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Abstract

This paper aims to simulate unstable gap flows of three skdgdby cylinders
unequally/equally spaced &/d = 1.5 andT»/d = 1.6 in a uniform cross flow (Re=300). The
simulation is carried out using ANSYS Flotran 7.0. A mesh-indeperstiedy is conducted
on a single cylinder at Re=100. The Strouhal number and wakecHavacteristics compare
well with experimental results. Simulation of three sidestale cylinders in uniform cross
flow has revealed that the gap flows are unstable and constaotigngating, which has the
effect of restructuring the wake flows behind the cylinders.dthieen observed that the flow
field for unequal spacing of the cylinders is similar to the egpating case for some period
of time with a symmetrical near wake. However, at otheresimthe wake flow is
asymmetrical. This agrees well with the visualization of Wetral. (2002), in which the gap
flows and the wake flow are constantly in transition.

1. Introduction

Flow over bluff bodies is widely encountered in many practical egipdns. A moving
maritime platform, a heat exchanger with cross-flow fluid passamperiodically disrupt the
flow, airflow around buildings, and combustors with flame holders arespmsie of these
fundamental and challenging fluid mechanics problems. With heatager design, Lioet
al (1995) succinctly demonstrated through their experiments that dlatosgiflow resulting
from spanwise turbulent vortices behind a circular cylinder neadreated wall can
significantly enhance the heat transfer along the wall due todi=lly sweeping
movements of the thermal boundary layer. In sustaining and maimgtdirensafe operations
of a maritime platform, and with heat exchangers in indudigaérs and nuclear reactors, a
thorough understanding of the vortex structures could also assisteumtitlg problems
associated with flow-induced vibration and noise that may comprothisestructural
integrity (Goyder 2002).

Flow over a cylinder has been studied extensively. It exhibityy\@fferent behavior as
the Reynolds number, based on the free-stream velocity, cylindeetgia and kinematical
viscosity, increases from zero to large values. In the current investigate are interested in
the problem of flow interference when three cylinders are plaickedby-side in a steady
current. Williamson (1983) observed that when more than one bodyedglaa fluid flow,
the resulting forces and vortex shedding pattern may be catypldifferent from those
found at the same Reynolds number. A variety of flow patternaciesized by the behavior
of the wake region may be discerned as the spacing betweencitogar cylinders is
changed.

Ishigaiet al (1972) ascribed the gap flow deflection for two cylinders toGbanda effect.
Contrarily, Bearman & Wadcock (1973) measured different base predsehmand two side-
by-side flat plates and they argued that the gap flow deflectas nmot caused by the
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boundary layer separation; instead, it was due to the near-wake phenofieeir argument
was further supported by the Williamson (1983) flow visualization, which showedezteeifl
gap flow behind two side-by-side flat plates. It was found from Kilurbin (1988) that the
bi-stability is nominally independent of the Reynolds number. The glysiechanisms
behind the formation and stability of a narrow and a wide wake anexffilanation of the
associated “flipping” phenomenon has been studied by @hah (2003) and Zhotet al
(2002).

When three cylinders are arranged as shown in Figure 1, thédloawvior is characterized
by the ratio ofT/d whereT is the centre-to-centre cylinder spacing ahd the cylinder
diameter. Flow visualizations by Williamson (1983) and Weing (2002) have found that
with three side-by-side cylinders subject to a uniform cross, ftoe wake flow strongly
depends upon Reynolds number and the gaps between the cylinders. When thee gaps
equal, the flow is symmetric about the centreline, with a widkewaehind the central
cylinder and two narrow wakes behind the outer cylinders. However, wheéwdlgaps are
different, deflection of the gap flow occurs, forming a wide wakleiraethe lower/upper
cylinder and two narrow wakes behind the upper/lower and centraldey$i respectively,
depending on the gap spacing. They observed that the defleptdlib\ga were stable, but
non-linear interaction between the two wakes may generate préssiuations that cause
re-orientation of both gap flows. This phenomenon is similar to thekweikn bi-stable
nature of the gap flow deflection that occurs with a two sidsitbg-cylinder arrangement
(Williamson 1983).

Lower cylinder

Figure 1. Schematidescription of three side-by-side cylinders

The present work deals with a two-dimensional numerical inatistig of flows past a
three side-by-side circular cylinder configuration. The motratf this work is driven by
the recent experimental observations performed by W (2002) in the water tunnel
facility. They had visualized complex formation of the wake dyinarfor a three side-by-
side cylinder arrangement with equal and unequal spacing, whichfall@iect comparison
with the current flow Reynolds number predictions. The main objectives of this weork a

i) To validate the phenomenological predictions in the visualizatypiMang et al.

(2002);
i) To gain a more fundamental understanding of the physical pexegthin the wake
formation region at these two spacings for the flow Reynolds number of 300.

