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Abstract

Particle Image Velocimetry (PIVhas been carried out to
investigate the wake region behind a foamed andnaed
cylinder. The purpose of this analysis is to depadoe- and two-
point correlations and to investigate the flow eteteristics for
these two cases. The experiments are conductedtwor
Reynolds numbers (based on the mean air velocity thed
cylinder diameter) 2000 and 8000. Two dimensiomalults of
planar PIV reveal the important aspects of thellow features
of the circular finned and foamed cylinders. Theaselude
turbulent boundary layer development over the serfand a
delayed separation of the flow resulting in a saeralfake size in
each case. The application of Proper OrthogonabBposition
(POD) to the PIV velocity fields of the two cylindg/pes is also
discussed. The POD computed for the measured welfieids
for both cases shows that the first two spatial @sozbntain most
of the kinetic energy of the flow irrespective ke tcylinder type.
These two modes are also responsible for the krgke
coherence of the fluctuations. For two differentirmjer types,
the first four eigenmodes of the flow field werdotdated and
their structures were analyzed. The first four eigedes reveal
the details about the global mean flow structurith whe large-
scale structure being mainly related to the mostrgetic flow
motion.

Introduction

During the last few decades, the mechanism of xa@teedding
structures and the structure of the wake creatééhbecircular
cylinders have been investigated in a wide varigtystudies.
Concern here is motivated not only by the desirertderstand
the fundamental characteristics of cylinder aeradlyics, but
also by its direct impact on engineering appligaisuch as heat
exchangers. The ever-growing experimental capasilguch as
PIV or other laser diagnostic methods enable usdguire a
better understanding of details of the flow struesubehind the
cylinder and, consequently, the induced turbulencihe wake.
Formation of coherent structures is normally obsdrwhen the
flow passes the cylinder. These structures thehshéd and be
advected downstream with the flow, and are resjpim&r wake
characteristics such as the shedding frequencies naixing
properties.

There have been numerous experiments conductedatoiree
the flow around circular cylinders in cross-flow. dRéo [1]
defined the range of critical Reynolds numbers, Widefines the
fundamental problem for the scale model testingcofved
structures in low speed wind tunnels. However, ¢bhacept of
controlling the flow over circular cylinders is nget fully
understood, in spite of many studies on the eftdcsurface

roughness on cylinders in the past. Bearman and eytaj]

examined dimpled surfaces, while roughness on iadsi was
tested by Szechenyi [3]. Both of these studies sHotlat the
pressure distribution around the cylinder couldltered through
the addition of a roughness pattern. On the ottardh very
limited research has been done looking at the egiiin of
attached finned and foamed cylinders in flow constoategies
and heat transfer efficiency. Whilst fins are cdesed as vortex-
spoilers as they disturb the shed vortices, makhgm less
coherent and three dimensional (Zdravkovich [1Gigveral
studies of vortex shedding of finned-cylinders shthat the
vortex shedding frequency is well correlated witle tcylinder
effective diameter, which is based on the projeftedtal area of
the cylinder (Mairet al. [11], Hamakaweet al. [12]). Several
unresolved issues still need to be investigateatder to improve
our fundamental understanding of the effect of fms the
turbulence behind the cylinder. Moreover, the afléhe foam on
the structures behind the cylinder seems to beréift and has
not been studied before.

As mentioned, in contrast to the extensive conatitar that has
been devoted to the flow around bare cylinders, flogs

structures around the finned and foamed cylinderd the
characteristics of the wake behind such surfaces rbaeeived
relatively little attention. In such cases, thewflgtructure is
completely different from that of the bare cylindecated in a
uniform flow. One effective method for investigagitomplex
flows containing large-scale organized structured turbulent
structures is POD (Proper Orthogonal Decompositermalysis
(Lumley et al. [14]). The POD analysis can extriamiv pattern
based on the consideration of kinetic energy. it be used to
investigate the dominant coherent structure frostaintaneous
turbulent flow fields. In this study, we use the P@ethod to
clarify the dominant flow structure of the near wabehind the
three cylinder types of interest in order to makeomparison to
the flow structures in the presence of differentstable
geometries. The POD analysis was performed fomaerable of
instantaneous velocity fields obtained by PIV teghe at each
cylinder type.

