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Vortex-induced vibration (VIV) is a multidisciplinary field that involves fluid mechanics, structural mechanics
and vibrations, complex techniques for data analysis and numerical methods applied to fluid dynamics and solid
mechanics. The offshore industry has been at the forefront of the interest in this fluid-structure interaction
subject, in the past decades. The VIV of drilling and production risers, tensioned leg platform (TLP) tendons, and
subsea pipelines subjected to ocean currents has been a serious concern for ocean researchers and engineers. The
present study is addressed to improve our understanding of the involved dynamics of flexible pipes in isolated
and multiple arrangements subjected ‘to cross-flow through laboratory experiments. To investigate and pursue
our objectives, results obtained from analysis of data are presented and discussed in the form of vibration
amplitude and its frequency, hydrodynamic force coefficients and their frequencies, variation of mean and
fluctuating component of the axial tension, synchronization of the vibration of adjacent cylinders in multiple
arrangements. The experiments and their corresponding objectives were achieved in two different phases as
follows:

1) Isolated (single) flexible cylinder

Due to large number of parameters involved with the VIV phenomenon, there is still great uncertainty in VIV
design of these structures. Amongst the parameters not yet comprehensively studied are pre-tension and axial
stiffness. Hence, in this phase of our study, we investigated the effects of pre-tension and axial stiffness on the
dynamical responses of a flexible cylinder which was free to vibrate in three directions, i.e., axial, in-line and
cross-flow. Main conclusions are as follows:

a) High pre-tension, which reduces vibration amplitude, can significantly raise the lift coefficient. Specifically, a
four-fold increase in pre-tension was found to correspond to an increase of approximately 57% in lift coefficient

and a decrease of approximately 30% in vibration amplitude.

b) The ratio of dominant inline to cross-flow frequency was almost 2.0 except for the in-line lock-in and upper
branch (highest amplitude) regions. In the in-line lock-in region the ratio was found to be 1.0, and in the upper
branch the ratio reached 4.0 for the highest applied pre-tension, accompanied by broadening of the region in
which this ratio is over 2.0. '

¢) The increasing rates of mean and fluctuating tensions increase with increasing axial stiffness and decrease
with increasing pre-tension. For constant pre-tension, the increase of axial stiffness results in higher

frequency increase rates, while the frequency increase rate slows with the increase of pre-tension.
2) Multiple flexible cylinders

The interference among groups of cylinders is an important factor in marine and civil applications such as
production and drilling risers, TLP tendons and moorings, subsea group pipelines, transmission lines,
suspension bridges and heat exchangers which has been the subject of many studies in the past. In this phase of
the present study, the effects of arrangements between pairs of cylinders in tandem, side-by-side and staggered
configurations and among four similar cylinders in square configuration on their dynamical responses were
investigated. One of the distinctive features of the present study from previous studies is that most of the
previous studies on multiple cylinders were reported on stationary cylinders and few studies investigated the
response of an oscillating cylinder in the wake of a stationary cylinder. The studies that show VIV dynamic
response of multiple flexible cylinders (two or more cylinders) with low mass ratio and high aspect ratio are

scarce, mostly, because of the complexity in the responses.
The main conclusions from the present study on multiple cylinders are represented here as:

a) At none of the examined separation distances, the downstream cylinder (in the tandem arrangement) does not
show build-up of upper branch (within the classical cross-flow lock-in region of single cylinder) and the
amplitude response extends beyond the classical VIV lock-in region of of a single cylinder.

b) From the frequency response of the lift (transverse) force of downstream cylinder in tandem arrangement, the
highest vibration amplitude at all the separation distances occurs whenever their frequencies transition into
second modal value. The merit of the present study is that the WIV (wake-induced vibration) with the
cross-flow frequency response could be connected and new relationship between dynamical parameters could
be found.

¢) The wake interference effect on the mean drag force of downstream cylinder (in tandem arrangement)

gradually decreases with larger separation distances. For higher reduced velocities, the average value of
steady drag is about 1.15, half value of that of the single cylinder and the counterpart (upstream) cylinder.

d) The fluctuating (unsteady) drag coefficient of the downstream cylinder (in tandem arrangement) in contrast to
its steady drag shows higher values than that of the single cylinder during low reduced velocities.

e) For small separation distance between two side-by-side cylinders, no synchronization is built up for very small
range of reduced velocities. During the dominance of initial branch, strong synchronization is detected which
are almost in anti-phase mode. For higher reduced velocities, no synchronization is detected.

) For small separation distance between two side-by-side cylinders, the upper branch of the cylinder (upper
cylinder), toward which the gap flow is inclined, collapses and its frequency becomes higher. For larger
separation distance, both cylinders have independent classical VIV amplitudes.

g) From the responses of the square configurations of four flexible cylinders, we found that the effect of the wake
interference is much more dominant than the proximity interferences on the dynamics of group cylinders.

h) The responses of group cylinders arranged in multiple configurations cannot be directly inferred from the

results of the idealized configurations of pair cylinders (tandem, side-by-side and staggered).
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