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a b s t r a c t

Numerical simulations of the Vortex-Induced Vibration (VIV) about a large-scale flexible pipe subject to
shear flow were carried out in this paper. Efficiency verification was performed firstly, validating that the
proposed fluidestructure interaction solution strategy is competent in predicting the VIV response. Then,
the VIV characteristics related to multi-mode and spanwise hybrid waveform about the flexible pipe
attributed to shear flow were investigated. When inflow velocity rises, higher vibration modes are apt to
be excited, and the spanwise waveform easily convertes from a standing-wave-dominated status to a
hybrid standingetraveling wave status. The multi-mode or even multiple-dominant-mode is prone to
occur, that is, the dominant mode is often followed by several apparent subordinate modes with
considerable vibration energy. Hence, the shedding frequencies no longer obey Strouhal law, and vi-
bration trajectories become intricate. According to the motion analysis concerning the coupled cross-
flow and in-line vibrations, as well as the corresponding wake patterns, a tight coupling interaction
exists between the structural deformation and the wake flow behind the flexible pipe. In addition, the
evolution of the vortex tube along the pipe span and a strong 3D effect are observed due to the slen-
derness of the flexible pipe and the variability of the vortex shedding attributed to the shear flow.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Vortex-Induced Vibration (VIV), a typical FluideStructure/solid
Interaction (FSI) problem in the field of ocean engineering that
greatly influences the dynamic responses of flexible pipes, marine
pipelines, mooring lines, and spar platforms, has received much
attention in the past several decades. Among those ocean-
destructive factors relating to VIV, the “lock-in” or “synchroniza-
tion” phenomenon elicits much concern because the fatigue dam-
age attributed to it has a critical influence on determining the life
span of pipelines. In the case of lock-in, resonance followed by
amplified vibration amplitude occurs, resulting in severe fatigue
damage to deepwater risers and pipelines. The VIV behaviors of
cylindrical structures have been studied by many researchers. Most
of the early research work focused on short rigid cylinders with
elastic support (Feng, 1968; Bearman, 1984). Those studies
expounded many important mechanisms related to VIV, such as
lock-in phenomenon and hysteretic behavior. Moreover, the study
du.cn (Z.-S. Chen).
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of the wake vortex shedding pattern related to oscillating cylinders
denoted the occurrence of different shedding modes associated
with distinct regions of the synchronized regime (Jauvtis and
Williamson, 2004; Dahl et al., 2007). The natural frequency, fn, of
an elastically mounted rigid cylinder mainly depends on the sup-
porting elastic coefficient and the mass of such structure. When
lock-in occurs, the vibration is apt to become a mono-mode-
dominated status (Y. Gao et al., 2018).

By contrast, flexible pipes with an aspect ratio (ratio of pipe
length to diameter) up to 102 even 103 or higher are readily subject
to non-uniform flows due to the currents and waves varying with
water depth. A mass of natural frequencies and randomly harmonic
frequencies may be excited simultaneously due to the slenderness
and flexibility of pipe system (Lie and Kaasen, 2006). Thus, fre-
quency patterns related to VIV processes are difficult to predict,
even in the unlock-in regions. Small deformation theory is no
longer suitable because the marine pipes are regarded as slender
structures, making the VIV problem more prominent and making
people select large safety coefficients to avoid severely destructive
damage due to fatigue.

Studies of VIV on long flexible cylinders often relate to physical
experiments and numerical simulations. Among available
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Fig. 1. FS of raw VIV vibration dataset.
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numerical solutions, twomajor methods are used for predicting the
VIV response of cylindrical structures. One is the semi-empirical
model method, including several dynamical parameters depend-
ing on the stationary or oscillating rigid cylinder experiments, such
as SHEAR7 (Vandiver and Li, 2005). The other is Computational
Fluid Dynamics (CFD) method coupled with the FSI solution.

Over the past two decades, the CFD method has been widely
used to predict the VIV response of cylindrical structures (Newman
and Karniadakis, 1997; Zhao et al., 2013, 2016; Y.Y Gao et al., 2018).
Well-performed 3D simulation methods which are especially
designed for a two-way FSI solution are favorable, and make the
prediction of spanwise dynamic responses possible. Chen and Kim
successfully simulated FSI for flexible pipe by using the multi-
physics solution (Chen and Kim, 2010, 2012). Their simulation re-
sults agree with the experiment data. According to established
knowledge on the spanwise response pattern dominated by the
hybrid waveform, Newman and Karniadakis (1997) carried out
numerical simulations and found that the wake vortex is shed
obliquely and not perpendicular to the axis of the cylinder when
the traveling wave dominates the response. Ge et al. (2009) pre-
sented that the dynamic response of the flexible pipe model is
dominated by the spanwise standing and traveling wave in the case
of a certain range of flow velocity. When the inflow velocity (cor-
responding to the towing speed of moving carriage in water flume
or basin) towhich the cylinder is subject increases, a travelingwave
easily occurs and progressively dominates the vibration process.

