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ABSTRACT

Unlike most previous studies on the transverse vortex-induced vibration( VIV) of a cylinder mainly under the wall-
free condition ( Williamson & Govardhan, 2004), this paper experimentally investigates the vortex-induced vibration of a
cylinder with two degrees of freedom near a rigid wall exposed to steady flow. The amplitude and frequency responses of
the cylinder are discussed. The lee wake flow pattems of the cylinder undergoing VIV were visualized by employing the
hydrogen bubble technique. The effects of the gap-to-diameter ratio (ey/D) and the mass ratio on the vibration ampli-
tude and frequency are analyzed. Comparisons of VIV response of the cylinder are made between one degree (only trans-
verse) and two degrees of freedom (streamwise and transverse) and those between the present study and previous ones.
The experimental observation indicates that there are two types of streamwise vibration, i.e. the first streamwise vibration
(FSV) with small amplitude and the second streamwise vibration (SSV) which coexists with transverse vibration. The
vortex shedding pattem for the FSV is approximately symmetric and that for the SSV is alternate. The first streamwise vi-
bration tends to disappear with the decrease of e/ D. For the case of large gap-to-diameter ratios (e.g. eo/D=0.54 ~
1.58), the maximum amplitudes of the second streamwise vibration and transverse one increase with the increasing gap-
to-diameter ratio. But for the case of small gap-to-diameter ratios (e.g. e;/D =0.16, 0.23), the vibration amplitude
of the cylinder increases slowly at the initial stage (i.e. at small reduced velocity V,), and across the maximum ampli-
tude it decreases quickly at the last stage (i.e. at large V,). Within the range of the examined small mass ratio (m* <
4), both streamwise and transverse vibration amplitude of the cylinder decrease with the increase of mass ratio for the
fixed value of V,. The vibration range (in terms of V,) tends to widen with the decrease of the mass ratio. In the second
streamwise vibration region, the vibration frequency of the cylinder with a small mass ratio (e.g. m, =1.44) undergoes
a jump at a certain V,. The maximum amplitudes of the transverse vibration for two-degree-of-freedom case is larger than
that for one-degree-of-freedom case, but the transverse vibration frequency of the cylinder with two degrees of freedom is
lower than that with one degree of freedom (transverse) .

Key words: vortex-induced vibration ; cylinder near a wall ; two degrees of freedom; steady flow ; gap-to-diameter ratio ;
mass ratio

1. Introduction

The vortex-induced vibration (VIV) of structures has received much attention mainly owing to its
practical significance in many branches of engineering. Several reviewers have discussed this problem
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(Sarpkaya, 1979; Griffin and Ramberg, 1982; Bearman, 1984; Parkinson, 1989; Sumer and Fred-
soe, 1997; Williamson and Govardhan, 2004) . Most of the existing studies focused on the transverse
dynamic responses of a cylinder undergoing vortex-induced vibration with one degree of freedom. Feng
(1968) studied the vortex-induced vibration of a cylinder with a single degree of freedom in the trans-
verse flow direction, and demonstrated that the vortex shedding frequency is not controlled by Strouhal
law but locked into the vibration frequency of the cylinder when the vortex-shedding frequency at the
wake region of the cylinder is close to the natural frequency of the cylinder. Anand (1985) investigat-
ed the response of a cylinder exposed to water flow and found that the vibration frequency of the cylin-
der placed in the water increases monotonously with the reduced velocity in the lock-in range. The
branches of amplitude response have been investigated in detail by Brika and Laneville (1993), Kha-
lak and Williamson (1996; 1997a, 1997b; 1999), and Govardhan and Williamson (2000).

