an isolated obstacle.

Singular points are classifiable into two main types: nodes and saddle points.
Nodes may be further subdivided into two subclasses: nodal points and foci (of
attachment and separation)
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A nodal point (Fig.2.5.a) is the point common to an infinite number of skin-
friction lines. At this point, all of the skin-friction lines except one (labelled AA in
Fig.2.5.a) are tangential to a single line BB. At a nodal point of attachment, all of
the skin-friction lines are directed outward away from the node. At a nodal point

of separation, all of the skin-friction lines are directed inward towards to node.

A spiral node (Fig.2.5.b) differs from a nodal point in Fig2.5.a, in that it has
no common tangent line. An infinite number of skin-friction lines spiral around the

singular point, either away from it (i.e., a focus of attachment) or into it (i.e., a

focus of separation).

At a saddle point (Fig.2.5.c), there are only two particular lines, CC and DD,
that pass through the singular point. The directions on either side of the singular
point are inward on one particular line and outward on the other particular line. All
of the other skin-friction lines miss the singular point and take directions consistent
with the directions of the adjacent particular lines. These particular lines are barriers

in the field of skin-friction lines, making one set of skin-friction lines inaccessible to

an adjacent set.

Above-mentioned singu]ar points, acting either in isolation or in combination,
fulfil certain characteristic fuctions which largely determine the distribution of skin-
friction lines on the surface. The nodal point of attachment is typically a stagnation
point on a forward facing surface, such as the nose of a body, where the external
flow from the upstream thereby acts as a source of skin-friction lines thet emerge
from the point and spread out over the surface. Conversely, the nodal point of
separation is typically a point on a rearward-facing surface, and acts as a sink where

the skin-friction lines that have circumscribed the body surface may vanish. The
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Figure 2.5 Singular point [6}.

SADDLE

ATTACHMENT
LINE

NODE

Figure 2.6 Example of adjecent node and a saddle point [6].
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saddle point acts typically to separate the skin-friction lines issuing from adjacent
podes. An example of the saddle point is illustrated in Fig.2.6. Skin-friction lines
emerging from the nodal points of attachment are prevented from crossing by the
presence of a particular skin-friction line emerging from the saddle point. The
particular skin-friction line is called a line of separation. Skin-friction lines from

either side lend to converge on the line of separation.

As shown by analysis of three-dimensional shear-layer, the necessary condition
for separation of three-dimensional flow is that the derivative of a velocity component
pormal to the separation line at the wall must vanish. But this is not a sufficient
condition for separation; the velocity of three-dimensional flows must be described by
more then a single component. If the derivative of one of the velocity components
vanishes, it may merily cause a change in the direction of the surface flow. The

sufficient conditions are illustrated by the examples:

Maskell has clarified the matter conceptually by distinguishing between two
types of three-dimensional behaviour: (1) ordinary separation, resulting in a shear
layer, and (2) singular separation resulting in a bubble formation. In either case,
Maskell notes that separation is characterised by the meeting and combining of
two limiting streamlines on the surface, one from the main stream and one from
the separated region. The two streamlines join together in one dividing stream-
line which lies between the separated mainstream regions. If the two streamlines
meet tangentally, the dividing streamline may gradually bend away from the surface
(Fig.2.7.a-b). Maskell terms this ordinary three-dimensional separation. If the two
surface streamlines meet head on, the dividing streamline breaks away abruptly, as

in two-dimensional separation; Maskell terms this singular separation (Fig.2.7.c-d).
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If the flow is truly three-dimensional, singular separation will only occur at

isolated points, typically in a plane of symmetry or along a stagnation streamline in
the surface 7).

The topological approach used by Tobak and Peake and the phenomenological
approach used by Wang have led to the definition of two classes of three-dimensional
flow separation. The first class of separation, called global separation by Tobak and
Peake and closed separation by Wang, has a saddle point associated with the flow
separation, and the separation line is defined as one of the lines that pass through
the saddle point Fig.2.7. Chapman subdivide this class of separation: (1) Horse-shoe

type separation, (2) crossflow separation.

The second class of separation, called local separation by Tobak and Peake,
open separation by Wang, and crossflow separation by Chapman, developes gradu-
ally and results when the limitting streamlines squeeze together and fluid is forced
away from the surface (Fig.2.7). There are no sudden changes when crossflow sepa-
ration begins, and its onset is not easily defined. Furthermore, since no saddle points
are associated with crossflow separation, the separation line can not be defined as
a line that passes through a saddle point. Instead, the separation line generally is

defined to be a line on which skin-friction lines converge (8].

