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a b s t r a c t

The dynamic coupling between moving top-end vessel and submarine riser becomes more remarkable for
floating platform in deep water due to its larger amplitude of top-end motion, compared to fixed platform in
shallow water. The impacts of top-end motion on the riser undergoing vortex-induced vibration (VIV) are
explored in this study. A coupled hydrodynamic force approach, involving the vortex-induced lift force along
with the fluid drag force, is developed, which takes into account the interaction between fluid dynamic force
and instantaneous riser motion. Then the dynamic behaviors of the riser suffering both top-end motion and
VIV are examined by means of finite element simulations. The effects of the amplitude and frequency of top-
end vessel sway on riser's VIV are studied. During the riser's dynamic responses, an interesting phenomenon,
called nonlinear response amplification, is observed, which demonstrates that top-end motion may be
amplified as the motion propagates along riser length. Our numerical results show that the riser's
displacement becomes several times larger than that of the case without top-end motion. Moreover, the
nonlinear amplification gets more pronounced as the number of mode order drops, but the amplification
factor just slightly changes with the increase of sway amplitude.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Submarine riser of deep water platform has been becoming longer
and longer as the oil and gas exploration extends toward deeper
ocean. Since the aspect ratio (the ratio of structural length to diameter)
of deep water riser, connecting top vessel and sea bed, is getting larger,
i.e. to a magnitude order of 102 or 103, structural modal frequencies are
often low and dense. And in practice, the fluid field characters, inclu-
ding speed value and direction of sea current or wave, are no longer
uniformly distributed along riser length. Therefore some complicated
phenomena, e.g. multi-mode vibration and wider-band random vibr-
ation, of the vortex-induced vibration of long flexible risers are frequ-
ently observed (Chen et al., 2006; Gu et al., 2012; Heurtier et al., 2001;
Lou et al., 2010; Stansberg et al., 2002; Tahara and Kim, 2003). On the
other hand, compared to fixed platform in shallow water, floating
platform in deep water has more significant motion amplitude, and
the coupling between top-end vessel and submarine riser appears to
be more remarkable. Moreover, new issues such as additional lock-in
region, parameter excitation and nonlinear amplification, due to
coupling effects are introduced (Garrett, 2005; Lei et al., 2010; Wang
and Ling, 1998). It is found that the tension fluctuation due to top-end

heave may introduce new riser's VIV involving higher-order modes
and larger dynamic responses, e.g. riser's displacement and shear
stress are respectively 10% and 20–100% larger than the case without
vessel motion (Wang and Ling, 1998).

Among those research on the dynamic coupling between top-end
vessel and marine structures (like riser, tension leg and mooring lines),
most of them focus on dynamic response of top-end vessels rather
than submarine structures. Generally, the analysis methods concerning
interactions of top-end vessel and marine structures can be classified
into two kinds: the quasi-static method (Ormberg et al., 1997; Kim
et al., 2001; Spanos et al., 2005; Wichers et al., 2001; Xu et al., 2009)
and the coupled method (Bosman and Hooker, 1999; Chen et al., 2006;
Gu et al., 2012; Li et al., 2010; Tahara and Kim, 2003). In the quasi-static
method, riser is simplified as a spring with lumped mass. In that case,
only the static restoring force, due to wet weight and (or) elastic sti-
ffness of risers, is taken into account. For example, Spanos et al. (2005)
studied the influence of riser stiffness on the overall dynamic response
of a SPAR platform by using a simplified model, in which the top-end
vessel mass was concentrated at the gravity center and a horizontal
spring was used to simulate the interaction between riser and vessel.
Xu et al. (2009) considered the structural nonlinear property of a
tension leg and presented the comparison between two different ten-
sion legmodels, i.e. the nonlinear beam and themassless springmodel.
He pointed out that the dynamic responses of tension leg platform
based on different models are significantly different. Ormberg et al.
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(1997), Kim et al. (2001) and Wichers et al. (2001) investigated the
interactions of floating top-end and riser (or mooring system) of deep-
water platforms so as to compare the coupled approach in time-dom-
ain and the quasi-static approach. Their results show that the capability
of mooring system bearing external loads may be underestimated by
using the quasi-static approach.

