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This paper presents a complete analytical solution for the dynamic behavior of both the
platform and tethers in the tension-leg platform system when the platform system is
subjected to the wave-induced surge motion and the flow-induced drag motion. Along with
the analysis the coupling problem of a two-dimensional tension leg platform interacting with
a monochromatic linear wave train in an inviscid and incompressible fluid is considered.
Both the scattering problem and the radiation problem are combined together with the
equation of motion for the platform and the one for the tether to solve for all unknowns in
the flow field and for the response of the platform system. The dynamic behavior of the
platform and tethers is realized from these solutions. The material property of the tether and
the dimensional effect for the platform and the tether are both taken into account in the
analytical analysis. The convergence of the solution is verified and the results are further
compared with the case without considering the drag effect. It is found that the non-linear
drag effect is significant when the draft or the dimension of the platform structure is small
and furthermore, the variation of material properties and dimension of tether also affect the
dynamic behavior of both the tether and the platform itself.

© 2001 Academic Press

1. INTRODUCTION

Tension leg platforms (TLPs) are usually used as a working station for oil exploration in
deep water. Lately, the application of this structural system has been extended into newly
developed facilities such as the floating breakwater system and the fish-farming cage system.
The TLPs consist of a semi-submerged structure and pretensioned tethers anchored to the
ocean bed. The difficulty in the dynamic analysis of the TLPs is due to the non-linearity of
the TLP motion and the boundary conditions on the free surface and on the structural
bottom [1]. For this problem the linear boundary value problem is incorporated into
a scattering problem and a radiation problem [2]. This problem was solved by a numerical
method in the 1970s [3, 4], and also studied in an experimental test [4]. Recently, an
analytical solution was proposed and demonstrated by Lee and Lee [5], in which the surge
motion of platform with pretensioned tethers was calculated. In that study, however, the
elasticity of tethers was only implied and the motion of tethers was simplified as on-line
rigid-body motion proportional to the top platform to estimate the pretension force while
the drag effect was ignored. Thus, both the material property and the mechanical behavior
for the tether incorporated in the tension-leg platform system were ignored. When this
simplification was applied, no matter what material was used or what the dimension of
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tethers was, the dynamic response of the platform would remain the same in terms of the
vibration mode, periods and the vibration amplitude. This is not true for the actual
engineering application.

The drag effect on the TLP system is the other important issue. Even though many
researches carried out have put efforts on the tether drag effect, the interactions between
wave and platform (large body) were generally ignored in those researches. Without
considering the interaction between the structure and the wave, some numerical studies
were presented lately, such as the study on coupled six degrees of rigid-body motion for the
platform [6] and the simulation for the platform system by using a three-dimensional
element [7]. It is rarely that for the study of TLP system the interactions among the wave,
platform structure and the tethers are all included. Some trials have been made, for instance,
Lee [8] presented a method to include the drag effect. In that study, a linear profile along
the water depth was assumed for the tension leg tethers and then without solving the tether
motion the drag force was integrated along the tether. Lee et al. [9] tried to find the drag
motion of the tethers when the interactions between wave and platform were considered. In
that study, however, only surge motion was considered for the platform and the drag tether
motion was obtained separately after the motion of the platform was realized.

Therefore, in this study it is attempted to solve the whole TLP system in a complete
analytical scheme in which the problem involves the aforementioned wave, large body and
small body multi-interactions and furthermore the material properties of the tether are
accounted for. The equation of the motion and the corresponding solution for both the
platform and the tethers of the tension leg platform system subjected to flow-induced drag
motion were derived and solved. Based on previous studied [5, 9] the equations for the
scattering problem and the radiation problem were established on the boundaries in terms
of the velocity potentials. These equations were combined into the equation of motion for
the tether and the equation for the platform motion and then solved simultaneously to
obtain the flow field, platform responses and the tether motion. It is the purpose of this
study to examine the influence of the tether drag effect on the platform motion when the
true behavior of the tethers is included in the solution. Along with the solution that
presented as the comparison of the responses between the platform with and without tether
drags, the influence of parameters of the platform structure, the water wave and the tension
leg tethers is also studied. It is found from the numerical results that the drag effect of tethers
reduces the platform motion a great deal and the tether drag is also influenced significantly
by the parameters of the platform structure, water waves and the tethers. When the platform
locates in deep water or the platform has shallow draft or small dimension, the engineering
design and calculation without considering the tether drag effect may significantly
overestimate the platform responses.

