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Abstract

The prediction of the vortex-induced vibration (VIV) of marine risers becomes a critical issue as the offshore exploration
and production moving into deepwater and ultra-deepwater regions. In this paper, a time-domain model, based on a forcing
algorithm and on high Reynolds number experimental data, was further developed to predict the VIV of rigid and flexible
risers. The forcing algorithm was integrated into a global-coordinate-based finite-element program. At each time step, the
hydrodynamic forces on a riser, including added mass, lift and drag forces, were calculated for each element based on two
non-dimensional state variables—the amplitude ratio and the reduced velocity. The state variables were determined from a
zero up-crossing analysis of the time history of the cross-flow displacement. Validation studies were carried out for a full-
scale rigid riser segment in a uniform flow and a flexible riser in a stepped current. The predicted motions of the risers were
compared with experimental data and the motions predicted by other numerical models.
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List of symbols
A Amplitude of vibration
A, Cross-flow motion amplitude

A* Cross-flow amplitude ratio

Cq In-line drag coefficient

C4q  Mean in-line drag coefficient
C,  Cross-flow lift coefficient
Added mass coefficient

D Diameter of the cylinder

faw  Natural frequency in still water
Jose  Oscillation frequency

Fp  In-line drag force amplitude
Fpo  Mean in-line drag force

F;  Cross-flow lift force amplitude

F, Total in-line drag force

F, Total cross-flow lift force

F. Cross-flow lift force in phase with velocity

F. Cross-flow lift force in phase with acceleration
L Length of the cylinder

m Mass of the cylinder
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m'  Added mass of the cylinder

k Spring stiffness

k, Structural stiffness in the in-line direction

k, Structural stiffness in the cross-flow direction

t Time

T,,, Apparent period of motion

U Incoming flow velocity

U* Nominal reduced velocity

Vv Relative normal velocity between the incoming
flow and the structure

V. Reduced velocity

Viow Towing speed of carriage

Z.ax Maximum transverse displacement in a motion
cycle

Z.in Minimum transverse displacement in a motion
cycle

p Density of fluid

1 Introduction

Marine risers subjected to ocean currents can experience
fluctuating forces caused by asymmetric vortex shedding.
These forces can be decomposed into drag forces in-line
with the flow direction and lift forces in the cross-flow
direction. The oscillating forces may result in non-linear
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and near-periodic vibrations, i.e., vortex-induced vibration
(VIV). VIV can lead to a reduced fatigue life of a marine
riser. If the vortex-shedding frequency is in the proximity of
one of the riser’s natural frequencies, the riser will vibrate
at an amplitude comparable to the riser diameter. This phe-
nomenon is known as lock-in, which is more difficult to be
predicted when the riser operates in the deepwater and ultra-
deepwater environments, where the incoming current varies
both spatially and temporally along the riser span.

Many experiments have been carried out to investigate
VIV of marine risers. Due to the large length-to-diameter
ratios of risers, most of tests were conducted on a segment
of a riser in full scale or in model scale due to facility limi-
tations. Field experiments on full-scale risers are relatively
rare due to many factors such as environmental conditions
and challenges in sensor installation and data acquisition.

Extensive studies have been performed on VIV prediction
based on the frequency-domain methods. Semi-empirical
frequency-domain methods, such as SHEAR7, VIVA [1]
and VIVANA [2], are widely used in the offshore industry.
The modal analysis was employed in these models to deter-
mine the modes likely subject to VIV and the corresponding
natural frequencies. For each mode, the reduced velocity
is calculated based on frequency and flow information. An
excitation or damping force is then applied according to the
reduced velocity. Figure 1 presents a typical damping model
used in SHEAR?7 [3] where the damping is only defined
for reduced velocities lower than 5 and greater than 8. For
reduced velocities between 5 and 8, excitation was assumed
to occur and a separate model was implemented.

There are limitations in the frequency-domain models.
For example, they are inadequate to deal with non-linearities
such as temporally and spatially varying currents, dynamic
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Fig. 1 Venugopal’s damping model for low and high V, [3]
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boundary conditions and the coupled in-line and cross-flow
VIV. Furthermore, both positive and negative lift coeffi-
cients exist in the lock-in region, as shown in the work of
Gopalkrishnan [4] and Oakley and Spencer [5]. This indi-
cates that hydrodynamic excitation and damping may not be
independently considered.

