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Configuration and Frequency of Longitudinal Vortices
Shedding from Two Circular Cylinders

in Cruciform Arrangement”

Tsutomu TakanasHi™ ", Laszl6 Baranyl™ " and Masataka Suirakasnr™*

ABSTRACT

A new vortex excitation of a circular cylinder placed in an otherwise uniform flow was
reported in earlier papers by the present authors. This excitation is induced by longitudi-
nal vortices which are originated by setting another cylinder downstream of the first one
in cruciform arrangement with a gap less than one half of the cylinder diameter. In this
work, the configuration and shedding frequency of the longitudinal vortices causing the
excitation were investigated through flow visualization experiments in a water tunnel
and quantitative measurements in a wind tunnel. The visualized configurations of the
two types of longitudinal vortices, the trailing vortex and the necklace vortex, correlated
well with their corresponding contours obtained from pressure-velocity cross-spectrum
measurements in the wind tunnel. Strouhal numbers of the longitudinal vortices were
also investigated over a wide range of the Reynolds number Re, by using both a wind
tunnel and a water tunnel. While the Strouhal numbers for the two longitudinal vortices
are practically independent of Re for Re >10000, they increase appreciably with an in-
creasing Reynolds number in the range of Re <10000,
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1. Introduction

The interference effect of neighboring bodies on the
oscillation of an elastically supported cylindrical body
placed in a cross flow is of practical importance be-
cause it can lead to undesirable oscillations” . Com-
pared with two-dimensional arrangements, reports
concerning the flow around two cylinders in a cruci-
form arrangement as shown in Figure 1 are rather few
in numbers in spite of the fact that there are many
equipment available in laboratories and plants with
such a cylinder arrangement, e.g, array of pipes in
heat exchangers, turbulence generating grids in wind
tunnels, etc.

In earlier papers’”the present authors reported
that large cross-flow oscillations such as shown in Fig-
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ure 2 can be induced on an elastically supported circu-
lar cylinder when another cylinder is set downstream
in the cruciform arrangement. A large excitation peak
can be seen in Figure 2(a) at the free stream velocity
U =8m/s when the gap-to-diameter ratio is s/d =
0.125. As can be seen in this figure, the Karman vor-
tex excitation, characteristic for the single cylinder at
U =3m/s, is completely depressed”. When the gap s
between the two cylinders was varied while the free
stream velocity U was fixed at 8 m/s, a new oscillation
appeared in the range s/d <0.25. Another new oscilla-
tion peak appeared in0.25<s/d <0.5 while U =14
m/s. These peaks can be seen in Figures 2(b) and (c),

respectively. Measurements on the fluctuating pres-
sure distribution on the upstream cylinder surface
near the crossing were curried out with a fixed system
in a wind tunnel. The results showed that there exists
a dominant frequency component in the pressure fluc-
tuation that can make the upstream cylinder resonate
if it is supported elastically. To facilitate the evaluation
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Fig.2 Longitudinal Vortex Excitation; The Cylinder Di-
ameter d =26 mm and the Natural Frequency of
Upstream Cylinder is 24 Hz.(Zms: rms value of 2-
Displacement of the Upstream Cylinder)

of the excitation lift force, pressure fluctuation at a
point on the upstream cylinder was selected as the ref-
erence signal for the phase averaging method because
the dominant frequency component in the pressure
was most clearly detected at that position. Based on
the phase-average pressure fluctuation distribution
maps obtained in this way and observations of flow
visualized by smoke wire method, further comparing
them with those of other researchers also for fixed

systems” ', we conclude that the large oscillation of
the upstream cylinder is caused by the periodic shed-
ding of either the trailing vortices or necklace vortices
as illustrated in Figure 3. Since both of these vortices
have axes parallel to the free stream we called the
new oscillation “longitudinal vortex excitation”. It was
shown that the formation of these longitudinal vortices
depends strongly on s/d, and that the Strouhal num-
ber of these vortices are practically independent of the
Reynolds number KRe in the range of Re attained by
wind tunnel experiments. It was found that trailing
vortices shed when 0<s/d <0.25 (Region A in Figure
4) with Strouhal numbers ranging from 0. 06 to 0.09
and the necklace vortices shed with a Strouhal num-
ber around 0.04 when 0.25<s/d <0.5 (Region B in
Figure 4).

