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Abstract

In this study, experimental investigation compares the fluid
forces and wake modes of a freely-vibrating circular cylin-
der and a VIV-trajectory-tracking cylinder. The free VIV re-
sponse was modelled on a low-friction air bearing system in
conjunction with water channel facilities exhibits classical three
amplitude-response (“initial”, “upper” and “lower”) branches.
Measurements of the fluid forces, cylinder displacement and the
wake modes are simultaneously conducted. On the other hand,
the forced vibration experiments were conducted using a real-
time PID motion controller with very high accuracy. Compared
to the previous work of a cylinder undergoing sinusoidally-
driven oscillations, the present study provides a more accu-
rate comparison between free and forced vibrations. The wake
modes of the cylinder undergoing tracking motion show some
remarkable similarities to the case of free vibration.

Introduction

Vortex-induced vibration (VIV) of a circular cylinder has been
intensively studied in the past few decades, due to its undesired
impact on the fatigue life of structures, which can potentially
lead to structural damage or catastrophic failure. This is criti-
cal in many engineering applications, such as flow around off-
shore oil production risers, civil buildings and bridges. Exten-
sive work has been motivated and undertaken in the past, which
is well covered in collections by [2, 18].

To understand the fundamentals of VIV of a circular cylinder,
the fluid-structure system has been simplified as a linear mass-
spring-damper system in particular with one degree of freedom
in the cross-flow direction. The dynamics of cross-flow VIV of
a cylinder is mathematically represented by the following dif-
ferential equation of motion:

mÿ+ cẏ+ ky = Fy, (1)

where m is the system’s mass, c is the structural damping, k is
the spring constant, y is the cylinder’s time-varying displace-
ment, and Fy is the instantaneous fluid lift force acting on the
cylinder in the direction transverse to the free-stream. A defi-
nition schematic diagram of cross-flow VIV of a rigid smooth
circular cylinder is given in figure 1.

A pioneering experimental study in a wind tunnel by Feng [5]
characterised the vibration amplitude and frequency responses
of a circular cylinder at high mass ratios of m∗ = m/md ≈
O(100), where m is the system mass and md is the displaced
fluid (air) mass by the cylinder, over a range of reduced ve-
locities, U∗ = U/ fND, where U is the free-stream velocity, fN
is the natural frequency of system measured in the still fluid.
Feng found that the cylinder experiences largest oscillation am-
plitudes in a synchronisation region where the vortex shedding

U

k c

y
x

m

Fy

D

Figure 1: Definition sketches for cross-flow VIV of a circular
cylinder. The cylinders are allowed to oscillate freely only in the
transverse direction y, to the oncoming flow U in the stream-
wise direction x. Note that characteristic length is the frontal
projected lengths of the cross section, the cylinder diameter.

frequency ( fs) locks on to the cylinder’s oscillating frequency
( f ), and both frequencies are close to the natural frequency of
the system ( fN ): fs ∼= f ∼= fN . More recent experiments of a
cylinder at low mass ratios (m∗ ≈ O(1)) in water channel con-
ducted by Khalak and Williamson [10, 11, 13] showed that a
distinct three-branch (termed by the “initial”, the “upper” and
the “lower” branches) amplitude response occurs over a reduced
velocity range, which was not observed in case of high mass ra-
tios by Feng. Compared to Feng’s experiments, they also found
that the oscillation amplitudes are much larger with the “lock-
in” region extended to much higher reduced velocities, and that
within the “lock-in” region the normalised oscillation frequency
f ∗ = f/ fN is larger than unity and increases monotonically with
the reduced velocity. Further experiments by [8, 15] found that
magnitude of the peak amplitude is influenced not only by the
parameters of mass and damping ratios but also by Reynolds
number, defined as Re = UD/ν, where ν is the kinematic vis-
cosity of the fluid. Experiments [7] have shown that the wake
in the initial branch consists of two single vortices shed in one
oscillation cycle (2S mode), while the upper and lower branches
are associated with two pairs of vortices being shed in one os-
cillation cycle (2P mode).

