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Abstract

The threedimensional laminar flow ovea straightcylinder with sinusoidal variatiomof
crosssection was investigated using a volumetric Particle Image Velocimetry at Reynolds
numbes of 15,000 and 20,000 and compared with the wake of a straight cyliftd@ras
observed that the boundary layer separation line was also wavy sincewhseflarated earlier
with saddletype attachment and later for the case of nodal attach@ensequentlythe wake
was narrower behind the nodes and wider behind the saddiestesults wereampared with a
straightcylinder wake. Spatial characteristics of the flow suggiestpresence of streamwise
vortices that form midway between the saddle and the node and extend downstream. Interactions
of these vortices with the von Karman vortices result in significant tmtoof the coherent
structuresincrease the vortex formation length and suppress the large scale spanwise vortex
formation. The Proper Orthogonal Distribution of the PIV data in several planes indicated that
the overall energy contents of the wavelength D = 1. 6 was | ower t han

cylinder.
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Chapter 1
Introduction

Cylinders are encountered in various applications such as antennas, offshore platforms,
bridge cables, bridge pylons, bridge ropes, cooling towers, smoke stacks, oil delivery pipes,
tall buildings, and heat exchanger tubes. The flow over the smooth cicglitater has been
widely studied because dtiie very unique and complex flow characteristias. Reynolds
number reaches a certainlug the vortex sheddinthattakes place results in the structural
vibrations and fluctuating longitudinal and transvei@mees due to fluigstructure coupling
and resonancdn illustrationof cylinder flow presented in Figure 1 shows the complexity of

the flow encountered in bluff body wakes.

UNSTEADY ACOUSTIC
i LIFT RADIATION

TURBULENCE
GENERATED
NOISE

DIRECTION SEPARATED
OF VIBRATION FLOW

Figure 1.Cartoonof flow around a bluff body

The Tacoma Narrosvbridge is a classic example of the consequence of vortex induced

vibrations (Figure 2)

Figure2: Tacoma NarrowBridge



1.1 Description of bluff body flow

Flow over the bluff body has been classified in thoéerent Reynolds number
dependent flow regimes: creeping flow regime, steady separation regime, and periodic flow
regime [l]. Betweenthe Reynolds number (0 < Re%, the flow is termed creeping flow
where the viscous forces are much larger comparédetanertial forces and flow therefore
remains attached. At a Reynolds number from 4 to 5bthendary layerseparates and
creates two steady and symmetric eddies in the wake. The free shear layer meets with the
symmetric near wake at the end of the neake, at the confluence point. At a Reynolds
number from 4 to 48he flow shows a steady separation regime and a pair of vortices forms
in the wake of cylinderd]. Due to the Helmholtz instability, the flow becomes unstable
approximately near Re = 30 and is characterized by the closadwake becoming
elongated. The shear layer faecause the boundary layer separaige tothe adverse
pressure gradient impes by the divergent geometry of the bluff body. The onspeabdic
oscillations of the shear layer is initiated at the confluence pmdtaghe Reynolds number
continues toincreasethe amplitude of flow oscillation behind the bodiso increase,as
shown inFigure 3 The boundary layer containgrticity which feed into the shear layer
formed downstrearof the separation point and induce the shear layer to roll up into a vortex.
Therefore, when the Reynolds number reaches cersdile these vorties shed periodically
from either side of bluff body, inducing the famous phenomena known as the von Karman

Vortex street 3.

Figure 3. Laminar von Karmarreet at Reynolds number of 144) |



Gerrard P] [5] described the vortex shedding in fledowing way. Vortex A shown in
Figure 4.a becomes strong enough to attract the opposing Vortex B across the near wake.
Then the Vortex A separadérom the shear layer, due to the approach of opposite sign of
vorticity which breals off the supply of vaicity to Vortex A from the boundary layer
Vortex A shed downstream as Helmholtz vex[2]. FurthermoreFigure 4.b shows Vortex
A shedding off the body due to Vortex B cutting off the supply vortiditythe same time
Vortex C forns on the same sidef the bluff body and Vortex B replaséhe role of Vortex
A. Vortex B now growsin strength and size arattracts VortexC across the wake. This
induces the Vortex B to shed. This process repestch time when a new vortex is shed at
either side of theyinder and the shedding contirsi@ an alternate manner. Moreover, the
vorticity shows clockwise direction in the Vortex A, whereas the vorticity shows anti
clockwise diection in Vortex B. Gerrard [J3escribe how the shear layas entrainedin
the separatedegimes and ishown inFigure 5 (a) theshear layers entrained into growing
vortex, (b) and another part push into developing the shear layer, (c) and the lastyzast in
a low pressure region of circulation.

a)

b)

Figure 4 (a) Vortex A prior to shedding, and attracts Vortex B across the w
(b) Vortex B prior to shedding and attract Vortex C acrossvties[2]



Figure 5:Sketch of shear layer entrainm¢bi

For the range oReynolds numbe40 < Re < 200sheddingof vorticesis predominantly
two-dimensionaklnd the vortex s¢et is laminarin the range of Reynoldsumber 200< Re
< 300, the wake begirn® transitionto turbulent In the wake the laminarflow is urstable
and transitiog, and graduallyextend upstream untibin eddy becomesirbulent during its
formation.For Re > 300, the wake completahansitiors to turbulent.