Prandtl, founder of the boundary layer, explained the physical phenomenon of
separation in this way: Consider the velocity profile of a two-dimensional or axially
symmetric boundary layer upstream from separation where the pressure gradient is
continuous and adverse (Fig.2.8). Within the thin boundary layer of thickness 4,
the effect of viscosity is such that a strong velocity gradient fu/6y prevails near the

wall. The flow velocity at the wall is zero, and with increasing distance y,u grows
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rapidly and gradually approaches the magnitude of Uy, the inviscid flow velocity at
the outer edge of the boundary layer. Compared to the main stream, the retarded
flow in the boundary layer suffers a relatively greater deceleration, and, since the
momentum of the flow near the wall is small, the ability of the fluid to move forward
against the pressure rise is also limited. This small amount of momentum and energy
along the body surface is eventually used up downstream in order to overcome the
pressure rise and friction. Hence, the fluid particles are finally brought to rest.
Because the main stream itself is decelerating, it is unable to energise the fluid in
the boundary layer and accelerate. Thus, when the surface streamline reaches the
point on the wall where (§4/6y),=0 (or zero stress position), it begins to break away
from the wall and separates the flow from the surface. The zero stress condition
also implies that 7, changes at this point from a positive to a negative value. If 7,
is negative, then 6u/fy is negative at the wall, or  is negative near the wall. Thus

reverse flow occurs downstream from the separation point.

As seen from Fig.2.8, the velocity profile downstream at the separation point
of inflection. Upstream of separation §u/fy > 0 at the wall. At the edge of the
boundary layer where the viscosity effect vanishes and §u/6y =0, the magnitude of
6u /6y decreases and 62u/6y* becomes negative. Hence, at a certain normal distance
from the wall, 2u/6y2 becomes equal to zero and the velocity profile will have a point
of inflection. When ihe velocity profile has a point of inflection, then flow is unstable
and tends to become turbulent. The line which starts at the point of separation and
connects the point of zero velocity within the viscous layer apart from the wall may
be defined as the zero velocity line, as shown in Fig.2.8. By finding the zero velocity
line, a measure of deviation of stream lines due to separation and a boundary of a
region of vortices can be obtained. Because of the deviation of potential flow stream
lines due to separation and formation of vortices in the separated region, the flow

separation causes loss of energy. If a mixing of the slower fluid near the wall with
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faster fluid further out will take place, then the forward movement of fluid against
the pressure rise and friction will be facilitated because of the increased momentum

and energy of the fluid near the wall.

The viscous mixing of the fluid can increase the momentum near the wall. By
its nature, turbulent flow provides such mixing of the slower fluid near the wall (the
faster fluid is farther out). This increases momentum near the wall and results in
a change in the velocity profile. Compare Fig.2.9.b to the laminar velocity profile
shown in Fig.2.9.a. These figures also indicate that the velocity is steeper in a
turbulent than in a laminar boundary layer [1).

Hence, turbulent flow facilitates the streamwise movement of the fluid against

the pressure rise and friction. Therefore, turbulent flow separates farther down-

stream then does laminar flow.

The separated flow region is often called the dead water” region, but dead
does not necessarily mean the zero velocity. Actually, even though flow separa-
tion takes place over or behind the two-dimensional surfaces, this region consists

of a complex vertical, unsteady three-dimensional flow that often has considerable

velocity.

The major features of flow in the vicinity of transitional separation bubbles |
are shown in Fig.2.10. Downstream of the laminar separation point, a wedge of
recirculating fluid developes that is bounded by the airfoil surface and the separated
shear layer. This fluid wedge makes up the laminar portion of the separation bubble.
The magnitude of reverse flow velocities in this region is typically very small, on the

order of a few percent of that at the edge of the shear layer. The displacement effect
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of this wedge of fluid on the external flow causes a reduction in the adverse pressure
gradient that would exist if the bubble were absent. In many cases, the gradient in
surface pressure in this region is reduced approximately to zero. Once transition of
the separated shear layer has occured momentum exchange across this layer by the
turbulent mixing process reduces the vertical extent of the reverse-flow layer and also
the displacement effect of the bubble. A deceleration of the external flow over the
bubble‘s turbulent portion results with an accompanying adverse pressure gradient.
The magnitude of the reverse-flow velocities are much larger in this region., on the
order of 20 % of Uwo. If the bubble is small relative to the airfoils' chord, the external
velocities at the separation and reattachment point are nearly equal to those that
would be present at those locations if no bubble had formed. This type of separation
bubble is generally referred to as a *short bubble”. If the local Reynolds number
is low enough and the pressure gradient is sufficiently steep, the turbulent mixing
process is unable to produce flow reattachment. Under these conditions, the bubble
"bursts”: separated flow extends over much of the airfoil, which causes the airfoil‘s
pressure distribution to collapse. Since this also a reduction in the adverse pressure

gradient, reattachment eventually may take place. The length of the resulting *long
bubble” can be in the order of airfoil’s chord [9].

The separation bubble may be divided into three parts, namely viscous flow

inside, the turbulent mixing region of reattachment, and the inviscid external flow.

It is assumed that the bubble is closed so that a ®zero® stream line leaves the
surface at S and reattaches at A. The boundary layer is of finite thickness at S, and
since there is no longer a boundary condition requiring zero tangential velocity along
the zero streamline (as there is no solid surface), the shear layer must be diffuse and
extend inside the zero stream line. The fluid is thus set into motion inside the

bubble and there circulatory flow exists satisfaying the continuity requirement for
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closed bubble. As Fig.2.10 shows, at the rear end of the bubble, the stream line
widens considerably. It may be assumed that there is transition to turbulent flow
near station (1) or slightly farther upstream. Because the transition from laminar to
turbulent flow in the boundary layer becomes most clearly discernible by a sudden
and large increase in the boundary-layer thickness and in the shearing stress near
the wall [10]. The velocity profile at station (2) will show the vertical tangent
characteristics of a separation profile. The pressure between S and P1 is nearly

constant, but between P1 and A a large pressure change exists [1].