2. GENERAL WAVE THEORY

For the inviscid and incompressible fluid and irrotational flow, a single-valued velocity
potential ¢ can be defined as

u=— Vo, (1)

where u is the flow velocity, V the gradient operator. The velocity potential satisfies the
Laplace equation

Vip=0 2
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Figure 1. Definition sketch of the TLP problem.
and the Bernoulli equation
)]

g 1 p

—+ Vo Vo + — =0

2 + 5 o Vo + . + gz

in the flow field, where p is the pressure and p,, is the water density. The non-linear term in

equation (3) is neglected when the linear small amplitude wave is assumed.
A two-dimensional tension leg platform interacting with a monochromatic small

amplitude wave propagating in the + x direction was considered here as was shown in
Figure 1. The wave form and the associated velocity potential are given accordingly as
4)

771' - _ iAie—(le-Hat)

)

and
A;g cos[Ky(z + h)] o (Kix+ion)

¢i = c cos(Kh)

where 4; is the wave amplitude, g is the gravitational constant, h is the water depth,
o = (2n/T) is the angular frequency with T as the period, and k; = — ik, where k = (2n/L)
is the wave number with L as the wavelength. K satisfies the dispersion relation

(6)

o2 = — gK, tan(Kh).
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3. TENSION-LEG PLATFORM SYSTEM

In the platform system, the motion of the structure induced by the small amplitude
incident wave is assumed to be small. The wave-induced structural motion can be solved
from the imposed boundary problem. Because of the linearity of the problem, the problem
can be incorporated into a scattering and a radiation problem [10]. The wave force
calculated from the scattering problem provides the force function in the radiation problem,
and the forced oscillation then generates outgoing waves.

A tension leg platform system is illustrated in Figure 1, where the flow field is divided into
three regions with two artificial boundaries at x = — b and b. In region I, the total velocity
potential ¢; consists of incident waves ¢;, scattered waves ¢y, and radiated waves ¢y,,. In
regions II and III, the total velocity potentials ¢y and ¢y consists of scattered waves ¢y,
and ¢y, and radiated waves ¢y, and ¢y, The subscript s denotes the scattering problem
and w denotes the radiation (wave making) problem. All of the velocity potentials satisfy the
Laplace equation. Furthermore, Sommerfeld’s radiation condition is satisfied at the infinity
of regions I and III to secure unique solutions,

_ [op  1a¢]

X +w ox —

where ¢ is the celerity of the travelling waves.

3.1. SCATTERING PROBLEM

In the scattering problem, the incident wave is diffracted by a fixed structure. The
corresponding boundary value problem is also shown in Figure 1. Applying the method of
the separation of variables, matching the horizontal boundary conditions in each region,
and applying Sommerfeld’s condition to regions I and III, the corresponding surface
elevation and velocity potential can be found as follows.

In region I:
E Aing cos[K,(z + h)] [K,(x +b) —iot]
.= n(x io 8
Z n; 4 cos(K,h) ¢ )
and
1713 — _1 Z Alsne[Kn(erb)*io't]. (9)
n=1
In region III:
& Amsng cos[K,(z + h)] —[K,(x —b) +iat]
L= e (X io! 10
P n; g cos(K,h) (10
and
Nms = — 1 Z Apgpe Km0 Fion (11)

n=1
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where the eigenvalues K, can be solved from the dispersion equation
o2 = gK, tan(K,h) (12)
with
K, = —ik forn=1, (2n—3)g<K,,h<(n—1)n. (13)

In region II:

ig X
us = ; |:<AIISP1 B + AllsN1>Cos Ky (z + h)

+

n

(— 1" (Angpue ™ FP + Apn,eF ™ "P) cos Ky, (z + h)Je ™, (14)

M8

2

where the eigenvalues Kj;, can be solved from the dispersion equation

(n—=n

h—d”’
The series of four unknowns Ayg,, Aispn, Amse» Ansya €an further be solved from the 4N sets of
equations derived from two artificial boundaries of region II, as follows.

