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Abstract

A series of experiments were performed to see the dependence of the response characteristics of vor-
tex —induced vibration of flexible cylinders on mass rations for marine applications. Experiments were
conducted in the 60cm X 60cm test section of the cavitation tunnel at the Korea Research Institute of
Ships and Ocean Engineering using 5 test rods of 60cm length and 6mm diameter with different mass ra-
tios. It was confirmed quantitatively from the experiments that the low mass ratio cylinders have much

broader flow velocity range of large amplitude vibrations than high mass ratio ones.
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1. Introduction

If the cylinder is flexible or flexibly mounted,
interaction may arise between the vortex —shed-
ding mechanism and the cylinder oscillation.
The well known phenomenon caused by this in-
teraction 1s lockin(or synchronization) of the
vortex shedding frequency to the structure’s vi-
brating frequency(usually a structural natural
frequency). At lockin, structural oscilation is
synchronized to the vortex shedding frequency
often resulting in  increased strucrtural
response. The increase in cylinder oscillation 1s
restricted by self —limiting decreases in vortex
strength and increases in fluid damping due to
large oscillation of the cylinder.

Although many successful experiments have
been made to understand the lockin phenomena
and many authors have given comprehensive re-
views related to the lockin phenomena [1, 2, 3,
47, some of the lockin phenomena are still quite
unclear. One of them 1s that the relation be-
tween lockin range and other non—dimensional
parameters. Generally, it i1s known that the low
mass ratio cylinders have much broader lockin
ranges than high mass ratio ones[5, 6], but this
has not been confirmed quantitatively yet. The
mass ratio is a measure of the mass per unit
length of the cylinder compared to the mass per
unit length of displaced fluid as generally de-
fined by :

(1)

where,
/1t = mass ratio
m = mass per unit length of flexible cylinder
0w = water density
D = cylinder out—diameter

In this study, a series of experiments were
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performed to see the relation between the
response characteristics of vortex—induced vi-
bration of flexble cylinders and mass ratios for

marine application.
2. Experiments

2.1 Experimental Setup

Experiments were conducted in the 60cm X 60
cm test section of the cavitation tunnel at the
Korea Research Institute of Ships and Ocean
Engineering(KRISO). The maximum capacity
of flow speed of the water tunnel is up to 12 m/
sec.

Five different test rods having different mass
ratios were prepared. All the test rods have 60
cm length and 6mm diameter. The important
properties of the test rods are summarized in
Table 1.

The test rods were mounted in the test sec-
tion of the cavitation tunnel as shown in Fig.l
with the fixed boundary conditions at both ends.
Two pairs of strain gages at the top and bottom
sides of the test rod were bonded in a half

bridge configuration at 30mm apart from both

ends.
Table 1 Specification of test rods
[ Test Length(out- Wall Mass
rod diameter | thickness| ratio; Remarks

No. | (cm) |(mm) |(mm)

1 60 6.0 0.4 1.6 -
Coaxial Cable

2 " " 0.4 2.6 |(RG-58) inside
of the rod

3 " " 0.9 3.3 -

B Small lead

4 " ” 0.4 5.0 iballs inside
the rod

5 n ” full 6.1 -
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2.2 Test Procedure

After the test rod was completely mounted,
the impact test was carried out to get natural
frequencies and damping information of the test
rod in air. Then, water was filled in the tunnel
and the water was circulated at the lowest po-
ssible velocity by controlling the impeller rpm of
the tunnel. When the flow was stabilized, the
first test was begun. Current output proportion-
al to pressure difference between upstream and
downstream of contraction part of the tunnel
was read to estimate the flow velocity. The flow
velocity was estimated from the calibration
chart relating the current ocutputs to the flow
velocities. The Propulsor Technology Lab. of
KRISO provided the calibration chart of it. The
tape recorder(TEAC R—260LT) was turned on
and voltage outputs from strain amplifiers
(HBM; AE3407B)were recorded. After a suffi-

cient amount of data has been taken, the flow
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Fig. 1 Test set—up
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velocity was increased and the cycle was re-
peated until the planned maximum flow velo-

city was obtained.

2.3 Measuring and Processing System

A schematic diagram of the instrumentation
system is shown in Fig.2. Dynamic strain sig-
nals recorded on tape were processed using

spectrum analizer(HP 3582A) and IBM/PC-—
compatible. Flat top window giving more co-

rrect amplitude of signals than other windows
was used to get strain spectra {rom the spec-
trum analyzer. Sampling {requency for data
processing was 1,024Hz and the number of data
in a process was 1,024 so that the time record
length for a process was 1 second. The number
of averaging of the spectra was 4. These ob-
tained strain spectra were stored in IBM/PC-—
AT compatible through GP—IB interface and
were plotted using a laser printer(QNIX QLBP
—2000)
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Fig. 2 Instrumentation and data acquisition
schematic
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3. Experimental Resuits

3.1 Natural Frequencies and Damping Ratios
of the Test Rods

The natural frequencies and damping ratios
of the test rods in air measured from impact
tests are summarized in Table 2. Table 2 also
includes the calculated natural {requencies of
the test rods in air assuming the fixed boundary
conditions at both ends. The measured natural
frequencies are about 0.9 times of the calculated
ones. This may come from the imperfect fixed
boundary conditions of the mount of the test
rods.

