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ABSTRACT

This paper investigates nonlinear multi-mode irdtoas in subsea
risers undergoing vortex-induced vibrations based ecomputationally
efficient reduced-order fluid-structure interactiomodel. Cross-flow

responses as a result of a steady uniform curmentaensidered. The
geometrically nonlinear equations of riser motiae &oupled with

nonlinear wake oscillators which have been modifiedcapture the
effect of initial curvatures of curved cylinder atwl approximate the
space-time varying hydrodynamic lift forces. Theimabjectives are
to provide new insights into the vortex-inducedratibn characteristics
of risers under external and internal resonancek tandistinguish

nonlinear dynamic behaviors between curved catemadystraight top-
tensioned risers. The analyses of multi-mode doutions, lock-in

regimes, response amplitudes, resonant nonlinedesnand curvatures
are carried out and several interesting aspectisightighted.

KEY WORDS: Subsea riser; vortex-induced vibration; wake
oscillator; fluid-structure interaction; reducedder model; multi-mode
interaction; resonant nonlinear mode.

INTRODUCTION

Nonlinear multi-mode interactions due to resonaeseitations in
mechanical continuous structures have been thecutij considerable
research in the last 30 years (Nayfeh 2000). Bhdue to the fact that
resonant multi-mode interactions are responsibteldoye-amplitude
vibrations which potentially give rise to prematdatigue failures of
structural systems. In subsea applications, a ess@nmechanism of a
cylindrical flexible structure subject to vortexdinced vibration (VIV)
occurs when the vortex-shedding frequency lock$ooane (or more)
of the structural natural frequencies. This extemesonance takes
place in a certain range of the reduced flow vé&joknown as lock-in
or synchronization region. Moreover, if system nalttfrequencies are
closely spaced and commensurable in a nearly integgo, the
vibrating structure may further experience a sdedalinternal
resonance. The combination of external and intemeslonances
signifies a worst dynamic scenario which is ofterawoidable for a
long slender structure having a large number ofelegof freedom and
natural frequencies.
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In this study, a robust reduced-order fluid-soliteraction model and
numerical integration scheme, developed by theastfSrinil et al,
2008), is considered in an attempt to investigdte multi-mode
dynamic interactions of subsea risers undergoing. s cross-flow
responses are typically greater than in-line respsr{Sarpkaya 2004),
attention is focused on the analysis of cross-fid, along with the
qualitative and quantitative comparison in nonlimégnamics between
a steel catenary riser (SCR) and a straight topitard riser (TTR).
The geometrically nonlinear equations of riser omtare based on a
tensioned beam or flexural cable model with pinpedied boundary
conditions. The empirical hydrodynamic model is dmhson a
distributed wake oscillator approximating the spto® varying lift
forces. Because the multi-mode coupling effect xpeeted to be
relatively pronounced, both structural and fluichlearities are fully
accounted for. To the authors’ knowledge, a very fgtudies in
literature deal with the application of wake-sturetinteraction models
to themulti-modeVIV problems, particularly for slendeurvedrisers
(SCRs). Moreover, there is a lack of comparisonthie ensuing
nonlinear dynamics between SCR and TTR. For tlasae, we aim to
fill this gap by implementing the multi-mode wakser interaction
model for the VIV investigation of both curved astdaight risers.

From a modeling viewpoint of vortex shedding, a waiscillator is
scrutinized as simplified, phenomenological andisempirical model
that provides a researcher an understanding of siumeéamental
nonlinear phenomena of VIV, in spite of the facatthhere is no
involvement in the flow characterization (Gabbad &enaroya 2005).

Somead hocassumptions are common in analytical models. These

comprise, e.g., the consideration of nominal twoetisional flow at
all times, the full correlation length of vortex extding along the
cylinder length (i.e., under lock-in condition) atite neglected effects
of end boundaries and stream-wise cylinder movenlemtproduce a
benchmarking series of empirical wake coefficiems physical
parameters, rigid and elastically-mounted cylindara uniform flow
have been mostly considered in different experialesampaigns.
Nevertheless, wake-oscillator models have enjogedessuccess in the
numerical-experimental comparison of VIV responsedjtions of
straight risers (Facchinett al 2004, Violetteet al 2007). Moreover,
the computations based on wake-body interactionefscate generally
fast with respect to direct numerical simulatiofisese are very helpful
towards industrial applications, where sea curflemis are actually at
high Reynolds number (Re) regimes (Sumer and Feeti389).

