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SUMMARY

The goal of the present investigation is to characterize, for the first time, the
intantaneous flow field Karman street-leading edge interactions, including unsteady
edge surface pressure distributions. Discrete Vortex Method (DVM) Computational
Fluid Dynamics (CFD) system was adapted and supported by a numerical Schwarz
Christoffel transformation. Results were presented for different leading edge geome-
tries including the elliptical edge configuration which was used as a basis to discuss
the effectiveness and accuracy of the algorithm.

A viscous flow past a sharp leading edge results in unsteady vortex shedding,
The vorticity field composes the well known Karman Vortex Street. Alternating
row vortices have a characteristic frequency of shedding. In agreement with the
experimental test data, the nondimensional frequency of shedding was found to be
0.15 in this work. The accuracy of the method was tested by calculating the mean
and fluctuating velocity field on a fixed grid system superposed onto the flow. Both
the crossstream profiles and the peak values confirm laboratory observation.

Impingement of the Karman Street upon a leading edge causes vorticity
field deformation in the neighborhood of the edge. This deformation occurs under
the strain field effect of the edges. Vortex—street elliptical edge interaction causes
splitting of the incident row vorticity field into two portions. The split vorticity
field of alternating sign then merges and convects over the edge surface. Unsteady
pressure fields exhibit three distinct regions of special character. Disturbance induced
pressure fields were found to be suction type regardless of the sense of rotation of
the vortex structures.

The present investigation introduces a new model of vortex—sharp edge in-
teractions including secondary vortex formation. As the vortex approches the edge,
due to high induced cross low magnitudes near the tip, flow separates and a new vor-
tex forms with opposite sense of rotation. The complex nature of secondary vortex
shedding was modelled as a truelly self generating phenomena. The transient nature
of the induced pressure field near the tip confirm the secondary vortex formation
near the tip.

Integration of the surface pressure field over the leading edge surface of every
instant of Karman street—edge interaction yields instantaneous loading on the edge.
It is observed that the direction of the induced force is a direct function of the
approaching vorticity field. Thus, clockwise rotating upper row vortex induces force
in the direction of rotation and vice versa for the lower row vortex edge interaction.

xvii



OZET

KARMAN GIRDAP CADDESI-CISIM ETKILESIMININ AYRIK GIRDAP
YONTEMIYLE INCELENMEST]

Akigkanlarla etkilegsimde bulunan elastik yapilar gesitli nedenlerden dolay:
titregirler. Eger cisme yaklagan akigkan, salimim halinde olan uyumlu, birbirine ben-
zeyen kararsizliklar (Grnegin girdap tipi kararsizliklar) veya tiirblilansh bir 6zellik
tagiyorsa, etkilesim sonucunda cisimler birbirini izleyen sinirh veya sinirsiz davraniglar
gosterirler. Bu gegit etkilesimler tiirbin ve helikopter palalarimimin ve kanatlarin
hiicum kenarlarinda, yiksek binalar etrafinda, petrol platformlarinin ayaklarinda, 1s1
degigtirici tiip demetlerinde vs. goriiliir. Akigkan cisim etkilegimi sonucu meydana
gelen dinamik yiiklenme ve giirilti, ileri derecede hasarlara neden olabilir. Bu etki-
lesimin kontrol altinda tutulmas: aktif ve pasif kontrol yéntemleri olarak iki gekilde
yapilabilir. Cismin belirli bir frekans ve genlikle sallanmaya zorlanmas: veya cisimden
akigkana akigkan beslenmesi aktif kontrola 6rnek, iz bolgesinin akim alti bolgesine
bir cisim koyarak kontrol edilmesi ise pasif kontrola ornek olarak gosterilebilir.

Bu galigmada yukar: akim bolgesinde kiit bir cisimden kopan ve dogal karar-
s1zlig) sonucu Karman Caddesini olugturan girdaplar tagiyan kayma tabakal akimin
agagl akim bolgesinde bulunan bir cisimle etkilesiminin incelenmesi amaclanmig ve
bu yonde sayisal bir yontem geligtirilmigtir.

Zamana bagh kayma tabakali akimlarin simiillasyonu icin gesitli sayisal metod-
lar geligtirilmigtir. Bu metodlarla deneysel galigmalardan daha ucuz ve etkin sonug al-
mak miimkiin olabilmektedir. Ancak girdaplihg yogun, zamana bagh kayma tabakal
akiglar igin dogru ve pratik bir sayisal model heniiz mevcut degildir. Navier—Stokes
denklemlerinin ¢6ziimi icin gesitli sonlu farklar ve sonlu elemanlar metodu bulunsa
da bunlar yiiksek Reynolds sayilarinda bilgisayar zamani agisindan pahali olmak-
tadirlar. Diger yandan girdap yontemleri yiksek Reynolds sayili, yogun girdaph ve
zamana bagl akiglarda alternatif tegkil etmektedir. Bu tezde gesitli girdap yontemleri
arasindan Aynk Girdap Yontemi (AGY) ¢oziim algoritmas: olarak kullanilmuigtir.
AGY, akim i¢inde belli izole bolgelerde sikigmig girdaplibk alanlarmin bulundugu
alimlar icin kayma tabakasinin potansiyel akig gosterimidir. Yiiksek Reynolds sa-
yiarinda, kiit cisimden kaynaklanan kayma tabakasi oldukca ince olup girdaphlik
bu kayma tabakasimin kendi {izerine kivrilmig bélgelerinde yogunlagmig durumda bu-
lunur. AGY nin temeli kiit cisimden kopan kayma tabakasimin aymk girdap tanecik-
leri ile modellenmesinden ibarettir. Her bir girdabmn hizi, cismin etrafindaki potan-
siyel akimin iizerine diger girdaplarin incelenen girdap tizerine etkisi de alinarak Biot
Savart indiikleme yasasi uyarinca hesaplanir.

xviil



Ayrik Girdap Y6ntemi ilk defa Rosenhead [45] tarafindan bir kayma tabakas:
ile ayrilmig ve birbirlerine zit yonde paralel hizlara sahip bitigik iki akigin kararsizhginin
incelenmesinde kullanildi. Rosenhead kayma tabakasinin zaman iginde kendi iizerine
kivrildigini tespit etti. Daha sonradan degisik aragtirmacilar bu problemi, kayma
tabakasini modellemek i¢in kullanilan girdap sayisim1 ve zaman adimin1 degistirerek
tekrar incelediler. AGY nin iki boyutlu kiit cisimlerin arkasindaki iz bolgesinin mo-
dellenmesinde kullanilmas: ilk defa Clements [107] tarafindan yapild:.

Firar kenar: keskin kogelerden olusan cisimlerin en biiyik avantaji akimin
cismin neresinden ayrilacagimn Onceden bilinmesidir. Egri yiizeyli cisimlerde ise
akimin nereden aynlacaginin saptanmasi ¢ok zordur. Bunun icin aragtiricilar gesitli
modeller geligtirmiglerdir. Sarpkaya[44] bu modelleri makalesinde 6zetlemigtir. Ard iz
balgesini olugturan girdap bolgelerinin cisimden kaynaklanma mekanizmas: Kutta gart:
ile saglanmaktadir. Bu tezde cisimden kaynaklanan kayma tabakasini modelleyen
girdaplarin gevrileri

formiili kullanilarak hesaplanmaktadir. Burada u, alt/iist ayrilma noktasinin biraz
altinda/iistiindeki bir noktada hesaplanan iz degeridir. At ise programda kullanilan
boyutsuz zaman adimi olup, biitiin hesaplamalarda At¢ = 0.1 olarak ahnmigtir., Her
bir girdabin gevrisi zaman iginde sabit kalmaktadir, Bazi ¢aligmalarda viskozite
etkisini modellemek iizere ¢evri zaman iginde azaltilmaktadir. Bu galigmada Kelvin
yasasim ihlal eden bu gegit bir model kullanilmamigtir. Tezde yapilan biitiin ¢aligma-
larda akig baglangigta girdapsiz olup impiilsif olarak baglatimaktadir. Ayrik Girdap
Yonteminde baglangigtan itibaren akiga kisa bir siire asimetri uygulandiktan sonra
asimetri kaldirlir ve akigin serbest olarak geligmesine izin verilir. Akim daha son-
radan kendini toplayarak von Karman caddesi olugturur. Cok ileri zaman adimlarindaki
akimin basglangictaki asimetrinin uygulanma geklinden bagimsiz oldugu saptanmstir.

Akim alam icindeki bir cismin akim alanma etkisi, viskoz ve viskoz olmayan
akim modellerine gore farkl: olmaktadir. Bu ¢ahgmada agag akim bélgesinde bu-
lunan cisim smir tabakasmin kararll ve pasif oldugu varsayilmigtir. Bizim prob-
lemimizde potansiyel akig modeli uygulandig) icin simr gart: olarak mormal hizin
sifir olma gart: kullamlmaktadir. Bu sartin saglanmas: degigik sekillerde yapilabilir.
Cisim yiizeyi panellere ayriip kontrol noktalarinda normal hiz sifir yapilabilir veya
cisim daire veya yar sonsuz diizleme doniigtiiriliip her bir girdabmn imaji gbzoniine
almabilir. Ikinci yontem daha iyi sonug verdigi icin tezde bu yontem kullanilmigtir.

Firar kenar-hiicum kenar1 kombinezonu olan bdlgemizde potansiyel akim,
doniigmilg diizlemde iniform akim ile duble’nin meydana getirdigi akisa karst gelir.
Fiziksel diizlemdeki akimin igindeki bir noktanmm hizi, o noktamin hesaplama diiz-



lemindeki (ddniigmilg diizlem) kargiligi olan noktadaki hizi bir jakobyene (J = dz
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bolerek bulunabilir. Sonug olarak fiziksel diizlemdeki bir noktammn hizi
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denklemi ile bulunabilir. Burada parantezin igindeki birinci terim iiniform akima,
ikinci terim dubleye, diger terimler ise akim alamni igindeki diger girdaplarin, hiz1 he-
saplanan girdap iizerine etkisine kars: gelir. Parantezin digindaki terim ise Routh ku-
ralindan kaynaklanan terimdir. Eger akim icinde hizi hesaplanan nokta, bir girdabin
bulundugu nokta ise, hesaplama diizleminden fiziksel diizleme doniigim yaparken,
fiziksel diizlemde girdaptan kaynaklanan kompleks potansiyelin, diger diizlemde aym
giddetteki girdaptan kaynaklanan kompleks potansiyel ile aym olmas: i¢in (Konfor-
mal doniigimiin bir 6zelligi) Routh diizeltmesinin yapilmas: gerekir [107]. Ek-A’da
Routh diizeltme teriminin gikartilmas: verilmigtir.

Akim alam icindeki girdaplarm hizlar1 bulunduktan sonra, bunlar fiziksel
diizlemde ilerletilirler. Bunun icin ¥ tane birinci dereceden diferansiyel denklemin
¢Oziilmesi gerekmektedir. Bu denklemler agagidaki gibidir.

dzy

i = ul(zlayla”'axNayN)y

N
‘gt_ = ”l(zlayly"'azN)yN)a

: (2)
da:N

dt :uN(zliy].’...,mN’yN)’
dyn

d’t = vN(zlayla”':mN,yN))

Baslangi¢ sartlari:

.’L','(O) =z,

wi(0) =y, i=1,---,N 3)



Burada z,,ys ist/alt ayrima noktalarmin koordinatlaridir. Diferansiyel
denklemlerin integrasyonu tezde agagidaki gibi birinci dereceden Euler integrasyonu
ile yapilmigtir.

zi(t+6t) = z; +ui(t) 6t + O (62) @
vi(t+6t) =gi+vw(t)dt+0(6) i=1,---,N

Tigilendigimiz akim alam iki cisim arasindaki bir bélgede oldugu icin, bu
bolgedeki bir girdap, cisimler icinde kargiikli olarak sonsuz imaj olugmasina neden
olur. Bu durumda hesaplarimizi bu bolgede dogrudan yapamiyacagimiz aciktir. Iki
cismin arasindaki bolge sonsuz diiz duvarin iist yarisina ve cisimlerin smirlari da bu
*bolgenin smmrina (diiz duvar) resmedilecek gekilde bir déniigiim bulunabilir. Bu tezde
Schwarz—Christoffel (S—C) yontemi kullanilarak doniisiim gergeklegtirilmigtir. Daha
sonra ( 4 ) denklemi kullanilarak girdaplar ilerletilmistir.

Schwarz—Christoffel déniigimiinde Z diizleminde bulunan bir ¢okgenin igi
(R bolgesi) A-doniismiis diizleminin ist yarisina, sinirlar1 da A-diizleminin reel ek-
senine doniigtiirilir (Sekil 3.9). Bu déniligim asagidaki formiil ile verilir.

N
== K[J(A —a)™ (5)

1=1

Burada a;’ler fiziksel diizlemde bulunan kdge noktalarinin, déniigmiig diizlemin
reel eksenindeki izdiigiimleridir. «;’ler ise gokgenin i¢ aglaridir. Bazi 6zel durum-
lar diginda en fazla ii¢ a; keyfi olarak segilebilir. Yani kdse noktasi (Sonsuzdakiler
de dahil) 3’ten fazla olan ¢okgenler i¢in analitik dénfigiim bulunmas: ¢ok zordur ve
hemen hemen imkansizdir. Ozel olarak fiziksel kisitlamalardan dolayi, 3’ten faz-
la kdse noktasina sahip bélgelerin SC yardimu ile analitik dSniigiimiine ait 6rnekler
Milne ve Thompson’un [123] kitabinda bulunabilir.

Bu tezde incelenen iki cisim geometrilerinde, kdge noktalari, kiit ve sivri
hiicum kenar igin 6, eliptik hiicum kenan icin 18 tanedir. Bu durumda Schwarz-
Christoffel déniigiimii sayisal olarak yapilmak zorundadir. Caligmamizda Davis[132]
tarafindan Onerilen sayisal integrasyon teknigi kullanilmigtir. Bu sayisal integrasyon
agagidaki gibidir.
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Yukandaki integrasyonda K ve a;’lerin degerleri baslangigta bilinmemek-
tedir. Bunlarin bulunmas: integrasyon igleminin bir pargasidir. Bunun igin K ve
aj sabitlerine keyfi baglangi¢ degerleri verilip, yukaridaki denklemde yerine konu-
larak hatali z degerleri bulunur. Hesaplanan (hatali) z degerleri ile gercek (dogru)
z degerleri Glgeklenerek yeni K ve a; sabitleri bulunur. Bu iglem yakinsama elde
edilinceye kadar devam ettirilir. Bu doniigiime ek olarak fiziksel diizlemdeki bir nok-
tanin déniisiim diizlemindeki kargihigini bulmak igin ”Sayisal ters bulma, algoritmas1”
geligtirilmigtir.

Modelin viskoz olmamasindan dolay: girdaplar birbirlerine veya cisim yi-
zeyine ¢ok yaklasabilirler. Her iki durumda da ¢ok biiyik hiz indiiklemesi mey-
dana gelir. Cisme girdaplarin fazla yaklasmamas: igin cisimleri ¢epe cevre saran
0.05s kahnligindaki hayali bir siur tanimlanmigtir. Bu simirdan igeri giren girdaplar
yokedilirler. Diger taraftan, girdaplarin birbirine ¢ok yaklagmamas: igin kritik gir-
dap yarigapr tamimlanmig ve birbirlerine ¢ok yaklagmalari durumunda girdaplarn
kat: cisim hareketi yaptig1 farzedilmigtir. Bu durumda kompleks hiz agagidaki gibi
hesaplanir.

T |z~ 2
Vo= — L7200
9 or o3 r<o (7)

Bu denklemde o girdap yarigapin, 2j ise girdabin konumunu géstermektedir.

Cismin iizerindeki herhangi bir noktada basmc: hesaplamak i¢in zamana
bagh Bernoulli denklemi kullamilmigtir. Girdaph akim alanina kars: gelen basingtan
girdapsiz alana karg: geleni gikarilirsa agagidaki denklem elde edilir.

(@4 (wltud)  p 08
Co ="z UL, 4o O ®)

Bu denklemde & indisli hiz terimleri girdaph akima kars: gelen hizlar, —q—e— %?

terimi ise zamana bagh basing terimini géstermektedir.



Tezde kullanilan ana program ve grid iretme program: FORTRAN dilinde
yazilmig olup, PC-486 ve IBM 4381 de caligtimlmigtir. PC—-486 da hiicum kenar
kiit ve sivri cisimler i¢in 500 adim 7 saatte, eliptik hiicum kenarn icin 16 saatte
sonug alinmigtir. Gridler biitiin konfigiirasyonlar igin bir kere iiretildikten sonra ana
programda dosyadan okutulmugtur. Program kesildigi yerden ¢ahgacak gekilde tasar-
lanmigtir. Veri sonuglarinin incelenmesi icin BASIC dilinde programlar yapilmig Hizh
Fourier Doniigiim sonuglar: ise MATLAB paket programi kullanilarak alimmigtir.

Metodun bagarih olup olmadigini kontrol etmek icin iz bolgesinde ikinci bir
cismin bulunmadig serbest kayma tabakah akim hali incelenmistir. Strouhal sayis
deneysel calismalarla uyum icinde olarak 0.21 bulunmustur. Karman girdap cad-
desinin hiicum kenarina carpmasi kenar civarinda girdap deformasyonuna neden ol-
maktadir. Girdap caddesi eliptik hiicum kenar1 etkilesimi sonucunda cisme gelen
girdap kiimeleri iki parcaya ayrilmaktadir. Farkh isaretli girdap kiimeleri birlesip
ikinci cismin yiizeyi iizerinde tasinmaktadir.

Bu cahsmada girdap—keskin hiicum kenar: etkilesimlerini simiile etmek icin
”7ikincil girdap” olusumu modeli ortaya konmustur. Girdap kenara yaklastikca etkilesim
sonucunda akim ayrilmakta ve kenarin uc noktasinda girdabin yoniine ters yénde i-
kinci bir girdap olusmaktadir.

Ikinci cismin yiizeyi lizerindeki basinc alan entegre edilmis ve Karman caddesi-
kenar etkilesimi sonucunda olusan zamana bagh yiklenmeler hesaplanmistir. Yik-
lenmenin isaretinin gelen girdabin yoniine bagh oldugu gorilmistir.



CHAPTER I

INTRODUCTION

An understanding of the shear layer impingement upon a leading edge, which
occurs in jet- edge, cavity-corner and other configurations, is a current interest to
aerodynamicist, acousticians and fluid mechanicist. The resulting dynamic loading
and noise generation can be sufficiently high to cause structural damage or noise
problems (Figure 1.1). Such shear layer impingements occur at the leading edges of
wings, turbine blades, helicopter blades, bridge decks, turbulence attenuators and
heat exchangers as well as at a variety of flap cavity, tube bundle, T-joint pipe and
valve / gate configurations [1]. Most of these oscillations are self-sustaining. The
principles of self sustained oscillations were discussed by Rockwell [1]. The origin of
this influence can be discussed in terms of the unsteady pressure field associated with
the loading of leading edge. The local hydrodynamics of the vortex-leading edge in-
teraction determines the near and far field sound under the condition of compactness
[2]. The detailed knowledge of the leading edge fluid dynamics is very important so

as to understand the nature of noise radiation and structural loading.

Shear layer—leading edge interaction has been simulated by using various
techniques. Such techniques include; acoustic source, vortex sheets, single point vor-
tex, multiple discrete vortices, distributed vorticity-leading edge interactions, and,
the conversion process between an incident disturbance and an instability wave down-
stream of the edge. The insightful overview of these categories of simulation are done
by Rockwell [1].

Accurate and practical numerical methods do not yet exist to compute un-
steady shear layers which are highly vortical. At high Reynolds numbers, various
Euler and Navier Stokes Methods in the form of finite difference or finite element
methods become extremely costly. On the other hand, Vortex Methods provide an
alternative to high Reynolds number, and vorticity dominated, unsteady flows.

In the present thesis, the Discrete Vortex Method (DVM) has been applied
to predict the vortex shedding from a trailing edge and consequently simulate the
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Figure 1.1 Schematic of the concept of an impinging shear layer.

impingement process on a downstream body of having sharp / bluff leading edge

geometries.

1.1 The Nature of Shear Layers
1.1.1 Free Shear Layers

In general, the development of an unsteady shear layer in the streamwise
direction is initially dominated by a linear instability mechanism. As it evolves in
the streamwise direction nonlinear instability comes into the picture. The spectral
content of an unsteady shear layer ( Figure 1.2 ) changes from a single dominant
frequency to spectral broadening [3].

As it is shown in Figure 1.2, the vorticity distribution is modified spatially
along the fluid motion. In linear growth regime spectral content of the flow shows a
single peak at the natural (fundamental) frequency. The properties of this region can
be well defined by linearized stability theory [4,5,6,7]. After the linear growth regime,
vorticity concentrates more into organized vortical like region. Spectral content of

the flow has still dominant frequency peak but sub- and higher- harmonics also
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Figure 1.2. Evolution of an unstable shear layer flow.



come into the picture. Nonlinear effects, associated with the process of shear layer
roll up result higher harmonics. The subharmonic is due to Biot-Savart induction
from downstream vortices that have undergone coalescence [8]. Further downstream,
patches of vorticity continue to interact as they are convected with the mean flow, and
the corresponding spectra show broadening towards turbulence. Finally, at locations

far downstream the shear layer becomes fully turbulent.

The typical disturbance characteristics of various types of free shear layers

are shown in Figure 1.3 for the linear growth region. In these figures;

u,v : Mean velocity profile components
u’,v" : Velocity fluctuations ( Max. amplitude is chosen unity )
by, P: Phases of velocity components which are chosen to lie in the

range of 0 — 27 [3]

A brief review of flow structure of mixing layers and jets has been made very recently
by Thomas [9].
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1.1.2 Impinging Shear Layers

Regions of fluctuating vorticity are inherent to all unsteady shear layers. In
most situations they result from a natural instability of the shear layer separating
from a body. This instability continues to growth and leads to formation of vorticity,
whose concentration of vorticity varies with time and spatial position. Both the
vorticity concentration degree and relative orientation of the vortical structures in
the api)roach shear layer determine the type of interaction with the leading—edge and

thereby the nature of the induced pressure field.

The impingement of shear layers upon leading-edges, which occurs in mix-
ing layer—edge, wake—edge, cavity—corner and other configurations has received much
attention in recent years (Figure 1.4.). Despite the types of shear layers and impinge-
ment edge geometries, most of these organized oscillations exhibit the same common

characteristics [3].

Due to upstream influence (Biot-Savart Induction) of the edge interaction
region, and its modulation of the sensitive region of the shear layer near separa-
tion, the presence of the impingement region (or surface) enhances dramatically the

organization of the flow along the entire length of the shear layer (Figure 1.5).

In the absence of the edge, the flow structure is less coherent and three-
dimensional. If we compare the spectra of two structures (Figure 1.6 ), spectral peaks
are seen to be wider, jagged and of smaller amplitude when the edge is not present.
In other words, the flow impingement on the edge enhances the flow structure and
therefore: increases the correlation length, increases the amplitude of the fluctuation
velocity by more than one order of magnitude, and causes the fluctuation energy to

become concentrated within very narrow frequencies [10].

