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ABSTRACT

This paper experimentally identifies some non-lineffects, e.g. modal coupling effect and beatingtiom, on a
flexible model riser due to variable curvature wiventex-induced vibration (VIV) occurs. The VIV dhe riser can
cause enlarging dynamic stress of the body andcieglits fatigure life. This work expands existingmerical and
analytical investigations on a model riser with stamt curvature in shear flow condition. The resiritlicate that for
a flexible model riser displaced in non-uniform ahéiow when VIV occurred, the curvature shows sabsal ef-
fects on lock-in response and multi-mode non-latkesponse. The modal coupling effect on lock-Bpomse re-
peats the same effect on the structure in air, lwimdicates that modal coupling effect seems inddpst to the lock-
in phenomenon. This experimental investigation edskibe situation when displacing a flexible rubbable with
initial caterany shape stretching its bottom enchast tensioned straight condition for varying thevature. The ef-
fect of varying curvature on the vibration charastés of the rubber cable is identified when thsed in air. The
same effect on the structure when vortex-inducédation occurred is taken into account throughrageoduced

wind loading.

INSTRUCTION

Riser for deep water applications are commonly filexris-
ers and steel catenary risers (SCRs), with largetheiog
diameter ratio, slender cross section and curvegesialong
its length. The riser shape is determined by coatlin of
tension, body weight and buoyancy. Structural tibraof
risers is regarded as one of the key sources flarging
dynamic stress of the body and reducing its fatifee Most
risers’ vibration disturbances are caused by hyghrathic
disturbance, which is generated by wind, wave andeats.
The hydrodynamic disturbanceg. flow-induced vibration
occurs on the riser when flow passes it and praslfioetuat-
ing pressure forces by the wake dynamics (Sarpl28@4).

Previous investigation into the vortex induced &tiom (VIV)
of bluff-body indicates that there are still ne¢alsinderstand
the relationship between the flow/structure paransetand
the forces involved in the fluid-structural intetiaa

(Sarpkaya, 2004). Structural parameters includgtleto-

diameter ratio, effective stiffness and weight, @odvature.
Among them, there seems lack of experimental sturdyhe
effect of curvature on the fluid-structural inteian.

For dynamic analysis, the equation of motion ofexible
riser model could be used by modification of theaapn of
motion of a cable plus two end regions where flexiigidity
is mostly influenced by the boundary conditions &%,
1980). The geometrically exact Kirchhoff beam tlyecould
be used for the cable dynamics (Boyer et al., 20019 solu-
tion for equation of motion of flexible riser ofteesults in
non-linear inertia and curvature terms, as welhas-linear
terms that couple flexural and torsional motionse€po Da
Silva and Zaretzky, 1990).

The cross-section of riser structure for investarais com-

monly uniform, and any discontinuity is ignored.€eThser
structure could be attributed to following typegraght
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beams of constant cross-section, beams of constiaveiture
and constant cross-section, or beams of variabfeature
and constant cross-section. Through a parametdy $tu a
cantilever beam of variable curvature and crostiesec
(Charpie and Burroughs, 1993), it was identifiedt tttee
natural frequencies of some modes were more semdibi
curvature and mode shapes are coupled. On the bémef,
numerical studies on two-dimensional VIV of a Catgna
riser revealed an in-plane/out-of-plane modal cogpphe-
nomenon, which was attributed to the initial sad &arying
curvatures (Srinil et al., 2009). To find out wakgamics of
a cylindrical beam with constant curvature, nunariaves-
tigations have been carried out (Miliou et al., 20®liliou et
al., 2003, Miliou et al., 2007). The simulated modeas a
pipe in a quarter of circle, disposing in shear amndiform
flow at Reynolds number below 1000. It was idendiftaat
such curvature structure was able to demonstratee-th
dimensional body interactions (Miliou et al., 2003)

Unfortunately, the experimental verification of tew in-

duced vibration of curved structures hasn't beamdb The
aforementioned theoretical investigation indicatedt the
structural curvature may significantly affect thger dynam-
ics. In addition, another interesting effect ofvature should
lie on the connection between the curvature temasather
nonlinear terms. For example, one phenomena duwite
linear terms is “beating motion”, which mostly ocswat the
first resonance of the structural response (Atadtal., 1997).