Total number of pages =8
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Fig. 1 Models of SCR and TTR subject to uniformreant flow

WAKE-RISER MULTI-MODE INTERACTION MODEL

Following Srinil et al (2008, 2009), a continuum model of arbitrarily
sagged inclined SCR and straight vertical TTR, ldigpd in Fig. 1, is
considered. With reference to the global Cartesiaordinate system,
the riser with equilibrium length. is connected from a stationary
floating structure to seabed with pinned-pinnedpsuts. A horizontal
offset Xy and water deptlyy define a chord inclination angle of SCR
(8 = tan® Yy/Xy). A steady incoming flow is in th&*-direction, which
is perpendicular to the equilibrium plangéY] of initial curvatures in
the case of SCR. As our attention is focused orpthdiction of cross-
flow VIV, both horizontal (transversal) and vertigaxial) dynamic
displacements from a reference static catenargigit) configuration
are evaluated for SCR (TTR). For convenience in @malytical
modeling which relies on continuous functions,stassumed that a
planar static configuration of SCR is solely dueitw effective self
weight and is described by an exact closed-formehymic-function
formula. The bending restraint and current flowiactare considered
to play a role after the settlement of static efjriim. The nonlinear
partial-differential equations of riser motion abatatic configuration
are expressed in a general dimensional form as
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by considering the riser as a flexural elastic beafrle (or tensioned-
beam) satisfying the Euler-Bernoulli hypothesislenotes Lagrangian
coordinate,u (x) andv (y) represent dynamic (static) displacement in
horizontal or transversaX] and vertical or axial) direction in the
case of SCR or TTR, respectively. For TTRs,y = 0. Riser properties
are considered to be uniform, with hydrodynamiovaééer D), mass
(m), potential added massn{ = Cp0A,, with A, being the effective
cross-sectional are@, the fluid density an€C,=1), structural damping
(c), bending EIl) and axial EA)) stiffness.T denotes axial static tension
which is considered to be non-uniform (uniform) ®ER (TTR) and
H; denotes hydrodynamic forces leading to cross-MW. The effects
of shear, torsion, seabed and internal flow-induéection forces,
which are quite important for SCRs, are not herebnsidered.
Nevertheless, the effect of geometrical nonlinezjtmeaningful for
multi-mode coupling and interactions (Srietl al 2007), is accounted
for. Because current flow is normal to SCR plahe, ¢ross-flow VIV
due to normal lift forced=_ corresponds to SCR in-plane motion. By
neglecting the tangential hydrodynamics, the umisteaxcitation lift
forces per unit length read (Skop and Balasubraamah®97, Sriniket

al. 2008, 2009)

le—FLsinHZ%pDVZ(QX—2yu/ws), (3)

H, = FLcos9 =2 DV?(Q, - 3V/w), (@)

whereV is the current flow velocityyis a stall parameteQ, andQ,
are the corresponding wake parameters describédebfpllowing van
der Pol nonlinear oscillators (Srirgt al. 2008, 2009)
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in which Cy is the lift coefficient of a stationary cylindexr dot denotes
differentiation with respect to time The vortex-shedding frequency
(rad/s) in the waked) is unique such thaty = 275t/D, where St is
the Strouhal number. The space-dependent locakah@g measured
clockwise from the horizontaf-axis and can be analytically obtained
from the SCR static equilibrium analysik. and G are empirical
coefficients obtained by calibrating with a selégxperimental results
which generally include the measurement of maximtesponse
amplitudes of (rigid/flexible) cylinders and the rtex-to-structural
frequency ratio during VIV (Skop and Balasubramani®97). They
depend on the mass-damping (so-called Skop-Griffavpmeter §=
&, whereéis the modal damping and is the mass ratio given by
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It is worth emphasizing that the nonlinear wakeillzgors Eqgs. (5-6)

are dependent dooth time and space variables. One may also account
for the Re effect through wake coefficients (Sratilal 2009).Qx and

Qy are to be determined together wittandv. For TTRs, only Eqg. (5)

is considered with s#t¥1. In the following, the horizontal displacement
coordinatex (in lieu of s) is alternatively used as the independent space
parameter. Moreover, the differential Eqs.(1-2) é@) are rearranged

in their temporal first-order forms. For convenieria the parametric
studies, overall displacement variables in the @ated equations are
normalized with respect tO.



