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ABSTRACT

Two degree-of-freedom vortex-induced vibrations of a
moderate mass and high moment of inertia ratio pivoted
cylinder were investigated experimentally. The experiments
were performed at a constant Reynolds number of 2100 for a
range of reduced velocities from 3.4 to 11.25. The results show
that, in addition to the reduced velocity, the transverse damping
ratio has a significant effect on the amplitudes of response. The
cylinder tip is observed to trace orbital trajectories, which is
shown to be attributed to the frequencies of oscillations in both
directions locking onto the natural frequency in the
synchronization region. The results indicate that a phase angle
between the streamwise and transverse oscillations governs the
direction and orientation of the orbiting motion. Flow
visualization results show that, at a given reduced velocity and
transverse damping ratio, near-wake development changes
along the cylinder span. The observed shedding patterns are
shown to differ from those expected at the corresponding
experimental parameters for one-degree-of-freedom uniform
amplitude cylinder vibrations.

1. INTRODUCTION

Vortex-induced vibrations (VIV) of cylindrical structures
are important in many engineering applications, e.g., in civil
and offshore structures. Amplitudes of these vibrations can
increase up to 2.5 cylinder diameters and may result in
structural failures [1-3]. Through the past several decades, most
of the VIV investigations of cylindrical structures have been
performed for uniform, circular cylinders with one-degree-of-
freedom (one DOF), i.e., the ability to vibrate transverse to the
flow [4-9]. These investigations have shown that amplitudes of
vortex-induced vibrations of low mass damping ratio cylinders
(m’'y~0.01) exhibit a three-branch type of response, featuring
initial, upper, and lower branches [8-11]. The transition from
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the initial branch to the upper branch is hysteretic and that from
the upper branch to the lower branch is intermittent [8-11]. In
contrast, for high mass damping ratio cylinders (m'Cy~1), a
two-branch type of amplitude response has been observed [4],
with a hysteretic transition between the initial and lower
branches. Previous studies have shown a clear link between the
amplitude response and wake flow development [11-13]. For
the initial branch of response, two single vortices form in the
wake per cycle of oscillation, often referred to as a 2S vortex
shedding pattern. On the other hand, for both the upper and
lower branches of response, two pairs of vortices form per
cycle of oscillation, referred to as a 2P vortex shedding pattern.
Other possible vortex shedding patterns associated with the
vortex-induced vibrations of the uniform cylinders have been
investigated using controlled oscillations, e.g., [12 and 13],
with the results compiled into a well-known Williamson-
Roshko map [12] and updated in subsequent studies, e.g., [13].
Detailed reviews of studies focused on one DOF VIV of
uniform circular cylinders can be found, for example, in [11, 14
and 15]. Although such studies provide invaluable insight into
VIV of cylindrical structures, when the cylinder is allowed to
vibrate streamwise as well as transverse the flow, different
amplitude response and wake vortex shedding patterns can
occur [16-21]. For example, the results of Jauvtis and
Williamson [16] suggest that the transverse and streamwise
amplitudes of response of a two DOF cylinder [16] exhibit the
three-branch type of response, with a “supper-upper” branch
replacing the upper branch for low mass damping ratios and
mass ratios of less than 6. Similar to one DOF studies, the
results in [16] show that the initial and lower branches of
amplitude response of two DOF uniform cylinders are
associated with 2S and 2P patterns, respectively. However, the
supper-upper branch of response is associated with the
formation of three vortices per half cycle of oscillation, termed
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a 2T vortex shedding pattern in [16]. It should be noted that for
the VIV of their “two-independent-axes” traversing setup, Jeon
and Gharib [17] observed a 2S vortex shedding pattern, rather
than 2P, for the lower branch of response.

The results of previous two DOF VIV investigations of low
mass ratio circular cylinders show that the streamwise
frequency of oscillations is about twice that of the transverse
oscillations [16, 20], with the corresponding vibration
amplitudes given by Egs. la and b. Therefore, the cylinders
trace Lissajous-type trajectories.