Actually, the coupled methods might be further classified into
fully-coupled method and weakly-coupled method. In fully-coupled
method, dynamic response of a system involving top-end and subm-
arine structures is analyzed by considering at least two dynamic
interactions, one is the interaction between environmental loads and
floating vessel, another one is the interaction between floating vessel
and submarine structures. In weakly-coupled method, one (or two) of
the above interactions is simplified or even neglected. In most of the
coupled methods, fully or weakly coupled, submarine riser and hydro-
dynamic force exerted by ocean current or wave are mostly simplified
(Lee and Wang, 2000; Li et al., 2010; Tahara and Kim, 2008), e.g. the
Morison formula is employed to model hydrodynamic force. The
primary concern of the existing research lies in riser's dynamic
responses rather than riser's VIV. Lee and Wang (2000) used a linear
tensional string to simulate tension leg and analyzed the leg dynamic
response as the top-end vessel experiencing periodical surge. His
results showed that there is a leg vibration mode similar with the
platform while the vibration amplitude changes with wave period.
Tahara and Kim (2008) employed the empirical formula of the Young's
modulus suggested by Bosman and Hooker (1999) to examine the
mooring system response of a SPAR undergoing heave. By comparing
his result with that of a linearly elastic mooring system, he found a
remarkable difference between the two results.

In addition, it is worthwhile to point out that the dynamic cou-
pling mechanisms, between top vessel and submarine riser, due to
different kinds of vessel motions are essentially different. Taking ves-
sel heave as an example, it introduces a fluctuating tension of riser,
which presents a periodically-varying structural property. Thus, the
consequence is a parameter excitation of riser. Whereas, if taking
horizontal motions, i.e. sway or surge of vessel, under consideration,
the transverse vibration of top-end will propagate along riser length.
This transverse vibration may directly interact with riser's VIV.
Moreover, the vibration might be amplified during its propagation
along riser length. This effect of top-end sway, in essence, introduces
a quite different issue from parameter excitation due to top-end
heave. Here, only the dynamic interaction between top-end vessel
sway and riser's VIV is addressed. And, we consider the weakly-
coupling issue, since the fully-coupled approach is costlier than the
weakly-coupled approach in terms of computer source and time.

First, we develop a hydrodynamic approach to model the vortex-
induced lift force which essentially depends on structural motion.
Then the dynamic response of the riser simultaneously suffering top-
end sway and VIV is examined by means of finite element simula-
tions during which the top-end is assumed to be in a, for representa-
tion and simplicity, periodically sinusoidal motion. Effects of top-end
sway amplitude and frequency on riser's response displacement as
well as vibration propagation are examined so as to have a deeper
insight into impacts of top-end vessel sway on riser's VIV.

2. Numerical model of dynamic response analysis for
integrated system

2.1. Structure model

The system including the top-vessel and riser is shown in Fig. 1. In
Fig. 1a, the origin point of the coordinate system is located at the
bottom end of the riser (fixed to the sea bed). The flow U directs
along the axis y. The sway motion of top vessel, bðtÞ ¼ Be� iω0t , is
along the axis x, where B and ω0 are respectively the amplitude and

frequency of the sway motion. In the finite element model (shown in
Fig. 1b), the vessel and the riser respectively consist of 3D cubic solid
and 1D Euler beam elements. The rotational motions around the axis
x, y, and z of all those grids of the top-end body are constrained
during the numerical simulations so as to avoid a probable singular-
ity introduced by the extremely large mass of the top-end. Addition-
ally, the multi-point constraint (MPC) is used at the joint grid
connecting the top-end vessel and the riser, where different ele-
ments meet together, so that the constraints can be applied effec-
tively and smoothly upon different degrees of freedom.