By considering both geometric and hydrodynamic imearities, it is
assumed that a two-way coupled riser-wake respoostins spatial
contributions from some excited modes whose nafveguencies are
in the neighborhood of the vortex-shedding freqyerf®ased on the
modal expansion approach, both displacementv and associated
velocity (defined ag\, B;) variables of riser and wake in Egs. (1-2) and
(5-6) are postulated in terms Mfriser modes as

N N

u=A- u=> ft@, A= nd.
n,jl n;l (8)
V=A - vEY (4. A=) nd.
Q=B - Q=Xdg. B=) e,
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where ¢, and ¢, are horizontal and vertical displacement companent
of "™ mode shape functions associated with natural &ecjes (in
water) &, of the riser. They are obtained based on a Foanier series
in conjunction with a hybrid analytical-numericablgtion of linear
equations governing free undamped motion in Eg®) (@ith bending
and extensibility effects (Srindt al. 2008). In Eqgs. (8-9%, (d,), pa (&)
denote generalized coordinates of riser (wake)edaabtermined. By
substituting Eqgs. (8-9) into (1-2) and (5-6), peming the standard
Galerkin procedure with zero displacements and atures at end
boundaries, and applying the orthonormalizatiomofies, a system of
nonlinear ordinary-differential equations descripithe wake-riser
interactions are expressed as (Snial 2009)
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where quadratic/cubic nonlinear coefficients actimgnfor multi-mode
contributions and interactions read
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Note that a dash denotes differentiation with respex, k = (1432,
¢=EA/(m+m,)D% Egs. (14-17) are numerically integrated basedhon
64-point Gaussian Quadrature. Paramekensdy' vanish in the case of
TTR. Depending on the number of considered M$éenodes, the total
N? (N°) quadratic (cubic) coefficients in eanhequation are calculated
a priori. Eq.(13) entaildN coupled van der Pol oscillators with identical
vortex frequency. In turn, they are coupled with nonlinear struatur
oscillators through associatgdterms. The overall M equations (10-
13) are simultaneously and systematically solvetinie domain by a
numerical integration method with a stable timggieg and proper
initial conditions of displacement and velocity.eThser VIV response
depends on the mass-damping parameter, staticgooafion profile
(in the case of SCR), modal shape functions (€ig., 2), tuning of
system vortex and natural frequencies, strengthfl@fi-structure
nonlinearities, empirical wake coefficients, G). In addition, the riser
dynamic behavior depends on whether the cableitensr the beam
(bending) effect predominates. This may be charae by a single
dimensionlessensioned-bearparameter A = L(T/EN)*? whereT, is
the SCR tension at maximum sag or the TTR unifoaveraged)
tension (Srinilet al 2008, 2009). The cable-predominant SCR has a
greater value ol (= O(10%)). As regards empirical wake coefficients,
through lack of actual experimental data associafétl eachn™ mode,

F and G are considered to be the same, or mode-indepenident
wake oscillators for a given set of system pararsefEhe important
effect of Re on théc and G variation and thus the VIV response
predictions is herein disregarded. This aspect reently been
discussed in Srinit al (2009) with relevant analyses and results.
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Fig. 2 Normalized displacement shapes for first-lane modes (a-h)
of risers withA = 272: dashed and solid (dotted) lines dengndv,
of SCR (1, of corresponding TTR), respectively.
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Fig. 4 Variation of nonlinear coefficients with n@dumber for TTR
NUMERICAL RESULTS AND DISCUSSION

Our aim is to numerically investigate the multi-neodIV responses of
SCR in comparison with those of TTR through a reduerder fluid-
riser interaction model having a minimum DOF. Fdveg system
parameters and a range of flow velocities, a caemre study with
varying N modes should be made when integrating Egs. (13))-@s
exemplified by Srinilet al. (2009), both qualitative and quantitative
errors take place when considering a single-méde 1 (or very-low
DOF) solution for VIV of SCR. Hence, the multi-modmalysis is
essential. In the following, nonlinear interactiooefficients in Egs.
(14)-(17) are first analyzed prior to evaluating ¥V responses.