This study focuses on an experimental investigaiibn the
vibration of a flexible cable with variable curveds and
effect of flow-structure interaction on the vibati The pa-
per first introduces the investigation of vibraticmaracteris-
tics of the flexible modal riser with variable catures (cate-
nary shape) displaced in air. After examining tfieat of the

curvature and some non-linear phenomena, e.g. ntmal
pling effect, the dynamic analysis of the samecstme under
wind loading when vortex-induced vibration occussarried
out. From the comparison of the structure with dtheut
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lock-in response, the interaction between the d¢ureaterm
and other non-linear terms are discussed.

RESPONSE OF THE MODEL WITH VARIABLE
CURVATURE IN AIR

The model with variable curvature

In this test, a model riser, made by flexible rubbable, was
hanging in the air, with a fixed top end and aafalé bottom
end. The vertical height of two ends was fixed tm H );

the arc length of two ends was also fixed to 3.§Lin The
curvature of the model riser can be varied by diljgsthe
horizontal distance of two ends, from one extretre the
cable is stretched to be a straight line (undesiten to the
other extreme that a third point in the cable bsthrts to
touch the ground (without tension). The plane foarging
the curvature of the rubber cable is the in-plamel the plane
normal to the in-plane is the out-of-plane. Theiltzg
response occurred at in-plane or out-of-plane ésitiaplane
or out-of-plane vibration response.

Figure 1 shows the measured and predicted shahe ofib-
ber cable at higher curvature position, whegg H, is the
ratio of horizontal length to vertical length. Tipeedicted
shape is based on catenary equation (Maurer, 191H.
catenary equation, depicting coordinates in Fidurer rela-
tionship between the vertical distangeand horizontal dis-
tancex, is obtained as

y= a(coshg -1, Q)

wherea is the catenary factor determined by arc length
N
L =asinh(=). (2)
a

It can be shown that whee=L,, y=H,.

The differences of measured and calculated curepesh of
the model risers were described by the RMS valdethe
differences between the measured and predictettaledis-
tances at all measurement locations (at 25 locgtievith
respect td_. For case in Figure 1, the calculated ratio i92.9

Figure 2 illustrates the RMS values compared Wifdefined

as RMS ratios) in terms df, / H, ratios. The figure indicates
that whenL, /H, is less than 0.5 the measured shapes are
quite close to catenary shape with RMS ratio is tean 5%,
and can be described by Eq. (1). However, whehH, is

larger than 0.5, the curve of the riser is moreseldo a
straight line.

Frequency response of the model with variable cur-
vature

To study the vibration characteristics of the mordkstr with
variable curvature, impact hammer test was condutbte
measure the frequency response functions of tlez &s a
function of L, . The test range off, was from 1.1 mto 1.9 m,

or at L,/ H,ratio between 0.4 and 0.633, including distrib-
uted 16 ratios oL, / H, in between. At each ratio, the meas-

urement covers both in-plane and out-of-plane Yitnare-
sponses of the rubber cable, by applying the impecitation
point slightly offset to the half of the arc lendgtr both in-
plane and out-of-plane measurements. Accordinglg, re-
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sponse at each direction was measured by an aoceltar
located 10 cm above the excitation point. The fesay re-
sponse function of the structure at the same logatfor both
excitation and response were calculated using teasared
impact force and riser acceleration.

Lx/H = 41.6%

1
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Figure 1: Geometric shape of the rubber cable at higher cur
vature position.
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Figure 2: RMS ratio of the measured and predicted curves of
the model risers.
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Figure 3: In-plane (a) and out-of-plane (b) frequency re-
sponse functions of the model risers.
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First 6 mode shapes at in-plane of the rubber
cable
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Figure 4: In-plane (a) and out-of-plane (b) mode shapes of
the rubber cable at, / H, ratio is 0.467.