In order to better understand and then to predict the response of
free vibrations, researchers have employed cylinders undergo-
ing forced sinusoidal oscillations as a complementary model, by
decoupling the fluid-structure interaction, to simplify the prob-
lems of VIV [1, 4, 16, 17, 19], simply because the results of
free vibrations have shown that the cylinder motion and the lift
force in the lock-in region are well represented by sinusoidal
functions [5, 7, 11]. Comparisons between the free and forced



vibration cases in the literature have shown that although both
cases exhibit many characteristic similarities in the wake modes
and fluid forcing, there still exist major differences in energy
transfer between the fluid and the structure [4, 16]. Therefore,
the question still remains unaddressed whether precise forced
vibration following the trajectories of the free vibration case can
reproduce the same fluid forces and wake modes.

The present study provides a direct comparison of the dynamic
response and wake modes between a freely-vibration cylinder
and a VIV-trajectory-tracking cylinder. The experimental de-
tails, the results and conclusions will be presented in the fol-
lowing sections.

Experimental Details

The experiments were conducted in the free-surface recirculat-
ing water channel of FLAIR in the Department of Mechanical
and Aerospace Engineering at Monash University. The water
channel facility has a test section of 4000mm in length, 600mm
in width and 800mm in depth.

For the free VIV experiments, a rigid circular cylinder was
vertically mounted on a low-friction air bearing system which
was placed on top of the water channel, allowing linear oscil-
latory movement of the cylinder transverse to the free-stream.
The cylinder used was made from carbon fibre tubes having
an outside diameter of D = 25mm and a wall thickness of
1.5mm. The immersed length of the body was L = 620mm, giv-
ing an aspect ratio of L/D = 24.8 and a displaced water mass
of md = πD2L/4 = 306.2g. The body movement was elasti-
cally constrained by a pair of extension springs (LE014B13S,
Lee Spring). The total mass of the oscillating system was
m = 813.2g, resulting in a mass ratio of m∗ = m/md = 2.66.
To promote parallel vortex shedding, the end condition of the
body was controlled using a platform (with a 500× 500mm2

top plate and 165mm in height) placed on the water channel
floor, giving a gap of approximately 2mm between the cylin-
der’s free end and the platform. Free decay tests were con-
ducted individually in air and quiescent water to measure the
natural frequencies of the system, fna = 0.874Hz in air and
fnw = 0.740Hz in quiescent water. The structural damping ra-
tio with consideration of the added mass effect was found to be
ζ = c/(2

√
k(m+mA)) = 2.74×10−3, resulting in a low mass-

damping ratio of m∗ζ = 7.28×10−3, where mA =CA md is the
added mass and CA is the added mass coefficient (CA = 1 for a
circular cylinder). The dynamic response of free VIV was in-
vestigated over a reduced velocity range of 2.5 <U∗ < 15, cor-
responding to a flow velocity range of 56mm/s <U < 287mm/s
and a Reynolds number range of 1450 < Re < 7500.

For the forced vibration experiments, the cylinder’s position
was controlled using a real-time feedback closed-loop motion
control system. This control system employed a hardware-
in-the-loop (HIL) control board (Model: Q4, Quanser Inc.,
Canada) embedded in a PC desktop, running on a combined
software platform of MATLAB R2010a & Simulink and Real-
Time Windows Target (MathWorks), and QUARC 2.1 (Quanser
Inc., Canada). The motion plant consisted of a digital servo
drive (Model: DPRANIE-015A400, Advanced Motion Con-
trols, USA), a brushless DC rotary motor (Model: SM231AL-
NMSN, Parker Hannifin, USA) with high resolution incremen-
tal encoder feedback device (5000 pulses per revolution or
20,000 counts per revolution post quadrature) attached to a lin-
ear ball-screw actuator (12.7mm in lead and 150mm in stroke,
Model: ERS50-B02LA20-FSR150-A, Parker Hannifin, USA).
The feedback control algorithm used was Proportional-Integral-
Derivative (PID) algorithm [3], and the motion tracking errors
were found to be within ±5µm (0.0002D).

