INFLUENCE OF OBSTACLE ASPECT RATIO ON TRIPPED CYLIN DER WAKES
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ABSTRACT

The influence of an asymmetrically mounted, single
tripwire on the shedding and wake characteristics \eertical,
surface-mounted finite circular cylinder is investied
experimentally. Height-to-diameter aspect ratibs3@and 6
are considered. It is shown that a critical positfor the
tripwire exists, which is characterised in an abrcipange in
the shedding frequency and wake structure. Reuither
suggest that the tripwire can strengthen 2D walopénties.
The influence of the aspect ratio is due to tip-evdlow
interactions and thus differs fundamentally from otw
dimensional geometries.

INTRODUCTION

The presence of surface protrusions on csitad
nominally two-dimensional, bodies placed in a umifdlow
are known to modify vortex shedding and wake dymrami
which has important implications for structural dogg and
flow control. For sub-critical, turbulent wake Ws several
studies have addressed the influence of the sidéoaation of
two symmetrically placed protrusions, typically ptrires.
These wires considerable effect on the wake whaoepl on
the cylinder at azimuthal angles, ranging from 20 to 70
(cf. Igarashi, 1986; Alam et al., 2010).

Single tripwires have also been shown to ichpa
significantly the shedding process. In particulahas been
shown that a change in shedding structure occuecsitad
critical angle of 50 < a, < 60° (Nebres & Batill, 1993;
Ekmekci and Rockwell, 2011). However, most studaesis
on two-dimensional geometries and thus the imphthetip
flow on the effect of surface protrusions remainsonty
investigated. This effect is nevertheless impdrfan most
practical applications involving low lying strucas or
compact heat exchangers, where height-to-diamefpeca
ratios range from 1 to 20.

EXPERIMENTAL

The experimental set-up and nomenclature slr@wn
schematically in Fig. 1. Circular cylinders of diater D =
40mm and heights H = 120mm and 240mm, yielding @spe
ratios of AR = H/D = 3 and 6, respectively, wereunted on
a flat plate. Detailed measurements were conduatedfree
stream velocity ofJ = 20m/s, corresponding to a Reynolds
number, based on D, dRe = 5x1(¢". With the obstacle
removed, the thickness of the zero-gradient, tendul
boundary layer developing on the plate is approtetyed.2D.
Single tripwires of diameter d/D=0.02 were mountedone
side of the obstacle at azimuthal angledrom the windward
stagnation point. The shedding frequerfgywas associated
with the peak of the spectral density function deateed from
the time traces of fluctuating surface pressure waeldcity
measurements at x=3.5D downstream gnd1D.

Pressure measurements were acquired alongrtnd
plate using off-set pressure sensors having a hidttuvef
[OHz, 1.6 kHz] and a pressure range of 250 Pa (Rtial,
2009). Particle Image Velocimetry (Planar PIV Lawis
software ver 7 — sensor resolution of 1376x104@Igixwas
used to acquire two velocity components along séweartical
and horizontal planes. The PIV images were postgssed
with a multipass algorithm with final interrogatisvindows of
16x16 pixelé and 50% of overlapping. Averaged PIV mean
and first moment data are based on at least 1@03tstally
independent image pairs. Additional hot-wire aneratyn
(HWA) measurements were conducted at selectedidosat
The HWA were single-wire,im Pt-T proves using DANTEC
bridges and an in-house acquisition system.

Visualisations of the mean surface flow patternsttom
plate and cylinder surfaces were obtained usingxaune of
oleic acid, white spirit and white kaolin particleIhe plate
and cylinder surfaces were painted black for cattraThe
mixture is particularly well-suited for visualisatis on
vertical surfaces.



Figure 1. Schematic of experimental set-up and matagaure.

RESULTS

The influence of the flow field and
characteristics of a single tripwire along the mentieight of
vertical, surface-mounted cylinders
discussed. Velocimetry and surface pressure fhtictn data
are presented,
visualizations for obstacles aspect rations, AR3 @ind 6 for

shedding
is documentedd a

complemented by mean surface flowyore

The influence of the obstacle aspect ratio orstrexlding
behaviour can be seen from the surface pressucaudition
characteristics along the ground plate in the dgmwake.
The root-mean-squaren(s) surface pressure distribution, in
terms of the coefficient Cp’, is shown in Fig. ®m=dy/D = -1
(wire side) and = 1 (unperturbed side) for AR = Generally,
Cp’ for a = 60 (>a.) are slightly greater than for the bare
obstacle, while a strong attenuation is observedafes 55°
(<a.) and the peak occurs further upstream than foiother
cases, which will be shown later to correspond tsharter
mean recirculation length. Results are similarXBr= 3.

