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ABSTRACT

Presented in this paper are the results of numeri-
cal stmulations of the Vortez-Induced Vibrations
of a model scale marine riser pipe. The inves-
tigation has its genesis in a direct comparison
between the predictions of a coupled strip the-
ory Computational Fluid Dynamics code and the
long model riser experiments that were commis-
stoned by the Norwegian Deepwater Programme
and performed by Marintek in the Trondheim
Ocean Basin in 2003. The riser had a length-
to-diameter ratio of approrimately 1400 and was
subjected to uniform and linearly sheared flows in
the sub-critical Reynolds number regime. Numer-
ical predictions of the riser vibrations for these
two flow profiles are found to agree well with ex-
perimental findings. Of particular interest is the
occurrence in the simulations of harmonic re-
sponses at multiples of the principal cross-flow
and in-line oscillation frequencies, which in some
cases are found to be dominant with respect to
riser curvature. The investigation has been ex-
panded to include less idealised flow profiles; there
are strong early indications that it is possible for
harmonic responses to be dominant with respect
to curvature in realistic uni-directional flows.

1. INTRODUCTION

Growing research attention is being paid to the
occurrence of harmonically-excited modes of vi-
bration in long marine riser pipes. It is thought
that these higher harmonic responses can, in
some circumstances, dominate the pipe’s curva-
ture variation along its length, which in turn can
lead to an increase in the pipe’s fatigue dam-
age rate. The present study is motivated by
the need to better understand and predict the
Vortex-Induced Vibrations (VIV) of marine riser
pipes, and in particular the desire to assess the
extent to which harmonic excitation can influence
fatigue life in realistic flow profiles.

The paper presents a numerical investigation
of the VIV of a tension-dominated model riser
of length-to-diameter ratio, L/D, of 1407. The

numerical simulations replicate and extend the
experimental investigation of Trim et al. (2005),
in which a model riser was towed horizontally
through still water at speeds that gave rise to
Reynolds numbers in the range 7099 < Re <
56000 (where Re = UD/v is the Reynolds
number and U, D and v are the flow speed,
cylinder diameter and kinematic viscosity respec-
tively). Trim et al. investigated both uniform
and linearly-sheared flow profiles. The model
riser had low structural damping, 0.3% of crit-
ical, and its mass ratio, the ratio of its struc-
tural mass to the mass of fluid displaced by it,
was 1.6. The simulations presented in this pa-
per extend Trim et al.’s investigation by consider-
ing both profiles considered in their experiment,
along with four additional flow profiles, including
two more realistic profiles representative of typi-
cal profiles found in the Gulf of Mexico and the
West of Shetland regions.

The numerical simulations are conducted us-
ing a strip theory Computational Fluid Dynam-
ics (CFD) code, VIVIC (Willden, 2003), details
of which are presented in the next section. Fol-
lowing this is a brief account of a rigorous bench-
marking exercise, in which the flow solver was
tested against high quality data from prescribed
oscillation experiments performed at sub-critical
Reynolds numbers. Following this are presented
the results of the present riser VIV investigation.

2. NUMERICAL METHOD

VIVIC, which was developed at Imperial College
London by Graham and Willden, is a strip the-
ory CFD code in which the evolution of the flow
is computed on multiple two-dimensional planes
that are positioned at intervals along the axis of
a long vibrating pipe. In each of these planes
the flow evolution is computed by solving the
velocity-vorticity formulation of the incompress-
ible Navier-Stokes equations in two-dimensions.
The correlating effect of lock-in (Toebes, 1969) is
used to justify the assumption of local flow two-



dimensionality. The non-dimensional equation of
fluid motion is given by:
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where u, w and t are the non-dimensional veloc-
ity vector, spanwise component of vorticity and
time. Non-dimensionalisation is based on the
characteristic length and speed; D and U.

A first order time split approach is used to
solve equation (1): the diffusion of vorticity is
modelled using an Eulerian linear finite element
approach across an unstructured triangular el-
ement mesh; the convection step is performed
by considering discrete point vortices in a La-
grangian framework. For the simulation of high
Reynolds number flows, a Large Eddy Simulation
(LES) model is used to account for the effects of
small scale turbulent structures in the wake.

