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a b s t r a c t

The Vortex-Induced Vibration (VIV) test system on deepwater riser based on Bare Fiber Bragg Grating
(BFBG) sensor technology was designed. Meanwhile, a riser VIV response numerical model was estab-
lished based on the work-energy principle. The results show that the first-order vibration frequency
dominates the vibration of the riser, and as the velocity increases, the dominant frequency of the riser
gradually increases under the effect of different top tensions. At the same velocity, as the top tension
increases step by step, the dominant frequency and fatigue damage at the same position along the axial
length of the riser both gradually decreases. The model test and numerical simulation show a relatively
consistent change, maintaining a high degree of agreement. The process control system based on BFBG of
model test has excellent performance, and FBG sensors have great advantages in VIV test of a vertical
riser in water.
© 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

As one of the important facilities in the infrastructures for
deepwater oil and gas resources, marine risers are connected be-
tween platforms or drilling barges and subsea underwater systems
and can be used for well drilling, completion, and production.
When oceanic currents flow past these slender, cylindrical struc-
tures, at a given flow velocity, alternately discharged vortices from
the wake will form cyclic wake currents. Owing to the cyclicity and
asymmetry of vortex shedding, the fluid will exert a cyclic pulsating
force to the structure in both In-Line (IL) and Cross-Flow (CF) di-
rections, causing the structure to vibrate in both directions. This
fluidesolid coupling is what is referred to as Vortex-Induced Vi-
bration (VIV). When the natural frequency of the riser structure is
close to the vortex shedding frequency, vibration will force the
vortex shedding frequency to lock in somewhere near the natural
frequency of the structure, referred to as "lock-in". This will
intensify the cross-flow vibration of the riser and consequently
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accelerate its fatigue damage.
Physical model test as a key method to study the dynamic

behavior of deepwater risers, researchers have made outstanding
contributions to the vortex-induced vibration test system. Song
et al. (2011) conducted laboratory tests on VIV of a long flexible
riser towed horizontally in a wave basin. In the top tension system,
the spring, with the stiffness of 6900 N/m, was connected at one
end of the riser and it was possible to change the top tension
gradually during the test. A tension sensor (tensiometer) was used
to monitor axial tension variations during towing test (Wu et al.,
2012). In order to minimize the required top tension and mitigate
flow-induced vibration in the structure, Fang et al. (2014) carried
out an experimental investigation on the multimodal responses of
slender cylinders under low tension (1960 N) and high tension
(2940 N). Gao et al. (2015a; 2015b) performed experimental studies
on the dynamic responses of a long flexible riser with and without
various strake arrangements in uniform and sheared currents. They
measured the top tension on the riser using two force sensors
mounted at the end of the model, with a precision level smaller
than 0.5%. In examining riser VIV responses for a combination of a
number of parameters, Wang et al. (2018) constructed a test
apparatus with an end system designed for applying top tension
(ALIYIOI digital dynameter, ALX frame and special fixtures). The test
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apparatus was simply supported at the top and simply/fixedly
supported at the bottom (self-made frame). Liu et al. (2018) pro-
posed a Forgetting Factor Least Square (FF-LS) method for identi-
fying time-varying hydrodynamics of a flexible riser under multi-
frequency VIV. During the experiment, a rotary tower was used to
simulate sheared flow. The end of the riser was connected to the
constantly pretensioned rotary tower through a universal joint so
that the riser could be simplified into a constantly pretensioned
simply-supported model (Song et al., 2016). As to the dynamic re-
sponses of a group of two risers or cylinders, (Chaplin and Batten,
2014) described the interactions between two tandem risers for
different spacing ratios and supplied top tension to the risers with a
mass block sliding on a linear bearing. On this basis, Huera-Huarte
et al. (2014) defined the constant tension required for the model
using a similar test apparatus and examined the dynamic responses
of a long flexible cylinder with two different low mass ratios to
vortex shedding excitation and the interference effect between two
cylinders in tandem arrangement (Huera-Huarte et al., 2016). Xu
et al. (2018) designed a test apparatus consisting of a support
frame, two vertical support mechanisms, a cylinder model, and an
axial tension system to test the VIV dynamic characteristics of a
flexible cylinder. Shi et al. (2018) examined VIV-induced riser mo-
tions and associated fatigue damage and changed the riser tension
by connecting the counterweight lump at the end of the riser in
series with the oscillating arm.