For Reynolds numberrangng from 300 < Re < 300,000flow is classified as a
Asubcritical regi meo because the boundary |
cylinder andthe transition to turbulent flow occurs in the wake. With increasing Reynolds
number, the transition location moves upstream towards dheafd stagnation point.
Increasing the Reynolds number increases the length of vortex formation; also, the shear
layer becomes urable and stronger downstreamJ.15

For the range of Reynolds number 300,000 < Re < 350t000low regime is known as
Aci ti cal regi meo. I n this regime the boundar
Furthermore, noizero mean lift occurs in this range due to the asymnoétityeflow.

For the range of the Reynolds number 350,000 < Re < 150008, uper cr i ti cal
regi meo sets in. I n this regi méyerseparatibnois h s i ¢
turbulent.



1.2 Flow control

Viscous effects dominate at low Reynolds number and matifestselvesn the form
of high viscous drag; dwever with increasing Reynolds number, because of the boundary
layer separation, a large wake generatgh pressure drag in addition to the unsteady ferce
Modification of the wake to alleviate the negative effects fall in the category ofcthoivol
that is categorized as:

(1) Passive flow control

(2) Active flow control

1.3 Passive flow control

The passive flow contrahethod controlshe flow by modifying the body geometry or
surface geometryith an am to conquerthe flow characteristics such as suppm@ssof
vortex shedding, redtion of the fluctuating mean drag. Bles [16 indicated that the
reduction of vortexinduced vibration on circular cylinders could be achieved by many
methods: for instance, by avaidj resonance, reduced damping, streamlimhthe cross
section, and by adding a vortex suppression devices. Because of the difficulties associated
with improving damping to prevent resonance, only the last method is often utilized in
practice. Geometrichanges to a bluff body such as the helical strakes, splitter plates,
hemispherical bumps, perforated shroud, narrow strip, ribbon cable, spoiler plates, cylindrical
rings and axial slates etc. have shown promise. These devices aim to either suppress the
strength of shed vortex or to induce thaienensional flow byshedding vorticesSumer [2]
points out that the vortex shedding only happens when theptivids out that the vortex
shedding only happens when the two shlegers interact with each otheidence,the
interacton is restraied in one way or another, for instance by using a splitter plate at the
downstream sideetween the two shear layakthe cylinderprevens shedding Owen and
Bearman 17] used the hemispherical bumps attached onciteailar cylinder and circular
cylinder with a sinuous axisThe results shova significantreduction indrag and vortex
shedding withup to 25% with hemispherical bumpsdanp to 47% with a sinuous axis, due
to the separation lines on a circular cylingeforced to be sinuoudlakamura and Igarashi
[18] succeshilly reducel drag and fluctuating force approximatel§5% for a circular
cylinder exposedto crossflow by attaching cylindrical rings along sparu, Shi and Yu
[19] studiedthe comparisonbetwesn the wakebehind thecircular cylinder and grooved
cylinder. The result showthatin the wake behind the grooved cylindéne recirculation

5



zonewas elongated by nearly 18.286mpared to a circular cylindeshoa,and Wang [20]
used a narrow strip to suppress vorghedding;the narrowstrip was set parallel to the
cylinder surfaceahen adjustedthe distance between cylinder surfaeeslthe angle It was
found that narrow strip successfusuppressed th@akeat certainangke range from 30 to 55
degres. Ahmed, Khan and Baysluchmore[9][21] studied the flow pattern over the wavy
cylinder. The study indicatethe boundary layeiseparats at the geometricsaddles much
earlier than thggeometricnodes and the wake behd the wavy cylinder ajeometricnodes
wasnarrowerand fasterelocity recovery rateompared t@eometricsaddles.

1.4 Present research orpassive flow control

Bearman and Tombazis29][23] introduced a wavy body with hadfilipse shape and
spanwise wavyn conjunction withblunt trailing ede (Figure 6. It was found thaincreasing
the wave steepnesauseshe base dratp decreasavith lower base drag@ccuriing at a peak.
Also, the lbngest vortexformation occurred where the base pressuas lowest. Bearman
and Owen24] investigated reducinthe bluf body dragby introdudng the blunt spanwise
wavy surface leading edgend blunt trailing edgeof square crossection(Figure 3. The
experimentwas conductedat the Reynoldsiumber 40,000and drag reductiorof 30% was
achievedor the waveamplitudebetweer).06 and0.09.Darekarand Sherwin 10|[25] used
the numerical methods to investigatee flow past the square cressction cylinders with a
wavy stagnation facéFigure §. This was effective in suppressinghe Karman vortex
shedding due to thredimensional shear laygrby diverting spanwise vorticity into
streamwise and vertical compamnts of vorticity,which madethe shear layers less susceptible
to roll up in tothe Karman vortexDrag reducd by approximatey 16% atReynolds number
of 100, but the drag slightly increadeat higher Reynolds numtsecompared to the smooth

cylinder.