In this paper, we adopted the Radial Basis Function (RBF)
interpolation to solve the large meshmovement and carry out two-
way FSI problems. Subsequently, characteristics of the hybrid
waveform and the spanwise vortex structure of the flexible pipe
model were investigated.

The rest of the paper is organized as follows: Multi-mode and
spanwise waveforms are discussed in Section 2. A brief introduc-
tion to the adopted FSI solution, such as the turbulence model and
the mesh deformation method, and the detailed process of the FSI
strategy, are presented in Section 3. Computational domain, mesh
topology, and mesh independence study are presented, and the
numerical results are validated by comparing with the relative
model test in Section 4. The VIV characteristics of the multi-mode
and hybrid waveform are presented in Sections 5 and 6, respec-
tively. In addition, dominant mode analysis, wake structure, and
vibration trajectories are shown. Several mechanisms of interaction
are further revealed. Conclusions are listed in the last section based
on the results presented.

2. Characteristics of multi-mode and waveform along the
span

2.1. Lock-in and multi-modal response

The “lock-in” phenomenon is regarded as the capability of
controlling vortex shedding for an elastic structure in its resonant
frequency bandwidth. When slender cylindrical structures are
subject to non-uniform flows along the span in deep sea engi-
neering, different intrinsic modes are excited simultaneously or
alternately along the structures' span, and each mode has a non-
negligible influence on the overall response characteristics of the
flexible slender structures. Along the structures’ span, the VIV
response is interpreted to be a superposition of participant modes
at every axial position. Chen and Rhee (2019a, 2019b) decomposed
and analyzed the In-Line (IL) vibration related to a vertical naked
brass pipe subject to a uniform flow V¼ 1.26m/s, termed “1112test”
dataset obtained in the corresponding experiment conducted by
Marinetek (Lehn, 2003). Typically, seven distinct vibration modes,
termed Mode-1 to 7, can be identified from the associated Fourier
164
Spectrum (FS) plot in Fig. 1. The illustration based on instantaneous
timeefrequencyeenergy Hilbert spectrum also provides the same
conclusion (Chen and Rhee (2019a, 2019b)).

2.2. Traveling wave vibrations along the span

In the case of standing wave dominating along the flexible pipe/
riser span, strain peak and fatigue damage are prone to occur at the
antinodes of the standing waveform. Nevertheless, when phe-
nomena of hybrid standingetraveling wave occur, the related
experimental results indicate that the total Root Mean Square
(RMS) strain peak in the Cross-Flow (CF) direction does not occur at
the end region where the vibration is of standing-waveform-
dominated status but occurs at the intermediate segment domi-
nated by a traveling waveform. This behavior also implies that the
energy of the standing-waveform-dominated region is relatively
weak, but that of the traveling-waveform-dominated region is
strong (Vandiver et al., 2009). Ge et al. (2009) found that the
traveling waveform becomes predominant in the response around
the long pipe middle sections when inflow velocity is high. Chen
and Rhee (2019a, 2019b) found that the traveling-wave-
dominated status is more likely to occur in the IL direction.

2.3. Dominance of hybrid standingetraveling waveform

Standing and traveling waveforms may occur during the dy-
namic response of flexible slender cylindrical structures in non-
uniform flows. When the traveling wave propagates, the wave re-
flects at the ends and usually forms a local region dominated by a
standing wave. The energy of the standing wave is not strong
enough and dampened quickly with the increasing distance from
the ends. As a result, the phenomena of standing waveform around
both ends and traveling waveforms propagating in the middle
segment coexist along the flexible structure span. When aspect
ratio increases and mass ratio reduces simultaneously, structural
dynamic responses are dominated by the traveling waveform
because the attenuation of a wave reflecting is so prominent that
the energy of the standing wave becomes feeble. The similar
conclusion that the traveling waveform dominates the slender pipe
span in most cases was drawn through a large-scale pipe experi-
ment (Vandiver et al., 2009). Generally, the hybrid
standingetraveling waveform is apt to dominate the VIV process
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related to flexible, slender pipes due to limited aspect ratios, non-
uniform flows, and low mass ratios.
3. Numerical solution

3.1. FSI simulation strategy

A multi-physics software STAR-CCMþ (Siemens, 2018) was
adopted to solve the two-way FSI problems related to the flexible
pipe model in this paper. The mesh morphing model was adopted
to calculate the fluid mesh deformation, and the solid displacement
model was used to solve the solid mesh deformation.