As a new sensor technology, Fiber Bragg Grating sensor (FBG)
has been maturely applied in various engineering researches and
fields, and its advantage of obtaining data with high precision
makes it possible to use FBG to investigate on VIV. FBG is a kind of
fiber optic sensor based onwavelength, which is mainly sensitive to
strain, temperature and pressure. Its advantages include small size,
anti-electromagnetic interference and reusability. FBG has been
effectively applied in the research of VIV. Jin et al. (2000) reported
that the FBG sensor can be used to measure the fluid-induced vi-
bration of the cylinder in cross flow direction, and the measured
strain is consistent with the cross bending displacement of the
structure measured by the laser vibrometer in terms of the natural
frequency and vortex shedding frequency of the fluid-structure
system. For the slender cylindrical structure, Ren et al. (2014)
applied 56 FBG sensors encapsulated in stainless steel pipes to
the VIV measurement of 28 m model pipes under controlled and
uncontrolled conditions, and founded that FBG sensors have good
sensitivity and fatigue life, and their measured values are high
enough. Zhang et al. (2005) provided partial feedback signals based
on FBG sensor for monitoring and controlling structures under VIV.
Zhou et al. (1999) proposed a method of combining FBG sensor
with laser doppler anemometer to study cross flow induced VIV,
and founded that FBG sensor is expected to play an important role
in the study of fluid-structure coupling of multiple array structures
due to its unique physical characteristics. During the use of tradi-
tional FBG sensors, due to the extremely low flexural strength of the
optical fiber, thewires often adopt the encapsulationmode, and the
cross-sectional area of the packaged fiber becomes larger. When
the encapsulated optical fiber is installed on the surface of riser
with large aspect ratio, the flow field around the riser will be
affected and the dynamic response characteristics of the riser itself
will be changed. Therefore, the use of bare fiber Bragg grating
sensor technology is an ideal choice for testing deepsea riser VIV,
but a series of core technologies such as sensitivity testing, posi-
tioning and installation of bare fiber Bragg grating sensor have not
yet been broken through.

The purpose in this paper is to test the vortex-induced vibration
test system of vertical riser based on bare fiber Bragg grating sensor
technology, and compares the data with the numerical simulation
study to evaluate the performance of the test system, providing the
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basic data for the establishment of the physical model test system
of riser group. The remainder of this text is structured as follows.
Section 2 elaborates on the test apparatus and test details. Section 3
describes the numerical simulation method used to establish the
top tension riser VIV responses based on thework-energy principle.
Section 4 presents a modal analysis method and a fatigue damage
analysis method. Section 5 compares the resulted dominant fre-
quencies, dimensionless displacements, and fatigue damages be-
tween model test and numerical simulation and discusses the test
results. Section 6 draws some conclusions.

2. Experimental description

2.1. Test apparatus

The experiment was carried out in the combined waveecurrent
water flume of the Engineering Hydrodynamics Laboratory, Ocean
University of China. The flume has a maximum water depth of
1.0 m, a maximum flow velocity of 0.8 m/s and a maximum wave
height of 0.3 m. The flume structure has glass on the sides and steel
plate at the bottom, with a steel support frame placed at the center
of the flume. The test apparatus consisted of a support structure, a
process control system, riser models, and a BFBG signal measuring
and acquisition system (Li et al. 2019, 2020). To improve the overall
system stability, the support frame was secured to the flume with
bolts at the bottom and to the edge of the flume with clamps at the
sides. The upper and lower ends of the riser were connected to the
steel plate with universal joints. From the upper end of the frame, a
process control system supplied top tension required for the
experiment. The Doppler velocimeter was mounted 2.0 m up-
stream of the riser. The flow velocity interval tested was 0.1~0.6 m/
s. The flow velocity was incrementally increased at 0.05~0.1 m/s
intervals. A total of 10 flow velocities were used. The entire system
is capable of providing stable flow velocities and precisely applying
top tensions. Fig. 1 shows the overall experimental setup.

2.2. Design of test process control system

The process control system consisted of an AXT-S-100 external
digital tensiometer, a guide rod, an aluminum alloy fixed plate, an
aluminum guide plate, a stainless steel connecting ring, a traction
wire rope, a crown block, and a self-locking tensioner. To measure
the precise top tension, a ruler was mounted on the four main
support rods of the support assembly to ensure that the fixed
structure at the top remained level all the time, providing a guar-
antee for applying uniform top tension to the risers as well as laying
foundation for applying top tension required for the VIV test of the
riser group. An external digital tensiometer was connected on top
of the riser model under the aluminum alloy fixed plate. The ten-
sion applied was adjusted according to the feedback on the display.
The sensitivity of the tensiometer was maintained between 1.5 and
3.0 mV/V. This device effectively controlled the application of top
tension to the risers, proving a second guarantee for the precision of
the top tension applied. Through a number of top tension appli-
cation tests, we acquired the strain data of the risers and estab-
lished the correspondences between strain and top tension,
providing a third guarantee for checking the accuracy of the process
control system. Fig. 2 shows the overall experimental setup and top
tension system details. Top tension was applied in the following
way.