Figure 6: Rear Wavy cylind¢22] Figure 7: Square section wavy cylinde
[24]

Z\T/X

d

UX

Figure 8: wavy Stagnation surface

Moreover, Kim and Choi[27] adopted active flow control methods inveatigg the
flow over a circular cylinder at Reynoldsimbes 40 to 3900by forcing the slot to blovand
suction atthe top and bottom surfase The forcingoutlines are sinusoidal in the spanwise
direction and havéwo differentphases: the in phasbstributedforcing andthe out phase
distributedforcing (Figure9). The Karman vortex shedding was reduced not only in laminar
flow conditiors, but also in turbulent flow conditien The n phase distributed forcing
reduced the mean lift and mean drag flations for all Reynolds numb®rand the
maximum drageduction occued at the Reynolds number 10Due to the vortex shedding
mismatch the phase along the spanwise direction thain phasedistributed producethen
reduces the dral@7]. The out phase distributed forcingducel the mean lift and mean drag
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fluctuation at Re = 300, due to the separating shear layer distortion and vortex shedding
occuring in the further downstream direction, but it does not reduce the drag at low
Reynolds number

AN, _ATN
C \ U4

\ U4

Figure 9 Cylinder with actve contro) left showing the in
phasenodeand rightshowingthe outphasemode

Figure 10 Sinusoidawavy body

Furthermore,a cylinder with the diameter sinusoidal variation along the spanwise
direction and the circular crosgctionis named wavy cylinder. i to the geometrgf the
wavy cylinderthreedimensionaflow can be naturally createAhmed and Baydluchmore
[9] studied the wavy cylindansing the same amplitude kdifferent wavelengthand found
the dragcoefficients at thegeometricnodes weregreate than at thegeometricsaddles.
Moreover, painting dye on the surfaceaofavy cylinder shows the separation obviously was
threedimensionaland the distortion is greaterat shorter wavelength wavy cylindefhe
topology of the surfacehear stresfiled and flow visual manifesthat there exists a saddle

point of separation at eaajeometricsaddle, and that the boundary layer rolls up into
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streamwise vertical structure near tpeometricnode,it was appead to be two trailing
vortices then merge into a single structure end in an asymmetric flow pattern rather than the
symmetric patterfi9]. Ahmedet al[21] further investigated the flow filed behind the wavy
cylinder. Behind the nodal point the formatianh trailing streamwise vortices give rise to a
locally narrower wakea rapid wake velocity suppression and recovery of the turbulence
development within the separated boundary lajggynolds stress behind tlggometric
saddles was higher than theometic nodes; it can be attributed (a) higher level of shear
layer turbulence contained behind theldlas separated boundary lay€bg the Karman
vortex behind the saddles have greater total circulation since behind theduedés the
streamwise vorticg some of the vorticity of the separated boundary layer entraicgdn
von Karman formation region all Reynolds stress values is large, due to the dynamics of the
vortex rolling up and tearing away , the wake behind the saddle is taegenodetheefore
the Reynolds stress mdygher. Owen [26] also investigated flow over the sinuous wavy
bluff body by using flow visualizatiariThe results show the flow behind the sinuous wavy
bluff body is quite different between the circular cylinders, and folledkiarman vortex
shedding was suppressed and the drag is substantial redubieses[28] investigateda
circular cylinder with sinusoidalvaviness along the spanwise directibg numerical
methods(figure 10). The smulation indicated when increase thvave steepnesses from
0.125 to 0.14 the shedding is not suppressed, but the large scale vorticesefrseparated
boundary layersvas delayed for longer time

Lam [11] studied the lift and drag reduction effect on the different wavy cylinders and
the elated effects on flow induced vibratidsy changing thgeometriovavy amplitude and
wavelength of the wavy cylinder, it was expected that such type of cylinder could get a better
control vortex sheddingnd suppression of FIV. Cylinder with a constaatue of wave
amplitude,they found the value of wavelength ratio from 1.45 to Za2Reynolds number
ranges of 20,000 to 50,00the maximum drag reduction up to 20 Fowas also found that
the wavy cylinders roemeansquare fluctuating lift coefficienare lower than the circular
cylinder, but the hewire and load cell signals show that the Strouhal numbers of wavy
cylinder are mostly same as a correspongingightcylinder. Furthermoe, Lam[12] studied
the near wake velocity distributions of a waeylinder. They foundthe average vortex
formation lengthbehind the wavy cylinder was longer than circuglinder and point out a
relation between the elongated vortdermation and vibration suppression and drag
reduction. Moreover, the vortex formatio length on thegeometricsaddle has a longer
formation regiorand rapid reverse flowthe riblike structure found near the saddle plane at
Re = 600 alsothey found the cylinder with the wavy geometry play a crucial role in drag

