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ABSTRACT

A novel reduced-order fluid-structure interactiondeal for
the vortex-induced vibration of catenary riser sgbjto the
ocean current is developed and systematically tigeged. The
semi analytical-numerical approach accommodatesi-molde
nonlinear dynamic responses and accounts for thectebf
varying initial curvature of the inclined flexibleylinder. The
geometrically nonlinear equations of riser motioa based on a
pinned-pinned beam-cable model with bending aneresiility
stiffness. The empirical hydrodynamic model is lbass a
distributed van der Pol wake oscillator which apqoraates the
space-time varying fluid forces. In this initialudy, the
incoming current flow is assumed to be steady, ounif
unidirectional and perpendicular to the riser alitplane of
curvatures. Thus, emphasis is placed on evaludtiegriser
cross-flow responses due to fluctuating lift foroegreliminary
validation of model and analysis results has beerfopmed.
Several insights into the vortex-induced vibratwihcatenary
risers are highlighted through a series of parametiudies.
These include the characterization of single-mode maulti-
mode lock-in, the limitations of a single-mode s through
a convergence analysis which accounts for a vanyimgber of
considered riser modes, the prediction of riser imam
response amplitudes, the quantitative/qualitatiebalviors of
tension- or beam-dominant catenary risers and therat
influence of fluid-riser parameters. Moreover, mciedustrial
concepts of modes switching/sharing are discuskatyavith
the meaningful effect of Reynolds number.
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1. INTRODUCTION

Ongoing deepwater applications in oil & gas indusiave
demonstrated the need to thoroughly understandahnénear
dynamic behaviors of a steel catenary riser (SQRjergoing
vortex-induced vibration (VIV) due to the oceanremt. Apart
from the significant effects of surface waves, filog vessel
motions and seabed interactions, VIV is thoughiddhe single
most crucial factor that should be taken into actoas a
potential cause of fatigue damage for SCRs. Negkr#ls, many
insightful VIV aspects of SCRs remain unanswerette&d,
through lack of a general, reliable and computatigrefficient
fluid-riser interaction model which accounts fortfbanherent
fluid mechanics and nonlinear physics of the curfledible
cylinders, several uncertainties take place througthe SCR
dynamic analysis, design and construction procespectively.

The awareness of SCR technology has advancedgtirou
recent numerical and experimental investigationgkviuinveil
some meaningful VIV behaviors of SCRs (e.g., Vaadiand
Gonzalez 1997; Hatton and Willis 1998; ldeal. 2001, Moest
al. 2004; de Limeet al., 2007). In spite of this, the industrial
VIV analysis tool is still based on an empiricalesce with
some ad hoc approximations. Owing to the imprakticae-
consuming 3-D flow visualizations by CFD for a loslgnder
structure, the VIV fluid excitation and dampingdes typically
rely on the hydrodynamics data obtained from a ratooy
testing of an elastically-supported rigid cylindéorating with
1 or 2 degrees of freedom (DOF) in a uniform flowaalow
Reynolds (Re) number.
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Figure 1 Schematic model of SCR subject to a uniform current

An investigation into the vortex shedding patteansl the
fundamental 3-D wake topology for the flow pasttatisnary
curved circular cylinder has been carried out byiddiet al.
(2003). As a result of pipe curvatures, the comnrial
simulations highlight different kinds of wake chetexistics
depending on the pipe (convex or concave) configamaand
its orientation with respect to (aligned with orrmal to) the
incoming flow. When the flow is uniform and normal the
curvature plane, the cross-flow wake dynamics ofed pipes
behave qualitatively similar to those of straighggs. This is in
contrast to the case of flow being aligned with thevature
plane where wake dynamics change dramatically. this
reason, in this initial investigation, the currélotv approaching
the SCR is assumed to be steady, unidirectiondfipram and
perpendicular to the curvature plane of the indirmylinder
(see Figure 1). This avoids the multiplicity of tex shedding
frequencies (e.g., the case of flow aligned wite turvature
plane) which would complicate the modeling and ysial
Emphasis is placed on the cross-flow VIV due tatibating lift
forces occurring solely in the SCR curvature planith
horizontal/vertical dynamic responses.

This study aims to develop a numerically-robustucexd-
order fluid-structure interaction model capableanélyzing the
nonlinear dynamic responses of SCRs subject to ‘¥hd
describing the associated single-mode vs. multientmak-in.
With respect to the typical riser model based oa lihear
equation of a straight tensioned-beam motion, aemealistic
curved beam-cable (bending-extensibility) modelceocainting
for the meaningful effect of varying curvature ihet static
equilibrium of SCRs - is considered. As large dyitam
displacements are likely to take place for slenglederwater
structures with high aspect ratios and potentialtirmode
interactions, the effect of geometrical nonlineesitis also
taken into account. The empirical hydrodynamic nhéglbased
on a nonlinear van der Pol wake oscillator modeloseh
theoretical background is briefly summarized infibleiowing.