Y/D = A§ sin(2nf,, ,t) (1a)
X/D = Ay sin(4nf, ,t +6) (1b)

Adding the freedom of the uniform circular cylinders to
vibrate streamwise as well as transverse to the flow serves to
create a more realistic model of VIV occurring in practical
engineering applications [16-18]. However, in most
applications, the streamwise and transverse amplitudes of
response vary along the span of the structure [1]. Recently, a
few studies investigated the effect of spanwise amplitude
variation on VIV using rigid, pivoted models, representing two
DOF models with linear variation of vibration amplitude along
the span [22, 23]. These studies show that such structures may
exhibit different response compared to that observed for two
DOF cylinders undergoing uniform amplitude VIV. Also, it was
observed that vortex shedding patterns may vary along the span
[22, 23]. For a low mass and moment of inertia ratio pendulum-
like pivoted cylinder, Flemming and Williamson [22] observed
a three-branch type of response, in which the upper and lower
branches intersect on the amplitude of response plot. They
showed that the vortex shedding pattern at a given spanwise
location agrees with that expected from Williamson-Roshko
map based on the local transverse amplitude of vibrations. The
formation of two co-rotating vortices, termed a 2C pattern in
[22], was observed for the upper branch of response. For a very
low mass ratio pivoted cylinder mounted as an inverted
pendulum, Leong and Wei [23] reported only two branches of
response, initial and upper branches. Their results show that the
initial branch is associated with a 2S pattern of shedding, while
the upper branch is linked either to a 2P pattern or a P+S
pattern (i.e., the formation of a pair of vortices and a single
vortex per cycle of oscillation). Similar to the case of uniform
amplitude VIV, it has been shown in [22] and [23] that the
streamwise frequency of vibrations is about twice that of the
transverse oscillation for pivoted low mass and moment of
inertia ratio cylinders. Therefore, the cylinders have been
observed to trace Lissajous-type trajectories.

To date, the investigations of vortex-induced vibrations of
two DOF circular cylinders with linear amplitude of vibrations
have been performed only for cylinders with moment of inertia
ratios less than 8 (Table 1). Since the moment of inertia ratio
can significantly influence the VIV of pivoted cylinders, this
study is aimed at investigating the VIV of a high moment of
inertia ratio pivoted circular cylinder. Also, previous

investigations were conducted at a fixed mass damping ratio.
By performing experiments at a constant Reynolds number and
a range of m'(y, the effect of transverse damping ratio is
investigated in the present study.

Investigators | m" " m'¢y u” Re

Le"“[ngj Welloas | rat | oozs | G| S

Willameon, | 265, | 265, | o0n2 | 25 | %
[22] 769 | 7.69 ‘

Present Study | 17.6 72 00011 § i flt 2100

Table 1. VIV INVESTIGATIONS OF PIVOTED CYLINDERS.
'"THE NUMBER IS ESTIMATED BY THE AUTHORS BASED
ON THE RELAVENT PARAMETERS PRESENTED IN [23].

NOMENCLATURE

Ay = streamwise amplitude of vibrations

Al = normalized streamwise amplitude of vibrations,
A, /D

Ay = transverse amplitude of vibrations

Ay = normalized transverse amplitude of vibrations,
A, /D

D = cylinder diameter

f, = natural frequency in still water

o x = frequency of streamwise vibrations

£ x = normalized frequency of streamwise vibrations,
fox /1,

fosv = frequency of transverse vibrations

f :S’Y = normalized frequency of transverse vibrations,
foov /Ty

f = Strouhal frequency

i = J-1

I = moment of inertia of the pivoted cylinder about
the contact point

I, = moment of inertia of the displaced fluid

I = moment of inertia ratio, I/1,

L = length of the cylinder

m = mass of the structure
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m, = mass of displaced fluid

m’ = mass ratio, m/m,

m'{, = massdamping ratio

PSD = normalized power spectrum density

Re = Reynolds number, UD/v

St = Strouhal number, f ,D/U

U = free-stream velocity

U’ = reduced velocity, U/f,D

X(t) = streamwise vibrations

Y (1) = transverse vibrations

Cy = transverse damping ratio

0 = phase angle between the transverse and
streamwise vibrations

N = normalized wave length

\% = kinematic viscosity

2. EXPERIMENTAL SETUP

All of the experiments were performed in a water flume
facility at the University of Waterloo. The test section of the
flume has a 120 cm x 120 cm cross section. In this study, the
water level in the test section was maintained at 80 cm. The
experiments were performed at a free-stream velocity (U) of 87
mm/s, with the attendant free-stream turbulence intensity of
less than 1%.