9



reduction and vortex foration length and vortex shedding suppressidrang [§ using the

particle image velocimetry (PI1V) technique to measurementhtleedimensional near wake

structures behind a wavy cylindat Reynolds numbeof 3,000. The streamwise vortices

with alternaing positive and negative were obsenatong the spanwise directiaverewell

organized They suppress the formation of the lasgale spanwise vorticesnd regular

vortex sheddingand reduce the overall turbulent kinetic energy in the near wakeof
cylinder.Lee and Nguyefi7] conducted experiments in the range of Reynolds nusitmen

5,300 to 50,000 and tested two sinusoidal m G

and &/ D = 2. The results compared to the st
with o/ D = 2, a | arge r educ tO00ahe maxmunddrag g wa s
reduction obtained for &/ D = 2 was 22%. The

reduction was related to the reduction of vortex formation length behiwdvy cylinder.

Lam and Lin [§ investigated the effect by different walength and amplitude at Reynolds

number 100 and 3,000 using numerical methods. At Re = 100, the optimal wavelength ratios
2.5 O /D O 6 and amplitudes ratio 0.05 O a
approximate of 18%, moreover, thRM.S lift coefficient were significaify reduced to

nearly zero. Lif29] investigated the flow around the sinusoidal wavy cylinder at Re = 3,000

and showed that the wavy surface leads to form-Df fBee shear layer, and the vortex
formation elongated downstreamadovalue larger than the straight cylinder. Therefore, the
sinusoidal wavy cylinders mean drag coefficient remained smaller than the corresponding
straightcylinder.

1.5 Objectives

Two-dimensional flow over thestraight cylinder has been studied for maygars.
However, most of the complex flow phenomena are theensional. Thus, in recent years
studies have been aimed towards work on the threensional flow due to the available
computational toolsln the recent years different types of cylindesth sinusoidal surfaces
along the spanwise direction, called wavy cylinders, were introduced. Over the past years
Ahmed andBay-Muchmore P], Ahmedet al[21], Tombazis and Bearmd@3], Bearman
and Owen Owen and Szewczyk[26], Darker and Sherwif25], Keser[28], Lam et al
[11][12], Zhanget al[6], Lee and Nguyef/], Lam and Lin[8], studied the several types of
wavy cylinders either using experimental methods or numerical methods. These methods
have been proven effective to control the fimsluced vbration and reduced mean drag
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fluctuation The present research focusestlomrange of the Reynolds number from 10,000
to 20,000 on the subcritical flow regime

The information available by usingthree-dimensional PIV measurments of wavy
cylinders in the literature idimited. Therefore, thigesearchs usingthreedimensionalPIV
measurements the wakehind the wavy cylinder to obtain a deeper understandirtbeof
wavy cylinder flow characteristilBy using passive floumodification usingthreedifferent
wavelengthmodels to alter the flow characteristics in the wake and compare them to the
wake of straight cylinderFurthermore, analyze the wake data using the POD methods to

determine the energy distribution of the coherent structure in the wake
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Chapter 2
Experimenal Setup

Wavy cylindersof three different wavelengthsereuseal. The wavy cylinder was made
from aluminumand protectd by a coating oblack enamel. The axial maximum diameter
locationsof the wavy cylindeare ternredinodeand t he axi al misni mum
aretermedi saddl es o. The bottom of each wavy cyl
different, andthe tops were ended smoothly near a geometimde. The geometry dhe
wavy cylinder is sbwn in Figure 2.1. The geometry of the wavy cylindeusal in the
experimentre described by the following equation:

RlocalszeanT Ac 0 s ( 2 Z/ a")

Where Rocalis the local diameter andwanis the mean diametein this casel.25 inch.Ais
the wavy cylinder surface amplitude and is 0.25 inch. The length of the wavy cylinder (2) is
24 inch.