2. NONLINEAR WAKE OSCILLATOR MODEL

The simplest and computationally robust means to re
establish the hydrodynamic forcing caused by thdogi
vortex shedding behind a rigid or elastic circutglinder is to
employ a phenomenological wake oscillator (see eente
review by Parkinson 1989; Gabbai and Benaroya 2005)
Typically, the wake oscillator is based on the imedr van der
Pol equation having a term (terms) coupled withtractural
equation of motion such as the linear spring-massging
oscillator. Relevant parameters and coefficientesaotained by
calibrating through experimental data. Unfortungtéie wake
oscillator does not capture at all the flow fieldypics and
almost all of the models reported in literature date are
restricted to the lift force governing cross-flomlW The
measurement set-up is usually rearranged suchthieatirag
force governing in-line VIV is negligible or uncdep with
cross-flow VIV. Nevertheless, the wake oscillatooyes to be
useful for describing a self-limiting nature of VIkesponses
observed by many experiments and flow visualizatiohn
addition, the lock-in or synchronization regime d¢@ncaptured
and readily ascertained (e.g., Cumhal. 2006).

Recently, the van der Pol oscillator for VIV hasebe
revised by Skop and Balasubramanian SB (1997), Hiaetti,
de Langre and Biolley FLB (2004) in order to ovensosome
limitations of previous wake oscillators. Both miseapture
the self-limiting amplitude responses at zero $tmat damping
and reproduce some qualitative, as well as quéikntaaspects
of VIV when compared with experiment results. Regag the
application to flexible cylinders, the SB model teeen used in
the analysis of single-mode cross-flow/in-line VYsuspended
cables (Kim and Perkins 2002) and SCRs (Senél. 2008).
The FLB model has been considered by Violettal. (2007)
for the cross-flow VIV of long tensioned-beam artdaight
cable (string model). They showed a good comparisiih
direct numerical simulations and experiments.

In this study, the SB model is adapted for the rmtide
cross-flow VIV of SCRs. The space-time varying diftefficient
C. (sit) and corresponding wake oscillafr(s,t) are originally
expressed as

C, (st) =Q(st) —%’YN (s1). €

Q(st)- a)SG(Cf0 - 4Q2(s,t))Q(s,t) +alQ(st) = wsFYy (st), (2

in which yis a stall paramete,, is the lift coefficient of a
stationary cylinder, a dot denotes differentiatwith respect to
time t. Herein, Yy is defined as a local riser displacement
normal to its tangential axis asalenotes arc-length coordinate
along riser. By considering the spatially unifodow normal to
SCR curvature plane with a spe&fl the vortex-shedding
frequency (rad/s) in the wakew) is unique such thaty =
2765W/D, whereD is the hydrodynamic diameter and St is the
Strouhal number. The empirical coefficieriisand G play a
meaningful role in the overall wake-riser interantresponses.
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Figure 2 Variation of empirical coefficientswith Sg parameter

Following Srinil et al. (2008), to account for the effect of
SCR initial curvatures and to describe the conauiferizontal
(u) and vertical §) displacement components of SCR in-plane
(X-Y) motion (Figure 1), we proje€y=-Qsind (u=-Yysing and
Qv=Qcosf (v=-Ync0sH). The space-dependent local andlés
measured clockwise from the horizontélaxis and can be
analytically obtained from the SCR static equililoni analysis.
Consequently, equation (2) entails

O _@GCiQ, , 4uGQQ, , wQ, _ wFu

. : : . — 3
siné sin@ sinég si@ s

Q _ @GCLQ, | 4uGQQ, | «iQ, _ wFV @)
cosf cod coy cad cés

In contrast to equation (2), above nonlinear wadgallators
are now dependent dooth time and space variablg3x andQy
are to be determined together withandv, whereasC is a
given constant. The wake coefficients, G) are obtained by
matching a series of experimental data which gdigarelude
the measurement of the maximum response amplitifde o
cylinder A/D and the vortex-to-structural frequency ratio dgrin
VIV (see, Skop and Balasubramanian 1997). As exiiegblin

varying V (Re) in a lock-in analysis (Srindt al. 2008). To
incorporate such Re number effect in the derivatibih andG,
one may utilize a recent empirical formula given@Gyvardhan
and Williamson (2006) which reads
A/D =(1-1.121 + 0.30%) lo§ 0.41Ré°), (6)
where the associated mass-damping parameter ign*+Cy)¢
and the mass ratiot*= m/(zpD%4). As an example, withcS=
0.227 and corresponding= 0.091, the SB model provides the
fixed F and G equal to 0.644 and 0.489 (Srir al. 2008),

respectively. By accounting for equation (B)andG are varied
depending on the Re number, as exemplified in Table