A steel circular cylinder was placed in the water flume as
an inverted pendulum (Fig. 1). The cylinder had a diameter (D)
of 25.4 mm, a length (L) of 1.64 m, a mass (m) of 6.8 Kg, and a
moment of inertia about the contact point (I) of 6.4 Kgxm®.
One end of the cylinder was tapered in order to provide a low-
friction contact point at the bottom of the flume. The cylinder
was supported with two pairs of springs of the same stiffness
(Fig. 1), one pair aligned parallel to and the other orthogonal to
the flow direction. Within the uncertainty of less than 2%, the
natural frequency of the structure in the streamwise direction
was equal to that in the transverse direction for all cases
examined. Since the free-stream velocity was maintained
constant throughout the experiments to eliminate any Reynolds
number effects, the reduced velocity (U") was varied by varying
the natural frequency of the structure (f,). Three different
springs (24.5, 35, and 79.9 N/m) were used throughout the
experiments. By changing the stiffness and/or the spanwise
location of the springs, the natural frequency of the structure
was varied between 0.31 and 1 Hz, corresponding to
3.4 < U" < 11.25. The natural frequency of the structure was
determined via the spectral analysis of the free vibration
measurements in still water.

T
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Planes of Flow Visualization
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FIG. 1 EXPERIMENTAL SETUP.

The transverse damping ratio (Ey) of one DOF structures is
usually estimated based on the amplitude decay of free
vibrations in air, e.g., [8] (Fig 2a). Similar approach can be used
for two DOF experimental setups that allow uncoupled free
vibration tests in the transverse and the streamwise directions,
e.g., [18, 21]. However, the experimental setup employed in
this study undergoes coupled two DOF free vibrations, similar
to those observed in most engineering structures. In this case,
the amplitude decay is characterized by a bi-exponential curve
fit (Fig. 2b), agreeing with the results reported for two DOF
systems [24]. Therefore, the transverse damping ratio of a two
DOF structure is a function of the transverse amplitude of
vibrations. Thus, for a given U, the transverse damping ratio
was estimated based on a data segment of free vibration
amplitude decay measurements (Fig. 2b) corresponding to the
transverse amplitude of in-flow vibrations of the structure.

Two laser-based displacement sensors were used to
measure the transverse and streamwise oscillations of the
cylinder. The uncertainty of the displacement measurements is
estimated to be within £0.004 D. Laser-Induced-Fluorescence
(LIF) was used to visualize flow development in the cylinder
wake at two different elevations along the span, Z/L=-0.65 and
Z/1=-0.84 (Fig. 1). A stationary probe located 1D upstream of
the cylinder was used to inject fluorescent dye into the flow.
The dye was illuminated with a laser sheet and the flow
visualization images were acquired at an average rate of 6
frames per second using a digital camera. Also, video
recordings were made to allow a more detailed analysis of
vortex shedding patterns.
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FIG. 2 TYPICAL AMPLITUDE DECAY OF FREE
VIBRATIONS IN AIR.

3. RESULTS

All experimental results presented correspond to
Re=2100. The results are grouped into three sections. First, the
amplitudes of response and the effect of the transverse damping
ratio are discussed. Then, frequencies and trajectories of the
vibrating structure are presented. Finally, wake vortex shedding
patterns are analyzed based on flow visualization images.