Rmean A

—

Ufs

Geometric Node

\l

Geometric Saddle }\

Figure 2.1: Coordinate system and terminology of the wavy cylinder.
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Wavy cylinder Model 1 Model 2 Model 3
The Minimum diameteDmin (inch) 2 2 2
The Maximum diametdDmax (inch) 3 3 3
Mean diameter Rean(inch) 2.5 2.5 2.5
Wavel engt h/ me aeh) 1.2 1.6 2.4
Amplitude (A) 0.25 0.25 0.25

-----------------

- —» Side Wall

- —+—» Wavy Cylinder

—1— Bottom Glass

A y

Laser
z

Figure 2.2: End view of thexperiment setup

2.1 Description of water Tunnel

The experimenst were conductedn the Tuskegee University water tunnal two
freestream velocities of.23 m/s and 0.31 m/9Réynolds numberof 15,000 and 20,000
The test section of the water tunnel is 15 inches wide, 20 inches deep and 60 inches long
The wavy cylinder was mounted vertically in the test section. A TSI Inc.-thneensional
Particle Image Velocimetry (PIV) V3V system consisting of three 4 mpegd image
sensors arranged in a coplanar triangle pattern andligreed to view a volumetric domain
of 140x140x100 miwas used for the researdfhe camera recorded 1,000 pairs of insage
from each three camera to generate the statistics.
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2.2 Detall of V3V PIV

The Particle Image Velocimetry (PI1V) is use Volumetricdnponet Velocimetry
systems (V3V) made by TSI. ik doubleframedoubleexposure and thregimensional three
component (3D3C) systems. An Nd: YAG laser was used to illuminateebasurd volume
region. Determination of tB flow velocity is based on measured individual particle
displacemerstin the time between laser pulses and information from each aperture to obtain
the location threedimensionalof the particles. Furthermore, tb system is based on the
Defocusing Digital Particle Image Velocimetry (DDPIV) and the optichigeed density per
frame is between 50,000 and 100,000

An Evergreen Quantel Twin model YAG2A®QTL Nd: YAG laser was used to
provide the volumetric illuminatn. The laser light beam was passed through two lenses to
increasethe light width. Using a pulse generator, the pulse repetition ratmuld be
manipulatedrom 0 to 15 Hz aanenergy level of 200 mJ per pulse.

Up

Figure 2.3 The field of laseillumination.
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The images were captured using a model 630059 Powerview Plus seriesduigiion
CCD camera witta Nikon 50mm lens and fedaperture of f16. The camera was desitjio
capture the particlésmages from the illuminated flow field.The 630059 Model has a
2048x2408array of lightsensitive pixelseach having a diameter @f. 4 1 7..THe framm
rate of the CCD quantumwas16 frames/secondvoreover, the camerasgere pre-aligned to
view a volumetric dmain of 146height x140-width x100-depth mm, array in a coplanar
triangle patternThe distance between the water wall and camesapproximately500

mm.

Figure 24: V3V camera system.

The Model 610035 synchronizer by TSI was used as an external trigger and connected
to the laser and the PIV camedmacontrol the flash lamps and-Qitches. The pulse delay
time (delta T) lbtween two frame was sét, 500 ¢&s at ROOsaRé&5- 000
20,000. The twdrame double exposukeas setata 7.25 Hz capture rate.



The traversesystem has 500 mm of travel and the lead screw each pitch is 1 mm per
revolution. The traverssystem was used during the calibration processes to move the
calibration target to multiple depth positions.

The calibration target consisted of a 200x200 mm plate with precise grid of 5 mm
vertical and horizontaspacing The calibration target traved®&mm in each plane in the
spatial direction through the emimeasurement volume. After the calibration process, the
system showed the calibration graph that contained the camera signature, dewarping error,
magnification and pinhole comparison information. Only the calibrations with the dewarping
error value of lesthan 0.25 pixels were used. A calibration graph is shavyppendixC.

The model 1009particle seeds by TSI were used. The average size of the
polycrystalline particles was 55 &m, a densi
Data was prcessed using the TSI softwatése two frames to tracking the particle and form
the 3D flow field. The detail of the process procedure is shown in the App@ndix

2.3Timing setup

The timing setup is to set the parameters to capture the better im#gs.drperiment
the frame mode isetto the straddle mode tacquiretwo consecutive single exposure
images.The pulse repeatate (Hz) valuesre7.25 Hz.In order to obtain the good 3D flow
result, theoptimizedX-Y displacement is around 4~6 pixetéence, &posure time and laser
pulse delay time iseting at 1100and 1500 for Re = 20,000 and Re = 15,0@klta T is to
determine theoulse separation and is critical to set the proper vumatching the flow
velocity.

2.4 Description of Proper Orthogonal Decomposition

The Proper Orthogonal Decomposition (POD) is a technique that uses mathematical
method to extract the coherent structure from turbulent flows and is very useful to describe
the complex flow field with a lovdimensional modelThee are two methods of POEhe
classic POD and the snapshot POD. Using the toolbox in the Insight 4G software by TSI, a
snapshot methodias applied to calculate the eigenfuctions from the eros®lation matrix.
Two-dimensionalslices of the flow at geometricnodes and sadlles in the X-Z planewere
analyzedo obtain the detail of the wake behind the wavy cylin@ces were takean Y/D
= 0 in X-Z plane on straight cylindefhe method of snapshots fietrange the sequence of
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snapshots part afelocity data using the equation 2, where N is the number of snajsihts
1,000)

®w O 88Y )

And then fornedthe matrix below
6 - ©)
Theequation below solves the eig@atue problenthen arranggthe sloution by eigenvalue.
0%  _ %o (4)

Then the POD modes can be found from equation 5 by muttgptprresponding
eigenvalues by each image and sum to get modes.