A typical characteristic of self-sustained oscillations of impinging shear flows
is the existence of the so—called "stages” of operation which are separated by fre-
quency jumps (See Figure 1.7 ). Within each stage, the frequency of oscillations
changes continuously with variations in the impingement length or the flow

velocity [1]. Therefore, the position of the downstream edge is a crucial function of
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the loading process during impingement.

The phase difference across the shear layer is maintained at a constant value
of about 7 along the whole streamwise extend of the shear layers. Moreover, the

streamwise phase variations satisfy the condition

A® =0(z=L)—®3(z=0)=27n n=1,2,3,---

This leads to the simple result /A = n. In other words, the instability wave of the

shear layer has a wave length (1), or multiple of wave lengths between separation
and impingement(1].

1 2 Stage 3

d——T T
) .E'o . L
e el |
[ o .} i
> | l
o | i
@
- i
| TR

S el

Impingement length (L)

Figure 1.7 Characteristics of impinging shear flows: frequency variations as a
function of impingement length and flow velocity.
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1.2 Simulation of Impinging Shear Layers

Considerable insight into this class of flows has evolved from the study of
highly coherent shear layer—edge interactions; largely of the jet—edge types due to
the important acoustic problem so called edge-tone noise phenomena. Earlier inves-
tigations of such impinging flows were purely theoretical [16,17,18]). Some of the late
advances in impinging shear layer simulations has been evaluated by Rockwell and
Naudasher [19] and Rockwell [1].

The recent simulation techniques—experimental and numerical- will be sum-

marized here in the light of new advancements in the field.

1.2.1 Experimental Studies

Most of the experiments in this area were carried out in a water channel
because of the favourable conditions for detailed flow visnalization studies. Flow
visualization was accomplished using dye injection and hydrogen bubble generation
techniques. In Figure 1.8 experimentally studied shear layer—edge configurations are

shown.

Ziada and Rockwell [20] investigated the oscillations of an unstable mixing
layer impinging upon a wedge (Figure 1.8 a). They have measured the induced force
on the wedge by using strain gage balance system. They characterized the amplitude
and phasing of the force induced at the leading edge relative to the structure and the
offset of the incident vortex. Furthermore, the impingement length dependent force

characteristics were revealed.

Tang and Rockwell [15] have studied impingement of concentrations of vor-
ticity upon a corner (Figure 1.8 b). They have examined the relationship between
the induced pressure field and vortex—corner interaction, using simultaneous visual-
ization and pressure correlation technique, as a function of the transverse offset of
the incident vortex. Experiments showed that incident vortex may either clipped
partially or totally depending on the transverse offset of the apparent vortex center
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with respect to the upper surface of the corner.

The unsteady pressure fluctuations at the surfaces of an impingement wedge
in an unstable mixing layer (Figure 1.8 a) were measured by Kaykayoglu and Rock-
well [13]. The distortion of the ccherent vortices incident upon the wedge and the
resultant induced pressure fields on the impingement surface were investigated as a
function of the character of the incident vortex and the transverse position of the
edge surface in the mixing layer. The time-averaged value of the fluctuating pressure
field and the phasing of the instantaneous pressure field were revealed using simul-
taneous flow visualization and correlation of pressure fluctuations. The fluctuating
pressures were maximum near the tip of the sharp edge. The secondary vortex which
was shed from the tip determined the characteristics of the lower surface pressure

causing mostly suctions over the surface.

Kaykayoglu and Rockwell [11] have studied the induced pressure fields of
interacting planar jet (Figure 1.8 ¢) vortices along the upper and lower surface of the
leading—edge. In the case of a planar jet—edge interactions, the fluctuating pressure
amplitude at the tip is relatively low, in fact maximum pressure amplitude occurs
downstream of the tip along the uppér or lower surface. In addition, the details
of different harmonic components of the surface pressure fluctuations arising from
planar jet—wedge interaction were also investigated by Kaykayoglu and Rockwell
[12]. The assessment of the interaction of shear layer vortices with sharp and thick

leading-edges have been addressed by Rockwell et al. [21].

Although it may not be directly listed under shear layer—edge interaction
concept, Unal and Rockwell [14] have examined the control of vortex formation from
a circular cylinder by a long plate in its wake (Figure 1.8 d) over the Reynolds
number range 140 < Re < 3600. Two basic flow regimes have been addressed: a
pre—vortex formation regime and a post—vortex formation regime. They have also
observed that the unsteady pressure loading at the tip of the plate increases by over
an order of magnitude during transition from the pre- to post-vortex formation
regime. Very recently a flow visualization survey has been made by Coutanceau and
Defaye [22]. They have summarized mostly the experimental work on the circular
cylinder wake configurations. Reynolds number dependent wake configurations were

reviewed extensively in this review paper.
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The interaction of a Karman vortex—street with an elliptical-edge (Fig. 1.8¢)
has been investigated by Gursul [23]. Basic types of interactions as a function of scale
and transverse displacement of the incident vortex—street are revealed using flow vi-
sualization techniques. Unsteady pressure fields induced by these interactions are
measured by a phase averaging technique and correlated with the visualized flow

patterns.

Aydore [24] studied the dynamics of the vortical structures originating from
circular air jets and impinging on a flat plate using flow visualizations and hot wire
anemometer for various Reynolds numbers ( 40 < Re < 25.000 ) and jet to plate
spacing ( 1 < L/D < 5 D ) where D is jet diameter (Figure 1.8 g). He stated that,
single modal behaviour of helical type was observed for L/D = 2 while bimodal
character (both ring and helical vortices) was observed for L/D > 4. He also stated
that at high Reynolds numbers the flow visualization failed but the existence of the
vortices was proven via conditional sampling and phase averaging methods. Aydore
reported three distinct regions, namely the tongue, vortex formation and vortex
decay regions in the flow field. Detailed maps for eight different flow quantities were

given by Aydore in order to study their interaction.
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b) Vortex—Corner Interaction [15]




14

i

g) Jet—flat plate interaction [24]

Figure 1.8. Configurations of Experimentally Investigated Shear Layer-Edge Inter-
actions
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1.2.2 Numerical Studies

Simulation of shear layer—edge interactions by using numerical methods have
been carried out by several investigators so as to study various physical problems.
Most of the numerical methods involve single point vortex applications and simple
downstream geometry configurations. These models involving point vortices cannot
be expected to simulate all of the features of shear layer which have highly distributed
vorticity. For instance, rapid distortion and severing of the incident vorticity field
near the tip region, and possible generation of secondary vortices, require separate
modelling. However, these models can give physical explanations of certain physical
aspects of the interaction. The configurations used in the numerical models are

shown in the Figure 1.9.

Impingement of an infinitesimally thin vortex sheet upon a leading edge
(Figure 1.9 a), a corner ( Figure 1.9 b) is adressed by Moehring [25], Howe [26],
Crighton and Innes [27] in conjuction with their studies of unstable flow past a slit
and by Howe [26] and Covert [28] for flows past a cavity.

By using single point vortices, self-sustained oscillations involving impinge-
ment of highly coherent vortices upon a leading edge can be approximately modelled.
Rockwell [1] comments on the interaction types shown in Figure 1.9 c-e. He also
states that these simplified models could not be expected to effectively simulate most
features of an impinging shear layer in the laboratory. Panaras [29] predicted pres-
sure pulses as a result of the interaction of a discrete vortex with a ramp (Figure 1.9
h), with a circle (Figure 1.9 i), and an ellipse (Figure 1.9 j). He addressed the ef-
fect of the unsteady velocity potential on the pressure fluctuations. Concerning the
simulation of distributed vorticity field-leading edge interactions, a number of point
vortices of small strength have been used to represent a finite-area vortex. Multiple
vortex-corner interaction (Figure 1.9 m) has been investigated by Conlisk and Rock-
well [30], and Panaras [31]. They showed that the form of the time averaged pressure

and velocity spectra could be approximated using point vortices.

Vortex-airfoil interaction (Figure 1.9 n—q) by using multiple discrete vortices
have been studied by Panaras [31,32].
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The time—dependent pressure fluctuations that have induced on the curved
surface due to incident vorticity fields (Figure 1.9 k,p,r) are modelled by Kaykayoglu
[33]. The relationship between various vortex patterns interacting with a curved sur-

face and the consequent unsteady pressure spectra at the surface were investigated.

Methods based on full Navier-Stokes utilization are a few and still well
behind the explanation of viscous flow dynamics near the edge surface. Self-excited
oscillations of a planar jet impinging upon a wedge (Figure 1.9 s) for a Reynolds
number range of 250-650 have been studied by Ohring [34]. A finite—difference
vorticity / stream—function formulation of the Navier—Stokes equation is employed.
Vortex street arising from a blunt trailing edge impinging on three different leading
edge geometries of sharp, blunt and ellipse have been investigated by Kaya et al.
[35], with Mixed Lagrangian—Eulerian vortex method. Preliminary results were very

promising.

All of the above models were purely inviscid. The edge boundary layer ef-
fects were totally neglected or either assumed that the boundary layers are passive.
None of the above methods were able to model the secondary vortex shedding either
from the tip of the edges or due to the wall boundary layer eruptions. Furthermore,
feedback from the impingement surface was neglected and simple models which co-

operates this influence is not injected into the model [31,32,33].

A need for a more practical numerical model is obvious. It is the intention
of this study to introduce a new method which will be able to model various real

challenging phenomena. These points will be adressed in the next section.
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modelling. The generation of vorticity from the tip needs nonlinear models. Hence
the consideration of full Navier-Stokes Equations will be useful. An innovative at-
tempt will be made in the current study to include this low dynamics with point
vortices altough the main efforts will be on the overall modelling of the impinging

shear flow characteristics.

b) Simulation of the vortex—induced edge wall boundary layer

separation and secondary vortex formation

A vortex with a sufficiently high circulation strength that induce tangential
velocity in the same direction with the mean flow over a flat surface results in a
boundary layer separation in the form of sudden eruption. A secondary vortex with
opposite sense is usually the result of this eruption [24,36]. Fluid mechanics of the
separation is purely viscous and unsteady. Modelling of boundary layer thickening
due to the convective vortices were shown by Walker et al [37]. This work concen-
trates on the response of the flat plate boundary layer prior to the full separation.
Hence the size, strength and the dynamics of the motion of the secondary vortex
after formation has not been fully acounted for in these studies. To the best of the
authors’ knowledge there is still a demand for further modelling efforts in this field.
A full consideration of the Navier-Stokes equation is needed to model vortex induced
secondary vortex formation from boundary layers. An efforts are underway by using
combined Eulerian-Lagrangian method of solution of the Navier-Stokes Equations
[35]. Since the present study utilizes inviscid modelling techniques, this physical sight
of the interaction problem will not be treated in this study. However, simple model
which cooperating the presence of the boundary layer will be discussed theoretically
which has a very similar character to that of Kiya et al {38] at the future aspects of

the current investigation.

b) Simulation of the incident vorticity field deformation by the edge

One of the first earliest task of numerical simulation model should be the
incorporation of the incident vorticity deformation. This can be accomplished by
defining impermeable downstream edge geometry. Hence the strain field of the edge
will deflect the approaching mean flow. Upon stra.ining,' the vorticity field may be
split during rapid interaction causing partial and full clipping. Single point vortex
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simulations can not model the deformation physics. Multiple vortex simulations
are able to show the details of the deformation. Since the approach flow held is
constructed from the real separated shear layers it is believed that the deformation

will be very close to the laboratory ocbservations.

In the present study the natural formation of shear layer under the influence
of the downstream edge will be presented. As stated before, this is going to be the first
study which can model the real physics of the approach vorticity field configuration

under real feedback conditions.

d) Simulation of the shear layer vortex—edge wall boundary layer interaction

It is well known that the spatial and temporal developments of wall boundary
layers are controlled by the degree of unsteadiness in the free stream [39,40]. Thus,
interacting shear layer vortices will modify the development of edge boundary layer
which starts to evolve from; the tip, in the case of a sharp edge; the front stagnation
point, in the case of an elliptic and the right angled sharps corners, in the case of
a sharp blunt edge. If the Reynolds number, I' /v, ( T is the circulation of the
incident vortex, v; fluid kinematic viscosity) is sufficient low (T' / » < 2000, [41] ) a
weak interaction between vortex and a boundary layer is usually observed. Gursul
and Rockwell [42] have already shown that a wake vortices interact passively with the
elliptic edge boundary layers. Even the modelling of this passive interaction between
vortex and a boundary layer requires the consideration of full viscous, unsteady
Navier Stokes equations. On the other hand the assumption of fully passive boundary
layer response to the approaching vortex flow may allow one to do an inviscid analysis

[31,32,33] up to a certain degree of approximation.
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CHAPTER 1I

NUMERICAL METHODS SIMULATING SHEAR LAYER FLOWS

Numerical simulations of unsteady shear layers are currently of a great in-
terest. An important advantage of a numerical simulation is the avaibility of details
on all aspects of the flow for every stage of the flow development. The flow struc-
tures even for flow past simple geometries, such as flow past a cylinder, can be very
complex as far as the temporal and spatial unsteady shear layer development are

concerned. The flow simulation complexities grow with increasing Reynolds number.

In the following sections, common numerical methods simulating shear layer
flows will be described briefly. Each of the numerical methods have advantages and
disadvantages over each other. The choice of one of these methods depends strictly
on the problem to be concerned. These methods will be investigated in two groups;
Vortex Methods and Classical Methods. At the end of the present Chapter, a brief
discussion on the choice of an adequate numerical simulation model for the impinging

shear layer case will be presented.

2.1. Vortex Methods

Fluid flows containing concentrated or distributed vorticity which is confined
to a restricted subregions of the irrotational flow are amenable to treatment by
the vortical methods. Helmholtz’s [43] famous vortex laws shed new light on flow
kinematics, that is, in an inviscid flow vortex lines are material lines, i.e., remain
continually composed of the same fluid elements and flows with vorticity can be
modelled with vortices of appropriate circulation and ”infinitely small cross section”—
quantum vortex lines. In the light of Helmholtz theorems it is possible to discretize
the compact regions of vorticity into an assembly of vortices (with finite or infinite
vorticity) embedded in an otherwise potential flow [44].

The first recognisable use of the vortex methods was performed by Rosen-

head [45], but the main impetus to development of these methods came with the
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advent of the high—speed digital computers [46]. At the present time vortex methods
are rapidly evolving as an important part of the Computational Fluid Dynamics
(CFD) techniques. Application of vortex methods has spread almost in all branches
of the fluid mechanics. Some of the areas of the applications of vortex methods are
as follows: Flow within an impeller of a pump [47], swirling fluid motion inside a
two—stroke diesel engine cylinder [48], mixing layers [49,50], model of the effect of
the small scales of turbulence [51], boundary layers [52], wind-flow over a building
[53].

Vortex methods generally use either the Biot—Savart law or the Green’s
function method. Isolated line vortices, vorticity blobs, vortex balls or vortons, or
toroidal vortices are introduced into the flow field and tracked numerically by a
Lagrangian or a mixed Lagrangian—-Eulerian scheme. Body representation can be
made in different ways. When the solid boundaries are geometrically simple, zero
normal velocity condition is satisfied by introducing suitable image vortices. If the
geometries are complex then boundary integral or panel methods are used and the
free vortex filaments, vortex rings, vortex sheets or blobs are included in the potential
flow model. This also brings the neccessity of transformed plane calculations where

the whole domain can be mapped to more simple geometries, i.e., a circle or a plate.

Much has been written about vortex methods since the pionering works of
von Karman [54] and Rosenhead [45]. There are a number of reviews, lecture series,
and reports about these methods ( Sarpkaya [44], Leonard [55], Bearman and Graham
[56], Aref and Kambe [57], Spalart (58] and Hoeijmakers [59] etc.).

There has been and perhaps there will always be some skepticism about the
use of vortices for flow simulation. Omne can find convincing reasons to disappoint
the pessimistic as well as the optimistic readers. Serious questions are now being
raised as to; whether a continuous region of vorticity (containing no vortices) may
be discretized into an assembly of discrete vortices (with finite or infinite vorticity)
[60], whether one can insure that the solution of the discretized system actually
approximates a solution of the continuous system [61], whether numerical instability
can be distinguished from transition to turbulence, and whether two-dimensional
hyrodynamics and monochromatic disturbances have a serious role to play in three—

dimensional nature {44].
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In the following subsections, theoretical foundations and numerical schemes
of various vortical methods will be briefly described. Only two—dimensional ap-
proximations will be adapted. Examples of three—-dimensional applications of vortex

methods may be found in references [62-65].
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2.1.1 Governing Equations

Complete discussion on the governing equations of fluid motion can be found
in various textbooks,(e.g., Batchelor [66]). Incompressible, laminar, unsteady viscous
flow is governed by the equation for the conservation of mass and the Navier—Stokes

equations of conservation of momentum ,i.e.,

V.- U=0 (2.1)
aﬁ - - -3 - —»
OU 1 (@-9)0 = - 9P +ov20 (2.2)
ot p
Introduction of the vorticity vector & as
G=VxU (2.3)

and taking the curl of Eq. (2.2) results in the so—called vorticity transport equation

f';_‘:HU'.\?)g: @) + vV (24)

Taking the curl of Eq. (2.3)
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Hence

0

V”/(ﬁ/ﬁ) Vi =V x (2.6)

If U is solved from Eq. (2.6) the well-known ”Biot-Savart law” is obtained.

7(7) = 1 / &(Z) x (5:’1 z') dz’ 2.7)

In two dimensional applications the solutions are much simpler to generate.
If the flow is in the (z, y) plane, the vorticity only has a component in the z direction,

ov Ou

Wy = 5; = 5':; (2.8)

which we will denote simply by w, then

C=weé, (2.9)

Then, the 2-D, ”Biot Savart law” follows from Equation 2.6, as

U(z) = / Gk “’(“’) i (2.10)

z-—:c’l

with €, the unit vector in the z direction.
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The vorticity equation (2.4) then becomes

we+ (T - V)w = vV (2.11)

Note that the rotation / stretching term disappears for 2-D flows. One can

define a scalar stream function ¥ by

U=¢xVV (2.12)
since U is divergence—free. Then ¥ satisfies a Poisson equation, V¥ = —w, and the
Biot—Savart law is written as follows;

1 — - — —p
¥(X)= 5 / w(@) log |7 — &) da’ (2.13)

The circulation of a velocity field T along a closed contour is defined by the
line integral

r:fﬁ-d“l (2.14)

The circulation is an extremely useful concept for 2-D flows because Kelvin’s
theorem [66] shows that in the absence of viscosity, the circulation around a contour
that follows the fluid is conserved:

=0 (2.15)
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In an inviscid fluid, vorticity is a kinematic property of a given fluid and, like
matter, it can neither be created nor destroyed, i.e., vortex lines are material lines.
Thus, it can undergo only convection and deformation. Consequently, tracking the
evolution of vorticity leads immediately to a Lagrangian descripﬁion. In a viscous
fluid, however, the circulation about a closed contour moving with the fluid depends
on the contour of integration. The rate of change of vorticity in a material volume

is due solely to diffusion across the boundary of the volume.

Consider a collection of N vortices at positions z;, 7 = 1,V , with circula-

tions I'; . The vorticity distribution is

N
w(Z) =) T6(Z ~ &5) (2.16)
=1

where § is the two—dimensional Dirac distribution (¢ is infinite at the origin, 0 else-
where, and its integral is 1 ). Inserting (Eq. 2.16) into (Eq. 2.10) results in

N - -
=, L Z -2
U(Z) = ET_ e, X E Pk m (217)

As an exercise one can verify that the velocity field given by (Eq. 2.17) is
divergence—free, and irrotational except at the points X, and has a circulation Ty

around any contour enclosing only the £** vortex.

The other ingredient, which expresses the dynamics, is Kelvin’s theorem. If
we make each vortex follow the fluid and imagine a small contour around it we get

the result that the circulation I'; of each vortex is conserved. Therefore:

dT;
—- =0 (2.18)
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dz; ‘
—E—t_ = U(a:J,t). (219)
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2.1.2 Discrete Vortex Method (DVM)

Discrete-Vortex Method (DVM) studies have a long history. Interest in
them is justified by the fact that the dynamics of point vortices provide exact albeit
singular solutions of the incompressible Euler equations in two dimensions [58]. Since
it will be used as a simulation technique in the present study, detailed information
will be given in Chapter 3 with the problem formulation.

2.1.3 Cloud—-in—Cell (CIC) or Vortex—in—Cell Method

In Discrete Vortex Method (DVM), for N computational points, Green’s
function solution to the Poisson equation (Biot-Savart integral) requires O(N?) op-
erations to compute all the required velocities. With the increase of vortices in the
solution domain method becomes extremely costly. To reduce this computational
cost Cloud—in—Cell method was introduced by Christiansen [67]. After that time
CIC was used by a large number of researchers [68,69,70].

The main idea of CIC method is to retain the Lagrangian treatment of the
vorticity but to solve the Poisson equation for the velocity field on a fixed Eulerian
mesh. The key to the execution of this grid—dependent scheme is by pass the Biot—
Savart law. By use of fast Poisson solvers on a mesh of M grid points, the operation
count for this step can approach O(MlogM). Additional required steps are; (1) the
generation of mesh values for the vorticity field from the Lagrangian representation
and (2) interpolating velocities from the mesh back into the Lagrangian points. These
two steps require only O(N) operations per step. Therefore the comparison of the
computing time per step for the DVM and CIC can be explained as follows;

Direct interaction : CPU time / step ~ C{N? :
Vortex—in—Cell : CPU time / step = CoN + CsMlogM [55].

In this method, the circulation of the vortices shed from the body is dis-
tributed by a weighting function (usually bilinear) onto a grid. The area—weighting

scheme for nth vortex in a given cell is;
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w; =ThA4;/A* i=1,2,3,4 (2.20)

where T, is the circulation of the vortex and A is the area of the cell (See Fig. 2.1 ).
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ke —
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Figure 2.1 Area weighting scheme for the distribution of vorticity on the mesh
in CIC method.

When the vorticity interpolation to the surrounding mesh points is com-
pleted for a]l vortices in all cells, Poisson’s equation (V2¥ = —w) is solved to obtain

¥, ; at all mesh points (4, j) . The velocity components are calculated at (i, j) through
a single differencing scheme. Hence,

5 = (Vi1 — Yij-1)/2h (2.21a)

vij = ~(Viy1,; — Yim1,5)/2h (2.21b)

where h is the cell dimension. The velocity of the nth vortex in the cell is then given
by
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Up = Z wAi /A (2.22a)

Vp = Zv,'Ai/A (2.22b)

Although VIC method speeds up the computations it has some disadvan-

tages. The disadvantages of the VIC scheme may be summarized as follows:

a) It makes an otherwise grid-free method once again grid—dependent.

b) The VIC scheme introduces a pseudo-viscosity into the flow.

c) Gives a finite width to the vortex sheet because vorticity is spread over a mesh
cell area.

d) The Eulerian step smoothens the conceptual diffusion of singular character of the
line vortex.

e) Both the Eulerian and Lagrangian step create numerical errors and lead to some
anisotropy on the smallest scales.