The riser was connected at the upper part to the external digital
tensiometer through a universal joint in a manner that allowed
accurate application of top tension as well as guaranteed multiple
degree of freedom vibration for the riser. To ensure that the fixed
superstructure of the riser was sufficiently stiff, two aluminum



Fig. 1. Overall experimental setup: (a) Elevation view of the test system; (b) Side view of the test system.

Fig. 2. Overall experimental setup showing the process control system and details. (a) Top tension system; (b) Universal joint connected to the tensiometer; (c) Aluminum alloy
fixed plate; (d) Slideway to slider connection detail; (e) Corner fittings detail.
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alloy plates with the same dimensions and the same hole position
were used and connected through 16 high-strength bolts. A self-
locking tensioner was used to apply tension. A stainless steel ring
was connected to the self-locking tensioner through a stranded
wire at the upper part and to the aluminum alloy fixed plate at the
lower part. Tension was transmitted to the external digital tensi-
ometer through a guide rod. The tensiometer was capable of real-
time monitoring and the four sides of the upper fixed plate were
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kept in a level position to ensure that each of the riser models
received the same top tension. By adjusting the tensioner, five
different tensions were applied to the riser. The circumference of
the aluminum alloy plate was connected to the linear slideway
through sliders to ensure that the plate will slide freely during
tension application. When the tensiometer reached the design
reading, the tensioner was automatically locked and the aluminum
alloy was locked on the linear slideway through the sliders,
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providing stable top tension to the riser models.
2.3. FBG sensor principle and installation arrangement and riser
model

The basic principle of the FBG sensor is to write gratings with
different grating pitches in several parts of the fiber. When the
grating is subjected to external physical quantities (such as strain,
temperature, etc.), its fiber Bragg wavelength will change. This
change can be reflected from the reflection spectrum. It can be
detected that the response of the measured physical quantity can
be obtained through the measurement of the wavelength change
(Hill et al., 1993). When the FBG is affected by the axial external
force and temperature, its grating period L and the core refractive
index neff will change, which will change reflection wavelength of
the peak, thereby changing the reflection spectrum and trans-
mission spectrum of the FBG. By detecting changes in the reflection
spectrum and transmission spectrum of the FBG, the corresponding
strain, temperature and other information can be obtained. The FBG
sensing principle is shown in Fig. 3.

According to the fiber coupled mode theory, when broadband
light is transmitted in FBG, mode coupling occurs, and only the
wavelength of the incident light (that is, the central wavelength)
that meets the Bragg condition is reflected by the fiber grating:
lB ¼ 2neffL, where lB is the center wavelength of the reflected light
wave of FBG (Morey et al., 1990). The amount of change in the
center wavelength of the fiber grating is linearly related to the
strain change amount or the temperature change amount, and the
corresponding strain or temperature variable can be obtained by
inverse calculation of the formula (Vanus et al., 2020).

In the experiment, four bare fiber strings were deployed sym-
metrically along the surface of the riser. Six grating measuring
points were engraved on each fiber string and four FBG sensors
were mounted at each point at 90� intervals. A total of 24
measuring points were deployed along the length of the riser
model to measure the cross-flow and in-line riser vibration, as
illustrated by Fig. 4. In order to better reflect the dynamic response
law of vortex induced vibration of riser, measuring point G03 near
the middle of riser is selected for analysis.

The test model consisted of an organic glass tube with outside
diameter 18.0 mm, wall thickness 1.0 mm, and effective length
2.0 m. Risers were specifically fabricated by a professional manu-
facturer according to design and the selected riser model was
mechanically tested to ensure compliance with the experimental
requirements. During the experiment, the riser models were placed
Fig. 3. Schematic diagram of working principle of FBG sensor.
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in standing posture in a uniform current with water depth 0.8 m.
Table 1 details the parameters used for the experiment. A high-
definition digital camera was used to monitor riser vibration and
to take photos at the end of the sampling time.
3. Numerical model

3.1. FIV control equation for the vertical riser

By simplifying the riser into a top-tensioned simply-supported
beam model, an O-XYZ spatial rectangular coordinate system was
established, where the point O is the endpoint at which the riser
bottom is connected to the universal joint; Z axis is the axial di-
rection of the riser: the riser undergoes cross-flow VIV in the XOZ
plane and in-line VIV in the YOZ plane; x and y corresponds to
displacements in the two directions; Uc is the external flow ve-
locity; Vr is the relative velocity of the riser and fluid, Vr ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðUc � _xÞ2 þ _y2
q

; CD and are the CL drag coefficient and lift coeffi-
cient, respectively, as shown in Fig. 5.