B
1 = (5)

B

The energyistribution decayed exponentially across the POD, and the energy above
mode five was extremely small relative to mode ddence, the first mode or the highest
energy mode can be regardedaa8 d o mio floavrcharacteristic and contains the most

kinetic energy.
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Chapter 3
Results and Discussion

The results compare three different wavy cylinder motbedsstraightcylinderand show
the vorticity, velocity and Proper Orthogonal Decomposition (P{DDRQjifferent plans. The
velocity cortiour and vorticity contour plotaredisplayedin the X-Y plane (front view), XZ
plane (top view) and ¥ plane (end view).Furthermore, theProper Orthogonal
Decomposition (POD3hows the vorticity contour from mode one to mode 25 and the energy
distribution plots.The wavy cylinder andtraightcylinder are located dhe field of view of
theright side and the flo direction is from right taheleft.

3.1Mean velocity

Contour plots of time averaged velocity are giverFigures 3.1to Figure 3.14 for
Reynolds number at 15,000 and 20,08@h magnitudes of velocity are colored red and low
magnitudes of velocity are bluelhe meanvelocities were nordimensionalized byhe free
stream velocity

For straight cylinder contoursFigure 3.1 and Figure 3.8ahow that at the Re =

15,000 and the Re = 20,00Qhe entire region isapproximatelya straight linewith no
distortion form one Karman vortex shedding cycle to the aext parallel to thestraight
cylinder axis.For Re =15,000, themean velocitydisplays the minimum and negative value
at X/D = 1; this indicates a region of reversed flow. Downstream of X/} the mean
velocity exhibits the gradual increase from a minimum valu®.6fl to approximately 0.18.
For the same Reynol ds number , meh-hle2 theaeveyse cy |l i n
flow region is located at X/D = 1 behind the geometric kaddd at X/D = 0.8 behind the
geometri c ngg=el6the/feerse flbw rBgion moves to X/D = 1.7 behind the
geometricsaddle and at X/D = 1.5 behind the geaiceh o d e . Wihae A 2.40theD
reverse flow region is located at X/D = 1.B8hindthe geometrisaddle and at X/D = 1.2
behind thegeometricn o d e . For Re = 20,000 the rmenrer se f
1. 2 meansx/ . 6 maad=A.4 aré lGrated slightly furthéo the downstream compared
to at Re = 15,000.

Furthermore, Figure3.2 and Figure 3.9 contour plots showdhewake structure have
sinusoidalshape alonghe spanwise direction and maintain the sinusoidal shape farther
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downstream, and the flow expands behind the wavy cylinder relate to the gemoeéériand
geometric saddle. From the resuit can be deduced that the wavy cylinder separation lines
are not uniform and have a thrdenensionalvortical structure Behind the cylinder, the
velocity atthe geometricsaddleat X/D = 0is higher than thgeometricnode. Due to the
geometricnode havinghe biggerdiameter thargeometricsaddle it could obstruct from the
approaching floncompared with the geometrsaddle. Moreover, at the geometsaddle
high-speedlow over itinteracts with the adjoimg low-speedlow. Hence, theneanvelocity
falls off drasticallynear the saddlelhe streamwise velocity behind tigeometricnode is
very ste@p and thewvakevelocity recoveryis morerapid thanat the geometricsaddle Figure
3.7 and Figure 3.14 show the contour plane inetheé view ¥ Z-plang at X/D = 0.3 The
plots demonstratethe velocity behind thegeometricnode is muchmore rapid than the
geometricsaddle Also the streamline shawat the node is narrower thamthe saddle.The
resultdisagreesvith Zhang[6], who exhibitedthat theflow over the wavy cylindehas a
fastervelocity after thegeometricsaddlethanbehind thegeometricnode.