The governing equation of the riser dynamics can be written as

EI
∂4xðz; tÞ
∂z4

�T
∂2xðz; tÞ
∂z2

þc
∂xðz; tÞ

∂t
þm

∂2xðz; tÞ
∂t2

¼ Fðz; tÞ ð1Þ

where EI is the bending stiffness, T is the top tension, c is the
structural damping, and m is the structural mass per unit length.
FðzÞ is the hydrodynamic force, of which the expression model will
be presented in Section 2.2. The boundary conditions at two ends
of the riser are

xð0; tÞ ¼ 0
∂2xð0; tÞ=∂z2 ¼ 0 and

xðL; tÞ ¼ bðtÞ
∂2xðL; tÞ=∂z2 ¼ 0 : ð2Þ

2.2. Hydrodynamic force model

The fluid wake field of a riser undergoing VIV is too complicated
to directly get a theoretical solution because of the uncertainties like

Fig. 1. The platform-riser system sketch: (a) the platform-riser system sketch and
(b) the finite element model of platform-riser system.
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turbulence, separation and boundary layer. In this study, a semi-
empirical expression of lift force in wake field is developed based on
the experimental data along with the physical mechanism governing
the unique traits of VIV. The right side of Eq. (1), the hydrodynamic
force FðzÞ, consists of two parts, i.e. the vortex-induced lift force FL
and the fluid drag force FD. The fluid drag force FD can be expressed
by the Morison equation as (Sarpkaya, 2004)

FD ¼ 1
2
CDρf DðU� _xÞ U� _x

�� ��þ1
4
CaπD2ρf ð _U� €xÞþ1

4
πD2ρf

_U ð3Þ

where ρf and U are the fluid density and velocity respectively. D is
the riser outer diameter. CD and Ca are the coefficients of added mass
and drag forces respectively, of which the values are Ca ¼ 1:0 and
CD ¼ 1:1 for a flexible riser with large aspect ratio (Sarpkaya, 2004;
Chen et al., 2012).

When it comes to the vortex-induced lift force FL, its expression
is more complicated because VIV has always been a challenging
issue concerning the interaction between fluid and structural
dynamics. VIV exhibits some interesting, and even unexplained
until now, traits like self-excitation, self-limitation of response
amplitude, a variety of vortex-shedding modes, multi-mode or
wide-band random vibration. Originally, one of ways to express
the vortex-induced lift force per unit length of a riser is, somewhat
similar with the Morison equation, as

FL ¼
1
2
ρf U

2CLD

where the lift coefficient CL is a constant value ranging usually
from 0.8 to 1.2 (Xu et al., 2009; Wang and Ling, 1998).

With recently increasing experimental observations, along with
plenty of CFD simulations, it is noted that it would be more reasonable
and accurate if the coupling between structural and fluid dynamics
is included in hydrodynamic force model (Gopalkrishnan, 1993;
Vandiver, 2002; Sarpkaya, 2004; Chen et al., 2012). Sarpkaya(2004)
experimentally measured the Fourier average of hydrodynamic force

over many cycles of vibration. He decomposed the lift force into two
parts, the drag part and the inertia part, which are respectively related
to velocity and acceleration of body motion. He pointed out that for
practical range of Reynolds numbers, the nonlinear expression in
terms of structural motion is able to capture the hydrodynamic fea-
ture better than the linear expression. Gopalkrishnan (1993) and
Govardhan and Williamson (2004) systematically implemented many
VIV experiments and presented the lift coefficient plots versus struc-
tural motion. Vandiver (2002) suggested that a piecewise parabola
function of structural amplitude could be used for industrial model of
lift force to calculate riser's displacement by using the wake oscillator
model. Based on these fruitful and inspiring results, we think that the
lift coefficient, CL, should depend on structure motion rather than a
merely constant value.