2. Numerical Method
The transient simulations were carried out in two dimensions usinggHhechnique of the
commercial package ANSYS. Prior to the analysis of theetsige-by side cylinders, the



mesh independent study was carried out on a single cylind&®eatl00 based on the
cylinder’'s diameter, producing results that correlate withthieeretical prediction of vortex
shedding around a single cylinder.

The validation parameter for the study was the Strouhal numbéeth ws defined as the
relationship between the dominant frequency of vortex shedt)n¢hé free stream velocity
(V) and the cylinder diameted)(

S = f.d :
U
In this studyd set equal 1. An artificial fluid of density of 1 kgfmnd viscosity of 0.01 kg/m
S was used.

The mesh refinement for subsequent models was applied to the overainddm
particular, the number of divisions for the 1 m boundary around the cyhaemrefined
along the radial axis and boundary line. Three meshes were udes refihement, and the
corresponding Strouhal numbers were given in Table 1. It can belsdeas the number of
elements increases, the predicted Strouhal number converged todretichE value. It is
reasonable to assume that a sufficiently accurate solutionasmettby mesh 3. Therefore,
the mesh 3 was used to generate results presented in the following text.

Table 1. Summaries of mesh refinement study

Model Number of| Number of Total Strouhal | Theoretical
number divisions divisions number of number St
along along elements
Radial axis| Boundary line
1 12 22 12056 0.1666 0.164
2 18 33 26796 0.1656
3 24 44 48224 0.1645

In order to compare with experimental data, velocity histories were extatdl3 different
y/d locations ranging betweetmd=3 toy/d=-3 at x/d = 25.

3. Results and Discussion

3.1 Unequal Spacing

The comparison between the predicted asymmetrical near wake thét experimental
observation by Wangt al (2002) is depicted in Figure 2, which is in very good agreement.
The predicted evolution of the wake flow behind three unequal spadingerg is depicted
in Figure 3. However, it has been noted that the arrangement ire RBgis unstable and
constantly re-orientating, which leads to restructuring of takewllow behind the cylinders.
This constant re-orientation of the gap flows differs from the rexatal visualization (see
Figure 2b), in which only changes from one side to another occlgiasaa result of non-
linear interaction between the wakes.

The periodic nature of the gap flows is shown in Figure 4 by thatieariin the angle of
deflectiong, for the upper and lower gap.
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(a) Predicted near wake flow (b) Experimental visualization

Figure 2. Comparison between the predicted near wake with the experimearaatatson
by Wang et al (2002) for Re=300,/d=1.6 andT»/d=1.5.

(9)t=23.9 (s) (hx=24.9 (s) (It=25.8 (s)
Figure 3. The evolution of the near wake flow over an 8 second period.

Both upper and lower gap flows are generally periodic in nature. Threr lgap flow has a
larger change of deflection anglaég, over time, than the upper gap flow. It also varies
between positive and negative inclinations whereas the upper gafs flmsitively inclined
most of the time.

When the lower gap flow becomes positively inclined, the uppeflgapgends to become
less positively inclined. This is observed at the titred2-14,t=21-23,t=25-26 and=33-34
seconds. The lower gap flow reaches a maximum positive defleaftidéb-20 degrees at
which point the upper gap flow is only slightly deflected. The flogldfiat that instant is
similar to the case of unequal spacing observed by V&aalg(2002). The lower gap flow
changes back to a negative inclination while the upper gap flow ltakgsr to re-orient to a
more positive inclination. Hence, the lower gap flow tends to repwsitively inclined for
short period of times only. The gap flow deflections as observétlanget al (2002) do not
occur regularly and are not sustained when they do occur. RatheapgHwgs tend to be



deflected away from each other most of the time. The lowerflgav fluctuates two times
faster than the upper gap flow.

The vortex shedding frequencies from the cylinders were obtaioed thie lift force
variation for the cylinders and are depicted in Figure 5. Thetrspecof the lift force
histories reveals there are a few modes existing in the ewolotiwake flows. It shows one
dominant peak atf” =0. 2533or the upper cylinder, which is in close agreement with
experimental data (Wargy al 2002). No second harmonic of this frequency was found. The
dominant peak for the middle and lower cylinders isfat=0.  ahifBits second harmonic
was also identifiable but not significant.

Unequal Spacing
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Figure 4. Time history of gap flow deflection for unequal cylinder spacing.

Vortices are shed at the same dominant frequency from the naiddleower cylinders &t

*= 0.1734. Other frequencies including 0.16, 0.12, 0.36 for the upper and middle are
observed to be harmonics of the upper gap flow normalised frequeney0.04. The gap

flow therefore has an influence on the vortex shedding process.