At each time step the computed fluid forces
are mapped to a structural dynamics represen-
tation of the pipe, being a finite element imple-
mentation of the Bernoulli-Euler bending beam
equation. Pipe motion is permitted in both the
in-line, z, and cross-flow, y, directions. The re-
sulting motion of the pipe is accounted for in each
fluid simulation plane by holding the body sta-
tionary and subjecting it to a local inflow velocity
vector equal to the local relative velocity of the
free stream flow with respect to the pipe, hence
making use of the kinematic equivalence of the
body-fixed and inertial frames of reference. The
interested reader is referred to Willden (2003) for
a complete explanation of the code.

For the simulations reported in this paper be-
tween 16 and 64 computation planes were used
to discretise the fluid domain in the spanwise di-
rection, whilst 60 finite elements were used to
discretise the pipe’s structural model in the same
direction. The pipe was treated as pin-pin ended.
The two-dimensional fluid domain commenced 25
diameters upstream and extended 50 diameters
downstream of the pipe centre. It traversed a
distance of 50 diameters in the cross-flow direc-
tion, yielding a blockage ratio of 2%. The un-
structured mesh was composed of between 26861
and 58973 triangular elements.

3. SCOPE OF THE INVESTIGATION

In total six flow profiles have been simulated;
these are presented graphically in figure 1 as a
function of the non-dimensional vertical coor-
dinate z/L. The uniform and linearly sheared
profiles, shown in figures 1(a) and 1(b) respec-
tively, are replicas of those tested experimentally
by Trim et al. For these two cases, seven flow
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Figure 1: Flow profiles investigated. (a) uniform
flow, (b) linearly sheared flow with U/Upas =
0 at z/L = 0, (c) linearly sheared flow with
U/Upaz = 1/2 at z/L = 0, (d) stepped flow, (e)
typical Gulf of Mexico profile, (f) typical West of
Shetland profile.

speeds have been simulated in the range 0.3 m/s
< Upaz < 2.1 m/s, where Upyq, is the maximum
flow speed and in all cases occurs at the free sur-
face, z = L.

The remaining four flow profiles have been de-
rived from numerous sources, and have been in-
cluded as a theoretical exercise: there are no ap-
propriate experimental data sets with which to
draw direct quantitative comparisons. In each
case four flow speeds were investigated in the
range 0.3 m/s < Upge < 1.2 m/s. The profile
shown in figure 1(c) is a linearly sheared flow, in
which U/Upez = 1/2 at z = 0, while figure 1(d)
illustrates a stepped profile in which there is no
current over the lower half of the pipe. The two
remaining plots present generic profiles typical of
flows in the Gulf of Mexico and West of Shetland
regions (Petroluem and Natural Gas Industries
(2005) and Fugro GEOS (2007) respectively) .

4. BENCHMARKING THE CODE

Before the investigation could begin in earnest,
it was pertinent to benchmark the code over the
appropriate Reynolds number range. The data
sets of Gopalkrishnan (1993) and Staubli (1983)
were chosen to provide the benchmarks. These
pertain to experimental investigations of the pre-
scribed transverse oscillations of circular cylin-
ders at Re = 10* and Re = 6 x 10* respectively.
Both investigators varied the amplitude, A, and



frequency, f,, of cylinder oscillation: Gopalkrish-
nan’s investigation encompassed amplitudes 0.3
< A/D < 0.75 and frequencies 0.05 < f,D/U <
0.35, whilst Staubli’s investigation covered 0.1
< A/D < 0.8 and 0.14 < f,D/U < 0.18. Simu-
lations were performed to replicate these exper-
iments. Comparison to the experimental data
was made by considering six integral quantities;
the oscillating component of the lift coefficient at
the cylinder oscillation frequency, C'r,, the phase
angle by which the lift force led the cylinder dis-
placement, ¢,, the components of the lift force in
phase with the cylinder velocity and acceleration,
Cry and Cp, respectively, and the oscillating and
mean drag coefficients, Cp, and Cpmean-

The influence of three parameters on the agree-
ment between the simulations and the experi-
ments was investigated; the time step, dt¢, the
characteristic dimension of the computational
mesh, dz, and the sub-grid scale turbulence dis-
sipation constant, Cs. It was found that Cg has
a profound influence on the behaviour of the flow
simulation. A value of Cs; = 1.7 was found to
provide optimal agreement in the integral quan-
tities listed above. For a summary of the bench-
marking results the interested reader is referred
to McSherry et al (2007).