3.1 Amplitudes of response

Figure 3 shows the variation of transverse amplitude of
response with reduced velocity. It should be noted that the
amplitudes of response are defined as half of peak to peak
amplitudes of the cylinder tip undergoing steady-state
oscillations. For a constant spring stiffness, e.g. k=35 N/m, the
amplitude of response increases as the reduced velocity
increases, peaking at U'=5.7. Further increase of the reduced
velocity, results in amplitude decrease. Flemming and
Williamson [22] report a similar trend. However, for a pivoted
cylinder with a mass ratio less than 0.54, Leong and Wei [23]
observed that the amplitude remains nearly constant within the
lock-in region for about U™ > 4.4. Also, in comparison with the
results reported in [22], the hysteretic behavior was not
observed for the amplitude of response in the present study. As
discussed in [8], the hysteretic behavior occurs when U” is
varied by adjusting the free-stream velocity. However, in the
present investigation, the free-stream velocity was kept
constant throughout all of the experiments.

The results in Fig. 3 show that, at a given U’, different
amplitudes can be attained by varying spring stiffness. For the
structure investigated, a dimensional analysis can be used to

show that the amplitudes of response (A%, and A} ) depend on

the Reynolds number, the reduced velocity, and the transverse
damping ratio. Since the experiments were performed at a
constant Reynolds number, it can be concluded that the

observed difference between the amplitudes of response at a
given reduced velocity (Fig. 3), is due to the difference in the
transverse damping ratios. Consequently, the amplitude
response should be presented on three dimensional plots, as
shown in Figs. 4 and 5. The results illustrate that the transverse
damping ratio is indeed an important governing parameter that
has a considerable effect on the amplitudes of vibrations,
agreeing with Sarpkaya [15] and Blevins and Coughran [19].
For example, a comparison of the amplitudes of response at
U"=6.6 shows that decreasing the transverse damping ratio by
about 30% results in the transverse and streamwise amplitudes
increasing by about 35% and 90%, respectively. Thus, for a
constant Reynolds number, the amplitude of response, is in fact
a surface, whose shape depends on the reduced velocity and the
transverse damping ratio.

1.2 . . . . . . . .
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FIG. 3 TRANSVERSE AMPLITUDE OF RESPONSE VERSUS
REDUCED VELOCITY.

- — === \

h

4 5 6 Tu

FIG. 4 TRANSVERSE AMPLITUDES OF VIBRATIONS
VERSUS REDUCED VELOCITY AND TRASNVERSE
DAMPING RATIO.
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FIG. 5 STREAMWISE AMPLITUDES OF VIBRATIONS
VERSUS REDUCED VELOCITY AND TRASNVERSE
DAMPING RATIO.

3.2 Frequencies and trajectories of response
Figure 6 shows the variation of the normalized frequency a) U*=6.6

s

of transverse vibrations ( f

0s

v ) with the reduced velocity. The

frequencies were obtained via spectral analysis of vibrations, 2 w
with spectra at selected reduced velocities presented in Fig. 7. 4
In Fig. 6, distinct regions of frequency response can be 10"
identified based on the number of peaks in the corresponding b Ur=34
spectra. For 4.85< U"<8.55, the spectra of transverse vibrations, 10 ' '
depicted in Fig. 7a, show a single peak at the natural frequency, "--——"T\~JL
similar to the frequency of response presented by Flemming 2 G 31
and Williamson [22]. For 3.4< U'<4.85 and 8.55< U'<11.25, 10 =
. o 10 10 10

the corresponding spectra of transverse vibrations, e.g. 7b and O U=11.25 frequency (Hz)
7c, display peaks centered at the Strouhal frequency, the natural
frequency, and the harmonics of the natural frequency. Similar FIG. 7 SPECTRA OF TRANSVERSE VIBRATIONS.
frequency response behavior is reported for 3.4< U'<4.85 in
[22]. However, for 8.55< U'<11.25, Flemming and Williamson
[22] observed that f,y does not lock onto the Strouhal T T T T T T T T
frequency or the natural frequency. Leong and Wei [23], who 2r .
report f,y locking onto the Strouhal frequency within
34<U'<4.85 and 8.55< U'<I1.25, suggest that the
discrepancies between their results and those from [22] are
attributed to the differences in mass ratios investigated. Indeed,
there is also a significant difference between the mass ratios
studied in [22] and [23] and that investigated here (Table 1).

