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ABSTRACT

In this paper, we conducted a selective review on the recent progress in physics insight and modeling of flexible cylinder flow-induced vibra-
tions (FIVs). FIVs of circular cylinders include vortex-induced vibrations (VIVs) and wake-induced vibrations (WIVs), and they have been
the center of the fluid-structure interaction (FSI) research in the past several decades due to the rich physics and the engineering significance.
First, we summarized the new understanding of the structural response, hydrodynamics, and the impact of key structural properties for both
the isolated and multiple circular cylinders. The complex FSI phenomena observed in experiments and numerical simulations are explained
carefully via the analysis of the vortical wake topology. Following up with several critical future questions to address, we discussed the
advancement of the artificial intelligent and machine learning (AI/ML) techniques in improving both the understanding and modeling of
flexible cylinder FIVs. Though in the early stages, several AL/ML techniques have shown success, including auto-identification of key VIV
features, physics-informed neural network in solving inverse problems, Gaussian process regression for automatic and adaptive VIV experi-
ments, and multi-fidelity modeling in improving the prediction accuracy and quantifying the prediction uncertainties. These preliminary yet
promising results have demonstrated both the opportunities and challenges for understanding and modeling of flexible cylinder FIVs in
today’s big data era.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0078418

I. INTRODUCTION

Structures like offshore pipelines are subject to flow-induced
vibrations (FIVs) under the external fluid flows, shown in Fig. 1. Such
a periodic fluid-structure interaction (FSI) process will increase the
fatigue damage of the structure, which is difficult to predict. Based on
the research over the past several decades, excellent reviews were
written.1–11 However, the problems of bluff body FIVs, especially for
flexible cylinders, are by no means solved and fully understood. The
present paper aims to complement the previous reviews and focuses
on the new advancement in physics insight and modeling of the flexi-
ble cylinder vortex-induced vibrations (VIVs) and wake-induced
vibrations (WIVs), given the light of more recent developments.

Over the past decade, several well-controlled lab experiments,
large-scale field observations, and high-fidelity computational fluid
dynamics (CFD) simulations have been conducted to understand
FIVs of flexible cylinders with different structural configurations and

various environmental conditions. Compared to rigid cylinder FIVs,12

flexible cylinders exhibit more complicated distributed structural
vibrations and vortical wake patterns. Various structural vibration pat-
terns have been observed under different experimental conditions. For
instance, it was found that the response in the mildly sheared flow was
more likely to show multiple-mode, non-“lock-in” behavior than that
in highly sheared conditions.13–15 The VIV response for small-aspect-
ratio flexible cylinders in uniform flow was dominated by standing
waves, while significant traveling wave responses16–18 were observed
for large-scale field experiments.19 The cylinders at a similar level of
m�f could exhibit very different response amplitudes.20 These new
phenomena encourage researchers to conduct more systematic investi-
gations to reveal the fundamental physical mechanism behind this FSI
process.

Various numerical models have been proposed to simulate this
nonlinear FSI problem.5 High-fidelity CFD tools have shown great
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promise to shed light, especially on the vortical wake topology.21

However, their computational cost is still too high for industrial appli-
cations. Therefore, empirical modeling is still used as the leading tool-
kit for engineering applications for its efficiency.22–24 The VIV fluid
forcing on the slender structures is often modeled as a nonlinear func-
tion of structural vibration amplitude, frequency, and current profile
conditions. These empirical engineering models use hydrodynamic
coefficient databases constructed from the forced vibration experi-
ments on rigid cylinders. Due to the non-linearity and high-
dimensionality of the problem, the current empirical VIV prediction
models still have large error bounds.25

To solve the aforementioned problems, more advanced data ana-
lytic techniques are required. The rapid development of artificial intel-
ligence and machine learning (AI/ML) methods in recent years offers
a wealth of techniques to discover patterns in high-dimensional and
non-linear data.26–28 These characters provide a tangible solution to
extract key FIV features and model their non-linearity. The recent
development and application of AI/ML techniques include feature
selection,29 physics-informed neural network,30–32 and multi-fidelity
predictions.33 Additional physical insight and improved prediction
accuracy could be achieved using the synergic approach.

Given the recent progress in physics insight and modeling for
flexible cylinder FIVs, this paper presents a selective review on the
related topics. We first summarized the characters of structural
response, hydrodynamic forces, and wake characteristics for both the
isolated and multiple circular cylinders. In particular, the focus is given
to the combined-IL-and-CF motion effect on flexible cylinder VIVs.
Meanwhile, we discuss the interference between two circular cylinders
and pay special attention to the WIVs of cylinders in a tandem
arrangement. Next, we shed light on the new advancement of data-
analytic techniques and their exciting applications in flexible cylinder
FIV modeling. The preliminary result shows that the combination of
AI/ML techniques and the physics-based model can efficiently identify
key features affecting flexible cylinder FIVs. Furthermore, we can
achieve a more accurate prediction of the structural response by keep-
ing the data-driven model consistent with physical knowledge of the
problem.

II. NEW PHYSICS INSIGHT INTO SLENDER BLUFF
BODY VIVs

As described in the introduction, over the last decade, a number
of well-controlled lab experiments, large-scale field observations and
high-fidelity simulations have helped to shed light on the complex
nature of the flexible cylinder FIVs. In particular, we identify the

following key questions that have been well addressed in the recent
research works:

(1) what is the similarity and difference of the FIV response
between flexible and rigid cylinders?

(2) what is the similarity and difference between the flexible cylin-
der response in constant uniform flow and unsteady/non-uni-
form flow?

(3) what is the similarity and difference between the response of an
isolated flexible cylinder FIV and multiple flexible cylinder
when interfering?

(4) what is the effect of combined the IL and the CF motion on
flexible cylinder structural response, fluid forces, and vortical
wakes?

(5) when and how will traveling wave response dominate the flexi-
ble cylinder FIVs?

(6) what are the detailed 3D vortical wake patterns behind the
vibrating flexible cylinders?

(7) what are the most influential structural and hydrodynamic fea-
tures for infinitely long flexible cylinders?

A. VIV of a single flexible cylinder

1. Characters of the VIV structural response

Since Brika et al.34 first conducted laboratory experiments on a
flexible cylinder placed in the uniform flow, several other well con-
trolled laboratory experiments21,35–42 have been conducted to study
the structural responses, fluid forces, and wake patterns of a flexible
cylinder in the flow. Additionally, large-scale experiments in both deep
water basin facilities and field19,43–48 helped to shed some light on the
response of the slender structure with a very large aspect ratio close to
those used in the real ocean. Furthermore, numerical simulations
including both the reduced order model, such as wake oscillator,49–52

and high-fidelity CFD53–58 have used to explore a large structural
parameter space as well as to visualize the wake topology in detail.21

The uniform flexible cylinder in the uniform flow is one of the
simplest models for the flexible cylinder VIVs. Despite its simple form,
a rich number of phenomena have been reported, including modal
transitions in both the IL and the CF directions, dual harmonics,21

amplification of the drag forces,19 the existence of the higher harmonic
force components,45 and variation of the top tension.61 One of the key
differences between the flexible cylinder and the rigid cylinder62 is that
the flexible cylinder can have an infinite number of structural natural
frequencies and modes. Therefore, key questions may arise whether
the amplitude and frequency response of the flexible cylinder may
resemble those of the rigid cylinder. In addition, for the flexible cylin-
der, when two/multiple potential modes can be excited simulta-
neously, which one/ones may appear. Such questions have been
demonstrated in the sketch, shown in Fig. 2.