5. RISER RESPONSE

Figure 2 presents a comparison of various experi-
mental and numerical response characteristics for
the uniform flow profile case. Figures 2(a) and
2(b) reveal a good level of agreement in the span-
wise mean and maximum of the temporal stan-
dard deviation of riser displacement, ¢,cqn and
Omaz Tespectively, for both the in-line and cross-
flow directions. It is however noted that there is a
degree of scatter in the agreement of ¢;;,4,, which
increases with flow speed, particularly in the
cross-flow direction. The displacement-dominant
mode numbers (figure 2(c)) are also found to
be in good agreement, although the simulations
did display a trend for over-predicting the re-
sponse frequencies of the displacement-dominant
modes at the higher flow speeds considered (fig-
ure 2(d)). The variations of the same quantities
in the case of linearly sheared flow displayed sim-
ilar trends to those observed in the uniform case,
with reasonable overall agreement but some over-
prediction of f!f and f;“, the repsonse frequen-
cies of the in-line and cross-flow displacement-
dominant modes, at high U,,4.

Figure 3 presents a detailed account of the sim-
ulated pipe response for uniform flow at U =
0.6m/s. From the axial variation of the pipe’s
response, figure 3(a), it is clear that the riser’s

cross-flow response is dominated by response in
the 4" mode. However, it is more difficult to as-
certain the in-line displacement-dominant mode
from this figure. Figure 3(c), the result of a
modal analysis in which the riser displacement
has been decomposed into linearized modes of
vibration, shows that the displacement-dominant
in-line modes are the 7" and 8"

Figure 3(b) shows that the curvature of the
model riser is dominated by higher modes than
dominate its displacement. At this flow speed the
16" mode is dominant with respect to curvature
in the in-line direction, approximately double
the mode number that is dominant with respect
to displacement in the same direction. In the
cross-flow direction the curvature is dominated
by the 12" mode; three times the displacement-
dominant mode number in that direction.

The dashed contour lines in figure 3(c) repre-
sent curves of equal modal curvature contribu-
tions, which follow the relationship ¥ oc 1/k2,
where oF is the standard deviation of the cur-
vature of the k' mode. The figure illustrates
that, although relatively small amplitude oscilla-
tion may occur in a given high mode, that mode
may still be dominant with respect to curvature.
The figure shows that the 12" cross-flow mode
has a displacement amplitude of approximately
one fifth of that of the displacement-dominant 4"
mode, but that the 12" mode is still dominant
with respect to curvature as its curvature con-
tribution exceeds that of the 4*". Likewise, the
curvature contribution of the 16! in-line mode is
approximately double that of the displacement-
dominant 7% and 8" in-line modes.

The variation of modal displacements depicted
in figure 3(c) reveals a series of response en-
velopes in both the in-line and cross-flow di-
rections, the peak modal response of which de-
crease with increasing mode number. Figure
3(d) shows that the modes corresponding to
the cross-flow displacement peaks respond at
the excitation frequency, f,D/U = 0.16, and
odd harmonics of it, with the 12" mode re-
sponding at around 3f,D/U. Furthermore, the
displacement-dominant in-line response occurs at
around 2f,D/U, and a harmonic response in
mode 16 occurs at around twice this frequency,
ie. 4f,D/U.

The high mode number curvature variations
evidenced in figure 3(b) are the result of high cur-
vature contributions from harmonically excited
modes of vibration. This result has been ob-
served in some, but not all, of the other flow
cases that have been investigated. In some
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Figure 2: Simulated and observed riser response characteristics as a function of flow speed; uniform
flow. (a) and (b) spatial (spanwise) mean, o,cqn /D, and maximum, o,,q, /D, of the temporal standard
deviation of riser response in the in-line, x, and cross-flow, y, directions, (c) and (d) displacement-
dominant mode number, k*, and its response frequency, f*, in the in-line and cross-flow directions.

cases the displacement-dominant mode also dic-
tates the extent of the riser’s curvature in both
the z and y directions, while in others perhaps
0cy may be dominated by a harmonically ex-
cited mode while o, remains dominated by the
displacement-dominant mode, and vice-versa.

