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Stability Analysis of TTR under VIV and Parametric Excitation
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Abstract: This study analyzes the non-linear dynamic behaviour and stability of Top Tensioned Riser (TTR)
under combined effect of in line vortex formation and parametric excitation due to nonlinear drag term of wave
motion. While analyzing the response of TTR general approach 1s either to neglect effect of vortex formation
which 15 because of current flow by passing the TTR or parametric excitation because of changes i tether
tension. However, in real sea conditions coexistence of both loads may produce disastrous chaotic response.
In this study, mathematical model of TTR considering pinned-pinned end condition 1s derived and various
design parameters of TTR 1s explored, considering vortex shedding frequency to be twice of fundamental
structural frequency of TTR using Monte-Carlo Simulation.
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INTRODUCTION

Tension Leg Platform (TLP) is positively buoyant
structure which is vertically moored to sea bed by tethers.
TLP draws its static stability in vertical plane because of
tether pretension. TLP can be used m wide range of water
depth from shallow to deep water. Now a days various
innovative TLP design is considered as economical
solution for foundation of large capacity wind turbines
and many offshore o1l and gas platform. To mncrease the
payload capacity of TLP, reduction in pretension of tether
is required which in turn may cause significant stability
1ssues for tethers and TLP platform.

TLP 15 a positive buoyant structure, so, it 1s installed
with TTR (Top Tensioned Riser). TTR’s are very stff in
axial direction due to positive buoyancy and fluctuation
n axial tension, sometime causes significant coupling of
the system (Chen et al., 2012; Josefsson and Dalton, 2010;
Sanaati and Kato, 201 2; Wilde and Huijsmans, 2004). TTR
is subjected to vortex induced vibrations which is one of
the main reasons behind fatigue design (Hartlen and
Currie, 1970; JTauvtis and Williamsorn, 2004; Liao, 2001,
Low and Cheung, 2012; Mulkundan et al., 2009). Many
researchers (Low and Cheung, 2012; Mulkundan et al.,
2009} did extensive study on TTR’s VIV (Vortex Induced
Vibration). In actual sea conditions tether 1s subjected to
parametric excitation because of fluctuation in axial
tension caused by heave motion of platform under wave
loading and complicated mteraction between tether and
correlated alternating sequence of vortices (Yang and
Xiao, 2014). Parametric excitation causes significant
loading when frequency of external excitation and

natural frequency of tether matches particular condition
(Chandrasekaran et al, 2006, Chatjigeorgiou and
Mavralkos, 2005). Many research scholars studied
non-linear dynamics of TTR and pointed out because
of non-linearity produced by quadratic damping and
parametric resonance, wide range of mstability 1s present
in TTR system. Due to these non-linear oscillations, there
is a huge load coming on the tether caused by
envirommental flud forces. This may significantly affect
the various operations of structural system and may
finally cause catastrophic fatigue failure. Tn design of TTR
it is one of challenging tasks to avoid these instabilities
during design of these kinds of offshore systems.
Generally researches only consider VIV condition
for dynamic analysis of tethers. For safe design of tether,
1t 1s compulsory to consider combined vortex ortex and
parametric loading. To obtain the coupled dynamic
response of tether, parametric excitation caused by
vertical wave forces and variable buoyancy should be
considered together with this if amplitude of tension
fluctuating 1s significant, it should be taken into account
while obtaining stiffness in swge and sway direction,
otherwise it may cause serious dynamic stability problems
(Banik and Datta, 2009). Reduction in tether pretension in
order to increase the payload capacity of TLP may
significantly alter dynamic response and may produce
instability (Yang et al., 2009). Parametric instability is also
significant in irregular waves, many modern ships
experienced serious accident due to parametric roll. The
overall aim of present work 13 to obtain comparative
parametric study of TTR and to check effect of these
parameters on nonlinear dynamic response and stability
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under the influence of VIV and parametric excitation.
The present research can be divided m followmg
sections. Mathematic model of TTR considering VIV
and parametric excitation. In which multiple term
Galerkin’s method 15 employed to reduce the non-linear
PDE to non-linear ODE which is further simulated using
iterative technique to obtain dynamic response of
system. Results and discussion under combined
excitation is explored. Conclusion obtained from present
study.