Here, a third-order polynomial of the structure displacement
(shown in Fig. 2) is proposed to model the lift coefficient so as to
take account of the nonlinear interaction between structural and
fluid dynamics as follows:

FLðzÞ ¼
1
2
ρf U

2DðCL0þC1x0ðzÞþC2x
2
0ðzÞþC3x

3
0ðzÞÞ

¼ pf CLðx0ðzÞÞ ð4Þ

where pf ¼ 1=2ρU2Dand x0ðzÞ ¼ AðzÞ=D is the non-dimensional
amplitude of structural displacement. CLðxðzÞÞ ¼ CL0 sin ðωtÞþ
C1xðzÞþC2x

2ðzÞþC3x
3ðzÞ is the lift coefficient. The values of coeffi-

cients CL0, C1, C2 and C3 can be experimentally determined. Taking
Gopalkrishnan's experimental plot of lift coefficient as an example
(Gopalkrishnan, 1993; as shown in Fig. 3), we can obtain the hori-
zontal coordinate value of point C, A=Dj CL ¼ 0, in Fig. 2 by corres-
ponding it to a point of curve 1 in Fig. 3. And, we can obtain the
vertical coordinate value of point A, CL j A=D ¼ 0, in Fig. 2 by
corresponding it to a point of curve 4 in Fig. 3. In addition, with
the assumption of a zero value of the slope at point B in Fig. 2, we
can get the values of coefficients CL0, C1, C2 and C3 in Eq. (4) by
solving an equation group (Chen et al., 2012).

Observing Eq. (4), we may say that this equation is capable of, to
some extent, capturing some natural features of VIV. (1) The feature
of self-excitation. As we know, an action of excitation will happen to
the system as reduced velocity falls into lock-in range. In Eq. (4), the
excitation is represented by the first two terms, i.e., the constant
excitation term CL0pf and C1pf x0ðzÞ which increases as vibration
amplitude x0 increases (C1 is required to be positive). (2) The feature
of self-limitation. One of the unique traits of VIV is that structural
amplitude will never rise infinitely but start to drop when its value
reaches to a certain number, such as xmax¼1.5 or 2.0. It indicates that
the excitation of resonance becomes weaker while the damping isFig. 2. The lift coefficient curve.

Fig. 3. Plots lift coefficient, as well as amplitude, versus nondimensional frequency (Gopalkrishnan, 1993).
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getting stronger. This feature, called self-limitation, is represented by
the nonlinear terms of xðzÞ in Eq. (4), i.e. C2ρf x

2
0ðzÞ or C3ρf x

3
0ðzÞ

(at least one of the two coefficients C2 and C3 is negative). (3) Axially-
varying distribution of lift force along riser length. For the case of a
rigid cylinder, the vortex-induced lift force uniformly distributes
along riser length, and consequently the coherent length is equal to
the length of the riser. But for the case of a flexible slender riser, the
coherence may reduce due to the non-uniform distributions of lift
force as well as structural motion. In our model, the lift force is
certainly non-uniform because of the axially-varying vibration ampli-
tude. Therefore, this model automatically captures the natural span
coherence of flexible riser undergoing VIV.

We also numerically explored the effect of each term in Eq. (4),
i.e. the constant term CL0pf , the linear term C1pf x0ðzÞ and the
nonlinear terms C2ρf x

2
0ðzÞ and C3ρf x

3
0ðzÞ, on the structure responses.

Generally speaking, the constant and linear terms behave as excitation
while the nonlinear terms behave as damping to system vibration. So,
based on the presented model, the lift force will rise firstly as the
amplitude increases. Then the lift force starts to drop and the damping
effect becomes bigger so that the main traits of VIV such as self-
excitation and self-limitation can be effectively captured during VIV
response.

3. Effects of top-end vessel sway on riser's VIV

By combining the presented hydrodynamic model with the struct-
ure model, we can run the dynamic response calculation of the
integrated system (shown in Fig. 1) by using FEM code (Chen et al.,
2012). In order to explore the impacts of top-end vessel sway on riser's
VIV, we present the riser response displacements and vibration wave
propagations along riser length while the sway amplitudes or fre-
quencies change.

