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ABSTRACT: The flow pattern behind a circular cylinder is agated with various instabilities. These
instabilities are characterized by the Reynolds memand include the wake, separated shear layer
and boundary layer. Depending on the physical egiin of the cylinder, increasing the level of
turbulence on the surface of the cylinder wouldab¢arget for drag reduction or heat transfer
enhancement.

Particle Image Velocimetry (PI\Bas been carried to investigate the wake regiomteihfoamed-
and finned-cylinder. The purpose of this analysitidevelop one- and two-point correlations and to
investigate the flow characteristics for these tases. The experiments are conducted for a wide
range of Reynolds numbers (based on the mean latityeand the cylinder diameter) froh®00to
10000

Two dimensional results of planar-PIV reveal th@amant aspects of the local flow features of the
circular finned- and foamed-cylinders. These inelddrbulent boundary layer developments over
the surface and a delay to the separation of tive esulting in smaller wake size in each case.

1 Introduction

During the last few decades, the mechanism of xosteedding structures and the structure of the
created wake behind circular cylinders have beegsiigated in a wide variety of studies. Concern

here is motivated not only by the desire to undadtthe fundamental characteristics of cylinder

aerodynamics, but also by its direct relationshigh vwngineering applications such as heat exchanger

The ever-growing experimental capabilities suckPBSor other laser diagnostic methods, enable us to
acquire a better understanding of details of thes ftructures behind the cylinder and, consequently
the induced turbulence of the wake. Formation dfecent structures is normally observed when the
flow passes the cylinder. These structures thelhbsished and advected downstream of the flow, and
are responsible for the wake characteristics sa¢heshedding frequencies and mixing properties.

ISFV15 — Minsk / Belarus — 2012



M.KHASHEHCHI, ...

There have been numerous experiments conductedatoime the flow around circular cylinders in
cross-flow. Roshko [1961] defined the range of icait Reynolds numbers, which poses the
fundamental problem for the scale model testingcuived structure in low speed wind tunnels.
However, the concept of controlling the flow overcular cylinders is not yet fully understood, pite

of many studies on the effect of surface roughoessylinders in the past. Bearman and Harvey [1993]
examined dimpled surfaces, while roughness on iadsi was tested by Szechenyi [1975]. Both of
these studies showed that the pressure distribationnd the cylinder could be altered through the
addition of a roughness pattern. Indeed, very &thitesearch has been done looking at the applicatio
of attached finned and foamed cylinders to the flomtrol strategies and heat transfer efficiency.
Whilst fins are considered as vortex-spoilers amely tdisturb the shed vortices, making them less
coherent and three dimensional (Zdravkovich [1984&4Veral studies of vortex shedding of finned-
cylinders show that the vortex shedding frequersywell correlated with the cylinder effective
diameter, which is based on the projected fronté af the cylinder (Maiet al [1975], Hamakawat

al. [2001]). Indeed, several unresolved issues s&kd to be investigated in order to improve our
fundamental understanding of the effect of fin ba turbulence behind the cylinder. Moreover, the
role of the foam on the structures behind the dginseems to be different and has not been studied
before.

In this paper, the flow over a circular cylinder studied in the near wake 0.5<x/D<4 using
conventional PIV. The two finned and foamed typésyinders were tested in order to study the
created structures of the turbulent wake. The saxperiment was also conducted in the bare-cylinder
type with the same inner diameter, as the two difpes, to study the effect of the fin and foanttoa
results. Not only do the studies enable us to ealthe feasibility of using PIV in the wake regmin
the flow, the addition of PIV measurements to thevipus studies provides a new insight into the
nature and behavior of these two types of flow. Tésults are just part of a more extensive test
program that involves more experimental studiesywal as a complementary computational fluid
dynamic study.

2 Experimental Setup

All experiments were carried out in an open ciréont-speed wind tunnel equipped with a centrifugal
suctioning fan, settling chamber comprising oneagy followed by a honeycomb, two more screens, a
5.5:1 contraction and working sections. The test seai@d®0 mmhigh,460 mmwide and1200 mmin
length (figure 1 top). Except the floor of the wihdhnel in the testing area which is fabricatedrfro
ordinary wood, all other sides are made of Plesiglendow which allow a clear view of the working
section from either sides.