Klln =

n=l1. (15)

The kinematic boundary conditions at x = — b:
o(d:
MZO, O<z< —d (16)
0x
and

0(pi + ¢1) 0y,

. = , —h<z<—d. (17)
0x 0x
The dynamic boundary conditions at x = — b:
(i + ¢1) O
= —h —d. 18
ot ot ’ =fs (18)

The kinematic boundary conditions at x = + b:

ad) 1ILs

=0, O<z< —d (19)
O0x

and

agi)lls _ aCZSIIIS , —h <7< — d (20)
Ox o0x

The dynamic boundary conditions at x = + b:

a(pblls _ a(l)IIIs
= h<z< —d. (21
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Now by applying the orthogonal properties between the functions, the 4N sets of boundary
conditions are written when o = 1 as follows.
The kinematic boundary conditions at x = — b:

1 o B
“cosK,h —1 [b (ZmZ,)! Angpr + ngz (= 1" 'Kyl Zn>
K{ZZy)

— Ay, “2Kub gy | = 5, 0K
( nspn + € 1IsN ):| 1€ 7cos(th)

The dynamic boundary conditions at x = — b:

& T2 B
—1 ngl m Alsn - <ZI]aZIIoc>{[(1 - 5&1)(_1) '— 5«1]AIIsPa

- - ko ZwZy)!
_ _ 1)1 2K,,b — 1aKib .
L= ) (=177 + Sl gy} = i - A (23)

The kinematic boundary conditions at x = + b:

i {ZwiZy)

b Apgpy +1 Z [(=1)"" 'Ky ZunZs" (e~ * " Ayypy

n=2

KilZazy)

+ Ausna)] + m Anispy =

= 0. (24)

The dynamic boundary conditions at x = + b:
ZaZua) (L1 = 0 ) (=171 + 0,11 (e ™ 2" Ayygp, + Anona) }

< IIotZ> _
+1 nzl COS(K h) lllsn - 05 (25)

where 0 is the Kronecker delta and (Z,» and {Z,Z,. ) are defined in Appendix A.

3.2. RADIATION PROBLEM

The structure is considered to be forced in motion by the wave force induced by incident
waves and scattered waves. The corresponding boundary value problem is illustrated in
Figure 2. The displacement of the dragged surge motion is given by

é — Se—iat’ (26)

where S is the unknown amplitude of the surge motion.

By means of a method similar to the scattering problem and applying the radiation
condition on the infinite boundary, the solutions of the radiation problem are written as
follows.

In region I:

Apng cos[K,(z + h)

1 ik rp—ion
W (x io 27
o cos(K,h) © ’ @7

=Y

n=1
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Figure 2. Illustration of boundary conditions for (a) the scattering problem, (b) the radiation problem.
© .
Mw = —1 Z AIwne[K'l(x+b)_lat]~ (28)

j=1

In region III:

& Amnng cos[K,(z + h)] e~ [Ki(x—b) +ior]
Y= a(x io , 29
P ,Z‘l o cos(K,h) @)
N = — 1 Z Anye 0T, (30)

n=1

In region II:

O = |:<AIIWP1 b + Anwm)COS Kyi(z + h)

+ Z (— 1" NApyppe KD 4 Ay v, B cos Ky, (z + h):| Tt (31)

Again four series of unknown amplitudes of waves Ay,,,., Ainwpns Aitwnns Aiwes €an be solved
from the four sets of equations derived from two vertical boundaries. After applying the
orthogonalities for the related functions the boundary conditions were rearranged and
presented as follows.

The kinematic boundary conditions at x = — b:

<ZIIIZ > Anwpr + Z "_1K11n<ZIInZz>d

n=2

K.<{Z,Z,)
Alwa
cos K, h

- 2
i
(—Auwpn + eZK""bAann):| - % (Z3»S =0. (32)
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The dynamic boundary conditions at x = — b:
. & 22! -
—1 Z <CO;I(I<I’>I) Alwn - <leazllm>d{[(1 - 511)(_ 1)0( T— 5a1]AIIszz
n=1 n
+ [ = 0u)(=1)* "1 + 0,1 ]e ™ 2K Ay} = 0. (33)

The kinematic boundary conditions at x = + b:

A Zn Z,)! L& . _
1%1411»&1 +1 z [(— 1) 'Kyl Zun Zo) (—e ™ 2P Ay,

n=2
K.{Z,Z,)

io?
A —<KZ%S =0. 4
COS(Kah) IIIwPa+ g < rz>S O (3 )

+ AIIwNn)] +

The dynamic boundary conditions at x = + b:
ZnaZuay (L1 = 8, )(—=1)* 71 + 0511(e ™ 2" Apupy + Ammna) |

. & <ZlIaZn>d
—— A =0 35
+1 ngl COS(Knh) IIIwn H ( )

where {Z,Z,> are also defined in Appendix A. To solve for the unknown amplitude S of
the surge motion as shown in kinematic boundary conditions, the equation of surge motion
of the structure was required.