The structural parameters of the riser are as follows: the outer and
inner diameters are respectively D¼ 0.500 m and d¼ 0.445 m. The
riser length is 500 m, and the material density is ρs ¼ 7.8�103 kg/m3.
The bending stiffness is EI¼ 3.8�107 Nm2 and the structural damp-
ing ratio is 0.03. The top tension is T ¼ 6.8�105 N and the flow
velocity is U ¼ 1.0 m/s.

3.1. Comparison with the case without top-end motion

To examine what will happen when top-end vessel is swaying,
we compared the dynamic responses of the risers between two
cases, i.e. Case 1: the riser is suffering only VIV, and Case 2: the
riser is suffering both VIV and vessel sway.

Given that the riser dynamic response becomes larger when the
frequency of vessel sway is approaching the natural frequencies of
the riser, we chose the sway frequency that is consistent with the
natural frequency of the rise. Selected displacements are presented in
Fig. 4 where the top-end is swaying at the 6th natural frequency of
the riser. It is shown that the maximum RMS displacement
(see Fig. 4b) of the riser experiencing both top-end sway and VIV is
around 2.60, while the maximum RMS displacement (see Fig. 4a) is
just 0.48 for the riser experiencing VIV alone. So, we may say that
top-end sway could introduce a larger riser response than the case
without top-end motion.

Moreover, if comparing the displacement amplitude of the riser's
top-end with the amplitudes of the points at other positions along
riser length (see Fig. 4b), we note that the RMS displacements of the
six peaks range from 2.30 to 2.60, while the displacement at the top-
end (z/L¼1.0) is just 0.75. This demonstrates that the displacement
amplitudes along riser length get larger than that of the top-end. In
other words, the vibration amplitude becomes larger, or is amp-
lified, as the vibration propagates from top-end to bottom end along
riser length. We call this phenomenon as response amplification.

The amplification may be attributed to the moving boundary
condition at riser's top-end, of which the mechanism will be further
discussed in Section 3.4.

3.2. Influences of sway frequencies

The riser dynamic responses are simulated at different frequencies
of top-end sway while the top-end is swaying with a 10m-amplitude.
Both the sway cycle and the vortex-induced lift force cycle are same
with the riser natural frequencies ranging from the 1st to the 24th
modes. Selected dynamic response displacements are presented in
Fig. 5. Generally speaking, the displacements decrease as natural
frequencies increase. Or, the amplification factor (ratio of maximum
dispacment to top-end amplitude) drops with the increase of modal
order number. Because, as frequency climbs, the modal order number
rises too. As we know, the lower modes usually contribute much more
to the dynamic response of practical structure than higher modes. Or,
higher modes contribute little or, or even, zero to overall dynamic
reponse due to their higher frequencies along with faster damping.

It is also noted that the modal responses of lower-order modes are
mostly dominated by standing wave, while the traveling wave can be
seen obviously during the responses of higher-order modes, see
Fig. 5d–f where there is no longer any exact node. This is mainly bec-
ause the damping of the modes with higher order number becomes
larger, and the modal dynamic response declines faster. Thus, the riser
vibration introduced by top-end fluctuation may decline rapidly into a
pretty little, even zero, value before it reaches the riser bottom end,
and then, to reflect backward. If there is just a pretty small, or even
zero, reflected wave to meet with the approaching wave, it is harder to

Fig. 4. Comparison between responses with and without top-end motion: (a) riser
response without top end motion and (b) riser response with top end motion.
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form a standing wave for the modes with higher order number. In that
case, the vibration wave would be characterized as a traveling wave.

3.3. Influences of sway amplitudes

Besides sway frequency, sway amplitude is another important
factor which may influence dynamic response of the system. In fact,
if normalized by the riser diameter D, the sway amplitude B can be
redefined as the KC number, KC ¼ 2πB=D, which implies the relative

motion between the top-end and the flow field. Then, the riser resp-
onses are simulated for the cases of the sway amplitude ranging from
B=D¼ 1 to 10. Selected RMS displacements are shown in Fig. 6 where
the sway frequency is ω6, i.e. the 6th natural frequency of the riser.