Results presented in Figure 3.8.6 for Re = 15,000 and Figure 3.48.13 for Re =
20,000 exhibit theop-view velocity contour at the node plane, saddle pland midplane.
The plot displayshat the nale planehasa narrower wakevhile thesaddle fanehasa wider
wake Due to the thw over the geometricode, the flow separain happens later than at the
geometricsaddle. Thereforghe entrainment of the main flow and thidienensional vortex
interactionit producesis a wider wake flow fieldn the saddle plane aralnarrower wake

flow field in the node plane.
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Y/D

Mean Velocity: 02 015 05 0856 12

1
X/D

(b)

Figure 3.1 Straightcylindervelocity contour plos at Re = 15,000.
(a) XY planecenterlineg(b) XZ plane
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X/D
(b) mead 1B

X/D
( C) med=/22
Figure 3.2 Velocity contour plosin the XY plane (Re = 15,000, Z/D-8.45)

(a) meaad? D1. 2 mdnb ) 1 26 Rbned4 o/ D
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X/D
(a) medd 12

X/D
(© #eD24
Figure3.3 Velocity contour plogsin the XY plane (Re = 15,008enterling

(a) meaa? D1. 2 manb ) 1 26 Rbned4 o/ D

22



X/D
(a) med 12

Maoan Velocity: 02 016 06 086 12

X/D
(b) meas 16

( C) mesad 2D
Figure 3.4 Velocity contour plosin the XZplane (Re = 15,000, Nod@lane)

(a) meaad? D1. 2 mdnb ) 1 26 Rbne2d4 o/ D
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X/D
( C) mea 204
Figure 3.5 Velocity contour plogsin the XZplane (Re = 15,000, Saddle plag)

a‘/mElnz 1. 2 mén:b) 1 3‘6 Qeénga.4 e‘-/ D
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Figure3.6: Velocity contour plosin the XZplane (Re = 15,000, Middle plane)

(a)ma? D1. 2 mdnb ) 1 26 Rbne 4 o/ D
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(C) meand 24 (d) Straightcylinder

Figure 3.7 Velocity contour plos in the YZplane (Re = 15,000, X/D = 0.3)
(a) med? DI. 2 mdnb ) 1 26 RebnT 9.4(dpStrédghtcylinder
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Mean Velocity:  -0.03 02275 0485 07425 1

XD

0 0.5 1 1.5 2
X/D

(b)
Figure 3.8 Straightcylinder velocity contour plstat Re = 20,000.

(a) XY planecenterling(b) XZ plane
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Figure 3.9 Velocity contour plosin the XY-plane (Re = 20,000, Z/D =

0. 45) mna&) 1oL ddnb ) 1 26 Rbns2l4 &/ D
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Figure 3.10Velocity contour plos in the XY-plane (Re = 20,00@enterling
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Figure 3.11Velocity contour plos in the XZplane (Re = 20,000, Nogdane
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Figure 3.12Velocity contour plosin the XZplane (Re = 20,000, Saddiane
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Figure 3.13 Velocity contour plos in the XZplane (Re = 20,000, Mdle plane)
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Figure 3.14Velocity contour plogsin the YZplane (Re = 20,000, X/D = 0.3)
(a) me@d? D1. 2 mdnb ) 1 26 RebnT J.4(dpStrédghtcylinder
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3.2 Vorticity

Contour plots of timeaveragevorticity are given in Figure3.15- 3.27 for Re = 15,000
and Re = 20,0Q0rhe vorticity was calculated frothe following equation

Il

y
b 11 1l
‘b 1T - T (6)
J 11 1

u_ U

3.2.1 Top vew (X-Z plane)

Figure 3.15a exhibdtthe straightcylinder vorticity contour plotin front viewatZ/D = 0
atthe centerlineat Re = 15,000The flow fielddid not showa streamwise vortex behindeh
straightcylinder. This isdue to the fact that around teeaightcylinder the second vortices
in the flow are not located at fixed spanwise positi@ven thoughhey are locked spatigll
in the streamwise direction [6][RHerce, in the wake behind tls¢raght cylinder the vortex
structure cannot be recognized. Figure 3.15b displesticity contour athe topview (X-Z
plane). The vorticity was seen to haveaximumvalueafter thestraightcylinder along the
sheatlayersontop of thestraightcylinder and thebottom The greatest valsaccurat X/D =
0 to X/D = 0.4,and begin decreasingt X/D = 0.5 as the vortices travelled downstream.
Moreover, At Re = 20,00@s Figure 3.22ashows,the vorticity contourdid not show a
streamwise vortexehind thestraight cylinder. Figure 3.22b shosvthe greatest vorticity
occus at X/D = 0 to X/D = 0.5 and begsrio decayat X/D = 0.6. At X/D = 1.9 the straight
cylinder at Re = 20,000 hagronger vorticegslownstream, ircontrastat Re = 15,00Qhe
vorticity was rot foundon the wavy cylinder