Nonlinear Multi-M ode I nteraction Coefficients
As an example, the tension-dominated SCR with 272 whose data

are given in Srinilet al (2009) is considered. The corresponding
normalized modal shape functions,(v,) for the first 8 in-plane modes

are displayed in Fig. 2, along with those (onlyas axial displacement
vy is very small and negligible) of the TTR having= 272. Based on
the assumed sine-based series, Fig. 2 distinguibkewodal shapes as
well as relative phase characteristics between &ZRTTR, the former
exhibiting the asymmetrical (i.e. neither symmeiriz anti-symmetric)
shapes due to the inclination and varying initiavature effects (Srinil
and Rega 2007) whereas the latter exhibiting tipéc#&y string mode
shapes. This qualitative distinction subsequerffigces the associated
nonlinear interaction coefficients as shown in Figsnd 4 withN = 5
(n=2-6) for SCR and TTR, respectively. The cubic evélikq. 17) and
riser (Eq. 15) coefficients for eadh” mode of SCR reflect both
positive and negative non-trivial values with hijictuation (Fig. 3),
whereas those of TTR reflect either positive (Ef). ar negative (Eq.
15) values with much lower fluctuation (Fig. 4).v8&l zero cubic
coefficients are also found for TTR. Indeed, in dbsence ok andy
in Eq. (17) of TTR, the cubic wake coefficients @hta series of
coefficients with the same magnitudes for differanbecause of the
same orthogonality properties of symmetric vs.-aptmetric modes
being applied. On the contrary, the correspondingdgatic riser
coefficients (Eg. 14) are completely trivial againing to the effective
nonlinear orthogonalities (Srinil and Rega 200)isTis in contrast to
Fig. 3 where quadratic coefficients are non-trivial SCR. Overall,
both quadratic and cubic riser coefficients inceeadth increasing
mode number. The high fluctuation (+/-) of coeffici values of SCR
(Fig. 3) has a major influence both on the nonlirdgemping terms in
wake oscillators and on the strength of geomesiaéténing/hardening)
nonlinearities, depending on the response ampétutleroughout Figs.
2-4, these meaningful comparative aspects of neatirinteraction
coefficients between SCR and TTR allow us to signaldifferences in
the ensuing VIV responses which will be discusseithé following.

Multi-Mode I nteractionsin Catenary and Top-Tensioned Risers

As riser cross-flow VIV responses in the globalrcioate system (Fig.
1) consist of horizontali and verticalv displacements, the resulting
maximum amplitude of each modal coordina#8gD) is calculated by

A,/ D=Maxy( f.@) +(f8.)°,

in which maximumg, and ¢,, andf, are independently determined
from the eigenfunction and transient-free time driss analysis,
respectively. Theeffective maximum response amplitude of riser —
accounting for overall modal contributions and attelative phases in
both time series and shape functions (Fig. 2) — lsandetermined
through Eq. (8), depending on the number of mdtlascounted for.

(18)

By considering the SCR (Figs. 2-4) wkh=5 n=2-6) andN =7 (n =
1-7) and assuming thatz§¢ = 0.01) parameters are identical for all
modes, the VIV amplitude response diagrams in #se of increasing
V are comparatively highlighted in Fig.5. These glare useful in
evaluating (i) the potential multi-mode lock-inj)(ithe maximum
amplitudes, (iii) the solution convergence with wiag N, (iv) the
sharing, switching and interaction of modes wherying the system
control parameter (i.&/). As shown in Fig. 5, the hysteresis effect with
solution jumps is typical for a self-limiting chatar. It is worth
emphasizing that the overlapping of modal amplisutd&es place in a
particular range ol and the sharing strength may be low or high
depending on the tuning of corresponding natuegjdencies. It is seen
that the 8 and &' modes are the most strongly-coupled since their
frequencies (2.168 and 2.228 rad/sec) are neatlynfernally-resonant
apart from being resonant with the varying wakejdiencies (as per
varying V). Such modal sharing and interactions can be atsn
through time histories (Srinilet al 2009). These highlight the
occurrence of multi-mode lock-in or synchronizatishereby the wake