Until now, only few research has involved the vortex-induced vibration of the cylinder with two
degrees of freedom (Williamson and Govardhan, 2004). Moe and Wu (1990) found that the position
of the maximum response amplitude of the cylinder with two degrees of freedom shifts to a higher value
of reduced velocity and the maximum amplitude also reaches a little higher value under the condition of
different mass ratios and natural frequencies in the streamwise and transverse direction compared with
those of transverse motion. Sarpkaya (1995) also drew a conclusion similar to that reported by Moe
and Wu (1990) . Jauvtis and Williamson (2003) studied the response of an elastically mounted cylin-
der with two degrees of freedom at a low mass-damping parameter. They found that the freedom to os-
cillate in-line with the flow affects the transverse vibration very slightly for m* =5, m™ being the ra-
tio between oscillating structure mass and displaced fluid mass. The experimental resulis obtained by
Williamson and Jauvtis (2004) indicate that there is much difference between the response of a cylin-
der with one degree of freedom and that with two degrees of freedom for the case of m™ <6. In fact,
under some circumstances the cylinder will be close to a wall (e.g. the pipelines are installed on the
seabed) . However, VIV response of a cylinder with two degrees of freedom near a wall has not been
investigated extensively. For this, Tsahalis (1984) studied the streamwise and transverse vibration re-
sponses of a flexible cylinder in steady currents, and found that the proximity to the plane boundary has
a pronounced effect not only on the transverse amplitude response but also on the streamwise one. On
the basis of the experiments on an elastically-mounted rigid cylinder, Yang et al. (2008) mainly dis-
cussed the correlation between the vortex shedding frequency and the vibration frequency of the cylin-
der. Until now, the VIVs of a near-wall cylinder with two degrees of freedom have not been well un-
derstood. For example, the flow characteristics around the cylinder close to a wall, the effect of the
cylinder’ s proximity to the wall upon the vibration amplitude and vibration frequency of the cylinder for
the case of a small value of eq/D (especially at eg/D < 1), the influence of the mass parameter upon
the dynamic response of the near-wall cylinder with two degrees of freedom, and so on, need to be fur-
ther investigated.

In the present study, the two-degree-of-freedom VIV of a cylinder near a rigid wall is physically
modeled with a newly designed hydro-elastic apparatus. By employing the hydrogen bubble technique,
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the lee wake flow patterns of the cylinder undergoing VIV are visualized. Based on the similarity analy-
ses, a parametric study is conducted to investigate the effects of the gap-to-diameter ratio and the mass
ratio on two-degree-of-freedom VIV responses of the near-wall cylinder. Moreover, a comparison is
made between the present results and the previous ones.

2. Experimental Details

A special hydro-elastic apparatus in the conjunction with a flume was used for the present experi-
ments (Fig. 1). The flume, 0.5 m in width, 0.6 m in height and 19 m in length, can produce steady
currents with the velocity up to 0.6 m/s. The water depth was kept at 0.4 m. The test cylinders with
a diameter of 0.032 m and 0.050 m were elastically supported by vertical and horizontal springs, as
depicted in Fig. 1. With a length of 0.47 m, the cylinder has a smooth surface. The details describ-
ing the apparatus can be found in the work by Yang et al. (2006) . The laser displacement transducers
were used to measure the vibration displacements of the cylinder. The one with a dynamic resolution of
0.25 mm was used for measurement of the vertical displacement and the one with 0.025 mm for the
horizontal displacement. The natural frequency of the cylinder (f,) was obtained by spectrum analyses
of free-decay tests in still water, and the structural damping of the cylinder was measured with the
method of free-decay tests, i.e. the cylinder was given a prescribed displacement and then released in
still water. The structural damping factor ( £) can be estimated with { = In(A;/A;, ,)/(2xn), where
A; is the initial amplitude of cylinder vibrations, and A;, , is the amplitude after n cycles ( Blevins,
1977) . In the present study, the value of n is specified as 5. A micro-propeller current meter was
adopted to measure the flow velocity.
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Fig. 1. Schematic diagram of the experimental apparatus.

The hot film current meter was employed to measure the pulse velocity in the wake region. In ev-
ery group of experiments, the flow velocity is added gradually when other parameters (e.g. the diame-
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ter of the cylinder, the natural frequency of the cylinder) are fixed. Thus, at each flow velocity, the
vibration amplitude, vibration frequency of the cylinder and the flow field around the cylinder can be
obtained.

3. Dimensional Analysis

When a near-wall cylinder with two degrees of freedom is exposed to steady flow, there exist dy-
namic interaction between cylinder, flow and wall. The physical quantities influencing the dynamic re-
sponses of the cylinder under the action of steady flow are listed in Table 1.

Table1  Physical quantities related to dynamic interactions between cylinder, flow and wall

Physical quantity Symbo} Dimension
Mass density of fluid P ML-3
Relative oL
Dynamic viscosity of fluid u ML-!T-!
to flow
Undisturbed incoming flow velocity U Lr-!
Diameter of the cylinder D L
Relative roughness of the cylinder’ s surface P 1
Relative to Mass of the cylinder per meter m M
the cylinder  Natural frequency of the cylinder in still water fa T!
Structural damping factor of the cylinder e 1
Initial gap between cylinder and plane boundary € L

Thus, the vibration amplitude and frequency of the cylinder undergoing vortex-induced vibration

can be written as:

A
{f}= ¢(Pa/1,U’D1Ksm’fn9Cyeo)y (1)

where A is the vibration amplitude of the cylinder and f is the vibration frequency. According to PI
theorem, the nine physical quantities in Table 1 can be combined as six dimensionless parameters,
then Eq. (1) can be rewritten as:

{A/ D
S/ fa
in which Re is the Reynolds number, V, is the reduced velocity, m* is the mass ratio, and K, is the
stability parameter. They are defined respectively as:

_ oUD U « _ Am _4(m + m,)¢
Re = PaL V,..an, m = D and K, = oD? (3)

where m, is the added mass and m,= Cymg4; C, is the coefficient of the added mass, C, is set to be

1.0 and my = (wpD?)/4 in the present study.

}= ¢(R8,V,,K,m*,K5,eo/D), (2)




YANG Bing et al. / China Ocean Engineering , 23(1), 2009, 119~ 132 123

4. Results and Discussions

4.1 Typical Phenomenon of VIV Responses of the Near-Wall Cylinder

Fig. 2 presents the typical amplitude and frequency response of the cylinder with two degrees of
freedom. The experimental parameters are set as follows: D =0.05 m, ep/D =1.02, m)} =1.87,
£.=0.0392, K,,=0.1125, m; =2.11, §, =0.0681, K,, =0.2118, and f,,/f,, =0.75. The
subscripts x and y indicate streamwise and transverse direction, respectively. It can be seen from the
figure that, when the reduced velocity V., is in the range of 1.5< V < 2.1, the streamwise vibration
with a maximum vibration amplitude of A4,,,~0.11D occurs, which is defined as the First Streamwise
Vibration (FSV) in the present study. In the range of 4.2 < V, < 11.1, the Second Streamwise Vibra-
tion (SSV) appears and the maximum vibration amplitude (A,,,~0.56D)occurs at V,=7.9. When
the reduced velocity V, is about 3.3, the transverse vibration begins and the vibration amplitude in-
creases with the increasing V, until ¥, = 6.2 at which the maximum vibration amplitude (4, ~
1.02D) occurs. When V,> 6.2, the vibration amplitude begins decreasing and at V, = 8.8 the vibra-
tion amplitude can be reduced to 0.28D. The maximum amplitude of transverse vibration is 1.8 times
as much as that of SSV and 9.3 times as that of FSV.

For the vibration frequency shown in Fig. 2b, the first streamwise vibration frequency is very
close to the natural frequency of the cylinder, which locates in the range of 1.03f, ~ 1.1f,. It is also
indicated from the figure that the frequency of transverse vibration and second streamwise vibration in-
creases slightly with increasing V. It is noted that the aforementioned conclusions are consistent with

the results reported by Yang et al. (2008).
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Fig. 2. The dynamic response of the cylinder. (a) Transverse and streamwise amplitude response versus the re-
duced velocity; (b) Transverse and streamwise frequency response versus the reduced velocity. ( D =
0.05m, e/D=1.02, m} =1.87, {,=0.0392, m =2.11, §,=0.0681, K,, =0.1125, K, =
0.2118, and f,./f,, =0.75).

4.2 Lee Wake Flow Pattern Around the Vibrating Cylinder
The visualization of wake flow pattern around the cylinder undergoing vortex-induced vibration was
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conducted with the method of hydrogen bubble. Fig. 3 shows the vortex shedding mode around the
cylinder undergoing only streamwise vibration, whose vibration amplitude is 0.02D (eo/D =1.02).
It is observed from the figure that the vortex shedding pattem is approximately symmetric during the
course of streamwise vibration, i.e. the vortices from the top to bottom surfaces of the cylinder shed si-
multaneously in a cycle of vibration.

(c) =3T/4

Fig. 3. The visualization of wake flow around the cylinder undergoing only streamwise vortex-induced vibration
(A=0.02D, V,=2, ¢¢/D=1.02).

Fig. 4 gives the typical vortex shedding pattem of the cylinder near a wall undergoing streamwise
and transverse vibrations. The streamwise vibration amplitude of the cylinder with a gap-to-diameter ra-
tio eg/D =1.02 is 0.22D and the transverse one is 0.74D. It is indicated from the figure that the
vortex shedding mode for the case of the cylinder undergoing VIV in two directions is different from that
for the cylinder with only streamwise vibration. The shedding mode is not symmetric but altemate,
i.e. the vortices from the top to bottom surfaces of the cylinder shed by tums in a cycle of vibration.