Table 1 Effect of Re number on wake coefficients

Re F G
5000 0.641 0.597
1000C 0.64¢ 0.47(C
2500( 0.64 0.35i
50000 0.648 0.297
7500( 0.64¢ 0.26¢
10000( 0.65( 0.251
250000 0.651 0.20%

It can be seen that the Re number substantialigh¢sf)
affects the waké (F) coefficient.G decreases with increasing
Re, highlighting how the nonlinear damping effeategulating
the self-limiting response or limit cycle — decrems(see
equations 3, 4). Accordingly, the maximum strudtuesponse
amplitude is expected to increase with increasirg Rhis
insightful aspect — captured by the underlying wakeillator
model — provides qualitative agreement with experibresults
and theoretical explanation (Govardhan and Willi@m2006;
Swithenbanket al. 2008). The Re-effect on VIV responses of
SCRs will be highlighted and discussed in Section 5

3. NONLINEAR EQUATIONS OF RISER MOTION
With reference to the global Cartesian coordirgtgtem,

Figure 2,F andG are dependent on the system mass-damping Figure 1 displays a continuum model of arbitrag§gged and

(so-called Skop-Griffin) parameteis$ &y, in which &is the
modal damping of riser and is the mass ratio given by

_ pD?
A eese(mem)’ ®)
where p is the fluid densitym is the riser mass/length and,
denotes the potential added mass/length £ Cp0A,, with A
being the hydrodynamic cross-sectional areaGuxd).

It is worth remarking that, albeit capturing sogeféects of
fluid and structural material properties, the SBdelodoes not
account for the meaningful effect of Re number asently
highlighted by experimental observations (Switherbet al.
2008). In other worddg; andG in Figure 2 are unchanged when

inclined SCR connected from a stationary floatitrgcture to a
seabed with pinned-pinned supports. The steadyriimgpflow
is in the Z*-direction perpendicular to the SCR plan€r) of
initial curvatures. A horizontal offsety and water depthyy
define a chord inclination angle of SCR (i.8. = tan'Yu/Xy).

For convenience in the theoretical modeling whieles
upon continuous functions, it is assumed that a 2:bmerged
static configuration of SCR is solely due to itfeefive self
weight and is described by a closed-form, hypecbiinction-
based, catenary formula (Srinét al. 2008). The bending
restraint and current flow action are consideregl&y a role
after the completion of static equilibrium. Suclyleeted static
bending is plausible as boundary conditions aregurpinned
and the SCR curvatures are relatively small.



By considering the SCR as a flexural elastic cdrisgeam-
cable with the Euler-Bernoulli hypothesis, the getnmally
nonlinear partial-differential equations of SCRpilane motion
about its equilibrium may be expressed in a gerdina¢nsional
form as (Srinilet al. 2008)

(m+ma)i+ u _ { [@) (ax@+ﬂﬂ+
otz ot ds dsds 0s0s
(7)
(2 )2 o) on
s 0s 0s 0
(m+ma)av v _ { [@j (axaj+g@+
ot? Bt ds d0sds 0s0ds
®)

(o ()2 2m g 2.

in which s denotes Lagrangian coordinate,(x) and v (y)
represent dynamic (static) displacement in theZootal )
and vertical Y) direction, respectively. Riser properties are
considered to be spatially uniform, with mas3, (added mass
(my), structural damping coefficient) bending El) and axial
(EA,) stiffness.T denotes axial static tension of riser ard
denotes hydrodynamic forces leading to cross-floW. \By
accounting for both bending and axial extensibildffects,
equations (7, 8) are also valid for a straight teapsioned riser
(TTR) or a horizontal pipeline with zero sag=£y = 0), and
accounts for overall inertial effects through qusidycubic
nonlinearities (Srinil and Rega 2007b). The effeatsshear,
torsion, seabed and internal flow-induced frictforces, which
are quite important for SCRs, are not herein carsid.

As the current flow is normal to the SCR plane ¢hoss-
flow VIV due to lift force F_ corresponds to the SCR in-plane
motion. Thus, by neglecting the tangential hydradyits, the
excitation forces per unit length in equations8)7read

H, = —F, sind = —%chsz sing, ©)

H2=FLCOSH=%,0CLDVZCO§, (10)

whereC, is the lift coefficient based on equation (1) avake
oscillators, equations (3, 4). It is worth notirttat the mean
component of the lift coefficient, which is usualisivial for

straight cylinders, takes place for curved cylirsd@iliou et al.