Experimental Setup

All experiments were carried out in an open cirdait-speed
wind tunnel equipped with a centrifugal suction,fansettling
chamber comprising one screen, followed by a hawrayc two
more screens, @5:1 contraction and working sections. The test
section is 460 mm high, 460 mm wide and 1200 mrefgth
(figure 1 top). Except for the floor of the windnnel in the
testing area which is fabricated from ordinary woad other
sides are made of Plexiglas which allows a cleawvof the



working section from either side. Turbulence inign®f the

flow in the wind tunnel was measured using PIV wgsialin a
region approximately 500 mm downstream from thetre@tion,

which is the location of the lowest turbulence iy within the
working section (Soria [4]). All the experimentg aonducted in
this particular region. The imaged region meas@&dnm in the
downstream direction and 68 mm in the cross strdmattion.

The measured turbulence intensity over a range ebdcities

from 1 m/s to 4 m/s was less than 3%. It is nokedyever, that
other techniques such as Hot-Wire Anemometry, waie a

more accurate assessment of turbulence intensif|\atends to
overestimate this value (Westerweel [8]).

Field of View

Figure 1. Experimental set up. The Nd:YAG lasetosated above the
Field of view on top of the wind tunnel, the camé&ees the laser light
sheet. Schematic of different cylinder types ase ahown.

To determine the effect of each experimental patamen the

turbulent structures created behind the cylindee, éxperiment
for each cylinder type was repeated for two Reynoldsbers
Rey, =2000 and 8000 where the diameteis[30 mm and the free
stream velocity varies from 1 to 4 m/s. The cylindxis is

oriented horizontally in the middle of the testtsmt

The finned-cylinder used in this work was manufeatufrom
solid aluminium with 60 mm length and 30 mm diameta

addition, the finned cylinder fitted with taperadsf with 0.4 mm
thickness, 4.5 mm spacing and 16 mm height. Thenéoh
cylinder, shown in figure 1-b, consists of ligamrefbrming a
network of inter-connected cells. The cells aredoamly oriented
and are mostly homogeneous in size and shape sRerenay be
varied from approximately 0.4 mm to 3 mm, and tfffective

density from 3% to 15% of a solid of the same niakein this

study, 6 mm thickness of the present aluminium fecustructure
is attached to the above-mentioned bare cylindeoriter to
comparatively study the turbulence behind the dgdim The
Field Of View (FOV) of size 3D in the streamwiseatdition and

of size 2D in the cross stream direction (92x683nmas chosen
for PIV imaging, starting from 0.5D downstream ttyinder,
and is shown in figure 1-b. Images acquired at fosition
capture the wake flow behind the objects as wethasfirst and
second coherent detached structures shedding toaimeflow.

The particles used for PIV imaging were generated pressure
droplet generator with oil liquid as the droplenstituent. The
illumination was delivered by Bld: YAG PIV laser (Danted30

mJ), which could provide two laser pulses requifed PIV

analysis. The scattered light from the seeded gbesti was
recorded by a CCD camera with 1380x1024 pixels whiels

fitted with a 50 mm Nikon lens witfistop set a4, resulting in a
magnification of 0.2. Timing of the laser and camewas
controlled via Dantec software included in the paygk The
number of samples in each experiment was 1000 ipaigs.

The present single exposed image acquisition exeeatis were
designed for a two-pass MCCDPIV analysis. The fiestspused
an interrogation window of 64 pixels, while the @ed pass used
an interrogation window of 32 pixels with discrétgéerrogation
window offset to minimize the measurement uncetyain
(Westerweel [8]). The sample spacing between théece of the
interrogation windows was 16 pixels. The analysi$umed
83x63 velocity vectors within the FOV. A sample tfe
instantaneous velocity field derived from the Pldtal in the
turbulent region of the bare cylinder atjgR4000 isshown in
figure 2, bottom. Figure 2 (top) also shows the Pd8ults of the
flow over the bare cylinder at Be3900(Philippeet al. [13]). As
can be seen, the fluctuations of the structurestdehe cylinder
of both cases are very similar and the figure cdddused for
validation purposes.