Considering the characteristics of vibration amplitude and vibration frequency of the cylinder, and
the vortex shedding mode in the range of the first streamwise vibration, the reason of occurrence of the
first streamwise vibration may be explained as follows: the fluctuation amplitude of the streamwise drag
force acting on the cylinder is noticeable due to the symmetry of shedding vortices. Moreover, the fluc-
tuation frequency of the streamwise drag force is close to the natural frequency of the cylinder. There-
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fore, the first streamwise vibration (FSV) appears. On the other hand, in the range of FSV the flow
velocity is small and the magnitude of streamwise drag force is also small. Thus, the vibration ampli-
tude of FSV is small. As for the SSV, the vortex shedding mode is changed to alternate shedding mode
in this range of vibration, and the magnitude of fluctuating drag force increases due to the increase of
flow velocity and the influence of transverse vibration, which leads to the augmentation of the SSV’s
vibration amplitude.

(c) =3T/4 (d) =T

Fig. 4. The visualization of wake flow around the cylinder undergoing transverse and streamwise vortex-induced
vibrations (V,, =5.4, A,=0.22D, V,,=4.3, 4,=0.74D, ¢/D=1.02).

4.3 Effects of Gap-to-Diameter Ratio (eo/D)

For the investigation of the effect of the gap-to-diameter ratio (eg/D) on the vibration amplitude
and frequency of the cylinder, experiments are conducted under the condition of various gaps between
the cylinder and the wall. The amplitude responses of vortex-induced vibration of the cylinder for vari-
ous gap-to-diameter ratios are plotted in Fig. 5. Fig. 5a illustrates that the first streamwise vibration
tends to disappear with increasing e/ D. For the case of large gap-to-diameter ratios (e.g. eo/D =
0.54~1.58), the maximum amplitudes of the second streamwise vibration and transverse one increase
with the increasing gap-to-diameter ratio. It can be seen from Fig. 5 that for the case of small gap-to-
diameter ratios (e.g. ep/D =0.16, 0.23), the variation of vibration amplitude of the cylinder with
the reduced velocity ( V,) is distinctly different from that of large gap-to-diameter ratios case, which
are both true for the second streamwise and transverse vibrations. For the small gap-to-diameter ratios
case, the vibration amplitude of the cylinder increases slowly until the maximum amplitude at the ini-

tial stage (i.e. small V), and then decreases quickly at the last stage (i.e. large V,).
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Fig. 5. The amplitude response of vortex-induced vibration of the cylinder with two degrees of freedom for various
gap-to-diameter ratios (D =0.05m, m; =1.87, §,=0.0392, m; =2.11, §,=0.0681, f../f,, =
0.75, K,,=0.1125, and K, =0.2118).

The effect of the gap-to-diameter ratio on the vibrating frequency of the cylinder is illustrated in
Fig. 6. It is indicated from Fig. 6a that the gap-to-diameter ratio has a slight effect on the vibration
frequency of the first streamwise vibration. In the range of the second streamwise vibration, the vibra-
tion frequency undergoes a jump at a certain value of V, for the case of certain gap-to-diameter ratio
(e.g. eo/D =1.58). The transverse vibration frequency of the cylinder increases steadily with V, for
various gap-to-diameter ratios in this study and does not undergo a jump. It also can be seen that the
increasing rate of the vibration frequency of the cylinder with the increase of V| for the case of the small
gap-to-diameter ratio is larger than that for the large one. With the same value of V,, the smaller the
gap-to-diameter ratio is, the larger the vibration frequency of the cylinder will be.
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Fig. 6. The frequency response of vortex-induced vibration of the cylinder with two degrees of freedom for various
gap-to-diameter ratios (D =0.05m, m; =1.87, §,=0.0392, m; =2.11, {,=0.0681, f../fs, =
0.75, K,,=0.1125, and K,, =0.2118).
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4.4 Effects of Mass Ratio (m ")