Changes in Cp’ levels may be attributed tffecent
mechanisms.  Figure 4 shows sample spectral density
functions,psdf, of the pressure fluctuationsxb = 3.5 on the
wire side ¢/D = -1). Similar behaviour is seen on the wire
side. Fora =60 (>a.), and AR = 6, theosdf indicates that
the increase in fluctuation levels, when comparethe bare
case, is due to an increase in the energy contemtaobroad
band across the spectrum. For AR = 3, while thetdiation
levels change little, the spectral peak is sharpeggesting a
coherent motion (greater fluctuation energy
concentration af, a = 60°). For a =55 (<a), thepsdf for

several tripwire positionsg, measured from the windward AR = 3 shows significant spectral broadening andretesed

stagnation point.

The tripwire influence on the shedding process
evidenced from the change in the shedding frequeficy
expressed as the Strouhal numBer= f.D/U in Fig. 2 as a
function of the tripwire location for AR = 3 and 6lhe data
for the two-dimensional (2D) case immersed in afarm
stream of Ekmekci and Rockwell (2011) is includeat f
comparison. An abrupt reduction 8f occurs at a critical
tripwire position in the range 8% a. < 67 for all cases
considered. However, the influence of the aspatid on the
shedding behaviour is not monotonic. Firstly, thange ot
across the critical range is greater for AR = 6 ksd for AR
= 3 than for the 2D case. Upon closer inspect®rfior post-

critical angles (&) matches, within experimental uncertainty,

values for the bare (un-tripped) obstacle, whefeashe 2D
casefs is higher for the bare cylinder. Unlike the 28se, no
loss of spectral intensity at the shedding frequdnc a= a.

is observed for the finite geometry.
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Figure 2. Shedding frequencst, as a function oé.

~energy levels afs, which suggests a disruption or weaker
IS strength of shed vortices. In contrast for AR =tt psdf
shows a well-defined, sharp peak even though treuétion
levels are much lower than for other cases. Thnbke the
case for AR = 3, for AR = 6 a “tuning” of the shéugl
process appears to have occurred.

Moreover, preliminary HWA traverses in the taiote
wake indicate that the extent of the tip (free-eeffects is
also influenced by the tripwire location. For exdenfsis
increasingly difficult to discern above a critida¢ight from
the base plate, ranging from= 0.3H (@ =55, AR = 3) to z
=0.8H (@ > 60, AR = 6). ltis thus likely that the state of the
boundary layer on the obstacle surface affects thath/ortex
formation process and the wake structure.
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Figure 3. Cp’ wake distribution along the plate: T N
unperturbe y/D = 1; W — wire side y/D =-1

Visualisations of the mean surface flow patteprovide a
preliminary characterisation of the influence oé thipwire



location, a, on the boundary layer state over the cylindeesid
and the mean wake structure. Figure 5 shows ampraof
the mean surface flow patterns for AR =87 5C¢°. On the
unperturbed side, the flow separateB.gt The separation line
varies negligibly along the height except closéht obstacle
extremities. On the wire (tripped) side, the baanydlayer
initially separates directly upstream of the tripaviand
reattaches in its lee 8¢, and finally separates @3 Although
the influence of the free-end extends further tleem the
unperturbed sidé. and6s.change negligibly over most of the
obstacle height.
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Figure 4. Frequency spectrpsgf) of surface pressure
fluctuations ak = 4D alongy/D = -1 (wire side)

Flow Flow

Fiaure 5. Surface flow visualisation for AR 3, a = 5C°

Changes of the mean wake structure dueddripwire
location a can be characterised by the recirculation length a
the location of the nodes associated with the fautpf the
lee base vortices. The maximum recirculation lendfr, is
given by the location relative to the cylinder cenbf the
attachment pointR.  The topological nature of this point
changes according to tripwire location. For theebeylinder
and the case AR =8=55 (< a), R is a node, while fora,
< a<~ 70 itis a saddle point. This difference is impottan
as a saddle point implies the existence of a cagivgr
(negative) bifurcation line in the velocity for tipdane y = 0
and thus differences in the near-plate flow.