Figure 3.18 to Figure 3.20 displélye vorticity contour plots ithe X-Z plane at the node
position, saddle position and middle position for Re = 15,0G0efvavy cylinders with the
wavelengthe- / mBan = 1.2 & / mBdn = 16 ande- / mBn = 2.4 in Figures 3.25 to 3.2%&how the
velocity contours affor Re = 20,000Figure 3.1&8displays the flow over the geometnode at
Re = 15,000Along the shear layer the vorticity hdke highest valu®n the top and the
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bottomeof the straightcylinder. For the wavy cylinder wittwavelengthe- / mBn = 1.2 the
lowest vorticity value behind the geetnic node for a/Dmean = 1.6the vorticity exhibis the
greatest value and travelled farther along the downstream compageti-fa, = 12 and
/mBn =24.This indicated the vort /®¥amfhGwaayt i on |
cylinder is longer.Moreover, # three moded displays the arrower wake behind the
geometricnode, tlis is due to théact thatseparation locationn the geometric node is later
than the geometrisaddle For Re = 20,000 in Figure 3.25h Mmear= 1.6 also revealthe
greatest vdicity value behind the geometricode and travelledarter downstream.This
indicated thefree shear layer separdtdrom the wavy cylinder and travelled farther
downstream then mad the three dimensional redistribution of vortex occur to be stable;
moreover, the free shear layer behind the near wake of the eyéinder will not interact
Therefore, suppress the fornoet of Karman vortexin Figure 3.19 and Figure 3.26 Re =
15,000 and Re = 20,000, both figsirdisplaythe wake behind the geoirie has awider
wake compara to the geomeit node due to the separation occurriegrlier. Spanwise
vortices at the thredlifferent wavelength cylinder have a greater value thatraight
cylinder, either in geometric node or geomesaddle at Re = 15,000 and Re = 20,000.

3.2.2Front view (X-Y plane) and End View (Y-Z plane)

Figures 3.16 and 3.23display the front view XY -plane of the surface of the wavy
cylinder (Z/D =-0.45)at Re = 15,00@nd Re = 20,0Q0rhe vorticity appearat location X/D
= 0 to X/D = 0.2above the geometricode, due to the high shear adjacent flow entramm
than forward to the geometritode Moreover, behind the geometnmdethe streamwise
vortices (secondary vortice®r ribg occur, This is attributed to the separatiorwhich
happened at the geometgaddle and # boundary layer rollingip, and theformation the
streamwise vorticestructuraly close to the geometricode At the wavelengthe- / mBn =
1.2 the streamwise vortices developedmediately behind the geometmode. Incontrast
at the wavelengtb- / mBn = 1.6 the streamwise vortices developedlier downstream. As a
result the streamwise vaces are strengthened downstreamnd the spanwise vortex
developmentis suppressed or delayddhind the geometrinode andthe wake widthis
affectedby the separated boundary layeshown in Figures3.18and 3.25.

Figures 3.21 and 3.2&xhibitt he end view (YZ pl am&)= with
1. 2 mean&/ 0. 6 nmaa=02.4 at/R®= 15,000 and Re = 20,000. The vorticity contour
plots clearly displayairs of countefrotatingvorticeswith positive and negativersamwse
vortices behind the geometnco de at t he me&EVv €ll. €n gainhd 1.l D
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contrast, at thewavelengthe- / mBn = 2.4 it only reved the single streamwiseowtex at the
top of the geometrinode and théottom This vorticity distribution agrees with the result in
the XY plane shown in Figurg.16 and Figure 3.23 his indicatesthe separated boundary
layer developedby the streamvde vortices, and at treippression of largscale vortices at
geometricnodes. Furthermore, thespanwisespaéng of pairs of streamwisevorticesbehind
the geometic node (shown in Figure3.21a, b and Figure 3.28ajid not correlateto the
wavy cylinder geometres For Re = 15,000 and Re = 20,06@ure 3.21and Figure 3.28
display at the X/D= 0.3the wavelengthis & / mBan = 2.4 have the greatestorticity vaue
behind the geometricode tha the wavelengtl- / mBn = 1.2, than the wavelengthes / mBn =
1.6. This is due tahe streamwisevorticesformed near the geometrinode atwavelength
&/ mBn = 1.2 ande- / mBAn = 2.4, andthe streamwise vortices foadthe further downstream
at thewavelengthe- / mRn = 1.6. Appendix Eexhibits thethreedimensionaflow field.
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Figure 3.15 Straightcylinder vorticity contour plaat Re = 15,000.
(@) XY plane, Z/D = 0 (b) XZ plane
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Figure 3.16 Vorticity contour plosin the XY-plane (Re = 15,000, Z/D =
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Figure 3.17 Vorticity contour plosin the XY-plane (Re = 15,00@enterling
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3¢



X/D
(a) medd 12

X/D
( C) mesr~ 24
Figure 3.18Vorticity contour plosin the XZplane (Re = 15,000, Node plane)

(a)meaa? D1. 2 mdnb ) 1 26 Rbne2l4 o/ D
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Figure 3.19Vorticity contour plosin the XZplane (Re = 15,000, Saddle plane)
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Figure 3.20Vorticity contour plogin the XZplane (Re = 15,000iddle plane)
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Figure 3.21 Vorticity contour plosin the YZplane (Re = 15,000, X/D = 0.3)
(a) meaa? D1. 2 manb ) 1 26 Rbned4 o/ D
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