2003). This potentially gives rise to a new SCRildzium

during VIV. Yet, this aspect is omitted as attentids

particularly paid on the fluctuating component. Eonvenience
in the parametric studies, the arc-lengthcoordinate is
projected onto the coordinate which is, in the following,
considered as a new independent parameter. Therafiffal
equations (3, 4) and (7, 8) are rearranged ingheporal first-
order system. Overall displacement variables, twgetwith

associated equations, are normalized with respdzt t

4. REDUCED-ORDER MODEL FOR MULTI-MODE VIV

This paper is aimed at numerically and systemdyical
investigating the multi-mode VIV responses of SGRsugh a
reduced-order fluid-riser interaction model havandew DOF.
Owing to geometrical and hydrodynamic nonlineasitié is
assumed that the coupled riser-wake responsesitagatial
contributions from a certain number of modes whoatural
frequencies are commensurable to vortex-sheddieguéncy.
These modes are defined as potentially vortex-ecaihodes.
The multi-mode response aspect is realistic sincgleader
continuum structure has multiple natural frequemcighose
values are closely spaced and occasionally in dyngaeger
ratio (e.g., 1:1, 2:1 or even 2:2:1). Consequebtyassuming a
standing wave characteristic of marine riser respsn both
displacementy, v) and associated velocity (defined As B;)
variables in equations (3, 4) and (7, 8) are pattdl through a
series ofN in-plane SCR linear modes as follow

For riser dynamics

u= Al - u= Z fn% Ai Z P
an (11)

V= AZ - z no Az = Zl pn¢n
For wake dynamlcs,
Qx:Bl" szzdn%’ BL:Zen%'

n’jl nN:1 (12)
Qy:Bz - Qy:zdn¢n’ Bzzzen¢n'

n=1 n=1

where @, and @, are horizontal and vertical displacement
components ofi" mode shape functions associated with natural
frequenciesy, of the submerged riser. These are obtained based
on a Fourier sine basis in conjunction with a hytanalytical-
numerical solution of linear equations of the fre@damped
motion in (7, 8) with bending/extensibility (Srirét al. 2008).

In equations (11, 12j, (d,), p, (e,) are generalized coordinates
of riser (wake) to be determined. By substitutingiaions (11,
12) into (3, 4) and (7, 8), performing the stand&dlerkin
procedure with zero displacements and curvatureserat
boundaries, and applying the orthonormalizatiormmfdes, a
system of nonlinear coupled riser-wake equatiossril@ng the
multi-mode lock-in g~ @) is expressed as

fy=po,
N N
P, =—2fnwnpn-aﬁfn+uaﬁ(dn-—pn DI ]
S i=1j=1
N N N
+Zzzrmjk i ]
i=1 j=1k=1
d,=e,
&, = wGCle, —afd, + wFp, +

N N N
G333 Dyd

i=1 j=1k=1

yn, (wGClg —afd, +wFp ) -
i=1,
i£n

(13-16)



in which quadratic/cubic nonlinear coefficientseeaunting for
multi-mode contributions and interactions — read

Table 2 Parameter s of considered SCRs

Parametel SCRI SCRZ
Xy 0 A 272 21
< | | St - s, + 500, + it + 2 272 2
) 0, 30° 37.62
L0+ 5y 008, o ﬂ 04 121
o 2 1% 1%
C X 1 Vg Vo g
T == | (Ao + 4o 9.0+ 0,00, x % 227 52
Xy/D X /D c 1.3x1¢ 2x1C*°
- %q % d
= k[y ¢n¢i]dx/ | k[y+¢§)dx sag/span .081 .02
OH/D ¢W)¢?< ’ Xy/D %2' F .644 432
O = Ik[ +¢¢¢¢de></ | k[y,+¢n2jdx. G 48¢ 982
0 0

(17-20) Note that parameterS,, = 0.28, y= 0.183, St = 0.2 are
fixed in both SCR cases. The damping ratipéhus %, F, G)
of all considered modes are assumed to be equa simphasis
herein is placed on investigating the multi-modepting effect
resulting from the (curved or straight) riser gettmeThe
cable-dominant SCRIA[= O(10°)] has larger aspect ratldD
(meaningful for deepwater application), sag/spad &knthan
the beam-dominant SCR2 f O(107)].

To ascertain the occurrence of (single-mode orirmdtle)
lock-in and predict the maximum response amplitudéen
varying V, it is common in practice to make a reference to a
reduced flow velocity parametel which is defined by

Here, a dash denotes differentiation with respect k =
(1+y?Y2 ¢.=EA/(m+m,)D% Equations (17-20) are numerically
integrated based on a 64-point Gaussian quadrddemending
on the number of considered risérmodes, the totalN? (N°)
quadratic (cubic) coefficients in eachequation are calculated
a priori, as discussed by Sringt al. (2009). Equation (16)
entailsN coupled van der Pol oscillators with identical tear
frequency . They are, in turn, coupled with the nonlinear
structural oscillators through associatgdterms. The M
equations (13-16) are simultaneously solved by mamical
integration method with a stable time stepping @ndperly
assigned initial conditions. 2N

Overall, the VIV response of riser depends on mate- U, = D’ (22)
damping parameter, static configuration profile,dedoshape G
functions, system vortex/natural frequencies, gfiterof fluid-
structure nonlinearities and empirical walke G) coefficients.
Through lack of actual SCR experimental data assediwith
each considerech™ mode, F and G are considered to be
constant or mode-independent (Figure 2) for a giVervet,
they may be varied with varying if one accounts for also the
Re number effect through equation (6), as discussé&dble 1.