If we model the mounted test rod as a pinned
—pinned beam with rotational spings at both
ends, the natural frequencies of the test rod are

calculated as follows:
2 1

An El
= G

(2)
where,

. = natural frequency of the nth mode

m = mass per unit length

El = bending rigidity

{ = beam length

A. = parameter depending on the rotat

-lonal spring constant

Table 2 Natural frequencies and damping
ratios of test rods

Test Natural Frequencies (Hz) Daf“pi“g
rod ratio
No. b L B e
1 1922 (101)% 253 (278) | 491 (545) 0.005
2 1706 (77.4) 1 193 (213) | 376 (418) 0.007
3 |81.8 (91.0) ] 228 (251) | 446 (491) 0.005
4 |49.6 (56.3) | 136 (155) | 268 (304) 0.006
5 [68.0 (77.1)1 184 (212) | 352 (417) 0.005

* Values in { ) represent the calcuulated natural
frequencies with fixed bounday conditions at
both ends.
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A pinned — pinned beam with infinite rotation-
al spring constants at both ends corresponds to
a fixed—fixed beam. The value of A for the
fundamental mode of a fixed—fixed beam is
known to be 4.73 and the fundamental natural

frequency is given by

473 El 7
fro= o ) 3)

fio. .
- 1s given by

1o

From Eq.(2) and Eq.(3), the ratio
2
f Ay

/ — s 4

Fio 4.73°? )

In the case of %L: 0.9 Eq.(4) gives the value

foo

of A, as 4.49. The rotational spring constant g

can be obtained in a reverse way from the table

17

in [7] and it is found that the value of - is

roughly a little lower than 100.

The rotational spring constanst at the both
ends of the test rods can be estimated in ancth-
er way. The relationship between the displace-
ment at the center and the strain at the mea-
sured point can be obtained analytically as fol-

low:
4(2+a)

g2 A,
8=t Pl (5)

5a
where,

8 = displacement at the center(mm)

i

strain at the measured point

M
~ El

3

For the estimation of g, the displacement at
the center was also measured with strain meas-
urements when the static loading was given at
the center. The measured displacement at the
center in mm was linearly proportional to the
measured strain with the proportional constant

of 6,800 and the estimated value of ¢ was 97.
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3.2 Strain Spectra
Strain spectral maps were obtained from ex-
periments and Fig.3 shows the result for the

test rod 5 which has the largest mass ratio of 6.
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Fig. 3 Stain Spectral map obtained from
straingages bomded on Test Rod 5
(m/p,D'=6.1)

1. X—axis, Y—axis and Z--axis in this figure
represent frequency, RMS strain amplitude and
the flow speed at which each strain spectrum
was obtained, respectively.

Strain amplitudes and vibrating frequencies
of the main components of the strain spectra
are plotted versus reduced velocity in from Fig.
4(a) to Fig.4(e). Reduced velocity is defined by
V. = U/AD where U is flow velocity, D is the
cylinder diameter, and f; is the measured funda-

mental natural frequency of the test rods in air.

3.3 Estimation of the Displacement at the
Center of the Test Rods

The maximum vibration amplitude of the test
rod at the center can be estimated from the
measured strains.

The fundamental mode of a pinned beam with

rotational springs at both ends is given by [8]:
A A
W) = ci(cosh " — cos *F)

+ ¢, sin hé—;—{—}—sin f‘}i (6)
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where,

A
C, = —cot 2‘

P A
C. = cot 2’ tan hé‘r

The relation between the measured strains at

r = 1/20 and x = 19//20 and the maximum vi-

bration amplitude at the center for the first
mode vibration is given by:

A2 w2

& "D F,u20) 0
where,

A = maximum vibration amplitude at
the center

€ = meaured strains at x = //20 or
x = 19//20

¥.(l/2) =the value of the first mode shape
at x=1[/2
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Fig. 4 (a) Peak frequency and strain
amplitude of vortex—induced
vibration wversus reduced
velocity (Test Rod 1;m/p,D?
=1.6)
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W;(l /20) = the value of spatial second der:-

vative of the first mode at x=1{/20

Therefore, the vibration ampitude of the first

mode at the center is obtained from Eq(6) and

Eq(7) by putting A, = 4.49 into those equa-
tions:

Almm] =7,200¢ (8)

The vibration amplitude at the center estimat-

ed from the above equation is plotted versus re-

duced velocity for the test rods with different

mass ratios in Fig.5.