In each coupling loop, flow passing by the pipe was first solved
using 3D unsteady large-eddy simulations. The segregated implicit
unsteady solver together with the SIMPLE method was used to
couple pressure and velocity. A second-order scheme was adopted
for time integration, and a bounded central-differencing was
employed for the spatial discretization of convective and diffusion
terms. The Newmark-b method, which is an implicit time integra-
tion method, was used to solve the motion equation. During the FSI
simulation progress, the fluid force on the pipe was obtained from
the flow solver and mapped to the pipe structural elements. Pipe
motions in the IL and CF directions were then calculated and fed
back to the mapped interface as fluid mesh motion conditions. The
schematic diagram of the FSI process is shown in Fig. 2.
3.2. Dynamic smagorinsky subgrid scale model

In this paper, the flow around the pipe model was addressed by
solving the unsteady, incompressible NaviereStokes equation.
Turbulence flow was solved using LES in conjunction with the dy-
namic Smagorinsky subgrid scale (SGS) model. The SGS model al-
lows LES to obtain the correct result for wall-bounded flows
without the use of damping functions. The calculation of turbulent
viscosity in the dynamic Smagorinsky SGS model follows the same
equation as the standard Smagorinsky SGS model:

mt ¼ rD2S (1)

where

$ r is the density,
Fig. 2. Procedure of two-way FSI calculation.
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$ D is the length scale or grid filter width, and
$ S is computed from the resolved velocity field v.
3.3. Solution to large mesh deformation

FSI simulation usually involves movement of interface bound-
aries in the fluid domain due to the deformation of the solid
domain. The mesh regenerating in each time step or iteration step
is preferred. A dynamic grid algorithm for unstructured grids,
which is based on interpolating displacements of the boundary
nodes into the whole computational mesh with multi-quadratic
RBFs, was proposed to capture the information of the transient
turbulence flowaccurately and efficiently (Boer et al., 2007; Rendall
and Allen, 2008). The RBF method utilizes a thin-out procedure to
optimize the number of control points used. Therefore, the RBF
dynamic grid technique could contribute to the large 2D or 3D
mesh deformation (Duanmu et al., 2018).

The RBFmorpher generates an interpolation field via a system of
equations which are created using control points and specified
displacements, where known displacement d0i of control vertex i is
expanded as follows:

d0i ¼
XN
j¼1

fb;j
�
rij
�
lj þ a (2)

Where fb;jðrijÞ is an RBF of the form

fb;j
�
rij
�¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2ij þ c2j

q
(3)

and rij is the magnitude of the distance between two vertices:

rij ¼
��xi � xj

�� (4)

In these equations, lj is the expansion coefficient, xi is the po-
sition of vertex i, N is the number of control vertices, and cj is the
basis constant set to 0 here. Constant vector a is used to meet the
additional constraint:

XN
j¼1

lj ¼0 (5)

This additional constraint bounds the expansion for large x. The
system that is described in Eq. (2) is non-singular if xisxj, for all
isj.

Eqs. (2) and (5) are solved to derive the Cartesian components of
all lj and the components of constant vector a , resulting in the
desired interpolation field:

d0ðxÞ¼
XN
j¼1

fb;jðrÞlj þ a (6)

Where fb;jðrÞ applies at all vertices in the mesh, that is,

fb;jðrÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ c2j

q
(7)

r¼ jx� xj
�� (8)

This equation can now be used to move mesh vertices by using
calculated displacement d0.



Table 1
Key information of the FRP pipe model.

Characteristic parameter Value Unit

Total length (including fastening) 16 m
Outer diameter of FRP pipe 34.8 mm
Inner diameter of FRP pipe 25.4 mm
Aspect ratio 457 /
EI 575.6 N·m2

Tension at top 981 N
Mass ratio 0.82 /
Structural damping (Liu et al., 2016a, 2016b) 2.34% /

Fig. 4. Mesh topology of fluid domain.
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4. Efficiency verification

Two sets of numerical simulations were accomplished to vali-
date the efficiency of FSI strategy and investigate the VIV response
characteristics of the flexible pipeline system. A Fiberglass-
Reinforced Plastic (FRP) pipe with large stiffness and low mass
ratio was selected to obtain prominent multi-mode and spanwise
hybrid waveform. A thin rubber thimble covers around the FRP pipe
to protect the embedded strain gauges from unexpected damaging
during experiment.
4.1. Simulation setup

In the correspondingmodel test, themain parameters of the FRP
pipe model are presented in Table 1. More information is available
in the related reference (Chen and Rhee (2019a, 2019b)).

Numerical simulation was set up according to the installment
mentioned in the related model experiment. A sketch of the nu-
merical setup related to the flexible FRP pipe with uniform cross-
section exposed to linearly shear current is shown in Fig. 3. The
related numerical model was designed as follows: 1) The pipe
system was exposed to a linearly shear inflow in the direction of
positive X-axis, instead of the method to rotate the pipemodel with
semicircular moment. 2) Both pipe ends were pinned with a con-
stant top tension, T ¼ 981 N.
4.2. Mesh topology and boundary condition