Figure 3 shows the in-plane and out-of-plane fraguee-
sponse functions of the model risers. As shownigute 3(a),
a general shift is identified that the resonanckpef either
in-plane or out-of-plane response increases towdiidh
frequency region as, / H, ratio increases. It is known that

every mode natural frequency is proportional to sj@are
root of stiffness matrix over mass matrix. Due tmstant
mass matrix at all time, it is reasonable to beliévat stiff-
ness matrix of the model increases whgn H, ratio in-

creases or reducing curvature.

After examining the in-plane and out-of-plane stisal mo-
dal shapes in Figure 4 by applying experimental ahod
analysis, it is identified that higher modes, etg 4" or 5"
mode shows more clearly the trend than therl2" mode. It
is known that for higher modal frequency, the matahping
becomes larger. Wheh, / H, ratio increases, Figure 3 indi-

cates that the modal damping for each mode isafeoted.
As for the £ and 29 mode shapes, which are different from
that of a straight cable, it is believed that thsults for such
two modes are partly due to the measurement earud,
partly due to the nature of the curved cable. Fragure 3, it

is noticed that theland 29 mode responses are weak re-
sponses, and the current excitation method doepnostde
enough energy to excite the complete mode shapesuth
two modes. However, the difference between two mode
shapes at in-plane and out-of-plane directionscatds that
the out-of-plane response showing high similardynode
shapes of a straight cable than that of the ingptasponse.

Some studies have identified using analytical mashthat
with changing modal damping ratio of either pairnoddes,
modal coupling effects could be enhanced or red{Zadu
and Gu, 2006). Figure 5 shows the modal frequerafiés-
plane and out-of-plane responses under single fexcéa-
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tion as a function oL,/ H,. The obvious feature is that the
modal frequencies for first 5 modes increase il H, by

either in-plane excitation or out-of-plane excitati From
further study, it is noticed that at higher modethhin-plane
and out-of-plane responses share the same modgiefiey
when L,/ H, ratio increases. These higher modes are more

substantial by out-of-plane excitation than in-glaxcitation.
This feature indicates that when curvature of ttracture
reduces, the increasing modal damping at higheresoduld
excite large modal coupling effect on in-plane and-of-
plane response under excitation particularly ataftglane
direction.

Force in-plane with response at in-plane and
out-of-plane
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Figure 5: Modal frequencies of the rubber cable under in-
plane or out-of plane excitation as a functionwfvature.

The other parameter that changes with varying t¢ureaof
the structure is the tension at both ends. Thaderaso has
effects on the stiffness of the structure. Vibnatio tension
force calculation can be achieved:

® By the taut string theory that neglects both thg- sa

extensibility and the bending stiffness.

® Modern cable theory considers the sag-extensitiity
determine the tension force for the given measured
bration modes, by considering the sag-to-span Htio
cable, the flexural rigidity and axial rigidity. €hten-
sion force can be estimated from the measured funda
mental natural frequency by using approximate dnaly
cal closed-form practical formulas (Zui et al., 629
For a cable with small sag, the tension is propoet
to the square of the first natural frequency witlesid-
ual; while for a cable with large sag, the tens®opro-
portional to the square of the second natural feaqu
with a residual (Ni et al., 2002).

® By considering shape function, e.g. the catenanaeq
tion and L,/ H, ratio. Figure 6 shows the force loading

on a catenary shape between AP, whgis the cable
tension at point PT,is horizontal tension at point A;
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mg is the gravity force of the cable AP, if s ige table
length between A and P, then=nysis the unit mass

per length. Based on Equ.2= asinh@), andsis a
a

constant number in our measurements. The following

equations are used to descrijeand T, (Nelson et al.,
1952):

T, = tgNs* +a®,

The tension for the rubber cable is calculated daseEqua-
tion (3). The computed results for differenf/ H, ratio are

illustrated in Figure 7. The difference between tiresion at
point P and at point A is as large as expected.

