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ABSTRACT

It was reported in earlier papers by the present
authors that longitudinal vortices are shed periodically
from two cylinders in a cruciform arrangement with a gap
gbetween them, placed in an otherwise uniform flow. The
longitudinal vortices can cause flow-induced vibration of
the upstream cylinder in the case when it is supported
elastically. It was found that the vortex shedding
gynchronizes with the cylinder oscillation (lock-in
phenomenon) when the amplitude of oscillation is large.
When the gap-to-diameter ratio s/d =0.25 trailing vortices,
and when 0.25= s/d = 0.5 necklace vortices are shed
periodically.

The aim of this work is to investigate the periodic
gtructure of the vortices which are responsible for the
longitudinal ~vortex excitation. Since the lock-in
phenomenon makes the periodicity of vortex shedding
more regular and the displacement signal of upstream
cylinder works as a precise clock, the periodic structure of
longitudinal vortices is extracted successfully by applying
the phase averaging technique.

1 INTRODUCTION

The interference effect of neighboring bodies on the
oscillation of a cylindrical body in cross flow is of practical
importance because it can induce undesirable oscillations
[1,2]. Compared with flows around two-dimensional
arrangements (e.g. [3]), papers concerning the flow around
two cylinders in a cruciform arrangement are rather few in
spite of the fact that there are many equipment in plants
and laboratories with such an arrangement. It was
reported by the present authors [4,5] that a large
oscillation, as shown in Fig. 1, can be induced on an
elastically supported cylinder when another cylinder is set
downstream in a cruciform arrangement. When the gap s
between the two cylinders was varied while the free stream
velocity [/was fixed at 8 m/s, a new oscillation appeared in
the range of s/d <0.25. It was suggested that this large
oscillation of the upstream cylinder is due to periodic
shedding of either the trailing vortices or the necklace
vortices, as illustrated in Fig. 2. These figures were drawn
based on measurements of pressure distribution on the
upstream cylinder surface [6,7], the x component of
velocity fluctuation [7,8], the observations on the mean
flow [9,10], and flow visualization in a water tunnel [11].
Since both types of these vortices have axes parallel to the
free stream flow, we called this new oscillation
“longitudinal vortex excitation”.

The aim of this work is to investigate the periodic
structure of the vortices which are responsible for the

longitudinal vortex excitation. The upstream cylinder was
oscillated mechanically with a controlled frequency and
amplitude in a wind-tunnel to make the vortex shedding
synchronized with the cylinder oscillation. Since the lock-
in phenomenon makes the periodicity of vortex shedding
more regular, further the displacement signal of the
upstream cylinder works as a precise clock, the three-
dimensional periodic structure of longitudinal vortices can
be discerned successfully by applying the phase averaging
technique using the cylinder displacement as the reference
signal. Preceding this experiment, conditions for the lock-
in phenomenon were investigated by changing the flow
velocity, and the frequency and amplitude of the cylinder
oscillation.
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Free stream velocity U/ =8 m/s
Cylinder diameter d =26 mm
Natural frequency of the upstream cylinder £ =24 Hz

Fig. 1 Variation of non-dimensional oscillation amplitude
A/d with gap s/d

2 EXPERIMENTAL APPARATUS & PROCEDURE

The arrangement of the cylinders and the coordinate
system are shown in Fig. 2. Cylinder diameters d are 26
mm for wind tunnel and 10 mm for water tunnel
experiments, respectively. Measurements for Reynolds
numbers above 2500 (Reynolds number Re = Ud/v; v
kinematic viscosity of the fluid) were carried out in a wind
tunnel with hot wire anemometers (HWA), and for 500 <
Re < 2100 in a water tunnel with a hot film anemometer
(HFA). Experiments for the trailing vortex were carried
out at s/d =0.08, and those for the necklace vortex at s/d
= (.28, because the periodicity can most clearly be
observed at these values [8].

Velocity signals obtained by HWA or HFA were
analyzed by FFT to obtain the vortex shedding frequency f.
The flow in a water tunnel was visualized by introducing
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dye in order to be able to observe the configuration of the
vortices and also to determine f. The influence of the
upstream cylinder oscillation on the vortex shedding was
investigated by oscillating the cylinder mechanically. The
free stream velocity U, the oscillation amplitude 4 and the
oscillation frequency £ of the upstream cylinder were
varied independently, and the ranges of these variables for
the “lock-in phenomenon” of the longitudinal vortices were
investigated.

Free stream

b @ downstream
cylinder

(b) Necklace vortex (0.25 < sd < 0.5)

Fig. 2 Vortex models and coordinate system

3 PRINCIPLE OF THE PHASE AVERAGING
TECHNIQUE UTILIZING LOCK-IN PHENOMENON

To make the periodic change of the flow field caused
by the longitudinal vortex shedding discernible from the
data obtained by HWA, the following procedure was
applied.