The entire computational domain was set as a rectangular
domain, and the local mesh was refined, as shown in Fig. 4. The
coordinate system was established as follows: the X, Y, and Z axes
coincided with the IL, pipe-span, and CF directions, respectively.
Considering that the deformation and motion response amplitude
of the flexible pipe may be fairly high in the case of high inflow
velocities, the distance between the inlet (velocity inlet boundary)
and the pipe center was 15D, that from the top or bottom side
(symmetry boundary) to the riser center was also 15D, and that
between the outlet (pressure outlet boundary) and the pipe center
was 50D. The no-slip wall condition was employed as the pipe
Fig. 3. Primary description about the simulation setup of the FRP pipe.
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surface. In addition, several special measures were carried out to
improve the mesh quality used in LES, such as keeping yþ <1 and
an appropriate aspect ratio of mesh. yþ is defined as follows (Wang
et al., 2019):

yþ ¼0:172
Dx
D
Re0:9 (9)

where Dx is the mesh height of the first layer.
The polyhedral mesh technique, which is an advanced and

mature mesh style, was adopted for the mesh topology of the fluid
domain. Polyhedral mesh not only has the same computational
accuracy of hexahedral mesh but also has merits of better conver-
gence and smaller grid dependencies compared with tetrahedral
mesh (Peric and Ferguson, 2005; Jasak, 2009). For solid mesh, the
pipe domain was discretized into uniform multiple layers in the
span directionwith a constant interval distance, namely, uniform in
cross-section and stratiform grid topology along the pipe span.
Computational meshes of fluid and solid are shown in Figs. 4 and 5,
respectively.
Fig. 5. Structured mesh for solid domain.



Table 2
Mesh convergence testing results.

Mesh No. Spanwise layers Total grid cells CD CD RMS CL RMS St

Mesh-1 16 226720 1.9761 1.9874 1.2188 0.202
Mesh-2 32 453440 1.6177 1.6291 0.7502 0.212
Mesh-3 64 906880 1.6811 1.6984 0.9186 0.210
Mesh-4 128 1813760 1.6810 1.6971 0.9160 0.211
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4.3. Mesh dependence

Mesh density can substantially affect the accuracy of the nu-
merical simulation. In this section, mesh independence was vali-
dated using different grid densities for a rigid cylinder (D ¼
34.8 mm, L ¼ pD) subject to uniform flow U ¼ 0.9 m/s. Table 2
shows that mesh dependence was tested by quantifying the influ-
ence of mesh resolution on the hydrodynamic force coefficients
including mean drag coefficient CD, RMS drag coefficient CD RMS,
RMS lift coefficient CL RMS and Strouhal number St. Mesh-3 leds to
results similar to those of Mesh-4, but its total number of elements
was much less than that of Mesh-4. Therefore, the mesh density
and topology used in Mesh-3 were adopted in the following nu-
merical simulations.
Fig. 6. Spectral comparison between experimental and simulated results at
Vmax ¼ 0.3 m/s.

Fig. 7. Spectral comparison between experimental and simulated results at
Vmax ¼ 0.9 m/s.
4.4. Analysis of vibration modes

Two cases with maximum shear flow velocities Vmax equal to
0.3 m/s and 0.9 m/s, were presented for efficiency verification. Data
at the middle section of the FRP pipe were selected for demon-
stration. Because different physical variables were measured in the
experiment and simulation, i.e. measured strain and simulated
displacement respectively, the direct comparison of power distri-
butions between them is obviously meaningless. The raw vibration
data sets should be preprocessed in advance. Here, taking the
measured strain data set aðtÞ (¼{a1, a2, …, an}) for demonstration,
the processed data set a

00 ðtÞ using for FS is expressed as Eq. (10):

a
00 ¼ a0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
a0i2

�
n

s (10)

In this equation, the derivative data set a0ðtÞ denotes the zero-
mean preprocessing value of aðtÞ, and it can be expressed as Eq.
(11):

a0 ¼ a� a; (11)

where, a denotes the mathematical expectation of aðtÞ.
After the normalized preprocessing for raw vibration data sets

of measured strain aðtÞ and simulated displacement bðtÞ, the FS
results in relation with their corresponding processed data series
a

00 ðtÞ and b
00 ðtÞ are ready for comparing. Here the FS comparison

between normalized processing data sets of measured strain and
simulated displacement is illustrated in Figs. 6 and 7. The results
show that line-1 and line-2 represent the frequency spectral dis-
tribution of CF and IL vibration processes monitored in the model
test, respectively. Line-3 and line-4 denote the frequency spectral
distribution of CF and IL vibration processes in relation with the
numerical results, respectively.

Figs. 6 and 7 show that the FS plots are very similar. FS com-
parison for the two cases shows that the CF dominant frequency is
mainly determined by inflow velocity Vmax. Fig. 6 shows that when
Vmax is relatively low, namely 0.3 m/s here, the frequency spectrum
related to CF response is nearly of mono-mode status. When
167
maximum Vmax increases to 0.9 m/s, the considerable dominant
mode followed by several subordinate vibration modes is excited,
as shown in Fig. 7. FS comparisons in Figs. 6 and 7 show that the
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numerical prediction agrees with the corresponding model test
based on the approximate dominant frequencies in the CF and IL
directions, respectively.
5. Characteristic of multi-mode and spanwise waveform

5.1. Characteristic of multi-mode

In order to illustrate the multi-modal characteristics vividly, a
newly developed empirical mode decomposition method, namely
FB-EMD (Chen et al., 2019), was adopted to decompose and analyze
the CF and IL vibration data involving the FRP pipe model subject to
Vmax ¼ 0.9 m/s and 1.5 m/s. Vibration data at adjacent positions y/
L ¼ 1/16, 2/16 were selected to observe the prominent multi-modal
characteristics contrastively, and the associated FSs are shown in
Figs. 8 and 9. At least five participant vibration modes can be
identified in Fig. 8, demonstrating a typical multi-modal response
character.
Fig. 8. FS of multi-modal vibration process in the CF and IL direct