Prandt! showed that separation is caused by excessive momentum loss near the
wall in a boundary layer trying to move downstream against in increasing pressure,
6pféz > 0, which is called an adverse pressure gradient. The opposite case of

decreasing pressure, 6p/6z, is called a favourable gradient, where flow separation

can never occur.

Fig.2.11 illustrates the general shapes of velocity profiles with separation and

without separation [11].

Fig.2.12 shows some experimental profiles of u/U, vs y /6 for various pressure

gradients, in turbulent flow.

The profile shape a distinctive look about them that seems to spell analytic
trouble: they are about as laminar as they can possibly be. They seem to smash
up against the wall as if there were velocity slip at the wall; actually, they drop
linearly to zero within a thickness to small to be seen. For the uppermost profile,
for example, the linear (viscous) drop-off in the region 0 < y/é < .002. The profiles
also seem to have a characteristic concavity near y/6 = .2. This is the beginning of
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the outer (fully turbulent) layer {7].

Fig.2.13 shows the region of transition to turbulent flow. The left-hand figure
shows typical distribution of mean velocity in the boundary layer just before and just
after the onset of turbulence. The right-hand figure shows the variation of pressure

in a pitot tube moved through the transition region along lines prallel to the wing

surface at various distance from it [12].

Very little is still known of details of the flow structure in the reattaching zone
where the separated shear layer reattaches onto a solid surface. The behaviour of
large-scale vortices in the reattaching zone play a decisive role in determining flow
properties not only in the separation bubble but in the developing region downstream

of the bubble. Fig.2.14 gives a sketch of turbulent separation bubble.

The reattachment of a mixing layer at the end of a separation bubble is an
example of a flow in which shear layer changes its species (i.e. its name); after
reattachment to the surface, the mixing layer is called a boundary layer, although
it is clear that relaxation from the turbulence structure typical of mixing to that

typical of a boundary layer will not be instantaneous [14].

Free stream turbulence is the name given to the background level of random,
three-dimensional velocity fluctuations present in every fluid stream. The turbulence
intensity is usually defined as the ratio of the r.m.s. velocity fluctuation of the
streamwise component, ', to the mean flow velocity. It is customary to describe
the magnitude of the intensity in relative terms such as: *high®, meaning more than
10 % or so and found, for example, in the natural wind; low”, meaning less than

about 5 % ; or *very low”, usually meaning less then 1 % which corresponds to the



Figure 2.14 Configuration of flow on the blunt plate [13].
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levels found in low-turbulence wind tunnels.

The presence of turbulence in the free stream tends to increase skin friction.
Two basic mechanisms are responsible: one is that boundary undergoes transition
to turbulence earlier, with an attendant increase in skin-friction coefficient from
laminar values to turbulent ones. The other mechanism is the increased mixing and

momentum transfer under the influence of free stream turbulence {4].

The back step flow configuration, investigated by Gai and Sharma [15] provides
a simplest example of the phenomenon of separation, recirculation, reattachment and
subsequent relaxation of the shear layer. Fig.2.15 shows the pressure distribution
for the plain rearward facing steps where h/6s = 0 (1) (6s: boundary layer at
separation) and for different blockage ratios. It is noted that the decrease in pressure

in the relaxation region is quite slow.

The flow over a delta wing at incidence separates at the leading edge and
reattaches on the upper surface. As the flow moves spanwise from the reattachment
line, a secondary separation line forms near the leading edge and both lines lie on

conical rays through the vortex of the wing.

When the leading edge of a delta wing is sharp, the flow separates at the
leading edge and a spiral vortex sheet occurs like that in Fig.2.16.
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Figure 2.16 a) inviscid vortex flow over delta wing, b) upper surface flow geometry [16].
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However the theoretical pressures on the upper surface were found to drop
below the experimental data near the leading edge. Horvey and Hummel show that
this difference is due to a secondary separation on the upper surface that produce a

secondary vortex in the opposite direction of the primary vortex (see Fig.2.16).

The secondary vortex increases the surface pressures in the region below it.
The reattachment line is the line where the stream surface moves over the top of the

primary vortex and reattaches to the upper surface [16).

In order to obtain such information directly, Dianat and Castro [17] had made
quantitative measurements of the mean and fluctuating skin-friction field on the top
surface of various three-dimensional bodies in a thick turbulent boundary layer, and
the results were given in Fig.2.17.

