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Synchronized vibrations were measured for a circular cylinder subjected to a water
cross flow in the subcritical Reynolds numbers in order to compare the synchronized
vibration range between the subcritical and supercritical regions and clarify the effect
of the Strouhal number on it. A small peak vibration in the lift direction was found
when the Karman vortex shedding frequency was about 1/5 of the cylinder natural
frequency in only the subcritical region. The ratio of the Karman vortex frequency to
the natural frequency where the self-excited vibration in the drag direction by the
symmetrical vortices began was about 1/4 in the subcritical region, and increased to
0.32 at the Strouhal number of 0.29 in the supercritical region. The frequency ratio at
the beginning of the lock-in vibration in the drag direction by the Karman vortex was
about 1/2, and that in the lift direction decreased from 1 to about 0.8 with decreasing
Strouhal number.

Introduction
Circular cylindrical structures subjected to a cross flow are widely used in nuclear
power plants. Vortex shedding in the wake of a cylinder in cross flow produces fluid
excitation forces. If the vortex-shedding frequency and one of the cylindrical natural
frequencies are sufficiently close to each other and the fluid excitation forces can
produce large enough cylinder motion, then coupled fluid-cylinder forces occur, and
the vortex shedding suddenly locks into the cylinder frequency. Because this
synchronized vibration amplifies the cylinder motion, it is important to clarify the
synchronized vibration characteristics of the circular cylinders due to vortex shedding
in order to prevent the failure of these structures. Synchronized vibrations are
classified into 3 categories: the self-excited vibration in the drag direction due to
symmetrical vortex shedding, lock-in vibration in the drag direction due to Karman
vortex shedding and the lock-in vibration in the lift direction by Karman vortex
shedding [1].
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Many measurements have been reported on these vibrations in the subcritical
Reynolds number region [2-5], in which the Strouhal number remains nearly constant
with a value of 0.2. Scruton [2] showed a stability diagram for a flexible cylinder in a
wind stream where lock-in vibration in the lift direction by Karman vortex shedding
occurred when the reduced velocity ranged from 4 to 8. King, et al. [3] investigated
vibration characteristics of model piles in water showing two kinds of synchronized
vibrations in the drag direction (In-Line Oscillations). The first one was a self-excited
vibration due to symmetrical vortex shedding, and the predominant vibration was
initiated at velocities of one quarter of those required for lock-in vibration in the lift
direction. The second one was a lock-in vibration due to alternating Karman vortex
shedding. When the cylindrical natural frequency was equal to twice the vortex
shedding frequency, cylinder response in the drag direction occurred at the cylinder
natural frequency.

Only a few measurements have been reported on the synchronized vibration in the
supercritical Reynolds number region [7-11], in which the Strouhal number varies
depending on the turbulence intensity of the incoming flow and cylinder surface
roughness [6], and vortex shedding in this region is expected to be much weaker.
Wootton, et al. [7] presented the results of water tests for circular full-scale piles
showing that the synchronized vibrations due to symmetrical and alternating Karman
vortex shedding occurred in the drag direction. Wootton [8] also investigated lock-in
vibration in the lift direction by Karman vortex shedding in the supercritical region.
There was no discernible Reynolds number effect over the region studied, which was
most likely due to the very rough surface finish of the piles. The authors [9,10] showed
experimental results for the Strouhal number effect on the synchronization range in
the supercritical region. However, this effect for a wide range of Strouhal numbers,
including those in the subcritical Reynolds number region, has not been clarified.

The purpose of this study is to measure synchronized vibrations for a circular cylinder
subjected to a water cross flow in the subcritical region at the same reduced damping
in the supercritical region of the previous work [9,10] in order to investigate the effect
of the Strouhal number on the synchronization range.