Fig. 3-(a) shows an oscillogram of an output signal of
the HWA for the case of fixed upstream cylinder. It is
obvious that the velocity fluctuation is caused by the vortex
shedding. Although the probe was set at a point where the
periodicity was clearly observed, the signal is subjected to
considerable noise.

To learn more about the periodic structure of the
vortices requires the thorough knowledge of the velocity
field at an arbitrary phase of a period of vortex shedding.

The measurements of velocity components u, v and u
were carried out point by point, and time ¢ for a "elucity.
signal was correlated with the phase ¢ within a periog i
this work. To make this correlation precise, the upstream
cylinder was oscillated with a fixed amplitude 4 apq
frequency £ to make the vortex shedding synchronize with
the oscillation. We used the cylinder displacement ag the
reference signal. Oscillograms (b) and (c) in Fig. 3 show the
velocity signal and the displacement signal Z of the
upstream cylinder detected simultaneously under the
same conditions as in case (a), not considering the cylinder
oscillation. It can be seen that the velocity signa]
synchronizes with the cylinder displacement Z ie. the
lock-in phenomenon does occur, confirming that Z cap
work as the reference signal. Although the periodicity of
the velocity signal in (b) is considerably better than in (a),
the velocity signal (b) is still affected by disturbance due to
flow turbulence. This disturbance can largely be
eliminated by taking an average of the velocity signal in a
period. The displacement signal Z is used as a “clock” to
identify every period, and the time at which the phase ¢ =
0 is defined as the point where Z =0 while dZ/d¢t >0, ag
illustrated in Fig. 3-(c). Once an arbitrary time is
correlated with a phase ¢ in a period, the phase average of
a fluctuating signal £{z) synchronized with Zis defined as

S WACY

where 7 is the period-number and N is the number of the
periods.
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(a) Fluctuating signal £(¢) for a fixed system
(b) Fluctuating signal f(¢) for an oscillation system
(c) Displacement signal Z(¢) of the upstream cylinder

(d) Phase averaged signal £ (¢)

Fig. 3 Sample of signals and their analyses
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The sampling time for the digitalization was 1/100 of necklace vortex increases with Ke in the region 500 < Re

a period, and the number of periods N for the averaging < 4000, and is constant of around 0.045 in the region Re

was 64 in the results presented later. > 4000. When Re < 500 the necklace vortex shedding
was not clearly observed.

W L ——

Necklace vortex (s/d=0.28) Trailing vortex (s/d=0.08)
A  H.F.A. in water tunnel O H.F.A. in water tunnel
v From VTR, in water tunnel @ Wind tunnel exp.

A Wind tunnel exp.

&>: velocity measurement condition for phase averaging
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Fig. 4 shows the relationship between the Strouhal Ad
number St ( =£fd/U) and the Reynolds number Re when no Lock-in | Lock-in Re
the upstream cylinder is fixed. St for the trailing vortex £.varied @) W 4300, 7800
increases with Rein the region 2500 < Re < 10000, and Evaricd 0 G 2800~ 14200
i8 practically constant at a value of 0.08~0.09 when Re > P ~ 7 5000

10000. Open circles at St =0 in the region 500 < Re <
2100 in the figure show the fact that the vortices are

kl rte
formed steadily but not shed periodically. St for the ) menklaseto

Fig. 6 Lock-in regions for longitudinal vortices
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4.2 Lock-in phenomenon of longitudinal vortices

It was confirmed in a previous work of the present
authors [4] that the shedding frequency £ of longitudinal
vortices can coincide with the upstream cylinder oscillation
frequency £ over a certain range of free stream velocity U
Fig. 5 shows the linear spectra of the velocity u measured
at a point near the crossing for various [/ values while the
cylinder oscillation amplitude A and frequency £ are kept
constant. When U =2.57 m/s there are two peaks in the
spectrum, ie. at £ =f,and f = £. It means that the vortex
shedding is not synchronized with the cylinder oscillation.
When U =2.87~3.01 m/s, however, there is only a single
peak in the spectrum at £ =£ with a large peak value. It
shows that the vortex shedding is synchronized with the
cylinder oscillation, and its regularity is enhanced. Hence
this velocity region is regarded as the lock-in region.
Experiments for varying £ or A were also carried out and
the lock-in region for these variables were obtained in the

T

|
e |
e
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oy Downstream

same way. The lock-in region obtained for trailing vorticeg
at s/d =0.08 for 5000 < Re < 17000 is shown in termg
of non-dimensional parameters Sc = f£d/U/ and A/ in Fig,
6-(a). In this Ke number domain the dependence of S¢ on
Re is significant as shown in Fig. 4. The upper boundary of
the lock-in region is not clear in Fig. 6-(a) when A/ >0.09,
Fig. 6-(b) shows the lock-in region of necklace vortices at
s/d = 0.28 for 2800 < Re < 14200, where the
dependence of St on Re is insignificant. The lock-ip
condition is shown to be expressed generally by a domain
on the Sc-A/d plane, as suggested by the dimensiona]
analysis.