Fig.2.17 shows the centerline (y=0) mean flow streamlines suggested in Ref.[17]
pear the leading edge. Fig.2.17.c entails a high curvature of the separating shear
layer since this is almost certainly laminar initially, it could be argued that such a
high curvature is inherently unlikely. The flow in Fig.2.17.d with fluid being ejected
spanwise near the free nodes, circumvents the difficulty. It must be emphasised,
however, that the physical scale of this region is exceedingly small, and neither the
mean nor the fluctuating surface shear stress data can be used confidently to deduce

the leading edge behaviour with any certainty.

The effect of turbulence and shear on the flow around square cylinders has
been investigated by Adatia [18] for models with and without free end. It has been
found that end plates are necessary to simulate a two-dimensional flow condition.

According the experiment results the sketch of the flow separation around square
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cylinders were given in Fig.2.18 and Fig.2.19.

Cherry, Hillier and Latour [19] has investigated the unsteady separated and
reattaching flow formed by two-dimensional rectangular leading-edge geometry. This
geometry was selected because of two important simplifying features: the geometri-
cally fixed separation positions, and the highly favourable pressure gradient on the
front face which means that the separating shear layer is extremely thin compared
with the overall bubble scale. A schematic view of mean-flow field and mean-pressure

distribution is given in Fig.2.20.

Experiments which were performed by Ruderich and Fernholz [20] in the highly
turbulent and disturbed flow over a bluff plate with a long splitter in its plane of
symmetry. The flow separates at the sharp bevelled edge of the bluff plate, forms
a free shear layer on top of the reverse-flow region which is bounded on its other
side by the splitter plate, and reattaches on the splitter plate over a narrow region
curved in spanwise direction. The schematic diagram of the mean flow and the

corresponding pressure distribution is given in Fig.2.21.

Fig.2.22 shows a sequence of mean-velocity profiles through the reverse-flow
and reattachment region into the attached shear layer. The most obvious features
are velocity maxima and minima of the profiles in the reverse-flow region, and their
rather fast disappearance in the attached flow. The maximum velocity remains every

where higher than the upstream velocity U, which is indicative of the blockage
effect of the flow.

Uses and (y — yres)/z are the dimensionless length scale for the present flow.
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Hear U,.;, which is Upaz O .5Uma; and easier to determine downstream from reat-
tachment, would be appropriate reference velocity. y.; denotes the locus of U,.s. Iif
one is prepared to accept a less general similarity concept than self-similarity, that
of "profile similarity” may be used instead. Profile families are defined as showing
profile similarity if individual profiles collapse on a single curve. This is achieved
by making the profile data dimensionless by the respective maximum value and by

plotting them against (§ ~ Ymas)/z, Where ymq. is the locus of the maximum velocity.

An experimental investigation of spontaneous and forced transition on a secant-
ogive-nose axisymmetric body was conducted for Reynolds number based on the
model length by Kegelman and Mueller [21]. In Fig.2.23 the velocity and turbulence

intensity profiles that they had measured were given.
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Figure 2.23 Boundary layer and turbulence intensity profiles for ogive nose
axisymmetric body [21].



CHAPTER 3
INSTRUMENTATION AND EXPERIMENTAL TECHNIQUES.

3.1 INTRODUCTION

This chapter, consists of the experimental investigation performed in the
present work. The wind tunnel where the experiments were carried out, the models,

and the experimental techniques used in these experiments were explained.

3.2 WIND TUNNEL

The experimental study were carried out in ITU‘s open-circuit wind tunnel
with a test section of 50x50x200cm. This tunnel has a variable speed up to 30 m/s.
A schematic view of the tunnel is given in Fig.3.1. In the experiments the uniform

air flow velocity was 10 m/s at the test section of the tunnel and in this velocity the

turbulence intensity was about .3

The velocity and turbulence profiles of the boundary layer on the test section
wall at a certain station are given in Fig.3.2. By using the velocity profile, the

boundary layer thickness was obtained as 2.6 cm.

In order to find the flow quality in the test section, pressure distribution
along the test room, founded without and with model, are given in Fig.3.3. Asit can
be seen from the figure, after mid point of the test section air flow begins to decelerate

which means that the cross-sectional area of the test section becomes larger. But
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when there is a model, the cross-sectional area of the test section reduces, so the air

flow becomes more uniform relativc to the conditions without model.

3.3 MODELS

In this study three groups of circular cylinders produced at the Trisonic
Laboratory of ITU were used.

In the investigation of the flow field qualitatively by using flow visualization
technique, with the oil-film method, four circular cylinder with different fineness
ratios (d=50mm, L/d=3.1,4.0,5.0,9.2) were used. The geometric features of these

models are shown in Fig.3.4.a.

In the investigation of the pressure distribution, to find the effect of the
fineness ratio to flow field, 9 different circular cylinder with different fineness ratios
(d=50mm, L/d=3.1,4.0,5.0,5.94,6.92,7.5,7.92,8.28,9.16) were used. In order to mea-
sure the static pressures on the surface of the models there were 18 holes opened
on the model surface of each model along the symmetry-axis. Then metalic pipes
with 1.1 mm outer diameter (injection pipes) were settled down in these holes. Plas-
tic tubes with 1.1 mm inner diameter and 2.3m length were used in the connection
between the pressure taps and the measurement instrument, micromanometer. The

geometric features of these models and the place of the pressure taps are shown in

Fig.3.4.b.