Fig. 9. FS of multi-modal vibration process in the CF and IL direct
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Generally, vibration energy diffusion is repeatable and revers-
ible due to the real-time varying FSI phenomena along the flexible
pipe, making spanwise VIV process thoroughly disordered. Fig. 8
shows that the dominant vibration mode and several subdomi-
nant vibration modes are simultaneously excited in the IL and CF
directions, namely, multi-modal vibration phenomenon. Moreover,
the dominant frequency of IL vibration is twice as high as that of CF
vibrationwhen Vmax¼ 0.9m/s.When Vmax rises to 1.5m/s, the CF or
IL response exhibits dual or even triple spectral peak phenomena,
as shown in Fig. 9, and the frequency interval between adjacent
spectral peaks is relatively small. The occurrence of typical multiple
dominant modes denotes that the non-lock-in phenomenon takes
place in this position, and the energy of subdominant modes be-
comes so large that it is comparable or even equal to that of the
dominant mode. Comparison among these results shows that the
higher the inflow velocity is, the higher and the more broadband
vibration frequencies are excited, and the position of modes excited
in the IL direction are almost consistent with that in the CF
ions, when Vmax ¼ 0.9 m/s (a) at y/L ¼ 1/16 (b) at y/L ¼ 2/16.

ions, when Vmax ¼ 1.5 m/s (a) at y/L ¼ 1/16 (b) at y/L ¼ 2/16.



Fig. 10. Instantaneous vibration shapes and RMS CF vibration amplitude, when Vmax ¼ 0.3 m/s.
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direction. This finding implies that the IL vibration is tightly
coupled with the CF vibration. In addition, the Strouhal frequency
varies along the pipe span due to non-uniform flow, affecting the
phenomenon that multiple modes participate in the VIV process
alternately or simultaneously.
5.2. Analysis of mode shape

Two cases with maximum shear flow velocities, Vmax ¼ 0.3 m/s
and 0.9m/s, were considered in this subsection. Comparisons about
RMS amplitudes and instantaneous vibration shapes between both
cases are shown in Figs. 10e13.

As shown in Figs. 10 and 11, when Vmax ¼ 0.3 m/s, the vibration
process is moderate. The 4th and the 2nd vibration eigenmodes
show apparent characters in IL and CF directions, respectively. As
shown in Figs. 12 and 13, When Vmax ¼ 0.9 m/s, the 6th and the 4th
vibration eigenmodes show apparent characters in IL and CF di-
rections, respectively. Generally, the typical instantaneous
normalized vibration shapes shown in the left subplots of
Figs. 10e13, agree well with the corresponding RMS A/D results
illustrated in the right subplots of Figs. 10e13. The higher vibration
eigenmodes tend to be excited and then make the dynamic vibra-
tion response more intricate in the case of Vmax ¼ 0.9 m/s. This is
mainly due to the fact that the local vibration of the slender pipe is
influenced not only by the corresponding vortex shedding but by
Fig. 11. Instantaneous vibration shapes and RMS I
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the motion of adjacent or farther segments, namely, axial interac-
tion. Attributing to the shear current imposed to flexible pipe
model, different vortex shedding frequencies may be excited along
the pipe span complying with Strouhal law, and the spanwise VIV
primarily has the local vibration character. On the other hand, the
half-length segment near to the end with high Vmax contributes
more to arousing the dominant frequency with a considerable large
instantaneous amplitude as compared to any of the other parts,
making the spanwise VIV have the global vibration character. The
interaction between local and global vibration characters makes
the spanwise VIV to be a complicated process in deed.
5.3. Characteristics of spanwise waveform

Characteristics of spanwise waveform were investigated in this
subsection. Spatioetemporal evolutions of CF and IL vibration re-
sponses related to Vmax¼ 0.3m/s, 0.9 m/s and 1.1m/s are illustrated
in Figs. 14e16, respectively. These figures provide supplementary
conclusions related to the RMS amplitude results for the excited
vibrationmodes. The pipe vibration shows that the 2ndmode in the
CF direction, the 4th mode in the IL direction, and the vibration
trends are stable in the case of low inflow velocity, e.g.,
Vmax ¼ 0.3 m/s. However, the 4th mode obviously dominates in the
CF direction, and the 6th mode is clearly excited in the IL direction
in the case of higher velocity, e.g., Vmax ¼ 0.9 m/s and 1.1 m/s.
L vibration amplitude, when Vmax ¼ 0.3 m/s.



Fig. 12. Instantaneous vibration shapes and RMS CF vibration amplitude, when Vmax ¼ 0.9 m/s.

Fig. 13. Instantaneous vibration shapes and RMS IL vibration amplitude, when Vmax ¼ 0.9 m/s.
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Vibration amplitude is time variant because of the continuous en-
ergy transfer among fluidestructure and modeemode.