and riser frequencies are externally and internadlyonant. When
comparing the responses with=5 (symbols) and\N=7 (line series),
overall responses are seen to coincide in a lrngeige. However, the
lower (h = 1) and highern(= 7) modes share the dynamic solution with
N = 7 whenV < 0.35 andv > 0.88 m/s, respectively. Up to 4 modas (
= 4-7?\ could interact in a margindllrange (0.88 ¥/ < 0.93 m/s), with
the 4" mode solution exhibiting a secondary small-amgétiupeak.
Thus, to account for such multi-mode interactiaghs, 5-mode solution
would be sufficient and valid in the approximatege between 0.35 <
V < 0.88 m/s. This valid range would become evemomaer if further
decreasingN. The amplitudeA/D responses in Fig. 5 may be also
described by a variation of the reduced flow velpogparameter
U,=2zV/w,D, where w, is the natural frequency in water of each
relevant mode. As shown in Fig. 6, the dependerfcylyy on a
normalized parametdd, is indeed helpful in comparing the extent of
lock-in bandwidth of each individual mode and cletggizing which
mode is more or less crucial. Overall, the maximdpyD are in
between 1 <A/D < 2 and the synchronization occurs in the typical
primary range of 4 4J, < 8. These are in good agreement with well-
known cross-flow VIV characteristics of rigid antbxible cylinders
(see, e.g., Fujarmt al 2001, Willden and Graham 2006).

The range where 5-mode solution is VFIid.

A, /D

V (mfs)

Fig. 5 VIV amplitude response diagransV for SCR withN =5 (n =
2-6, symbol series) afd= 7 (= 1-7, line series)
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Fig. 8 VIV amplitude response diagransV for TTR withN =5 (h =
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When considering TTR with the sameand & (damping) as in the
case of SCR (Fig. 5), both quantitative and qualgadifferences take
place in the amplitude response diagrams, asigiget in Fig. 7 with
N =5 (0 = 2-6). It can be seen that th€-Biode solution disappears,
leading to a small gap (0.38\k< 0.45 m/s) in which the VIV response
is completely trivial. This occurs even though 8amode solution with
n = 2-4 is considered (solid and dashed lines in F)g.In addition,
there is no appreciable overlapping or sharing ofles: only mode
switching is seen and each modal response stays iown lock-in
regime asV is increased. Unlike Fig. 5, overall maximum aryaes
are nearly comparablé{D = 1.4). This may be attributed to the fact
that nonlinear cubic wake coefficients of each made quantitatively
and qualitatively analogous (Fig. 4). Neverthelegs® overall VIV
responses dramatically change when decreasing adelrdamping (as
well as $) by an order of magnitudé € 0.003)with respect to thats(
= 0.01)beingconsidered in Fig.7. As highlighted in Fig. 8, tieely
strong modal interaction occurs in a laMjeange. Overall amplitudes
increase and somewhat fluctuate. In particular, ¥fienode response
(which vanishes in Fig. 7) comes into play andrgjty interacts with
the higher 4, 5" and &' mode responses, along with the lowéf 2
mode which is resonantly driven into the responseecgain after its
role in the primary lock-in regime. Twa € 3, 5) or threer(= 4) major



peaks are possible. In addition, the resemblanceh¢o so-called 20 -

“initial” and “lower” branches in amplitude respengiagrams of 0
elastically-mounted rigid (Khalak and Williamson9l® and flexible oo M
(Fujarraet al 2001) cylinders is noticed for= 2, 3. o
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each riser modal coordinate in Fig.8 witke 0.734 m/s N hodes
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With reference to Fig. 8, it is also interestinget@mine nonlinear time 14 ]
histories of riser displacement coordinatgys énd the associated phase
portraits (i.e.f, vs.p,) to gain better understanding into the temporal 12 )
behavior of multi-mode sharing and interactions.visialized in Fig. i“ 1.0 .
9 with V = 0.734 m/s, a beating-like phenomenon — which fgpical o8 |
modal interaction feature due to external or iraermresonance — is ’
remarkable in all time histories. The transient ayics are rich 0.6 .
depending on initial conditions, and the VIV ampiies are highly 04 . |
modulated throughout the recorded timeframe (2020)sThe phase ’ ¢
plots also reveal circle-like orbits which guarantbe periodicity or 0.2 o L %% .
“limit cycle” of overall modal responses, albeittkvihigh modulations 00 » AT S
(inner and outer rings). As depicted in Fig. 8, #lemode is seen to "4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

play the most predominant role in the modal intéoas for the given
flow velocity and system parameters. Indeed, frog 8, A,/D = 0.20,
Ag/D = 0.54,A,/D = 0.91,A¢/D = 1.24 andA¢/D = 0.51. Fig. 12 VIV amplitude response diagrawsU, for TTR in Fig.8