Thus, the VIC simulation may not reproduce the actual flow as faithfully as the

direct summation simulation [44].
2.1.4 Operator Splitting and Random Walk Methods

Vorticity transport equation (See Eq. 2.11) contains in complete form both
convective and diffusive terms. Normally these two terms are treated together. But
sequential rather than simultaneous treatment can also be made. This approach is
known as operator splitting or fractional-step or time—splitting method. It was first
proposed by Chorin [71]. After that time this solution technique has been widely
used in various applications including boundary layer simulation above a flat plate

and a circular cylinder [72-78].

The vorticity field is discretized into a set of vortex particles. In the time-
stepping procedure, vortices are created on the body surface to satisfy the zero—slip
condition, random walks are imposed to simulate the process of viscous diffusion and

vortices are finally convected in an inviscid calculation. A large number of vortices
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is required in order to achieve a good flow representation and there are handled

efficiently using the vortex— in—cell method of velocity calculation.

As described above, the vorticity transport equation is divided into a con-

vective and diffusive part and the two equations are solved together, i.e.,

5 = —(T - Vw (2.23a)
‘?9—‘: = vV (2.23b)
or in non—dimensionalized form of (2.23b)
ow 1
5 = 7V (2.24)

The Greens function G of the one-dimensional form of eq. (2.24) can be

found in various mathematic textbooks, e.g., Haberman [79]. Thus,

G(y,t) = /Rejant ezp(-%e-y?) (2.25)

By defining o = 4/2t/ Re as standart deviation, eq. (2.25) is identical to the
probability density function P of a Gaussian random variable 7, with a zero mean:

P(1y51) = V12707 eap(~5o5m,”) (2.26)
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This one dimensional form can be easily expanded to a two dimensional one

G(z,y,t) = G(z,y) G'(y,t) (2.27)

and
P(nz,mys 1) = P(nz5t) P'(myst) (2.28)

The application of the operator-splitting scheme is as follows. The body
surface is discretized into a number of sheet generation panels. By using confor-
mal transformation (if one exist) or approximately solving Poisson’s equation “zero
normal velocity” condition is satisfied. No normal flow and no slip condition give
rise to vortex—sheet segments generation. After discretization, a random walk with
Gaussian probability distribution and standart deviation o’ = m is given to
each computational element. Vortices crossing the surface are reflected back into the

flow or eliminated.

The velocity of each vortex is calculated generally by the vortex—in—cell
method and their positions are advanced to give a first order prediction. Again by
using VIC method, new velocities are calculated, to give a second—order correction
to the vortex positions. The steps outlined above are certainly not unique and many

different versions exist.

2.1.5 Method of Contour Dynamics

It is well known that if the two—dimensional vorticity is assumed to be ini-
tially regionwise constant then, for inviscid motion, it will remain so, each region
distorting under the straining action of the velocity field. For this case only the
boundaries are of each region need to be tracked. This is the essential of the Method

of Contour Dynamics.

This method has been proposed by Zabusky et. al [80]. Since then, method

has been developed by some researchers [81,82].

In method of contour dynamics the velocity of any point in flow field can
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be determined by integrating an suitable kernel along the boundaries of the patches
(Figure 2.2).

In the numerical method one tracks points along the boundary of the patches
and then advects these boundaries according to the velocity obtained by approximat-
ing the boundary integral by these same boundary points. Contour dynamics works

extremelly well if the contours are relatively simple [82].

Figure 2.2. Definition Sketch for the Contour Integrals.

2.1.6 Hybrid Moving Vortex Diffusive Method (HMVDM)

This numerical method combines the Lagrangian convection and Eulerian
diffusion schemes thereby eliminating the disadvantages of the purely Lagrangian
inviscid models. This new vortex method represents a new approach to the solution

of the Navier—Stokes equation [35].

The method solves, subject to the elliptic vorticity—stream function poisson
equation, the Navier—Stokes vorticity transport equation. The computations are per-
formed in the transformed plane where the computational grids are set up. Viscous
diffusion is carried out in a standard way by finite differences on a fixed grid. But
the convection terms in the vorticity transport equation are simulated by convecting
point vortices as in the inviscid method through the grid. A split time step approach

is used to separate diffusion and convection.

The 2-D unsteady Navier—Stokes equations in vorticity stream function in

the computational plane (transformed plane) are
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V2 = —J 1w (2.29)
e = os 2
J -5{+(U'V)w=Vw (2.30)

where J is the Jacobian of the transformation between physical and computational
planes. For convection purposes the vorticity field is represented by a distribution of

discrete vortex points.

The details of the method are given by Cozens [83]. Here the main steps of
the HMVDM will be given.

1. Perform the appropriate transformation to obtain the mesh network in

the physical plane.

2. Distribute the point vorticity onto the mesh system by bi-linear weighting.

3. Solve the Poisson’s equation (2.29) on the mesh and obtain mesh val-
ues of the stream function. This is done by Fast Fourier Transform and Gaussian

elimination of the resulting tridiagonal set of equations.

4. Perform diffusion by finite differences on the meshes subject to the vor-
ticity boundary condition on the solid walls.

5. Repeat step 3 using the values of mesh vorticity computed in step 4.

6. Project the new mesh vorticity back onto the system of point vortices.

7. Compute mesh velocities from the stream function using a finite difference
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approximation.

8. Compute convection velocities at the point vortices from the known mesh

velocities and convect the vortices according to their respective convection velocties.

The HMVDM is in general similar to finite difference Navier Stokes methods

but with Lagrangian convection.
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2.2 Classical Methods

In this section the classical numerical methods : Finite —Difference, Element,
Volume-Method, and Spectral Method will be described briefly.

2.2.1 Finite Difference Method (FDM)

The philosophy of Finite Difference Methods (FDM) is to replace the partial
derivatives appearing in the governing equations of fluid dynamics with algebraic
difference quotients, yielding a system of algebraic equations which can be solved for
the flow field variables at the specific, discrete grid point in the flow (Figure 2.3) A
detailed survey of finite difference solutions of the Navier Stokes Equation may be

found in references [84,85].

Dx
i-‘,jo! f_A_‘ioiljol

i }DY

i, gt isl, j-1

-+ -

Figure 2.3. Discrete Grid Points.

Finite difference solutions of some special Navier Stokes flows came into
picture in the 1950’s and 1960’s [86]. Very simple geometries and very low Reynolds
numbers were investigated. In the 1970’s the two limitations: computer power and
innovative numerical methods became focal points of Computational Fluid Dynamics

research.

There are a large number of finite—difference methods: Crank—Nicholson
Method, DuFort-Frankel-Method, Alternating-Direction-Implicit (ADI), Alternating-
Direction—-Explicit (ADE), Splitting or Fractional-Step Methods, Successive—Qver—
Relaxation (SOR) Method etc.. More detailed information of these methods can be
found in Anderson et al [85].



39

In finite~difference methods there are two main approaches to discretize
the governing equations: Explicit and Implicit representation schemes. An explicit
scheme is one for which only one unknown appears in the difference equation in
a manner which permits evaluation in terms of known quantities. In the implicit
scheme the simultaneous solution of several equations involving the unknowns are

carried out.

Numerical simulation of free shear layers by using finite~difference methods
may be found in references [34,87,88,89]. Ohring [34] was the first who employed
vorticity /stream~function formulation of the Navier~Stokes equations so as to sim-
ulate the self-excited oscillations of an incompressible planar jet impinging upon a
wedge for a Reynolds number range of 250-650. Numerical coordinate mapping was
achieved by using Poisson equation to handle the body and boundaries. An implicit,
second-order (in time and space) Crank-Nicholson finite—difference procedure was

used to advance the solution in time.

Borthwick [87] computed separated flow past a circular cylinder by using
two different methods. Stream functions were calculated by using a SOR procedure.
ADI (Alternating Difference Implicit) and "upwind” Directional Difference Explicit
(DDE) numerical schemes were adopted to solving the vorticity~transport equation.

ADI approach was recommended against DDE.

In references [88,89] the direct finite-difference technique of the incompress-
ible Navier—Stokes equations was applied to unsteady flows around a rectangular
cylinder and circular cylinder. For high Reynolds number flows, the third—order up-

wind scheme was employed for the convection terms without turbulence modelling,.

2.2.2. Finite Element Method (FEM)

Recently, finite—element procedires come into the picture due to the conti-
nous need in the CFD applications for alternatives to the finite—difference approachs.
Historically, the Finite Element Method (FEM) originates from structural mechan-
ics. Many researchers suggested that application of finite element approach to flow

problems represents a natural extension of the approach to solid mechanics problem.
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But such an extension is not straightforward and the finite element approach removes
only some of the difficulties experienced in using the finite—difference approach. In
particular, the finite-element approach has not substantialy reduced the excessive
computing needs of the finite—difference techniques, nor has it removed the difficulty
of obtaining accurate solutions for high Reynolds number Navier-Stokes flows [86].
An introduction to finite element methods may be found in reference {90] and de-
tailed survey of finite element solutions of the Navier—Stokes equations in reference
[91].

FEM does not look for a solution of the Partial Differential Equations (PDE)
itself, but looks for a solution of some integral form of the PDE. FEM algebraic
equations are obtained by using the variational principle or residuals concept, e.g.
the Galerkin’s concept. The continuum field, or domain, is subdivided into cells,
called elements, which forms a grid. The elements have either a triangular or a
quadrilateral form. The element can be rectilinear or curved. The grid itself needs
not to be structured (Figure 2.4). Unstructured grid applications are currently being

used extensively in Aeronautical research.

Numerical simulation of shear layers by using finite element methods may
be found in references [92-95]. FEM and FDM can also be used together [96].
Interactive vortex shedding in the multiply connected domain formed by a pair of
circular cylinder was analysed by the FEM-FDM blending technique. The standard
Galerkin finite element method was used in the relatively small FEM subdomain and
the finite difference method based on the general coordinate system in the rest of the

flow domain.

2.2.3. Finite Volume Method (FVM)

Like FEM the Finite Volume Method (FVM) looks for a solution of some

integral form of the governing partial differential equations of the flow motion.

In the purest form of the method, the flow field or domain is subdivided, like
in the FEM, into a set of non—overlapping cells that cover the whole domain on which

the conservation laws are applied. In the finite volume method (FVM) the term cell
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is used instead of element in the finite element method. On each cell the conservation
laws are applied in order to determine the flow field variables in some discrete points
of the cells, called nodes. Like in the FEM, these nodes are at typical locations of the
cells, such as cell-centers, cell-vertices or mid-sides. Obviously, there is considerable
freedom in the choice of the cells and the nodes. Cells can be triangular, quadrilateral
etc. They can be elements of a structured grid or an unstructured grid. Clearly, the
whole geometrical freedom of the FEM can be used in the FVM (Figure 2.5).

Finite volume method tries to combine the best from the finite element
method, i.e., the geometric flexibity, with the best of the finite difference method,
i.e., the flexibilty in defining the discrete flow field (discrete values of dependent

variables and their associated fluxes).

Some formulations are very near to finite element formulations and can be
interpreted as subdomain collocation finite element method. Other formulation are
very near to finite—difference formulations and can be interpreted as conservative

finite difference formulations. Other formulations are really in between [97].

Franke et al [98] have used FVM in order to calculate laminar vortex—
shedding flows past circular and square cylinders for Re < 5000 in the former and
Re < 300 in the latter case. Song and Yuan [99] have used an explicit finite volume
method to model vortex shedding over a circular cylinder based on the weakly com-
pressible flow equations with a simple subgrid scale turbulence model and a simple

hybrid boundary coundition.

2.2.4. Spectral Methods

Spectral methods may be viewed as an extreme development of the class
of discretisation schemes by the generic name of the Method of Weighed Residuals
(MWR). The key elements of MWR are the trial functions (also called the expansion
or approximating functions). The trial functions are used as the basis functions
for a truncated series expansion of the solution, which, when substituted into the
differential equation, produces the residual. The test functions are used to enforce

the minimization of the residual.
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The choice of trial functions is what distinguishes the spectral methods from
the finite element and finite difference methods. The trial functions for spectral
methods are infinitely differentiable global functions. In the case of finite element
methods, the domain is divided into small elements and a trial function is specified
in each element. The trial functions, are thus local in character and well suited for

handling complex geometries. The finite-difference trial functions are likewise local.

The choice of test function distinguishes between the Galerkin, Collocation
and Tau approaches. In the Galerkin approach, the test functions are the same as
the trial function; whereas in the collocation approach the test functions are trans-
lated Dirac delta functions. In other words, the Galerkin approach is equivalent to
least—squares approximation whereas the collocation approach requires the differen-
tial equation to be satisfied exactly at the collocation points. Spectral tau methods
are close to Galerkin methods but they differ in the treatment of boundary conditions
[100].

More detailed information about spectral Methods may be found in Peyret
[101]. Application of the spectral method to flow past a cylinder was described
by Alfonsi [102]. The computational scheme was a mixed spectral-finite analytic
technique, in which the Fast-Fourier Transform algorithm is used for the evaluation of
the nonlinear terms in the two—dimensional time—dependent Navier~Stokes equations

in the stream function—vorticity transport form at Re = 1000.



44

2.3. Vortex Methods versus Classical Methods

In generall numerical model must accurately reproduce experimental obser-
vations and measurements by using only a few parameters and it must make correct

prediction within a reasonable range about the results of future physical experiments.

Finite Difference Method is a well known and widespread method, therefore
here it was chosen as the reference method among the ”Other Methods” for our

comparison to Vortex Methods.

If the Reynolds number is approximately less than 103, the finite difference
methods work well, because the solution is very smooth. At Reynolds number greater
than 108 which is an aeronautical interest, the vortical structures in the wake become
very small, so very fine grid is needed, which means very large computer memory
and very short time steps in numerical computation. If the solution grid is choosen
too coarse, then numerical diffusion and dispersion can easily dominate physical
diffusion. This means that we don’t simulate the flow trully at the Reynolds number

* we interested in [103]. On the other hand, most of the vortex methods are grid—free.

One of the advantage of a finite difference methods over vortex methods is
that they rest on a well established theory of stability and convergence. The same

cannot be said of the vortex methods, when viscosity and boundaries are involved.

The main disadvantage of the inviscid vortex methods is the lack of Reynolds
number definition. Altough by using some of the vortex methods, i.e., operator
splitting, HMDVM method, viscous simulation can be made, but in this case grid
dependency complicates the main numerical scheme.

An advantage of the Vortex method is that it effectively includes the infinite
domain whereas the finite difference methods include only a finite domain and require
artificial boundary conditions at a finite distance from the body. The Vortex Methods
need less empiricism in this regard. It is also possible to add wind—tunnel wall effects

to the vortex method.
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It is not easy to assess the relative computer costs for the two methods. In
the vortex method, N,? interactions have to be computed at each time step, where
N, is the number of vortices. In contrast, many finite difference methods require only
order of N, operations, where N, is the number of grid points. This is true for the
most explicit methods and for the implicit methods that have a suitable ordering of -
the grid. Since both methods, in their widely used forms, are second order accurate,
the finite difference method seems to have the advantage. However in practical
situations N, and N, are limited and the relevant question is: which values of N,
and N, would achieve the desired level of accuracy. The memory requirements and
the running times could be compared. Only experience can answer the question, but
two general rules apply. First, the vortex method will be more competitive if the
vortical region is small, which makes &, much smaller than N,. Typically, the vortex
method works well with an external flow, but not as well with an internal flow which
might be filled with vorticity, thus make N, and Ny about equal. Second, the vortex

method nearly always require less memory.

The problem and what one expects and wants to do with answer, rather
than the exaggerated claims made on behalf of each method, will determine to a
large extend whether one wants to follow the vorticity field or the velocity field. In
either case, the code solves only an idealized mathematical problem and the results

must be interpreted in view of the real physics.

Impinging shear layers involve highly concentrated vortical regions. The rest
of the low domain in vorticity free, hence irrotational. In this sense, the application
of Vortex Method to the present problem seems to be more feasible. Furthermore,
author is interested in the deformation of vorticity field at the impinging edge. So

this also makes the Vortex Methods more attractive.



CHAPTER III

PRESENT NUMERICAL METHOD

The first work using discrete vortices to represent a vortex sheet was that of
Rosenhead [45]. He dealt with the instability between two adjacent liquid surfaces
with velocities equal in magnitude but opposite in direction. The sheet was given
an initial sinusoidal disturbance and replaced by twelve elemental vortices uniformly
positioned along one wavelength of the sinusoid. Rosenhead’s results were calculated
manually and only four time steps taken; however, he concluded that the vortex

sheet ”rolled up” smoothly into concentrated clusters of vortices.

Birkhoff and Fisher [104] repeated Rosenhead’s calculations with a computer
using twenty—two vortices per wavelength and smaller time steps in their Runge-
Kutta integration routine. They found that the paths of individual vortices of the
sheet were irregular and contorted and often crossed over one another-an event which

is physically impossible for a vortex sheet.

Hama and Burke [105] also performed a follow-up study to Rosenhead’s
work. Using twelve vortices per wavelength, as Rosenhead had, but time steps one
quarter, in magnitude as long, they found essentially the same behaviour as Birkhoff
and Fisher roll-up into periodic clusters of vortices, but individual vortex paths being
somewhat contorted. Then they spaced the vortices unevenly along the disturbed
sheet, so as to represent the sheet with vortices of equal strength, and obtained

smooth roll-up.

Abernathy and Kronauer [106] were extended Rosenhead’s work by consid-
ering the stability of two zero—-thickness shear layers at fixed distance apart. They
replaced the shear layers with vortex sheets of opposite sign and found that the de-
velopment and interaction of the two vortex layers led to clusters of positive and

negative vorticity arranged in the familiar von Karman vortex street pattern.

Although the above mentioned early models of vortex motions showed some

of the experimentally observed features of a vortex sheet, two important effect were
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not taken into account; First, no boundary conditions on body was performed, i.e.,
only the sheets of infinite extend were analysed. Secondly, the distribution of vorticity
in the sheets was taken as constants in time, whereas in reality, vorticity is fed to

the sheet from the boundary layers separating from the body.

An application of the Discrete Vortex Method to the simulation of free shear
layer flow around two-dimensional bluff bodies was largely initiated by Clements
[107]. He developed the DVM to model vortex shedding behind a square based

trailing edge.

Sarpkaya [108] has studied vortex shedding from an inclined fiat plate under
steady flow conditions. The vortex—image positions were found by transforming the
plate into a circle using the Joukowsky transformation, with a Kutta condition to
calculate vortex strengths. The generalised Blasius theorem was used to estimate
forces on the body. Graham [109] has discussed numerical methods of shedding
point vortices in inviscid two—dimensional flow past a sharp edge and the subsequent

roll up of the shed vortex sheets.

Due to realization of the power of the Discrete Vortex Method to simulate
vortical flow, an increasing number of researchers have begun to use this method.
Some use of this method in literature is as follows: The nonlinear characteristics
of the hydrodynamic forces on a flat plate normally oscillating to its plane was
studied by Kudo [110]. The steady flow around submarine pipelines was studied
by Efthymiou and Narayanan [111]. Downie et al [112] and Brown and Patel [113]
have studied hydrodynamic damping of floating bodies. Krasny [114] has studied
singularity formation in a vortex sheet. A two dimensional turbulent jet was studied
by Shimizu [115].

Very recently, Sarpkaya [44] presented an immense review on Vortex Meth-
ods, particularly covering the application of Discrete Vortex Method. For this reason,
a very brief introduction to DVM will be made in this Chapter.
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3.1. Discrete Vortex Method applied to Impinging Wake Flow

In chapter I, an assesment of the numerical simulation models of impinging
shear flows has been made. In this section, the details of multiple discrete vortex—
body interaction models available in the litarature will be discussed. A review of

single vortex—body interaction can be found in reference [1].

Conlisk and Rockwell [30] pioneered the first DVM study on impinging flows.
The trajectories of laboratory vortices past a corner were simnlated by using multiple
discrete vortices. It was shown that sufficiently weak vortices can provide the physics
of the impingement. Incident shear layer characteristics were simulated with two
approaches. First, point vortices were distributed with a known wavelength and
assumed to be converted with the mean flow around a blunt leading edge. Since
the mean irrotational flow is symmetric with respect to the horizontal plane passing
through the stagnation point only the upper symmetric half of the flow is considered.

Figure 3.1 shows the physical and transformation planes. The blunt edge
geometry was mapped into the transformed plane via a Scharz—Christoffel transfor-

mation. The resulting transformation is given below

z = f(A) = (2ih/7) [sin 71X + /1 — A?) (3.1)
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Figure 3.1. Mapping of corner geometry into a plane by using SC transformation
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Results of Conlisk and Rockwell {30] were very succesful. Particularly the
unsteady path of the apparent center of laboratory vortices were well predicted.
Unsteady induced pressure was calculated at a point near the sharp angled corner.

Power spectrum of continuous pressure signals confirm laboratory experiments.

Kaykayoglu [116,33] has modelled vorticity field-curved surface interactions
by the method of point vortices. Three basic types of simulation of the shear layer
vortex—surface interactions were considered (Figure 3.2). In each case well developed
shear layer vortices were simulated by discrete vortices. In computer generated pat-
terns of these types of vortical fields, configurations of single row of point vortices;
finite area point vortex clusters; and single layer point vortices were employed. An
assesment of the vorticity field—curved surface interactions was studied with an in-
viscid flow formulation about an ellipse. The ellipse was transformed onto a circle on
the g—plane and then onto a piece of straight line on the A—plane (Figure 3.3). The
flow in the physical plane of Figure 3.3 was mapped onto the intermediate plane via

conformal transformation. The following transformations were performed

2= f9)=pls+7) (3:2)

a2
A= f(0)= 50+ %) (33)

where p and ¢ are appropriate constants on the geometry and a is the radius of the
circle. Simulation was able to show the effect of the strain field of the curved surface

on the approach shear layer.

Panaras [31,32] has modelled vortex/airfoil and shear-layer-edge interaction
by using finite-area vortices. In reference [32] two vortex models were used. In the
first, a disturbed piece of a vorticity layer was simulated by four rows of discrete
vortices of small strength (Figure 3.4a). In the second, a number of discrete vortices
was arranged within a circle (Figure 3.4b). A symmetrical Joukowski airfoil was used
for studying the vortices/edge interaction. The following successive transformation

was performed to transform the flow about a symmetrical airfoil into the flow about
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a line segment on the A-plane (Figure 3.5).

(3.4)

A:g+%— (3.5)

where [ and b are parameters that define a particular airfoil and @ is the radius of
the basic circle into which the airfoil is transformed at the g—plane. He claimed
that the first model might simulate a shear layer or a wake and the second a well-
formed vortex. In reference [31] shear-layer/airfoil, shear—layer/corner interaction
was studied (Figure 3.4c). A row of finite-area vortices was used to simulate vortex

corner interactions.