The flexible FRP pipe is predominated by the standing wave and
spanwise hybrid waveform, and several kinds of wave types alter-
nate during different time frames along the whole span, as shown
in Fig. 14 (Vmax ¼ 0.3 m/s) and Fig. 15 (Vmax ¼ 0.9 m/s). When
Vmax ¼ 0.3 m/s, the CF vibration is dominated by a typical standing
wave mode. Although the hybrid patterns of coupled standing and
traveling wave form are occasionally observed in the IL direction,
the standing wave with considerable amplitude is more favorable
than the hybrid waveform. Mode shift followed by two evident
hybrid waves which are dominated by travelingwave occurs during
the time frames of 42e42.4 s and 42.8e43.2 s in the IL direction
respectively, illustrated by the oblique red boxes shown in the
subplot (b) of Fig. 14. The reflection from “A” end (y/L ¼ 1) is
apparently ignorable. Spanwise hybrid waves which are dominated
by the standing wave are marked by oblique black boxes and reflect
between both ends during 40e41.6 s and 44.5e46.1 s.

When Vmax ¼ 0.9 m/s, the standing waves are still predominant
in CF VIV process, as shown in the subplot (a) of Fig. 15. The
standing waveform also dominates the IL VIV during most time
frames, such as 40e44 s and 47.5e50 s, because typical standing
waves in CF VIV and steady dual resonance (namely, the IL and CF
motions resonate simultaneously) occur, as shown in the subplot
170
(b) of Fig. 15. However, the hybrid standingetraveling waves oc-
casionally play an important role in determining the IL vibration
status, such as during the time frame 44e47.5 s, owing to the
reflection between both ends, the local mode switch/shift, the
excited higher vibration mode, and the considerable FSI. The
reflection phenomenon attributed to the hybrid wave, which is
dominated by the travelingwave, is captured during the time frame
44.7e45.5 s. This finding implies that themajority of the VIV energy
remains concentrated in the standing wave region because the pipe
length is not long enough and the excited vibration modes are not
high enough. Hence, either IL or CF vibration is dominated by a
standing waveform, rather than a hybrid standingetraveling
waveform, let alone a steady traveling waveform. Compared with
CF vibration, a hybrid waveform which is dominated by a traveling
wave appears to easily occur in the IL direction.

Figs. 14 and 15 illustrate spanwise waveforms with approximate
synchronization in the IL and CF directions, maintaining a steady
waveform during a certain time frame or transforming from one to
another occasionally and simultaneously. The shape of the hybrid
wave is maintained only for a short term, and its excitation region
becomes ambiguous. Then, the standing waveforms become pre-
dominant quickly, and their amplitude is relatively steady. A long
flexible pipe with a low mass ratio has a series of eigenmodes, and
different modes may be excited in both orthogonal directions.



Fig. 14. Spatioetemporal plot of non-dimensional vibration amplitude, when Vmax ¼ 0.3 m/s (a) in the CF direction, (b) in the IL direction.
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When the natural frequency ratio (the ratio of natural frequency of
IL excited mode to CF) equals the excitation frequency ratio (the
ratio of IL excitation frequency to CF), dual resonance occurs. Once
it dominates the flexible pipe, local vibration intensity increases
and remains nearly constant over time, rather than decaying due to
FSI and structure damping.

When Vmax ¼ 1.1 m/s, a relative distinct standing waveform
followed by several short-time hybrid waveform is observed in the
CF VIV, as marked by the oblique red color boxes around t ¼ 45 s
and 46.5 s, as shown in the subplot (a) of Fig. 16. However, although
the standing waveform remains prominent along the pipe span in
the IL direction, the positions of minimum and maximum of anti-
node remain steady near both ends but keep time-varying along
the middle segment of the pipe span. This finding implies that the
coupling of standingetraveling waveform is distinct along the
middle segment. Intermittent reflecting hybrid waveforms attrib-
uted to the apparent traveling wave can be observed at times, as
illustrated by the oblique black boxes during the time frames of
42.3e43 s and 47e47.7 s in the subplot (b) of Fig. 16. When its
energy is not strong, the traveling waveform usually quickly
emerges then quickly dissipates, as depicted by the oblique short
171
red boxes shown in the subplot (b) of Fig. 16.
The alternate occurrence of a dominant standing waveform and

an occasional hybrid waveformmanifests that vibration trajectories
and phase angles between the CF and IL directions continuously
vary. The interaction phenomenon follows the frequent occurrence
of the local traveling waveform. The intermittent local traveling
waveform does not emerge in the CF and IL directions simulta-
neously, leading to asynchronization. The asynchronization of
waveforms in both orthogonal directions denotes that the CF and IL
waveforms are out of phase-lock and implies the difference of
propagation speeds of IL and CF traveling wave when velocity is
relatively high.