The effect of initial conditions on VIV predictiois now highlighted.
Corresponding to Fig. 8 with = 0.734 m/s and = 2-6, the condition
of nearly “at rest”, where riser is slightly disbed from its static
equilibrium, is assigned in numerical integratioasd the time
responses are plotted in Fig. 10 in comparison With 9 which is
based on higher-amplitude initiations. It can bensthat, initially, the
6" mode response grows rapidly and becomes steadyotatly
predominates the VIV up té = 1200 sec. This is the expected
circumstance as the relevant natural frequency4@H3z) is the most
nearly close to the vortex frequency (0.382 Hz)weeer, as the time
moves on { >1200 sec), other lower modes are resonantly exkcit
sharing and strongly interacting with each othehe Tbeating
frequencies change with higher amplitude modulatievith respect to
Fig. 9. The & mode response seems to be the most stable amly.stea
When overall modal interactions become stabilizedximum modal
amplitudes in both Figs. 9 and 10 are comparabit the 3" mode
being the dominating one. Such switching in the idating mode
during the VIV and the associated time sharing eph®ave recently
been discussed based on experimental testing agdeincy domain
results of flexible risers (Swithenbank 2007, &teal 2008).

The extent of each lock-in bandwidth in Figs. 7 &id now discussed
through Figs. 11 and 12, respectively. In comparisigh Fig. 6 (SCR)
that shows nearly-comparable lock-in ranges 4, < 8) of different
modes, Fig. 11 (TTR) reveals both widar{ 2) and narrowem(= 5)
lock-in regions depending on the excited mode. Titus strength of
wake-riser interactions of SCR is seen to be grehtn TTR when
given the same system parameters. When decre&sorgTTR, both
primary (= 2, 4, 5) and secondany £ 2, 3) lock-in regions take place

in Fig. 12 withU, being extended to 20. The occurrence of secondary
lock-in at higherU,, accompanied by smaller response amplitudes, has

been recently discussed by Willden and Graham (2based on CFD
simulations of an elastically-mounted rigid cylindg low Re = 50-
400. They have considered a cylinder with low nmrasies fn* = 5 and

10, wheram* = 4m/zpD?) and zero damping, and defined this regime as _~

“super-harmonically” excited response. This supamnionic character
is observed in Fig. 12 withn* = 8 and very low damping = 0.003.
Because of assuming St = 0.2, the primary loclsicentered nedd, =

5 (wdw,= 1) forn = 2, 4, 5, whereas the secondary lock-in is cedter
nearU, = 10 (wJw,= 2) forn = 3 and nead, =15 (wJ/w,= 3) forn = 2,
respectively. The main difference is that, hertie,flexible cylinder is
considered and the flow is in a sub-critical ra(§amer and Fredsoe
1999) with much higher Re (4x1€ Re < 3x16).

Resonant Nonlinear M odes/Curvatures of Riser Undergoing VIV

It has been highlighted that nonlinear multi-modeeiactions in both
SCR and TTR undergoing VIV occur in a certain lacler U, range,
depending on overall fluid-structure parameterssgrdamping, vortex
vs. natural frequencies, strength of nonlinearitigake coefficients).
Based on the obtained amplitudes, the ensuingadispient profiles or
“resonant nonlinear modes” of risers — which arey\vienportant in
subsequent analyses of curvatures, stresses agukfdamage — can be
evaluateda posteriorithrough Eq.(8). With reference to Figs. 1, 2, 5
and 6 (withN=5), the normalized nonlinear planar modes in lomtial

u, and vertical, directions of SCR are illustrated in Fig. 13 withur
chosenV. For eachU,, resonant nonlinear modes at different 5 time
snapshots — each of which occurs when one of ttresgonding modal
coordinated, (n = 2-6, respectively) attends its maximum stat¢him
time history during multi-mode interactions — aresualized with
monochrome lines. Actual relative phases amongstrbdes at each
time instant are thus accounted for. The resulspgtial multi-mode
superimposition depends on the linear continuoagpsliunctions (Fig.
2) obtained from the eigenvalue analysis.