To address the limitations in the frequency-domain meth-
ods, time-domain approaches have been developed in recent
years. For example, Lie [6] developed a finite element model
in the time domain to simulate the transverse VIV of a flex-
ible cylinder in a shear flow. The lift forces were approxi-
mated by two components, one at the cylinder motion fre-
quency and one at the Strouhal frequency for a stationary
cylinder. The cylinder frequency force was obtained from
the experimental results of a cylinder with forced harmonic
motions. The latter component was assumed to be less
important than the cylinder frequency component and was
modeled as a sinusoidal lift force by using the lift coefficient
from the experimental data for a stationary cylinder.

Finn et al. [7] developed a time-domain procedure for
VIV prediction. The cross-flow lift force was calculated
using a time-dependent lift coefficient. The frequency and
the phase of the lift coefficient were determined using an
empirical method. In this method, a lock-in decision tree
was developed to identify the flow—riser interaction situa-
tion and to determine the corresponding lift coefficient by
using three non-dimensional parameters, i.e., the ratio of the
VIV amplitude to the riser diameter, the ratio of the natural
frequency of a particular mode to the shedding frequency,
and the ratio of transverse vibration frequency to the shed-
ding frequency. The riser responses were computed with a
finite element program, ABAQUS, and a user subroutine in
ABAQUS was developed to calculate hydrodynamic forces
using riser displacements, velocities and accelerations.

Based on the algorithm of Finn et al. [7] for cross-flow
VIV prediction, Sidarta et al. [8] added the computation of
in-line VIV forces in SimVIV to account for both cross-flow
and in-line VIV analysis. In their work, the in-line vortex
shedding frequency was two times that of the cross-flow
VIV and the added mass coefficient was assumed as 1.0.
Thorsen et al. [9] proposed a time-domain model for cross-
flow VIV simulation. In their work, the synchronization
between the lift force and the structural motion was consid-
ered to have positive energy transfer from fluid to cylinder.

In this study, a time-domain VIV prediction model was
further developed based on the work of Spencer et al. [10]
and Ma et al. [11]. The forcing algorithm was improved by
using the zero up-crossing analysis of the time-history of
the cross-flow displacement, which was applied to deter-
mine two state variables, the amplitude ratio and the reduced
velocity. The state variables were then employed to obtain
the hydrodynamic coefficients by interpolating a high Reyn-
olds number database from the forced oscillation tests [5]
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in the DeepStar Joint Industry Project (JIP). This improved
forcing algorithm was integrated into a global-coordinate-
based finite element program, MAPS-Mooring, to predict
VIV in the time domain. Validation studies were carried
out for a segment of full-scale riser undergoing free VIV in
a uniform flow and a flexible riser in a stepped current. The
numerical predictions were compared with the experimental
results and those by other numerical models.

2 High Reynolds number VIV tests
and hydrodynamic database

Both forced and free vibration tests were conducted on a
full-scale rigid riser segment with a diameter of 0.325 m and
a length of 6.02 m in the DeepStar JIP [5]. In the forced VIV
tests, the cylinder was towed horizontally through water with
prescribed oscillations in the transverse direction. End plates
were fitted at both ends to minimize the 3-D flow effect.
Reynolds numbers were from 103 to over 10°.

The measured hydrodynamic forces exerting on the cyl-
inder were decomposed into the in-line drag force and the
cross-flow lift force. The lift force was further decomposed
into one component in phase with the velocity and one in
phase with acceleration. The non-dimensional hydrody-
namic coefficients, including the lift coefficient Cy,, the
added mass coefficient C,,, and the in-line drag coefficient
C,4, were then obtained as follows according to the work of
Oakley and Spencer [5]:

F.-z
Clv = 1 ) 1
LoDLVE, - S,
C et
m ZPDZL'O'§ (H
F.-z
Ca= ﬁ
LoDLVE, - o,

where D is the diameter, L is the segment length, p is the
fluid density, V,,, is the constant towing speed, z is the cross-
flow displacement, the overdots denote the differentiation
with respect to time, F, is the lift force, F, is the in-line drag
force, and o represents the root-mean-square (RMS) value.

These non-dimensional hydrodynamic coefficients were
presented in the database in terms of the amplitude-to-
diameter ratio, A*, and the reduced velocity, V,, which are
defined as:

ar=2
V. = Vtow (2)
' fosc D '

AStar

Fig.3 3-D contours of lift coefficients in terms of (A%, V,)

where f . is the forced oscillation frequency, A is the motion
amplitude.