In the experiment conducted by Huera-Huarte et al.,37,38 45% of
the flexible model was in the water, creating a stepped inflow condi-
tion. Indeed, some similarities between flexible and rigid cylinders
undergoing VIV were observed. When the top tension was low, the
model vibrated as a tensioned beam. Three branches of initial, upper,
and lower parts were observed, similar to that in the rigid cylinder
response.64 When the tension increased, the model behaved like a

FIG. 1. A sketch of the vortex induced vibrations of flexible cylinders within a non-
uniform flow profile.
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string, and the response concentrated into only the initial and upper
branches.21

More comprehensive experiments on the long flexible cylinder
over a wide range of reduced velocities were conducted by Chaplin
et al.35 and Fan et al.21 on models of different scales at different facili-
ties. Need to point out here, in both experiments, the effect of the ten-
sion along the flexible structure was more significant than that of the
bending stiffness. Their results shared a similar trend that the model

responds with a narrow-banded single frequency, and the IL motion
played an essential role in the CF vibration, as previously found in the
rigid cylinder vibration.65,66 In addition, the maximum displacement
of the flexible cylinder VIV exhibited a discontinuous response pattern
during the modal group switch, accompanied by the jump of the
response frequency, shown in Fig. 3. Such a phenomenon has also
been observed in a much larger scale experiment from the Norwegian
Deep-water Program (NDP) of a 38-m-long riser model towed in the
water basin.67 Fan et al.21 explained that such a frequency and dis-
placement jump was a result of variation of the hydrodynamic coeffi-
cient distribution along the model, especially the fluid added mass.68

Another noteworthy larger-scale flexible cylinder experiment
includes Exxon Production Research co-sponsored investigation of a
tensioned steel tube, 23m in length (d¼ 4.13 cm), exposed to uniform
flow in the summer of 1981 at Castine, Maine. The results were used
to construct a widely used mean drag coefficient formulation.69,70

Depending on the current speed, the CF standing wave response was
observed for the second, the third, and the fourth mode. Under rare
ideal conditions, dual resonance, the CF and the IL lock-in response,
was observed, which includes figure-of-eight motion and peak ampli-
tude response of Ay=d ¼ 1:4. Similar large-amplitude, figure-eight tra-
jectories accompanied by phase-coupled IL and the CF motion were

FIG. 3. Frequency ratio and maximum
amplitude of the CF (a) and IL (b) dis-
placement (Ay=dAx=d) along the span vs
Ur. Red stars, frequency ratio fy=fn1 and
fx=fn1; blue diamonds, maximum ampli-
tude of the CF and the IL displacement.
Cases in the same modal group (same
dominant mode in both the IL and the CF
directions) are labeled together with the
black dashed arrow. Starting from
Ur ¼ 8:84, in the same modal group the
maximum of Ay=d and Ax=d monotoni-
cally increases with Ur, but during the
modal group switch, both the maximum of
amplitudes and the frequency ratios jump.
The CF frequency ratio fy=fn1 of the “2n:n”
modal group highlighted by the black box,
for example modal group “6:3,” shows that
the actual vibration frequency is larger
than the natural modal frequency pre-
dicted in still water.21 Reproduced with
permission from Fan et al., Mapping the
properties of the vortex-induced vibrations
of flexible cylinders in uniform oncoming
flow, J. Fluid Mech. 881, 815–858 (2019).
Copyright 2019 Cambridge University
Press.

FIG. 2. Sketch of the potential amplitude response for the isolated flexible cylinder
that has an infinite number of modes and natural frequencies. Questions, therefore,
are raised whether its structural response may resemble that of the rigid
cylinder.59,60
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observed in a roughened, horizontal steel pipe exposed to a tidal flow
in a Venetian estuary at Reynolds numbers (Re) up to 220 000.71

The uniform flexible cylinder in the shear flow: in real ocean con-
ditions, the uniform current profile is seldom met, and a non-uniform
flow profile72,73 can be found everywhere. The shear flow condition
may introduce fluid force of different frequencies along the flexible cyl-
inder, and therefore, may excite multiple frequencies and multiple
modes vibrations.

Vandiver et al.74 first reported an experiment on a cable of 290m
in length and 4.06mm in diameter in a vertical shear flow. Compared
to the single-frequency narrow-band vibration of the flexible cylinder
in the uniform flow, a very broadband response was identified.
Furthermore, they found a smaller amplitude response of 0.25–0.5
diameter in the experiment than a one diameter amplitude response in
the uniform flow. Similar phenomena were also observed and reported
in the NDP shear flow case44 that for the 38m in length model in the
shear flow: a strong traveling wave pattern dominated the amplitude
response. Researchers suggested that the lock-in regions for the flexible
cylinder in the shear flow were broader than uniform flow cases from
the experiment. The possible explanation was that the effective added
mass might change the natural frequency catering to the vortex shed-
ding frequency.75–77 These phenomena were also later observed in the
Lake Seneca, and Miami I and II tests, where a larger number of sen-
sors were installed on the flexible model.19,78

Using a curved sheet of wire gaze, Stansby79 generated a shear
inflow condition in the wind tunnel and studied the vortex shedding
due to the CF vibration of a cylinder in the incoming flows. It was
found that the vortices behind the cylinder were shed in cells, and the
spanwise extent of lock-in at the cylinder frequency was affected by
the inclination of shed vortices in the shear flow. Allen et al.80 con-
ducted a series of VIV tests of flexible cylinders in a circulating water
channel with a test-section of 3.66m depth. By comparing the flexible
cylinder VIV response under different shear gradients, Vandiver
et al.13 categorized the response based on a shear parameter. They
defined the shear parameter as the ratio of the change in velocity of
the flow over the length of the cylinder to the spatially averaged flow
velocity over the length of the cylinder. It was found that under uni-
form flow or highly shear conditions, some single-mode was often
excited. While in mild shear conditions, single-mode dominance is
rare. Frequently the response shows multiple modes and non-lock-in
behavior, and there was a considerable time-domain fluctuation of
modal response energy between various modes.

The Exxon Mobile81 experimented on the flexible model of
11.48m length and 20mm diameter in the linearly sheared flow with a
unique rotation rig. The well-controlled linearly sheared flow was
imposed on the tilted flexible model. One of the key findings from this
experiment was that a single frequency response near the Strouhal fre-
quency was observed for all the cases, even for the strong shear rate
ones; however, several modes coexisted even if the response appeared
at a single frequency. In addition, the lock-in region of the flexible cyl-
inder tended to locate in the high-velocity region. Therefore, the
researchers concluded that the flexible cylinder VIV was classified as a
single-frequency vibration in the linearly sheared flow. A similar phe-
nomenon was observed in the simulation.82–84

Meanwhile, it isn’t easy to generate stable and well-controlled
non-linearly sheared flow in laboratory settings. Therefore, there are
almost no well-documented experiments on the flexible model in the

non-linearly sheared flow. Some numerical simulations of such kinds
have been performed on low Re cases.85 Bourguet et al. simulated a
flexible model in both a linearly sheared and an exponentially sheared
flow, and he found that in both flows, multiple frequencies and modes
would be excited.86 However, difference63 could be found on between
the two inflow cases: in the linear shear flow, time-varying mono-
frequency is excited, while in the exponentially shear flow, multiple
frequencies were found to coexist at the same time and the same
location, shown in Fig. 4.