The illustrations of the longitudinal vortices in Fig-
ure 3 are rather rude since they were obtained from
indirect measurements such as those of the pressure
on the upstream cylinder surface, compared with ob-
servations in flow-visualization experiments carried out
separately on a fixed system. Besides, it is natural to
expect that the Strouhal number of such vortex shed-
ding will depend on the Reynolds number Re when
the latter is not high enough. Therefore, the specific
aim of this work is to investigate the structure of the
vortices which are responsible for the longitudinal vor-
tex excitation, based on direct observation supported
by quantitative measurements, and to clarify the de-
pendence of Strouhal number of the longitudinal vorti-
ces on Re over a wide range of Re including lower val-
ues of Re reported so far by carrying out experiments
both in a water tunnel and a wind tunnel.

2. Experimental apparatus and procedure

A wind tunnel was used to carry out quantitative
measurements of velocity field around the crossing. An
outline of the apparatus for wind tunnel experiments
and the coordinate system used in this paper are
shown in Figure 5. The wind tunnel is a blow down
type. The maximum attainable velocity is 25 m/s and
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the turbulence intensity is less than 0.4%. The meas-
uring channel is 320 mm % 320 mm in cross section and
1,000 mm in length. The upstream cylinder with a di-
ameter of 26 mm is fixed horizontally in the central
plane of the measuring section. There is a pressure
hole of 0.4 mm in diameter on the upstream cylinder
surface and it can use to measure the difference of the
pressure on the cylinder surface and the static pres-
sure in the free stream. The position of the pressure
hole is set at the location where the pressure fluctua-
tion due to the longitudinal vortex shedding is most
clearly detected, ie. the angle @ from the stagnation
line is 60 degrees and y/d =1.0". In that paper, the
pressure detected at this position was used as a refer-
ence signal to the fluctuating lift force causing the lon-
gitudinal excitation. The tubing connecting the pres-
sure tap to the transducer is short enough to allow de-
tecting pressure fluctuation with frequencies up to the
maximum shedding frequency of Kdarmin vortices
measured in this experiment. The vertical downstream
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Fig.5 Outline of the Apparatus of the Wind Tunnel Ex-

periment (Plan view).

cylinder, the diameter of which is equal to that of the
upstream one, is mounted on a traversing device that
can adjust the gap between cylinders with an accu-
racy of 0.05 mm. The free stream velocity U is meas-
ured by a Pitot tube for U 28 m/s, and by a ring type
Kdrméan vortex velocimeter for U <8 m/s. Hot wire
anemometry was applied to measure the fluctuating x-
component # of the velocity.
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A water tunnel with a square test section of 200 mm
and a length of 550 mm is used for visualization experi-
ments and measurements in the low Reynolds number
range, say Ke<5100.The diameters of the cylinders
are 10, 13, 18 or 22 mm depending on the range of
Re to be measured. For flow visualization, dye streaks
are introduced to the streamlines leading to the up-
stream stagnation points of the upstream cylinder. A
hot film probe is used to measure #, the x-component
of the velocity fluctuation.

3. Results and discussion

3.1 Reference pressure and velocity fluctuation
around the crossing

Examples of fluctuating pressure p at the reference
point of the upstream cylinder surface are presented
in Figure 6. In this figure, the gap s is varied while the
free stream velocity U is kept at a constant value of 8
m/s. When the gap-to-diameter ratio s/d =0.08, a
dominant frequency component is observed in the fluc-
tuating reference pressure p, and the Strouhal number
for the frequency correlates well with those of the
trailing vortices in Region A in Figure 4. When s/d =
0. 28, the frequency of the dominant component in the
pressure signal decreases to a wvalue which corre-
sponds to the Strouhal number of around 0. 04, i.e. that
of the necklace vortex. It is assured from these results
that the reference pressure p represents the fluctua-
tions caused by the periodic shedding of the longitudi-
nal vortices of two types. The transition from the trail-
ing vortex regime to the necklace vortex regime oc-
curs abruptly at s/d =0.25, where the two frequency
components appear alternately as seen in Figure 6,

A similar phenomenon in the =x-
component of the velocity fluctuation #, at a point near
the crossing of the two cylinders, as shown in Figure 7
although the velocity signals are blurred by high fre-
quency ‘noise’ due to turbulence. The u# signals in
Figure 7 were detected by a hot wire probe set at the

is observed

position where the dominant components with fre-
quencies equal to those in p were most clearly dis-
cerned. When the probe was shifted to another posi-
tion, the dominant components became less discernible.
3.2 Cross-spectrum between the reference pressure
and velocities near the crossing