The velocity and turbulence intensity profiles were measured with hot-wire
anemometer. In these experiments 3 circular cylinder with the same fineness ra-
tio and with different Reynolds pumber based on the cylinder diameter (Req =

3.45210*,5.18210%,7.59210*) were used. The geometric features of these models are
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Figure 3.4 Geometric features of the models;

a) flow visualization models,
b) pressure measurements models,
¢} hot-wire models.
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shown in Fig.3.4.c.

3.4 EXPERIMENTAL TECHNIQUES

In this study three different experimental methods were used: Flow visu-
alization and static pressure measurement techniques for investigating the effect of
the fineness ratio on the flow field. Hot-wire anemometer was used for finding the

velocity and turbulence intensity profiles

3.4.1 FLOW VISUALIZATION EXPERIMENTS

After many years of wind tunnel practice the surface oil flow technique is
taken a standard technique for experimentation. This technique enables one to
quickly and easily a picture of the flow pattern close to the surface of a solid body
exposed to an airflow. The surface is coated with a specially prepared paint consist-
ing of a suitable oil and a fine pigment that yields the colour to mixture. Due to
the frictional forces, the air stream carries the oil with it, and the remaining streaky
deposit of the pigment gives an information on the direction of flow and allows one
to observe, in particular, the line of separation and reattachment [22]. The special
physical and optical properties of oil permit flow to be observed at two or more
conditions during a single test provided that sufficient time is allowed for each pro-
ceeding pattern to be obliterated and the next succeding one to be established [5].
The surface oil-flow technique can only be of a qualitative nature, and questions arise
concerning the reliability of the indicated flow direction and presence of the oil sheet
effects the original air flow. It is obvious that this technique is not able to show
correctly the pattern of an unsteady flow [23].

In the present work ol used for surface flow visualization consists of a proper

mixture of gasoline, carbon dust, and conventional motor oil with No:10. The surface
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of the models were painted white so that the oil flow pattern could be visualized
easily. If the oil film is thin and pure enough then it takes an identical form of
the skin-friction lines. If the skin-friction lines converge to a particular line then oil
accumulates on this line and this line is called the separatson line. If the skin-friction

lines diverge from a particular line, then this line is called the reattachment line [24].

The height of the oil accumulation line in a pattern is considerably less then
0.1 mm. Therefore it is expected that the interaction of oil with the separated flow
and the displacement of the oil line from the separation line to be negligible [22].

In the present study, oil-film technique was used to find effect of the fineness
ratio on the flow field around the circular cylinder with 4 different fineness ratios and

at 10 m/s mean velocity conditions.

In the experiments after painting the model with proper mixture, the pho-
tographs were taken by camera while the tunnel was running. These photographs
are given in Chapter 4. From the photographs limit flow patterns, separation and
reattachment lines, can be easily obtained. The results are given in Chapter 4.

3.4.2 PRESSURE MEASUREMENTS

In the investigation of the eflect of the fineness ratio on the flow field around
circular cylinder, by using pressure measurement technique, 9 different models were
used. Static pressure at the model surface were taken from the presure taps which

were placed lying on the model surface from nose to 4d distance in the axis-symmetry

direction.

One from the two micromanometers that were used in the experiments was



-39-

used to measure the dynamic pressure (go,) and the other was used to find the
difference between the static pressure of each tap that was placed on the model

surface (F;) and the static pressure of mean flow (Py)

The experimental equipment is given in Fig.3.5. as it can be seen from this
figure, the dynamic pressure of mean flow (go,) was measured as mmH,O by using

the wall pressure taps of the wind tunne] settling room and test section.

In order to measure the difference between the static pressure of the tap
on the surface (P;) and the static pressure of the mean flow (Py), one input of the
micromanometer was connected with pressure tap that chosen and the other was
connected with the test section static pressure tap. So the value of (P; — Py} was

measured as mmH,0.

The pressure coefficient was calculated with the equation:

Pi - Pco
Cp:T (31)

Experiments were made in the mean flow velocity of 10 m/s, so in a constant
dynamic pressure. But in order to take care of the fluctuations in the mean flow

velocity, dynamic pressure (go) values were measured corresponding to each (P, —
Po) values.

In the measurements of the pressure the measurement errors and the stan-
dard deviation was calculated from the data. In the measurements of dynamic pres-
sure the relative error is .23 mmH,0O and relative error is .009. The standard devi-

ation these measurements is .26 mmH,0. In the measurements of the difference of
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of the static pressures the relative error is .08 and the standard deviation is .05

mmﬂgo

Tunnel blockage ratio is calculated from the division of the maximum cross

section area (A;) and it was founded as (A, [A;)=.038. As it was very little than .1,
the effect of the blockage ratio is negligible.

3.4.3 HOT-WIRE ANEMOMETER

The hot-wire anemometer has been used for many years as a research tool
in fluid mechanics. In spite of the introduction of new velocity measurement systems
(i.e. the Laser Doppler Velocimeter), its applications are still expanding. The hot-
wire anemometer is still the only instrument delivering at the output a truly analogue

representataion of the velocity fluctuations.