According to the work-energy principle, we can obtain the
cross-flow VIV equation of the riser:

m€yþ c _yþ EIyð4Þ � Tey
00 ¼ FL (1)

FL ¼
1
4
rwU

2
c D0CLq (2)

where:m ¼mr þma,mr ¼ rr
pðD2

o�D2
i Þ

4 is the mass per unit length of
the riser, rr is the material density of the riser, DO is the outside

diameter and Di is the inside diameter of the riser; ma ¼ Carw
pD2

o
4 is

the added fluid mass per unit length, Ca is the added mass coeffi-
cient and rw is the external fluid density of the riser; c is the
damping coefficient of the structure; EI is the bending stiffness; Te is
the effective top tension of the riser unit; FL is the lift of the riser
unit, CLo corresponds to the steady transverse lift coefficient,
generally taken as 0.3 and q¼2CL/CLo is the lift oscillator coefficient.
3.2. Wake oscillator model

In the experiment, we used a wake oscillator model to simulate
riser VIV in a uniform current along the length of the risers and a
nonlinear oscillator to simulate the fluctuation behavior of vortex
shedding (Facchinetti et al., 2004a, 2004b). This self-exciting and
self-limiting oscillator satisfies Van der Pol equation and its vibra-
tion frequency is directly proportional to the inflow vibration fre-
quency. This wake oscillator model considers the structure-fluid
acceleration linear coupling terms. The vibration equation is
expressed as:

€qy þ εyus

�
q2y �1

�
_qy þ u2

s qy ¼ Ay

Do
€y (3)

where: εy is the parameter in a nonlinear term, generally taken as
εy ¼ 0.3; Ay is the hydrodynamic parameter, generally taken as

Ay ¼ 12; us is the vortex shedding frequency, us ¼ 2pStUc
Do

.

3.3. Numerical calculation

Through discretization with Hermit interpolation, we combined
the dynamic Eqs. (1) and (2) of a vertical riser with wake oscillator
model (3) into a nonlinear vibration system and obtained the finite
element matrix expression of the riser vibration equation as:



Fig. 4. Schematics showing the layout of FBG sensors. (a) Riser model; (b) Measuring points on riser #1; (c) Bare fiber string and armored optical fiber; (d) FBG measuring point
arrangement.

Table 1
Geometric and mechanical parameters of the riser model.

Parameter Value Unit

Riser model length (L) 2.00 m
Length of still water (L1) 0.80 m
External diameter (D) 0.018 m
Thickness (d) 0.001 m
Mass per unit length (m) 0.065 Kg/m
Sectional area (C) 53.41 mm2

Bending stiffness (EI) 4.63 N$m2

The first-order natural frequency (f1) 3.30 Hz
Aspect ratio (l¼L/D) 111.11 e

Mass ratio (empty riser, m1*¼ 4m
p� D2 � r� L

)
0.26 e

Mass ratio (the riser filled with water, m2*¼ 4ðmþmaÞ
p� D2 � r� L

)
1.05 e

Damping ratio (z) 0.039 e

Reynolds number (Re) 1800e10,800 e

Material (M) PMMA e
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�
My

��
€y
�þ �

Cy
��

_y
�þ �

Ky
�fyg¼ �

Fy
�

(4)

�
Mq

��
€q
�þ �

Cq
��

_q
�þ �

Kq
�fqg¼ �

Fq
�

(5)

Based on the abovementioned principle, we solved Eqs. (4) and
(5) iteratively within the domain by Newmark-b method and
yielded the dynamic response of the riser at any time.

4. Data analysis

4.1. Strain signal data analysis theory based on articulated
boundary

Frequency spectrum analysis represents a basic analysis method
for signal processing. The time domain signals obtained are subject
to Fourier transfomation and frequency domain information is
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obtained. The positive transformation equation is shown as
follows:

FðuÞ¼
ðþ∞

�∞

f ðtÞe�iutdt (6)

where: u¼2pf; f(t)means time domain data series; and F(u)means
spectrum function series of frequency domain. As Fourier trans-
formation is continuous in itself, the fast Fourier transformation
(FFT) was adopted for solution. Due to frequency resolution and
limited length of time domain signals, the FFT analysis result may
have the probability of leakage. Thus, “windowing” measures were
adopted for elimination.

Then, the modal analysis approach, proposed by Chaplin et al.
(2005) and Lie and Kaasen (2006), was adopted to obtain the



Fig. 5. Coordinates and relative fluid velocity of the riser.
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time varying displacement according to measured strain data. The
response displacement could be expressed as a weighted sum of
mode shapes as follows

yðz; tÞ¼
X∞
n¼1

unðtÞ4nðzÞ; z2½0; L� (7)

where: z is the axial coordinate, L is the length of the riser, t rep-
resents time, 4n(z) denotes the mode function, un(t) is the modal
weights, n ¼ 1,2,3 … N.