Turbulence intensity of the flow in the wind tunnehs measured using PIV analysis in a region
approximately600 mmdownstream from the contraction, which is the fimraof the lowest turbulence
intensity within the working section (Soria [1988})l the experiments are conducted in this patéicu
region. The imaged region measuggdmmin the downstream direction a8 mmin the cross stream
direction. The measured intensity over a rangeetdaities from0.5 m/sto 5 m/swas less thaB%. It

is noted, however, that other techniques such @sWiie Anemometry, would give a more accurate
assessment of turbulence intensity, as PIV tendsecestimate (Westerweel [1997]).
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Field of View

i
* Foamed Cylinder

Fig. 1 Experimental set up. The Nd:YAG laser is locatiedwe the Field of view on top of the wind tunnbk tamera faces the laser
light sheet. Schematic of three different cylintigres are also shown.

To determine the effect of each experimental patamen the created structures of the turbulence
behind the cylinder, the experiment for each c@intype was repeated at different Reynolds numbers
Re, =1000to 10000where the diametdd is 30 mmand the free stream velocity varies frOm to 5

m/s The cylinder axis is oriented horizontally in tim&ddle of the cross section.

The bare-cylinder used in this work was manufactdrem solid aluminum witl60 mmlength and30
mm diameter. In addition, the helically finned cylardwas the same as bare-cylinder in size and
material, fitted with tapered fins withh4 mmthickness4.5 mmspacing and6 mmheight. The foamed
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cylinder, shown in figure 1, consists of ligamefasming a network of inter-connected cells. Thdsel
are randomly oriented and are mostly homogeneos&zeand shape. Pore size may be varied from
approximately0.4 mmto 3 mm and the net density froB8%o to 15% of a solid of the same material. In
this study,6 mm thickness of the present aluminum foamed structsrattached to the above-
mentioned bare-cylinder in order to comparativeélydg the turbulence behind the cylinder.

The Field Of View (FOV) of3D in the streamwise direction arD in the cross stream direction
(92x68 mm) was chosen for PIV imaging, starting frdh®D downstream the cylinder, and is shown
in figure 1. Images acquired at this position cegduthe wake flow behind the objects as well as the
first and second coherent detached structures sigetidthe main flow.

The particles used for PIV imaging were generated pressure droplet generator with oil liquid lzes t
droplet constituent. The illumination was delivetag a Nd:YAG PIV laser (Danted-30 m), which
could provide two laser pulses required for PIVIgsia. The scattered light from the seeded pasticle
was recorded by a CCD array of siZ&80x1024pixels and was fitted with @0 mmNikon lens withf-
stop set a#t, returning magnification dd.2 Timing of the laser and camera was controlledDaatec
software included in the package. The number ofppéasrin each experiment wa800image pairs.

The single exposed image pairs were analyzed usiagmulti-grid cross-correlation digital PIV
(MCCD- PIV) algorithm described in Soria [1999], it has its origin in an iterative and adaptive
cross-correlation algorithm introduced by Soria9491996a,b]. The present single exposed image
acquisition experiments were designed for a twaepd€CDPIV analysis. The first pass used an
interrogation window o064 pixels, while the second pass used an interragatimdow of 32 pixels
with discrete interrogation window of offset to nmmze the measurement uncertainty (Westerweel
[1997]). The sampling spacing between the centietisedinterrogation windows wds pixels.

The MCCD-PIV algorithm incorporates the local crossrelation function multiplication method
introduced by Hart [1998] to improve the searchtfa location of the maximum value of the cross-
correlation function. For the sub-pixel peak cadtian, a two dimensional Gaussian function model
was used to find, in a least squares sense, thédamf the maximum of the cross-correlation fumct
(Soria [1994]). The analysis returné@8x63 velocity vectors within the FOV. A sample of the
instantaneous velocity field from the PIV datahe turbulent region of the bare-cylindeRe=4000

is shown in figure 2-bottom. Figure 2 (top) alsmwk the PIV results of the flow over the bare-
cylinder atRe,=3900 (Philippeet al. [2008]). As seen, the fluctuations of the struesubehind the
cylinder of both cases are identical and the figuneld be used for validation purpose.