The study of the uniform flexible cylinder in the unsteady flow is
motivated by real industrial scenarios, such as an oscillatory flow that
exists near the free surface in the presence of ocean waves, or offshore
platform heave- or surge-induced riser motion, or the slowing varying
unsteady flow caused by tides. Compared to a vast number of studies
on the rigid cylinder in unsteady flow, such as cylinders in the oscilla-
tory flow,87–91 the number of studies on the flexible cylinder in the
unsteady flow is significantly limited. Several noteworthy research
studies on an oscillating flexible cylinder in the stationary flow92–94

revealed that the response of flexible cylinder in oscillatory flow has
both similarity and difference compared to that in the uniform flow. A
typical response of the flexible cylinder in the oscillatory flow is shown
in Fig. 5, which features an intermittent VIV response with an ampli-
tude modulation including three phases: build-up, lock-in, and dry-
out.92

The interesting phenomenon of the hysteresis response for the
flexible cylinder42 appeared as well in the unsteady flow, reported in
several experiments.92,95 Such response was especially prominent in
the slowly varying flow cases, namely the slowing accelerating or decel-
erating cases.95 A similar phenomenon was observed long before in
the rigid cylinder.96 Resvanis95 proposed a non-dimensional unsteady
flow parameter c ¼ @U

@t � Tn
Un

to predict whether VIV would be an issue
in the time-varying flow. c could be interpreted as the ratio of the
velocity change during one cycle of the riser vibration and was found
to be a good indicator of the VIV response in the time-varying flow:

(1) when c < 0:02, the flexible cylinder response in the time-
varying flow is similar to that in the steady current;

(2) when 0:02 < c < 0:1, VIV may occur, but the structural
response differs from that in the steady current;

(3) when c > 0:1, no VIV is observed for a flexible cylinder in the
experiment.

Based on the new phenomena observed in the experiment of the
flexible cylinder in the unsteady flow, several corresponding prediction
methods have later been developed.97–99

Standing wave vs Traveling wave: field observations, laboratory
experiments, and numerical simulations revealed that when long, ten-
sioned cylinders were exposed to spatially non-uniform flow, they
could have a standing wave response, traveling wave response, or a
mixture in both the IL and the CF directions.19,85,100,101 Traveling
waves usually occur when there is a nonuniform distribution of damp-
ing (including both structural and hydrodynamic damping) along the
cylinder.102 For example, in a linearly sheared flow, the hydrodynamic
damping is larger in the lower flow speed region. This leads to the elas-
tic waves excited in the higher flow speed region to propagate and
gradually decay in the lower flow speed region. Similarly, significant
traveling waves generated in the bare region of a cylinder can be found
to be propagating into the regions covered with fairings or strakes.20
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Whether the response is traveling wave-dominated or standing
wave-dominated can influence the distribution of phase angles and the
hydrodynamics along the cylinder. In standing wave-dominated
motion, the phase angle between CF and IL motion has a 180

�
jump at

the IL node, which is accompanied by a strong shift in the added mass
coefficient.21 In contrast, for the traveling wave-dominated VIV
response, the phase angles and motion trajectories change gradually,
and regions with a favorable phase angle may exist over long lengths
of the pipe.19

To characterize the response features mentioned above, proper
orthogonal decomposition (POD) was conducted to reduce the
dimension of the flexible cylinder VIV from infinite degrees of free-
dom to a few dominant modes in the CF and the IL directions.103,104

The mode dominance factor j was proposed and used to characterize
whether single-mode dominated the response or multiple modes were
competing simultaneously. By analyzing the statistics of mode partici-
pation of flexible cylinder VIVs via moving window analysis, it was
found that the IL vibration tended to be more complicated, requiring
several more POD modes compared to the CF vibration. To further
tell the difference between traveling waves and standing waves, a
traveling wave index a was proposed. The statistics of the mode domi-
nance factors and traveling wave indices were analyzed for the

large-scale VIV experiments. Using these parameters as inputs, the
machine learning model showed that the higher harmonics of the
cylinder tend to increase when the vibration would be dominated by a
single mode and traveling waves.104

2. Hydrodynamics and wake topology of a single
flexible cylinder VIVs

Rigid vs flexible, the validity of the strip theory assumption: the
state-of-art prediction tools for the riser VIV are based on the validity
of the strip theory,105 which assumes that the hydrodynamic force dis-
tribution along the flexible model can be accurately captured via the
hydrodynamic coefficient database constructed via rigid cylinder
forced vibration with prescribed trajectories.106–108 Such an assump-
tion has been taken for granted for decades without much careful
verification.

One of the major obstacles is that directly measuring the fluid
force distribution along the flexible cylinder in the experiment is diffi-
cult. Therefore, several inverse force calculation methods were devel-
oped. Using methods of finite difference,109 finite element,110 least
squares estimation,111–113 and Kalman filter estimation,111 distributed
fluid forces and hydrodynamic coefficients along the flexible cylinder

FIG. 4. Selected time series of the CF
displacement and frequency content at
certain location along the model as a
function of time (scalogram), in the (a) nar-
rowband (linear shear flow) and (b) broad-
band (exponential shear flow) response
cases.63 Reproduced with permission from
Bourguet, et al., “Distributed lock-in drives
broadband vortex-induced vibrations of a
long flexible cylinder in shear flow,” J. Fluid
Mech. 717, 361–375 (2013). Copyright
2013 Cambridge University Press.
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were inversely reconstructed from the measured displacement
response.21 These inverse force calculation methods have been validated
against numerical simulations and some experiments. One major limita-
tion in these methods is that most of the techniques except the Kalman
filter methods proposed by111 are not able to quantify the uncertainty in
the process or the sensor measurement. In general, the results showed
that fluid force distribution along the flexible cylinder was much richer
than and qualitatively different from the hydrodynamic coefficients
acquired from the rigid cylinder CF-only force vibration experiment.

The development of the inverse force reconstruction methods
helped to significantly enhance our understanding of the flexible cylin-
der fluid force distribution undergoing VIVs. For example, based on
the energy conservation, Rao et al.114 proposed a power-flow approach
and successfully identified the “power-in region” a.k.a. “lock-in”
region, where the positive energy transferred from the fluid to the
structure along the flexible cylinder. One important finding in that
study was that for bare pipes under linear shear flow, the power-in
region was around 30% of the entire pipe near the high flow speed
end, which was also revealed in CFD analysis.85

Fan et al.21,105 used high-fidelity numerical tools, well-controlled
laboratory test on flexible cylinder motion, and a robotic towing
tank115 to construct a detailed rigid cylinder hydrodynamic data-
base.116 They demonstrated the validity of the strip theory between the
reconstructed force distribution along a uniform cylinder in the uni-
form flow. In addition, they predicted sectional hydrodynamic coeffi-
cients from a combined-IL-and-CF rigid cylinder hydrodynamic
database. In specific, the positive Clv was found in locations with a
small CF amplitude and counterclockwise phase h distribution,117

shown in Fig. 6(c). In addition, Cmy varied significantly along the flexi-
ble cylinder due to the effect of various h distribution along the span,

shown in Fig. 6(d). Furthermore, span-averaged Cmx and Cmy were
interrelated, helping to reach a dual resonance in both the IL and the
CF directions.

For VIV problems, a vortical wake pattern analysis is crucial for a
better understanding of the mechanisms of coupled interaction between
the fluid and the structure. It is rather difficult to quantitatively acquire
a detailed flow visualization in the wake of the oscillating flexible cylin-
der from experiments. Limited work using 2D-PIV38,118 revealed that
the vortical wake patterns behind the node and anti-node sections of the
flexible cylinder resembled to those observed in the rigid cylinder free
vibrations.96 On the other hand, a high-fidelity CFD result can provide
an in-depth view of both cross-sectional and three-dimensional vortical
wake topology,119–125 shown in Figs. 6(e) and 6(f), respectively. Several
key findings from the simulated wake behind the oscillating flexible cyl-
inder included: (a) in the uniform flow, parallel vortex shed in span-
wise cells separated by the IL nodes,21 shown in Fig. 7, in contrast to the
oblique vortex shedding pattern when the flow had an angle to the cyl-
inder axis;126 (b) there was a strong correlation among the sign of the
cross-flow added mass, the cylinder orbit orientation and the vortex
shedding mode, which is illustrated in the experiment and simulation68

that the IL motion will strongly affect the vortex shedding pattern and
the relative motion between the cylinder and shedding vortices, hence
altering the fluid added mass.