Experimental arrangement
The flow-induced vibration tests of a circular cylinder in a cross flow at the subcritical
Reynolds numbers were done using a water loop [9,10]. The water flow was
supplied to the test section by a pump with 0.85m3/s flow rate at LOMPa discharge
pressure. Temperature of the water flow was room temperature. The flow rate was
measured by an ultrasonic flowmeter and controlled by valves. The test section,
shown in Fig.1, was a circular flow channel with an inside diameter of 254.2mm. Test
cylinders were made of aluminum alloy or stainless steel. The cylinder subjected to
the cross flow was 11mm in diameter and 200mm in length. Test cylinders had a
highly polished surface (ratio of centerline average roughness Ra to cylinder diameter
d of about 1.4x10"4). The principal particulars of the test cylinders are listed in Table
1. Natural frequency fn and fraction of critical damping £ in the first mode of test
cylinders were measured by a hammer test in still water. The reduced damping was
evaluated by the following [12]
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where p is the fluid mass density, x is the axial distance, d is the cylinder diameter, Le

is the cylinder length subjected to cross flow and M is the generalized mass

M=\Lm(x)(l>2(x)dx, (2)

in which L is the total length of the test cylinder, 0(x) is the mode shape function in the
first mode and m (x) is the cylinder mass per unit length that includes added mass.
The mode shape function <p[x) satisfied the following relation [13]

L. (3)

The reduced dampings evaluated by the fraction of critical damping £a measured in air
are also shown in Table 1 for reference.

Four strain gauges were fastened at a location 20mm from the root of the test
cylinders every 90 degrees as shown in Fig. 1 to evaluate the displacement of the test
cylinder. Two sets of wedge type hot film probes were installed at symmetrical
locations in the wake of the test cylinder in order to measure the frequency of the
fluctuating velocity due to the vortex shedding from the cylinder.

Experiments were conducted by increasing the reduced velocity defined by the
following

Vr = — , (4)

where V is the cross-sectionally averaged mean velocity in the pipe. In the
experiment, the Reynolds number was kept in the subcritical region.

Turbulence intensities 77 were changed using a reducer, straight pipe and perforated
plate as shown in Fig. 2 [9,10]. In the case of a straight pipe, the turbulence intensity
77 in the pipe center, which was defined as the root mean square of the fluctuating
velocity u' divided by the cross-sectionally averaged mean velocity V, was 1%, and
the ratio of the integral length scale of turbulence to cylinder diameter Lt/d was 21. In
the case of the straight pipe, 77 was 5%, and Lt/d was 1.9. For the perforated plate,
Tl was 13%, and Lt/d was 0.32.

Experimental results
Synchronization characteristics in subcritical region
A generalized displacement y in the first mode was defined as [13]

Y{t,x) = y(t)<p{x), (5)

where / is the time, x is the axial distance, V is the transverse deflection of the test
cylinder, and <j>(x) is the mode shape function in the first mode defined as Eq. (3). In
this paper, mode shape functions in the first mode of each test cylinder were analyzed
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by a finite element method. The fluctuating normal stress a at the location xe where a
strain gauge was fastened was evaluated by measured fluctuating strain e as

cx(xe) = E e , (6)

where E is the modulus of elasticity. The fluctuating normal stress oat the location x£

was also evaluated as [13]

El d2Y

Z dx1 Z' dx
(7)

x=xe

where / is the area moment of inertia and Z is the modulus of section. Then the
generalized displacement y in the first mode of the test cylinder was evaluated from
Eqs. (6) and (7).

The response characteristics of the test cylinders are shown in Fig.3. The Lissajous
figures of the generalized displacement of test cylinder No.2 at 77=5% are shown in
Fig. 4. The frequency characteristics of the generalized displacement and the
fluctuating velocity downstream from test cylinder No.2 at 77=5% are shown in Fig. 5.