A hot-wire anemometer has two main advantages over a pitot tube: 1) Its
small size makes it possible to place the instrument very close to the wall, 2} Its

extremely rapid response allows instantaneous velocity fluctuations, especially those

of turbulent flow, to be measured.

The standard hot-wire anemometer probe consists essentially a short length
of very fine wire supported between two metal prongs and heated electrically. The
hot-wire is aligned normal to the air stream. The air velocity is deduced from the
cooling produced by the airflow, either by recording the current needed to maintain

a constant wire temperature or by measuring the potential difference across the wire

with a constant current passing through it.
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In this study, in the boundary-layer experiments, for the hot-wire measure- |
ments a constant temperature hot-wire anemometer (CTA) system of DISA com-
ponents (55M10 constant Temperature Anemometer, 55D25 Auxiliary Unit, 55D31
Digital Voltmeter, 55D35 RMS Unit, 55D15 Linearizer, 52C01 External Stepper Mo-
tor, 52B01 Sweep Drive Unit, a standard type hot-wire probe DISA P11} was used.
Mean velocity and RMS outputs of the anemometer were digitized by a data acquisi-
tion unit. During the hot-wire measurements, mean velocity and turbulence velocity
outputs of the hot-wire anemometer were taken by a personal computer with 80386
micro-processor. The units and connection diagram of the system is given in Fig.3.6.

The calibration of the hot-wire probe was made by using the wind tunnel.

There is a relation between the voltage output of the anemometer (E) in

CTA-hot-wire system and airflow velocity (U):

E? = E} + BaUYm (3.2)

Here, B and m are the constants of hot-wire probe and the difference of the temper-
ature between the hot-wire and fluid (air) circumstances. E, is the voltage output
of the anemometer when air velocity is zero. If there is a linearizer in CTA-hot-wire
system, there is a linear relation between the voltage output of the linearizer (£;)

and air velocity (U):

U = KzE, (3.3)

In the equations the dimension of the E and E, is volt and the dimension of the U
is m/s. In the equation 3.3, K is a constant and in order to make the value of K as

10 the linearizer can be regulated [25].
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: DISA, 55M10 CTA (55M01 Main Unit, 55M05 Power Pack)
: DISA, 55D25 Auxiliary Unit (Filter)

: DISA, Digital Voltmeter (D.C)

: DISA, 55D35 RMS Unit

: DISA, 55D15 Linearizer and 52A40 Power Supply

: DISA, Hot-wire probe (i.e. A25, P01)

: DISA, Hatching Mechanism

: DISA, 52C01 External Stepper Motor

: DISA, 52B01 Sweep Drive Unit
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10 : DISA, Data Acquasition System

11 : Personnel Competer

Figure 3.6 The unites and connection diagram of CTA Hot-wire system.
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The outputs of a hot-wire anemometer do not indicate the flow direction;
in other words, the mean velocity output of the hot-wire anemometer is always
positive. However, the reverse flow in the recirculating region could be identified
with an increase and then a decrease in the positive voltage as the probe approached
the surface, as may be seen in Fig.3.17. It is also known that high turbulence, which
exists in and near a recirculation region, makes a contribution to the mean velocity
output of the hot-wire anemometer. Consequently, the mean velocity output of the
anemometer for the zero mean velocity point in the recirculation region indicates a
positive value instead of a zero value. Therfore, in Fig 3.7 (26], point A corresponds
to the zero mean velocity point A’. The shift between the points A and A’ is the
contribution of turbulence to the mean velocity output of the anemometer. The mean
velocity output of the anemometer for the points between point A and the surface
corresponds to the reverse flow in the recirculation region and should be considered
as negative although it is displayed as positive [26]. But in this study the mean
velocity output of the anemometer for the recirculation regions were corrected like
that: first the point A was shifted to the point A” and then the signs of the outputs
of the anemometer for the points between the beginning of the reverse flow and the

surface shifted to negative, as seen again from Fig.3.7.

The error of the pressure measurements is given in Section3.4.2. The relative
error in the measurements of the velocity with hot-wire anemometer is ¥ .1 m/s and

in the measurements of the turbulence is F .002 m/s.

The results of the hot-wire experiments are given in Chapter 4.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 INTRODUCTION

In this Chapter the results of the experiments are given including the pho-
tographs taken from oil-film technique, the pressure distributions and velocity and
turbulence intensity profiles of the flow around the circular cylinders with different

Reynolds pumber based on the model diameter. Then the discussion of the results

are made.

4.2 RESULTS OF THE EXPERIMENTS

In examining the effect of the fineness ratio on the flow field around circular
cylinder by using oil-film technique, four models were used. The fineness ratio (L/d,
d=50mm) of these models are 3.1,4.0,5.0, and 9.2. The photographs which were

taken by a camera is given in Fig.4.1.

