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The dynamic characteristics of deepwater riser simulation; vortex-induced vibration; multi-mode
usually present serried modes with lower frequencies,

because structural flexibility is very large due to high
. ) . . 1. INTRODUCTION
aspect ratio (ratio of length to diameter of riser). . . .
. . ) o With the development of oil and gas exploration in
Moreover, in practice flow velocity usually distributes
. . . deep sea, more and more deepwater platforms such as
non-uniformly along the riser length. A coupling model, . i i
. ) o tension leg platforms, spar platforms, semi-submersible
for multi-mode VIV (vortex-induced vibration) of ) . o
) o ) platforms have been put into service. The marine riser of
slender riser experiencing non-uniform flow, by means . . i
) . ) ) ) these platforms is used to transport gas, oil and optical
of finite element simulation combined with the ) ) . .
) . ) . (or electrical) information. For a slender riser
hydrodynamic model taking account of the interaction o i . .
) - o experiencing non-uniform flow, its wake fluid field, body
between fluid and structure in time-domain, is proposed. ) ) ) )
) ) . ) motion and the interaction between fluid and structure
VIV responses of slender risers respectively in uniform, )
. are complex. For example, the vortex shedding mode and
stepped and shear flow are explored. Satisfied )
. . frequency vary along the riser length, or no longer keep
agreements with experiment results are observed. ] T
o ) ) . constant. Moreover, the dynamic -characteristics of
Additionally, based on the numerical simulations effects )
. . slender riser wusually present low-frequency and
of reduced velocity and modal energy on modal weight . .
. high-density natural modes due to large structural
are explored. We note that for case of multi-mode . . L
) . L o flexibility. Then the VIV of a slender riser experiencing
vibration the participating modes tend to distribute by . [1-6]
non-uniform flow often presents new phenomena
roups..
group such as multi-mode vibration , travelling wave and
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wide-band random vibration. Therefore, the prediction
of VIV becomes more challenging.

In recent years large numbers of large-scale
3D CFD

implemented”"*!. The vortex mode and fluid force

experiments  and simulations ~ were
distribution for low Re number (10%-10%) were studied.
Mechanism and empirical formula based on large-scale
experiments were developed. Among these researches,
the multi-mode vibration and drag coefficient by
Huarte!®, high-mode lock-in by Vandiver''? and modal
weight by Huse!”! & Lie" provided fruitful bases for
the prediction of multi-mode VIV.

In this study a numerical simulation model based on
finite element method is developed for multi-mode VIV
of slender riser. An coupling model of vortex-induced lift
coefficient C,, expressed by the instantaneous motion
of structure, is proposed. This model can avoid costly
computation of iteration calculation and is more suitable
to time domain calculation by FEM code. At last,
illustrative examples are given, in which the phenomena
of multi-mode VIV such as the discrete modal weight
and scattering mode distribution are explored for various

flow fields, i.e. the uniform, stepped and shear flow.

2. HYDRODYNAMIC MODEL AND FINITE
ELEMENT SIMULATION

2.1 Hydrodynamic Model
For a riser described as a tension Euler beam (shown

in Fig. 1), the governing equation is:

nEED HED, o YED YDy (1)
where Yy(z,t) is the displacement of structure, m and
y are the mass and damping coefficient of unit length of
beam; El and T are the bending stiffness and axial
tension. f(z,t) isthe hydrodynamic force consisting of
vortex-induced lift force f,(z,t) and fluid drag force
f; (z,t) . Exact formula of hydrodynamic force and the
solution of VIV are difficult to be directly derived
because of the complicated interaction between fluid and

structure.

Figure1 Sketch of a tension beam undergoing VIV

Here the hydrodynamic forces f,(z,t) and
f;(z,t) are given respectively as follows:

f,(x,t)=(1/2)C_pV ’Dsin ot (2a)
f 20 = CppDV NV 3} +Cy 7DV 9 DA (2b)

where p and V are the density and velocity of fluid

respectively, @

, 1s the vortex shedding frequency

(equal to the natural frequency of structure as lock-in
occurring). C, is the vortex-induced lift coefficient.
Cp and C, are the drag and added mass coefficients
respectively, which can be determined by experiment.
Generally, C_ should be a function of variables
related to structural motion so as to take account of the
interaction between fluid and structural dynamics.
Existing lift curve is presented as a hyperbolical curve of
C, against structural amplitude as shown in Fig.2!"*, of
which the coordinates of key points such as C, . »
Ciao» Ay and A, are based on experimental
results. However, for our problem the amplitude of
structure is unknown before the calculation. And
complex iteration is needed, which is computationally
expensive. Moreover, the calculation including such
iteration in dynamic response is difficult to implement in
time domain using existing finite element code.
Therefore, an alternative lift curve expressed by

instantaneous motion of structure is proposed here.