T, = moa 3)

After examining the tension in Figure 7, and acguydto
modern cable theory, it is demonstrated that theemsed
tension is related to the increasing first modadjfrency for a
cable with small sag, or increasing second modajuency
for a cable with large sag.

A

mg

Figure 6: Force loading diagram of a catenary shape between

A and P.

Tension by catenary equation
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Figure 7: Tension of a catenary cable based on the catenary

equation.

THE CABLE RESPONSE AT VARYING FLOW
VELOCITIES

Wind loading measurement description

The source of wind loading is a 45 cm high veloctjal
floor fan. To maintain the wind loading directiondamagni-
tude, the setting of the fan and arrangement ofaheo the
rubber cable are kept at the same condition whencéble
sag is changing. For either in-plane or out-of-plamcitation,
the fan is lifted at a same height and kept astree distance
and angle to the rubber cable body wHenis changing. The

wind speed is measured by an Electronic Wind Spedida-
tor. The fan can reach its rpm within 1 secondttsd the
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wind loading shifts from 0 to running speed withre

second. However at running speed, the fluctuat®ralso
observed. To take into account this fluctuationhimitmeas-
urement of each wind loading, a period of 30 sesotmh-
tinuous full run is captured after the fan is tutnen. It is

found out that the wind loading at the rubber cabla the

range of 3.6 m/s to 4.42 m/s through averaging asumee-
ments at the same condition. The Reynolds numbehef
rubber cable in such wind flow is in the range 6fl2 to

3580, indicating a turbulent flow situation. Thelueed mass
of the rubber cable is 438.

Evidence of vortex-induced vibration

From the Strouhal number-Reynolds number relatipnsh
(Roshko, 1955), the following equation can be usedbtain
the Strouhal number (Shi et al., 2011)

S =0.191(1169.6/Re),  for 200 < Re < 5,000.  (4)

Therefore, the range of Strouhal number is at 0tb7®.182.
Figure 8 illustrates the in-line and cross-flowpesse at 52.8%
of the arc length from the bottom arlg / H, ratio when

wind loading applied at in-plane. When vortex-inddwibra-
tion occurs, the oscillation frequency of the stuue locks in
to the vortex shedding frequency. The vortex shegldie-
qguency is determined by

SU min .

f.=
S d

(%)

The applied Strouhal numbe&) is 0.179, flow velocity
(Umm) is 3.6 m/s, and diameter of the caldgié 0.0127 m.

Therefore, the theoretical shedding frequency is7 58z.

Figure 8 indicates that two response modes of #iecare
excited; for Mode k the frequency is 45.31 Hz, Mable k-1

is 22.66 Hz (Mode k-1 in both plots of Figure 8 lias same
frequency). The ratio between the mode k and shedfie-

quency is closed to 1 and the ratio between moatedkmode
k-1 is 2. Besides, the reduced velocity at curmaegsure-
ment is between 6.3 and 7.68. Therefore, the streds syn-
chronized. When the rubber cable is excited by viradling

at out-of-plane, vortex-induced vibration is aldwserved in
Figure 10 forL,/H,=0.4.

The amplitude of responses during lock-in for thbber
cable at thisL, / H, ratio is listed in Figure 9 (in-plane load-

ing) and Figure 11 (out-of-plane loading). For elifint
L,/ H, ratios, the arrangement of the fan to the rubbbétec

are kept at the same condition, which means treetiim and
magnitude of wind loading on the rubber cable heedame.
Figure 12 and Figure 13 present the rubber caldporese
due to in-plane or out-of-plane wind loading whepy H,

=0.633. Figure 14 and Figure 15 show the amplitatiee-
sponses of the structure under in-plane loading @utebf-
plane loading. As a result, both extrerbg/ H, ratios of the
rubber cable displaced in Section 2 are examinediird

loading experiments and vortex-induced vibratiom dze
expected at every, / H, ratio.