Figures 2 and 3 present the 2-D and 3-D contours of C},,
respectively, for a bare rough cylinder [5]. It should be
noted that both positive and negative values of Cj, exist in
the range of 5 < V, < 8. When C,, is positive, energy is input
into the cylinder and the VIV motion is excited. When C}, is
negative, energy is extracted from the structure and the VIV
motion is dampened.

The added mass coefficients, C,,,, can also be positive or
negative. The in-line drag force oscillates around a mean
value at a frequency twice that of the lift force. The drag
coefficients, Cy4, include a mean part and an oscillating
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component. These coefficients are presented in Figs. 4 and
5. The database including these hydrodynamic coefficients
was used in the present forcing algorithm.

3 Numerical formulations
3.1 Time-domain VIV prediction model

Based on the work of Spencer et al. [10] and Ma et al. [11],
the hydrodynamic forces on a cylinder in the current VIV
cycle were calculated in terms of the hydrodynamic coef-
ficients, Cy,, C,, and Cy, which were interpolated from the
database by utilizing the state variables, A* and V,, deter-
mined from the last cycle. The underlining assumption was
that the fluid has no memory of what happened prior. Note
that the state variables were calculated by a zero up-crossing
analysis of the cross-flow velocity in the work of Spencer
etal. [10] and Ma et al. [11].

In the present model, the zero up-crossing analysis was
applied to the cross-flow displacement considering there
may be more than one frequency components in the time
series of cross-flow velocity. As shown in Fig. 6, the maxi-
mum and minimum displacements, Z,, and Z_;,, as well as
the apparent period, T, are identified in a cycle and used
to calculate the current state variables, A* and V., as below:

A* = Zmax - Zmin
2D
3
b= VT @)
T D *

Fig.4 Added mass coefficients in terms of (A*, V,)
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The equation of motion for a typical one-degree-of-free-
dom (1-DOF) mass-spring-damper system is:

mZ+cz+kz = F1), 4)
where m is the mass, c is the structural damping coefficient,
k is the spring stiffness, and F_(¢) is the external force varied
with time 7.

Assuming z(#) = A_ sin(w?) is a steady-state solution of
Eq. (4), the corresponding velocity and acceleration are
Z = wA, cos(wt) and Z = —cozAZ sin(wt), respectively, where
A, and w are the amplitude and the angular frequency of the
motion, respectively. The overdots denote the differentiation
with respect to time.

In an 1-DOF VIV, it is assumed that the angular fre-
quency of the transverse lift force, F (1), is equal to that of

Zmax

2Az \ I

Zmin

Tapp

Fig.6 Zero up-crossing analysis of displacement
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the transverse motion. F_(¢) can be decomposed into one
component in phase with velocity, F,(¢), and one in phase
with acceleration, F;(t), i.e., F () = F.(?) + F:(). According
to the data reduction procedure as shown in Eq. (1), F,() and
F.(?) can be expressed as:

F.()=C, %pDLVz - cos(wt)

5
F.(t)=C,, - %pD2L~ [~w?A, sin(er)), ©)

where V is the relative normal velocity between the incom-
ing flow and the oscillating riser.
Moving F.(?) to the left-hand-side (LHS) of Eq. (4) led to:

(m+m') + cz+ kz = F,(1), (6)
where m' = C,, - ZpDL is the added mass.

Assuming the structural damping is small in comparison
with the hydrodynamic damping, the structural damping
term, cz, in Eq. (4) was therefore neglected in the present
model. Note that the hydrodynamic excitation and damping
are considered based on the sign of C,, interpolated from
the database.

By substituting Eq. (5) into Eq. (6) and neglecting the
structural damping term, cz, the equation of motion in the
cross-flow direction is given as:

[m+m'(A*, V)IZ + k.2 D

= F (A", V,)coslw (t — 1,)],
where m/(A*, V,) is the added mass in the cross-flow direc-
tion in terms of A* and V,, k, is the structural stiffness in the
cross-flow direction, Fj is the lift force amplitude, #, is the
time instant when the last VIV cycle ends, and

2r
w =
TaPP
F (A", V.) = C\,(A*, V) - % pDLV? ®)

m'(A*,V.) = C, (A%, V) - %pDzL.