In the case of 7/=5%, test cylinder No.2, the Strouhal number was about 0.23 at
Vr<0.82 as shown in Fig. 3(c). At 0.82<Mr<1.1, a small peak response in the lift
direction was found, when the Karman vortex shedding frequency was about 1/5 of
the cylinder natural frequency. At Vr=0.9, the response in the lift direction occurred
as shown in Fig. 4. Peaks in the power spectrum density (PSD) of the displacement
Sy/d in the lift direction were observed at f=fn and fnl5 as shown in Fig. 5(a). Since a
peak in the PSD of the fluctuating velocity Su was observed at f~fn 15, and the
coherence and the phase difference between the symmetrical locations downstream
from the cylinder were 0.77 and 165 degrees, respectively, the small peak in Sy/d in the
lift direction at f~fn/5 is considered to be the forced vibration due to the alternating
Karman vortex shedding. Since a distinct peak of the fluctuating velocity was
observed at f=fn, and the coherence and the phase difference were 0.86 and
102degrees, the nearly alternating vortex is considered to be shed close to the
cylinder. Williamson and Roshko [14] showed the wake pattern of the forced
oscillating cylinder in the lift direction and indicated that the small vortex close to the
cylinder was shed and become a Karman vortex further downstream from the cylinder
when the Karman vortex shedding frequency was nearly 1/5 of the forced oscillating
cylinder frequency. Stansby [15] presented experimental results in which the
Karman vortex shedding frequency from the forced oscillating cylinder in the lift
direction subjected to a cross flow was synchronized with the cylinder motion when
the oscillating cylinder frequency was about one or three times larger than the Karman
vortex shedding frequency for a stationary cylinder. Ericsson [16] explained that the
lock-in could occur when the forced oscillating cylinder frequency in the lift direction
was equal to an odd number times larger than the Karman vortex shedding frequency
for a stationary cylinder, or the oscillating cylinder frequency in the drag direction was
equal to an even number times larger than the Karman vortex shedding frequency for
a stationary cylinder. Consequently, both near-wake vortex at f=fn and far-wake
Karman vortex at fk~fn 15 could be considered to produce excitation for lift direction
oscillation when properly phased. This vibration has not been found for larger
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reduced damping Cn [2, 3] than in this experiment, but Sakai, et al. [11] also observed
it in the subcritical region for small reduced damping Cn.

At 1.1<Vr<2.3, the self-excited vibration in the drag direction due to symmetrical
vortices was observed because the displacement in the drag direction was larger than
that in the lift direction and the Karman vortex shedding frequency increased in
proportion to Vr along the line St=0.23 as shown in Fig. 3(c). At Mr=1.2, the response
in the drag direction occurred as shown in Fig. 4. Peaks in Sy/d were observed at f=fn
in the drag direction and fnIA in the lift direction as shown in Fig. 5(b). A distinct peak
of Su was observed at f=fn, and the coherence and the phase difference were 0.9 and
58degrees, respectively. Nearly symmetrical vortices are considered to be shed
close to the cylinder. Since the fluctuating velocity was observed at f~fn/4 and the
coherence and the phase difference were 0.55 and 170 degrees, respectively, an
alternating Karman vortex is considered to be shed far downstream from the cylinder.
The far-wake Karman vortex locked into the frequency of fnIA at Vr~*\ .2 as shown in
Fig. 3(c), which agreed with the experimental result by Aguirre [5]. The far-wake
Karman vortex could be considered to excite the in-line oscillation as well as the
near-wake symmetrical vortices as indicated by Ericsson [16]. At Mr=1.3, the
Lissajous figure of the displacement was oval-shaped in the drag direction as shown
in Fig. 4. A distinct peak of the fluctuating velocity was observed at f=fn, and the
coherence and the phase difference were 0.86 and 20degrees. Symmetrical
vortices are considered to be shed close to the cylinder. The fluctuating velocity was
observed at f~fnl3 and the coherence and the phase difference were 0.65 and 161
degrees, respectively. The far-wake Karman vortex locked into the frequency of fn/3
at Vr~1.3 as shown in Fig. 3(c). It is considered that the near-wake symmetrical
vortices excite the in-line oscillation at f=fn and the far-wake Karman vortex at f~fnl3
induces the oscillation in the lift direction at f=fn. At 1.4<Vr<2.3, Karman vortex
frequency did not synchronize with the cylinder frequency in Fig. 3(c). The response
in the drag direction occurred at Vr=2.2 as shown in Fig. 4. Since the coherence of
the fluctuating velocity by symmetrical vortices was larger than that by Karman vortex
at Vr=2.2 in Fig. 5(d), the symmetrical vortices are considered to be predominant.