Generally, the difference of added mass in the CF and IL di-
rections, which is substantially affected by Vmax, causes the vibra-
tion intensities and propagation speeds of the traveling wave in the
two directions to differ. It is also the main reason of CF and IL
asynchronization when Vmax increases. It may also be attributed to
the subordinate harmonic forces which can drive the observed
response due to high Vmax. The prominent standing wave is fol-
lowed by the intermittent, repeated occurrence of the spanwise
traveling wave, that is, the hybrid standingetraveling waveform



Fig. 15. Spatioetemporal plot of non-dimensional vibration amplitude, when Vmax ¼ 0.9 m/s (a) in the CF direction, (b) in the IL direction.

J. Bao and Z.-S. Chen International Journal of Naval Architecture and Ocean Engineering 13 (2021) 163e177
occasionally happens. The energy of the traveling wave mainly
accumulates around the pipe middle segment with a high reduced
velocity.

The vibration response of FRP pipe is tightly related to vibration
intensity. In either CF or IL VIV, the vibration energy of a predom-
inant mode probably diffuses to adjacent eigenmodes or some
random excited modes. This kind of energy transfer and mode shift
appears prominent in the case of high Vmax, as shown in Fig. 17. The
instantaneous vibration amplitude related to the dominant fre-
quency attenuates or vanishes occasionally, and that of several
adjacent ones are suddenly enhanced. During mode shift, finding
that a dominant mode is prevailing with apparent vibration in-
tensity from the beginning to the end is difficult. Referring to the
time frame of 45e46.5 s as shown in the subplot (b) of Fig. 17, the
adjacent eigenmodes become subordinate mode candidates due to
the vibration energy transferred from the previous dominant
mode. Thus, multi-modal phenomenon may occur. As illustrated
during 45e46.5 s in the subplot (b) of Fig. 17, a multiple-dominant-
mode phenomenon becomes favorable when instantaneous vi-
bration intensities of the apparent participant modes are close or
equal to one another at some time. The formation of dual, triple, or
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multiple spectral peaks in FS mainly depends on the amount of
vibration energy transferred from the dominant mode to adjacent
modes.

The dominant mode can switch to other adjacent mode candi-
dates because the vibration energy of the former thoroughly
transfers to the latter, as illustrated in the time frame of 45e47 s in
the subplot (b) of Fig.17. During this time frame, the energy transfer
is intricate, and a thorough shift of vibration modes occurs.
Consequently, the vibration of different positions of the riser is
inconsistent, as shown in Figs. 14e17. Blue and red regions are
periodic, but they are not evenly distributed. Different from the
periodic simple harmonic vibration response related to 2D or 3D
rigid cylindrical VIV, the VIV responses of a 3D slender pipeline are
mainly characterized by randomness and complexity. The local FSI
energy may transfer toward one or both ends frequently along the
pipe span, contributing to the ubiquitous occurrence of multi-
modal phenomenon.
6. Analysis of wake pattern

Other eigenmodes or randomly excited modes may become



Fig. 16. Spatioetemporal plot of non-dimensional vibration amplitude, when Vmax ¼ 1.1 m/s (a) in the CF direction, (b) in the IL direction.
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favorable along the sections outside that where the dominantmode
is mainly excited due to the shear flow imposed along the pipe
span. Attributing to the spanwise vibration energy transfer, these
excited modes may be densely distributed at some position.
Because the frequency gaps of adjacentmodes are commonly small,
the multi-modal phenomena along the slender pipe are usually
popular. For the low mass ratio of FRP pipe, the large vibration
amplitude in the CF direction is easily excited.

The vortex wake with hybrid shedding modes along the pipe
span is visualized in Figs. 18 and 19. Motion trajectories and cor-
responding vortex shedding modes (rendered by vorticity magni-
tude) at y/L ¼ 1/32 (near the “B” end), 4/32, 7/32, 10/32 and 13/32
(near the pipe middle) when Vmax ¼ 0.3 m/s are illustrated in Fig. 18
to reveal the relationship between motion trajectory and wake
vortex. The “2 S” vortex shedding mode dominates along the pipe's
half part with lower inflow velocity (near the “A” end) when
Vmax ¼ 0.3 m/s, similar to the vortex shedding pattern in the wake
of an oscillating rigid cylinder. As the steady vortex shedding
modes in the case of high reduced velocity, the “2 P” and “P þ S”
vortex shedding modes become popular along the half part with
173
higher inflow velocity (near the “B” end), as shown in Fig. 18. The
transition positions from “2 S” to “2 P” (or to “P þ S”) vary with the
reduced velocity and instantaneous RMS vibration amplitude.
Because the vorticity intensity of the “2 P” and “P þ S” vortex
shedding modes is relatively strong, it is prone to contribute to
maintaining an intensified VIV process.

Instead of typical figure “8” trajectories experienced in classic
VIV process, motion trajectories of the flexible slender pipe are
really tanglesome, mainly attributing to the multi-modal response.
At positions near the “B” end, the phenomena of multi-mode and
relatively small vibration amplitudes become favorable, followed
that vortex shedding tends to have a stronger 3D effect, as shown in
Fig. 19. A possible reason is tightly related to the combined effect of
the deflection, end effect and vortex shedding frequencies.