Due to the leading edge geometry of an airfoil, secondary vortex separation
is not imminent. Gursul’s [23] experiments showed that leading edges with finite
thickness do not cause secondary vortex shedding. In this respect Panaras’ model is

supported by laboratory observations.
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3.2. Theoretical Basis of the Discrete Vortex Method (DVM) and
Vortex Street—Edge Interaction Flow Model

As stated before the DVM is a potential flow representation of shear layers
in which vorticity is confined to restricted subregions of the flow. At sufficiently high
Reynolds numbers, the shear layers shed from a bluff body are thin and the vorticity
is confined to restricted subregions of tightly spiralled vortex sheets. The basis of
the DVM consists in the representation of the shear layer from a bluff trailing edge
by a series of point discrete vortices. The motion of the shear layers in time is then
represented by the evolution of arrays of line vortices. The velocity of any vortex is
the sum of the two—dimensional irrotational potential low around the body and the
velocity induced at the vortex position by all the other vortices. These velocities can
be easily obtained if there is a simple boundary in the flow domain, i.e., a plane wall
extend to infinity. Therefore if there is a complex body in the flow field, the flow
domain should be transformed in any way into an upper half plane with the boundary
of the body along the real axis by means of some mapping technique. Some of these
transformation techniques are presented briefly in Section 3.1. Now, we will outline
the basic principles of the DVM.

Complex potential for a single 2-D poit vortex is given as

L
W = ;—ﬂlog(z ~ ) (3.6)
where I' is circulation of the point vortex, If a single vortex near a plane wall

is considered, the wall effects can be easily taken into consideration by introducing

image vortex (See Figure 3.6). The complex potential becomes

il i
W = —log(z — 2,) — — -z .
5 0g(z — 2) 27l'log(z Zo) (3.7)

The potential flow theory permits one to represent the flow field as a super-

position of uniform flow and a number of singularities, e.g., vortex, doublets, source
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and sink. If there is a boundary in the flow domain, image effects should be taken

into consideration as described above.
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Figure 3.6. Single vortex near a wall

Numerical modelling of the unsteady interaction between a typical shear
layer flow and a impingement surface, i.e leading edge involves a vortex—street, wake,
generation in the present study. Different shear layer configuration were thought as
an example. A brief survey on mixing layer and vortex street configurations were
held. Mixing layer type shear layers involve vortices with the same circulation sign.
On the other hand, vortex street involves two rows of vortex layers with opposite
signs of vorticity in each row. Vortices rotating in opposite direction may interact
in various strength with the impingement surface. Furthermore, the vast literature
about wakes involving organized vortical structures in the form of vortex streets
encouraged the author to prefer the vortex street configuration as a possible flow

model in this study.

A vortex-street can be formed behind either a circular cylinder [23] or blunt
trailing edge [22]. Depending on the Reynolds number of the approaching flow wake
can be laminar and involves well defined vortices with alternating signs. Due to its
convenience during the utilization of the numerical model (i.e. well defined separation
points) a blunt trailing edge configuration is chosen. Irrotational flow past a trailing
edge involves potential low modelling.

Figure 3.7 shows the appropriate planes with potential flow models used in
in this thesis. A uniform flow—doublet combination transforms the potential flow
past the trailing and leading edge combination in the physical plane as is shown in
Figure 3.7b. Hence, the complex potential of mean flow chosen for this study is given
by
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Wn(A) = Uso A+ /A (3.8)

where Uy, is the free stream velocity and g is the doublet strength which will be set
to a limit value so as to obtain equal velocities above and below the trailing edge in
the physical plane. Thus, p value also determines the symmetry of the shear layer.
By choosing various u values, antisymmetric wake configuration may be realized.

The discrete vortex representation of shear layer shed from a bluff trail-
ing edge is shown in Figure 3.8. In the transformed plane (A-plane), the complex

potential, W()), for a set of dicrete vortices superposed on a mean flow is given by

i1 il <
W(A) = Win(N) +Z ’1 g\ — Aju) — }: log(A = Aju)—
i ’—1 (3.9)
T
2t log(A - Aﬂ)+§; =Zlog(A - X3)
J'=1 =1

where N is the number of vortices released into the mean flow from the upper and
lower separation points of the trailing edge, I';, and I';; are the strength of the
separating vortices from the upper and lower separation points, A4, Ajy and Ajls :\ﬂ

are their respective positions of the real and image vortices.

From the complex—variable theory it is known that the complex potential
= ¢ + iy , where V¢ = u, the velocity, and ¢ is the stream function, is a
transformal invariant [107]. Also the flow field due to a vortex transforms into that
due to a vortex of equal strength at the transform of the vortex positions. Hence, the
velocity at any point in the fluid in the z—plane (physical plane) may be obtained by
transforming the positions of all the vortices into the A-plane (transformed plane),
calculating the velocity at the transform of the required point and then returning
this velocity to the physical plane through the relationship;
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u(z) —w(z)= — = —=—= — (3.10)

If the point whose velocity is required is also a vortex position Routh’s rule
should be taken into consideration (See Appendix A) [107].

Hence, the equation of motion of a vortex in the physical plane can be written

as

dz, dW

b e LS QWZ e AN
;N .
_ Tim Tim, dz  iTx g"(Ae)
ALNP\ 5 Ny IR A k) 3.11
Z M — Nim ’\lm Z ‘X = Aim, /df\k 4t [g' (M) (311
m_l

where the last term is Routh’s term.
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Figure 3.8. Essentials of the Discrete Vorticity Method (DVM) simulation
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3.3. Modelling of Physical Domain

As it is reviewed in Section 3.2 investigation of the unsteady vortex street—
edge interaction involves generation of a trailing edge wake flow impinging on a
downstream edge. This flow field requires two bodies. The body which sheds vortic-
ity into the flow is named as an upstream body. The shed vorticity constitutes wake
vortices that impinge upon the second body which is named as a leading edge. Gen-
erally two methods are available to represent the influences of the bodies.One of these
is the representation of the bodies by singularity distributions [117-120]. The second
alternative is the use of a transformation techniques. Due to its higher accuracy in
representing the boundary conditions on the body a numerical Schwarz—~Christoffel

(SC) transformation was employed to desired set up in the present study.

3.3.1. Schwarz—Christoffel Transformation

» N

> 77*’77—’77777—’77777"
aQa b c
z -plane A-plane

a) b)
Figure 3.9. SC transformation applied to a polygon

Fundamentals of the S-C transformation can be found in complex variable
text books, e.g., Spiegel [121] and Churchill [122]. The applications of SC trans-
formation in hydrodynamics are very well rewieved in Milne and Thompson [123].
Further reviews abont the method were done by Nehari [124] and Floryan [125]. A
collection of formulae and properties of conformal representations can be found in

Kober’s Conformal Representation Dictionary [126].

In this section, a brief essentials of the S—C transformation will be introduced
which then be followed by the applied numerical method in the present work.

Consider a polygon (Figure 3.9a) in the z plane having vertices at A, B, C,..
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with corresponding interior angles «, 3,7, .. respectively. Let the points A, B, C,..
map respectively into points a, b, c, .. on the real axis of the A-plane (Figure 3.9b).

Schwarz—Christoffel transformation which maps the interior R of the polygon
of the z—plane on to the upper half R’ of the A-plane and the boundary of the polygon

on to the real axis is given by

dz

o = KO- @)™t (A= b)f/T L (A=)t L (3.12)
or in short notation
dz N
o = K[J(r- a;)% /™1 (3.13)
=1

Integration of Eq. (3.13) yields the necessary transformation between z— and A-

planes, Hence;

N
z=K / {H(,\ — g;)/™1 dA} +1L (3.14)

where K and L are complex constants to be evaluated under physical conditions.

The following facts should be noted in the Schwarz—Christoffel transforma-

tion;

1. Any three of the points a,b,¢,--- can be choosen at will.
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2. The constants K and L determine the size, orientation and position of

the polygon.

3. It is convenient to choose one point, say a, at infinity in which case the

term involving a in Eq. (3.13) is not present.

4. Infinite open polygons can be considered as limiting cases of closed poly-

gons.

If a vertex of the polygon corresponds to a point at infinity on the real axis

of the A-plane, say for example @ — —oo, by choosing an appropriate K as

K'
3 (_a)a/ﬂ'-l

d

K (3.15)

the equation of SC transformation (Eq. 3.13) can be written as

d A—a\ 1 .
z} = K’( _a“) IT x=aiy/~? (3.16)

=1

a;Fa

Since, when a — —o0

—a

(’\ = “) A (3.17)

and the transformation becomes by using K instead of K.



61

N
dz
&< . o fmr—1
- = ng (A= a;) (3.18)
a,';‘-'a.
that is to say, the factor corresponding to a = —oo is omitted from the equation of

transformation, and the corresponding angle does not appear.
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3.3.2. Numerical Schwarz—Christoffel Transformation

For a simple geometry an exact transformation can be made by using some
conformal transformations. But if the body is complex, an exact transformation may
not be found, a numerical transformation should be made. Menikoff and Zemach [127]
and Meiron et al [128] have used numerical conformal mapping. Meiron et al have
used numerical conformal mapping to solve the free—surface flow problems. Floryan
[129, 130] has developed a conformal-mapping-based coordinate generation method.
A channel of an arbitrary shape in the physical plane was mapped into a straight
channel in computational plane. Shridhar and Davis [131] have also developed new
coordinate generation technique for a variety of complex internal flow configurations

by using Schwarz—Christoffel method.

The full numerical integration of Eq. (3.18) has been discussed in detail by
Davis [132] and only a summary will be given here. The general numerical Schwarz-
Christoffel transformation based on Davis’ approach has been developed by Cozen
for a single semi—infinite bodies [83]. In this study this routine was modified and used
to generate two semi—infinite bodies of sharp trailing and leading edges including the
2-D grid network. .

A difficulty arises in applying Eq. (3.18) because the constants a; (the
location of the images of the corners on the {—axis) and K are not known a priori;
therefore the determination of these constants are the part of the solution. The

constants are determined iteratively as follows;

i) The S—C transformation can be written as in the form

o= K[ - a;)™ (3.19)

. ay
where o; used instead of - — 1.
T
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z plane will transform to the vertical axis in the A-plane (Figure 3.10). Choose

a; = —t and ay(1 < J < N) = 0 (arbitrary any single point). Then the process

continue as follows:

ii) Guess initial values for K and other a;. Usually K1) = 1. K can be

complex and

o;V =[G~ Vas+(J -Nai]/(J=1) < J (3.20)
a; V) = (N - f)ag+ (G- Nan)/(N=J) 527 (3.21)

aj(l) ’s are evenly spaced

iii) Using these guessed values Eq. (3.19) is integrated as

Al N
z=KW {H(,\ — g; ()% d,\} + Ay (3.22)

=i | i1

where A; is the integration constant.

Thus

-1

ag N .
A = gQ) {H(,\ — a; ()™ dA} + A (3.23)

=1

This gives us a set of values A;(!), k = 1,..N which are incorrect except A;.

The exact and guessed vertices are shown in Figure 3.11a.

iv) Notice that all turning angles are correct (The property of conformal
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transformation) but the length of the straight elements and the initial slope are

wrong.

Now K'() is corrected to bring Ax(!) onto Ay as

E® = KO(Ay - 4)/(AND - 4y) (3.24)

Then A;1) moves to A(Jl) = A,V K@ /KM (Figure 3.11b).

Then a3 to ay—1 in A-plane is changed to bring ./12(1) to /15\}{_ 4 closer to

correct values, i.e., change a; — a; in proportion to |A; — A|

Thus
;B —ay = |4; — A1(a;V — a1)/]| 4V — 4] (3.25)

This retains a; and any unchanged but redistributes all the other along imag-

inary £—axis.

v) Now return to the (step i) using the new values of K and a; and iterate
through this loops until convergency is obtained.

Numerical integration in the A-plane is carried out by dividing the interval
—i to ¢ into M elements (Am41,An) of length AM,,. Then consider the element
(Am+1, Am) and let the closest a; point be a; (Figure 3.12).

am+1 | N

tmtt = 7m + K / TIh = a)™/™1 | (A = a)/=1 (3.26)
Am i1
=
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In attempting to numerically integrate Eq (3.26), using say a trapezoid rule,
large errors occur near corners due to the fact that the Kernel of the integral is not
analytic there. Therefore, Davis [132] was developed a modified midpoint rule for
complex integration which exactly integrates any nonanalytic term which occurs at

a, corner.

Thus

N

Zmi1 = zm + K[|
Jj=1

i#l

) Am+1
Amt+1 + Am ) (A - lll)c’l"*'1
( 2 - a,,) po— , (3.27)

with 21 = Ay ... etc.

The body is oriented such that 2 = 0 when A = 0 and, therefore, N = 0 in

all cases.
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Ay 9

2 -plane A-plane

Figure 3.10. Polygon mapping into a vertical axis via SC transformation

AN
a1
Aj
Ay
A
J (1)
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Az A\
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Figure 3.11. Vertex correction in numerical SC transformation

a,1
|
|
|
mel 1
a |
{
m |
|
————

-1

Figure 3.12. Handling of singularity occurs in numerical integration by choosing
appropriate interval
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3.3.3. Finding a Point in Computational Plane

Given the value of the induced velocity at each vortex position in the physical
plane, the new vortex position is computed by a system of first order differential
equations of motion with one step Euler integration. The corresponding position
of the vortex in the computational space is required for the next advancement of
vortices. This task is carried out with an innovative numerical inverse transformation
method largely based on a computer graphic algorithm [133]. The use of mesh
structures in two succesive planes ables one to locate the new position of the vortex
at the computational plane. The main steps of the point transformation are given

below.

1. We let & = (z,y) denote the point vortex position in the physical plane.
The problem of finding the corresponding (%, 7) mesh cell as well as the offset within
. that cell is the most computationally intensive task in the particle tracing process.
A search for the closest point in the physical plane is too expensive if all cells are

searched, and indeed, the closest point may not even be part of the correct cell.

polygons

line segment

s — o — et

Figure 3.13. Adressing of the cell with Scan Line Algorithm

In this study, much more simpler method is prepared to search a vortex



68

point along all edges of the physical domain. A ”"Scan Line Algorithm” is set up so
as to determine where the vortex is located. The physical plane is divided into four
polygons with the help of the mesh network established earlier with the Schwarz-
Christoffel transformation. Then one constructs a line segment between the point
in question and a point known to be outside the computational plane. Omne then
counts how many intersections of the line segment with the polygons’ boundaries. If
there are an odd number of intersections, then the vortex point in question is inside;
an even number indicates that it is outside. An algorithm also handles the point
of intersections with the edges under special controls. After finding the polygon,
the current polygon is further divided into four and similar search is made until the

target mesh cell is found (Figure 3.13 ).

2. The corresponding position of the vortex point in the computational
plane should reside in the same cell adress (7,j). Hence the physical plane mesh
cell information is carried to the computational plane. Since it is easier to work
with bilinear trasformations, the current cell polygon is divided diagonally into two
triangles, the position of the vortex point is relabelled. This task also fixes the

current address of the point in the computational plane.

3. The approximate position of the vortex in the transformed plane is com-

puted by using bilinear transformation between two planes.

4. The above steps will yield an approximate position although a high accu-
racy is needed. A Newton—Raphson iteration technique was employed, to increase the
accuracy. That is, given Ag as the starting point obtained through approximation, it
is mapped to the physical plane with Numerical Schwarz—Christoffel transformation
and zi is obtained. zx will deviate from the correct vortex position 2x.o.,. The new
value of A at the (k + 1) iteration is given by

(f(Ak) - zkcq'r'r.)
ey

Abt1 = Ak — (3.28)

where 2z, = f(Ax) and
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F(w) = (ﬁ)k (3.29)

The new value of Agy; is mapped to physical plane and a new cycle is
repeated until |zx41 — Zkcorr.| < €, Where € is set to 1073, The calculations required

less than ten iterations for convergence.

The above algorithm is repeated at each vortex position. The speed of the
algorithm is efficient enough to carry out the overall computations for large number

of vortices.
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3.4 Details of the Numerical Method

The calculations were carried out with the flow started impulsively from rest
with no initial vorticity in the fluid. Vorticity in the form of point vortices, was then
introduced into the fluid from the two separation points of the trailing edge. At an
early stage of computations some form of asymetry is introduced into the flow field
for a short time and the flow then allowed to develop. The details of the separation
phenomena will be described later. In this section various important details of the
method will be discussed.

3.4.1. Time Integration

Vortices, which are shed from the separation points, are advanced by a first
order Euler Integration scheme. The choice of the time step for integration is very
important. The time step was determined after doing a number of preliminary cal-
culations. Chosing a large time step , results in a short computation time, but gives
rise to crude approximation, i.e., the elementary vortices can not be able to follow the
high curvature of separated shear layer. On the other hand small time steps mean
good resolution but long computation time. Therefore it is not an easy task to find an

optimum value for the time step. The non—dimensional time step 6t = 0.1 was used
[ o]

in this thesis; here the non-dimensional time is related to real time by ¢ = p
where s, half of the thickness of the trailing edge, T, real time, Uy, uniform flow
velocity. This values of 6t exhibits well defined wake vortices with enough discrete
vortices to resemble large vortex clusters. Furthermore, separating shear layers are

stable not showing any form of instability.

To compute the vortex paths at each successive time step a system of first—
order differential equations must be solved; for a field consisting of N vortices these

equations are given by
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d$1
_t—: ul(zlyyla"',zNayN)v
1
'E= vl(xhyla'”szN)yN),
: (3.30)
dzn
7 = uN(zlayh“"zN’yN)’
dyn
- = ON(Z1, 91, NS YN)s
Subject to the initial conditions
zi(0) = 2, (3.31)

%(0)= gy, t=1,---,N
where z,y; are upper/lower separation coordinates on the physical plane.

The discretization of differential equations were done by a first order Euler

scheme. This is shown below;

zi(t+8t) = zi+ui(t) 6t
vit+6t)= y+v(t)ét i=1,.--,N (3.32)

which has an error in any time step O(6t2).

3.4.2. Vorticity Generation and Introduction

The rate at which vorticity is shed into the wake is given by

J §/0v  Ou
dy= [ (L2 = ici :
/(; w dy /0 ( 5 8y) udy = Shed vorticity (3.33)
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where § is the boundary-layer thickness, u the velo¢ity within the BL, and y the
distance along the outward normal. The contribution of 2% is excluded from the

z
vorticity expression in conformity with the approximation of the boundary layer

theory ( Figure 3.14a ) shows the relevant parameters used in (Eq. 3.33).

boundary layer

y(zsu + zYl)

[ =4
-

/E\\\\\\\§

uppe

Y;
() Litower ® L0 iy
Figure 3.14. Schematic of the boundary layer at the edge of Trailing Edge
a) Relevant parameters used in (Eq. 3.33)
b) Relevant parameters used in defining separation points
Hence
o ’ 6—uud (3.33)
3t~ Jo Oy Y '
and consequently
or 1 1
Fri §(u12 — ug%) = 5“12 (3.34)

where u; and ug represent the velocities at the outer and inner edges of the shear
layers. It has been shown through numerous experiment that the simple expression
(Eq. 3.34) can be model even for flows with rapidly curving streamlines [134, 135].
There is no clear consensus between DVM investigators how the Eq. 3.34 should
be employed, provided that certain basic and experimentally observed facts are not
contradicted, that the results do not critically depend on the magnitude of the new

and hopefully minimum number of disposable parameters introduced. However, it is
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generally accepted that the nascent vortex strengths and their introduction positions
should satisfy the Kutta condition at each separation point. The various method used

to determine nascent vortex strengths can be divided into three categories.

1) The nascent vortex strengths are specified by boundary layer considera-
tions which determine the flux of vorticity from the separating boundary layer into
the outer flow; the nascent vortex introduction position are then computed according
to the Kutta condition.

2) Select a suitable fixed point in the flow near the separation point and use
the velocity us at that point to calculate the rate at which vorticity is shed into the

wake from

=g (3.35)

where u, is the velocity at the separation point.

3) The third method satisfies the Kutta condition and at the same time
uses a force free condition on the connecting shear layer (represented by the nascent

vortex) to relate the rate of circulation and the nascent vortex strength [108].

d
The present study uses the second method. In numerical calculations ar is

dt
replaced by %1;—‘ and the strength of the nascent vortex is calculated from

Thw = =u,2At (3.36).

As described before the velocity in the physical plane is obtained from the
velocity in the computational plane through the relationship
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dz
Vphy.(z) = Vcomp(’\)/'ﬁ (3.37(1)
where
dz N i/ m—1
= = K[[(0—a) (3.375)

=1

It can be seen from (Eq. 3.37b) that the separation points are singularities
of the transformation; therefore velocities at these points are infinity. But in reality,
due to the viscosity, the velocity at the separation points should be zero to satisfy the
no-slip condition. The velocity with which the shear layer hence the vortex in the
model leaves the separation point is determined by the velocity u; at the outer edge
of the boundary layer. This velocity also determines the rate of vorticity shedding
into the shear layers (Eq. 3.35).

Separation velocity us; and also the other physical flow parameter have close

¥

relationship with the “ boundary-layer thickness ”, but rather than complex mod-
eling, instead a parameter Y7, departure from the separation point, has been used.
The vortices themselves were introduced from the actual separation point (z:* or
zs') and the separation velocity was determined at (z,* +4Y;) or (2,/ — i¥;) lo-
cations. The supercripts u and [ denote upper and lower components respectively.
Figure 3.14b shows the relevant parameters. Similar method was also adopted by

Clements [107] for the trailing edge flow separation.

3.4.3. Limit Boundary Definition over the Solid Surfaces

In the present study, no attempt was made theoretically to include the pres-
ence of boundary layers near the surfaces. However, we know that vortices which
move very close to the surface should feel the presence of surfaces. An individual
vortex can be approach too close to the body. Owing to the presence of the images in
the lower half of computational plane, each vortex is induced unduly high velocities,
which is not correct in reality. This can be avoided by reflection from wall or cancel-
lation of vortices. The second method was chosen in this study. If a vortex enter into
an imaginary limit boundary, which has a thickness of 0.05 s, it was removed from
the calculations (see Figure 3.15). Physically this is equivalent to the destruction of

vorticity in the surface boundary layer. Various researchers used this method to
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overcome the computational difficulties near solid surfaces [108].

t
imaginary limit boundary vortex cancellation
et —— _—
|
° i
________ — N ———————

Figure 3.15. A sketch for a cancellation of vortex which enters into the limit boundary

3.4.4. Vortex Core Radius Definition

The absence of viscosity in the computational models introduces an another
problem. It is probable that some vortices come close to one another and develop
unreasonable large velocities at each position. Variety of ways of avoiding this ab-
normallty may be found in the literature,e.g., combination of these vortices into an
equivalent single vortex, to give a core radius to each vortex, etc. Core definition
method was adopted in this thesis. By giving a core to each vortex, induction mech-

anism is splitted into two separated way (Figure 3.16).

v, |

-

|
i
|
I
|
5 ,
-
Solid Biot -Savart
Body rotation Induction

-

Figure 3.16. Radial velocity variation for a vortex of radius o.