The displacement of the cylinder was measured using a non-
contact linear variable differential transformer (LVDT: SE 750-
10000, Macro Sensors, USA). The lift and drag forces acting
on the cylinder were measured simultaneously using a two-
component force balance based on strain gauges configured in
Wheatstone bridge.

The near wake flow field of the cylinder was analysed using
particle image velocimetry (PIV) technique. The flow was
seeded with hollow microspheres (Sphericel 110P8, Potters In-
dustries Inc.) with a nominal diameter of 13µm and a specific
weight of 1.1gcm−3. Two miniature Ng:YAG pulse lasers (Con-
tinuum Minilite II Q-Switched lasers) produced a 2mm thick
horizontal planar sheet, illuminating the particles in the plane
of interest. Pairs of images were captured by a PCO 2000
(2048×2048pixel2) CCD camera, equipped with a 50mm lens
(Nikon Corporation, Japan). The PIV image data was analysed
with in-house PIV software [6], using 32× 32pixel2 interroga-
tion windows in a grid layout with 50% window overlap.

The PIV system’s trigger TTL signal along with the cylinder
position and force measurements were sampled at 1000Hz by
the Q4 HIL control system. The recorded signals provided a
time history of the location of the cylinder at the timing of each
PIV image pair, allowing phase averaging of the PIV images
based on the cylinder’s position. At least 800 image pairs were
taken at each U∗ represented, providing approximately 200 im-
age pairs at each of the four phases. Frequencies were extracted
using FFT, and confirmed with wavelet analysis [9].

Results

Free vibration response

For close comparison with a cylinder undergoing forced oscil-
lations, the dynamic response of the cylinder undergoing free
VIV is firstly obtained. The amplitude and frequency responses
of the cylinder with m∗ = 2.66 and 2.74× 10−3, over a range
of 2.5 < U∗ < 15, is shown in figure 2, compared with a clas-
sic case study with a similar mass ratio presented by Khalak
& Williamson [11]. This comparison provides an experimental
validation to ensure that the reader has confidence in the new re-
sults obtained. As expected, the response results of present case
of m∗ = 2.66 closely match the case of m∗ = 2.4, in terms of
the three-branch amplitude response pattern, the lock-in region,
and the frequency response. In the initial branch, both cylinders
experience extremely low-amplitude oscillations for U∗ < 3,
and then the maximum oscillation amplitude, A∗

max, grows up
sharply to above 0.4D as the reduced velocity is increased up to
U∗ = 4.80. As U∗ is further increased, both cases undergo an
amplitude response transition from the initial branch to the up-
per branch, and the frequency responses lock on to a frequency
close to the natural frequency of the system and depart from
the Strouhal number function trend, St = fStD/U , where St is
the Strouhal number, fSt is the vortex shedding frequency of the
cylinder at rest and U is the free-stream velocity. The maximum
A∗

max values of both cases were observed at U∗ ≈ 6. The cylin-
der experiences an intermittent switching transition from the up-
per to the lower branch at U∗ = 7.8, which has also been seen by
[11]. The lower branch is featured with very stable oscillation
amplitudes of A∗

max ≈ 0.6D. In this branch, the frequency re-
sponse remains remarkably constant with a value of f ∗ ≈ 1.342
over a reduced velocity range of 7.6 < U∗ < 10.5. As U∗ is
further increased, the amplitudes gradually drop down to very
low values, and the frequency responses exhibits a component
following the Strouhal number functional trend, indicating end
of the lock-in region.

The major difference between these two cases is the ampli-
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Figure 2: The amplitude and frequency responses of VIV of cir-
cular cylinders over a range of reduced velocity. (a) shows the
normalised maximum amplitude response, A∗

max = max(A/D),
at each U∗, and (b) shows the normalised frequency response,
f ∗ = f/ fN , where fN = fnw. The black squares represent the
results of a cylinder with m∗ = 2.4 and ζ = 4.5 × 10−3 by
[12], and the blue circles represent the present cylinder with
m∗ = 2.66 and 2.74×10−3. The location of PIV measurement
at U∗ = 4.93 is highlighted by the red bull’s-eye symbol.

tude magnitude of the upper branch, due to the difference in
Reynolds number. The A∗

max peak of the present case m∗ = 2.66
observed is A∗

max = 0.88, approximately 12% less than that
(A∗

max = 1.0) of the case m∗ = 2.4. The effect of Reynolds num-
ber on VIV of a circular cylinder has been well discussed in
[14]; however, it is not a major focus of the investigation in this
study.