Cr

A

o] X Lmax
Figure2  Lift curve

The alternative lift coefficient C, assumed as a
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function of structure motion velocity is required to make
the lift force input the same value of energy to structure
as the previous force in a motion period. The formula of

C_ is written as

CL(y):CLO+ay+by2+Cy3 (3)

where C, indicates the lift coefficient when the
amplitude A/D =0. The structural motion in lock-in is
assumed as Y= Asin(ot), and the motion velocity is
y = Awcos(at) .

Then the energy input by the lift force
F, = Fycos(at) where F, = (1/2)C,_OpV2LD , in a

one-fourth period can be written as:
T
W, = .[04 F, Ao(cos wt)* dt = % F,A (4

The energy input by the lift force
F = F, cos(wt) +ay + by? + ¢y’ (5)
is written as follows:

T
W, = j04 FAw(cos wt)*dt

(6a)
=%|:0A+a'A2 +b' A’ +c' A
So we have
W, /W, =1+a"A+b"A* +c"A’ (6b)
where a"=(w/F))a , b"=(@8w’/37F,)b  and

¢"=Bw’ / 4F,)c . Therefore a new lift coefficient can be
written as:

C! =C,,(1+a"A+b"A* +c"A’) (7
where the values of a, b, ¢ and C,, can be
resolved by making the new curve fit with the original
curve at the key points, e.g. points B1, B2 and B3 in
Fig.2. A group of equations describing the relationship

between the existing curve and the new curve is as

follows:
CLO:CLAO

0 — 8w? | — 2
Co[1+—aA +——Dh(A
LO[ F() L max 37ZF0 ( Lmax)
30)3 - 3
+EC(ALma){) ]:CLmaX

2 3

£a+16—waLmax +9LC(ALmax)2 =0

o — 8w’ — 2 30 — 3
C/[l1+—aA,+——b +—=c =0
Ll FOaAo 3, (Ay) 4F, (A)]
where Ko and K,_max is the amplitudes when

C =0and C =C| . respectively (as shown in Fig.2).
Based on the presented lift model, finite element
simulation can be carried out to obtain the dynamic

response of a riser undergoing VIV.

2.2 Finite Element Simulations

Both the vortex-induced lift force f,(z,t) and the
drag force f;(z,t) exerted by the ambient fluid are
loaded along the riser length after the manners of
distributing in the excitation region and damping region
respectively. Then VIV response is calculated by finite
element simulation.

To verify the proposed approach, the numerical
results are compared experimental results (see Fig. 3), i.e.
a rigid cylinder moving in a manner of single-mode
vibration in uniform flow by Williamson(1999)""* (Fig.
3a); and a flexible cylinder moving in a manner of
multi-mode  vibration  in
Chaplin(2005)!"% (Fig. 3c).

In our numerical simulations, the hydrodynamic
coefficients are C, =10, C,=12; and the lift
coefficients are C, =0.5+1.82A—1.29A> -0.707A’
and C,_ =022+1.62A-231A +0.754A’ for cases of

rigid and flexible cylinder respectively.

stepped  flow by

For case of rigid cylinder, the calculated amplitude
(A/D=0.78) is in a satisfied agreement with the
experiment data ( A/D=0.81). And the response is
characterized by a single-mode vibration. For the flexible
cable, both single-mode vibration involving mode 3 only
and multi-mode vibration involving mode 3 and 4 are
carried out. Numerical results, plotted as rms
displacement along riser length and temporal-spatial
evolution, are shown in Fig. 3b and 3c respectively. It is
seen that compared with the single-mode vibration, the
multi-mode vibration agrees better with experimental
results both on outer and inner envelopes of the rms
curve. Additionally, travelling effect is observed in
Fig.3c where multi-mode vibration occurs and no
anti-node appears. Figure 3b implies that the
single-mode vibration is dominated by a standing wave

and apparent anti-nodes can be observed.
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(b) Flexible cable vibrating in a manner of single-mode (mode 3)
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(c) Flexible cable vibrating in a manner of multi-mode (mode 3 and 4)
Figure 3 Comparisons between the presented numerical results and
the existing experimental results of (a) rigid cylinder vibrating in a
manner of single-mode; and (b) flexible cylinder vibrating in a manner

of single-mode and (c) multi-mode.

3.  MULTI-MODE VIV
DISCUSSIONS

The multi-mode vibration in two fluid fields, i.e. a

RESPONSE AND

stepped flow and a linear shear flow, are examined and
compared with experimental results. Additionally, for
case of stepped flow, effects of reduced velocity on
modal weight are explored. And for case of shear flow,

the distribution of the participating modes is discussed.

3.1 VIV in stepped flow

For case of risers with large aspect ratio (more than
10?), multi-mode vibration often occurs even in uniform
flow. The determination of the length of modal excitation
region is important to accurately predict VIV. Since the
flow velocity non-uniformly distributes along the riser
length, the problem of modal excitation length can be
simplified into the weight of participating modes. A
group of modal weights based on experiments by
Chaplin!'" are listed in Table 1. Here we normalized the
modal weight and plotted it against the reduced velocity
(V, =V/Df, ) in Fig 4.