The uncertainty relative to the maximum velocitytire velocity components at ti®¥% confidence
level for these measurements 0s3% The uncertainty was estimated taking into accotlns
uncertainty in the sub-pixel displacement estimafd.1 pixels, and the uncertainty in the laser sheet
alignment of1%. Other uncertainty sources including those dudirtong, particle lag, seeding
uniformity, and calibration grid accuracy were nmno
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Fig. 2 The instantaneous velocity field behind the bafexder, present results (bottom) and PIV analpsi$hilippeet al.[2008] (top)

3 Results

3.1 Mean velocity

The six Reynolds numbers chosen for comparison Wwe®8, 2000, 4000, 6000, 8000 and 10000. Due
to the high flow velocity (relative to the Kolmogur scales) and the limited FOV, it was not possible
to obtain images of the separated wake region thesentire range of flow rates possible in the wind
tunnel. It should be noted that the FOV does nowals to see the flow structures that occur farthe
downstream, however the near-wake flow structurestlae main focus of this study. Indeed, one
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thousand image pairs were recorded for analysadl &eynolds numbers for each of the three objects
(bare, fin and foam).

Reynolds 1000 (a) Reynolds 2000 (b)

34 3 2622 18 1.4 34 3 2622 18 14
Reynolds 4000 (c) Reynolds 6000 (d)

34 3 26 22 18 14 34 3 2622 18 14

Reynolds 8000 (e) Reynolds 10000 (f)

34 3 26 22 18 14 34 3 26 22 18 14

Fig. 3 Mean velocity field for the flow over bare-cylindat different Reynolds numbers superimposed Vhighstreamlines.

Figure 3 shows the mean streamwisdocity field U at different Reynolds numbers, superimposed
with the mean streamlines of the flow. As can bensat low Reynolds numbers (figure 3 a,b), the
flow pattern around the cylinder is not symmettids perhaps due to the limited number of images
acquired at that low speed condition. Another egéng feature of the graph is that by increasirg t

Reynolds number, the size of the wake behind thedsr is gradually decreased, resulting from the
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fact that the separation point at low Reynolds nemsitoccurs earlier, delaying the recreation point
downstream of the flow. This is a common trend dircases where the size of the wake structure
decreases with increasing Reynolds number (figiireHereafter, comparison will only made for two
Reynolds numbers 2000 and 8000.

Figure 4 presents the mean velocity field supergegowith the mean streamline velocities for two
different cylinder types, finned- and foamed-cybndat two Reynolds numbers 2000 and 8000. The
near-wake vortex structures are coherent, wellreefiand three dimensional. Comparing the mean
streamwisevelocity field U between the finned- and foamed-cylinder typesvatrhentioned Reynolds
numbers (figure 4) with the previous case shows tthere is a dramatic change in the patterns of the
velocity contours within the wake region. This nieyas a result of the geometry of the attachedriins
comparison with the foamed-cylinder, which couldkema wake in different sizes behind the cylinder.
While the foam’s body structure is an obstacleronf of the main flow, the fins conduct the flow in
streamwise direction and generate stramwise vtytighus, the size of the wake behind the foamed
cylinder is considerably larger than that of then&d case.

Fin Re = 2000 (a) Foam Re = 2000 (b)
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O = N @ & O O ~

b4
o4

o = N W N~ O O
o = N W & 0 O

L 4
o4

Fig. 4 Mean velocity field for the flow over finned-cytier (left column) and foamed cylinder (right colunat two Reynolds numbers
2000and800Q superimposed with the streamlines.