Figure 4 depicts the spanwise variations of the
standard deviations of displacement and curva-
ture in the =z and y directions, for the six flow
profiles introduced in figure 1, each with the same
maximum (surface) flow speed, Uyar = 1.2 m/s.
In every case except the Gulf of Mexico profile
(e), the variation of cross-flow curvature is seen
to be dominated by a super-harmonically excited
mode. In all super-harmonically dominated cur-
vature cases the super-harmonic mode responds
at three times the frequency of the displacement-
dominant mode, hence yielding curvature domi-
nant mode numbers of between 2.5 and 3 times
the displacement-dominant mode number.

The propensity for super-harmonic responses
to dominate in-line curvature is seen to be less
than in the cross-flow direction, with only the
second linearly sheared flow profile (c) and the
(relatively similar) West of Shetland profile (f)
being dominated in curvature by super-harmonic
responses at twice the frequency of the in-line

displacement-dominant mode. This is to be ex-
pected as the first in-line harmonic occurs at
just twice the frequency of the principal in-
line displacement, whilst the first cross-flow har-
monic occurs at three times the frequency of the
principal cross-flow displacement. Hence, to be
dominant in curvature the first cross-flow har-
monic must have an amplitude exceeding just 1/9
of that of the cross-flow displacement-dominant
mode, whilst the first in-line harmonic requires
an amplitude exceeding 1/4 of that of the in-
line displacement-dominant mode. Hence, super-
harmonic dominance of curvature is more prolific
in cross-flow than in the in-line direction.

6. CONCLUSIONS

It has been shown that responses in high modes
of vibration at harmonics of the displacement-
dominant response frequency can be important
with regard to the curvature variation along the
riser. Furthermore, the results of the present
study indicate that these higher harmonically
excited modes of vibration can be influential
not only in idealised flows, but also when the
riser is subjected to more realistic flow profiles.
These realistic flow profiles will be investigated in
greater depth, with a larger range of flow speeds
simulated, and the findings presented at the con-



(a) in-line and cross-flow responses
0.8
Gx
............. o
06| d
a
=~ a
b K \
047+ /
02
0.0 . . . .
0.0 0.2 0.4 0.6 0.8 1.0
z/L
10° ‘ ‘ ‘
(c) modal responses
10"t
a ¢" D =8E-05
2 T 4E-05
.&\ 10 -
o 2E-05
o 1E-05
N he SE-06
107 —e—— o* n
K -~
------ w6y "u
""""""""""" iso-curvature .t
10*

0 4 8 12 16 20 24 28
Mode no., k

[ (b) in-line and cross-flow curvatures

08

G, D (x10™)
o
[=))

0.4
0.2
o X
------------- c.,
0.0 :
0.0 0.2 0.4 0.6 0.8 1.0
z/L
1.5 "
(d) modal frequencies 2
o
.‘O”
° f '; ’ O'g

10 = o°
= O ft o
~ o

ol

a o
—~ o

051 ,5"’

jo]
Lo
7
@({@,@’!
0.0 : . ; ; ' y
0 4 8 12 16 20 24 28

Mode no., k

Figure 3: Simulated in-line, x, and cross-flow, y, riser response characteristics for uniform flow at
Umaz = 0.6 m/s. (a) and (b) spanwise variation, z/L, of the standard deviation of riser displacement,
o/D, and curvature, o, D, (c) standard deviation of modal displacements, o¥ /D, with iso-contours of
modal curvature contributions, and (d) modal natural frequencies, f¥D /U, and response frequencies,
fED/U, of modes with curvatures exceeding 25% of the curvature of the curvature-dominant mode.

ference. The implications of these higher har-
monic responses on the fatigue damage rate will
also be assessed and presented at the conference.
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Figure 4: Influence of harmonic responses on pipe curvature. The plots present spanwise variations,
z/L, of the temporal standard deviations of riser displacement (centre plots), o/D, and curvature
(right hand side), o.D, in the in-line, x, and cross-flow, y, directions, for the six flow profiles (left
hand side). In all cases Upqp = 1.2 m/s.