The inclined flexible cylinder in our experiments had pinned-
pinned boundary condition. Therefore, the mode shapes of
displacement can be expressed as

4n ¼ sin
npz
L

; z2½0; L� (8)

Using the relation, k(z,t)¼ε(z,t)/R, the strain ε can be converted
to curvature k,

εðz; tÞ	R¼ kðz; tÞ¼ y}ðz; tÞ¼ �
X∞
n¼1

�np
L

�2
unðtÞsinnpz

L
; z2½0; L�

(9)

where: R is the outer radius of the riser. There are six measuring
points along the axis of the riser model. The unknown modal
weights u1(t), u2(t), u3(t) … uN(t) can be calculated by fitting pre-
calculated mode shapes into Eq. (7) using the least-squares
method. The same modal analysis approach has been applied
successfully in previous experiments on VIV of flexible risers
(Chaplin et al., 2005; Lie and Kaasen, 2006; Huera-Huarte and
Bearman, 2009a; 2009b).

4.2. Fatigue analysis method

The number of stress cycles was derived using rainflow counting
method. The fatigue life of the riser was then determined according
to the PalmgreneMiner rule for fatigue life prediction. The basic
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SeN curve is expressed as:

log N¼ log a�m log Ds (10)

where: N is the number of damaging fatigues; log a is the median
intercept of the log-log coordinates of the SeN curve; m is the slope
ratio of the log-log coordinates of the SeN curve; Ds is the stress
amplitude.

The cumulative fatigue damage index of a riser can be expressed
as:

Dt ¼
X
i

nðSiÞ
NðSiÞ

� h (11)

D¼60� 60� 24� 365
Tt

� Dt (12)

where: Dt is the cumulative measure of riser fatigue damage within
the calculation time; D is the cumulative measure of riser fatigue
damage in a year; h¼1/DFF is the fatigue utilization coefficient; DFF
is the design riser fatigue coefficient which, as recommended by
DNVOS-C101, is taken as 1; n(Si) is the coefficient of stress cycles by
rainflow counting method; N(Si) is the limit coefficient of cycles
permissible for the material at stress amplitude Si, determined by
the corresponding SeN curve; Tt is the calculated time.

5. Results and discussions

5.1. Frequency comparison

For large aspect ratios, the natural vibration frequency is solved
through structural analysis. According to the reduced velocity for-
mula, the vortex shedding frequency fs can be determined, so as to
determine the size of the outflow U during each order of lock-in,
thereby initially determining the required maximum outflow ve-
locity and the maximum number of modes n that can be excited.
For the marine riser with hinged ends, Lie and Kaasen (2006)
proved that the natural frequency of the riser can be solved by
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the following method:
When the tension is large and the bending stiffness can be

ignored, the vibration of the riser can be considered according to
the tensioned thin line, and its natural frequency is:

fn;string ¼
n
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T
.
mL2

r
(13)

When the tension is small, and the bending rigidity plays a
major role, it can be considered as a beam without tension, and its
natural vibration frequency is:

fn;beam ¼n2
p

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EI
.
mL4

r
(14)

Lie and Kaasen gave the formula for calculating the n-th order
natural frequency considering the riser under the tension T control:

fn
2 ¼



0:5pn

�
L2
� ffiffiffiffiffiffiffiffiffiffiffi

EI=m
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ TL2
.
2n2pE

r
(15)

Before the formal experiment, the riser model was filled with
liquid and placed it in still water, and periodic instantaneous
excitation is applied to it. After the excitationwas released, the free
decay vibration of the riser was observed. The experiment was
repeated several times, thereby obtaining the strain-time history
curve corresponding to the decay signal and the natural frequency
spectrum curve of the riser obtained by fast FFT. The damping ratio
of the isolated riser resulted from free decay test was 0.039; the
first-order natural frequency of the structure was 3.30 Hz.

Fig. 6 compares the model test result with numerical simulation
results and the theoretical calculation results by empirical formula
(15). Here, fi-j represents a particular natural frequency, where i¼ 1,
2, 3, 4, and 5, representing the ist top tension, which corresponds to
T ¼ 19.8 N, 39.2 N, 58.8 N, 78.4 N, and 98.0 N; j ¼ 1, 2, and 3, rep-
resenting the jst natural frequency under the same top tension,
which corresponds to the first-, second-, and third-order natural
frequencies.