In the investigation of the pressure distribution, to find the effect of the fine-
ness ratio to flow field around circular cylinder, nine models were used. The fineness
ratio (L/d, d=50mm) of these models are 3.1,4.0,5.0,5.94,6.92, 7.5,7.92,8.28.and 9.2.
The results of the pressure measurements are given in Fig.4.2. In the graphic x-axis
denotes the dimensionless change of the longitudinal distance of the point from the
beginning of the model. Y-axis denotes the pressure coefficient C,.
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The mean velocity and turbulence intensity profiles were measured with
hot-wire anemometer. In the experiments the measurements of mean velocity and
turbulence were made in various stations. According to these measurements which
were made perpendicular to the axis symmetry line, the velocity and turbulence
outputs of the CTA-hot-wire system were taken and drawn by a personel computer

with 80386 micro-processor.

In the hot-wire anemometer experiments to find the eflect of the Reynolds
number to the flow field around circular cylinder, three models were used. The
fineness ratio of these models are constant (l/d=7.5) and the Reynolds numbers
based on the model diameter are 3.45z10%, 5.18X104, 7.59210.

Measurements of the velocity and turbulence intensity were made at 23 dif-
ferent stations in the longitudinal direction on each model. For an example the
velocity and turbulence intensity graphics at each station for Model 1 is given one
by one in Appendix A. In these graphics x-axis denotes a) dimensionless velocity
(4/Us) and b} turbulence intensity. Y-axis denotes the distance of the measurement

point from the model surface in perpendicular direction to the axis symmetry axis.

In order to compare the pressure measurements with hot-wire measurements,
the longitudinal pressure coefficient distribution and the longitudinal mean velocity
profiles measured at all stations aroun Model 1 are given in Fig.4.3. In the figure the
limit streamlines (¢ = 0), around the recirculation region, obtained by using mean

velocity profiles and the equation

(Uned) = [ (U UMls/) =0 (41)
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Here ¢ is stream function [25).

The longitudinal mean and turbulence velocity profiles measured at all sta-

tions around the Model 1,2, and 3 are given in the order with Fig.4.4, 4.5, and
4.6.

In order to see the eflect of the Reynolds number on the flow field around
circular cylinder, the velocity and turbulence profiles for three Reynolds number
were drawn together. The velocity and turbulence profiles are given for y, distance

between the point and the model surface, in Fig.4.7, and for y/é, dimensionless
distance, in Fig.4.8.

By using Fig.4.4, 4.5, and 4.6, the boundary layer thickness ¢ which corre-
sponds to the distance of the point, where the mean air flow reaches 99 % of uniform
flow velocity, from the surface were founded. The variation of the boundary layer
thickness, 6, versus dimensionless longitudinal distance (z/d) is given in Fig.4.9.a
and in logarithmic axis in Fig.4.9.b.

As it can be seen from the Fig.4.4, 4.5, and 4.6, on the recirculation region
mean velocity values reach a value greater than 1 and then go to 1. So in this
region it can not be defined that the boundary layer thickness as the distance of
the point where air velocity reaches 99 % of U, from the surface. In this region
boundary layer thickness §* was chosen as the distance of the point where air velocity
reaches 101 % of Uy, from the surface. Than the variation of the boundary layer
thickness, ', versus dimensionless longitudinal distance (z/d) is given in Fig.4.10.a
and in logarithmic axes in Fig.4.10.b.
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By using Fig.4.4, 4.5, and 4.6, the value of the maximum turbulent intensities
and their y distance from the model surface for each turbulence profile were founded.
The variation between maximum value of the turbulence and its y distance from
the model surface, versus the dimensionless longitudinal distance (z/d) is given in

Fig.4.11.

By using the dimensionless length scale suggested in Ref.[20], it is tried to
have a similar velocity profile for all velocity profiles along the model surface. The
method was used first for Model 1 and the result is given in Fig.4.12.a. Fig.4.12.b
is drawn for only after reattachment velocity profiles. Finding of the y,.; and U,y
which were used in the graphics is explained in Chapter 2 or Ref.[20]. (U,e; = .5Us)

The same method was used for Model 2, and 3 and the results are given in
Fig.4.13.a and Fig.4.13.b.

In order to compare the results that were taken for each model, some group
of stations before reattachment and after reattachment for each model were drawn

and are shown in Fig.4.14.a and Fig.4.14.b.
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Figure 4.1 The photographs which were taken by camera in the flow visualiza-

tion experiments.
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4.3 DISCUSSION

The photographs obtained from the flow visualization tests are given in

Fig.4.1. The flow structure described by the flow visualization tests is sketched
qualitatively in Fig.4.15.

:

]
"I,—"‘r

I

3

Fig.4.15. a sketch of the flow structure drawn from the flow visualization
tests.

Here, X is the distance of the secondary separation point from the beginning
of the model nose and X, is the distance of the flow reattachment point again from

the beginning of the model nose. Table 1 was prepared by measuring X, and X;
values from the photographs.
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Table 1 : The lengths of the recirculation regions obtain from flow visual-

ization tests.