By assuming that the added mass coefficient in the in-line
direction equals that in the cross-flow direction, the equation
of motion in the in-line direction is described as:

[m + m'(A*, V)]% + k.x

x )
= Fpo + [Fp(A*, V,) = Fpgl cos [2 (1 = 1p)],

where x is the in-line displacement, X is the in-line accelera-
tion, k, is the structural stiffness in the in-line direction, Fp,
is the mean drag force, Fyy is the drag force amplitude, and

Fpo=Cyo - % pDLV*

, 1 (10
Fp(A*,V.) = C4(A*, V,) - 3 pDLV?,

where C4, = 1.0 is the mean drag coefficient used in this
study. Note that the in-line drag force oscillates at a fre-
quency twice that of the cross-flow lift force.

Note that the lift component in phase with velocity and
the added mass were both put on the RHS of the equation of
motion in the work of Spencer et al. [10] and Ma et al. [11].

As for the initial conditions, the initial hydrodynamic
coefficients were set as C,,, = 1.0 and C,;, = 1.0 in the first
cycle. Since the non-dimensional vortex-shedding frequency
is approximately 0.18 over a large range of the sub-critical
Reynolds number regime, the initial forcing frequency was
set according to @ = % with V, = 5.5. The initial displace-

ment and velocity in the VIV simulations were set as their
static equilibrium values.

The hydrodynamic coefficients used in the time-domain
simulations were interpolated from the scattered data points
in the database. The SURF routine from the IMSL Numeri-
cal Library was employed by Spencer et al. [10] for inter-
polation. However, this approach does not lead to accurate
interpolation near the boundaries of the data set or a region
with steep changes in the slope of data surface. Ma et al.
[11] improved the interpolation by using a bi-linear scheme.

The effects of surface interpolation algorithms on the
time-domain VIV prediction model was further investi-
gated in this work using bi-cubic and Non-Uniform Rational
B-Spline (NURBS) surface interpolations. No significant
improvement was found when using higher-order methods.
In addition, the higher-order interpolation would lead to
inaccuracy at some data points. Therefore, a bilinear inter-
polation approach equivalent to that by Ma et al. [11] was
adopted in this study.

3.2 Finite element analysis

The improved forcing algorithm was integrated into a global-
coordinate-based finite-element program, MAPS-Mooring
[12], an in-house program developed according to the work
of Garrett [13], for static and dynamic structural analysis of
mooring lines and risers. A summary of the program can be
found in the work of Ma et al. [11]. It should be pointed out
that no assumption was made on the correlation length in
the forcing algorithm. The correlation between neighboring
elements was automatically considered through structural
responses.

In the present studies, different time integration schemes,
other than the first-order Adams—Moulton method in MAPS-
Mooring, were investigated for finite element analysis. It
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Table 1 Parameters and test conditions in the free VIV tests

Item Value

Water depth (m) 7.00

Diameter (m) 0.325

Total length (m) 6.02

Total mass (kg) 800

Mass ratio 1.56

Spring stiffness (kN/m) 40

Boundary conditions Both ends
spring-
supported

was indicated that these methods did not lead to significant
improvements in the predictions. The original numerical
method used in MAPS-Mooring was then adopted.

In the work of Ma et al. [11], uniform hydrodynamic
forces were applied on each element which were determined
from the state variables by using the velocity of the second
node of a finite element. In the present computations, hydro-
dynamic forces were applied on two nodes of each element
(i.e., linear load distribution). The state variables at the two
end nodes of each element were determined from the zero
up-crossing analysis of the nodal displacements. This results
in a more continuous hydrodynamic force distribution along
the riser span. Note that the global maximum and minimum
nodal displacements were used in the work of Ma et al. [11]
to obtain state variables and the local motion characteristics
were analyzed for each element.

4 Validation studies

4.1 1-DOF VIV of arigid riser

The time-domain VIV prediction algorithm was first vali-
dated by applying it to the 1-DOF free VIV of the rigid
cylinder which was used in the DeepStar JIP to generate
the hydrodynamic database. The cylinder was elastically
connected to springs with an overall stiffness of 40 kN/m
and towed at various constant speeds in a towing tank. The
particulars of the riser segment and test conditions are given
in Table 1.