In statistics, the Pearson correlation coefficient (Soltanahmadi,
1992; Kwan, 2000; Alfosail et al., 2017) is used to measure the
degree of linear correlation between two variables. It is defined as
the quotient of the covariance and standard deviation between the
two variables. The calculation formula of Pearson correlation
Fig. 6. Natural frequencies of the riser under different top tensions
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coefficient is:

rx;y ¼
COVðx; yÞ

sxsy
(16)

where, COV (x, y) is the covariance of x and y, and sx and sy are the
standard deviations of x and y. Covariance can reflect the rela-
tionship between two random variables. If one variable becomes
larger or smaller along with another variable, then the covariance
of the two variables is positive, which means that the two variables
are positively correlated, and vice versa in contrast. The value of
Pearson correlation coefficient is between �1 and 1. When the
value is 1, it means that there is a completely positive correlation
between the two random variables; when the value is �1, it means
that there is a completely negative correlation between the two
random variables; when the value is 0, it means that the two
random variables are linearly independent.

From Fig. 6, as top tension increased, so did the natural fre-
quency of the riser, which concurs with conclusions from previous
studies (Huera-Huarte and Bearman, 2009b; Thorsen and Sævik,
2017). Across the top tension interval tested, first-order natural
frequency had the least difference among model test, numerical
simulation, and theoretical calculation; the model test result
agreed well with numerical simulation result, with errors smaller
than 5% for all top tensions. For the second-order natural frequency,
therewas a disparity among the threemethods. Comparedwith the
first two orders, the third-order natural frequency was significantly
different among the three methods, with model test result
commonly greater than numerical simulation or theoretical
calculation result. Fig. 7 shows the root mean square errors (RMSE)
and Pearson correlation coefficients of natural frequency between
model test and numerical simulation for the five different top
tensions. The RMSE fluctuated at about 1. Statistics indicated an
RMSE of 1.44 for the first three-order natural frequencies between
model test and numerical simulation; the RMSE of the first-order
natural frequency between the two groups of data was 0.24, sug-
gesting that the model test results were closer to the numerical
simulation results for the first-order natural frequency. The Pearson
correlation coefficient of natural frequency betweenmodel test and
numerical simulation for the five top tensions was 0.9986. From
Fig. 7, the natural frequencies yielded by the two methods stayed
above 80% for all top tensions, confirming a relatively high
from model test, numerical simulation, and theoretical value.



Fig. 7. RMS errors and Pearson correlation coefficients of natural frequencies under five different top tensions from model test and numerical simulation.
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agreement between model test and numerical simulation results.
To investigate the VIV responses of the riser to different com-

binations of external flow velocity and top tension, Fig. 8 shows the
cross-flow dominant vibration frequencies of the riser under top
tensions T ¼ 19.8 N, 58.8 N, and 98.0 N, for flow velocities
U ¼ 0.25 m/s, 0.40 m/s, and 0.55 m/s. Here, the blue solid lines
represent numerical simulation results and the red dotted lines
represent model test results. From the test data, the dominant vi-
bration frequency of the riser was first order and as external flow
velocity increased, the dominant frequency gradually increased
under all three top tensions; however, under the same external
flow velocity, as top tension increased, the dominant frequency of
the riser gradually decreased; the corresponding numerical simu-
lation results were quite the same as the model test results. In
terms of vibration frequency, the dominant vibration frequency of
numerical simulation is marginally smaller than the model test,
When T ¼ 58.8 N, the dominant vibration frequencies at
U ¼ 0.25 m/s, 0.40 m/s, and 0.55 m/s frommodel test were 2.92 Hz,
3.93 Hz, and 4.97 Hz, whereas those from numerical simulation
were 2.73 Hz, 3.72 Hz, and 4.87 Hz. Error analysis of the riser fre-
quency also revealed an error frequency within 4.0% between
model test and numerical simulation results under both top ten-
sions. This difference may be attributable to discretized data
acquisition. In terms of the power corresponding to dominant
frequency, numerical simulation results were slightly smaller than
the model test results, especially when T ¼ 58.8 N, it is the closest.
Through the above analysis, model test results had a relatively high
agreement with numerical simulation results in power spectral
density analysis of risers, guaranteeing the accuracy and fidelity of
the experiment.

5.2. Displacement comparison

Figs. 9e11 show the displacement time history curves (a and b),
maximum displacements (c), and vibration envelopes during
experiment (d) of the riser at z ¼ 0.875 L for flow velocities
U ¼ 0.25 m/s, U ¼ 0.4 m/s, and U ¼ 0.55 m/s and top tensions
T ¼ 19.8 N (1), T ¼ 58.8 N (2), and T ¼ 98.0 N (3). Here, the red lines
represent model test results and the blue lines represent numerical
simulation results. Obviously, under the same flow velocities, the
dimensionless displacement amplitude decreased with increasing
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top tension (Gu et al., 2013; Shi and Manuel, 2019; Trim et al.,
2005); within these flow velocities, the displacement amplitude
increased with increasing flow velocities. By sampling after each of
the flow velocities had stabilized and through modal analysis of the
strain data within 40 s after stabilization, we obtained the dis-
placements at each measuring point along the riser. Then we
analyzed the displacement of the riser at measuring point #1,
namely, z ¼ 0.875 L, within the time domain. The numerical
simulation also used a calculation time of 40s and a calculation step
of 0.001s. Comparison between model test and numerical simula-
tion results revealed a level of instability in the numerical simula-
tion results within the first 5s, when the displacement value was
highly fluctuated. On the contrary, for model test, since the sam-
pling was carried out after the riser vibration was stable, the data
was relatively stable, and there is little difference between the
numerical simulation results and the test results.