3. The effect of key structural parameters on flexible
cylinder VIVs

Understanding the system parameters that has a strong influence
on the flexible cylinder VIVs, is key for designing, predicting, and
monitoring the structural health of marine risers.

FIG. 5. A typical response of flexible cylin-
der in the oscillatory flow92 at T ¼ 10:2s,
KC¼ 178. (a) The shedding frequency; (b)
amplitude ratio; (c) response frequency;
and (d) modes. Reproduced with permis-
sion from Fu et al., “Features of vortex-
induced vibration in oscillatory flow,” J.
Offshore Mech. Arct. Eng. 136, 011801
(2014). Copyright 2014 of American Society
of Mechanical Engineers ASME.
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Traditionally, the mass-damping parameter m�f that was intro-
duced by Scruton127 has been widely used to correlate peak response
amplitude for both rigid and flexible cylinders.128 However, m�f is
based on structural damping only, and it does not take into account
the hydrodynamic or radiation damping for flexible cylinders. By care-
fully following the flow of power throughout the structure under the
assumption of the narrow-banded, steady-state vibration, Vandiver
et al.20 proposed a dimensionless damping parameter for a flexible cyl-
inder, known as c�. The proposed parameter can place the global
structural response on a spectrum of lightly to heavily damped systems
for both experimental measurements and simulation program predic-
tions, as shown in Fig. 8. Ma104 later demonstrated that the damping
parameter c� also plays an important role in decreasing the higher har-
monics response.

Meanwhile, a wave attenuation parameter bR ¼ coutLout=ZR was
proposed to determine when the radiation damping was dominant,20

where cout and Lout are the damping coefficient in the power-out
region and the length of the power-out region, respectively. ZR is the

local impedance at the boundary between “power-in” and “power-
out” regions. For the tension dominated cylinder, the local impedance
can be well approximated by

ffiffiffiffiffiffiffi

Tm
p

.
It has been derived that when bR > 2:3, the cylinder behave as if

of an infinite length, where the vibration waves excited in one region
propagate and die out due to structural and hydrodynamic damping
before reaching the boundaries of the pipe. In this situation, the radia-
tion damping, determined by the impedance of the cylinder ZR, is the
dominant factor for energy dissipation. Such a condition was found to
happen for very long risers in shear flow74,130,131 or risers partially cov-
ered with strakes or fairings.20

In 1983, a 290m long and 4.06mm diameter braided Kevlar
cable was deployed in a shear current from a barge, moored near St.
Croix in the US Virgin Islands.74,131 It was observed that the tension-
dominated cable exhibited dynamic response characteristics like that
of an infinitely long system, with traveling waves leaving the excitation
region and diminished to negligible levels in approximately 40 m.
Even though the structural damping ratio of the pipe f was low, the

FIG. 6. Structural response and wake flow of the uniform flexible cylinder (L=d ¼ 240) in the uniform current68 at Re¼ 900. (a) Experiment result: blue solid line, CF displace-
ment; red solid line, IL displacement; black solid line, phase angle between the IL and the CF trajectories (h); black dashed line, h ¼ p. (b) Simulation result: lines are equiva-
lent to (a). (c) Distribution of lift coefficient in phase with velocity (Clv): red solid line, experiment; red dotted line, simulation; black dashed line, Clv¼ 0. (d) Distribution of added
mass coefficient in the CF direction (Cmy): black solid line, experiment; black dotted line, simulation; black dashed line, Cmy¼ 0; the blue shade highlights the region of “Pþ S”
vortex shedding mode. (e) Two-dimensional snapshots of the vorticity field at six spanwise locations highlighted by the red circles in (b): from top to bottom,
z=L ¼ 0:9178; z=L ¼ 0:7926; z=L ¼ 0:5714; z=L ¼ 0:4814; z=L ¼ 0:2505, and z=L ¼ 0:0842. (f) A three-dimensional snapshot of the vortices. It is noted that the vorti-
ces are represented by iso-surfaces of Q¼ 0.1 and colored by xz. Reproduced with permission from Wang et al., “Illuminating the complex role of the added mass during vor-
tex induced vibration,” Phys. Fluids 33, 085120 (2021). Copyright 2021 with the of AIP Publishing.
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observed RMS response amplitude in the power-in region was unusu-
ally small of less than half a diameter.19 The phenomena remained a
puzzle until the role of radiation damping was found to be a control-
ling factor in the experiment.20

Besides adjusting the impedance of the cylinder, the relative
importance between the tension and the bending stiffness also has an
effect in adjusting the natural frequency and dispersion relationship of
a cylinder. To investigate how the structural mode shape could affect
vortex-induced vibrations, Gedikli et al.17 systematically altered the
cylinder bending stiffness using plastic beams molded inside flexible
urethane cylinders. Similar to the observations in large-scale field

experiments,70 the small-scale experiments confirmed that for excita-
tion of low mode numbers, due to symmetric drag loading, the cylin-
der was unlikely to vibrate with an even mode shape in the IL
direction. Meanwhile, no IL mode shape changes were observed unless
a CF mode shape change occurred. This observation was different
from the tension-dominated model experiments.21 In addition, Wu
et al. found that the prediction of CF VIV and higher harmonics stress
could be improved by taking into account the relative importance of
tension with respect to the bending stiffness.132

Moreover, the boundary conditions are also important. Seyed-
Aghazadeh et al.133 studied the effects of symmetry breaking at the
boundary of the flexible cylinder in a recirculating water tunnel. The
study showed that the VIV response was very sensitive to the bound-
ary conditions even with a small amount of asymmetry, especially in
high reduced velocity regions. Similarly, Grouthier et al.134 numeri-
cally investigated the efficiency of energy harvesting of flexible cylin-
ders with periodically distributed dampers and with a single damper
only at one end. The energy harvesting efficiency through the distrib-
uted damper was found to be sensitive to the mode of the standing-
wave dominated vibration, while the efficiency of the localized damper
at one end of the hanging cable was found to be driven by the traveling
waves, which is more robust for energy harvesting under a range of
flow speeds around the design point.

B. FIV of multiple cylinders

Due to hydrodynamic interference among the multiple cylin-
ders,136,137 some new concepts and phenomena arise compared to the
isolated flexible cylinder VIVs. In this section, we will provide an

FIG. 7. A series of snapshots of the vortex shedding for flexible cylinder at Re¼ 90021 over one period at t¼ 0, t ¼ 1
4 T ; t ¼ 1

2 T ; t ¼ 3
4 T , and t¼ T from left to right, where

T is the vibration period at Ur D Ur ¼ 17:22. The vortices are represented by isosurfaces of Q¼ 0.1 and colored by xz. Reproduced with the permission from Fan et al.,
“Mapping the properties of the vortex-induced vibrations of flexible cylinders in uniform oncoming flow,” J. Fluid Mech. 881, 815–858 (2019). Copyright 2019 Cambridge
University Press.

FIG. 8. A�rms vs c
� for measured and predicted CF response amplitude of a 12 mm

diameter pipe in 2011 Shell experiment.20 CL1 and CL2 are two lift coefficient mod-
els in SHEAR7 program.129
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outline of those phenomena that are generic to the FIV of multiple
flexible cylinders and pay special attention to the three aspects: (a) the
characters of the structural response of multiple cylinders, (b) the
hydrodynamic properties of multiple cylinders, and (c) the wake
topology of flow around multiple flexible cylinders.