At 2.3<Vr<3.6, lock-in vibration in the drag direction due to the Karman vortex
occurred, when the Karman vortex shedding frequency locked into a value of half the
cylinder natural frequency as shown in Fig. 3(c). At Vr=3.2, the responses in the
drag and lift directions occurred as shown in Fig. 4. Distinct peaks in Sy/a were
observed at f~fn in the lift direction due to lock-in vibration by Karman vortex and at
f~fJ2 in the drag direction due to forced vibration by Karman vortex as shown in Fig.
5(e). The fluctuating velocity at f~fnl2 by Karman vortex was predominant.

At 3.6<Vlr, lock-in vibration in the lift direction due to the Karman vortex occurred,
when the Karman vortex shedding frequency locked into the oscillating cylinder
frequency at f~0.8fn as shown in Fig. 3(c). At Vr=4.4, the response in the lift direction
occurred as shown in Fig. 4. The fluctuating velocity due to Karman vortex
frequency, which locked into the oscillating cylinder frequency, was predominant as
shown in Fig. 5(f).

In the case of 77=5%, test cylinder No.1, the Strouhal number was about 0.2 at
V7<0.96 as shown in Fig. 3(b). The small peak vibration in the lift direction at
V/=0.96, the self-excited vibration in the drag direction by symmetrical vortices at
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V7=1.2, and the lock-in vibration in the drag direction by Karman vortex at Vr=2.5 were
initiated.

In the case of 77=1%, test cylinder No.1, the Strouhal number was about 0.21 at
Vr<0.91 as shown in Fig. 3(a). The small peak vibration in the lift direction at
Vr=0.91, the self-excited vibration in the drag direction by symmetrical vortices at
Wr=1.2, and the lock-in vibration in the drag direction by Karman vortex at Vr=2.1 were
initiated.

In the case of 77=13%, since the critical Reynolds number was much smaller than
those in the case of 77=1% and 5%, the maximum reduced velocity in the subcritical
region was about 1.8. In the case of 77=13%, test cylinder No.1, the Strouhal
number was about 0.2 at Vr<1.0 as shown in Fig. 3(d). The self-excited vibration in
the drag direction was initiated by symmetrical vortices at Vr=1.4. In the case of
77=13%, test cylinder No.2, the Strouhal number was about 0.21 at V7-<1.0 as shown
in Fig. 3(e). The self-excited vibration in the drag direction was initiated by
symmetrical vortices at Mr=1.2. In the case of 77=13%, the small peak vibration in
the lift direction at f~fn/5 was not observed. This may be attributed to the large
turbulence intensity and small integral length scale of turbulence.

Strouhal number effect on synchronization
Comparison of the synchronization range in the subcritical region with that in the
supercritical region of the authors' previous work [9,10] was made in order to clarify
the effect of the Strouhal number on the synchronization range. The reduced
velocities at which each synchronization began are summarized in Fig. 6. Reduced
dampings Cn of test cylinders were about 0.1 in water in both subcritical and
supercritical regions.

The lock-in vibrations in both lift and drag directions by the Karman vortex occurred in
both subcritical and supercritical regions. Reduced velocities Vrs at which these
lock-in vibrations began decreased with increasing Strouhal number St. The self-
excited vibration in the drag direction by symmetrical vortices occurred in the
subcritical region and supercritical region with St of 0.29. The Vrs decreased with
increasing St. The small peak vibration in the lift direction at fk=fn/5 occurred only in
the subcritical region with 77=1%, 5%, and the Vrs decreased with increasing St. The
self-excited vibration in the drag direction by symmetrical vortices and the small peak
vibration in the lift direction at fk=fn/5 occurred at smaller Strouhal number range,
which may be attributed to the increase of the fluctuating lift of the stationary cylinder
with decreasing Strouhal number [9,10].