Analysis of the maximum displacements in Figs. 9e11 discov-
ered that model test results were larger than the numerical simu-
lation results for all cases except for flow velocity U ¼ 0.25 m/s
under T ¼ 19.8 N, when the numerical simulation results were
slightly larger than the model test results. This concurs with our
conclusions for riser vibration frequency. In Fig. 9, there is regular
intermittent vibration in the numerical simulation displacement
time history curves, which is different from the model test results,
but the amplitude of spanwise root mean square is close. With the
increase of flow velocity, the displacement time history curves of
numerical simulation in Fig. 10 and Fig. 11 are messier than those of
the model test. In the meanwhile, by comparing the displacement
envelope of different velocities, it is found that, at flow velocity
U ¼ 0.25 m/s, the riser had a first-order vibration pattern under all
top tensions; at a low flow velocity, increasing top tension was
more influential to riser displacement; at flow velocity U ¼ 0.4 m/s,
the riser displacement increase was greater than at U ¼ 0.25 m/s,
and the sensitivity of riser amplitude to top tensionwas weakened;
however, at flow velocity U ¼ 0.55 m/s, a second-order mode
pattern appeared for all three top tensions, with second-order
mode pattern being the most remarkable under T ¼ 19.8 N.
Comparing the displacement envelopes between Figs. 9 and 11, one
can discover that under a high flow velocity, top tension variation
was less influential to the displacement of the structure and the
involvement degree of riser's multi-mode decreased with



Fig. 8. Power spectral density curves of the riser under different top tensions from model test and numerical simulation: (a) T ¼ 19.8 N, U ¼ 0.25 m/s; (b) T ¼ 19.8 N, U ¼ 0.40 m/s;
(c) T ¼ 19.8 N, U ¼ 0.55 m/s; (d) T ¼ 58.8 N, U ¼ 0.25 m; (e) T ¼ 58.8 N, U ¼ 0.40 m/s; (f) T ¼ 58.8 N, U ¼ 0.55 m/s; (g) T ¼ 98.0 N, U ¼ 0.25 m/s; (h) T ¼ 98.0 N, U ¼ 0.40 m/s; (i)
T ¼ 98.0, U ¼ 0.55 m/s.

C. Wang, Y. Wang, Y. Liu et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 223e235
increasing top tension.
Fig. 12 compares the cross-flow RMS dimensionless displace-

ment curves of the riser as a function of external flow velocity
under different top tensions between model test and numerical
simulation. From the cross-flow RMS dimensionless displacement
curves from model test, as shown in Fig. 12(a), as top tension
increased, the RMS displacement of the riser began to attenuate.
This suggests that increasing top tension amplified the stiffness of
the structure, causing the riser's vibration amplitude to attenuate
under the same external excitation. Under T ¼ 19.8e98.0 N, 0.1 m/
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s � U < 0.55 m/s, the RMS dimensionless displacement of the riser
began to rise with increasing external flow velocity. Particularly,
under T ¼ 39.2 N, 0.55 m/s < U � 0.6 m/s, as external flow velocity
increased, the RMS displacement curve of the riser began to drop,
whereas no decline is observed in the corresponding numerical
simulation result, possibly because the riser was transforming from
first-order to second-order mode during the experiment. Within
this flow velocity interval, under T ¼ 58.8 Ne98.0 N, there was a
small decline in the riser's vibration increase. When 0.45 m/
s <U� 0.6m/s, the riser's vibration amplitude under T¼ 19.8 Nwas



Fig. 9. Displacement time history curves, maximum displacements and vibration envelopes of the riser at U ¼ 0.25 m/s under different top tensions from model test and numerical
simulation.