3.2 Instantaneous velocities

The unsteady nature of the flow behind the cylircarses a lot of variation amongst the velocitlgd§ie
obtained at each of the obstruction types. Figdrés 7 show some examples of the instantaneous
streamlines and vorticity fields for all three casi each case, two samples at two different Regno
numbers2000 and8000 are selected. Unlike the average velocity fielcerehthe streamlines show a
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regular symmetric pattern around the cylinder, éhgsaphs show the irregular and asymmetric nature
of the turbulence behind the object.

In all figures, effect of Reynolds number in thenstucted structures behind the cylinder is apgaren
In the bare-cylinder, for example, at high Reynahdsnber (figure 5 c,d), the flow is more flapping
than the low speed flow (figure 5 a,b). Coherenicttires detach from the upper and lower regions of
the wake frequently earlier than the low speed.c@bes is clearly shown in figure 5. The vortical
structures that detached from the wake, convechdtveam of the flow and form the so-called Kelvin-
Helmholtz vortices. Generally, the formation of WalHelmholtz vortices is described as a periodic
array of vortices, as seen in the high Reynoldsbmimbare-cylinder. Indeed, since the FOV in the
present study is limited to short distance dowasirethe periodicity associated with the formatién o
Kelvin-Helmholtz vortices for finned- and foamedhogers are not clearly evident in these
instantaneous images (figures 6 and 7). As disduabeve, the structures of the finned-cylinder is
highly similar to those in the bare-case (figure B)e effect of the fins is to destroy the spanwise
vortices (light red and blue colors in figure 6pest to images of figure 5) and conduct the flow in
stramwise direction.

Reynolds 2000 ins1 (a) Reynolds 2000 ins2 (b)

Fig. 5 Selected instantaneous vorticity field&ka=2000 and8000superimposed with their corresponding streamlifaebare-cylinder
case.

When considering the wake flow in the case of fodutdinder (figure 7), the unsteady nature of the
flow in that particular region (wake region) progs@n unpredictable irregular velocity field. Igure

7 b,d, images include a large strong coherent xppesitive or negative, which is followed by a mor
or less weaker vortex. That is why two strong opppvortexes are seen in the mean streamwise
velocity field. In figure 7 a,c, there is no evidenof the weak vortex following the big strong obhet

that is probably because of the stochastic nattitheoturbulence in that particular region. Notatth
these are the unusual images in the series of tH@d at these Reynolds numbers.
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Reynolds 2000 ins1 (a) Reynolds 2000 ins2 (b)

Fig. 6 Selected instantaneous vorticity fieldfka=2000 and8000superimposed with their corresponding streamifoefinned-
cylinder case.

Reynolds 2000 ins1 (a)
——
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Fig. 7 Selected instantaneous vorticity field$kat=2000 and8000superimposed with their corresponding streamlifoefoamed-
cylinder case.
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4 Conclusions

PIV measurements have been made in the low spewtitwnnel facility at the School of Mechanical
and Mining Engineering at the University of Queansl, Brisbane, Australia. A customized PIV
solution manufactured from Dantec Dynamics thatapable of being submerged within the wind-
tunnel was successfully utilized to perform measumets on three different types of turbulent flow
fields; behind a bare-, finned- and foamed-cylisdéFhe measurements also made for different
Reynolds numbers rangetD00 to 10000 The results for the bare-cylinder cases show ghli
turbulent flow structures created behind the cyinsized with the changing on Reynolds number. The
size of the structure increases when specific ofdan or foam is attached to the cylinder affegtitie
flow pattern on the surface of the cylinder. Thetamtaneous velocity and vorticity fields showeal th
the PIV system was able of capturing the vortexddimg phenomena with sufficient spatial resolution.
The study also highlighted the feasibility of wilig PIV as a measurement technique in such a
sophisticated turbulent flow structures. Consedyerthe results from the PIV tests will be
incorporated into concurrent numerically calculatesults of three test cases ongoing at the Untyers
of Queensland. However, the studies also showedpdidorming PIV measurements in the wake
structures is complicated, and further steps havéd undertaken to improve the performance,
accuracy, and efficiency of the technique in tHesdities.
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