The frequency response of streamwise vibrations is shown
in Fig. 8. The results suggest that the normalized frequency of 0.5} ,
streamwise vibrations is equal to the natural frequency of the
structure for the range of reduced velocities investigated. Since
the frequencies of both the streamwise and transverse 03 "‘ , é ' é (') 1'0 1'1 1
vibrations of the cylinder lock onto the natural frequency for x

4.85<U"<8.55, the vibrations can be represented by Egs. 2a and
7b. FIG 8 FREQUENCY OF STREAMWISE VIBRATIONS

1.5f 1

£
|
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Y /D = A sin(2nf, t) (2a)
X/D = Al sin(2nf t +0) (2b)

Using Egs. 2, possible cylinder trajectories were predicted
for a range of phase angles (8). The results shown in Fig. 9
predict orbiting motion for the cylinder.

Figures 10a and b depict two experimentally obtained
trajectories for U'=6.6 and (y=0.45%, and for U'=6.6 and
Cy=0.66%, respectively. The results show that the structure
undergoes orbiting motion, similar to the predicted trajectories
in Fig. 9. Also, it can be seen that the transverse damping ratio
can affect the orientation of the trajectories, which is linked to
the changes in the phase angle (Fig. 9). The observed structural
response, different from Lisajous-type trajectories reported in
[22] and [23], but reported to occur in cylindrical structures
[25, 26] may be attributed to the moment of inertia ratio of the
structure being significantly higher than that investigated in
[22] and [23] and/or to a coupling between the reactions of the
streamwise and transverse springs

In comparison with the trajectories observed for
4.85< U"<8.55, the cylinder undergoes irregular, low amplitude
vibrations for 3.5< U'<4.85 and 8.55< U'<11.25.

To estimate the phase angle between the streamwise and
the transverse vibrations of the structure, the Hilbert transform
was utilized. The Hilbert transform of a signal x(t) is given by
Eq. 3a. The phase of a signal x(t) is equal to the phase of a
complex function z(t) given by Eq. 3b.

1 o0
X(t
H(x) = — j X 4 (3a)
T Jt—s
—0o0
z(t) = x(t) —iH[x(t)] (3b)
Flow Direction —=————3p
1 1 1
6=0 0=45 0=90
a
= 0 0 0
-1 1 -1
0.5 0 0.5 0.5 0 0.5 05 0 05
T 1 1
0=135 =180 0=225
0 0 0
-1 -1 -1
05 0 0.5 05 0 0.5 05 0 05
1 1 1
0=270 6=315 0=360
0 0 0
-1 -1 -1
05 0 05 05 0 0.5 05 0 05

FIG. 9 POSSIBLE CYLINDER TRAJECTORIES.
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FIG. 10 CYLINDER TIP TRAJECTORIES FOR 50
CYCLES.

The phase angle variations in time for the test cases shown
in Figs. 10a and b are plotted in Figs. 11a and b, respectively.
The results show that the phase angle remains nearly constant
with time for these two cases, both corresponding to the
synchronization region. From Figs. 11a and b, the phase angles
for the trajectories shown in Figs. 10a and b are 6=225.2" and
0=342.2", respectively. Thus, the experimentally measured
trajectories (Fig. 10a and b) agree with those expected based on
the Egs. 2 for the corresponding phase angles (Fig. 9). Fig. 11c
shows the variation of the phase angle with time for U'=11.25
and £y=0.16%. The random fluctuations in 6 presented in Fig.
I1c are associated with the irregular, low amplitude vibrations
of the structure.

360F

% 180F
G 1 1 1 1 1

(V. 10 20 30 40 50 60
a) U =6.6 and CY:0.45%
360

% 180F
G 1 1 1 1 1

0 . 10 20 30 40 50 60
b) U = 6.6 and CY:0.66%

o 10 20 30 40 50 60
c)U'=1125and { =0.16% VT

FIG. 11 TIME VARIATION OF THE PHASE ANGLE FOR THE
SYNCHRONIZED (A AND B) AND NON-SYNCHRONIZED
VIBRATIONS (C).
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3.3 Vortex shedding in the cylinder wake

The results discussed in previous sections show that the
reduced velocity and the transverse damping ratio govern the
structural response. Thus, these two parameters are expected to
influence the wake development. Here, the effect of the
transverse damping ratio on the wake vortex pattern as well as
the wvariation of the vortex pattern along the span are
investigated. A comparative analysis is carried out for flow
visualization results obtained at U =6.6, and a summary of the
experimental conditions is presented in Table 2. The two
selected transverse damping ratios were chosen because they
produce distinctly different trajectories, with cases A and B
(Table 2) corresponding to Figs. 10a and b, respectively. For
each of these two cases, flow visualization was performed at
Z/1=-0.84 and Z/L=-0.65 (Table 2).