Since the FIV of multiple cylinders is strongly correlated with the
flow interference pattern among the cylinders, we first introduce a
flow interference morphology map derived from flow around two sta-
tionary cylinders, shown in Fig. 9. In the light of the classification pro-
posed by Zdravkovich,138 the flow interference pattern is categorized
into four regimes based on wake topology: (a) proximity interference
regime, (b) wake interference regime, (c) proximity-wake interference
regime, and (d) no interference. For FIVs of multiple flexible cylinders,
we reclassify the FIV interference regime based on the FIV structural
dynamic response as follows,

(1) the proximity interference in the side-by-side arrangement;
(2) the near-wake interference in the tandem arrangement with

small separation;
(3) the far-wake interference in the tandem arrangement with large

separation;
(4) the proximity-wake interference in the stagger arrangement.

1. Structural response characters of multiple flexible
cylinder FIVs

Huera-Huarte et al.139,140 first conducted comprehensive experi-
mental measurements on the FIV of two flexible cylinders in tandem
arrangement over a wide range of separation gaps. Based on the differ-
ent structural response pattern, they proposed the classification of the
flexible cylinder FIV interference as the near-wake and far-wake inter-
ference regimes. Furthermore, they suggested that the criterion to dif-
ferentiate the two wake interference regimes was whether vortex

shedding existed between the gap. In the near wake interference
regime, the modal synchronization region the upstream cylinder
would extend to higher reduced velocities, compared with the VIV of
an isolated cylinder. However, due to the “wake shielding effect,”141

the downstream cylinder vibration amplitude139,142 was reduced. In
contrast, in the far wake interference regime, the upstream cylinder
showed the classical VIV behavior. The downstream cylinder would
experience a wake-induced vibration (WIV). Considering the richer
number of features of WIV, we pay special attention to the down-
stream cylinder response in the following content.

Compared to VIV, WIV is not well studied. The phenomenon
was referred to as wake-induced galloping143,144 or wake-induced
vibration135,145,146 in the early studies with FIV of two tandem elasti-
cally mounted rigid cylinders. The key physics insight into the rigid
cylinder WIV is that the downstream cylinder can reach a much larger
amplitude well beyond the synchronization region of the isolated cyl-
inder VIV response.

Compared to the rigid cylinder WIVs, the structural response of
flexible cylinder WIVs shows some different features. One of the key
differences is that the flexible cylinder can have an infinite number of
structural natural frequencies and modes. The first laboratory mea-
surement of the flexible cylinder FIV response with an upstream wake
interference was conducted by King and Johns.147 Only the first modal
response was excited in the experiment, and the amplitude response vs
the reduced velocity was found similar to downstream rigid cylinder
WIVs.

The experiment conducted by Allen et al.149 further revealed that
the increase in the upstream cylinder displacement would reduce the
wake interference effect on the downstream cylinder. In contrast, the
downstream would vibrate at more than one frequency. These two
characters have been further investigated and confirmed in various
other experimental and numerical studies.148,150–152 The studies
showed that lower modal resonance persisted over an extensive range

FIG. 9. The multiple flexible cylinders FIV interference regime classification and a sketch of the characteristic wake pattern for the different FIV interference regimes. A sum-
mary of the FIV structural arrangement and separation cases that have been concerned by the previous studies is included. The point at the horizontal line indicates the tan-
dem cases, and the point at the vertical line indicates the side-by-side cases. The coordinate value of the point indicates the separation. The point of the same color indicates
the separation cases from the study that is labeled by the number of it appearing in the reference list.
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of reduced velocities, while the appearance of the higher modal reso-
nance was little affected. Due to the extension of the lower modal reso-
nance branch, the overlapping between the former modal resonance
and the local modal resonance might occur, shown in Fig. 10.

When the multiple cylinders are in a side-by-side arrange-
ment,153 the structural FIV response is correlated with proximity inter-
ference. Particularly, the CF amplitude response of the two cylinders
was found to be synchronized.154,155 In addition, the IL amplitude
response was enhanced,156 compared to that of an isolated cylinder.
While the wake interference effect can exist more than 20 diameters
downstream,157 the proximity interference effect is limited in a nar-
rower side-by-side separation range. In specific, the proximity interfer-
ence effect on the CF response is below six diameters,154,155,158 but its
impact on the IL response can reach a large value.158

The structural FIV response may involve both wake and proxim-
ity interference when the flexible cylinders are in a stagger arrange-
ment. A limited number of experiments can be found, including Xu
et al..159,160 In general, understanding of the flexible cylinder FIV in a
stagger arrangement is still minimal.

2. Multiple flexible cylinder FIV hydrodynamic
properties and wake topology

The fluid force coefficients Cv in phase with the velocity (includ-
ing Clv and Cdv) quantify the energy transfer between fluid and struc-
tural motion. The positive Cv stands for the net energy gain from the
fluid to structure, while the fluid damping effect will result in a nega-
tive Cv. The added mass coefficient can be derived from the fluid force

coefficient in phase with the acceleration, and they can be used to eval-
uate the system’s true natural frequency. The definition of these hydro-
dynamic coefficients remains the same between the isolated and
multiple cylinders. Therefore, Lin et al.59 first constructed a hydrody-
namic database of a downstream cylinder in the wake of an upstream
stationery using the CF-only forced vibration test of a rigid cylinder.

The comparison of the hydrodynamic database of a single rigid
cylinder and a downstream cylinder 5 diameter behind a stationary
cylinder is plotted in Fig. 11 for Clv and in Fig. 12 for Cmy. The Clv con-
tour in Fig. 11 shows that the cylinder with the upstream wake inter-
ference effect may reach a higher amplitude at a lower reduced
frequency, namely, a higher reduced velocity, instead of ceasing reso-
nance as the isolated cylinder. Such a property explains the enlarge-
ment of the resonance regime and the increase in the CF amplitude in
the experiment of rigid cylinders in a tandem configuration,135 shown
in Fig. 10(a). In addition, it also helps to shed light on why the down-
stream flexible cylinder FIV amplitude remains a large value even in
the modal resonance transition region. The Cmy contour in Fig. 12
shows that Cmy of the downstream cylinder decreases with the increas-
ing reduced velocity and reaches a lower negative value than that of an
isolated cylinder. The lower added mass coefficient can enlarge the
synchronization region between the vortex shedding frequency and
the structural FIV frequency. A limited number of works that studied
the hydrodynamic coefficient distribution along the multiple flexible
cylinders included the experiment161 by Han et al. and simulation148

by Lin et al. Their preliminary result revealed that the distributed
hydrodynamic properties of a downstream flexible cylinder could still
be reproduced from the hydrodynamic coefficient database measured

FIG. 10. A typical WIV response of the elastically mounted rigid cylinder,135 (a) amplitude; (b) frequency. A sketch of the potential WIV response for the slender flexible cylinder
that has an infinite number of vibrational modes and natural frequencies. Due to an extension of the lower modal resonance branch, (c) multiple modes can be excited simulta-
neously; and (d) multiple frequencies can be excited simultaneously.
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from the forced vibration of a rigid cylinder, shown in Figs. 13(a) and
13(b). It is noted that no hydrodynamic database for the multiple cyl-
inders FIV with side-by-side and stagger arrangements exists.

Shown in the above section the flow visualization of the wake
topology of an isolated cylinder is an essential tool to understand the
underlying FSI mechanism of the flexible cylinder VIV. Similarly, such
studies are key to reveal the fundamental fluid process of the multiple
flexible cylinder WIVs. King and John147 were the first to measure the
wake pattern of the flexible cylinders FIV with wake interference in
the experiment. Together with later works by Brika et al.157 and
Huera-Huarte et al.,139 the studies revealed that the tandem flexible
cylinder structural response and vortical wake pattern were highly cor-
related with the gap distance between the two cylinders. Due to the

technique limitation, the above experimental flow measurements were
primarily focused on the wake pattern on a certain cross-sectional of
the model and neglected the 3D wake effect.