MATERIALS AND METHODS

Mathematical modeling: In present study, tension leg
platform in 300 m water depth is taken for study, water
depth is considered to be equal to length of TTR other
details of TTR 1s presented m Table 1. It 15 also,
considered that first modal frequency is the prime
contributor in response and parametric excitation is taken
as twice of vortex shedding frequency. This condition
gives maximum response to TTR system in this study.
Following assumptions is made before deriving the
equation of motion:

The material and mechanical properties are assumed
uriform, homogeneous and 1sotropic along the length
of tether

The velocity of current is considered to be uniform
along the length of tether

Cross-flow oscillation of tether is considered and
inline oscillation is neglected

In the tension leg platform of TTR, seabed is
considered as origin of coordinate system with z as
vertical coordinate. Water depth is considered to be equal
to Length (L) of TTR, T(t) is top tension and v(z)
represents lateral displacement. Along the length of
tether current 1s varying 1t is represented m +ve x
direction. Only the vibrations caused by alternating
sequence of vortices are considered in present
situation. The tether can be mathematically modeled as

Table 1: Particulars of TTR

Particulars Dimensions
Length (L) 300 m
External Diameter (D) 1.1176 m
Thickness (T) 0.038 m
Mass per unit length (M) 1046 kg/m
Added mass per unit length (M) 1010 kg/m
Total mass per unit length (m) 2056 kg/m
Bending stiffness (ED) 3.89x10° N'm?
Tension ratio (g’ = T/T,) 0.328
Pretension (Ty) 1366 tf
Structural damping coefficient (C*,) 0.319%107
Natural frequency (1) 0.856 rad/sec
Amplitude of excitation force (g) 0.126 C

pinned-pinned end condition beam subjected to
pretension T. Due to wave motion, there 1s tension
fluctuation in tether which can be represented by T cos .t
where 13 frequency of heave motion.

Motion of tether . (z, t) causes pressure distribution,
resulting in drag force and inertial force. Since, D/ 0.2 for
tether, this force can be represented by Morison’s
equation. In which drag force 1s proportional to square of
velocity ¥z and inertial force is proportional to
acceleration ¥z 1:

F,(z.t)=0.5C,pDV’{z)cosAt-
C,pnD’/ v-0.5C pDv|v|

(1)

Dynamic equation of motion of tether considering
tension variation and vortex loading can be represented
using following equations (Dong et al., 1992):

v v
EIQ-(TD +T cos (Dt)ng (2)

Cywtmy = F (zt)

Where

ElI = Flexural rigidity

T = Pretension

T = Amplitude of Tension fluctuation

m = Mass of tether per unit length

C. = Structural damping coefficient

. = Frequency of parametric excitation

F.(z t) = Total Fluid force on tether per unit length
Tether can be mathematically modeled as

pimed-pinned beam, so, deflected shape of tether can be
assumed to be a function which satisfies boundary
conditions pertaining to pinned-pinned condition:

v({0,t)=v(Lt)=0 (3
(dz\)/dzz)z:n =0

where 1 18 the length of tether. Solution of Eq. 1 can be
obtained by mode superposition principle. Assuming
tether first modal frequency matches with frequency of
vortex shedding and neglecting contribution of higher
modes in finding response of tether. The error in
displacement response obtained by this procedure 1s very
small. But error m SFD and BMD can be around 10-12%.
(Dong and Lou, 1992). With above mentioned conditions
response of TTR can be obtained using:

v(zt) :v(t)sm¥ ()
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where . (z, t), represents response of tether, Eq. 2 can be
simplified with above mentioned assumptions and
following equations 1s obtained:

C, . ‘
+H1v+[oo§+mf (1+e cos (Ut)}v-‘r

. K.C. cos At | nz
83 K. Cwly|=2=2 """ Vi (z)sin—K_ = (5)
w2 7h | ‘ ]Ii ‘n[ :( ) 1 2
nY EI ayT T
05pD, 0 = — | —f =| = | Lg ==
1) m 1) m T,

m = m+C Dy

1s virtual mass per unit length of tether. Natural frequency
because of flexural stiffness 1s very small as compared to
lateral frequency . because of fluctuations i axial tension.
Maximum tether response occurs when frequency of
parametric excitation is twice the vortex shedding
frequency (Dong and Lou, 1992). Introducing book
keeping parameters and keeping other parameters
constant, neglecting .. and simplifying right hand side of
Eq. 5, following equations can be obtained:

o =074y ©)

FHOC,VHOC, v sign(v)+ (A7 +oy+ved’ cos 2ht)v = )
Vg cos At

where . is small parameter:

¢, = Ciipim ¢, = SC0anims & = efug =

1
%J‘Vf(z)singdz
lmu 5 1

&)

v ="Thy, sign(¥v)

is written to preserve sign of ¥ and higher order . has
been neglected.

RESULTS AND DISCUSSION

Non-linear dynamic response and stability analysis of
TTR is obtained considering a single degree of freedom
system using iterative techmque.