180|
160|

Figure 5. Spectrum of lift force for the upper, lower and middle cylinders, resggct

As mentioned by Wang al (2002), the pressure and velocity fluctuations in the near wake
as a result of vortex shedding and wake interaction are resporisiblne gap flow
deflection. The mechanism behind these phenomena needs to be understoed &epicts
the instantaneous pressure distribution around three cylinders, in vilmgshadutside the
cylinder represent negative pressure values and lines inside posites. A longer outside
line represents a more negative pressure value. The pressuuatire around the three
cylinders is compared in Figure 6 at two times during which both figavs changes
deflection. Att = 19.4 s, the flow is almost symmetric; the lower gap flow hasgative
inclination of -20 degrees deflection and the upper gap flow an +8 degecéeation. Att =



22.4, the flow is asymmetric; the upper gap flow has a -1.6 dededlestion and the lower
gap flow has a +20 degrees deflection.

(&) Symmetrical gap flows &£19.4 s (b) Asymmetrical gap flowstat22.4 s
Figure 6. Instantaneous pressure distributions and wake flows around the thredlyinequ
spaced cylinders.

As seen in Figure 6a, when the gap flows are deflected awayefach other, a shift of the
front stagnation points for the upper and lower cylinder was observeth@ngper cylinder
and lower cylinder are subjected to a repelling force. As expettte base pressure behind
the middle cylinder is higher because of a low momentum, whereassleepressure behind
the upper and lower cylinder will be lower because of the higheremtumm as the gaps
flows are deflected away from it. As a consequence, synuakWwiake streets are obtained.
However, the forces acting on three cylinders are different wiherasymmetrical wake
occurs (Figure 6b). When the flow is asymmetric, the base pee$simnind the middle
cylinder becomes significantly lower. The base pressure behind tleg apinder almost
matches the middle cylinder, explaining the small defection ofipiper gap flow. The base
pressure of the lower cylinder is higher than the middle cylindgha lower gap flow is
deflected away from it. The pressure changes are thewdfsegved to be significant for each
cylinder as the gap flows re-orient.
The spectra measured at differgfat locations show that fol.5< y/d < 3, the dominant

frequency of the flow i$* = 0.253, as shown in Figure 7, which is in close agreement with
experimental data (Wang al 2002). This peak indicates the dominant vortex frequency

from the upper cylinder. The next dominant peak isf at= amd its second harmonic

was also identifiable but not significant. These frequencies irdicatex frequencies from
the upper cylinder.



Figure 7. Power Spectiaat x/d = 25, (a) y/d = 25,(b) y/d =05, (d) y/d =-2,

For -3< y/d < 1, the dominant frequency #t= 0.08, as in Figures 7b to 7c, probably
indicates a single vortex shedding frequency. This frequency i®se elgreement with that
observed by Wangt al (2002) atf* = 0.076, which was dominant across the wake further
downstream. The rolling up of shear layers into vertical strustwas claimed to be
responsible for the peak instead of originating from the vortex shgduiocess. This is
confirmed in our case as the pdak= 0.08 is not detected as a vortex shedding frequency
from the cylinders using the lift force.

However the less dominate peaks in Figures 7b to 7c indicate vhedahsg frequencies.
For -0.5< y/d < 1, f* = 0.253 indicates the upper cylinder vortex frequency. The middle
cylinder dominant vortex frequency tif= 0.173 is only identifiable at’d = 0.2. The lower
cylinder vortex frequencies* = 0.173 andf * = 0.253 are identified at -8 y/d < -1.5
(Figure 7c). Vortex shedding from the upper is therefore lgldaminant in the wake foy/d
> 1.5. However the lower side of the wake is clearly dominated e ssort of vortical
structure at * = 0.08.

Hence it is observed that although the flow pattern is consmlyging, it bears similarity
with the Wanget al (2002) stable asymmetric flow in terms of dominant frequeramsesss
the near wake. In particular, the identification of a singlagle vertical structure as Waggy
al (2002) observed is interesting despite the fact that gap flawieetation is observed in
our case, rather than shear layer rolling.

3.2 Equal Spacing

The flow visualization by Wangt al (2002) is shown in Figure 8, which demonstrates a
symmetrical wake flow about the centreline of the middlenagr for the equal spacing
configuration. However, the simulation, shown in Figure 9, predictsthiesgap flows are
unstable and constantly re-orientating, as was the case with thgualinepacing
configuration.

Both upper and lower gap flows are again generally periodic urendh contrast to the
unequal spacing configuration, the lower gap and upper gap flows inageshave almost
the same change in angle deflectidvg, over time. Both gap flows also vary between
positive and negative inclinations.