The uncertainty relative to the maximum velocityttie velocity
components at the 95% confidence level for thesasorements
is 0.3%. The uncertainty was estimated taking Bxtoount the
uncertainty in the sub-pixel displacement estimafdd.1 pixels,
and the uncertainty in the laser sheet alignment%f Other
uncertainty sources including those due to timiparticle lag,
seeding uniformity, and calibration grid accuragrevminor.
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Figure 2. The instantaneous velocity field behimg& tare-cylinder,
present results (bottom) and PIV analysis by Pbdis al. [13] (top)



Results

The two Reynolds numbers chosen for comparison 28039

and 8000. Due to the high flow velocity (relative the

Kolmogorov velocity scale) and the limited FOV,vias not
possible to obtain images of the separated wakenegyer the
entire range of flow rates available in the windrtel. It should
be noted that the FOV does not allow seeing the fituctures
that occur further downstream; however the nearewfw

structures are the main focus of this study. Indd€90 image
pairs were recorded for analysis at all Reynoldsbremnfor each
of the three objects (bare, fin and foam).

Figure 3 presents the mean velocity field supersegowith the
mean streamline velocities for two different cykémdypes, the
finned and foamed cylinders, at the two Reynolds lens 2000
and 8000. The near-wake vortex structures are eahewell-
defined and three dimensional (Roshko [1]). Compating
mean streamwiseelocity field U between the finned and foamed
cylinder types at the two mentioned Reynolds num(fayare 3)
with the previous case shows a dramatic chandeeipatterns of
the velocity contours within the wake region. Thiay be as a
result of the geometry of the attached fins in carigon with the
foamed cylinder, which could result in a wake dfatent size
behind the cylinder. While the foam’s body struetwepresents
an obstacle to the incident flow, the plane offths is parallel to
the streamwise direction and generate streamwidiityp Thus,
the size of the wake behind the foamed cylinderoissiderably
larger than that of the finned case.

Reynolds 2000 (s)

34 3 26 22 18 14

34 3 26 22 18 14

Reynoids 8000 (c) Reynolds 8000 (d)

34 3 26 22 18 14

Figure 3. Mean velocity field for the flow over @ried cylinder (left
column) and a foamed cylinder (right column) at fReynolds numbers
2000 and 8000, superimposed with the streamlineBuc bars are
normalized with the maximum velocity at each grégark blue for the
minimum and dark red for the maximum velocity value

POD Results

For each cylinder type, eigenvalues and eigenmodes
computed as explained in Lumlegt. al. [14] and the
instantaneous velocity fields are projected ont® BOD basis.
For simplifying conclusions, results are presenfizdjust one
Reynolds number Re=8000. Figure 4 shows the conveegeh
the normalized eigenvalues for three cylinder tyfiasluding
bare cylinder results) at Reynolds number 8000ait be seen
that, in all cases, only the first two eigenvalbese significant
contributions to the total energy in the unstealbwf These
contributions decrease, when specific type of finfeaam is
attached to the cylinder, by 5% for fin type and@Bduction
for foamed type cylinders. It is also clear tha¢ timount of
energy concentrated in higher modes for foamed abegher
that two other cylinder types. Generally, all higlégenvalues
have contributions of less than 5% and can thezefoe
neglected.

It is also clear from figure 4 that, initially, thiatio yz/] for
the bare cylinder decreases rapidly, say with tts¢ €ouple of
eigenmodes, and then quickly converges to the csimédar to
that of other counterparts. This behavior impltest tfor the bare
cylinder, most of the kinetic energy is containedthe lower
eigenmodes. On the other hand, for the cylindehn aity area of
extension, the large-scale flow structure spreamshigher
eigenmodes, and small-scale fluctuations in thédrignodes
contribute to a greater amount to the main flonmpared with
the bare cylinder case.
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Figure 4. Eigenvalue ratios for the first 20 moag¢different cylinder
types

The representation of the first four eigenmodeswaf cylinder

types, finned and foamed cylinder, are shown inrég 5 and 6,
where each eigenmode indicates a possible realivatintained
in the flow. The dominant POD modes, which repredae

large-scale turbulent structure embedded in the field, are

those with the highest kinetic energy. In simplent® the first
mode in each case represents the most energetiprabdble
realization, which looks like the mean velocityldieas shown in
figures 3.

