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Abstract With the exploitation of oil and gas in deep water, the traditional vortex induced vibration (VIV) theory is challenged by
the unprecedented flexibility of risers. A nonlinear time-dependent VIV model is developed in this paper based on a VIV lift force
model and the Morison equation. Both the inline vibration induced by the flow due to vortex shedding and the fluid-structure interac-
tion in the transverse direction are included in the model. One of the characteristics of the model is the response-dependent lift force
with nonlinear damping, which is different from other VIV models. The calculations show that the model can well describe the VIV

of deepwater risers with the results agreeing with those calculated by other models.
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1 Introduction

In the development of the marine oil and gas industry, a
large number of marine structures, particularly slender ris-
ers, have been built and put into use in the last thirty years
(Huang et al., 2009). The vortex-induced vibration (VIV)
of risers has been studied for years and many analytic
models from rigid to flexible cylinders have been devel-
oped (Gabbai and Benaroya, 2005; Sarpkaya, 2004; Lie
and Kaasen, 2006), such as the Iwan-Blevins model, the
Landl model, the Iwan model, and the Skop-Griffin model.

With the oil and gas exploitation in deep water, tradi-
tional VIV theory is challenged by that for deepwater
risers because of their unprecedented flexibility. The ma-
jor difference between the VIV of deepwater risers and
traditional cylinders is that the former is of multi-mode
vibration (Cai et al., 2010; Zhang, 2009) and the flexibil-
ity and the fluid-structure interaction of deepwater risers
can result in the system nonlinearity.

Previous studies (Huang ef al., 2009) mostly used the
linear VIV lift force for the VIV analysis of deepwater
risers, which has neglected the nonlinearity related to the
fluid-structure interaction and the large displacement of
deepwater risers. In this paper, a nonlinear VIV lift force
model considering fluid-structure interaction is developed
and applied to a deepwater riser.

2 Lift Force Model
VIV for a cylinder is induced by vortex shedding due
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to flow separation from the cylinder (Zhou ef al., 2010).
The adverse pressure gradient imposed by the divergent
geometry of the flow at the rear side of the cylinder
causes the separation of the flow-cylinder boundary layer
(Fig.1). As a result, a significant amount of vorticity is
generated in the boundary layer and fed into the down-
stream shear layer leaving the separation point, and
causes the shear layer to roll up into vortex. Relative to
structures, different flows can lead to different separation
points and vortex shedding models, which is fluid-struc-
ture interaction and considered in the VIV study of the
wake oscillator model. Although the concept of the wake
oscillator can well describe the interaction between fluid
and cylinder, large displacement due to the interaction
between fluid and deepwater riser cannot be modeled
reasonably because of the disturbed flow field and the
‘broken’ wake oscillator. Large relative motion can also
affect the flow separation and lead to difference in vortex
shedding mode and frequency.

Based on the above analysis, the vortex shedding fre-
quency

St-U
= 1
f D (1)
and VIV lift force:
1 2
FL=ECL/0DU cos 2mf ¢ )

can be respectively written as (Huang et al., 2007a):
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and

F, :%CLpD(U—)'c)2 cos 2nf 't “4)

where St is the Strouhal number, U is the flow velocity, D
is the diameter of the cylinder, C; is the lift force coeffi-
cient, p is the density of the fluid and t is time., (U—x) is
the relative fluid-structure velocity and x is the inline
cylinder velocity.

The flow velocity U in Eqgs. (1) and (2) are replaced by
the relative fluid-structure velocity (U—x) in Egs. (3) and
(4), which is based on the consideration of the fluid-
structure interaction.

Using the measured x in Egs. (3) and (4), the calcu-
lated results are plotted in Fig.2, which well agree with
the measurements in Fig.3 (Zu and Huang, 2006).
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Fig.1 Flow regime around a circular cylinder.
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Fig.2 Calculated lift force spectrum.
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Fig.3 Measured lift force spectrum.

3 VIV Model

In the VIV analysis for cylinders, the fluctuation of the
drag force caused by vortex shedding changes the inline
vibration, and the relative fluid-cylinder velocity affects
the vortex shedding frequency. As the mode and the fre-
quency of both the lift force and the drag force change,
the stochastic nature of the forces and the inline vibration
or cross flow arise (Figs.4—7) (Huang et al., 2007a).
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Fig.7 Spectrum of in-line response.