The similar behaviors of the dominant components
in the reference pressure p and the velocity # at a
point near the crossing infers that they are caused by
the same origin, ie. periodic shedding of identical longi-
tudinal vortices. When a longitudinal vortex sheds
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Fig.6 Oscillograms of the Reference Pressure on the Up-
stream Cylinder Surface (U =8 m/s, Re=13,900,
y/d=1.0, a=60 degrees). Vortex Types Shown in
Figures were Inferred from Comparison between a
Domain Frequency of the Fluctuation and Sty in

Figure 4.

from the upstream cylinder, it causes a change of pres-
sure acting on the upstream cylinder, and causes a
change of velocity # in the wake where the vortex is
formed. There is a phase shift between the two sig-
nals: the change in pressure p may precede that of in
velocity #. To investigate this coherent periodic struc-
ture of the flow field which induces the excitation of
the upstream cylinder, the hot wire probe was
scanned over a range around the crossing to measure
#, while the pressure p at the reference point on the
upstream cylinder was detected simultaneously. Cross-
spectrum Sy between p and # was obtained to extract
dominant frequency components in p and # which are
synchronized with each other. Cross-spectrum Sw for
signals p and # in Figures 6 and 7, are shown in Fig-
ure 8. A very sharp peak appears in Sw for s/d =0.08
and another one for s/d =0.28, the frequencies of
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which coincide with the dominant frequency compo-
nents observed in the oscillograms of pressure p and
velocity # in Figures 6 and 7. The peak in the cross-
spectrum Sm at a frequency fov means that both # and
p have the same dominant frequencies, i.e. fin. This re-
sult confirms that the dominant component in the fluc-
tuating velocity at a point near the crossing is directly
connected with that of the reference pressure on the
upstream cylinder surface, i.e. both are originated from
the same vortex. Information on the phase difference
between p and # is missing in Sw and the phase shift
of dominant component in # is supposed to depend on
the position of the hot wire probe. Two peaks appear
in the spectrum for s/d =0. 25, showing that the two
types of longitudinal vortices shed alternately at this
gap value,

The frequency fix for the peak of the cross-

spectrum Sw was obtained for variable gap. It is re-
duced to non-dimensional Strouhal number Sty = fimd /U
and plotted against s/d in Figure9. The measure-
ments were carried out twice, and it is found that the
repeatability is excellent even in the region of trailing
vortex shedding (Region A in the Figure) where the
Strouhal number Sty varies irregularly over a range of
0.05—0.085. St is stable and varies slightly around
the value of 0.04 over the region of 0.25<s/d <0.5
where necklace vortices are shed (Region B). In this
region, the results of the two test series practically co-
incide for all s/d values. The cross-hatched solid lines
in Figure 9 give the range of Strouhal numbers ob-
tained partly during our previous works for both fixed
systems and resonant elastic systems””, and partly re-
ported by other authors for fixed systems” '". Results
shown in Figures 8 and 9 verify that the dominant fre-
quency components in the reference pressure p, which
represents the fluctuating lift force acting on the up-
stream cylinder, and in the velocity # at a point
around the crossing are really caused by the same pe-
riodic change of the flow structure inherent to the
fixed cruciform two-cylinder configuration, ie. the peri-
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odic shedding of the longitudinal vortices.

The magnitude of the peak value in the cross-
[Swlum. is plotted against the gap-to-
diameter ratio in Figure 10, where p is the reference
pressure and # is the velocity at the representative
point around the crossing as shown in Figure 7. The

spectrum,

measurements were carried out twice, and the repeat-
ability is excellent as seen in the Figure. Sharp maxi-
mum peaks appear in the plane of [Sw]m—5/d both
in the trailing vortex region (0<s/d <0.25) and in the
necklace vortex region (0. 25< s /d <0.5), showing that
these vortices shed most regularly at the gap-to-
diameter ratios s/d =0.08 and 0. 28, respectively. Fig-
ures 9 and 10 show that the periodicity of the vortex
shedding is more regular for the necklace vortex than
for the trailing vortex, and that the structure of flow
changes abruptly at s/d =0. 25 from trailing vortex re-
gion to necklace vortex region.
3.3 Configurations of the longitudinal vortices

To investigate the configurations of the longitudinal
vortices, the two values of s/d corresponding to the
highest peaks of [Su],. —s/d curve in Figure 10 were
selected as representatives of the two regions, namely
s/d =0.08 for the trailing vortex and s/d =0.28 for
the necklace vortex. While the pressure tap for p was
fixed at the reference point on the upstream cylinder
surface, the hot wire probe was scanned over a range
near the crossing. From the cross-spectra between p
and # obtained in this way, iso-value contour maps of

mental Conditions are identical with those for Fig-

ure 8.