If two vortices come too close to each other, they should behave like a solid particle

and induced velocity will be,

Vo= oo ————02‘2" r<o (3.38)
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otherwise the Biot—Savart induction mechanism works ,i.e., the corresponding

velocity in physical plane is

T 1
T2 |z — 2|

Ve r>o (3.39)

The core radins ¢ = 0.01 was found satisfactory after several trials. This
radius is defined in the physical plane. Since the calculations are performed on the
computational plane, this radius was redefined. In computational plane, a variable

radius should be used which is given through the relationship;

dA

o F=A (3.40)

dz

dA

where J = —. The core radius used in computational plane (A-plane) is now

0.01
Ocomp. = —l—jl_ (3.41)

and hence for r < o the velocity in the computational plane becomes

_r e
*~ 2r (0.01)?

IA - /\0[ r<o (3.42)

3.4.5. Initial Disturbance

Discrete Vortex Method as well as the other vortex or classical computational
methods need initial disturbances to initiate vortex shedding from bluff bodies [107].

Initial perturbation can be given to flow in many different ways, e.g., a small change
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in position and/or strength of a new vortices on one side of the street over a short

time intervals. Periodic transverse oscillation of the flow was chosen in this thesis.

It was observed that the developing flow does not exhibit any memory effects to any

reasonable initial disturbances.

Initial perturbation corresponds to source—sink metamorphose in the com-

putational plane as shown in Figure 3.17a,b. Complex potential of the perturbation

is

W, = plog(A — as)

Thus complex velocity is

where

_ [ asin(irt) t<3
“l0 t>3

(3.43)

(3.44)

(3.45)

Perturbation was applied during ¢ < 3 and then the flow allowed to develop,

after 30 vortices were shed from each separation point. Depending on the sign of the

p—parameter, initial disturbance corresponds to source-sink metamorphose as stated

before (Figure 3.17b,c).
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Figure 3.17. Initial perturbation



79

3.4.6. Unsteady Pressure Coefficient

The periodic pressure fluctuations induced on a point z of a leading edge by

a succession of vortices may be estimated by the equation

9¢

1 1
Pt Pt oo (il +0k%) = Poo + 5 p U (3.46)

where Uy, is the velocity of the mean flow at infinity, ux and v; are the components
of the velocity field with vortices embedded in the flow, Py is the induced pressure
in the pressence of mean and convecting vortices, and the term p —— denotes the

ot

non—dimensional unsteady potential.

If from Equation (3.46) the value of the pressure coefficient caused only
by the mean potential flow ,i.e., in the absence of vortices, is subtracted (velocity

components ,v), the following coefficient is derived:

_(@rh) (wltw?) p 04 (3.47)

vg Ug, oo Ot

Cp

This coeflicient has the advantage of referencing the pressure (positive val-
ues) or suction (negative values) induced by the convected array of vortices on the
local value of the mean—flow—caused pressure. Similar definition was also introduced
by Panaras [29] and Kaykayoglu [33]. References [29] and [33] give more details on

the formulation.

3.4.7. Computer Code and Post Processing

The computer codes, developed in this thesis for vortex development and
grid generation were all written in FORTRAN language and were running at PC-
486 and IBM 4381 main frame available at ITU. The running time at PC-486 for
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wedge and blunt leading edge configurations is about 7 hours, and for elliptic leading
edge is about 16 hours for 500 time steps. The grid data used in main program was
generated by a separate grid generation program. Due to computer time limitation
the main program was prepared in such a way that one can perform continuous batch

computations.

Post processing was made mainly by using graphic softwares written in
BASIC language. Velocity field and Stream function distributions obtained by using
separate computer programs due to CPU time limitations. These two programs were
written in FORTRAN language. In Figure 3.18 schematics of the main program and
post processing programs are shown. In addition, GRAPHER graphic package were
used to take print outs and Fast Fourier Transform (FFT) results were obtained by

using MATLAB package program.
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CHAPTER IV

KARMAN VORTEX STREET-ELLIPTICAL LEADING EDGE
INTERACTION

4.1 Experimental Observations

A bluff body in the wake of an another bluff body is of fundamental im-
portance in the area of flow—induced vibration and noise generation. Rotor blades
passing through the wakes of stator blades in turbomachinery, and tubes in the wakes
of upstream tubes in a heat exchanger tube bank are typical example of wake-body
interaction. The interaction of highly coherent Karman vortices with body remains
an unclarified problem. The only work in this area was carried out experimentally
by Gursul [23]. There is no numerical simulation model available in the literature to
the best of author’s knowledge.

Gursul and Rockwell [42] explored and classified the basic mechanisms of
Karman street with the elliptical leading—edge by means of experimental techniques.
The vortex street incident upon the elliptical edge were generated by using upstream
plates with different thicknesses. Based on the trailing edge thickness two represen-
tative vortex street scales were studied. These are designated as small and large scale
vortices. The distance between the trailing edge and the leading edge was L/b = 6.
For the small-scale vortex street the wavelength between the vortices is so small
that each row of alternating vortices are convected along the body without splitting.
Figure 4.1 shows the interaction patterns for small-scale vortex street. Figure 4.2a
shows interaction patterns for the case of large scale vortices. The vortex street is
divided in a similar fashion as for the case of Figure 4.1. If the leading edge is placed
with a certain offset inside the wake it was shown that each vortex in a given row is
split into two while the vortices in the other row continue to move along surface of
the edge. This case is shown in Figure 4.2. Gursul and Rockwell [42] also reviewed
the nature of the instantaneous pressure fields over the leading edge surfaces. They
showed that the pressure amplitude distributions on the upper and lower surfaces
are symmetrical within 5% accuracy. Following important conclusions about the

pressure behaviour were drawn for their study;
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Figure 4.1 Small scale Karman street—elliptical leading edge interaction

Figure 4.2. Large scale Karman street—elliptical leading edge interaction
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a) In the tip region, the approaching Karman vortex with a clockwise cir-
culation causes a positive peak in the pressure fluctuations and vice—versa for the

vortex in the lower row with counterclockwise circulation.

b) Downstream of the tip of the leading edge, the vortex induced pressures
correspond to those of a vortex past an infinite flat plate. Hence, the negative

pressure regions approximatlly correspond to the location of the vortices.

Gursul and Rockwell [42] had mainly investigated over all effect of incident
wake on the leading edge. The downstream edge location was unable the occurence
of self sustained oscillations. Hence the upstream influence were passive and can be
negligible due to leading edge location for downstream the wake. On the other hand,
the formation of a vortex—wake with the presence of a leading edge in the near wake
is not merely an academic problem but it is a practical engineering problem observed

in various applications [19].

The present investigation examines numerically the interaction of a bluff
body vortex—wake with an elliptical leading—edge at the first phase of the research
work. The simulation model is based on a Discrete Vortex Method and it is discussed
in details at Chapter III. In this chapter, author discusses various vortex interaction
patterns. Furthermore, the unsteady pressure fluctuations induced by the approach-
ing wake will be reviewed and compared with the laboratory experiments. As being
the first numerical study in this field, the phasing between surface pressure fluc-
tuations and the vortex structures will be studied in details so as to evaluate the
efficiency of the method.

4.2. Simulation of non—-impinging free wake

As areference case, a free wake, i.e with no downstream leading edge was first
considered. The geometric set up which involves semi infinite body were prepared
by using Numerical Schwarz—Christoffel transformation though analytic treatment is
available in the literature (See for example Clements [107]). This set up is shown in
Figure 4.3a. Figure 4.3b shows the essential parameters of the free shear development.
Separation points are fixed at the right angled corners of the bluff trailing edge. Its
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thickness is b and U is the magnitude of the potential flow far from the edge. As
the free wake evolves the wavelength, A, of the undisturbed Karman vortex street
changes spatially. The wavelength is defined as the distance between the apparent
centers of likewise rotating wake vortices. In Figure 4.4, the sense of rotation of

vortices on the upper and lower rows are also shown schematically.

When the boundary layer on a trailing edge surface reaches the sharp edge,
it separates from the edge forming a free shear layer, which, if the geometry permits,
tends to roll up into a fairly concentrated vortex. It is usually assumed that there
is an infinite Reynolds number limit to this process, in which the vortex sheet on
the body surface is shed as a free vortex sheet of infinitessimal thickness [44, 46 ].
New vorticity is shed into the free vortex sheets according to some shedding criterion
with the help of discrete point vortex representation at the separation edges and then
process is repeated at the next step. Examples of this method are very wide, such as
Clements [46], Sarpkaya [44] and Graham [109]. In this work author adapts the same
procedure of Clements [46]. Present method relaxes the trailing edge Kutta condition
and fixes the initial vortex condition. Although this approach has been criticesed for
eliminating some of the feedback from the exterior low and producing leakage round
the edges, method gives very good predictions of the Strouhal number. Figure 4.4
shows both the nature of unsteady vortex éheedding and free wake evolution. Almost
one period of vortex shedding is simulated betweeen nondimensional time limits of
T =50 and T =60.

Near wake vortex formation is stable and repeats itself. Furtherdownstream,
the vortices show the sign of initial merging process. Due to limitations on the
computational sources the shedding process is followed until a nondimensional time
step of T = 60. One can easily see that wake structure is free of any viscous diffusion
effects. Hence, computer generated vorticity preserve their circulation, i.e vorticity,
as they are convected downstream. Laboratory experiments show that there should
be reduction of vorticity magnitudes reaching 60% of the initial vorticity level. This
fact is included into the Discrete Vortex Method by various researchers [38,108].
Although this kind of empiric viscous diffusion effect simulation is helpful, there is
the problem of the annihilation of Kelvin condition. Author has not attempted to use
any empiric formulation in the current study. Since most of the attention is focused
in the near wake region, rather than far wake, this may not cause any serious problem
during modelling. Under the light of this djscussion, the free wake structure seems
to be a good approximation for a high Reynolds number shedding with negligible
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downstream viscous diffusion.

The benchmarking or validation of the current Discrete Vortex computer
code may be done by comparing various characteristics of the free wake. Figure
4.5a shows the time rate of change of trailing edge circulation shedding from fixed
separation points. Regular vortex shedding begins after T = 30. Upper row vortex is
shed from the edge when (dT'/dt), takes its lowest value and vice-versa for the lower
surface separation. The frequency of the shedding is deduced by taking the Fast
Fourier Transform of the (dI'/dt) variation (See Figure 4.5b). As expected, distinct
peak occurs at the natural frequency of the free wake. The corresponding number

is, (St = ];,;B) St = 0.21. The value of the Strouhal number agrees very well with

the available data [44,46]. This is not surprising since the computational method has

been several times checked on its efficency. The apparent success of the method in
simulating the oscillatory character of the shed vortices will be a good indication of

a correct boundary and initial condition for leading edge interactions.

Figure 4.6a shows the instantaneous streamline pattern at 7’ = 50, which has
a wavy shape. However, if the free stream speed, U, is removed, closed streamlines
in a reference frame moving with the free stream speed are obtained (Figure 4.6¢).
This reference frame flow field shows coherent structures having an apparence similar
to the computed pattern of the von Karman potential flow solution (Goldstein [136]).
Therefore, when —U,, is superposed on the entire flow field, only the source flow
will be observed. The streamline pattern in Figure 4.6c was obtained in this way;
velocity —U,, was superposed on the mean flow field and the fluctuation field was
suppressed. Finally in Figure 4.6b, the instantaneous velocity vectors are shown in
a moving reference frame over a rectangular computational grid network consisting
NX = 32 in the axial MY = 30 in the cross stream direction.

Detailed velocity field computations were carried out for several cases under
investigaton. The first set of data were obtained for the geometric case of the free
wake case without downstream leading edge. The results are shown in Figures 4.7
and 4.8 The time averaged mean velocity profiles are shown in Figures 4.7a and b at
several axial stations, z/b. The computation domain extends to y/b = 2 transversely
and z/b = 8 axially. The axial mean velocity component, U/U,, shows drastic
changes in the near wake. At the base, the recirculatory bubble dominates. Due to

momentum deficiency outer stream velocity exceeds the free stream velocity. These
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4.3 Impinging Wake Flow and Leading Edge Unsteady Pressures

Experimental observations of Karman vortex sheet—leading edge interactions
show number of complexities. The vortical structures are subjected to a rapid distor-
tion near the body, deforming into elongated structures [23]. The overall interaction
is a combination of following effects: a) inviscid flow boundary condition that there
can be no flow across a rigid wall (impermeability condition) b) pressure gradients
near the body (strain field condition) c) viscous effects (no slip condition). It was
already shown by Gursul [23] that inviscid interactions involves mainly the combi-

nation of the two first effects. Gursul’s observations are summarized as follows.

i) Wake vortices are subjected to rapid distortion near the body. This is due

to the impermeability condition.

ii) The vortical structure are split in two and some part of the vorticity is

swept along the opposite surface of the body.

iit} The vorticity within the vortices convected by the mean flow is small
compared to the large vorticity in the wall layer which is confined to a very small

region near the body. Hence there is no boundary layer separation.

iv) Wake vortices and wall boundary layer interacts passively.

Author has been encouraged by the above important conclusions. The ap-
plication of an inviscid Discrete Vortex Method to the problem of wake elliptic edge

interactions would be an efficient tool of simulation.

The trailing edge—elliptical leading edge arrangement is shown in Figure 4.10.
The elliptical leading edge has a ratio of major to minor axis of (a : b); 5:1 and is
attached to along plate. Gursul [23] had used the similar leading edge geometry. The
vortex street incident upon the elliptical edge were generated by using an upstream
plate of thickness b. The distance between the upstream plate (trailing edge) and
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agree well with the experimental observations [17]. In the near wake, the maximum
value of the cross stream velocity fluctuations is around V,p,5/Us = 0.7. In the
far wake, this value reduces to 0.45 showing very good agreement with Gursul’s
observations [23]. On the other hand, the magnitudes of axial velocity fluctuations

also agree very well with the experimental observations.

It is a common experience that unsteady velocity fluctuations components
are mostly overpredicted by Discrete Vortex Method [44]. The present results slightly
confirm this common behaviour. Present Dicrete Vortex Method is surprisingly suc-
cesful in simulating the turbulent characteristics of the wake. Shimizu [115] has
predicted the turbulent characterstics of the planar jet. His results also confirmed
the efficiency of DVM simulations for free shear flows.
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Figure 4.3b Free shear layer schematics and relevant parameters

Figure 4.4 (See next page for a legend)
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Figure 4.4 Details of unsteady free shear layer separation and simulation of vortex
wake development with discrete vortices
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4.3 Impinging Wake Flow and Leading Edge Unsteady Pressures

Experimental observations of Karman vortex sheet-leading edge interactions
show a number of complexities. The vortical structures are subjected to a rapid
distortion near the body, deforming into elongated structures [23]. The overall in-
teraction is a combination of following effects: a) inviscid flow boundary condition
that there can be no flow across a rigid wall (impermeability condition) b) pressure
gradients near the body (strain field condition) ¢) viscous effects (no slip condition).
It was already shown by Gursul [23] that such kind of interactions involves mainly
the combination of the two first effects. Gursul’s observations are summarized as

follows.

i) Wake vortices are subjected to rapid distortion near the body. This is due

to the impermeability condition.

ii) The vortical structure are split in two and some part of the vorticity is

swept along the opposite surface of the body.

ili) The vorticity within the vortices convected by the mean flow is small
compared to the large vorticity in the wall layer which is confined to a very small

region near the body. Hence there is no boundary layer separation.
iv) Wake vortices and wall boundary layer interacts passively.

Author has been encouraged by the above important conclusions. The ap-
plication of an inviscid Discrete Vortex Method to the problem of wake elliptic edge

interactions would be an efficient tool of simulation.

The trailing edge—elliptical leading edge arrangement is shown in Figure 4.10.
The elliptical leading edge has a ratio of major to minor axis of (a : b); 5:1 and is
attached to along plate. Gursul [23] had used the similar leading edge geometry. The
vortex street incident upon the elliptical edge were generated by using an upstream
plate of thickness b. The distance between the upstream plate (trailing edge) and
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the leading edge varied between L/b = 2 to L/b = 5. Such configurations allow the
investigation of the self-sustained oscillations of wake vortices.
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4.3.1 Impinging Wake Flow, L/b = 3 Case

Elliptical leading edge placed symmetrical downstream in the wake of an
upstream trailing edge at L/b = 3 will serve as the first case for the investigation. As
it was outlined earlier the geometric set up which involves two semi infinite bodies
were prepared by using Numerical Schwarz—Christoffel transformation. This set up is
shown in Figure 4.11. Grid structure supplies 32 surface stations. Due to the nature
of the transformation these points were crowded near the trailing edge and also at the
tip of the elliptic leading edge. For L/b = 3, transformation enables fairly accurate
elliptic edge representation. It is possible to increase accuracy in order to obtain
more smooth edge surface. Grid generation process involves quite tedious work of
software application. Particularly, software user has to fixed the sharp corners of the
trailing edge as right angled. Hence, two of the grid locations should be located at
the upper and lower separation points. Parametric software runs are necesarry to
achive such a condition. The grid network presented in Figure 4.11 was also used
during inverse transformation. The Jacobian information at the grid points served

as a necessary data for post processing.

Figure 4.12 gives the complete one period oscillation cycle of wake—edge
interaction. The interaction patterns are presented with time intervals of nondimen-
sional AT = 2. (AT = AtUs/b). The investigation window extends up to z/b =7
measured from the tip of the elliptic leading edge. Hence both the effect of curved
leading causing adverse pressure gradient and the flat wall wit zero pressure gradient

will be investigated.

Gursul’s [23] experiments show that wake—edge interaction is perfectly sym-
metric. The leading edge upper and lower surface interaction patterns repeat them-
selves with an approximate phase lag of 7 radians. Author’s numerical observations
confirm this behaviour. For this reason through out the presentation of the results

only the events occuring over the lower surface will receive attention.

The nature of the unsteady vorticity field-leading edge interaction is pre-
dominantly affected by the scale and circulation of incident disturbances [3,23]. The
scale of the incident vorticity field relative to the body dimensions is an important pa-

rameter. For the present case under investigation scale of the incident disturbances
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are comparable with the cross stream dimensions of the leading edge. Hence one

would expects to observe rapid distortions and high straining near the edge surface.

Figure 4.12 illustrates the complex vortex dynamics of interaction. Lower
Row Vortex (LRV) continuosly roll up with an elliptical shape before interaction.
Elliptically shaped Karman vortices were observed commonly in various laboratory
experiments [22,23]. The axis ratio of the vortex ellipse and its orientation change
continuos under the strain field of the external mean and disturbance flow and the
uniform vorticity inside. The major axis of the lower row vortex (LRV) rotates
counter clockwise (CCW) as it approaches the leading edge and obtains its maxi-
mum deflection at the instant of interaction T = 44. Almost head on collision of
LRV yields two new eddies which rotates in the same direction. Rogler [40] had
observed the similar splitting in his inviscid simulations for vortex—plate interaction.
The major portion of the LRV vorticity convects over the lower surface while the
relatively small portion convects downstream over the upper surface. Due to the
strain field of the edge, split portions were elongated in the streamwise direction over
the curved portion of the leading edge. As the curvature effect diminishes, with the
help of the uniform field and its image inside the body, the vortex cluster rolls into
a more circular shape. Similar to the LRV impingement, Upper Row Vortex (URV)
interacts in a similar fashion with the edge. The split vortex clusters due to LRV and
URYV interact nonlinearly further downstream over the edge surface. Very important
conclusions may be drawn from the mutual interaction of these clusters. Although
LRV major vortex cluster moves ahead of the URV minor cluster initially, during one
oscillation cycle small vortex cluster catches the bigger one. This interesting interac-
tion mechanism can be explained with the character of vortex cluster rotations. LRV
rotates in the CCW direction. After splitting, the major portion continues rolling up
in CCW thus opposing uniform flow direction. On the other hand, the small portion
of the URV split at the tip rolls in the CW direction over the lower surface. This
accelerates the small vortex and it catches the major cluster. After merging vortex
cluster bounces away from the surface similar to mushroom vortex dynamics. (See
T = 50).

Approach flow characteristics determines the nature of the unsteady loading
at the edge. Author will discuss the nature of the total flow field by the help of
streamlines and velocity profiles. Figure 4.13 shows, for a fixed time T' = 44, the
effect of reference frame on the streamline patterns. Figure 4.13a presents perfectly
symmetric potential flow field streamlines past both trailing and leading edges.

wL YORSPROGRETIM KURULE
f .-" * Yot 14
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Figure 4.13b shows the unsteady streamline patterns at a fixed reference frame.
Hence, instantaneous streamlines for an observer moving with the free stream velocity
, Us are presented in Figure 4.13b. In this reference frame it is impossible to get
the closed streamlines representing the wake vortices. The instantaneous streamlines
for an observer fixed to the bodies can be obtained superposing on the entire flow
field the velocity —Us,. This is depicted in Figure 4.13c at one instant of time. The
closed streamline patterns clearly show the vortex dynamics. Nearly half cycle of the
wake impingement is simulated with the help of streamlines for an observer fixed to
the obstacles and moving with a velocity —Uy in Figure 4.14. Closed streamlines
coincides with the vortex blobs observed in Figure 4.12. The splitting of the LRV into
two new vortex clusters are also observed at T = 46. These observations suggest that
researcher should be precautios about the use of streamlines in unsteady flows, since
streamline distributions cannot give adequate information [23]. All possible reference
frames should be considered at different times to locate the closed streamlines. The
instantaneous velocity vectors were computed at post processing phase by using Biot—
Savart rule from the known vortex positions. Figure 4.15 shows the instantaneous

velocity vectors.

The presence of the downstream leading edge drastically effect the approach
flow characteristics. The averaged streamwise and cross stream mean velocity pro-
files are shown in Figure 4.16(a) and (b). Leading edge retards the wake centerline
velocities. As the tip of the leading edge is approached axial mean velocity mag-
nitudes tends to zero thus forming stagnation point flow characteristics. Naturally,
the width of the wake increases downstream. The cross stream velocity component
(Fig 4.16b) increases in magnitude near the edge surface. Fluctuating velocity com-
ponents are similar to the observations outlined earlier (See Figure 4.17). Leading
edge enhances the distribution. Although the peak values increase slightly in the
near wake, their magnitude doubles near the leading edge and magnitudes become
comparable with the free stream values showing the evidence of highly turbulent and

nonlinear character.

Figure 4.19a presents the unsteady pressure fluctuations at the pressure taps
indicated in Figure 4.18. Pressure taps 16, 17 and 18 are located near the stagnation
point of the elliptic edge. On the other hand Points 19, 20, 21 are located at points
where the surface has the highest curvature. The rest of the points are located on a

constant curvature towards downstream.
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As it is expected pressure signals are all periodic. Period of the signals
corresponds to the arrival period of successive row vortices to the point where the
signal is obtained. The period is halved at the stagnation point due to the passage of
alterating row vortices twice the frequency of single row vortices. Pressure amplitudes
decreases in the streamwise direction and drops to almost 10 % of the leading edge

values around z/b = 3.

In order to study the phasing between the incident disturbances and the
induced pressures, 3 selective taps will be considered. These taps will contain the

basic fundamentals of the vortex—edge interactions.