wherew,, is the natural frequency of raference mode whose
value is the most commensurableagi.e., by the Strouhal law
wn O 27SV, /D) for a given current flow speéed,, (e.g., the
averaged value in the experimental laboratory twadaesign).
For a given range dfJ;, the maximum and minimud values
are determined based on equation (22) with the eshas,,
taking into consideration also the associated Rabau that
should remain in the sub-critical range 300 < R&x( (see,
e.g., Sumer and Fredsoe 1997). By increasing aedsingV,
as is then varied through equations (13-16).

5. PARAMETRIC RESULTS AND DISCUSSION

By way of examples, both cable- and beam-domin@RsS
are analyzed. The riser material-geometric progerthay be
characterized by a single non-dimensional flexesdénsibility

. . M odel Validation with Shear7: Single-Mode VIV of TTR
parameter which reads (Srietlal. 2008)

Prior to investigating the multi-mode VIV of SCRs,
preliminary validation of the presented wake-risgdeling is
performed by making a comparison of obtained marimu
amplitudes A/D) in a givenU, range [24J,<10] with those of
Shear7 (v4.5, 2007), in the case of a constanitelens§TR
subject to uniform flow. In so doing, the pinnedupéd TTR
corresponding to SCRIA£272) is considered (Table 2) with
three damping ratiosf (= .05, .01, .003) and thus; (1.133,
.227, .068). For comparison purpose, the geomatidinear
terms are discarded in the time-domain analysisesiBhear7
considers théinear equation of tensioned-beam motion in the

A=L{T,/HEI, (21)

in which L is the SCR equilibrium length anf, is the SCR
tension at maximum sag. For TTRsjs the span length arid
is the uniform (or averaged) tensioA. describes how the
flexural (smalld) or axial (larged) rigidity plays a predominant
role. Based on riser data provided by Srhil. (2008) and the
joint industry research programme STRIDE (Mael. 2004),
some associated parameters meaningful in the V&lyais are
given in Table 3 as SCR1 and SCR2, respectively.



frequency domain analysis. For a giveg = 0.4 m/s & =
1.308 rad/s), the reference mode is tfedode ¢u=1.461
rad/s) whose shape is anti-symmetric with respeciniddle
span, having 4 half-sine waves.

Table 3 Comparison of A/D for TTR dueto cross-flow VIV

AID
< . Shear’
This study ™ c Type1 | Ci-Type?
1.133]  0.394 0.438 0.427
0.227]  1.083 1.060 0.925
0.06¢ | 1.25: 1.23] 1.01¢

A single-mode lock-in analysis based on coupledena
structural oscillators is standard, exhibiting emjuphenomenon
in the amplitude response diagram when varynglue to the
hysteresis effect (Srinét al. 2008). Herein, the predictediD
values with wake oscillator and Shear 7 are quativély
compared in Table 3. In addition, they are companéith
experimental data of rigid/flexible cylinders suttjgo cross-
flow VIV (Skop and Balasubramanian 1997) in Fig@résemi-
log scale) which is the so-called Griffin plot.idtworth noting
that, in Shear7 analysis (alsg= 1.461 rad/s), the experimental
lift coefficientsC_-Type 1 and Type 2 of bare cylinders are both
considered. They depend on o#D (Type 1) or on bot#®/D
andU, (Type 2). As for the wake oscillator, tk in equation
(1) is thought to be equivalent @ -Type 2 of Shear7 (albeit
with different experiment testing) due to the fabat SB
empirical wake coefficients depend on bétb andU,.
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Figure 3 Comparison of A/D with analytical toolsand experiments

Overall, good qualitative and quantitative comgami of
A/D is seen in both Table 3 and Figure 3 with difféneass-
damping parametelS. In Table 3, the Shear7 results wh
Type 1 provide a more conservatisD prediction than those

with C_-Type 2. When compared with Shear7 results, theewak
oscillator accounts for both loweg & .05) and higher&(=
.003) conservative aspect, depending on the asbine

Nonlinear M ulti-M ode VIV Responses of SCR

To carry out the multi-mode VIV analysis, the caolesid
N potentially vortex-excited modes should include thodes in
the neighborhood of the reference mode and therlafthe
convergence study of nonlinear responses has tsoemade
with varying N in the analysis. Herein, by considering SCR1
and SCR2 (Table 2) witkly, = 0.4 and 1.0 m/s, the associated
s values are 1.308 and 89.76 rad/s, respectivelys,Ttvith
maximumN = 7, the low- or higher-order modes of interest an
relevant natural frequencies in still watey (rad/s) are given in
Table 4, with grey-filled rows denoting referencedas.