The symmetric flow observed by Wamegal (2002) occurs only initially in the predicted
results att =10-12 s. As with the unequal spacing configuration, when the lowefl@ap
becomes positively inclined, the upper gap flow immediately respondsldssapositive
inclination. However when the lower gap flow becomes negativelinaatlagain, the upper
gap flow does not deflect back upwards as in the unequal spacingdease.the symmetric
flow is not observed again in Figure 9. Instead the gap flows drer eleflected towards
each other or in the same direction. It seems that the lgayiflow fluctuates four times
faster than the upper gap flow. The upper gap flow reacts nowydb the lower gap flow
re-orientation.



Figure 8. Experimental visualization at Re:BTDﬂdeldzl.S by Wanget al (2002).

As with the unequal spacing configuration, the lift force on the upgkmder is mostly
positive, that of the middle cylinder varies between relativelglier positive and negative
values, and that of the lower cylinder is mostly negative. Hence the uppemarcylinders
are repelled from each other in both spacing configurations. Theugrdhsctuations from
the vortex shedding must be in this case large enough to caugaptiieflection to change
over. The pressure distributions around the cylinders at two différeas are shown in
Figure 10. Att = 11.2, the flow is symmetric, and as expected, the upper and |glveters
have lower base pressure than the middle cylinder and pressuiteuticgis around three
cylinders are symmetric about the centerlinet=At3.9, the base pressures of the upper and
middle cylinders are almost equal and the base pressure of teedglnder is higher than
that of the middle cylinder. Hence as expected, the asynemwettiex streets were obtained,
in which the upper gap flow is almost not deflected and the lowerflgapis positively
inclined.

(d) t=19.1 (s) (e) t=19.7 (s) (f) t=21.5 (s)
Figure 9. Evolution of wake flow for equally spaced cylinders

The vortex frequencies derived from the lift force histories leteae are a few modes of

vortex shedding existing as shown in Figure 11. The dominant frequencies of vortex shedding



are observed to be harmonics of the upper gap flow frequehey0.0329. The gap flow re-
orientation is therefore more strongly associated with the voneddsng from the cylinders,
in with equal spacing than with unequal spacing.

Comparison of the spectra reveals that vortices are shed frormititde and lower
cylinders with better-defined frequencies than the upper cylinder, and wgitarlstrength.
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(a) Symmetrical gap flows &11.2 s (b) asymmetrical gap flowsa13.9 s
Figure 10. Instantaneous pressure distribution around the three cylinders
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Figure 11. Power SpectE (a) upper cylinder, (b) middle cylinder, (c) lower cylinder.

The spectra measuredxa=2.5 display a major peak &t = 0.0823 close to the flow
centreline (-1< y/d < 1) which is close in agreement with the frequency*of 0.069
recorded by Wangt al (2002) at the same locations. This frequency is consistent with the
upper gap flow re-orientation frequency. The re-orientation of theflgafs is therefore
strongly influential in the middle section as with the unequal sgammnfiguration. Foy/d
greater than -1.5, the dominant frequenc§ris 0.132. Its second harmonii, = 0.263 is
less prominent but still identifiable. These frequencies are stensiwith both the lower gap
flow re-orientation frequency and the lower-cylinder vortex frequeitsnce it is again
observed that the gap flows and vortex shedding are associatedenay. For 1.5 y/d <
2, the dominant peak &t = 0.132 is again observed. It indicates a vortex frequency from the
upper cylinder. Its second harmonic is also identifietf at 0.263 aty/d = 1.5. Unlike the
unequal spacing configuration, the upper gap flow frequency is stilifidéle aty/d greater
than 1.5

Hence it is observed that the middle section is again domingtgapbflow re-orientations.
But unlike the unequal spacing case, the gap flows are more ioloointine upper and lower
vortex shedding process, and therefore the upper and lower wake teosks&ss the same
frequencies.



3. Conclusion

The computational method has shown that the stable flow observed bye\&{g002) for
the equal and unequal spacing configurations are observed in thateamuHowever, the
wake flow in either case is constantly restructuring as the gap flewsastable.

Nevertheless, it is observed that the wake flow bears simegawith the experimental
observations in both cases. Similar frequencies are identifidek indar wake. In particular,
the detection of vertical structures that do not originate fromstiedding process is
important. Wanget al (2002) suggested rolling of shear layers as responsible for tieale
structures, however this is not observed in the flow simulation. Ritiseproposed, based
on observations, that the process of gap flow re-orientation geneeatiesl structures that
may explain the same frequencies detected as that of the rolling-up.

Further computational work will be carried out to reinforce the almowvelusions. In
particular, it is expected that running the simulation for lorwgdir provide more accurate
flow frequencies and better agreement between gap flow re-¢iaenpdoenomenon and the
experimentally stable flow. Mesh refinement will also beiedrout to reduce numerical
error. Once the flow model is validated, the study will alsextended to evaluate flow-
structure interaction.
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