4.3.1.1 Unsteady Pressure Fields

An understanding of unsteady pressure field is essential to determine un-
steady loading due to incident wake structure. Surface pressure distributions take
complex character for different interaction mechanisms [3,23]. Except experimental
investigations, to date, however, there is no available computational study in the
literature, which investigates the surface pressure distributions during vortex-body
interaction, to the best of author’s knowledge. Conlisk an Rockwell [30], Panaras [31]
have used the same approach to calculate the induced pressures at a single point on
the surface. Their observations were quite promising. Kaykayoglu [33] investigated

the nature of pressure distribution for vortex—curved surface interactions.

Numerical investigation has an important major advantage over the exper-
imental research. One can determine the value of the surface pressures at every
surface location where it is desired. On the other hand, the number of pressure
measurement points are limited, due to practical measurement system, in the ex-
periments. In this work pressure taps are assumed to be located at the surface grid
points. Fig. 4.18 shows the location of pressure taps. Due to symmetric interaction
only the lower surface pressure fluctuations will be presented. As it was explained
in Section III, the fluctuating pressures are defined as a nondimensional pressure co-
efficient. Pressure coefficient values reflect the effect of the vortical structures. This

definition was introduced in order to study the fluctuating induced pressures only.
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Induced pressure fluctuations at various selected pressure taps will be cor-
related to the overall vortex motion. Figure 4.19b contains pressure signal history of
3 points. At point 21 (See Figure 4.18) the pressure signal has a periodic character.
At T = 40, upper row vortex (See Figure 4.12) is at the early stage of interaction
near the stagnation point. The induced pressure at point 21 is weakly negative. As
the vortex is split, lower portion which is rotating in the clockwise direction induces
secondary negative peak. Hence, vortex induces negative pressures regardless of the
sensee of rotation. As this portion is convected downstream, pressure obtains its
positive peak between incident lower row vortex and the past small portion of the
upper row vortex passages. As the major portion of the lower row vortex passes
above this point, maximum negative pressure is attained. These observations sug-
gest that pressure fluctuations periodically follow the vortex motion, and they are in
phase with the motion of the past vorticity field above the point 21.

The second selected point is 19 (See Figure 4.18). At this point, the history
of the induced pressure fluctuations is quite different than the previous point obser-
vations (See Figure 4.19b). Point passes most of its time on the negative pressure
side. Hence, due to stagnation behaviour, the induced pressure is a almost totally
controlled by the flow disturbances. The sense of rotation of the votices is still effec-
tive. Clockwise rotating vortex induces very high negative pressures. The interaction

of lower row vortex with the edge, induces slightly positive pressures.

The last characteristic point is selected near the stagnation point. This is the
point 18 as indicated in Figure 4.18. Figure 4.19b contains points signal history. Total
induced pressure is always negative. At T = 40 the induced pressure is maximum
negative. As the upper row vortex passes the edge, the pressure tends to become
zero while lower vortex gets closer to the point. As the lower row vortex negotiate
with the edge pressures again get negative values. This negative peak is relatively
smaller than the first one.

The above observations leads to the following important conclussions;

i) 1** region : In the vicinity of the leading edge stagnation point, the Karman
vortex induce pressure fluctuations that are negative. The sense of vortex rotation

does not influence the sign of pressure fluctuations. Pressure taps 17 and 18 exactly
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satisfy this special condition. The important outcome of this observation is the
passive behaviour of unsteady pressure component, 3¢/9t . This is not surprising
since the convective velocity of the disturbances are very low due to the stagnation
field.

ii) 2™ region : The leading edge portion next to the stagnation region is
influenced by the sense of rotation of vortices. Disturbance rotation which support
mean direction induce negative pressure fluctuations. Contrary, opposite rotation

decelerates the flow and positive pressure fluctuations are observed.

iii) 37 region : Downstream the tip of the leading edge is influenced period-
ically by the convection of the vortices. Clockwise and anticlockwise vortices both
induce negative pressures. Unsteady portion of the total pressure dominates the
induced pressure values. Classical observation which states that the vortex induces

negative pressures regardless of its sense of rotation is once more proven.

Above conclusions are further supported by Gursul and Rockwell [42], Pa-
naras [32], Kaya and Kaykayoglu [137]. Above observations are in good agreement
with the experimental observations. The phasing of the pressure fluctuation with the
vortex motion agrees surprisingly well with Gursul’s experiments (See Figure 4.20a

and b, for example in ref. [23]).

The above conclusions strongly support and encourage the use of Discrete

Vortex Method as a powerful tool for the simulation impinging shear flows.
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Figure 4.11 Grid Structure generated with Schwarz—Christoffel transformation ready
to be used for the inverse transformation process during the application
of Discrete Vorticity Method, L/b = 3 case.
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Figure 4.12 Unsteady oscillations of impinging wake vortices depicted by discrete
vortices for one period of oscillation.



Figure 4.13b Instantaneous streamlines at a fixed reference frame (L/b= 3 ).

Figure 4.13c Instantaneous streamlines at a moving reference frame (L/b =3 ).
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4.3.2 Wake—Elliptical Leading Edge Interaction Case L/b =4

An understanding of the basic mechanisms of pressure field which dependens
on incident vorticity level can be studied by varying the impingement length. For
this purpose streamwise location of the edge was varied and set at L/b = 4. Figure
4.20 shows the set up as well as grid structure for this case. Due to the nature of
transformation, the intensity of the surface grids near the leading edge portion is
slightly less than the previous case. Trailing edge contain sharp right angled corners

thus separation points are fixed.

Figure 4.21 shows the interaction patterns. Interaction patterns slightly
differs from our previous observations. When impingement length is increased trailing
edge wake consists almost one wavelength development before the interaction with
the edge surface. Wake vortices are observed to be elliptical and rotating in the
direction of their natural evolution. However, as they get closer to the leading edge
they form circular shapes. This shows that major axis of the elliptical vortices are
contracted under the influence of the leading edge source low. Karman street vortices

were split and paired with the previous split vortices further downstream.

New position of the leading edge (L/b = 4) influences the phase of vortex
shedding from trailing edge. Regarding the comparison of two instants of time,
T = 40 in Figure 4.12 and T = 42 in Figure 4.21, upper row vortex is about to
interact with the edge in both cases. Maturity of the lower trailing edge vortex roll
up significantly differs in both cases. Although the nucleation of the lower vortex is
at early stages for T = 40,L/b = 3, this roll up is already completed for the case
observed at T = 42 for the case L/b = 4. This vortex suppression for L/b = 3 clearly

indicates the feedback from downstream leading edge through Biot—Savart induction.

Figures 4.22a~c demonstrate the effect of the reference frame of investigation
similar to the discussion carried out for Figures 4.13a—c previously. Instantaneous
streamlines at a fixed reference frame is depicted in Figure 4.22b. Curvature and
behaviour of the streamlines were different than the previous case (See Fig. 6.13b).
Streamlines which are very closely packed near the stagnation point indicates that
the flow field attains high velocities near the tip. The interaction of the flow field with
the edge occurs at low angle of attack. This observation is also supported by the fact
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that cross stream velocity component decreases in magnitude along the streamwise
direction. The instantaneous streamlines at a moving reference frame are also shown
in Figure 4.23 over half cycle of oscillation. Clearly, one notices that the total number
of apparent vortex centers exceeds the total number observed in Figure 4.14 by one.
The elliptical nature of the incident Karman vortices are observed clearly. Vortices

were split at the edge in the strain field of the leading edge configuration.

Figure 4.24 shows the instantaneous velocity vectors obtained on the su-
perposed grid system obtained through Biot—-Savart induction. Velocity vector field
shows the pairing of the split vortices clearly. The source effect of the leading edge is
also well demonstrated and agrees well with the experimental observations of Gursul
[23].

The character of the mean and fluctuating velocity components are very sim-
ilar to the case L/b = 3 (See Figure 4.25). The base region bubble size grows sligthly.
Cross stream mean velocity component is suppressed but still it keeps the character
of the classical V profile. Figure 4.26 depits fluctuating velocity components. Al-
though the mean velocity profiles stay the same there are significant changes in the
fluctuating components. Both U5 and V,,,s values decrease. But the magnitudes

still exceed the free stream fluctuations. See Figure 4.9 for a comparison.

4.3.2.1 Unsteady Pressure Fields

The interaction of wake vortices with the leading edge results in unsteady
loading at the edge. Characterization of this loading will be done by computing
the unsteady pressures. Figure 4.27 shows the location of numerical pressure taps.
For this particular case stagnation point has a numerical tap (Tap # 17). Figure
4.28a shows the time history of pressure signals at selected lower surface taps. Pres-
sure amplitudes are maximum at the tip but drops almost zero around z/b = 3

downstream.

The stagnation tap # 17 experiences negative induced pressures during in-
teraction. Pressures are highly periodic and almost repetitive with slight distortions.

The frequency of oscillations is twice the frequency of the row vortex arrival. Since
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the point under consideration can see both upper and lower vortices equally the ma-
jor loading occurs at the first higher harmonic of the fundamental wake frequency.
At T = 40 pressure fluctuation is nearly zero. Corresponding vortex positions is
shown in Figure 4.21. The tap # 17 pressure tends to maximum negative as the
upper row vortex centers is located above the point (T = 42). Upon the splitting the
pressure again goes to zero and than to negative maximum as the lower row vortex
approaches. This behaviour fits our previous observation for the case L/b = 3 at tap
# 17. Simply, stagnation point pressure does not depend on the sense of rotation.
At the tap # 18, sense of vortex rotation characterizes the pressure fluctuations.
Upper row vortex induces additional velocity in the flow direction at tap # 18. Thus
negative pressures are induced. Further downstream at the tap # 20, the passage of
either the upper or lower vortex positions induce negative pressures. In between the
passage of vortices the pressure fluctuations are positive. These observations are in

good agreement with the observations of Gursul [23], Kaykayoglu and Rockwell [13].
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Figure 4.20 Grid Structure generated with Schwarz—Christoffel transformation ready

to be used for the inverse transformation process during the application
of Discrete Vorticity Method, L/b = 4 case.
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Figure 4.21 Unsteady oscillations of impinging wake vortices depicted by discrete
vortices for one period of oscillation.
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Figure 4.23 Instantaneous streamlines patterns seen by the observer moving with the
velocity U = ~U in the reference frame moving along the wake axis (L/b=4)
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4.3.3 Wake—Elliptical Edge Interaction, L/b =5 Case

As a third case of impingement, leading edge is further moved downstream
and set at L/b = 5. Figure 4.29 shows the current set up. Due to the nature of
Schwarz—Cristoffel transformation, the number of points around the leading edge are
less than the previous cases. This causes distortions on the leading edge surface
curvature. Figure 4.30 shows time history of the vortex—wake edge interaction for
the case L/b = 5. Overall picture of the interaction is very similar to the previous
observations. Vortices constitute elliptical cross sections initially. Vortex to vortex
interaction and also the strain field can modify the cross section and forms circular

vortices before interacting with the surface.

The change in impingement length affects the arrival phase of the wake
vortices. At T = 40, as the upper row vortex is about to be shed from the trailing
edge. On the other hand, Figure 4.12 shows that for the same instant upper row
vortex is interacting with the edge. This observation concludes that the impinging
wake contains one more vortex between trailing edge and leading edge. Omne full

wavelength is included in the developing flow domain.

Figure 4.31 shows the distribution of streamlines at various reference frames
of motion. Figure 4.31a shows the steady state potential flow simulation. The
streamlines at a fixed reference frame is shown in Figure 4.31b. The wavy character
of the instantaneous streamlines is the evidence of the convecting wake vortices. Two
crests coincide with the position of upper row vortices and a valley correspond to

lower row vortex (See Figure 4.30, T' = 44).

The distance between the contours of streamlines indicates accelerating and
decelerating flow regimes. From figure 4.31b, one concludes that, flow accelerates
in the valley and decelerates inside the crests. Figure 4.31c shows the disturbance
streamlines. The elliptical nature of the wake vortices are shown. The apparent cen-
ters of the vortices helps to analyst in determining the wavelength of the approaching

wake structure.

Figure 4.32 shows the streamline patterns for the half cycle of wake—edge
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interaction. Splitting streamlines patterns show the mechanism of vortex distortion
about the leading edge. The velocity vectors are depicted in Figure 4.33. Karman
vortices rotating in alternating directions induce relatively high velocities in the
region between the vortices. This is also true during the motion of vortex pairs

above the leading edge surface.

Mean and fluctuating velocity profiles are depicted in Figures 4.34 and 4.35.
Profiles are very similar to the observed profiles of the case L/b = 4. The feedback
effect of the impinging vortices are negligible in the rear wake. If one compares
Figure 4.7a and 4.34a, the near wake profiles are identical, however the flow adjusts
itself to the presence of the leading edge far downstream. The profiles of fluctuation

velocities exhibit magnitudes very close to the previous case.
4.3.3.1 Unsteady Pressure Fields

Figure 4.36 shows the location of pressure taps used to observe the unsteady
pressures. As it was discussed earlier, the density of the grid points around the tip
of the leading edge is lower than the previous cases. Pressure signals from taps #16
through #21 are presented in Figure 4.37a. Similar to our previous observations

pressures are maximum near the stagnation point. They drop to very low values
after X/b=2.

Time history of the pressures at taps #18 and #19 are shown in large scale
in Figure 4.37b. At tap #18 the pressure variation shows convective behaviour. At
T = 40, as the lower row vortex interacts with the edge, the vortices induces positive
pressure. Tap #19 also experiences positive pressures at this instant. Lower row
vortex is being split at T = 42, while inducing negative pressures as the split vortex
stands above it. In agreement with our previous observations, vortex rotating in

clockwise direction induces more nagative pressures as it stands above the points.
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Figure 4.29 Grid Structure generated with Schwarz—Christoffel transformation ready
to be used for the inverse transformation process during the
application of Discrete Vorticity Method, L/b = 5 case.
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Figure 4.30 Unsteady oscillations of impinging wake vortices depicted by discrete
vortices for one period of oscillation.
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Figure 4.31b Instantaneous streamlines at a fixed reference frame (L/b=15).

Figure 4.31¢ Instantaneous streamlines at a moving reference frame (Lfb=5)




Figure 4.32 Instantaneous streamlines patterns seen by the observer moving with the
velocity U = ~Uy in the reference frame moving along the wake axis (L/b =5 ).



138

[ S R LR LI I

P e R R R R LI
 iesrrrremEmeEamRARASAA AL A L A RN Y
D N N N N R

IRERERE N

O N N N e R
cenaanAnAAY
P SRR
JURRIRCN N %

cve r-.a-h\‘\

cis i erverere
R
I S R I

e

R )

.
.
t
t
t
1
!

.
.
t
1
1
1
1
Al

Y

NN N PP s apor
...:"“”HN”
PP,

'\\'\f \\ [/

;fr,’i;;:: ;5;;“*'

Nt
~é>—

it e 2 ¥

e Ca
b .
trr .. . e
Trr s, . R
Trt.. .. .
L R R R P
L R R R R R

P e P
\r\r:.."\\h(‘l""" feeerry

“a/j‘{,(..'«-r»’w-.'—.-—
G e
L v e e

e e b e e B o e e e

A
nn\\\m._,,,,(” Wi . e 1AL
TV AN — 0 7 ....nn&\\\-\u......,,,/;fl - FECOIIEND (XN
R L S R R N s e Yy R R R / .,I!Il\
P A R R N e a2 R R “ ’.‘A‘l'll\
L R R S R R il el ol XL P R I N W et
PR R A O R PR N il Rt P A i N R I A Tlaweemeare
D R N R R AR N R e
FR A R N L T A A R R R I I I LI IS IO
F T L R R R R A I AR I I AL I L S AL R S S A
B R R R R R L I
R R R R I
e R D R R DO RN
N I N N DA e

. .........._...-......ﬁ-.a.—‘ss~-.s~.ss\s‘~s‘««-~\~\‘s\\\\!t::r:;.. e

,.,,,,,,,,,,...............‘.\ss\\s\‘s~~‘~~.~.~x~s~.\\x\x11rr»»,«,

,,,,,,,,,¢¢N,vmuna~~~~~\\\\\\‘~t..~~~»~~nn\&$\\i!? R,

PPN ,...-...-»m-.‘.\\\\u\\;x‘.-..~.~~~~».-\'\\Xt!!//‘.._,_,.,......
,,,,“l,._,,,wnkxxxm\\\\x\\":.....,.»»uxA-\\l !’//_,_"‘.,,,,,..,

. ..,“,,,/,,,@,*e»asux*\\\\\xxx~.....-,“uhnnk\ { R R
. Y I P :?;Qk}“t'!y~~~¢.—vnr0~Nﬁ\ .‘,‘Il‘ivf,,,..
"""”""‘\\lllllflw\ 122400 v vrvece?™ \ \""‘f,{ P T e
e msnA UL N//A' '\,\.. {»....,,....w,,w\\ M«,///,,.‘w.-,x..
e ¥ PRl LHAMARNGNTS
2 P NNA .- ,/-’"""K\\' QP T A

/.7/,

< NNAY

&

.//\\

T =

1N v .\ D

A\
=2/ e WA \u, 6‘#“*4~~~~&~-.---.~~,_“ekéﬂ

211X “62/1 v VV\ ,w_;\,\\\»su.-~~....‘..

ulrtn\\'\'\wl///ﬁ/ ‘}. .A/N\’\\m.,.._.‘ / .xn\«u..”“..u.,‘/
VAR N ,v(/‘IJ‘“L,,'rx\\\\x».,vyy ] \\\‘..uflt\s.an\~\.~.g;~ {,
:xttl\\\\\\~»~,w,,,,(,‘,.‘1,.:x\xs\»-~r/(/1§1l\\\\~-.-..‘....-.....-s, / /
R R T it L N I R BRI RPN
R R R R O PP B i L A B B S e \‘
111NN S s s v ot JR O I I YVE IS
E U R I 2 I S L ceecr sl
D R e P IR
D R R I o 000000 N
D L R T R cee ceeee
B R IR cooo
Carssasacanass o 3 .

R R Pl

R oI IR SR AP Y

R AR R 4
vedane

H””.,,_*u AN T s,

X o Svlidde

i

V1 et IR R i doaes
st xw‘“% M" X uﬁ«’i

S
1A \V/’“

AN

sanrrll?

e
e e
N N S S R R
PP
v
m\\'\'\'\'\\lll:n-s‘.A

NN Prsecnnns
o

A RSEIN

L N ..
P S L ROV PIres

ST A R L R R IR R

P R R R R R R I ]

P AR R R R AN
P N AR RN
e me M LARRS LAYy

AeaLitrTet
PR S N SAREEE L

And,.

W ~

0
Mw—‘

S

.
.
.
.
-

.
.
.
.

R R R R
R I I I I B
N R N
NEE I I 3 3 2F I IS SN
~ss\~.\11!?’ﬂ~n..-.so..
~~-\s‘\\
POURNARL ¥
TR
AR

.\

.
.
.
.

»
Lt TN

.};\

Y3000

-};4:4¢

FE A
'“"r/ VPedd
e g’ Lt

m1n~r«

e

P R

N T 2 B N R

..nuunt\'\\\ks«...,.r By ‘H““"““‘“""""’fill LD T
...»:rrrll\\\\\\«»-w«/;, P A R R a T ] \\*wawffllt\\\...‘\‘g...‘
T & LR K S 2 S o S S I ..-..N*--—ef;,,"\\\na»ﬁ»,»......‘........
R B R S e J N I S A AR EEEETE
AR R R R A A I F S e I A I LI AL IS A
T R R L L R I R AL B
B R D R IR B R ceeen
R R O R R D

D R P .

J T R . e e

e e

Figure 4.33 Instantaneous velocity patterns seen by the observer

moving with the velocity

U = —U,, in the reference frame moving along the wake axis (L/b=15 ).
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4.4 General Remarks

In the previous sections, near leading edge interaction vortex patterns were
discussed. Vortex dynamics were correlated with the induced pressure fluctuations
over the edge surface. The observed phasing between the vortex motion and pressure

signs were in agreement with the experimental observations of Gursul [23].

Figure 4.38 shows an overview of the Karman vortex-sheet elliptic edge
interactions. Far downstream wake development is given in Figure. It is interesting
that approach coherent vortex combination turns into different vortical structures
far downstream. The merging berween the split vortex structures form ”"mushroom”

and ”seahorse” type vortex structures as they evolve in streamwise direction.

Split wake results in an opening vortex row structure seperated by the semi
infinite leading edge plate. Due to the sign of vortex blobs the downstream vortical

structures have characteristic rotation senses.

Thus rotation is counterclokwise on the upper surface of the edge in contrast
to the clockwise vortices shed from the trailing edge. Similarly, the lower surface

downstream rotation is approach to that of separated from lower separation point.

Due to impulsively started flow, there are discrepancies far downstream thus
exhibiting irregular vortex structures. One may expect that this lack of coherence
may affect the downstream vortex evolution. For this reason, the number of cycles

of computation should be increased.

Further comparison of the three cases were done by analysing the circulation
shedding rates from the trailing edge separation points. This comparison is exhibited
in Figure 4.39. The circulation shedding rate is periodic with rythmic variations after
T = 20. Although the shedding amplitudes are changing approximately between the
same limits for the case L/b =3 and L/b = 5, this is not true for the case L/b = 4.
The total amplitude of the shedding rate is lower for the case L/b = 4. This figure also
demonstrates the feedback effect of the leading edge inside the Karman Vortex Street.
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At T = 48, the instantaneous value of either the upper or lower circulation shedding
rate shows the upstream effect. The power spectral density of the shedding rates
are illustrated in Figure 4.40. Horizontal axis shows the real frequency of shedding.
The shedding frequencies are almost equal. The vertical axis is arbitrary. The scale
indicates arbitrary power spectral density values. Power spectral density distribution
shows single peak at the fundamental frequency of row vortex formation. There is
no sign of either higher or subharmonic frequency components. This fact shows that
trailing edge base oscilations dominate the flow development. This observation agrees
well with the observations of Unal and Rockwell [138]. The amplitude is relatively
small for the case L/b = 4.

Regarding induced pressures over the leading edge surface, overall pressure
signals for three cases of interaction pattern are exhibited in Figure 4.41. The level of
Cp = 0. is also given in this graph. The leading edge neighborhood pressures are to-
tally under the effect of approaching vorticity field and possess negative fluctuations.
Further dowhstrea,m, convective type pressure variation dominates. Kaykayoglu and
Rockwell [13] defines this behaviour as a wave motion. Author’s observations also

support that discussion.
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Figure 4.38 Overall view of the Karman vortex street elliptic leading edge interactions
for three selected impingement lengths.
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CHAPTER V

KARMAN VORTEX STREET-SHARP LEADING EDGE
INTERACTION: LEADING EDGE SEPARATION

A sharp leading edge placed symmetrically into the Karman vortex street
will supply different interaction mechanisms near the tip due to the geometry of the
edge. It is more likely that a new secondary vortex will shed from the tip. Detailed
laboratory experiments of Kaykayoglu and Rockwell [13] demonstrate the occurance
of this shedding during mixing layer vortex—edge interaction. The modelling of the
leading edge separation under the influence of the approach disturbances hasn’t been
observed neither experimentally nor numerically. However impingment of row vor-
tices will likely to cause secondary shedding as in the case observed by Kaykayoglu
and Rockwell [13].