The initial condition for the simulations was set as when
the riser was in the static equilibrium. In the simulations,
one element was used and the time step was set as 0.005 s.
The towing velocities were from 0.8 to 2.8 m/s. The time
series of the non-dimensional transverse motion under these
velocities are presented in Figs. 7, 8, 9, 10, 11 and 12 in
terms of nominal reduced velocities which are defined as:

@ Springer
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, U
U =-——. 11
fuD (4
where U is the incoming flow velocity, f,,, is the natural
frequency in still water, and D is the diameter of the riser.
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As shown in Figs. 7, 8 and 9, the VIV responses at the
towing velocities of 0.8, 1.2 and 1.6 m/s reach steady state
shortly after the initial conditions.

As the nominal reduced velocity was increased, beat pat-
terns are shown in the time series of motion in Figs. 10,
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Fig. 13 Rigid riser 1-DOF VIV amplitude ratio as a function of nom-
inal reduced velocity

Table 2 Particulars of the flexible riser model

Item Value
Diameter (mm) 28

Total length (m) 13.12

Mass ratio (mass/displaced mass of water) 3

Bending stiffness, EI (N m?) 29.88

Range of Reynolds numbers 2500-25,000

11 and 12. This is due to the self-limiting nature of VIV.
In these cases, the cross-flow vibrations are not dominant.
Figure 13 presents the RMS motion amplitude ratios
(with respect to the riser diameter) in terms of the nominal
reduced velocity and their comparison with the experimental
data as well as those by Ma et al. [11]. The RMS amplitude
ratio for each nominal reduced velocity was obtained using
the displacement amplitudes in a duration of 150 s. It can be
observed from Fig. 13 that the present method improved the
predictions, especially at the low nominal reduced velocities.

4.2 VIV of a flexible riser

The present numerical model was further validated by using
the experimental results of a vertical flexible riser model
in a stepped current [14]. The properties of the riser model
are given in Table 2. The experimental set-up presented in
Fig. 14 was taken from the work of Chaplin et al. [14].

Four cases were examined, which are corresponding to
four current speeds and different initial top tensions as given
in Table 3. All the simulations started from the static equi-
librium positions with zero initial velocities. Hinged bound-
ary conditions were applied to the ends of the riser in the
simulations.

For each case, time series of the transverse motions at
z=—-0.25L,z = —-0.5L and z = —0.75L (z = O s at the calm
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water surface and L is the riser length), the riser profiles at
different time instants, and the cross-flow vibration enve-
lopes are presented. The vibration envelopes were obtained
by using the maximum and minimum displacements at each
node over the entire simulation duration (300 s). Note that
all the presented displacements were non-dimensionalized
with respect to the diameter of the riser.

Convergence studies were carried out for the four cases
by using various numbers of elements, 12, 24, 48, 60 and 72,
and a number of time steps (0.0002, 0.0001 and 0.00005 s).
As examples, Fig. 15 presents the convergence of the pre-
dicted envelope to the number of elements using the time
step of 0.0001 s for the current velocity of 0.31 m/s. It can
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Table 3 Simulation scenarios for the flexible riser

Case no. Current velocity U (m/s) Initial top
tension
N)

1 0.16 405

3 0.31 457

6 0.60 670

9 0.95 1002

be observed that the solutions converge as the number of
elements increased. Figure 16 shows the convergence of the
predicted envelope for the same current velocity with respect
to the time step using 24 elements. It can be seen that the
numerical prediction is insensitive to the time step. In the
following figures, all the results were based on 72 elements
and the time step of 0.0001 s.

The predicted envelopes were compared to the experi-
mental results (Chaplin et al. [14]) and the numerical solu-
tions by SHEAR7, Norsk Hydro and Ma et al. [11]. Note
that Norsk Hydro predicts VIV by coupling the computation
of the hydrodynamic forces on 2-D planes using computa-
tional fluid dynamics (CFD) with a finite element structural
code [15]. In the work of Ma et al. [11], all the results were
obtained using 200 elements and a time step of 0.0025 s. The
results by SHEAR7 and Norsk Hydro were taken from the
work by Chaplin et al. [16].

4.2.1 Case1:U =0.16 m/s

Figures 17, 18 and 19 present the time series of the displace-
ments at the midpoint, z = —0.25L, and z = —0.75L, respec-
tively. From these figures, it can be seen that the motions
include different frequency components. The steady state
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was reached after a transient period. The corresponding riser

profiles at different time instants are presented in Fig. 20.
The comparison of the envelope predicted by the present

model, the experimental one and those by SHEAR7, Norsk
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Fig.21 Comparison of cross-flow vibration envelope for Case 1
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Fig.22 Time series of cross-flow motion at the midpoint for Case 3

Hydro and by Ma et al. [11] is presented in Fig. 21. The
modal shapes were not well captured in the work by Ma
et al. [11] and by Norsk Hydro. It can be shown that the
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Fig. 23 Time series of cross-flow motion at z = —0.25L for Case 3
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Fig. 25 Riser profiles at different time instants for Case 3

present method led to an improvement in the prediction of
modal shapes.