The recirculation length, Xr, is shown imgF6a. A
minimum in Xr occurs forr = 45¢2° and a = 50+2° for AR =
6 and 3, respectively, which is less than theaaitiocationa,
= 57#2°. For a > a,, Xr changes little and approaches the
value of the bare cylinders. The location of tlasé region
reciculation nodes (foci)a, and their separationb, as
functions ofa are shown in Fig. 6a. For AR =I6reaches a
minimum at the same location as X¥ € 45£2°), at which
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Figure 6. Summary of the surface flow visualisatiesults
as functions of the trip wire locatior. a) Attachment
length, Xr, node location,a, and separationb; b)
reattachment8;, and separations, points on cylinder
perturbed side. Values in right margin for barkncler.



location the nodes are difficult to distinguishheTseparation
increases untitr = a.. For AR = 3, the trend fdp is similar,
albeit the changes are less pronounced. The destahthe
foci, a, for AR = 6 decreases abruptly@t: a.. For AR = 3,
the changes are more complexasn contrast to AR = 6,
initially increases around the critical tripwire chtion,
decreases for 85 a < 70° and changes little for larger In
general, fora > 7C, Xr, a, b andS match those values for the
bare cylinder suggesting that the flow is independ# the
tripwire location. For smallen, however, the behaviour is
more complex and aspect ratio dependent.

The changes in the mean wake structure aeddsmg
frequency are expected to be related to the stht¢he
boundary layer on the cylinder surface. Figure sbiows
changes as a function af of the wire side reattachmen@,,
and separation pointfs, as obtained from the flow
visualisations. On the unperturbed side, the lonabf the
boundary layer separation appears unaffected bpd occurs
at0,= 70° for both geometries. On the wire side, fox 25°
flow separation could not be deduced from the pigme
accumulation, suggesting that the flow attaches ediately
in the tripwire lee. For largar, the boundary layer separates
immediately upstream of the tripwire and reattaches
downstream. For AR = 6, the reattachment pointucsec
increasingly downstream of the tripwire for°28 a < 45.
For 45 < a < a,, the boundary layer reattachment length
changes little and occurs & = a + 14° +2°. For AR = 3, the
reattachment length increases until= 40° and remains
thereafter constant until, at 4. = a + 10° +2°. Fora > a,
the boundary layer does not reattach. The behawbthe
final boundary layer separation poirt, is more complex.
For a < 25, the flow separates at the value of the bare
cylinder @s = 70°). As a increasesp; increases to 922°
until a= a.. Fora, < a<~70C, the flow separates at the wire
location @ = a). Fora = 7C, the boundary layer separates
upstream of the tripwire& < a), while for a > 7¢°, the flow
separates again @g= 70°£2°.

The impact of the tripwire on the meeake structure
is significant. Figure 7 shows the sectional stigzes and
contours of thems vertical velocity fluctuations, w’, in the
planey = 0 of the AR = 6 obstacle far = 55 and 60. Fora
= 60, the flow patterns are very similar to those toe bare
cylinder (not shown for brevity). A recirculatiorode,N, is
observed at the lee of the free-end. The streansi@parating
the recirculation zone gradually slopes to the waikercation
saddle,Sh. This bifurcation point implies that the flow ave
the base plate moves towards the lne 0, resulting inR
being a saddle point. The region of higher w' eartcation
roughly follows the trajectory of the separated ashkayer.
Downstream of the separating streamline, the dowshwa <
0) remains significant above the bifurcation lingeading
from Sh. In contrast, ford = 55° the separating streamline
drops almost vertically (se#H < 0.5H,x ~ 2.8D) and the
wake downwash is much less.

Within the mean recirculation region, for= 60° the flow
along the back face of the cylinder above the batfdleS’ (z
~ 0.2H in Fig. 7b) moves upwards towards the freg-eln
contrast, fora = 55, the flow moves downwards over much

of the back face§’ atz ~ 0.8H in Fig. 7a). The location of
maximum w' is of dynamic significance and changitel
despite large changes in Xr. In contrasiote 6C°, for a =
55° the length of the vortex formation region varige in
the vertical direction. Along the vertical bifutm line
connecting toSh, ow/oz is significantly smaller and the
downwash in the wake is significantly reduced owerch of
the obstacle height (streamlines are nearly parallthe base
plate) when compared to the cagse= 60°. The vortex
formation process appears more two dimensional fibao >
a., which is consistent with a “tuning” of the sheugl
frequency and reduction of the incoherent contrisuto the
fluctuating field observed from spectra in Fig. 4.
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Figure 7. Sectional streamlines and w’ iso-contanirs
planey = 0 for AR = 6: a)y=55; b) a=60C.

An overlay of the sectional streamlines andise-
contours is shown in Fig. 8 fo = 55 and 60 for the
horizontal plane/H = 0.3. A more slender wake and shorter
recirculation is observed far = 55° than for 60 (or the bare
cylinder) implied by changes in Xr or delayed sepian (Fig.