Fig. 10. Displacement time history curves, maximum displacements and vibration envelopes of the riser at U ¼ 0.4 m/s under different top tensions from model test and numerical
simulation.
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close to that under T ¼ 39.2 N, increasing top tension was not so
significantly influential to riser vibration at that time; under
T ¼ 58.8e98.0 N, as external flow velocity increased, the riser's
vibration amplitudes grew closer, becoming almost the same at
U ¼ 0.6 m/s. Within this range, increasing top tension caused the
RMS displacement increase to amplify. From Fig. 12(b), we can see
that the RMS displacements of the riser from numerical simulation
were slightly larger than those from model test under all top ten-
sions. At a high flow velocity, the remarkable three-dimensional
effect of fluid led to a disparity between the actual flow velocity
and the numerical simulation result. However, the RMS displace-
ment variation along external flow velocity frommodel test agreed
well with that from numerical simulation, which further confirms
the rationality of our top tension application and process control
system.
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5.3. Fatigue damage comparison

We analyzed the effects of VIV on riser's fatigue damage. Fig. 13
compares the fatigue damage curves of the riser along external flow
velocity between model test and numerical simulation. Under
different top tensions, as external flow velocity increased, the ris-
er's fatigue damage increased, too. Furthermore, within 0.1 m/
s � U � 0.25 m/s, the riser's fatigue damage jumped: under
T ¼ 19.8 N, within flow velocities 0.1 m/se0.2 m/s, the corre-
sponding maximum fatigue damage increased by nearly 6 orders of
magnitude; within 0.3 m/s � U � 0.5 m/s, when the flow velocity
variation was flatter, the fatigue damage reached a peak. Tension is
an important parameter for maintaining riser stability. When other
parameters of the riser remain unchanged, increasing top tension
can effectively enhance the riser stiffness, increase the natural



Fig. 11. Displacement time history curves, maximum displacements and riser vibration envelopes of the riser at U ¼ 0.55 m/s under different top tensions from model test and
numerical simulation.

Fig. 12. Cross-flow RMS Displacements of the riser along external flow velocity under different top tensions.

Fig. 13. Fatigue damages of the riser along external flow velocity under different top tensions.
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Fig. 14. Fatigue damage clouds of the riser under different top tensions at U ¼ 0.25 m/s, 0.4 m/s, and 0.55 m/s.

C. Wang, Y. Wang, Y. Liu et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 223e235
frequency of the structure and consequently reduce VIV-induced
fatigue damage. At 0.1 m/s � U � 0.3 m/s, the fatigue damages of
the riser under T ¼ 58.8 N, 78.4 N, and 98.0 N from numerical
simulation had a lower agreement with those frommodel test. This
is attributable to the significant stress concentration in the
boundary conditions under low flow velocities, which resulted in a
considerable dynamic disparity and consequently different para-
metric sensitivities between the two methods. As flow velocity
increased, however, at 0.3 m/s < U � 0.5 m/s, the two methods had
a higher agreement in the riser's fatigue damage for the same top
tensions. The effect of boundary conditions was no longer signifi-
cant at that time.

To further compare the riser's fatigue damages under different
top tensions between numerical simulation and model test, Fig. 14
shows the annual average fatigue damage clouds along the axial
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length of the riser at U ¼ 0.25 m/s, 0.4 m/s, and 0.55 m/s resulted
from numerical simulation and model test. From Fig. 14, the nu-
merical simulation results were extremely rhythmic and the VIV-
induced fatigue damages at individual points were not the same:
at U ¼ 0.25 m/s and 0.4 m/s, the risk spot stood at around z/
L¼ 0.275 and the degree of fatigue damagewas quite concentrated;
at U¼ 0.55 m/s, the energy stayed at around z/L¼ 0.125, suggesting
that increasing external flow velocity was significantly influential
to the position of the riser's fatigue damage. On the other hand, as
top tension increased, the fatigue damage at the same position
along the axial length of the riser gradually attenuated. From the
corresponding model test result, the fatigue damage variation
along the axial length of the riser agreed quite well with numerical
simulation, although interference of boundary conditions and wa-
ter depth in the experiment had led to some disparity along top
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tension, which concurred with our observations from Fig. 13.

6. Conclusions

Based on the BFBG sensor technology, the experiment of vortex-
induced vibration of a vertical riser by varying initial top tensions
with the uniform flow was performed. The results are compared
with the numerical simulation results of dynamic responses of the
riser with different top tensions. The following conclusions are
obtained:

Based on the BFBG sensor technology, the dynamic responses of
the riser, such as, frequency, displacement and fatigue damage life
under different top tensions are obtained, which highlights the
superior performance of BFBG sensors in vortex-induced vibration
testing of the riser in water, and can effectively and stably reflect
the evolution process of vortex-induced vibration of risers chang-
ing with flow velocity. The first-order vibration frequency domi-
nates the vibration, and as the velocity increases, the dominant
frequency of the riser gradually increases under different top ten-
sions. At the same velocity, as the top tension increases step by step,
the dominant frequency of the riser gradually decreases, the root
mean square of displacement decreases, and the fatigue damage at
the same position in the axial length of the riser gradually de-
creases. Under the external flow excitation, the dynamic response
parameters of the riser measured by the experiment agree well
with the numerical simulation results, which verifies the feasibility
of the experiment process control system and the accuracy of the
test data. The designed physical model test can effectively reflect
the vortex-induced vibration response of marine risers.
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