Numerical simulation is an alternative and complementary
approach to reveal 3D wake topology along the model span. In the
past numerical studies,148,162,163 one of the key findings obtained is
that the correlation length of the spanwise wake vortical structure can
be not only modified by the structural motion but also by the wake
interference effect from the other cylinder.162 Lin et al.148 first revealed
that the wake interference process is distributed along the flexible
model span. The wake interference effect is highly associated with the
coherence of upstream wake vortices. As shown in Fig. 13, when the
vortex from upstream wake is torn apart by the downstream cylinder

FIG. 11. Contours of excitation coefficient Clv measured from the forced-vibration tests of (a) the isolated cylinder and (b) the cylinder with upstream wake interference.59 If is
found that the positive Clv region of the isolated cylinder corresponds to a narrow range of fr from 0.1 to 0.2, while the positive Clv region of the cylinder with upstream wake
interference is found at a lower fr and higher Ay=d. Reproduced with permission from Lin et al., “Flow-induced crossflow vibrations of long flexible cylinder with an upstream
wake interference,” Phys. Fluids 33, 065104 (2021). Copyright 2021 AIP Publishing.

FIG. 12. Contours of added mass coefficient Cmy measured from the forced-vibration tests of (a) the isolated cylinder and (b) the cylinder with upstream wake interference.59

It is found that the minimum Cmy of the isolated cylinder is larger than that of the cylinder with the upstream wake interference reaches. Meanwhile, contour line of Cmy¼ 0 for
the cylinder with the upstream wake interference is found at a smaller fr, compared to that of the isolated cylinder. Reproduced with permission from Lin et al., “Flow-induced
crossflow vibrations of long flexible cylinder with an upstream wake interference,” Phys. Fluids 33, 065104 (2021). Copyright 2021 AIP Publishing.
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[Fig. 13(d)], the hydrodynamic coefficient of the downstream cylinder
shows higher similarity with the isolated cylinder [Figs. 13(a) and
13(b)]. For the limitation of numerical study with multiple flexible
cylinder FIV, the physics insight of 3D wake topology still needs to
be more addressed in the future.

C. Section summary

The new development of technologies in laboratory testing,
numerical simulations, and field monitoring has significantly
enhanced our understanding of the complex nature of the flexible cyl-
inder FIVs. The significant improvements focus on the relationship
between flexible and rigid cylinder FIV responses, the effect of com-
bined the IL and the CF motions, flexible cylinder response in
unsteady and non-uniform inflow conditions, especially the wake and
proximity interference of multiple flexible cylinders, and most influen-
tial structural and hydrodynamic features for FIVs of the flexible cylin-
der with large aspect ratios. The new progress not only provides us an
insightful and solid foundation for more accurate, flexible cylinder
FIVmodeling but also opens many more interesting questions, includ-
ing but not limited to, as follows,

(1) how may we build and apply systemic rigid cylinder hydrody-
namic databases (large parametric space) to predict FIVs of the
flexible cylinder with complex configurations and in complex
environments?

(2) how can we extend our laboratory and numerical study to more
realistic conditions for flexible cylinder FIVs, such as a large
Reynolds number (� Oð105Þ), large aspect ratios [� Oð104Þ],
and turbulent non-uniform inflow?

(3) if there is one, what is the unified relationship of FIVs of multi-
ple cylinders (cylinder arrays), and how may we build predic-
tion methods for them?

(4) how may we better interpret laboratory studies to better moni-
tor and manage structural integrity of the flexible structures
FIVs in their lifetime?

III. AI/ML TECHNIQUES FOR MODELING FLEXIBLE
BLUFF BODY FIVs

As described in the above sections, improving the data acquisi-
tion and analysis methods has driven new physics insight into and
proposed new modeling of the flexible cylinder FIVs. However, as
listed in the questions for future research, the complexity of the prob-
lems increases exponentially with more extensive input variables. A
brute-force parametric search is laborious or even virtually impossible
using classical research tools, given the problem’s high dimensionality.

In recent decades, the world has witnessed explosive progress in
Artificial Intelligence and Machine learning (AI/ML), especially the
deep learning methods. Successful demonstrations can be found in
various tasks, including image recognition,164 natural language proc-
essing,165 gaming,166 and life science.28 In particular, AI/ML offers a
wealth of techniques to discover patterns in high-dimensional data.
Therefore, it provides a tangible solution to understand and model the
complex nonlinear dynamics commonly encountered in the FSI prob-
lems.167–169 In the last five years, we have observed that the FSI
research community170–173 started to enthusiastically embrace the rich
venue of the powerful AI/ML tools to address various fluid and struc-
tural coupling problems at a greater scale and a broader scope.

This section reviews several preliminary implementations of
AI/ML tools in understanding and modeling the complex behavior

FIG. 13. Case Ur ¼ 7:3:148 The distribution of the lift coefficients in phase with the velocity Clv along the isolated flexible cylinder (a) and the flexible cylinder with upstream
wake interference (b) (the red value is reconstructed from the forced vibration test of the rigid cylinder; the black value is calculated from the FIV simulation of the flexible cylin-
der). (c) Instantaneous wake vortex pattern along the flexible cylinder span for the VIV of isolated cylinder. (d) Instantaneous wake vortex pattern over one period of cross-flow
oscillation at two representative span-wise locations z ¼ 0:11m and z ¼ 0:44 m for for the FIV with upstream wake interference at (a) t¼ 0, (b) t ¼ 0:25T , (c) t ¼ 0:5T , and
(d) t ¼ 0:75T . Reproduced with permission from Lin et al., “Flow-induced crossflow vibrations of long flexible cylinder with an upstream wake interference,” Phys. Fluids 33,
065104 (2021). Copyright 2021 AIP Publishing.
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of flexible cylinder FIVs. We foresee both exciting opportunities and
new challenges in the future.

A. AI-Enhanced feature identification and extraction

Extremely long flexible cylinder FIVs in deep water involve many
physical variables, such as Strouhal number St, Reynolds number Re,
mass ratio m�, structural damping parameter cs, aspect ratio L/d, top
tension, and model configurations. It is essential to identify the most
critical parameters for robust VIV response prediction among all the
variables. With the development of AI/ML, data-driven models are
becoming increasingly important to uncover the underlying physics
from spatial-temporal data. For example, Rudy et al.174 developed a
sparse regression method, which can discover several governing partial
differential equations of a system from measured time series in the
spatial domain. Based on a variant of the sparse identification of non-
linear algorithm, Li et al.175 built a data-driven, time-dependent model
to explain the nonlinear, time-varying aero-elastic interaction between
a suspension bridge and wind. Distinct regimes of self-excited effects
are found for different clusters of the data-driven models.

Ma et al. used a fully connected deep neural network model and
a sparsity-promoting technique176 to develop a sequential feature
selection method for flexible cylinder FIV feature identification.103,177

For example, they chose the CF amplitude response as the prediction
target. They found that the predictions using the three already known
essential parameters, including Re, c�, and the shear parameter, were
not accurate enough. They revealed that the coupling between the IL
and the CF vibration could significantly improve the prediction.
However, interpretation of these neural network models showed that
the relationship identified in the models might not be consistent with-
out the prior physical knowledge from decades of experimental
observations.