V= 0.44m/s

c
S
PR V= 0.58 mis
c
S
V= 0.68m/s
c
S
V= 0.74m/s
c
S

Fig. 13 Nonlinear modes of SCR undergoing VIV #in%e instants

g
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[&]

Fig. 14 Nonlinear curvatures of SCR undergoing \h\b time instants

As shown in Fig. 13, the space-time modificatiofisienlinear mode
shapes are quite remarkable. When the VIV respiereminated by a
single (e.g., ? or 3% mode ¥ = 0.44 or 0.58 m/s), the positions —
where maximum (anti-node) and minimum (node) amg#s occur —
do not significantly change with time. Thus, linead nonlinear modes
appear analogous. Nevertheless, when the multi-rode3, 4 orn =
4,5, 6) VIV response occur¥ € 0.68 or 0.74 m/s), a resemblance to a
single mode shape is not amenable. The node/adé&-amplitudes (as
well as relevant phases) spatially and temporadlyy,vdepending on
modal contributions, amplitudes and the level oficgptime sharing,
observed through the amplitude response diagramhdire histories.
Overall, resonant nonlinear single and multi modes asymmetrical
with respect to middle span owing to the underlyeftect of SCR
inclination and varying initial curvatures. For T3Rthe resonant
nonlinear modes may be asymmetric if multi symnoriti-symmetric
modes are involved in the VIV responses. Based wpn E3, the
associated profiles of nonlinear curvatures, (C,) can be also
evaluated, as shown in Fig. IM=0.74 m/s). In essence, the space-time
distributions of displacements and curvatures allesvto determine
their maximum values which will be very useful imetinspection of
riser stress and fatigue damage.



CONCLUSIONS

Multi-mode cross-flow VIV responses of curved SQRI atraight TTR
have been investigated based on a robust reduded-evake-riser
interaction model. The effects of geometrical noedirities and varying
initial curvatures of SCR static configuration adly taken into
account through the equations of riser motion ddrtonlinear wake
oscillators approximating the distributed (spaces)i hydrodynamics.
Depending on the number of potentially vortex-eectimodes, analyses
of multi modal contributions have been performetbtigh nonlinear
interaction coefficients. Owing to the effect oftial curvatures and the
inherent feature of system asymmetry of SCR, thseuiag results
highlight qualitatively different coefficients beéen SCR and TTR.

The amplitude response diagrams have been coredrircthe case of
increasing flow velocity. To attain solution congence, the number of
considered modes has been varied. Depending oalbfheid-structure
properties, e.g., the mass-damping parameter,dlmnensurability of
vortex and riser natural frequencies, the stremfithonlinearities and
empirical coefficients, the predicted VIV respondesed on a time-
domain approach reveal the important features dfiimode lock-in
regimes, multi-mode sharing, switching and inteoms, as well as
qualitative and quantitative differences in nordindynamics between
SCR and TTR. The occurrence of external and interesonances
notably influences modal interactions. In additithe assigned initial
conditions play a significant role in the transielynamics, the time
sharing and the onset of limit cycles of associgiteé histories. When
considering a very low structural damping, the ®xise of super-
harmonic responses in a secondary lock-in regirsspdated with
higher reduced velocities, has been noticed. Tharacteristic is in
good qualitative agreement with recent CFD studiesigid-cylinder
free vibrations. Finally, resonant nonlinear modésiser undergoing
VIV and their space-time modifications have beerael@asted. In
contrast to single-mode VIV, the multi-mode VIV sals meaningful
spatial sharing of modes, with varying amplitudas aelative phases
along riser. As a result of multi-mode interactioasd system
asymmetry (SCR), nonlinear and linear modes arelitgtirzely
distinctive. These are practically useful for riglsign since relevant
maximum curvatures, stresses and fatigue damag# anportance.

The effects of Re and structural geometric nonlitiea on the multi-
mode VIV predictions have been highlighted by $rati al. (2009).
Overall analysis results demonstrate how the deeelaeduced-order
wake-riser interaction model may be very helpfulekplaining some
intriguing phenomena recently observed by expertaidrsting, apart
from robustly predicting the multi-mode VIV of deeater SCRs and
TTRs. These are achieved within minutes of the adatpn which are
far quicker than those performed by the CFD-basedulations.
Nonetheless, the wake oscillators and associateirieat coefficients
need further calibration, revision and verificatiso that they will
actually capture multi-mode interactions betweenssiflow/in-line
VIV due to either uniform or sheared flows. Thesae be realized by a
new series of CFD or experimental results whichkaiag rigorously
considered worldwide. (e.g., Dadtl al. 2006, Miliouet al 2007).
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