Table 1 and Fig. 4 show that multiple modes, i.e.
mode 4-8, participate the vibration. The dominating
mode (with the largest value of modal weight) is not yet
the highest mode as regarded in previous works!' ", Tt is
noted that the mode, approximately corresponding 6~7
reduced velocity, tends to have a priority competing
against other participating modes, or mostly become the
dominating mode. A curve-fit function (see Fig.4)
describing the relationship between the modal weight

W, and the reduced velocity V, is proposed as follow:

1 |
W, = Ee“‘ ) (®)

z,=(, -6.0)/0.7, z,=(V, —6.0)/1.6

Figure 4 also indicates that the participating mode
enters into lock-in region fast, or the curve is abrupt as
V, increasing from 4 to 7. And, it goes out of lock-in
region slowly, or the curve becomes flat as V, further
increasing from 7 to 12.

The responses at different time steps are plotted and
compared with the experimental results in Fig.5. Both
numerical and experimental results indicate that the

vibration is characterized by node-moving due to an
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effect of travelling wave. Apparently, mode 4 dominates
the vibration and the largest amplitude is up to 1.0.

Table 1 Experimental measurements of modal weight for cases of top
tension of T=1073N and T=939N respectively

Mode number  Modal weight  Modal weight
T=1073N T=939N
4 0.08 0.01
5 0.12 0.15
6 0.5 0.25
7 0.28 0.42
8 0.01 0.05
104 o o O  Experimental (T=939N)
O Experimental (T=1073N)
— Ea.(®)
0.8+
,§> 06 o o
0.24 °
s}
0.0 o T r — )

4 6 8 10 12
Reduced velocity

Figure 4 Effect of reduced velocity on the modal weight
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Figure 5 VIV amplitude of flexible riser experiencing stepped flow
by numerical simulation (the four plots at different time step) and

experiment (the last one by Chaplin(2005))

3.2 VIV in shear flow
In practice, many fluid fields such as ocean current
and flow induced by internal-wave can be treated as

shear flow. Multi-mode VIV in shear flow will be

simulated and compared with the large-scale test (shown
in Fig.6) by Trim(2005)!"®). Further, the distribution of
participating modes will be explored. The VIV at ten
different towing speeds were simulated. Here only the
results of two towing speeds, i.e. 0.54m/s and 1.14m/s,
are presented.
The modal excitation length |, is proportional to
the modal energy in a form of
1o/l =P0 /P ©)

The modal energy is written as'>'

P.=(F)"/(2R) (10)
where modal force F,= I(l/ 2)C pV(2)’Dgy(2)dz  and
L

modal damping R = jrh(z)(pnz(z)a)ndz . @,(2) is the
L,

mode shape of mode n. It is noted that the potentially

excitation regions distribute proportionally, not yet the

regions of lower mode is overlapped by the regions of

higher modes as required by the rule of the high mode

priority™®'7,

The rms of displacement along the riser length
calculated by both previous and presented method, i.e. by
the rule of high mode priority and modal energy
respectively, are shown in Fig. 7. Compared with the
previous method, the presented model can predict a
displacement response agreeing better with the
experimental curve. It is also noted that the calculated
vibration in Fig. 7b closes to the experimental result
among the excitation region ( z/L=0.0-04), but
becomes larger than the experimental results as
approaching to the bottom end of riser. Or the calculated
vibration keeps almost the same level along overall riser
length, whereas the experimental vibration attenuates as
approaching to the bottom end of riser due to an effect of
travelling wave.

The dominating mode given by the presented
model is also consistent with the experimental result. For
example, Fig. 7a (0.54m/s towing speed) indicates that
the dominating modes of both the presented model and
experiment are mode 11. However, using the previous
model, mode 14 is the dominating mode.

The modal excitation lengths of all participating

modes are presented in Fig. 8 and compared with that by
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the previous model. It is seen that the modal excitation
length not yet averagely distribute as required by
previous model. Taking case of 0.54m/s towing speed
as an example (Fig. 8a), there are approximately 3
groups of participating modes, i.e. mode 6, mode 11&10
and mode 14. But by the previous model, all potentially
participating modes have approximately same level of
excitation power. Subsequently, it is difficult to exclude

the modes whose vibration is in fact very weak.

0.03 m

Effective
current

97 m  Buoyancy

can profile

Figure 6 Experiment of flexible riser experiencing shear flow

by Lie(1997)
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4. CONCLUSIONS

A prediction approach for VIV of deepwater risers,
using finite element simulation combined with a
semi-empirical coupling hydrodynamic model, ie. a
time-domain analysis approach is proposed. VIV
responses of a rigid cylinder elastically constrained in
uniform flow, a slender risers respectively in stepped and
shear flow are explored. Satisfied agreements with
experiment results are observed. Based on our numerical
results, we draw following conclusions:

(1) For multi-mode VIV in uniform or stepped flow,
modal excitation region is sensitive to reduced velocity.
A semi-empirical formula describing the relationship
between the length of excitation region and reduced
velocity is given.

(2) For multi-mode VIV in shear flow, modal
excitation region is sensitive to modal energy, and the
participating modes approximately distribute after a

manner of scattering groups.
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