Table 4 Natural frequencies of chosen VIV modesfor SCRs

SCR1 SCR:

w3 1.461 g 57.432

W4 1.75¢ Wg 69.49:

ws 2.168 W10 82.781

w7 2.620 w13 113.398

wg 2.94 W13 130.728
Depending on the assigned initial conditions amdrall

system parameters, numerical simulations of sysqoations
(13-16) are performed to determine the steady-sigtexmic
responses. Prior to evaluating the relevafD, it is worth
visualizing the time histories associated with egeheralized
displacement coordinate of risdy)( as illustrated in Figure 4
for SCR1 withN=5 (h=2-6) andU, = 10.

| |
0 200 400 600 800 1000 1200 1400
Time (sec)

Figure 4 Time series of modal displacement coor dinates of SCR1
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Figure 5 Predominant-modetime histories of riser vs. wake
displacement coor dinates
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Figure 6 Phase portraits of mode 5 and 6 responses

It can be seen in Figure 4 that the steady-statdinear
VIV responses (i.e. the limit cycles) occur with iadhan one
predominant mode. Botlfy and fs time histories have large
magnitude with respect to the othefsff) and reveal amplitude
modulation features as a result of modal interastid\s shown
in Figure 5 {=1350-1400 sec.), the associated wake coordinates
ds andds (dashed lines) also exhibit the same charactesistic
fs andfg (solid lines), with the oscillating wake-riser frggncies
being nearly tuned in a 1:1 ratio (i.e. multi-mddek-in). The
phase fi-p,) portraits in Figure 6 (starting from transient to
steady state) also confirm the periodicity of VIdsponses by
showing the closed circle orbits.

Numerical integration results in Figures 4-6 higihl how
a series ofi coupled wake-structure oscillators could be uged i
the analysis of multi-mode VIV in addition to sieghode VIV
(Srinil et al. 2008). As riser responses consist of horizontdl a
vertical displacements, the resulting maximum atugé of
each modal coordinatéD) is calculated by

A/D =Maxy( f.4) +(f.8,)°,

where maximumg, and ¢, andf, are determined from the
eigenfunction and time series analysis, respegtiVal evaluate
the root-mean-square (RM8)/D, spatial maximurnyg and ¢,
remain fixed, whereas the RMgis determined by excluding
the initially transient dynamics. In turn, the efiege maximum
amplitude Ax/D of the riser - accounting for overall modal
contributions and their actual relative phaseshin time series
and shape functions — is determined through equétib).

(23)
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Figure 7 Maximum response amplitudes for SCR1:
@N=3,(b)N=5,(c)N=7

M ulti-M ode L ock-1n Behaviors of SCR

Several experimental and CFD studies have higtedgthe
multi-mode VIV of straight vertical risers (e.g. Mien and
Graham 2004; Trinet al. 2005; Yanget al. 2008). In this study,
the multi-mode lock-in behaviors of SCRs subjedramsversal
uniform current are parametrically investigated.e Téurrent
velocity V is slowly increased with a small increment (.04)m/
for a givenU, range. To comprehend how many DOF are
actually needed in obtaining a robust reduced-osaértion, it
is necessary to perform a convergence study byingrthe
number of considerel riser modes. By way of examples, the
cross-flow VIV of SCR1 (Table 2) is analyzed in &g 7 for
the given range 24,<15. For the sake of comparison in Ml



cases, the'8mode is considered as the reference mode (Table the predictedAy/D values are substantially underestimated.

4), the modal damping and wake coefficientd=( G) are fixed.
The variation of modal amplitude%/D vs. U, is depicted in
Figures 7a, b and c fbd =3 (n=2-4),5 6= 2-6) and 71f = 2-
8), respectively. Moreover, the relevant effectamnplitudes
Ar/D of all combined modes are plotted in Figure 8ethgr
with those of the single-modé= 1 solution { = 3).
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Figure 8 Effective response amplitudes for SCR1

Ag/D

0.61

Overall, a jump phenomenon due to hysteresis teffec

observed in alN cases (Figure 7). This is typical because of

using the nonlinear van der Pol oscillator (Sratilal. 2008).
Depending on modal
parameters, all riser modal amplitudes reveal Igaifing
responses (Figure 7) and entail the maximAgtD of flexible
cylinder in the range of 1 to 2 (Figure 8). THerode provides
the largest response witN=7 (Figure 7c). The observed
interesting behaviors are the “switching” and “shgi of
modes in the VIV responses. For instance, With 3 in Figure
7a, the 8-mode solution prevails after the jump (switchindg)
the 2% mode solution occurs d, = 5.6. The overlapping
(sharing) of modal amplitudes takes place in ai@adr range
of U, as contributions from 2 (Figure 7a) or 3 (7b ar 7
participating modes are comparably significant. Tercent
sharing of modes may be low or high depending enttiming
of system natural frequencies (see Table 4).de@n that the's
and 6" modes are strongly coupled. Such modes sharitiong a
with their modal interactions — can also be seeauh time
histories as illustrated in Figure 4 wite5 andU, = 10. The &
and 8" mode responses attain their maximum states arelift
time instants. These highlight the occurrence oftirmode
lock-in or synchronization whereby the wake/risascilating
frequencies of each generalized coordindtgd,) are internally
resonant as a nearly-perfect 1:1 ratio (see, [eigure 5).