@ Springer

Nondimensional Motion Amplitude

Fig. 26 Comparison of cross-flow vibration envelope for Case 3
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Fig. 27 Time series of cross-flow motion at the midpoint for Case 6

4.2.2 Case3:U =0.31m/s

Figures 22, 23 and 24 present the time series of the dis-
placements at the midpoint, z = —0.25L, and z = —0.75L,
respectively. The riser profiles at different time instants are
presented in Fig. 25.

The comparison of the predicted and experimental enve-
lopes is given in Fig. 26. The present model over-predicted
the responses. It is likely because the hydrodynamic data-
base used in the computations corresponded to high Reyn-
olds numbers, while the riser was subjected to a low Reyn-
olds number in the tests.

4.2.3 Case6:U =0.6m/s

Figures 27, 28 and 29 present the time series of the displace-
ments at the midpoint, z = —0.25L, and z = —0.75L, respec-
tively. Different frequency components can be observed in
the time series. The steady state was reached after a transient
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Fig. 28 Time series of cross-flow motion at z = —0.25L for Case 6
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Fig. 29 Time series of cross-flow motion at z = —0.75L for Case 6
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Fig.30 Riser profiles at different time instants for Case 6

period. The riser profiles at different time instants are pre-
sented in Fig. 30.
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Fig. 31 Comparison of cross-flow vibration envelope for Case 6
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Fig. 32 Time series of cross-flow motion at the midpoint for Case 9
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Fig. 33 Time series of cross-flow motion at z = —0.25L for Case 9

The comparison of the envelopes with other results is
given in Fig. 31. Similar observation to that in Case 3 can
be obtained.
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Fig. 34 Time series of cross-flow motion at z = —0.75L for Case 9
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Fig. 35 Riser profiles at different time instants for Case 9
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Fig.36 Comparison of cross-flow vibration envelope for Case 9
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4.2.4 Case9:U = 0.95m/s

Time series of the riser displacements at the midpoint,
z=—0.25L and z = —0.75L are presented in Figs. 32, 33,
and 34, respectively. The riser profiles at different time
instants are presented in Fig. 35.

Figure 36 presents the comparison of the experimental
envelope and those by the present method, SHEAR7 and
Norsk Hydro, as well as those by Ma et al. [11]. The pro-
posed method by Ma et al. [11] was not able to capture the
modal shapes. The present model shows improvement in
modal prediction but with under-predicted values. This may
be due to the issue associated with different Reynolds num-
bers as discussed earlier.

It should be noted that the experimental cross-flow deflec-
tions were obtained by the double integration of the strain
gauge signals at 32 stations along the riser span. Although
uncertainty analysis was not carried out in the work of Chap-
lin et al. [14], uncertainties in the measurements could con-
tribute to the discrepancies between the experimental and
numerical results. In addition, the top end of the riser was
suspended from a spring system during the tests, while a
hinged boundary condition at the top end was employed in
numerical simulations. This could lead to the underestima-
tion of displacements.

5 Conclusions

A time-domain model was further developed to predict the
vortex-induced vibration (VIV) of marine risers. Using the
zero up-crossing analysis of the cross-flow displacement,
two state variables, i.e., amplitude ratio and reduced veloc-
ity, were obtained to interpolate the hydrodynamic coef-
ficients from a database, which is based on forced oscil-
lation tests of a full-scale riser segment at high Reynolds
numbers. The forcing algorithm was then integrated into a
global-coordinate-based finite element program to simulate
the riser VIV in the time domain. Validation studies were
carried out for a rigid riser in a uniform flow and a flexible
riser in a stepped current. The predicted cross-flow motions
were compared with the experimental data and the results
by other numerical methods. In comparison with the earlier
work in Ma et al. [11], the present method has improved the
prediction of cross-flow displacements of the rigid riser and
the envelopes of a flexible riser.

Further validation studies should be carried out on flex-
ible risers at higher Reynolds numbers and the Reynolds
effects need to be investigated. Moreover, the hydrodynamic
database should include more data points in order to improve
the accuracy of interpolations.
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