In this chapter, author attempts to simulate wake—sharp edge interactions
in two stages. First stage will include the case where there is no separation from the
tip. This case will be named as "passive vortex street—edge interaction” simulation
under the strain field of the leading edge. Second stage will be an "active vortex
street—edge interaction” simulation including the formation of a secondary vortex
from the tip.

Figure 5.1 shows the interaction between a laboratory mixing layer vortex
and a sharp edge for different instants. Clearly as the vortex gets closer to the edge,
it induces cross velocities. This component forms the swept flow about the tip which
results as a secondary vortex formation. Kaykayoglu and Rockwell [13] have already
showed that the nature of shedding depends on the relative position of the vortex
center with respect to the edge tip. ’

Figure 5.2 shows the trailing edge-sharp leading edge set up. Sharp leading
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edge has an interior angle of 30°. Such a leading edge design is similar to one used
by Kaykayoglu and Rockwell [11,12,13]. A single impingement case, L/b = 2, will be
investigated in this chapter. The overall interaction patterns for other impingement

lengths will be presented at the end of the chapter for passive interaction case.

Karman vortex street-sharp edge interactions hasn’t been investigated ear-
lier neither experimentally nor numerically to the best of the author knowledge.
Experimental results available in the literature [13,23] suggest that the interaction
patterns should be different than the already discussed elliptic case. Elliptic edge
distorts incident vorticity field and cause splitting. Possible severing of vorticity at
the edge and secondary vortex formation were not observed in the laboratory experi-
ments [13]. However, sharp edge interactions will involve secondary vortex formation

as was pointed out by Kaykayoglu [3].
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Figure 5.1 Experimentally observed vortex sharp—edge interactions formation of a
secondary vortex. (Kaykayoglu and Rockwell [13])
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Figure 5.2 Grid Structure generated with Schwarz—Christoffel transformation ready
to be used for the inverse transformation process during the application
of Discrete Vorticity Method, L/b = 2.
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5.1 Karman Vortex Street—Sharp Edge Interactions: Passive Case
Ljb=2

Figure 5.3 presents one complete vortex-edge interaction cycle. Interaction
patterns are very similar to the mechanisms observed for elliptic edge—wake inter-
action. At T = 30, lower row vortex approaches the surface and subsequently it
interacts with the edge. During interaction blockage effect of the edge is minimum.
Edge cuts the approaching vortex and forms two separate pairs. Although the upper
portion of the initial vorticity field convects very close to the surface, lower major part
is being displaced away from the surface. The mechanism behind this observation
may be attributed to the relation between the rotation of the vortex and the direc-
tion of the cross stream of component of the mean flow field. Upper vortex rotates
in the counter clockwise direction. This induces favorable conditions for convection.
On the other hand, lower vortex opposses the mean flow direction. Similar mecha-
nism is repeated for the upper row vortex. Split vortices merge further downstrem
to form mushroom type vortex. Merged vortex pairs propell themselves away from
the surface under their images. These observations are very similar to the discussion

carried out for elliptic-edge—vortex interactions.

Properties of steady, inviscid and simulated viscous unsteady streamlines
are shown in Figure 5.4a—c. Once again, the selection of reference frame is crucial to

study closed streamline patterns.

Figure 5.5 exhibits the periodic Karman—vortex street edge interaction with
streamlines obtained at a fixed reference frame. The oscillation of the stagnation
point around the tip suggests one that there is reverse flow activity around the
tip. The oscillation of the stagnation point near the tip is illustrated in Figure 5.6.
Stagnation point coincides with the stagnation point at T' =47. It moves above and
below the surface during one complete cycle of interaction. Figure 5.7 illustrates the
distribution of instantaneous velocity vector at a moving reference frame.

Main velocity components are presented in Figure 5.8a-b. Figure 5.8a shows
the axial velocity components at various axial stations. The centerline velocities
indicates that base region of the trailing edge contains a very short bubble. The
centerline velocity increases gradually and stays almost constant at a magnitude
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U /Uy = 0.5 after the midway between trailing edge and tip of the sharp edge. Hence,
axially, the flow field can be assumed as fully developed. The cross stream velocity

component near the tip shows the presence of diverted flow.

Figure 5.9a and b show the fluctuating velocity components. Cross stream
fluctuating velocity component attains very high values along centerline. The max-
imum value is almost twice the maximum value of axial fluctuations. Very high
fluctuating cross stream velocities will support the possibility of secondary vortex
formation. Furthermore, the level of centerline and off centerline cross—stream veloc-
ity fluctuations are uniform all throughout the flow domain. However, although it
is not shown here explicitly, the phasing of the velocity fluctuations differ along the

flow direction.

5.1.1 Unsteady Pressure Fields Passive Interaction Case L/b = 2.

Above observations suggest that flow should separate from the sharp leading
edge tip to form secondary vortex. Experiments show that shed vortex modifies the
* surface pressure fluctuations. Hence, the passive simulation described above will only

provide overall picture of the flow mechanisms and the induced pressures.

The pressure taps are shown in Figure 5.10. Figure 5.11 shows pressure
signals for lower surface taps. Due to the nature of the leading edge geometry the
induced pressures are very high at the tip. In the vicinity of the tip, pressures decrease
sharply and show characteristic convective pressure variations. To demonstrate. this
character tap # 21 is chosen (See Figure 5.12a). At T = 32 this point is not affected
by the external disturbance. Pressure attains a maximum positive value and mean
flow dominates the induced pressures. Lower row vortex decelarates the flow. As
the lower vortex is splitted by the edge, lower portion rotating in counterclockwise
direction induces negative pressure as it passes above the point. After the passage of
the portion, upper row vortex negotiates with the edge and upon splitting, clockwise
rotating vortex blob slightly deepens the negative behaviour at T = 38. This point
falls into the third category of pressure definition which was outlined earlier in section
4.1 in Chapter IV.
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Tap # 23 (See Figure 5.12b) is chosen to demonstrate an important charac-
terisric of the pressure field. Similar to the observation at tap # 21 pressure reaches
a positive maximum value at the instant 7 = 32. As the lower vortex approaches to
the point, the flow field induced by the vortex causes negative pressures. At T' = 36
pressure is maximum negative. After the passage of a vortex, pressure recovery to-
wards positive values were observed but as the lower portion of the lower row vortex
approaches, it induces maximum negative pressure regardless of its sense of rotation.
This behaviour is different than the observed characteristic at Tap # 21, where the

vartex rotating in clockwise direction had induced the maximum negative pressures.

Finally, the pressure characteristics at tap # 19 will be discussed (Figure
5.12c). Time history of the pressure signals shows continuous negative behaviour.
This behaviour is very similar to the first category pressure observations outlined
in section 4.1. Induced pressures are negative regardless of the sense of rotation of
the vortices. Upper row vortex rotating in the clockwise direction induces highly
negative values during the initial stages of splitting. This observation reminds one
the experimantally observed negative pressure characteristics during single vortex—
edge interactions. Although a secondary vortex formation was not allowed pressures

are still negative due to the passage of the incident vortex core.
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Figure 5.4a Streamlines of the inviscid potential flow (L/b=2).

Figure 5.4c Instantaneous streamlines at a moving reference frame (L/b =2 ).



;

/7 /
Fan,
T

W
%
=

Figure 5.5 Instantaneous streamlines patterns at a fixed reference frame (L/b = 2).



161

o o -

surface , g

tip of —a= O
the edge 48

T=40 42

AN
fover 9@<§

LRY

Figure 5.6 Oscillatory stagnation point concept



PORTRY SV S e
" eeer » NP
v (. SIYI W

133 et s
\:;“l/»«" \\\“ ”"~~.m--- \ T/’”"'.
[l T2t ot v A

y,,w—«- ,

Cerreeeravaveprmanats

covrvemseeatdtt

cesten et '""‘,\,‘,‘
RITIR S o ¢

o ”o& "Lor s

.

74 _3‘1’:..*,.

"vunavr‘ e te st

.
g s
Nl e

et/ TR PPN

cereeversay
ceruiiaererttt e sen LEGY Ty er
et LE S S s

CmerevesarEEN IS
tisnamessrrere

.
"‘“-«“ cegrevee
'»-“;uuu
ppveeraeney

162

u‘.......wuunu'v""m.‘....u cerrrares

searentyl)

——
.:::“‘--.tvr 4/ l\\“ﬁ..-w'"'“""""‘—“"
PSSttt L L LS ottt

AaiRace s L R Y I T L M

Crvesrat L AN

B I TR P I PP PR

B et IR 2T
..-..u\~w’!;'YI”’)CA..““

. 27/
verspervet P
IR eres ". ‘e

PPPRYRY

o n S
Snes,
R a'.“
Mo fy«...w

v - A

joerteet -.--—::7}“;) \.- ...»In.

B £/ 4 RATIVIEIN
JERTOIeRAbig A4 HE1 NSt

R P DO L LS00

Figure 5.7 Velocity vectors at a moving reference frame.



163

U(Y)IUao
IV(Y)/U@OI
y
1
Ueo ie

=
7777777777’ |

y - Lib=2
&M x LLLLLLLLLLL L LIS 22
| =

U

b

=400 T T T T T T T T - - n e —
000 020 | oa0 owe SR 1.00 ~0.30 ~0.10 .10 6.0
U/ Ve V/ Ve
2. */(L-22)
<]
1 6/11
h 7/11
& N
~ 1
R 10/11
~ ] = 025 b
5
Poal =t
[d
(=3
by
1
o
& ARAALAO A SALALL o SN T sy
0.00 0.20 0.40__ 0,60 0.80 1.00 -0.30 ~0i 0.30
Uewo

Figure 5.8 (a) Axial mean velocity profiles at various streamwise stations
(b) cross stream mean velocity profiles at various streamwise stations



164

Urms /U
Vims U
2.00
0.00
~2.00 4
—4.00 Trrrrr T T T T T T T T T T T T T T T ~—4.00 et T I T YT PR ST T T L T YT YL TN YT TTY ST Y
¢ 000.00 0.20 0,40 0.60 0.80 1,90 2.00 0.20 0.40 0.60 0.80 1.00
Urmy [ Ueo Vs /U
-2
4.00 x/(L—2¢)
6/11
7/11
\ : e
2.00 494
3 10/11
g = 025 b
m
> 0.00
>
-2.00
~4. 30 T T T T R T T T T T T T T T Y T T T T T T Y -4,0
¢ 040 | 040 060 030 .3 %55 +obibi A iy 8
Urms /U0 VmIU'w

Figure 5.9 (a) Amplitudes of streamwise root mean square velocity fluctuation
profiles at various streamwise stations

(b) Amplitudes of cross stream velocity fluctuations at various streamwise
stations



U

—_——

165

L

Figure 5.10 Location of pressure taps, L/b = 2

O upper
¥ lower

row vortex

row vortex



166

50 4
0
**
104
a b
O E
~1.03
-3»: =304
E (7) 3 22)
O T T T TR T e B R R R R S e W0 G e OO T T R vo0z v 6 187073 26 26,278 30 32 34 36 38 40 42 44 48 48 30
U t/s U t/s
50
3e
10
a .
G
~10
-30 =30
19 p \23)
i
T T T E o127 V6 16 20 22 24 76 76 30 32 34 38 38 40 47 44 48 48 50 T T T S L 1017 4 18 18 20 22 24 76,28 30 32 34 36 38 40 42 44 4 48 &
U i/s U t/s
50 509
30 304
10 1.0 4
g g "V UV
(&) (&) E
-1.0 104
-30 -304
(20) 3 (24)
f
ey . - . v . , -3.0 Jrpr . . .
3O T T T B 10124 T 18 20 22 24 26 25 30 32 34 36 38 4042 44 48 48 50 3 8 B 10121416 1870 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
U t/s s
50 50 1
30 303
10 w0 4
a a i N e N
8] o 3
-1.0 ~1.0
-3.0 ~-3.0
@n E (25)
-390 v T

-390 I .
3 % 4§ § 101214 1618 20 22 24 26 26 30 32 34 36 38 40 42 44 45 48 50

U t/s

8801214 1'51'32'0:'22'4{'32‘9303'23'4;’as’smﬁz«ausso
U i/s

Figure 5.11 Unsteady pressure fluctuations at various locations on the leading edge

surface



167

30

O ém

-3.0
(21) (a)
=50 4T T T TrTTTTTTTTT L O LN S 150 LA S N T SR Y 20 SNt 2 e B S
3736 B 10121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
U t/s
5.0:
3
3.0 3
3
3
]
1.0 3
i“"‘"““‘/”\\ff\\/\/\\\/‘f\\/
-1.0 4
-303
3 (23) (b)
3
~5.0 F T T T e
G 2 4 6 81012141618 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
s

8 8 10121416 18 20 22 24 26 26 30 32 34 36 38 40 42 44 45 48 50

U t/s

Figure 5.12 Time dependent pressure fluctuation at the selected taps
a) 21, b) 23, c) 19

—Szoa.ir‘%.



168

5.2 Modelling of Secondary Vortex Formation—Active Simulation

Very high cross stream velocity fluctuations along the centerline of the devel-
oping shear had led to the secondary vortex formation in laboratory experiments [13].
Modelling of secondary vortex formation with discrete vortex method hasn’t been
initiated yet. This section aims at developing an appropriate model. An attempt has
been made to simulate the generation of the secondary vortex from the leading edge
by using Discrete Vortex Method (See Figure 5.13). Rapid distortion and severing
of the incident vorticity field near the tip region will cause secondary vortex shed-
ding. Figure 5.14 shows experimentally observed secondary vortex formation during

mixing layer vortex—edge interaction [13].

The numerical modelling approaches invoked to date have not embodied the
complex fluid dynamic details of the leading edge region which involves significant
nonlinear and viscous effects [30,31,32]. Present study simulates the secondary vortex

formation as a trully self generating phenomena.

Interaction of alternating Karman vortex street row vortices with the leading
edge gives rise to the formation of new vorticity near the tip. Experiments show that
formation of the secondary vortex is associated with the sweeping of the flow about
tip. This observation suggest that a numerical approach should be based on the
simulation of the sweeping flow up to certain level of sophistication combined with a
vortex shedding. Numerical methods of shedding point vortices from a leading edge
in a two dimensional Karman vortex street and the subsequent roll up of the shed
vortex sheet during interaction has not been initiated yet to the best of authors’

knowledge.

Numerical results show that the leading edge stagnation point oscillates near
the tip like the swing of a pendulum (See previous section Figure 5.6). Clearly,
the separation point has a moving character and changes continuosly during the
shedding process. Hence, the stagnation streamline is not attached to the leading
edge during vortex formation. In agreement with the experimental observations,
numerically simulated sweeping flow causes high fluctuating pressure amplitudes near
tip region suggesting that inposition of a leading edge Kutta condition is inapproriate

in simulations of the leading edge region.
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The direction of the reverse flow in the neighborhood of the leading edge
was postulated as coinciding periodically with the two sides of the edge during one
oscillation cycle. Various leading edge point vortex shedding criteria were evaluated
under the light of vast trailing edge vortex shedding and Kutta condition models
available in the literature [108,109]. Present Discrete Vortex model involves the
simulation of vortex shedding parallel to the edge surfaces similar to the Maskell’s
[139] trailing edge separation criteria. The circulation shedding rate changes sign
in accordance with the magnitude of the oscillatory flow. As the stagnation point
moves over the upper surface, anticlockwise vorticity is shed and vice versa for the

lower surface movement (See Figure 5.15a).

The strength and the location of nascent vortices is a real challenge for a
predictor in this simulation method. The tangential flow separation as postulated
by Maskell for trailing edge separation were adopted to the leading edge separation
physics. Thus, the vortex sheets were allowed to leave the edge parallel to the leading

edge surface (See Figure 5.15b) during one cycle of oscillation.

It was found that a too close positioning of nascent vortices to tip leads to
strong fluctuations in the vortex shedding rate due to high physical velocities near
the tip region. The relocation of the point at a radial distance, v, from the tip
resulted in a stable periodic and oscillatory vortex shedding. The strength of the

nascent vortex, k, was estimated as;

T = [U.?’k + V,ik][tk - tk—l] * 0.5 (5.1)

where U, x and V, ; are the total component velocities induced at the point where

nascent vortex is released.  is the radius measured from the tip (See Figure 5.16).

Two phases of research attempts were carried out. These phases involve the
simulation vortex formation with and without leading edge condition. Leading edge
Kutta condition requires the satisfaction of zero magnitude complex velocity value
at a point in the transformed plane which corresponds to tip in the physical plane.
Zero velocity field will give finite values at the tip. This mathematical procedure was
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combined with the vortex shedding and new vortex trajectory was obtained. Only

the results of first phase will be presented in this investigation.

The validation of the shedding model and the structure of the vortex roll up
was carried out by computing the unsteady induced pressure fields near the tip. Fig-
ure 5.18 shows instantaneous vortex distribution at various instants of time. Figure
5.17 depicts the results of the secondary vortex formation simulation. Interaction
patterns are given at every quarter of one unit nondimensional time so as demon-

strate the detailed nature of vortex shedding.

A secondary vortex rotating in clockwise direction is being formed as the
lower row vortex interacts with the edge (See 5.18, T = 32). It is clear that separation
initiates as the vortex approaches the tip. Hence secondary vortex begin to separate
well before the full vortex interaction. This agrees well with the observations of
Kaykayoglu and Rockwell {13 ]. Upper portion of the vortex which induces circulatory
flow in the counterclockwise direction pairs with the secondary vortex and they are
convected along the upper surface. On the other hand, lower portion moves relatively
slower than the upper vortex patterns. Vortex blob sits over the surface thus causing
uniform vortex loading. Upon the completion of the splitting of the lower row vortex,
secondary vortex is being shed from the tip. The tip which is then under the influence
of upper row vortex trough Biot—Savart induction causes vortex sheet formation.
This shedding is also governed by the model described earlier in this section. Lower

surface vortex formation is very similar to the upper surface vortex shedding.

Presence of secondary vortex modifies the downstream flow structures. Dis-
crete vortex dynamics show that the secondary vortex blob contains relatively higher
circulation strength with respect to the upper portion of the split vortex (See Figure
5.19, T = 34.5). Secondary vortex affects the other counter rotating discrete vortices
and forces them to wrap around it. Secondary vortex and the rest of the major vortex
climb over the portion of the opposite row vortex which was split earlier. It is clear
that vortex—vortex interaction has unique features along the walls. It gives insights
into the near wall turbulence phenomena which involves the interaction of various
scaled vortical structures temporally and spatially. Since this interesting feature of
the near wall flow is out of the scope of the present work, this discussion will be

concluded at this point.
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5.2.1 Assessment of Rate of Shedding from Separation Points

Figure 5.19 shows the time variation of the circulation shedding rates dI'/dt,
for the three shear layers emanating from three fixed separation points. Flow exhibits
rythmic oscillations after T = 25, thus, shedding reaches its final and continuos

regime.

A new vortex sheet begins to roll up around 7" = 34 from the upper sepa-
ration point of the trailing edge (See Figure 5.18). At this moment shedding rate is
minimum. As the rate increases, vortex sheet continues to roll up. Shedding rate
reaches its maximum value at T = 38. At this time, the lower row vortex is about to
be shed into the wake. The circulation rate increases afterwards until to the forma-
tion of a new nascent vortex ready to roll up from the upper point. This behaviour
is very similar to the variation of cosine function between 0 and 27 radians. The
separation of the lower surface vortex sheet is very similar to the upper surface with
a complete phase lag one period of wake oscillation naturally. The behaviour of the
separation points are very similar to the observations of Clements [46] and Sarpkaya
and Schoaff [140].

The third rate of shedding curve belongs to the events occuring from the tip
of the leading edge. The oscillation amplitude of the leading separation circulation
rate varies nearly from zero to 0.8. The lower limit of the amplitude shows that
circulation is changing sign at certain times during one oscillation of cycle.

Leading edge upper surface secondary vortex about to sheds completely from
the tip around T = 33, where the upper row Karman vortex is almost released from
the separation point. The tip separation point drops relatively faster to zero and at
T = 34.5 a new vortex sheet begins to spring from the lower surface of the leading
edge thus forming lower surface secondary vortex. After reaching its peak value this
vortex is also released from the tip around 7' = 38 where the lower row Karman vortex
leaves the trailing edge separation point. This rythmic behaviour suggests that for
every vortex shed from the trailing edge upper lower surface, a new secondary vortex
rotating in the same direction with respect to Karman vortices are released from
upper or lower surface. Figure 5.19 schematically shows this behaviour. One can say

that for this particular coupling, the role of impingement length is very important.
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For this reason author calls for further research efforts in this particular behaviour.

5.2.2 Unsteady Pressure Fields

An understanding of the modification induced by the secondary vortex mo-
tion is crucial in the study of unsteady loading characterization. For this purpose two
pressure taps were chosen along the lower surface so as to steady passive fluctuations

under the presence of vortex shedding (See Figure 5.20).

First tap selected is Tap # 21 located close to the tip. At T = 32, the
induced pressure has a positive maximum value. As the lower row vortex is being
deformed, it creates negative pressures (See Figure 5.21). As this vortex convects
downstream, approaching upper row vortex induces secondary vortex formation. As
the secondary vortex rolls near the tip, it increases the negative behaviour. The
pressure is negative maximum when the secondary vortex core stands over the point.
As the secondary vortex and the lower portion of the upper row vortex passes above
the point, the point loses its negative pressure characteristic. The observed pressure
characteristics are very similar to the observations of Kaykayoglu and Rockwell [13].
Hence, the phase of the secondary vortex roll-up coincides with the right pressure
values. Rolled secondary vortex convects downstream nested under primary vortex.
The negative peak follows the center of secondary vortex. The induced pressure at tap
# 23 has similar characteristics (See Figure 5.21) except it is difficult to distinguish
the separate effects of the secondary and primary vortices. This behaviour can be

explained as the result of the dominant affect of the secondary vortex motion.

The cross comparison of the active and passive interaction simulations are
presented in Figure 5.22. Pressure traces show clearly the effect of secondary vortex

formation.
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Figure 5.18 (See next page for a legend)
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Figure 5.18 Unsteady oscillations of impinging wake vortices depicted by discrete
vortices for one period of oscillation—secondary vortex formation and convection.
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5.3 General Remarks

Figure 5.23 shows an overall view of the interactions for different values of
impingement lengths, L/b. Far downstream flow structures exhibit different features.
For the shortest impingement length, L/b = 2, approaching wake was bisected and
new flow structures were formed. Counter rotating vortex blobs merge and rises
up from the edge surface. Counter clockwise rotating vortex dominates the spatial
development. Consequently, developing merged vortices separate and a seahorse type
vortex structure is formed. The cross stream enlargement of the bisected vortex wake
diminishes as the impingement length increases. It is clear that, counter clockwise
rotating vortices dominates the rotational flow character above the upper surface

although clockwise vortices are being shed from the separation points.