Taking these results into consideration, and in order
to be able to apply the phase averaging technique, the
cylinder was oscillated at the conditions indicated by the
mark <P in Fig. 6.
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Fig. 7 Time averaged velocity fields
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Fig. 8 Phase averaged velocity fields induced by necklace vortices
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4.3 Periodic change of the velocity field

Fig. 7 shows the time averaged velocity fields (v, w )
on a y-z plane (x =32 mm) viewed from downstream for
(@) trailing vortices (s/d =0.08), and (b) necklace vortices
(¢/d =0.28). Areas of measurements are different for the
two cases because the areas affected by the vortex
ghedding are also different [8]. It can be seen in Fig. 7 that
the average flow fields for the two cases are definitely
different from each other in spite of the rather slight
difference in the gap s. A strong secondary flow along the
cylinder axis due to the trailing vortex can be observed in
Fig. 7-(a).

Fig. 8 shows the phase averaged velocity fields
(i}",ﬁ?) for s/d =0.28 in a complete period obtained for

e on Fluid Engineering - 1997

different angles ¢, also viewed from downstream direction.
The periodic nature of the change in the velocity field in a
plane perpendicular to the free stream flow can be made
discernible successfully by applying the phase averaging
technique. The velocity patterns during 0< ¢ < 1 ((a)-(d))
and m < 6 <2 n((e)-(h)) seem to be symmetric about the
plane z =0 with respective counterpart with a phase shift
of n.

The longitudinal vortices induce periodic fluctuation
of the velocity components in a plane perpendicular to the
free stream flow. Therefore, the fluid motion associated
with the periodic shedding of the longitudinal vortices can
most clearly be observed by the fluctuating component of
vector (V,W) in a y-z plane. This is attained by

subtracting (V,w ) from (V,w ). Fig. 9 shows an example
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Fig. 10 Fluctuating velocity fields induced by trailing vortices
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of such fluctuating velocity fields (Vv — V,w — w ) for the
necklace vortices obtained from results shown in Figures
7-(b) and 8. During 0< ¢ <1/2 n counterclockwise (ccw)
rotation dominates the flow field. For 1/2 = < ¢ < = this
ccw rotation gradually decays, and clockwise (cw) rotation
appears and dominates for 1 < ¢ <3/2 n . For3/2 n < ¢ <
2 n the cw rotation gradually decays. On the whole it is
verified that the periodic change of the flow field is induced
by the periodic shedding of the necklace vortices, which are
shed anti-phase on +z and -z sides. In these figures, the
area influenced by the necklace vortex shedding extends
around the plane z =0 behind the upstream cylinder.

Fig. 10 shows the fluctuating velocity fields
(V —v,w —w) for the trailing vortices obtained in the
same way as the necklace vortices. Although the rotating
motion is less clear than that in Fig. 9, it can be seen that
the trailing vortices shed from -z side with cew rotation
during 0< ¢ <1/2 =, and shed from +z side with cw
rotation during n < ¢ <3/2 n. In these figures the area
influenced by the trailing vortex shedding extends over
larger area than in the case of the necklace vortex.

5 CONCLUSION

The three-dimensional periodic structure of
longitudinal vortices was extracted successfully by
applying the phase averaging technique using the cylinder
displacement as the reference signal. Preceding this
experiment, conditions for the lock-in phenomenon for the
longitudinal vortices were investigated by changing the
free stream velocity, the frequency and amplitude of the
cylinder oscillation. The conclusions can be summarized as
follows.

(1 The periodic change of velocity field caused by
the longitudinal vortices is well demonstrated by
applying the phase averaging technique using the
cylinder displacement as the reference signal.

(2) In the region 500 < Re < 2100 the trailing
vortices are formed steadily (St =0). In the region
2500 < Re << 10000 St increases with Re, and it is
practically constant at a value of 0.08~0.09 when Re
>10000.

St for the necklace vortex increases with Re in
the region 500 < Re < 4000, and is constant value
of around 0.045 in the region Be > 4000.

(3) The lock-in condition is represented by a domain
on the non-dimensional Sc-A/d plane as  shown in
Fig. 6.
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