As shown in Fig. 6, the riser's displacement gets larger as the sway
amplitude rises, e.g. the maximum RMS displacement increases from
2.6 to 16.5 as the sway amplitude increases form B=D¼ 1 to B=D¼ 10.
However, if we make a plot of the non-dimensional parameters
(see Fig. 7), the impact of sway amplitude on riser's dynamic response

Fig. 5. Modal rms displacement responses of riser undergoing VIV along with top end motion: (a) displacement of mode 4; (b) displacement of mode 8; (c) displacement
of mode 12; (d) displacement of mode 18; (e) displacement of mode 22 and (f) displacement of mode 24.

W. Chen et al. / Ocean Engineering 99 (2015) 1–8 5



dramatically changes. In Fig. 7, the displacement is normalized as A=B,
a ratio of the riser amplitude to the top-end amplitude, and the sway
amplitude is normalized as the KC number 2πB=D. Here we can see
that the values of the displacement A=B just slightly fluctuate around
2.5 for all ranges of sway amplitude. Or, the non-dimensional displa-
cement of the riser changes little as the KC number of sway changes.
So, we may say there is no profound influence of sway amplitude on
riser's amplification factor.

3.4. Discussion on effect of moving top-end

To theoretically demonstrate the impacts of moving boundary
condition on the riser dynamic response, here we take an Euler beam
as example, of which the governing equation can be written as

EI
∂4xðz; tÞ
∂z4

�T
∂2xðz; tÞ
∂z2

þc
∂xðz; tÞ

∂t
þm

∂2xðz; tÞ
∂t2

¼ 0 ð5Þ

One end of the beam is fixed, and another end is ongoing a sinusoidal
vibration with the frequency ω0 and amplitude B. Thus the boundary
conditions are

xðL; tÞ ¼ Be� iω0t ; x''ðL; tÞ ¼ 0
xð0; tÞ ¼ 0; x''ð0; tÞ ¼ 0

(
ð6Þ

Assuming a solution, x¼ eiðkx�ωtÞ, of Eq. (5), we can get a
dispersion equation, by substituting the assumed solution into
Eq. (5), as follows:

EIk4þT0k
2�mω2� icω¼ 0 ð7Þ

where k is the wave number. By solving Eq. (7), we get the four
complex roots, k¼ 7k1; 7k2, as

k1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

�T0

EI
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T0

EI

� �2

þ4ðmω2� icωÞ
EI

s0
@

1
A

vuuut ð8aÞ

k2 ¼ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

T0

EI
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T0

EI

� �2

þ4ðmω2� icωÞ
EI

s0
@

1
A

vuuut ð8bÞ

Then the response displacement can be written as

x¼ α1eiðk1x�ωtÞ þβ1e
ið�k1x�ωtÞ þα2eiðk2x�ωtÞ þβ2e

ið�k2x�ωtÞ ð9Þ

Fig. 6. RMS displacement of riser undergoing different amplitudes of top motion.

Fig. 7. Effect of KC number on amplification factor.

Fig. 8. Trace of the response at different frequencies: (a) modal trace of response
at the frequency ω5; (b) modal trace of response at the frequency ω6 and (c) trace
of the response at the frequency 1.94 Hz (not a natural frequency).
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By substituting the boundary conditions, Eq. (6), into Eq. (9), we
get an equation group with respect to α1, α2, β1 and β2 as follows:

1 1 1 1
�k21 �k21 �k22 �k22
eik1L e� ik1L eik2L e� ik2L

�k21e
ik1L �k21e

� ik1L �k22e
ik2L �k22e

� ik2L

2
66664

3
77775

α1

β1

α2

β2

8>>>><
>>>>:

9>>>>=
>>>>;

¼

B

0
0
0

8>>><
>>>:

9>>>=
>>>;

ð10Þ
Then by solving Eq. (10), the expressions of the coefficients α1, α2,
β1 and β2 can be written as