Discussion and analysis

The wind loading can be treated as mild sheahasadtio of
the shear fraction for the fan flow A% /V,,. = 10%, in the
range for mild shear that below 20%. Accordingtte litera-
ture (Vandiver et al., 1996), the multi-mode nookion re-
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sponse could be examined on the structure at $owhcbn-
dition. From Figure 8 and Figure 10, this kind esponse is
observed for wind loading at out-of-plane with/H, =0.4,

but hardly noticeable for wind loading at in-plafeom Fig-

ure 12 and Figure 13, for the rubber cable withimgichigh-

est tension, it is identified that the lock-in respe and non-
lock-in response are both enhanced whether ataimepload-
ing or at out-of-plane loading. Therefore, it isspible to

summarize that with less curvature of the structare in-

creased tension at the boundary, both lock-in mespand
multi-mode non-lock-in response are enhanced.

During the lock-in at two extremg, / H, ratios, the lock-in

frequency is unchanged. Comparing to the in-plaspaese
and out-of-plane response at lock-in frequency, rdt® of

two response values is far above 10%, indicatirgpinci-

ple response and transverse response are not traesverse
sensitivity of the accelerometers. Besides, the ffaw is

strictly displaced at in-plane or out-of-plane bk trubber
cable for in-plane or out-of-plane excitation. Asesult, the
error of accelerometer position to the flow direntican be
ignored.

Inline response when wind loading at in-plane
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Figure8: The lock-in on the rubber cable by wind loadatg
in-plane whenL, / H,=0.4

The lock-in amplitude, shown in Figure 9, 11, 14 &b,
indicates that between two extrerhg/ H, ratios, the modal
coupling effect on lock-in response amplitude fandvioad-

ing at out-of-plane is more dominate when the cumeaof
the structure decreases.

Meanwhile, beating motion, e.g. amplitude oscidiatiin
Figure 11(a), is clearly observed on the amplituekponse
when L, / H,=0.4, but only obvious on the structure under
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out-of-plane wind loading wheh, / H,=0.633. It is possible

to predict that beating motion is most dominateoir-of-
plane force, but with increasing curvature, thiemdmenon
can be enhanced and occurred under in-plane force.

Inline response when wind loading at in-plane
and Lx/H=0.4
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Figure 9: The amplitude of lock-in in time history on the
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Figure 12: The lock-in on the rubber cable by wind loading rubber cable for in-plane wind loading whép/ H, =0.633
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Cross-flow response when wind loading at out-

of-plane and Lx/H=0.633
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Figure 15: The amplitude of lock-in in time history on the
rubber cable for out-of-plane wind loading whep/ H,

=0.633 (lock-in mode-1: 22.66 Hz; lock-in mode-8:31 Hz)
CONCLUSION

This study investigates the curvature effect far tlynamic
response of the flexible model riser in air andh@m-uniform
shear flow when VIV occurs. The results can improlve
understanding about non-linear phenonmen of VIV an
eventually providing the necessary evidence foitegsand
further approaches to improve the fatigure lifetloé struc-
ture.

When the structure displaced in air with curvateereasing
from a closely catenary shape to a tensioned liebape, it
was found out that the tension at the boundarydseased
due to reducing curvature. The increased tensioidcghow
substantial effects of stiffness matrix of the stawe, the
modal damping and modal coupling effect.

When the flexible model riser displaced in non-amif shear
flow when VIV occurred, the curvature shows subtséhn
effects on lock-in response and multi-mode non-iocke-
sponse. The modal coupling effect on lock-in respgore-
peats the same effect on the structure in air, whidicates
that modal coupling effect seems independent tddble-in
phenomenon. Beating motion, however, shows some rela
tionship to curvature, and is widely observed ospomse
amplitude for out-of-plane force.
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