Vortex induced separation modelling requires new tools. Modelling of sec-
ondary vortex motion was found to be very succesful in simulating unsteady pres-
sures. Results were compared with the experimental works of Kaykayoglu and Rock-
well [11,12,13]. A very good agreement between the present model and the experi-
ments were observed. Discussion on the validity of a leading edge Kutta condition

should be extended for future research activities in the field.

Unsteady pressure fluctuations near the tip attain very high values. Hence,
similar to the experimental observation, the tip region controls the instantaneous
loading on the edge. Pressures drop sharply in the downstream direction. The
time dependént motion of the primary and split vortices over the surface causes
periodic pressure fluctuations. This observation supports the pressure wave concept
of Kaykayoglu and Rockwell [13].
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CHAPTER VI

KARMAN VORTEX STREET-BLUNT LEADING EDGE
INTERACTION

Karman vortex street—blunt leading edge interaction flow mechanisms will
be briefly introduced in this section. Due to the leading edge geometry, the inter-
action physics will more likely involve complex flow mechanisms and needs further
investigation. Uniform flow incident upon a blunt edge has already been studied
extensively in the literature. Kiya et. al [38] have developed discrete vortex method
simulation model for turbulent separation bubbles over the flat surfaces of the lead-
ing edge. Figure 6.1c shows the simulation model due to Kiya. Incident flow is free
of disturbances and flow assumes to be separating from sharp right angled corners.
Discrete vortices are released near the corners by satisfying the Kutta condition. The
details of shedding procedure is outlined by Kiya [38]. Vortices released from the cor-
ners roll into blobs and they interact passively with the edge surfaces. The induced
pressure fluctuations were obtained by using Unsteady Bernoulli’s Equation. The
pressure distribution is also given in Figure 6.1. It is clear that negative pressures
are associated with the appearant centers of the vortex blobs. Between blobs, the
induced pressures are positive thus confirming the observations discussed in Chapter
IV and V.

Karman vortex street interacting with a blunt edge simulates two important
interaction mechanisms. First mechanism is associated with the temporal and spatial
development of the Karman vortex sheet under the influence of an upstream blunt
leading edge. Secondly, the effect of external disturbances on separation bubble
formation from the right angled corners of the leading edge. Similar to the Karman
street sharp edge interactions, this chapter provides two separate simulation models.
First model does not contain any separation simulation for the downstream body.
Hence, downstream body will only create a strain field to the approaching wake.

Second model will also include downstream body separations.

Figure 6.2 shows the geometric set up. Two semi-infinite blunt~edged plates
contain four separation points. Figure also contains the mesh network used during



185

‘y
;///// S 7SS S
-
4 H
U ;

r—— /
4 X

7SS o

(a) Sharp right angled corner

00 O 9o o
0000 ° 000g_ %9 oo?®°
o o 90 o oo o
) : 009, %00 ° »
o °0% o o

(b) DVM simulation of bubble

.
7 =N
el
—

(c) Pressure distribution over surface

Figure 6.1 Discrete Vortex Simulation model for turbulent separation bubbles over
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the inverse process. The impingement length is L/b = 2.

6.1 Modelling of Karman Vortex—Sheet Blunt Edge Interaction:
Without leading edge separation

Figure 6.3 presents one complete cycle of Karman Street-leading edge inter-
action without separations from the leading edge sharp corners. At T = 40, the lower
row vortex is creating counterclockwise flow field superimposed on the mainflow to
lift the lower portion of the upper row vortex which is converting over the front
face of the downstream edge. A small portion of the upper row vortex is clipped by
the edge. This small portion clipped moves over the lower surface and catches the
major portion of the vortex shed from the other side. At T = 44, lower row vortex
is clipped by the edge. This clipping is very similar to the experimentally observed
vortex corner interactions due to Tang and Rockwell [15]. Complete obstruction
of the approach vorticity field by the edge is then followed by the climbing of this
vortex over the corner. This vortex mechanism is very similar to the experimentally
observed vortex—corner interaction mechanism observed by Knisely and Rockwell

[141)]. Figure 6.4 illustrates the periodic cycle of vortex interaction.

Figure 6.5a—c illustrates the importance of reference frame of analysis for
unsteady streamlines. Half cycle of wake-edge interaction was illustrated by the
unsteady streamlines obtained at the reference frame moving with —Uy in Figure
4.6. At T = 42, lower row vortex center is at the same horizontal elevation with
respect to the lower surface of the leading edge. As the vortex interacts with the
edge, it is compressed between the front face of the blunt edge and the approaching
upper row vortex. As the vortex climbs over the corner, it pulls away the trailing
edge of its vorticity field and rolls into a new vortex blob. At T = 46, splitting of
the vortex is completed. The upper portion of the vortex constitutes a very small

vortex rotating in counterclockwise direction.

Figure 6.7 exhibits disturbance velocities at the same instants analysed in

Figure 6.6. The source effect of the leading edge is clearly seen at all pictures.

Approach flow characteristics were determined and presented in Figures 6.8
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and 6.9. Streamwise and cross stream mean velocity profiles are shown in Figure 6.8a
and b. Axial mean velocity profiles are very similar to the previous observations.
Centerline velocities can not exceed the 10% of the external flow velocity. Axial
centerline velocity component goes to zero near the stagnation point of the leading
edge. Cross stream velocities attain their maximum value both near the base region
and the front face of the leading edge. Fluctuating velocity components are shown
in Figure 6.8a and b. Cross stream velocity fluctuations are twice the axial velocity
fluctuations. Moreover, the amplitude of the cross stream fluctuations are constant

in the cavity.

High cross stream fluctuations near the sharp corners of the downstream
leading edge will lead to the formation of separation bubbles over the surface. Mod-
elling of the separation requires new shedding algorithm. In the next section, this

new model will be introduced.
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Figure 6.4 Experimentally observed vortex—sharp corner interaction [141]
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Figure 6.5b Instantaneous streamlines at a fixed reference frame (L/b=2).

—

Figure 6.5¢ Instantaneous streamlines at a moving reference frame (L/b = 2 )-




Figure 6.6 Instantaneous streamlines patterns seen by the observer moving with the
velocity U = —U in the reference frame moving along the wake axis (L/b=2).
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6.2 Secondary Vortex Shedding from Sharp Corners of the Leading
Edge, Karman Street Vortex—Edge Interaction.

Kiya et. al [38] have already proposed a model for the modelling of vortex
formation from sharp corners. In the present study their model is simplified and

applied for the simulation under the effect of external disturbances.

Figure 6.10 shows the essentials of the corner separation modelling. Depend-
ing on the direction of the induced velocity near the corner, vortex sheet is formed.
One of the important design criteria for the corner shedding is the satisfaction of the
Kutta condition at the sharp corners. Kiya et. al [38] discusses the details of the
satisfaction of Kutta condition. According to them, Kutta condition can be satisfied

in the following way.

It was assumed that the width of the separated shear layer at the edge is ¢,
2z, is the point #(H + €), and the position of the nascent vortex is 2, = i(H + -2-6)

The strength of the nascent vortex is I'y,.

(i) An approximate value of €, say €°, was assumed. The value of € at the
last step may be utilized as €°. In their calculation ¢® = 0.1H was employed as an
initial value for all steps.

(ii) Assuming that the strength of the nascent vortex was, to the zeroth—
order approximation 1“5,"), equal to that of the last nascent vortex or that of one most
recently obtained, the velocity was calculated at the point z; = i(H + ¢€) .

(iii) This velocity determined a new strength of the nascent vortex, say 1‘5}’.

(iv) A new value of ¢, say ¢V can be obtained by satisfying stagnation
point condition at transformed plane so that the Kutta condition is satisfied. If the

condition
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le! — €] < 0.002H,

was fulfilled. 1‘53) and €V were employed as the required values of ', and € respec-
tively.

Figure 6.11 shows the intantaneous discrete vortex distributions. It is clear
that leading edge separation strongly modifies the surface flow structure. Vorticity
shed from the corners increases the merging between split vortex blobs which belong

to the upper and lower row vortices.

At T' = 40, vortex sheet springs from the lower corner under the flow field
induced by the lower portion of the upper row vortex. The upper corner separation
is not evident. As the lower row vortex gets closer to the lower separation point, the
sheet that springed from the corner seems to be shed into the wake. At this instant
of time, a new vortex sheet forms from the upper separation point. Although the
distribution of the discrete vortices seems to be very irregular at first glance, it is

clear that there are still coherent structures which are being convected downstream.

It is difficult to assess the validity of the present model since there is no
available data in this field. Thus, experiments are urgently needed to characterize
this class of interactions and also compare present results with the experimental
results.
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6.3 General Remarks

General overview of the type of interaction mechanisms for different im-
pingement length choices are demonstrated in Figure 6.12. Although the leading
edge geometry is changed to a blunt one, the downstream wake structure consists of
organized vortex structures. For the case L/b = 2 for downstream structures consist
of inverted mushroom vortices. Similar structures are observed for other cases. One
has to be very cautious about the results presented in Figure 6.12 since these cases

do not include corner separation.

Cross comparison of the several interaction patterns discussed so far is ex-
hibited in Figures 6.13 and 6.14. This comparison will be done particularly by
discussing the upstream influence (feedback) of the leading edge geometries. Figure
6.13 compares the power spectral densities of the circulation shedding rate signal.
Three separate graphs were presented. The first graph exhibits the variation of the
circulation power circulation density (CPSD) as a function of impingement length
for Karman vortex sheet—sharp edge interactions. For L/b = 2, CPSD amplitude is
maximum. CPSD amplitude decreases as impingement length increases. However,
it is peculiar that this decrease is not continuous. As it decreases to L/b = 4 it then
increases. This observation is also valid for the other cases investigated. Circulation
amplitudes are aproximatelly equal for the cases L/b = 3 and L/b = 5. For all the
cases investigated, the minimum value occurs for L/b = 4. The reason behind this
behaviour may be explained in terms of upstream influence of the impinging vortices,

there is still a need for further research to understand this strange behaviour.

Figure 6.14 presents direct comparisons of the effect of leading edge geome-
tries on the circulation shedding frequency and amplitude. For the all cases of inves-
tigation, frequency of shedding is almost constants. Hence, an important conclusion
may be drawn from here. Downstream edge is not capable of altering the frequency
of shedding. However, it can modify the amplitudes considerably. The power spec-
tral amplitude of circulation shedding for the smallest impingement length, L/b = 2
is about %40 larger than the free shear flow development discussed in Figure 4.5a
and 4.5b. On the other hand, rectangular edge causes the highest feedback for all

the cases. Due to its geometry wedge has the least effect on the amplitudes.
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Figure 6.12 Overall view of the Karman vortex street rectangular shaped leading
edge interactions
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CHAPTER VII

KARMAN VORTEX STREET INDUCED LEADING
EDGE LOADING

In this chapter, the instantaneous streamwise and cross stream force coeffi-
cients will be determined and discussed. An understanding of the unsteady loading
of the downstream leading edge inside the Karman Vortex Street is crucial in the
study of Flow Induced Oscillations {19]. Figure 7.1 shows the relevant parameters
and the direction of forces. Since the downstream leading edge is an semi infinite
body, the contour of the integration of fluctuating pressure coefficients will be a finite
and open contour. However, since the pressure coeflicients tend to zero after nearly
z/b = 5 for all the cases investigated, the domain of integration will extend up to
z/b = 5. The force coefficients due to the vortex dynamics have no mean values.
Figure 7.2 explains the method of integration of pressure coefficients. Integration
of pressure coefficient requires surface area information. In this investigation a unit
depth leading edge is assumed and force coefficients are determined per unit depth.
Integration routine does not include the very high pressure values calculated at the
sharp tip of the sharp leading edge and also the sharp corners of the blunt leading
edge.
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7.1 Unsteady Loading of Elliptic Leading Edge

The variation of cross stream force coefficient, Cy, and streamwise force
coeflicient , C, will be discussed in this section. Figure 7.3 exhibits the variation of
Cy for the case L/b = 3. The frequency of the loading corresponds to the passage
of Karman row vortices. It will be useful for the reader to recall Figure 4.12 during
the detailed investigation of Figure 7.3. The nature of the fluctuating cross stream
force coefficients depends very much on the arrival of the Karman row vortices to
the leading edge. At T = 43, the induced force is maximum positive. At this instant
lower row vortex rotating in counterclockwise direction is at a distance of one half
of traﬂjng edge thickness from the elliptic edge stagnation point. As this vortex
interacts with the edge, Cy oscillates and then drops to zero when it is split into two
portions. At this moment upper row vortex rotating in clockwise direction induces

loading in the negative direction.

Figure 7.4 shows C, variations for the case L/b = 4. Similarly, the induced
force is negative as the upper row vortex approaches and it is positive as the lower

row vortex gets closer to the edge.

Finally in Figure 7.5, the variation of Cy for the case L/b = 5 is shown. Sim-
ilar arguments are also valid for this case. Confirmation of the present observations
can partly be done by assessing the experimental observations of Kaykayoglu and
Rockwell [13].

Kaykayoglu and Rockwell [13] have measured and then integrated the surface
pressures to obtain induced forces for mixing layer vortex edge interactions. They
have shown that the induced force was maximum negative prior to the vortex—edge
interaction. Subsequently, the force is positive maximum when the complete interac-
tion ends. Therefore, the observed characteristics reasonably simulate the variation

of cross stream force coefficient.

Figure 7.6a shows comparison of cross stream force variation of three elliptic
cases. Figure 7.6b shows the power spectral density distribution for the cross stream

force variation. Peaks occur at the fundamental frequency ,3, of interaction. There



209

are higher harmonics occuring at 26 and 5/2 5.

Regarding the streamwise force coefficient characterization, the streamwise

compounent of the force coefficient was computed.

Figures 7.7 through 7.9 show the rythmic oscillations of the streamwise force
coefficient. As it was discussed earlier the streamwise oscillation frequency is nearly
twice the cross stream oscillation frequency. This is primaryly due to the passage of
alternating row vortices at every 28 from the tip region of the edges. C; is the force
coefficient due to the axial forces induced on the edge system by the appproaching
vortices. Vortices will interact with the projected area of the leading edges. Due to
the rapid distortion of the vortices at the edge C, signals are very noisy. However,
they still contain the basic oscillations. For the case L/b = 3, Figure 7.7 exhibits
the time variation of C;. C; values are all negative. This is not surprising since the
leading edge portion is under the influence of negative pressure loading throughout
the interaction cycle. Hence, the approaching wake disturbances induce forces which
will try to pull the downstream semi-infinite body towards upstream. Similar phe-
nomenon is also observed in heat exchanger tube bundles where separating cylinder

wake interacts with the downstream tube while its flow field acts as an atractor [19].

Since the viscous effects are not accounted for = the present investigation,
the results should be judged and reviewed under the assumption of inviscid flows.
Figure 7.8 and 7.9 show the time variation of axial force coefficient for L/b = 4 and

L/b = 5. Similar observation are valid for these interaction cases.

Power spectral density distributions of the streamwise force variation for
elliptical leading edges are presented in Figure 7.10. The main peak occurs at a
frequency,283, where 3 is the frequency of the passage of row vortices about the edge.
In agreement with our discussion of Chapter 4, rythmic passage of upper and lower
row vortices influences the edge loading twice the frequency of the passage of row
vortices. The level of loading is minimum for the case L/b = 3. The C, value reaches
a peak value of almost 2.5 times the value of L/b = 3 for L/b = 4. Surprisingly,
for L/b = 5, a sharp drop occurs. The flow mechanisms behind this variation need

further research efforts.
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Figure 7.11 shows the time history of cross stream force fluctuations without
the formation of secondary vortex from the tip. As the lower row vortex gets closer to
the edge it induces high positive fluctuations. Conversely, clockwise rotating upper
row vortex induces negative loading. After complete vortex splitting, induced force
drops to zero. This observation agrees well with the observations of Kaykayoglu and
Rockwell [13], Ziada and Rockwell [20].

Figure 7.12 shows the time history of cross stream fluctuations with sec-
ondary vortex formation. The phasing of the induced force is similar to Figure 7.11
except the modulation around the peak region. This is due to the effect of secondary
vortex shedding. Around T = 32 vortex shedding occurs over the top surface. This
causes instantaneous negative loading and consequently sudden drop. Similar effects
are observed during the shedding of periodic vortex under the lower surface. See

Figure 7.12 for the presentation of these conditions.

Finally Figures 7.13-7.14 show the variation of axial force coefficients. Sim-
ilar to our previous observations all the values are negative. Formation of secondary
vortices enhances the amplitude of the fluctuations. The phasing of the induced

forces with the flow mechanisms needs further research efforts.

Discrete Vortex Method simulation capabilities were found to be acceptable
for the prediction of force quantities. The phasing between the induced forces and

vortex positions confirm laboratory observations.



211

O upper row vortex

—
b L = V lawer row vortex

10.0

5.0

~5.0

RN ERESENERNEENNE AN EEPNEENN RN RN EENY

""10.0'1"‘xxrzriTs)—rl‘rii71Tr’T1\TsrxxlvxrsxxTrvTﬁ—;lsx&)&:rs}

3 50
U t/s

Figure 7.3 Variation of Cy for the case L/b = 3.



10.0

5.0

—-10.0

212

0

10

U t/s

Figure 7.4 Variation of C'y for the case L/b = 4.

U
— o ~
~
men-\/ )
5(-,-\ ~\ £~
2 8 -\ vias
4 4y |()I l\\\
A Vs . \ i
- ~7 SoLut)
—t ,’
b \V”, O Uupper row vortex
!-————— ———-—-—4 v lower row voriex
o
ul
4
]
]
.
-
o
]
j
R
2
-1
-
~
-~
-4
NI S At R O U T YR 2R S A 0 O VO I T T A A S A U0 T At T Y T T R T L AR A AR T L R A |

50



213

Uoo
O~~~
— /,/ \\\
;‘ -
NSTY o 1
f&l/ [’ \()’
A 27 i |
T \\.p,
——
b S’
- O uppet row vortex
| L =‘|
= ¢ lower row vortex
10.0 -
5.0
-
> 7
O
0.0
~5.0 o
]
o
-
“10:0 I AR A A L N U R U D O T DL I B I e I St R N M SRR R DA A A RN TRRE SRAN TOAN RS AN REAT AN Y M AN B END §
0 10 50

30
U t/s

Figure 7.5 Variation of C'y for the case L/b = 5.



10.9

5.0

-3.0

10.0

214

BN NN AT BN NN |

IT“‘I'Iilll}[\llllllr]]llliifrlTTllllt‘ill]l]“lclﬁx

0 10 20 30 40 a0

U t/s

Figure 7.6a Comparison of cross stream force variation of three elliptic case.

4

>
= 5

n

<

[

)

— -3

O

S

-+

O

O

O

w

j -

(O]

=

O

o

0 l — = ey e 1 = P - = —— ,: )
0.20 0.05 0.0 0.15 $.20 3.23
r reguen Cy

Figure 7.6b Power spectral density distribution for the cross stream force variation of three
elliptic case.



0.5

-1.0

-1.5

0.5

-1.5

215

]
]
]
]
—‘ll]'ll]T]][T]llTllll]ll‘rIlTlll]Illr_—lllTllllllllllﬁ
0 20 30 40 50
U t/s
Figure 7.7 Time history of unsteady streamwise force coefficient for elliptic leading
_ edge, L/b = 3.
]
E
]
T T Ut riT rTvirgyT LR 1 1T 11 ] 1] ] L L L T
0 10( lf‘l2|0 L AN L LI L % r|01 Il"g‘o
Ut/

Figure 7.8 Time history of unsteady streamwise force coefficient for elliptic leading
edge, L/b = 4.



0.5

0.0

Cx

~0.5

216

—'1.51ﬁlrlllTl|lrﬁlri;l—F|lll1|lITl[|rlrilrlllerIﬁITir1

10 20 30 40 50

U t/s

Figure 7.9 Time history of unsteady streamwise force coefficient for elliptic leading
edge, L/b=5.



217

0.5 -
N Lib=4
]
—-'105 Tt iy [Tl’lr]l‘lfl‘lll]llllTrlirfT LR LR L
0 10 40
Uu t/
Figure 7.10a Comparison of streamwise force variation of three elliptic case.
> ]
‘ﬁ n
0 7
[ G
(O N
S
o ]
L__ -
__*__) -
o 7
Q 7
v
]
Q3
= ]
O 7
A
j x10
0" rJTéerryrrrirry
0.00 0.05 0.10 0.15 0.20 0.25

Frequency

Figure 7.10b Power spectral density distribution for the streamwise force variation of
three elliptic case



5.0

0.0

5.0

0.0

- o
. U /o \| ﬁ y
o 7 /’/’3‘1
] W,L\ "~ 2
] AV AR =7 Lib=2
-1 ;\1' 1 :p’ \‘ ‘\‘
: "~ ‘:/ ‘\~,'
i D ’{ -
n b slb=10
]
-‘llllT‘[|l|]llITT[IIl[ll#]lllll]ﬁ‘lﬁflllll(ll]llllll]
0 10 20 30 40 50
U t/s
Figure 7.11 Time history of unsteady cross stream force coefficient for wedge shaped
leading edge, L/b = 2.

]
.
~
ﬁ
B
]
_llllller]YlllIllfl[l‘lllllTllllll‘lllll]lllllll'[l]
0 10 20 30 40 50

U t/s

Figure 7.12 Time history of unsteady cross stream force coefficient for wedge shaped
leading edge—secondary separation included, L/b = 2.



1.0

0.5

Cx

0.0

-1.0

1.0

0.5

Cx

0.0

-1.0

219

7]
]
]
]

ll1llllll|ll[rlllll]Tl]lIlTlIIIT—liilllll‘l_[lllllllj
0 10 20 30 40

U t/s
Figure 7.13 Time history of unsteady streamwise force coefficient for wedge shaped

- leading edge, L/b = 2.
.
-
]

LA LR N U L D L L L L D s e M M DD O M D R BN RN U R RS B (LA BN NN DN B RN RN M ) LK |
0 10 0 40 - 50

3
U t/s

Figure 7.14 Time history of unsteady streamwise force coefficient for wedge shaped
leading edge—secondary separation included, L/b = 2.



220

CHAPTER VIII

FUTURE RECOMMENDED RESEARCH ACTIVITIES

Discrete Vortex Method simulation of wake-edge interaction was able to
show the important aspects of the vorticity field—edge interactions observed in lab-
oratory experiments. Although it is an inviscid method of simulation, the complex

mechanisms of vorticity deformation near the edge was succesfully discussed.

Being the first of its kind in this field, author wishes to recommend following
future research topics so as to improve the efficiency and capability of the current

method. Two major recommendations are;

1) Current Discrete Vortex Method advances vortices by using Biot—Savart
type induced velocity computations. Hence, the length of the computations increase
with N2, where N, is the number of vortices. Common experiences show that this
method needs longer computational periods. One of the ways of overcoming this
problem is the use of Vortex—in—Cell type algorithms to advance the vortices in spite
of disadvantages such as slight distortions and artificial viscosity. However fine grid

structure may overcome this difficulty.

2) A simple model of including wall boundary layer effects on the developing
downstream flows will increase the computation time. Chorins [71Jmodel of simulating

boundary layer activity was thought as an efficient tool for future simulation efforts.
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APPENDIX A

Routh’s Rule
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