Comparison between free VIV and forced tracking vibration

A direct comparison between a freely-vibrating cylinder and a
VIV-trajectory-tracking cylinder is investigated at U∗ = 4.93, as
highlighted in red bull’s-eye symbol in figure 2. This compari-
son location was at the beginning of the upper branch (A∗

max =
0.765), where the body’s oscillation frequency matched the nat-
ural frequency of the system ( f = fnw or f ∗ = 1). Figure 3
shows the time traces of the forces and phases of both free
and tracking cases. The oscillation amplitudes, shown in fig-
ure 3 (a), become much larger and more stable than in the ini-
tial branch. The time traces in figure 3 (a)-(e) show that the total
lift, the vortex and the corresponding phases of both the free and
tracking cases are well matched. The results of the total phase
( defined as the phase angle between the transverse lift and the
cylinder displacement), φtotal ≈ 0◦, and the vortex phase (de-
fined as the phase angle between the vortex force and the cylin-
der displacement [4, 7]), φvortex ≈ 0◦ suggest the presence of
2S mode at this reduced velocity for the two cases. The phase-
averaged results of the vorticity fields in figure 4 shows both the
free and trajectory-tracking cases experience the same 2S mode
organised in a double-row configuration. In particular, the flow
structures in the very near wake of the two cases are remarkably
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Figure 3: Time traces of the fluid forces and phases of both the
freely-vibrating and trajectory-tracking cylinders at U∗ = 4.93
and Re = 2330: (a) the body motion, (b) the position track-
ing errors, ey, (c) the transverse lift coefficient, Cy, (d) the total
phase, φtotal , (e) the vortex force coefficient, Cvortex, and (f) the
vortex phase, φvortex. The black dot-dashed lines represent the
response of freely-vibrating cylinder and the solid red lines rep-
resent the response of the tracking cylinder. Note that τ = t fnw
is the normalised time.

similar in all the four phases presented here. It is interesting
to note how well this observation of the 2S mode in the upper
branch agrees well with the [17]’s map of a forced-oscillating
cylinder. The previous study [7] proposed that a freely-vibrating
cylinder with low-m∗ζ value experienced a wake mode transi-
tion from 2S to 2P which was associated with the amplitude
response jump from the initial to the upper branch, as the os-
cillation frequency passed through the natural frequency of the
system in water. However, the present results suggest that the
jump in the amplitude response from the initial to the upper
branch in free vibration does not necessarily correspond to a
wake mode transition from 2S to 2P mode.

Conclusions

Vortex-induced vibration of a circular cylinder with low mass
and damping was experimentally investigated over a range of
flow velocity. The obtained results have been validated by com-
paring with a classic study case in the literature. Further, the
dynamic response and wake modes of the freely-vibrating cylin-
der located at the beginning of the upper branch have been
compared directly with the VIV-trajectory-tracking cylinder.
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Figure 4: Phase-averaged PIV results showing the presence
of 2S wake mode for both the freely-vibrating and trajectory-
tracking cylinders at U∗ = 4.93. The Reynolds number of both
cases is Re = 2390. Four phases are shown over one oscillation
cycle. The dashed iso-lines (filled blue) represent clockwise
(negative) vorticity, and the solid iso-lines (filled red) represent
counter-clockwise (positive) vorticity.

This investigation firstly provided a direct close comparison be-
tween free and forced vibrations of a circular cylinder. The
comparison results have shown that both the two cases exhib-
ited highly similarities in the fluid forces and the correspond-
ing phases, which would provide better in-depth insight into
the fluid-structure interaction and the previous studies based on
forced sinusoidal oscillations.
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