The vortex induced inline vibration has not drawn
much attention in early VIV studies because it was con-
sidered much smaller than the cross flow (Huse et al.,
2002; Erik et al., 2002; Martin 2003; Huang et al., 2007b,
Dahl et al., 2006; Sanchis et al., 2008). However, Figs.8
and 9 shows that the inline vibration of a flexible cylinder
can generate a flow with the same order of displacment as

that of cross flow.
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Fig.8 Time history of in-line response.
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Fig.9 Time history of cross flow response.
Based on early study findings (Erik et al., 2002; Martin,
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2003) that the inline vibration frequency is twice as high
as that of cross flow, this state-of-the-art nonlinear VIV
model has included the inline vibration and fluid-structure
interaction as shown in the following equations,

(m+ma)5é+cx+kx=%C'D pD(U —x)* cosdnf' 1+

1
ECD,oD(U—fc)|U—x| , 3)

(m+ma)j}+(c+ca)y+ky=%CLpD(U—fc)2 cos2nft,
(6)

where m and ¢ are the mass and damping of the cylinder,
k is the stiffness of the cylinder, C', is the inline drag
coefficient induced by VIV and ranges from 0.05 to 0.1,
C)p is the drag coefficient, C; is the lift force coefficient of
cross flow vibration , and m, and ¢, are the added mass
and added damping and can be calculated based on the
relations in Morison equation:

m, =%CM pD?, 7

1 .
¢a=3CoPDl3]. ®)

where the added mass and added damping are due to the
acceleration and the velocity of cylinder for steady flow,
respectively.

4 Numerical Example

Based on the VIV model proposed above in Egs. (5)
and (6), an analytic program, RIWAV, which is written in
the Matlab language, has been developed for top ten-
sioned risers (TTRs).

The differential equations of tensioned beam are:

4
EIE_E(TEJ
dz* dz\U d:z

d%x dx
tin—+c—=f.(z,t), 9
A=, )

4 2
Eld—y—i(Td—yJ+n_1d—f+Ed—y:fv(z,t). (10)
de e ™

Egs. (9) and (10) are solved for inline and cross flow
vibration, where, EI is the bending stiffness of the cylin-
der, T is the tension in the cylinder, m and ¢ is the mass
and damping per unit length of cylinder, and the inline
fluctuating drag force and cross flow lift force are re-
presented by f.(z, £) and f,(z, ¢) in the equations, respec-
tively.

A 1500m TTR with double casing pipes is specified in
the following calculations. The outer diameters of the
casing pipes are 324 mm and 222 mm, respectively, and
the outer diameter of the tube is 114 mm. The riser is
simulated by a single pipe with the same outer diameter
as the outer casing pipe and an inner diameter of 292 mm
based on the equivalent bending stiffness of the pipe cross-
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section (Table 1). The current is uniform and has a speed
of 0.21ms™".

The RIWAV results are compared with those from a
commercial software, Shear 7 for the TTR. Different
boundary conditions have been specified for the two
models, and the root-mean-square (RMS) values of the
displacement and stress are calculated.

Figs.10-13 show the RMS displacement and RMS
stress with different boundary specifications for RIWAV
and Shear 7. The calculated RIWAV results agree well
with the Shear 7 results. Therefore the VIV model devel-
oped here can describe the VIV process of deepwater
risers as well as the vortex lift model.

Table 1 TTR parameters

Parameter Value
Length of TTR 1500 m
Outer diameter 324 mm
Inner diameter 292 mm
Top tension coefficient 1.4
Modulus of elasticity 207 GPa
Density 7850 kgm™

Support conditions Fixed-hinge and both hinges
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5 Conclusions

Traditional VIV models do not include the inline vibra-
tion and are only applicable to lock-in condition. But for
deepwater risers, the lock-in has to be kept away by an
elaborate design to avoid riser resonance. An updated
VIV model is developed to simulate the cases under non-
lock-in condition. The model is characterized by its non-
linear lift force and fluid-structure interaction. The fluid-
structure interactions for both inline and cross flows are
taken into account in the model.

The model well describes the VIV and fluid-structure
interaction around a flexible cylinder, and the calculated
RIWAV results show a good agreement with Shear 7. The
study indicates that the fluid-structure interaction exists
for a riser with large displacement. The greater the rela-
tive motion is, the stronger the interaction is. The fluid-
structure interaction is successfully simulated by added
mass and damping in the model.
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