For the finned cylinder (figure 5), the stagnatfmint is located
at the central axis of the cylinder very close he tylinder,
which can be found in the first eigenmode. In theosid mode,
the clockwise vortex behind the cylinder (blue ohay become
diffuse, and another counter-clockwise rotatingtewrappears
just after the stagnation point. Also in mode 2¢ #ounter-
clockwise vortex (red one) is stretched along trertical
direction; this phenomenon seems to be the compoofethe
flow pattern that is mainly responsible for fluding coherent
structures behind the cylinder observed in thealdbw field in
figure 2. In the thirdnode, two large-scale vortices are observed
behind the cylinder, in the middle of the vortiadsserved in the
second mode. In general, mode 3 displays a flovepasimilar
to that of mode 2,but as mentioned above the enmrgiribution
of these vortices is much less than those in modeh& higher
modes, including mode 4, contain irregular smadlecflow
structures, in which the kinetic energy is reldgMew.

Contrary to the finned-cylinder type, the structuoéshe flow
behind the foamed-cylinder (figure 6) vary markefiym mode
to mode, indicating that they are closely relateth wmall-scale
velocity fluctuations and the dynamics of the dotream flow
field. As illustrated by figure 8, in this case raoenergy is
contained in the higher modes than two other cadgs.implies
the role of small-scale fluctuation in the wakeioagbehind the
foamed cylinder.
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Figure 5. Visualization of the four eigenmodesffoned cylinder at
Reynolds humber 8000

For mode 1, the stagnation point is located orctfieder major
axis in a distance at least 3 times farther awagnfthe cylinder
compared to the bare cylinder. The presence ofudbldesortex
at the centre of the wake region causes the siagnpbint to
shift downward. It is surprising to see that anothtagnation
point is created in the wake region almost exavthere the
finned-cylinder stagnation point would have beearh@ps, the
transition between the uniform flow over the cykén@nd the two
vortices shown in mode 1 creates a singularityhiis tegion.
Unlike the structures observed in the second méfiareed case,
mode 2 shows just one counter-rotating vortex, asm
symmetrically in the centre of the wake region. M@shows an
almost symmetric vortex structure in the near-wedgion. The
size of the vortex in mode 2 and 3 in foamed cywind much
larger than those in finned cylinder case, as argedherefore,
modes 2 and 3 seem to be responsible for the higtdgular
turbulence pattern in this large wake region. Thoenlgined
effects of these two modes are to provoke fluctuatiof the
stagnation point in the flow. Mode 4 displays a enoomplicated
flow structure; it contains two vortices in the lgaregion of
FOV, and a series of small-scale vortices downstrézat are
indistinct due to vortex breakdown.

Figure 6. Visualization of the four eigenmodes foamed cylinder at
Reynolds number 8000

Conclusions

PIV measurements have been made in the low spewttumnnel
facility at the School of Mechanical and Mining Emeggering at
the University of Queensland, Brisbane, Australia2B PIV
system manufactured by Dantec Dynamics was suctlyssf
utilized to perform measurements in three differgypies of
turbulent flow fields; behind a finned and foamedirder. The

measurements also covered different Reynolds nuntbaging

from 2000 to 8000. In addition to the statisticalmparison
between the flow structures of the two cylinderetyp POD
analysis was used to investigate the eigenvalugésmgenmodes
of the flow behind the aforementioned cylinderseThist four

eigenmodes of the near wake behind the bare cylindarly

showed the existence of large-scale coherent snegt at
different energy levels. The majority of the kime&nergy was
concentrated in the large-scale motions in the fired second
eigenmodes. The same pattern was observed inrtheuses of
the second and third modes of the finned cylindwever, in

comparison with the finned cylinder eigenmodes riégu the
coherent structures of the second and third moti#sedoamed
cylinder show different pattern with strong vorsc&he higher
eigenmodes provided more details on small-scaletstres, most
of which were located in the region of the mearoeiy field

exhibiting lower turbulence kinetic energy leveldiich are more
powerful in the case of foamed cylinder.
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