In order to consider the effect of the Strouhal number on the synchronization region,
the condition at the beginning of synchronization was evaluated with the ratio of the
Karman vortex shedding frequency of the stationary cylinder to the natural frequency
by the following

VrsSt = (Vs/fnd)(fkd/Vs) = fk/fn, (8)

where Vs is the cross-sectionally averaged mean velocity at the beginning of
synchronization. The condition at the beginning of synchronization is shown in Fig.
7. The frequency ratio fk/fn at the beginning of the lock-in vibration in the lift direction
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by the Karman vortex decreased from 1 to about 0.8 with decreasing Strouhal
number, and that in the drag direction was about 1/2. The frequency ratio fk/fn at
which the self-excited vibration in the drag direction by the symmetrical vortices began
was about 1/4 in the subcritical region, and increased to 0.32 in the case of the
Strouhal number of 0.29 in the supercritical region. The small peak vibration in the
lift direction was initiated when the Karman vortex shedding frequency was about 1/5
of the natural frequency of the cylinder in only the subcritical region.

Conclusions
Synchronized vibrations were measured for a circular cylinder subjected to a water
cross flow in the subcritical Reynolds number region at the same reduced damping of
0.1 in water in the supercritical region of the authors' previous work. Turbulence
intensities were varied from 1 % to 13%. Experimental results led to the following
conclusions.

A small peak vibration in the lift direction was found when the Karman vortex shedding
frequency of the stationary cylinder was about 1/5 of the natural frequency of the
cylinder at the turbulence intensities of 1 % and 5% in only the subcritical region.

The ratio of the Karman vortex shedding frequency of the stationary cylinder to the
natural frequency at which the self-excited vibration in the drag direction by the
symmetrical vortices began was about 1/4 in the subcritical region, and increased to
0.32 in the case of the Strouhal number of 0.29 in the supercritical region.

The lock-in vibrations in the drag and lift directions by the Karman vortex occurred in
both subcritical and supercritical regions. The frequency ratio at the beginning of the
lock-in vibration in the drag direction was about 1/2, and that in the lift direction
decreased from 1 to about 0.8 with decreasing Strouhal number.

Nomenclature
Cn reduced damping in still water (-)
D pipe diameter (m)
d cylinder diameter (m)
d, inner diameter of cylinder (m)
E modulus of elasticity (Pa)
F frequency (Hz)
fk frequency of Karman vortex shedding (Hz)
fn natural frequency in first mode of cylinder in still water (Hz)
/ area moment of inertia (m4)
L total length of test cylinder (m)
Le cylinder length subjected to cross flow (m)
Lr root length of test cylinder (m)
L, integral length scale of turbulence (m)
M generalized mass (kg)
m mass per unit length in still water (kg/m)
Ra centerline average roughness (m)
Re Reynolds number, Vd/v (-)
St Strouhal number, fk d/V (-)
Su power spectrum density of fluctuating velocity (-)

power spectrum density of y/d (1/Hz)
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77 turbulence intensity u'/V (-)
t time (s)
u' rms of longitudinal fluctuating velocity (m/s)
V cross-sectionally averaged mean velocity (m/s)
Vs cross-sectionally averaged mean velocity at beginning of synchronization (m/s)
Vr reduced velocity, V/fn d (-)
Vrs reduced velocity at beginning of synchronization (-)
x axial distance (m)
V transverse deflection of test cylinder, y(t) 0(x) (m)
y generalized displacement of test cylinder (m)
yms rms of generalized displacement of test cylinder (m)
Z modulus of section (m3)
e fluctuating strain (-)
£ fraction of critical damping of cylinder in still water (-)
\a fraction of critical damping of cylinder in still air (-)
9 phase difference of u' at symmetrical locations downstream from cylinder (deg)
v kinematic viscosity (m2/s)
p fluid mass density (kg/m3)
o fluctuating normal stress (Pa)
0 mode shape function (-)
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Fig. 3 Vibration characteristics of cylinder
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