*

Case * 0 A, at
4 Y
study U ZIL €y (%) 2L
Al 6.6 -0.65 0.45 0.32
A
A2 6.6 -0.84 0.45 0.15
Bl 6.6 -0.65 0.66 0.24
B
B2 6.6 -0.84 0.66 0.11

Table 2 TEST CONDITIONS FOR FLOW VISUALIZATION.

An analysis of flow visualization images revealed that
double roll up of the shear layers occurs in the near wake. A
representative image shown in Fig. 12 suggests that the flow
topology is similar to the 2P vortex shedding pattern [12]
observed for VIV of one DOF circular cylinders. However, the
downstream development of the wake vortices was found to
depend significantly on the test conditions.

Cases Al and A2: Based on the downstream evolution
of the two co-rotating vortices shed each half cycle, two distinct
types of wake development for case Al are depicted in Figs. 13
and 14. An analysis of flow visualization videos and images
showed that two counter-clock-wise (CCW) vortices, shed from
the left hand side of the cylinder, merge within about four
diameters downstream of the cylinder. This is illustrated in Fig.
13. However, occasionally, these vortices remain separated in
the near wake (Fig. 14). Adopting the terminology introduced
by Cerretelli and Williamson [27], vortex merging process can
be broken into four stages, namely, first diffusive, convective,
second diffusive, and merged diffusive stages. The merged
vortex identified in Fig. 13 is representative of the last stage of
vortex merging [27]. It should be noted that the clock-wise
(CW) vortices shed on the right hand side of the cylinder have
not been observe to merge in the near wake.

As the elevation is decreased along the span of the
cylinder (case A2), the CCW as well as the CW vortices merge

within about ten diameters downstream of the cylinder.
Comparing the results for cases Al and A2 (compare e.g., Figs.
13 and 15), it can be seen that vortex merging occurs within a
longer region at lower elevations. For case A2, the pattern of
the merged co-rotating vortices is similar to the 2S vortex
shedding pattern (Fig. 15).

UOOAIIT MO[]

Double Roll up -

FIG. 12 FLOW VISUALIZATION OF THE DOUBLE ROLL
UP OF SHEAR LAYERS FOR U'=6.6, Z/L=-0.65, AND
£y=0.45%.

U1

-«

FIG. 13 VORTEX MERGING FOR CASE Al
(U =6.6, Z/L=-0.65, AND £y=0.45%).
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FIG. 14 2P-LIKE SHEDDING PATTERN FOR CASE A1,
(U'=6.6, Z/L=-0.65, AND £y=0.45%).

uonIIIJ MO[]

The Forth (
Stage of
CW Vortices

FIG. 15 FLOW VISUALIZATION OF CASE A2, (U'=6.6,
Z/L=-0.84, AND £y=0.45%).

Cases B1 and B2: At the higher elevation (case B1), a
2P vortex shedding pattern occurs (Fig. 16). In contrast, at the
lower elevation (case B2), a vortex shedding pattern similar to
that for case A2 (Fig. 15) was observed.

Mo[

FIG. 16 FLOW VISUALIZATION FOR CASE B1 (U'=6.6,
Z/L=-0.65, AND (y=0.66%)

Analysis of vortex shedding patterns: Comparing
the wake flow development at a constant U™ shows that
changing the transverse damping ratio can affect the wake
vortex shedding patterns. The shedding pattern is expected to
depend primarily on the response of the structure [13]. For
example, in the case of a one DOF uniform amplitude cylinder
vibrations [13], varying the transverse amplitude of response
can produce different shedding patterns at a given U* (Fig. 17).
Thus, the observed variation in the vortex shedding pattern
between cases Al and Bl is attributable to the associated
changes in the amplitudes of response caused by the variation
of the transverse damping ratio (Figs. 4 and 5). On the other
hand, the attendant change in the transverse amplitude is not
sufficient to affect vortex shedding patterns at lower elevations
(cases A2 and B2).