Figs. 7 and 8 present the influence of the mass ratio on the vibration amplitude and frequency of
the cylinder with eg/D = 0.95. The diameter of the cylinder with f,,, = f,, is 0.032 m, and the
structural damping factors are §, =0.0568 and {, =0.1102. It can be seen from Fig. 7 that the
streamwise and transverse vibration amplitudes of the cylinder with the small mass ratio is larger than
those with the large one for the fixed value of V.. The vibration range in terms of V, tends to widen
with the decrease of the mass ratio. Fig. 8a shows that the vibration frequency of the cylinder in the
range of the first streamwise vibration varies slightly with the mass ratio. In the second streamwise vi-
bration region, the vibration frequency of the cylinder with the small mass ratio (e.g. m; =1.44)
undergoes a jump at a certain V,. At the position of the jump, the vibration frequency of the cylinder
is much larger than the Strouhal’s frequency. At the non-jump position, the vibration frequency tends
to increase with the increase of the mass ratio. For the transverse vibration frequency, it varies contin-

uously and does not undergo the phenomenon of jump.
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Fig. 7. The amplitude response of the vortex-induced vibration of the cylinder with two degrees of freedom for var-
jous mass ratios (D =0.032 m, ¢/D=0.95, {,=0.0568, { =0.1102, and f./f,, =1).
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mass ratios (D =0.032 m, e,/D=0.95, £, =0.0568, {,=0.1102, and f,./f,, =1).
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4.5 Comparison of Dynamic Responses of A Cylinder Between One Degree and Two

Degrees of Freedom

For the wall-free cylinder, the results obtained by Moe and Wu (1990) with f,../f., =2 and
those obtained by Sarpkaya (1995) with f,,./f,, =1 show that the maximum amplitudes of transverse
vibration of the cylinder undergoing VIV in two directions occur at larger value of V,, and have slightly
higher values of amplitude than those of only transverse vibration. The experimental results obtained by
Williamson and Jauvtis (2004) indicate that there is much difference between the response of the wall-
free cylinder with one degree of freedom and that with two degrees of freedom for the case of m™ <6.
Fig. 9 presents the transverse amplitude and frequency response of the cylinder with one degree of free-
dom (transverse direction) and that with two degrees of freedom for the case of ep/D = 1.00. The
mass ratio of the cylinder undergoing only transverse vibration with a damping factor § = 0.0944 is
1.36, and those undergoing VIV of two direction vibrations with the damping factors ¢, =0.0283 and
£, =0.0944 are m; =1.16 and m; =1.36, respectively. It is indicated from Fig. 9a that the max-
imum amplitude of the transverse vibration for two degrees of freedom case is larger than that for one
degree of freedom case, which is consistent with the results obtained by Moe and Wu (1990) and
Sarpkaya (1995) for the wall-free cylinder case. The transverse vibration frequency of the cylinder
with two degrees of freedom is lower than that with one degree of freedom ( transverse direction) , which
can be observed in Fig. 9b.
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Fig. 9. Comparison of dynamic response of the cylinder between one degree(only transverse) and two degrees of
freedom (streamwise and transverse) (D =0.050 m, ey/D =1.00) (one degree: m* =1.36, { =
0.0944; two degrees: m) =1.36, §,=0.0944, K, =0.2228, m® =1.16, £, =0.0283, K,, =
0.0611, and fo4 = fur = fuy) -

4.6 Comparisons of the Present Results with Previous Ones

Comparisons are made between the present experimental results and those of the vortex-induced
vibration of a wall-free cylinder with two degrees of freedom obtained by Sarpkaya (1995), Jauvtis and
Williamson (2003) and Yang et al. (2008), as shown in Fig. 10. In the results obtained by Sarp-
kaya (1995), the mass parameter and damping factor are not described, and only the natural frequen-
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Fig. 10. Comparisons between the present results and previous ones (Jauvtis and Williamson (2003) : f,./f,, =
1, m* =6.9, (m* + C,) =0.0115; Sarpkaya (1995): f,./fo, =1; Yang et al. (2008): m} =
1.97, £,=0.0431, m} =2.60, £, =0.0973, /D =2.68, and f,,/f,, = 13 Present study 1: D
=0.032 m, e/D=0.95, m} =3.21, ¢, =0.0568, K, =0.2391, m =3.87, £,=0.1102,
K,,=0.5366, and f,./fuy = 1; Present study 2: D=0.05m, ex/D=1.02, m; =1.87, {, =
0.0392, K,,=0.1125, m; =2.11, §, =0.0681, K, =0.2118, and £,./f, =0.75).
¢y ratio f,, = fuy =1 is provided. The experimental parameters in the results obtained by Jauvtis and
Williamson (2003) are m* =6.9 and (m* + C,) £=0.0115, and those reported by Yang et al.
(2008) are m; =1.97, £, =0.0431, m, =2.60, £, =0.0973, eo/D =2.68, fo./foy=1,K,
=0.1280, and K,, =0.3503. The experimental parameters in the present study of first group are D
=0.032 m, /D =0.95, m; =3.21, { =0.0568, K, =0.2391, m; =3.87, {, =0.1102,
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K,, =0.5366 and f,./fn, =1. The experimental parameters in the present study of the second group
are D=0.05m, eo/D=1.02, m; =1.87, {, =0.0392, K,, =0.1125, m; =2.11, §, =