MODEL | L(mm) | L/d | X,/d | X,/d
1 375 {31 ] 60 | 179
83 | 40| 58 | 1.83
61.0 |50 | 58 | 1.90 H
1108 |92 | 58 | 191 ]I

o | W |

As it can be seen from the Table 1 that the distance of the reattachment
point from the model nose is increasing with increasing fineness ratio values till the
value of 5.0. This means that the fineness ratio is an important parameter for flow
field around the circular cylinder. If the fineness ratio increases from 5 to upper
values, there is no change in the place of the reattachment point. So if the fineness
ratios of the circular cylinders are taken as 7.5, the effect of fineness ratio is removed

in the experiments in which the effects of the Reynolds number are investigated.

According to graphics taken from pressure measurements which are given in
Fig.4.2, the same decisions which are determined in flow visualization tests, can be
made for the effect of the fineness ratio. With increasing of the fineness ratio values
the flow on the back part of the model surface begins to accelerate and reaches the

zero value of the pressure coefficient earlier.

After examining the flow visualization photographs and pressure coefficient
distribution, the fineness ratio were taken as 7.5 for the circular cylinders that were

used in hot-wire measurements where the effect of the Reynolds pumber was inves-

tigated.



In Fig.4.3 where the velocity and pressure coefficient distribution are given
together to make comparison, it can be seen that the reattachment point corresponds
to a point before the maximum value of pressure coefficient C;. This result is similar
with the studies which are given in Ref.[15] and [20]. The point where the value of
the pressure coefficient is minimum corresponds to a station in velocity profile where

the value of the reverse flow velocity is maximum and maximum height of the bubble.

In Figs.4.4, 4.5, and 4.6 where the velocity and turbulence intensity profiles
are given for three models with different Reynolds number based on the model diam-
eter, it can be seen that as the circular cylinder has a blunt nose, the flow separation
began at the nose, than bubble occured. The height of the bubble grown slowly and
after a maximum value it began to decrease and finished at the reattachment point.
In the separation bubble reverse flow occured but as the hot-wire anemometer can
not show negative velocity values, the velocity data was corrected with a method
which was explained in Section 3.4.3. After reattachment point velocity profiles
seem to profiles of boundary layers without separation. According to the turbulence
intensity profiles, separation bubble can be regarded as a solid surface.

As it can be seen from the Fig.4.7 that the dimensions of the separation

bubble grown with Reynolds number increasements.

The boundary layer thickness é grown along longitudinal direction and Reynolds
number (Fig.4.9.a).

The alternative boundary layer thickness 6 showed an intersting develop-
ment. Till reattachment point the boundary layer thickness 6’ increase and then
decreases like the bubble height. It reached the maximum value where the bubble
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height was in maximum value. After reattachment point boundary layer thickness
§' grown slowly. According to the Fig.4.10.b which was drawn in logarithmic axes

the distributions of 6 for each model collapsed approximately in one curve.

The graphic of the variation of the maximum value of the turbulence velocity
with z/d (Fig.4.11.a) indicates that the maximum turbulence velocity increases with

the Reynolds number increasements.

In order to have a universal curve for velocity profiles, the velocity « and
the distance y are made dimensionless by the same reference velocity (.5Um..) and
the same dimensionless lengthscale. By using that dimensionless axes, the velocity

profiles collapsed in one curve especially at the locations after reattachment.



CHAPTER §
CONCLUSIONS

An experimental investigation about the effect of the Reynolds number on
the flow field around circular cylinder with blunt nose was made at 10 m/s air speed
and at Reynolds numbers 3.35210¢, 5.18210*%, and 7.59210%. In the experiments three
different experimental methods were used: flow visualization and pressure measure-
ments techniques for investigating the effect of the fineness ratio on the flow field
around circular cylinder. Hot-wire anemometer was used for finding the velocity and

turbulence intensity profiles.

According to flow visualization photographs, in order to eliminate the effect
of the fineness ratio to the flow field, the fineness ratio must be greater than 5 or
6. The pressure coefficient distribution confirm this result. So in the experiments

for investigating the effects of the Reynolds number, the model fineness ratios were
taken as 7.5.

By using the photographs of oil-film technique, the distance of the reattach-
ment point from the nose was fonded as 1.8d. By using the velocity profiles, it was
founded as 1.6d. The results were close but not same. It is well known that in
three-dimensional separation a reattachment region, instead of reattachment point,

exists. According to the pressure coefficient distribution this results are available.
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The pressure coeflicient has a maximum value shortly after reattachment
region, and has a minimum value at the separation bubble’s maximum height. In

this station maximum reverse flow close to the surface occurs.

Boundary layer thickness distribution along the surface shown the bubble’s
geometry. In reattachment region it falls down to its minimum value which corre-
sponds to distance 1.7d from the model nose. The location of the maximum turbu-

lence velocities at each station shown the same behaviour in the mixing region.

Velocity profiles drawn in dimensionless axes collapse in one curve shows

that especially after reattachment region the velocity profiles became similar by using

dimensionless axes.

The separation bubble dimensions grown with increasing model diameter
(Reynolds number). But when y distance is divided with diameter of the cylinder to

have dimensionless axis, the geometry of the bubble became smaller with increasing

Reynolds number.
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