As regards the convergence analysis, both quamitand
qualitative differences are seen in Figures 7 and!8 different

shape characteristics and system

With N = 3, the low reduced-order solution (Figure 7a) is
improved, but still providing overestimate/D results and
broadening the overall lock-in regimes of modes, 2adth
respect to the cases wiltr5 (Figure 7b) andN=7 (7c). The
results converge when further increasMglin both Figures 7
and 8, considerindN=5 in the range 24,<10 is seen to be
sufficient. To improve the solution whed, > 10 (see the
vertical dotted line in Figure 8) with the minimux) 5 modes
with n = 4-8, instead ofi = 2-6, could be satisfactory.
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Figure9 (a) Maximum and (b) RM Sresponse amplitudes for
SCR1 with N=5 and varying wake coefficients

Influence of Reynolds number

It is interesting to examine the influence of Renber on
the prediction of VIV response amplitudes. In castrto the
results obtained in Figures 7 and 8, the wake wiefits ¢, G)
are now varied through Equations (6) and (16) witlteasing
U, or Re (see e.g. Table 1). The SCR1 is again ceresidwith
N=5 (n=2-6), and the maximum (9a) and RMS (9b) modal

consideredN modes. The single-mode solution seems to be the amplitudeAy/D results are displayed in Figure 9 in comparison

worst case due to the fact that it cannot captuedl ghe multi-
mode switching, sharing and interaction featuresaddition,

with Figure 7b. It can be seen that stronger maatakraction
takes place in Figure 9. Both maximum and RMS atonbdi



response diagrams exhibit similar features, with lditer also
showing two response peaks corresponding to thembde
solution. The maximum amplitud&/D during lock-in reaches
the highest value about 2.60=6) whereas overall RMS
amplitudes are less than 1. The sharing of 4 m@ue3, 4, 5,

6) in the VIV responses is remarkable in the raBgéd,<9. In
particular, the 2 modal amplitude participates into the
response once again after it previously appearthenlower
lock-in bandwidth (3%),<5) as in the case of neglected Re
effect (Figure 7b). This"d mode is driven possibly due to a so-
called multiple internal resonance condition assed with
system quadratic/cubic nonlinearities (Srigtilal. 2007). Since
the associated natural frequencies of tHe(2033) &' (2.168)
and &' (2.228) modes are nearly tuned as 1:2:2 ratio, the
nonlinear orthogonality properties of modes are satisfied
(Srinil and Rega 2007a), and the wake nonlinear pilagn
coefficient (G) decreases with Re (Table 1), thesedes
become strongly coupled in the multi-mode VIV resges.
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Figure 10 M aximum response amplitudes for SCR1 with N=5,
varying wake coefficients and linear structural model

Influence of Geometrical Nonlinearities

The significance of SCR geometrical nonlinearitiesthe
VIV response prediction is now highlighted. By makiuse of
the linear structural modeling with the summati@mnts in
Equation (14) being disregarded, the cross-flow WNVSCR1
is again analyzed wittN=5 and the predicted maximum
amplitude results are shown in Figure 10 (lineardetp in
comparison with Figure 9a (nonlinear model). It d@n seen
that the linear model overestimates (underestipétes?® and
5" (6™ mode solutions. In addition, qualitative discrepa
occurs: the second lock-in bandwidth of tHé rRode response
disappears in Figure 10, in contrast to Figuretzd taptures
the multiple internal resonances. Therefore, thdtifmode
interaction observed in Figure 10 is solely du¢gh® cubic-type
nonlinear terms in the wake equations. To accwyraehluate
the associated VIV fatigue damage, the predictdatation
amplitudes should rely on the nonlinear structoradeling.

An/D

Figure 11 M aximum response amplitudes for SCR2 with N=7

High-Order Mode VIV Responses

The cross-flow VIV responses at higher-order (ne.10)
modes are now discussed by considering the bearmeotn
SCR2 (Tables 2 and 4). It is worth noting thatdberesponding
natural frequencies of SCRA%21) are quite widely spaced,
whose values are much higher than those of SGR242) due
to greater bending contributions. By considerindgJ 28 with
fixed wake coefficients and the iGnode being the reference
mode, the predicted maximum amplitudes of consitlere
modes § = 7-13) are depicted in Figure 11. In contrast to
Figure 7, there is no clear jump phenomenon infeidd. The
7" mode response prevails over a widlerange with maximum
amplitude reaching®//D = 1.1. The relatively strong modal
interaction occurs wheld, > 6 with higher-order multi modes
playing a meaningful role. To gain further insigimto the
corresponding nonlinear dynamics, the time seriesdlanodal
coordinates are plotted in Figure 12 with= 5.9 (left column)
andU, = 7.6 (right column). It is seen that the resporddd, =
5.9 are quite steady and periodic with 3 sharingesch = 7-9)
whereas those df, = 7.6 are unsteady, highly- modulated and
chaotic with 5 sharing modes € 7-11). The VIV responses
seem to be more fluctuating at high&rwhich involves higher-
order modes. Consequently, the multi-harmonic thistories
of riser/wake contain many frequencies and theegedbck-in
or 1:1 resonant condition does not seem to occur.