0.0681, K,,=0.2118 and f,./f,, =0.75. It is indicated from Fig. 10a that the first streamwise vi-
bration (FSV) mode defined in the present study is consistent with the SS (Streamwise Symmetric) vi-
bration mode defined by Jauvtis and Williamson (2003). But the SA (Streamwise Antisymmetric)
mode reported by Jauvtis and Williamson (2003) is not detected in the present study. The reason may
be the cylinder’s proximity to the walkin the present experiments. It can also be seen from the figure
that the magnitude of the maximum amplitude of transverse vibration of the cylinder with small stability
parameter in the present study for the second group is equivalent with those obtained by Sarpkaya
(1995), Yang et al. (2008), and Jauvtis and Williamson (2003) . The maximum transverse vibration
amplitude for the large stability in the present study for the first group is much lower than those ob-
tained by Sarpkaya (1995), Yang et al. (2008), and Jauvtis and Williamson (2003) . The main rea-
son may be the large stability parameter of the cylinder in the first group. It is observed from Fig. 10a
that the lower branch of the transverse amplitude response reported by Jauvtis and Williamson (2003)
is not clear in the results obtained by Sarpkaya (1995), Yang et al. (2008), and the present study.

From the comparison of transverse vibration frequency between Jauvtis and Williamson (2003), and
the present study in Fig. 10b, there exists a little difference of the trend of variation with V, for the vi-
bration frequency of the cylinder among them. The increase rate of the transverse vibration frequency of
the cylinder in the present study is obviously larger than that obtained by Jauvtis and Williamson
(2003), which may be due to the small mass ratio in the present study. But for the variation of vibra-
tion frequency between Yang et al. (2008) and the present study, there exists a similar trend.

5. Conclusions

Unlike most previous studies, which focused on the transverse vortex-induced vibration of a cylin-
der and concemed little with the vortex-induced vibration of a cylinder with two degrees of freedom
(Williamson and Govardhan, 2004), this paper investigates experimentally the vortex-induced vibra-
tion of a cylinder with two degrees of freedom near a rigid wall. On the basis of the experimental obser-
vation and the results of a series of tests, the following conclusions can be drawn.

(1) There exist two types of streamwise vibration for a two-degree-of-freedom cylinder undergoing
vortex-induced vibration near a wall, i.e. the first streamwise vibration (FSV) with a small amplitude
which is consistent with the SS ( Streamwise Symmetric) vibration mode defined by Jauvtis and
Williamson (2003), and the second streamwise vibration (SSV) which coexists with a transverse vi-
bration. The vortex shedding pattern for the FSV is approximately symmetric and that for the SSV is al-
temate.

(2) The first streamwise vibration tends to disappear with the decrease of eo/D. For the case of
large gap-to-diameter ratios (e.g. eo/D =0.54 ~ 1.58), the maximum amplitudes of the second
streamwise vibration and transverse one increase with increasing gap-to-diameter ratio. For the case of
small gap-to-diameter ratios (e.g. eo/D =0.16, 0.23), the vibration amplitude of the cylinder in-
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creases slowly until the maximum amplitude at the initial stage (i.e. at small V,), and then decreases
quickly at the last stage (i.e. large V,). During the course of SSV, the vibration frequency undergoes
a jump at a certain value of V, for the case of a certain gap-to-diameter ratio (e.g. eo/D =1.58).
For the same value of V,, the vibration frequency increases with the decrease of the gap-to-diameter ra-
tio.

(3) Within the range of the examined small mass ratio (m* < 4), both streamwise and trans-
verse vibration amplitudes of the cylinder with a small mass ratio is larger than that with a large one for
the same value of V,. The vibration range (in terms of V,) tends to widen with the decrease of the
mass ratio. The vibration frequency of the cylinder in the range of the first streamwise vibration varies
slightly with the mass ratio. In the second streamwise vibration region, the vibration frequency of the
cylinder with a small mass ratio (e.g. m, =1.44) may undergo a jump at a certain V,.

(4) The maximum amplitude of the transverse vibration for the two-degree-of-freedom vibration
case is larger than that for the only transverse VIV. However, the transverse vibration frequency of the
cylinder with two degrees of freedom is somewhat lower than that for the one-degree-of-freedom VIV (i.
e. only transverse vibration) .
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