6). Note that the wake flow shows only a slighgyrametry
for a = 55°, despite a significant difference in the sepamatio
point on the two sides of the cylinder (Fig. 6bMore
significantly, the fluctuation levels are compaealin both
tripped and unperturbed sides, despite very diftere
separation histories on the cylinder surface.
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Figure 8. Sectional streamlines and v’ iso-contaurs
planez=0.3H for AR = 6: ajr=55; b) a=60.
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Closer consideration is given to the influernd a on the
separated shear layer directly behind the cylindibe lateral
profiles of the streamwise velocity, u, and thes of its
fluctuations, u’, on the tripped side of the cykndatx/D =
0.5,2/H = 0.25 for AR = 6 are shown in Fig. 9. Far< 3C° or
a > 65 the u and u’ profiles are very similar to those thee
bare cylinders. In the range of reduced Xr°@@a < a), the
profiles are shifted closer to the cylinder. Tlenfreattaches
downstream of the tripwire and separation is delage the
wire side. When the separation occurs at the trjvd, < o
<~7C, the shear layer is thicker and shifted furtheayfvom
the cylinder surface. The maximum u’ (0.1840)Zhanges
little with a, indicating that turbulent transition has occurred
Its peak location remains close to the shear laydrpoint: y’
= U/(UnaxUmin) = 0.5. On the unperturbed side, the u and u’
profiles appear unaffected by changes on the wite, She
maximum u’ has a similar magnitude and changde htith
wire position.

The influence ofa on the shear layer thickness and
displacement is compactly summarized in Fig. 16emms of

the vorticy thickness:/\E(Umax—uminy[a“j and vy,
ay max

respectively. Generally, the boundary layer is afé¢cted on
the unperturbed side, while on the wire side theashayer is
thicker and further from the cylinder in the rangken final

separation occurs at the tripwire. A reduction yinis
observed when Xr is reduced, whilechanges little.

u/U

Figure 9. Ul and u’U Shear layer profiles atD = 0.5,
z/H = 0.25 for AR = 6.

Closer inspection of the v’ field for AR = & = 55
indicates a very rapid adjustment of the shearrlagsition in
the regionx/D < 1, which can be attributed to the intense
mixing in the base region induced partly by the tenr
formation process and increased thickness. Degpiée
differences in the separation point (and resulshit y': Fig.
9,10), the shear layer intensity remains similaggesting that
the circulation flow to the forming vortices is sian on both
sides of the cylinder. Hence, the shed vorticeseapected to
be of roughly equal strength, as corroborated kystmilarity
of the fluctuation spectra on opposing sides of wake,
which promotes symmetry of the wake velocity field.

Therms of the lateral velocity, v, are shown in Fig. 11a
along the liney = 0,z = 0.3H. For AR = 3, the evolution is
similar for all AR, but the maximum is reached marfor a =
55° (<a), which is consistent with the observed reductbn
Xr since the maximum V' indicates the end of tharfation
region and is generally located in the immediaténity of the
end of the mean recirculation region (Cantwell aales,
1983). For AR = 6, the location of the peak voat®rrelates
with Xr. However, unlike for AR = 3, the magnitudé v’
changes dramatically as a functionaofLateral profiles ak =
Xr (zZH = 0.3) are compared in Fig. 11b,c. In gendmalga >
a., the profiles are symmetric and similar to theebeylinder
case. Fowr = 55 (<a), the distributions suggest a narrower
wake, consistent y’ and Xr in Fig. 6 and 10, andlight
asymmetry towards the unperturbed sige 0). Whereas for
AR = 3 the u’ and V' levels remain comparable fora for
AR = 6 the Vv’ levels are significantly larger far= 55° even
though the u’ levels change little, consistent wstinonger
shed vortices.The vertical distribution of w' and w (Fig. 12)
shows that the maximum of w' coincides with a local
minimum in w-magnitude, effectively separatingftipwv from
the wake recirculation. For all values of spectra of the
velocity fluctuations at downstream locations shthat for
elevations higher than that for w’- maximum, thealpe
associated witlfy is difficult to discern in comparison to lower
elevations £ < 0.6H). This region of elevated w’ arises from
the interference between the flapping shear layemfthe
free-end and the vortex formation process at leelerations.



CONCLUDING REMARKS
The aforementioned results suggest that ymmetrically

placed tripwire affects the shedding process andkewa

structure through a delay in the surface bounddayer
separation. The influence of the aspect ratiormnttipwire
effectiveness is a result of the tip flow interfece as
evidenced by the location of the maximum w'. Ruob-

critical a, a combination of tripwire triggered separatior an

thicker shear layer appears to concentrate vorbemdtion
activity and reduce three-dimensional effects.
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displacement versus. Symbols on right margin indicate
bare cylinder case.
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