α1 ¼ �Bk22e
� ik1L

�k22e
� ik1L þk21e

� ik1L þk22e
ik1L �k21e

ik1L
; α2 ¼ Bk21e

� ik2L

�k22e
� ik2L þk22e

ik2L þk21e
� ik2L �k21e

ik2L
;

β1 ¼ Bk22e
� ik1L

�k22e
� ik1L þk21e

� ik1L þk22e
ik1L �k21e

ik1L
; β2 ¼ �Bk21e

ik2L

�k22e
� ik2L þk22e

ik2L þk21e
� ik2L �k21e

ik2L

With the above solutions, we can carry out dynamic response
analysis of a beam with moving boundary condition. Fig. 8 pre-
sents the traces of the beam response during a period of time at
three different vibrating frequencies, i.e. ω0 is consistent with the
beam natural frequencies (ω5 and ω6) and a random frequency
ω0 ¼ 1.94 Hz. In Fig. 8 the left end of the beam is fixed while the
right end is moving sinusoidally with the amplitude of B¼ 1 m. In
Fig. 8a and b, it is seen that the displacements at the peaks along
the beam are obviously larger than the displacements of the right
end when the boundary moving frequency is consistent with the
beam natural frequency. As mentioned above, we call it response
amplification due to moving boundary condition. Moreover, com-
paring the maximum displacements of Fig. 8a with that of Fig. 8b,
we note that the response amplification factor, A=B, gets larger
when the mode order number is lower, e.g. the value of the
amplification factor is 8.0 for mode 5 whereas 6.8 for mode 6. If
the boundary moving frequency is a random value, i.e. not
consistent with the beam natural frequency (see Fig. 8c), the
response amplification, around 1.1, may not be as pronounced as
that at the natural frequencies.

4. Conclusions

A coupled hydrodynamic force approach is developed based on the
interaction between fluid and structural dynamics. The dynamic resp-
onses of the riser suffering both a floating top-end and VIV are exam-
ined by means of finite element numerical simulations. Our results
show that the riser displacement becomes several times larger than
that of the riser without moving top-end. An interesting phenomenon,
that top-end vibration may be amplified as it is propagating from the
top to the bottom end along riser length, is observed during the
dynamic responses. And, the response amplification gets more pro-
nounced as the number of mode order falls. Based on our numerical
simulations, we draw the following conclusions:

(1) Generally speaking, both the displacement and the response
amplification of the riser get larger as sway frequencies drop.
The dynamics responses of the modes with lower order
number are mostly dominated by standing wave, while travel-
ing wave can be observed during the responses of the modes
with higher order number.

(2) Riser's displacement gets larger as sway amplitude rises. How-
ever, the value of non-dimensional displacement, A=B, changes
little with the increase of top-end sway amplitude. Or, there is no
remarkable impact of sway amplitude on response amplification.

In summary, for an integrated system of a top-end vessel together
with submarine riser, the periodical motion of top-end vessel actually
introduces a moving boundary condition and, probably, a consequ-
ence of response amplification to submarine riser. This response

amplification is crucial to dynamic response analysis of practical riser
design, because that may directly cause a larger displacement or
higher stress-level somewhere along riser length. Large displacement
and frequent high stress-level, that are likely to cause fatal damage or
to shorten fatigue life of structures, are unwelcome to the safety of
deep water platform. In addition, the relative motion of riser to amid
fluid field changes the velocity distribution of flow along riser length,
that may introduce different vortex shedding modes and conse-
quently new lock-in region. Therefore, a smaller top-end motion may
turn out a larger riser motion along with unexpected riser's VIV.

Finally, moving top-end causes a periodical motion of submarine
riser, and, consequently, the relative motion between riser and fluid
field is no longer steady but unsteady. In that case, a new issue,
unsteady VIV which is quite different from steady VIV, may need to be
considered. Hopefully, further studies on unsteady VIV, such as new
important factors characterizing unsteadiness, lift force model and VIV
prediction approach particularly for VIV under unsteady flow condi-
tions, will be addressed, though these issues will be more challenging.
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