1.8

oo w0

A/D

redsced velocity

Fig. 5 Estimated displacements at the center of
the test rods versus reduced velocity

4, Discussions

4.1 Vibration Frequency Characteristics

(1) 1t is known that the vibration frequency
of the cylinder in the lockin region is almost
constant and has the value of the natural fre-
quency of the structure. However, the experi-
mental results n Figs4(a)—4(e) show that the

vibration frequency does not remain constant
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but varies even in the lockin region. For exam-
ple, in the case of Test Rod 1 in Fig.4(a), fre-
quency ratios continue to increase from about
0.8 to about 1.2 as the reduced velocity increas-
es from 4.5 to 9.0. Same trends were found in
the case of the other test rods. This variation of
the vibration frequency in the lockin region can
be explained by introducing varying added mass
coefficients on the basis of the assumption that
the vibration frequency at lockin is a real natu-
ral frequency of the test rod in that instance.
The variation in the fundamental natural fre-

quency In water with varying added masses is

given by
—
fl.waurr - fl X T (9)
n Cm
1+ -
4 p
where,

f1.waer = fundamental natural frequency in

water

fi = fundamental natural frequency
in air

7 = mass ratio

Cn = added mass coefficient

Sarpkaya’s experimental results [9, 10] show
that the added mass coefficients of the compul-
sorily vibrating cylinder in steady flow are
much larger than 1 for reduced velocities less
than 5, and dramatically dropping to —0.5 for
reduced velocity about 5.5 as shown in Fig.6. It
1s noted that the reduced velocity defined in this
figure i1s V, = UT/D, where T represents the
period of the cylinder oscillation.

Inversely estimated added mass coefficients
from the first peak frequency data in figs. 4(a)
—4(e) using Eq.(9) is plotted as a function of
reduced velocity in Fig. 7. This figure has much
similarity to the Sarpkaya’s result in Fig.6.

(2) At the end of the lockin range, the test

rods oscillate at two different vibrating frequen-
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cies as clearly shown in Fig.4(e). One frequency
corresponds to the frequency governed by
Strouhal relationship and ancther frequency
corresponds to the natural frequency of the test
rods. This also shows that vortex—induced vi-
bration is not the simple forced vibration prob-
lem excited only by Strouhal frequency.

(3) Strictly speaking, the Strouhal number is

defined only for stationary cylinders and the
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value of Strouhal number is almost constant,
about 0.2 for a broad range of Reynolds num-
ber. However, as we can see from the result of
Fig.4(e), the equivalent Strouhal number in
flexible vibrating cylinders is about 0.17.

4.2 Vibration Amplitude Characteristics

Important observations that one can draw
from Fig.5 are as follows:

(1) It was confirmed that low mass ratio rods
have much broader lockin range than high mass

ratio ones. Especially, the lockin range of Test
Rod 1 having the least mass ratio of 1.6 extends

over 4.5<V,<9.5. The lockin range of Test
Rod5 having the largest mass ratio of 6.1 ex-
tends over 5.5 <V, <8.0

This can be also explained by introducing the
varying addecd mass coefficients. The added
mass coefficlent decreases with increasing re-
duced velocity over the lockin range and this
raises the natural frequency as given in Eq(9).
This makes the natural frequency of the test
rod is close to the vortex shedding frequency,
which is proportionally increasing to the flow
speed. This allows the lockin range to be broad.
This effect is less for the test rod with high
mass ratio than for low mass ratio ones, be-
cause the added mass is a small percentage of
the total mass{6].

(2) Maximum response amplitude occurs
almost at the end of lockin range and falls in
the range of 6.5<V,< 8.0 except the case of
Test Rod 1 in which maximum response ampli-
tude occurs at about V. = 9.0.

(3) The levels of maximum response ampli-
tudes are almost the same for all the test rods
and they are about 1.3 times of the test rod di-
ameter. This means that the maximum response
amplitude does not much depend on mass ratio
for marine applications.
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5. Summary and conclusions

Impontant observations and conclusions ob-
tained from the experiments are as follows :
(1) Lockin range is broad and strongly de-

pendent upon mass ratio as shown below.

m/p «D? Lockin range
1.6 45<Vr<95
6.1 5.5< Vr<8.0

Therefore, it could be concluded from this obser-
vation that the critical flow velocity for flexible
cylinders in uniform flow is not limited to the
vicinity of U = 5/nD but in the broad range of
45/nD<U<95fnD for marine applications
and the low mass ratio cylinders have much
broader range of the critical flow velocity than
high mass ratio ones.

(2) Vibration frequency varies even in the
lockin range. This observation together with the
observation (1) can be explained by introducing
a varying added mass coefficient.

(3) The equivalent Strouhal number in fle-
xible cylinders is about 0.17. This number in-
stead of 0.2 may be used to estimate a vortex
shedding frequency of flexible cylinders.

(4) Maximum vibration amplitudes are about
1.3 times of the test rod diameter and they do

not much dependent on mass ratios.
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