Fig. 18 clearly illustrates that pipe vibration affects the distri-
bution of wake structure which influences the pipe's vibrations in
turn. In addition, vibration trajectories at any position vary with the
change of vortex shedding in the wake due to the variety of cur-
vature and inflow velocity along the FRP pipe span, and the typical
figure “8” pattern is difficult to be observed. As a rule, pipe motion



Fig. 17. Spatioetemporal plot of non-dimensional vibration amplitude, when Vmax ¼ 1.5 m/s (a) in the CF direction, (b) in the IL direction.
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trajectory patterns are complicated by the pipe lateral flexibilities.
A similar conclusion is drawn based on numerical simulations
related to another large-scale flexible pipe (Pang et al., 2019).

The above results illustrate that wake shedding modes behind
the flexible pipe change according to different positions, and
distinct 3D characteristics are captured in the wake field. Vorticity
magnitude iso-surfaces rendered by flow velocity magnitudes
illustrate the 3D vortex-street effect in Fig. 19. In the region of low
reduced velocity, the pipe slightly deforms toward the IL direction,
and the corresponding vortex shedding pattern exhibits an evident
2D feature, such as regular cylindrical vortex tube, as shown in
subplot (a) of Fig. 19. However, when reduced velocity increases,
the vortex tubes are not absolutely parallel to the pipe span, and
vortex intensity and 3D vortex shedding characteristic become
more prominent. At the pipe middle, the vortex structure tends to
develop from the ideal cylindrical vortex tube to the tilted twisty
vortex tube and discrete small vortices, as shown in subplot (b) of
Fig. 19. In the part with higher reduced velocity, the vortex tube is
missing, and many discrete small vortices occur in the wake behind
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the pipe, as shown in subplot (c) of Fig. 19. The increasing 3D
characteristics are followed by the appearance of a tilted honey-
comb scroll, especially near the pipe surface. The oblique orienta-
tion and distortion of the vortex rows are attributed to the
difference of vibration amplitudes, IL deflection, and axial correla-
tion effects.
7. Conclusion

The VIV analysis of a 16 m long tensioned FRP pipe was per-
formed by numerical simulation in this paper. An agreement be-
tween the numerical and experimental results was obtained based
on the FS analysis, ensuring that the selected numerical method is
competent to solve FSI problems. The VIV response characteristics,
including multi-mode and spanwise hybrid wave performance,
were investigated. Based on these results, the following conclu-
sions were drawn:



Fig. 18. Motion trajectories and corresponding vorticity magnitude contours along the pipe at selected sections (a) y/L ¼ 1/32, (b) y/L ¼ 4/32, (c) y/L ¼ 7/32, (d) y/L ¼ 10/32, and (e) y/
L ¼ 13/32, when Vmax ¼ 0.3 m/s.
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1) The magnitude of inflow velocity plays a significant role in
determining the dominant vibration modes. In the case of low
Vmax, the excited vibration modes and spanwise waveforms
related to IL and CF VIVs show approximate synchronization,
implying that the apparent vibration modes and spanwise
waveforms remain steady or shift to others simultaneously.
When Vmax increases, the phenomena of mode shift and multi-
modal coexistence frequently occur either in the IL or CF
direction.

2) Different waveforms alternate along the pipe span owing to the
accumulation and dissipation of vibration energy. The standing
waveform is predominated in the CF direction due to the limited
175
pipe length. Although the standing waveform is also dominant
in the IL VIV, the traveling wave emerges frequently, especially
when Vmax rises. The local standing wave dominates the VIV
response near the ends of the pipe model, but the local traveling
wave is frequently observed near the midpoint of the pipe
model with high reduced velocity. The traveling waveform
usually propagates from the high-velocity zone to the low-
velocity zone, because the vibration energy preferentially ac-
cumulates along the former.

3) The multi-modal phenomenon is illustrated during the VIV
process, via FB-EMD algorithm. Along the pipe's half part with
higher Vmax, themulti-modal phenomenon is favorable, that is, a



Fig. 18. (continued).
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dominant and several apparent subordinate modes coexist.
Moreover, the dual- and even triple-dominant-mode occurs
when Vmax is large enough, leading to tanglesome motion
trajectories.
Fig. 19. Illustration of 3D vortex shedding
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4) According to the illustration of vortex wake, the typical cylin-
drical vortex tube, the tilted twisty vortex tube, and a mass of
small discrete vortices occur in sequence behind the pipe, owing
to the shear inflow feature. In addition, the increasing 3D effect
along the pipe span, Vmax ¼ 0.3 m/s.
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is followed by the appearance of a tilted honeycomb scroll,
especially near the pipe surface.

The issue about spanwise waveforms and multi-mode phe-
nomena is significant when we investigate the dynamic charac-
teristic of slender marine structures, such as flexible pipes/risers. It
is necessary to correctly comprehend the dynamic characteristics
and responses of the VIV related to slender submarine pipe/riser
sytems, and to find a practicable method to evaluate their reli-
ability. However, by far the studies about them are still not enough.
The findings of this study can serve as a reference for the dynamic
prediction and design evaluation in ocean engineering.
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