Effect of pretension: The 2 and 3D phase plot shown in
Fig.1a, bis for the given value of C.=0.1, C=0.6,,=0,.=
0.328, vy = 0, dy = 0. Tt is observed that after few cycles of
dynamic response, system aftains constant amplitude of
7.5 m and enters into stable limit cycle.
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Fig. 1: a) Phase potrait; C.= 0.1, C=06,,=0,. = 0328 y
= 0, dy = Oand b) 3D phase potrait; C.= 0.1, C
=06,,=0,.=0328,y=0,dy=0

The effect of reducing the pretension value by 20% of
initial value is shown in Fig. 2a, b for the given values of
C=01,C=06,,=02856,.=-0328, y =0dy =0, 1t 1s
observed that reducing the pretension value raises the
stability 1ssues for the tethers which 1s evident by phase
portrait shown m Fig. 2a several ellipses starts crossing
each other and beating phenomenon, although, beating
phenomenon is not pronounced after 600 sec.

The effect of reducing the pretension value by 40% of
itial value 1s shown m Fig. 3 a, b for the given values of
it is observed that it further enhances the instability
1ssues m tether, although, amplitude of response
decreases as compared to Fig. 2a, b showing very dense
overlapping ellipses in 2 and 3D phase portrait which is
crossing each other.

Effect of drag coefficient and lift coefficient: Comparing
Fig. 4a, b and 5a, b for the given values C.= 0.3, C.= 0.6,,
=01429,.= 0328, y =0dy=0and C=06,C.=0.6,,=
0.1429,.=0.328, y = 0 dy = 0, respectively, it is observed
that by mcreasing the value of drag coefficient, causes
reduction m response amplitude but increases the
stability issues for tether.
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Fig. 2:a) Phase potrait; C.= 0.1, C=0.6,,=0.1429, y = O, Fig. 4: a) Phase potrait, C.= 0.1, C. = 0.6,,=0.1429, y = Q,

dy = 0 and b) 3D phase plot dy = 0 and b) 3D phase plot, C. =0.1,C =06,
@ ,=01429, vy=0,dy=0
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Fig. 3: a) Phase potrait; C.= 0.1, C=0.6,,=0.2856, y =0, Fig. 5: a) Phase potrait, C.= 0.6, C.= 0.6,,=0.1429, y =0,
dy =0 and b) 3D phase plot, C. = 0.1, . = 0.6, dy = 0 and b) 3D phase plot; C. =0.6,C = 0.6,
,=0.2666,y=0,dy =0 ,=01429, vy =0,dy =0
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Fig. 6 a) Phase potrait, C.= 0.1, C =03, ,=0.1429, .=
0.328, vy =0, dy = 0and b) 3D phase plot, C.=0.1,
C=03,,=01429,.=0328, y=0,dy =0
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Fig. 7. a)Phase plot, C.=0.1,C=0.6,,=0.1429, y=35,dy
=5andb) 3D phase plotand b) C.=0.1,C=06,,=
01429,y =5,dy=5
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Fig. 8 a) Phase plot; C. =03, C=0.6,,=0.1429,y =5,
dy = 5 and b) 3D phase plot; C. =03,.=06,, =

01429, y=5dy=>5

Comparing Fig. 6a, b and 2a, b it 15 observed that
change in lift coefficient from, C. = 0.3, to higher
value C.= 0.6, slightly affects the response of tether.

Effect of initial conditions: Comparing the Fig. 2a, b and
7a, b, it is observed that by changing the initial conditions
y =0, dy = 0 to lugher values y = 5, dy = 5 doesn’t affect
the pattern of response significantly but amplitude is
increased slightly for higher value of 1.C but after 300s
becomes approximately same.

Comparing the Fig. 4a, b and 8a, b, it is observed that
by changing the imtial conditions, v = 0, dy = 0 to higher
values y = 5, dy = 5 mstability m system mcrease which 1s
evident in phase portrait (Fig. 8b) various ellipse are
overlapping on each other.

CONCLUSION

In present study dynamic analysis of TTR is
simulated considering vortex induced vibration and
parametric excitation and various design parameters of
TTR is evaluated for safe design. Based upon the work
presented in this paper following concluding remarlks can
be made. Decrease in pretension value increases the
response amplitude and mstability mn the tether system
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because of multiplicative load present in the system.
Tncrease in drag coefficient value decreases the amplitude
of response but at higher value of mitial conditions
cause’s significant instability in the system. This 1s
because of drag coefficient contribution to multiplicative
loading. Altering the lift coefficient slightly affects the
response of tether under above mentioned conditions.
This 1s because of lift coefficient contribution to additive
loading.
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