To resolve the problem mentioned above, an improved neural
network model that could satisfy the prior physical trend was pro-
posed.178 An error metric was added in addition to the prediction
error to reveal whether the input features satisfy the imposed prior
physical trend constraints or not. Even though several features such as
mode number and Re were highly correlated, the ML model with prior
constraints could distinguish their effects. The model suggested that
the response amplitude increased with Re at the same vibration mode

but decreased as the vibration mode shifted to the next higher value.
In linear shear current, the response amplitude tends to be more
prominent when the response is single-mode dominated.104

Another example to identify the key VIV feature is demonstrated
by Wu et al.132 to improve the semi-empirical prediction models for
flexible cylinder VIV. They introduced a new method to apply adap-
tive hydrodynamic parameters for different riser responses classifica-
tion. The response data from various experiments were grouped into
different sets/categories by data clustering algorithms. Each group was
linked with several parameters, including the mode number, the domi-
nance of traveling vs standing waves, the importance of bending stiff-
ness, and the significance of third-order harmonic stress. Based on the
classified groups, different hydrodynamic databases were then selected
in the semi-empirical prediction. Similarly, Riemer-Sorensen et al.179

used density-based clustering to investigate the relations between the
features of the current profile and the statistical properties of the flexi-
ble cylinder vibrations in three-dimensional current. A random forest
model was used to predict the vibration amplitude based on the local
current conditions and position on the riser, whose prediction outper-
formed the empirical VIV prediction tools designed based on two-
dimensional flow conditions.

In the field, risers will face various problems over time, such as
bio-fouling,180 structural damage,181 and aging182 that inevitably
change the structural properties significantly. Such changes result in
long-time structural monitoring, a challenging task183 that requires
not only an identification of the critical structural features but an accu-
rate online structural property estimation and damage
monitoring.184–187

A robust mathematical framework is constructed to address the
aforementioned issue by estimating structural parameters of flexible
cylinder undergoing VIVs in a sense to predict the life span of the
structure through the changes in the parameters.188 Shown in Fig. 14,
this framework is accomplished by applying physics-informed neural
networks (PINNs).31 The PINN is a physics-informed deep learning
algorithm to solve the forward and inverse problems involving partial
differential equations by employing a deep neural network to approxi-
mate the unknown function. The PINN and its different variations
have been successfully employed in many physical problems, such as
discovering turbulence models from scattered/noisy measurements,32

FIG. 14. The schematic of using a plain fully connected neural network structure of PINNs to learn flexible cylinder unknown structural damping. The gray shaded part
highlighted by the red line dashed line is the neural network parameterized by r, where the input layer takes the two coordinates z and t from the simulation data, and the out-
put layer is the gNN. The red shaded part highlighted by the blue line dashed line constructs the VIV equation residual with model parameters q. The loss function is composed
of both terms coming from the network and the equation residual and is used to learn the unknown structural damping. Reproduced with permission from Kharazmi, et al.,
“Inferring vortex induced vibrations of flexible cylinders using physics-informed neural networks,” J. Fluids Struct. 107, 103367 (2021). Cpyright 2021 Elsevier Science &
Technology Journals.
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high speed flows,189 and stochastic differential equation by generative
adversarial networks.190,191 In detail, Kharazmi et al.188 model the flex-
ible cylinder as a linear tensioned beam equation coupled with nonlin-
ear hydrodynamic forces from fluid flow. The data used to train the
model were obtained from direct numerical simulations.105 The PINN
approach was found to be robust in training the data from simulations.
The approach is promising to be integrated into a real-time structural
health monitoring framework, where the data are obtained from field
measurements/experimental observations, and the changes in the
health condition of structures could be monitored.

B. Construction of the optimal FIV hydrodynamic
database

In the last several decades, various numerical models have been
proposed to model and predict the flexible cylinder FIVs. A compre-
hensive review of some reduced order empirical models and fully cou-
pled CFD simulations for VIV prediction can be found in the study by
Gabbai et al.5

High-fidelity CFD tools, such as large eddy simulation (LES) and
direct numerical simulation (DNS) that couples the fluid motion and
structural vibrations, have shown great promise to shed light, espe-
cially on the vortical wake topology.21 However, due to the enormous
resources required for CFD simulations, empirical models have been
and still are the main tools for efficient offshore structure’s VIV design,
prediction, and monitoring. Some widely used codes include
VIVANA,24 VIVA,23 and SHEAR7.22 In these models, the fluid force
on the slender structures is modeled as a nonlinear function of struc-
tural vibration amplitude, frequency, and the current profile. Such
fluid forces are often measured in the laboratory via rigid cylinder
forced vibration experiments and summarized as the hydrodynamic
coefficient database. The first such database widely used was compiled
by Gopalkrishnan192 for the CF-only rigid cylinder vibration. These
empirical methods capture some VIV key characteristics, such as the
lock-in phenomenon.

However, these empirical models involve assumptions of empiri-
cal coefficients without a well-defined range of applications. Whether
the models are valid in more complicated fluid environments, such as
that with a higher Reynolds number and IL motions’ effect, is still
under research. Besides, these empirical prediction programs that
assume the validity of the strip theory rely heavily on the accuracy of
hydrodynamic databases obtained from forced vibration experiments
to model the sectional forces distributed along the flexible cylinder
length.

A new robotic intelligent towing tank was established by Fan
et al.116 and helps to explore the hydrodynamic coefficient affected by
a large number of parameters by automatically conducting adaptive
experiments. However, this new tool is still not adequate to construct a
complete hydrodynamic database, as various studies have shown that
these coefficients are sensitive to several parameters, including
Reynolds number,193 riser configuration,59 turbulence in the oncom-
ing stream, and surface roughness.194 Hence, systematic development
of a hydrodynamic database is virtually impossible due to large input
parametric space. Furthermore, long-term effects such as equipment
aging and bio-fouling inevitably alter the hydrodynamic coefficients
throughout the lifetime of a riser, making prediction and monitoring
even more challenging.

To address the problem mentioned above, Rudy et al.195 propose
a new methodology for determining parametric forms of hydrody-
namic databases that can be trained with sparse sensors along the
length of a riser, shown in Fig. 15. The critical element of such a pro-
posed methodology lies in the inference of a parametric hydrodynamic
database representation. The structure of the proposed databases is
informed by experiments performed on rigid cylinders using both free
and forced vibrations and tested on large-scale experiments using flex-
ible cylinders. They show that the proposed method can yield more
accurate predictions for VIV amplitude and frequency both in the case
of rigid and flexible cylinder experiments, demonstrated by the sample
case from the Norwegian deepwater program (NDP) test in Fig. 16.

C. Data assimilation using multi-fidelity modeling

As discussed in Sec. III B, systematic development of a single hydro-
dynamic database is virtually impossible. Therefore, Meng et al. devel-
oped the “VIV-MFnet,”196 a multi-fidelity fast vibration inference system
by integrating low fidelity, low cost, semi-empirical prediction tools with
high fidelity, high cost numerical, and experimental approaches.

The key idea of multi-fidelity modeling was to discover the cross
correlation between the low- and high-fidelity data rather than
approximating the high-fidelity data directly. Combining a dense set
of data from a low fidelity model because of its low cost of use, with a
relatively sparse set of experimental and field measurements that are

FIG. 15. Predictions of the marine riser dynamics, using optimally learned hydrody-
namic databases. First, parametric models of the hydrodynamic coefficients of bluff
body VIV are derived from rigid cylinder forced- and free-vibration experiments.
Based on the forward model that models the physics of the problem and real-time
measurements from a few sensors located along the riser, the parameters are
updated via optimization to construct an optimal hydrodynamic database and hence
provide an improved structural response prediction.
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expensive to obtain, a faster and more accurate prediction result can be
obtained. Such a methodology has been implemented in various applica-
tions, such as optimal hydrofoil design,198 polymer bandgap predic-
tion,199 steady flow estimation,200 composite structures construction,201

and modeling the biological response of growing tissues.202

Conventional multi-fidelity modeling approaches work well for
cases in which the correlation is easier to obtain than the high-fidelity
function itself, using Gaussian process regression (GPR)203–205 or deep
neural networks.206,207 However, the correlation between the low- and
the high-fidelity data for the flexible cylinder FIV prediction is much
more complicated than the high-fidelity function due to phase errors
between the multi-fidelity data. In addition, increasing input dimen-
sions of flexible cylinder FIV spatial response will lead to higher com-
putational costs. To address these issues, Meng et al.196 developed a
new algorithm to in the modal space and resolve the complicated cor-
relation caused by the phase error between the low- and high-fidelity
data by adding more dimensions, i.e., shifts of low-fidelity functions,
to the input space. Such a methodology and a demonstration of sam-
ple results are shown in Fig. 17.