[Se]max were plotted as shown in Figures 11 and 12 for
the two values of s/d. These maps yield information
about the spatial structure of the longitudinal vortices,
since they show the extent of the domain in the flow
field where the velocity fluctuations include compo-
nents synchronizing with the reference pressure on
the upstream cylinder surface. From all the maps as
shown in these figures, domains where the velocity is
strongly influenced by the periodic shedding of the
two types of longitudinal vortices are constructed and
shown in Figure 13. It can be seen that the location
and shape of areas affected by the trailing and the
necklace vortices are definitely different from each
other. It should be noted here that the shapes of the
areas in Figure 13 do not express the instantaneous
configurations- of the vortices. The configurations of
the vortices change in a period of shedding and the ar-
eas in Figure 13 reflect the extent where the velocity
u is affected by the periodic shedding of the vortices.
The two longitudinal vortices were visualized in the
water tunnel for their corresponding representative
values of s/d. Their photographs are reproduced in
Figures 14 and 15. By comparing these figures, definite
difference can be discerned between the structures of
the two vortices. In Figure 14, two trailing vortices are
seen to form simultaneously on the same side of the
upstream cylinder. A necklace vortex around the
downstream cylinder with a structure connected to y
=( plane can be observed in Figure 15. The location
and extent of these vortices correspond well with the
corresponding counterparts in Figure 13. Based on the
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photographs as shown in Figures 14 and 15, together
with direct observation of visualized flows with the aid
of VTR, the structure of the two vortices at their most

...70_

(c) Oblique view (from ‘A’ direction in Fig.1)

Fig. 14 Photographs of Trailing Vortex visualized in the
Water Tunnel (d =10mm, U =12.8cm/s, Re=
860).

developed stages are constructed as shown in Figure
16.
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Fig. 15 Photographs of Necklace Vortex visualized in the
Water Tunnel (d =10mm, U =12.5cm/s, Re =
900).
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Fig. 16 Improved Vortex Models.

3.4 Dependence of Strouhal number on Reynolds
number

The vortex shedding frequency fiv was counted di-
rectly in the visualized flow, or obtained from the spec-
trum of the velocity measured by hot film anemome-
try in the water tunnel experiment. In Figure 17 the
Strouhal numbers for fix obtained through water tun-
nel experiments are plotted against the Reynolds num-
ber Re together with those obtained through wind
tunnel experiments. Results obtained through the wind
tunnel and the water tunnel correlate well and the de-
pendence of Sty on Re can clearly be seen in the Fig-
ure for Re numbers lower than reported so far. The
trailing vortex is formed steadily (St =0) when Re <
1, 000, then increases steeply with increasing Re and fi-
nally attains a constant value of around 0.09 at Re =
10, 000. The necklace vortex was observed to shed pe-
riodically over the experimental range of Re, say Re >
500. Its Stw gradually increases with Re in the range of
Re <10,000 and attains a practically constant of value
around 0. 04 when Re >10, 000,

4 . Conclusions

To investigate the origin of the new excitation of the
upstream cylinder caused by the downstream counter-
part, the flow structure around two fixed circular cyl-
inders in cruciform arrangement placed in a uniform
flow was investigated by using a wind tunnel and a
water tunnel. Cross-spectra between the pressure at a
reference point on the upstream cylinder surface and
velocities around the crossing showed that the domi-
nant frequency component in the latter synchronizes
with that of in the former, verifying that the origin of
the excitation lift force acting on the upstream cylin-
der is the same with that of the one causing periodic
change in the velocity signal, i.e. the periodic shedding
of either the trailing vortex or the necklace vortices.

Since the trailing vortex and the necklace vortex
were found to shed most regularly when the gap-to-
diameter ratio is 0.08 and 0. 28, respectively, the con-
figurations of the vortex shedding areas were investi-
gated from the pressure-velocity cross-spectra for
these values of s/d. The results obtained in this way
corresponded well with the direct observation of the
vortices visualized in the water tunnel. As a result
models for the two longitudinal vortices are improved
as shown in Figure 16, which are more definite and re-
liable in shape and size than those presented in earlier
papers since the former are based on both direct ob-
servations and quantitative measurements.
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Experiments using wind and water tunnels clarified
the dependence of the Strouhal number for the two
longitudinal vortices over a wide range of Re. While
the Strouhal numbers for the two vortices are virtu-
ally constant values when Re >10, 000, as reported so
far, they increase with appreciable gradients with in-
creasing Ke when Re <10, 000,
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