It is of interest to investigate if wake vortex shedding
patterns for two DOF linear amplitude cylinder vibrations can
be predicted based on the results available for one DOF
cylinders. In Fig.17, the current results pertaining to cases Al,
A2, Bl1, and B2 (Table 2) are overlaid onto an updated
Williamson-Roshko map from [13]. The map predicts a 2P
vortex shedding pattern for cases Al and Bl. Indeed, the
double roll up of the separated shear layer was observed for

8 Copyright © 2010 by ASME



these cases. However, unlike 2P shedding seen in the near wake
for case Bl (Fig. 16), flow visualization shows frequent
merging of CCW vortices for case Al (Fig. 13). For the lower
elevation, the map predicts an intermittent switching between
the 2P and “non-synchronized” pattern for case A2 and the non-
synchronized pattern for case B2. In contrast, for both cases,
flow visualization reveals a transition from 2P to 2S vortex
shedding pattern. The foregoing comparison suggests that the
results pertaining to one DOF uniform amplitude VIV should
not, in general, be extrapolated to the cases of two DOF linear
amplitude VIV. A similar conclusion can be reached based on
the results of Leong and Wei [23].

The present results show that the vortex shedding pattern
can change along the span of the cylinder. Therefore, vortex
dislocations, accompanied by complex vortex connections, are
expected to occur along the span. Moreover, a simultaneous
occurrence of synchronized and non-synchronized vortex
shedding patterns at two different elevations, such as that
predicted by the map in Fig. 17 for cases Bl and B2, is not
possible since vortex lines cannot terminate in the fluid. Thus,
at a given Reynolds number, a new, multidimensional map
needs to be composed to predict vortex shedding patterns along
the span of a cylindrical structure undergoing two DOF variable
amplitude VIV.
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FIG. 17 COMPARISON OF CASES A AND B WITH THE
RESULTS OF MORSE AND WILLIAMSON [13]. NOTE THAT
A =U IN THE SYNCHRONIZATION REGION

4. CONCLUSIONS

The structural response and wake flow development of a
two DOF pivoted cylinder with moderate mass ratio and high
moment of inertia ratio have been investigated. Maintaining the
Reynolds number constant throughout all of the experiments,
the transverse damping ratio is shown to have a significant
effect on the amplitude response. The spectral analysis of the
transverse vibrations in the synchronization region shows a
single peak centered at the natural frequency of the structure. In

contrast, multiple peaks centered at the Strouhal frequency, the
natural frequency, and the harmonics of the natural frequency
appear in the spectra pertaining to the non-synchronized region.
In the synchronization region, the frequencies of transverse and
streamwise vibrations lock onto the natural frequency, and the
cylinder is observed to trace orbital trajectories. Such a
response, common in some civil structures [25, 26], is different
from Lisajous-type trajectories observed in previous studies
[22, 23] and needs to be investigated further. The results
presented reveal that, within the synchronization region, the
phase angle between the transverse and streamwise vibrations
is constant for a given U" and (y. When both the streamwise
and transverse frequencies lock onto the natural frequency, the
simple mathematical representation of the structural response is
shown to predict orbiting motion similar to that observed
experimentally.

For U'=6.6, the flow visualization results reveal a double
roll up of shear layers in the formation region of the cylinder.
However, it is shown that changing the transverse damping
ratio affects the amplitude response, which can result in
different vortex dynamics in the near wake. Specifically, vortex
merging can occur in the near wake, resulting in a 2S-like
pattern downstream. Also, for a given reduced velocity and
transverse damping ratio, the variation of the vortex shedding
pattern is observed along the span of the cylinder. A
comparative analysis of the present findings and previous
results for one DOF cylinders suggests that an updated map of
vortex shedding is required to predict shedding patterns in the
wake of a two DOF cylinder undergoing variable spanwise
amplitude VIV.
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