The occurrence of unsteady, highly amplitude-maial
and multi-harmonic cross-flow responses of the saiser
(SCR2) subject to uniform flow perpendicular to d¢tsrvature
plane has been experimentally observed in the SERIject
(Moe et al. 2004). Also, the measured maximum amplitdde
was also in the range of 0.5-1 depending on théezkenode.
These outcomes are in good qualitative agreemetit thie
analytical prediction in Figures 11 and 12. Beca®eR
contains high modal density owing to the effect ioitial
curvatures, the multi-mode, multi-harmonic or clh@aotlV
responses with high temporal variation are feasible



Uy =59

Uy=76

f10

f11

f12

fl3
(=}

0 200 400 600 800 1000 1200

Time (sec)

-2
1400 © 200 400 600 800 1000 1200 1400

Time (sec)

Figure 12 Time series of modal displacement coordinates of SCR2

6. CONCLUSIONS

A novel reduced-order fluid-structure interactiorodel
capable of analyzing the multi-mode cross-flow VIof
catenary riser subject to the ocean current has beeeloped
and systematically investigated. The incoming floms been
assumed to be steady, uniform, unidirectional srgendicular
to the riser plane of initial curvatures. The eguat of riser
motion are based on a pinned-pinned beam-cablelimgdeth
bending/axial extensibility effect and geometrigahlinearities.
A distributed van der Pol wake oscillator has batlized as
the empirical VIV forcing function and modified toteract
spatially and temporally with the horizontal/vealicdynamic
displacements of riser. Essentially, both strudtmad fluid
models account for the effect of initial curvatuoéghe elastic
inclined flexible cylinder. Depending on the numloérvortex-
excited modes, a series of nonlinear coupled risde
differential equations have been derived and sohmsd
numerical time integrations, with the aim of evaiog the
associated maximum/RMS response amplitudes of. rides
single- and multi-mode lock-in analysis has beeriopmed by
varying the reduced flow velocity parameter. Thad@amental
analysis results, in the case of single-mode cilossVIV of a
straight uniformly-tensioned riser, are in goodesgnent with
those predicted by Shear7 and experimental data.

For catenary risers, the modal convergence studybban
conducted by varying the number of considered plamades.
Results highlight both quantitative and qualitatiliecrepancies
with a single-mode (or a very low DOF) solution.deeding on
the system fluid-riser parameters, the prevalericersion or
bending rigidity, the relationship between vortexdanatural
frequencies and the assigned initial conditions, rtfulti-mode
solution provides several insights into the VIV haeiors of
catenary risers. These include the occurrence dfi-made
lock-in, switching, sharing and interaction featureén the
amplitude response diagrams. The sharing of mau&4V is
also observed through the associated time histofen also
taking into consideration the effect of Re numbeough the
underlying wake oscillators, some quantitative agualitative
behaviors remarkably change with regard to the irmdde
interaction. In particular, when increasing thewflspeed, the
occurrence of multiple internal resonances betwegher and
lower modes is meaningful. This feature is assediatith
geometrical nonlinearities and thus is not captimgthe linear
structural model. Finally, the analysis of high-eranode VIV
highlights the highly-modulated multi-harmonic respes with
strong modal interactions. The associated time afgrare
chaotic and contain non-resonant (non-lock-in) Itzeig
frequencies with a high temporal variation.
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In spite of making available the general reducetkor
fluid-structure interaction model for multi-modeoss-flow VIV
analysis of catenary risers, as well as top-temsiaisers (Srinil
et al. 2009), subject to uniform current flow and addieg
some interesting observations, the present modelng
analysis outcomes need further verification witlspext to
recent experimental testing results and industaalytical
tools. As regards VIV forcing function, the nonlarewake
oscillator and pertinent empirical coefficients deéurther
improvement towards practical applications. Thesdude the
cases of multi-mode interaction between cross-god in-line
VIV, sheared flow or flow being non-perpendicularthe riser
plane of initial curvatures, and travelling waveaccteristics
along riser. Moreover, it is worth carrying out ennseries of
curved riser VIV experiments by also recognizing thherent
effect of cylinder initial curvatures, the Re numlaad multi-
mode dependence in VIV responses.
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