D. Section summary

In recent years, the leap of artificial intelligence and machine
learning techniques has brought revolutions in different research areas,

from the traditional investigation to data-driven modeling.
Inevitably, a complex FSI problem such as flexible cylinder FIVs
can benefit from AI/ML tools capable of discovering and modeling
complex patterns in high-dimensional data. This section reviewed
several successful but preliminary implementations of AI/ML tools
in understanding and modeling flexible cylinder FIVs, including
feature extraction and inference using clustering and PINNs, opti-
mal hydrodynamic database construction via active learning, and
multi-fidelity data fusion.

The aforementioned AI/ML developments for flexible cylin-
der FIVs are still in their preliminary stage. However, they draw a
future with a completely different procedure of a data-driven and
physics-informed assessment FIV models, a digital twin of a
marine riser (“DigiMaR”),197 shown in Fig. 18. In specific, ideally,
a well-designed and trained DigiMaR system will utilize various
sources of training data, including real-time field sensor data, well-
controlled laboratory experimental data, CFD simulations,
extracted databases, semi-empirical codes, and existing knowledge
of the underlying physical models. As a result, the DigiMaR system
can efficiently use the streaming data from a few field sensors to
accurately reconstruct the motion of marine risers and provide
fatigue damage prediction.

Cautiously, we would also like to point out that though AI/ML
techniques have the potential to address various FSI problems at a

FIG. 16. Evolution of VIVA prediction on
the NDP experiment no. 2182 (uniform
velocity U ¼ 2:0 m=s) at iteration 0 (first
row), iteration 2 (second row), iteration 4
(third row), and iteration 6(fourth row). In
the left column, the solid black line shows
the experimental result; the red dashed
line shows the nominal VIVA prediction,
and the blue dashed line shows the VIVA
prediction with corresponding learned
hydrodynamic databases that are shown
in the right column for Clv. Additionally, the
measured frequency response is 10.23Hz
in the experiment, the nominal VIVA predic-
tion is 12.54 Hz, and with the improved
hydrodynamic database, the predicted
frequency response evolves as 10.71Hz
(iteration 0), 10.62 (iteration 2), 10.56 (itera-
tion 4), and 10.63 (iteration 6). Reproduced
with permission from Rudy et al., “Learning
optimal parametric hydrodynamic database
for vortex-induced crossflow vibration pre-
diction of both freely-mounted rigid and
flexible cylinders,” in The 31st International
Society of Ocean and Polar Engineering
Conference (OnePetro, 2021). Copyright
2021 International Society of Ocean and
Polar Engineering.
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FIG. 17. Multi-fidelity predictions of displacements for uniform flow past a flexible cylinder at Ur ¼ 35:28. Left panel: low- and high-fidelity data. LF: low-fidelity data from the
VIVA model, HF: high-fidelity data from the experiments.21 Right panel: correlation between the low- and high-fidelity data. Right panel: the blue dotted line: low-fidelity training
data; the blue circle: high-fidelity training data; the black solid line: the experimental data; the red dashed line: the learned result. Reproduced with permission from Meng et al.,
“A fast multi-fidelity method with uncertainty quantification for complex data correlations: Application to vortex-induced vibrations of marine risers,” Comput. Methods Appl.
Mech. Eng. 386, 114212 (2021). Copyright 2021 Elsevier Science & Technology Journals.

FIG. 18. DigiMaR: a digital twin of marine risers. DigiMaR is A data-driven assessment model based on several sources of multi-fidelity data, underlying physical model, and
streaming field sensor measurements.197 The major components include (a) marine riser system; (b)streaming data from sparse sensors; (c) data cluster; (d) several sources
of multi-fidelity data; (e) data-driven reduced order model; (g) physics model; (f) structural monitoring and management tools; and (h) active learning algorithm.
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greater scale and a broader scope, these data-driven and ML-assisted
fluid analysis methods are still in their infancy. Therefore, caution is
required to select and apply appropriate ML techniques on fluid analy-
sis to avoid overly optimistic and simplified technology transfer, as
blind prediction without any prior knowledge of the flow physics may
lead to unrealistic solutions.208

IV. CONCLUSION

In this paper, we conducted a selective review of the progress
in physics insight and modeling of flexible cylinder flow-induced
vibrations over the recent decades. First, we summarized the char-
acters of structural response, hydrodynamics, and the impact of
structural properties for both the isolated circular cylinders and
multiple circular cylinders. The recent advancement in wake topol-
ogy analysis of flexible cylinder VIV improves the understanding
of the mechanisms of coupled interaction between the fluid and
the structure, such as the strong correlation among the sign of
added mass, the cylinder orbit, and the vortex shedding mode from
the flexible cylinder in the uniform flow and the distinct hydrody-
namic interference feature. Second, we summarized the improve-
ment of flexible cylinder FIV modeling with advanced AI/ML
techniques. Feature selection and extraction techniques were found
to help identify critical features of flexible cylinder FIV. The com-
bination of AI/ML techniques and physics-based models is more
robust in solving inference problems. Furthermore, the AI/ML
techniques help optimize the database of hydrodynamic coeffi-
cients, and the multi-fidelity approach is found to improve the
response prediction accuracy and quantify the prediction uncer-
tainty. The framework of using AI techniques to construct a digital
twin for marine risers was also presented.

ACKNOWLEDGMENTS

We wish to acknowledge the funding support of the research
initiation grant provided by Queen’s University and Westlake
University No. 103110556022101. The corresponding author D.F.
would like to dedicate this paper to his former student and friend
Miss Juhan Wang, who was a brilliant, hardworking, and
considerate person with full passion for life. She obtained her BSc
from Tianjin University and MSc from University of Michigan,
Ann Arbor in 2021. Unfortunately, she passed away Saturday, 12
June 2021 due to an accident. She will always be deeply
remembered.

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

L.M. and K.L. are first authors and contributed equally. D.F.
acquired the funding. All authors provided critical feedback and
helped shape the research, analysis, and manuscript.

DATA AVAILABILITY

The data that support the findings of this study are available
within the article

NOMENCLATURE

Symbol and name

Ay CF amplitude
Ax IL amplitude

cs ¼ 2mxf structural damping coefficient

Clv ¼ 2F0
y

qU2DL sinð/yÞ lift coefficient in phase with velocity

Cdv ¼ 2F0x
qU2DL sinð/xÞ drag coefficient in phase with velocity

Cmy ¼ 4may

qpD2L
added mass coefficient in the CF direction

Cmx ¼ 4max
qpD2L

added mass coefficient in the IL direction

Cd ¼ 2Fx
qU2DL

mean drag coefficient

c� ¼ 2cx
qU2

rms
dimensionless equivalent damping

d Cylinder diameter
EI bending stiffness

f ¼ x
2p response frequency

fnm mth natural frequency
L Model length

L/d aspect ratio
m� ¼ 4m

qpD2L mass ratio
ncf CF mode number
nil IL mode number

Re ¼ Ud
� Reynolds number
T tension
U flow speed

Ur ¼ U
fn1d

reduced velocity

Vr ¼ U
fd

true reduced velocity

ZR � ffiffiffiffiffiffiffi

Tm
p

impedance of a tensioned cable
l mass per unit length
q fluid density
� fluid kinematic viscosity
f structural damping ratio
h phase between the CF and the IL motion
/ phase between force and motion
/x phase between the drag and the IL motion
/y phase between the lift and the CF motion
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