3.3. GENERAL MOTION OF THE PLATFORM

The equation of motion of the platform structure derived from Newton’s second law is
written to include both the wave force on the large body and the drag on the tension leg
tethers, when the dynamic tension of order ¢2 is neglected, as

d*¢
M?‘i‘K*é =Fw+Fd1 +Fd23 (36)

where M is the mass of the platform structure and K* is the equivalent stiffness of the
platform system induced by the pre-tensioned tethers. F,, is the horizontal wave force acting
on two vertical sides of the structure, while F;; and F;, are wave forces exerted on the first
and second tether of the tension leg respectively.

The equivalent stiffness of the platform system is presented [11], when the material
property and the tether dimension are taken into account, as

2p,.gb 0
* _ ~
K vl d0)<u ) (37)

where / =h —d, dy = M/(2p,,b), dy and d are the drafts of the structure before and after
applying the pre-tension force. u is the proportional stiffness parameter defined as the ratio
between the tether stiffness and the buoyancy force of the platform structure submerged in
the water of unit depth such as

_EAJN
H = 2peb”

(38)
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where E is Young’s modulus of the tether dependent on the material property and A, is the
cross-sectional area of the tether. It is noted that when the rigid-body property was assumed
for the tether, a very large value of E such that 4 — oo and that the equivalent stiffness of the
platform system reduced into a traditional form as K* = (2p,,gb//)(d — d,).

The wave force F, can be obtained through the integration of the total hydrodynamic
pressure over the vertical surfaces of the structure at x = — b and b (from the linearized

Bernoulli equation), as
° (04
E, = p, — dz. 39
/ f( ¢ e (39)

The theorem of waves on the small body is adopted for forces F;; and F;, on the tether,
which can be obtained through the modified Morison’s equation [12, 13] accounting for
relative motions between fluid and tether as

a¢lll

x=-b a ot

—d
Fises = j [0-5p DCaltt — 71(u — 7) + 0251, D>Coii — )
—h

+0257p,D%7] dz, (40)

where D is the diameter of the tension leg; C, the drag coefficient; C,, the inertia coefficient
and u and # are the velocity and acceleration of the fluid, respectively, while 7 and ¥ are
velocity and acceleration of the tension leg tethers. It is noticed that the coefficients C; and
C,, are taken as constants when considering only the local acceleration term [14] and
therefore the integration can be carried out. It is also noted that in the first term of the
right-hand side, the non-linear drag was shown and the linear drag coefficient Rd* was
presented by adopting Lorent’s hypothesis of equivalent work within one period of waves
[15] as

[ {10-5p,, DCylt — 71 — D] — )} dtdz
[~ [ pwDa(u — 7)(u — 7)1dtdz

By substituting back into the modified Morison’s equation, the wave forces on the tether are
rewritten as

Rd* =

(41)

—d
Finas = f [puDoRA*(u — 7) + 0257, D*Co(ii — )

+ 0-257p,, D*¥] dz. (42)

To apply these drag forces to the equation of motion for the platform, the motion of the
tethers of the tension leg must be obtained simultaneously. Thus, the equation of motion for
the pretension tethers was presented subsequently as follows.

3.4. MOTION OF THE PRETENSION TETHERS

The equation of motion for each pretension tether subjected to the wave-induced forces
and surge motion of top platform can be written as

%y oy 0%y

5?+CE—T* L_1. (43)
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where y is the horizontal deflection of the tether, p is the mass of unit length of tether, T* is
the pretension force in the platform system and C is the damping coefficient of unit length of
tether. Similarly, the unit length wave force exerted on the tether is obtained through
Morison’s equation for small body while the relative motion between the fluid and the
tether is accounted for. As was presented in equation (40) and then modified in equation (42)
without the integration along the water depth, the unit length wave force f; is shown as

fa = pwDoRA**(u — 3) + 0-257p,,D>C,,(1i — ¥) + 0-257p,,D?3, (44)

where

Jo 1[0-5p,, DCylu — 7l (u — 7)I(u — 7)} dt

Rd** =
fo [pwDa(u — 7)(u — 7)1dt

After substitution of equation (44), equation (43) can be rewritten in the form

0? Oy
[p +0257p,D*(Co — D] 5% X { +(C + Rd**p,Do)
82
—T* 6_ = 0-257p,,D>C i + Rd**p,,Dou. (45)
Z

The velocity of fluid in the equation is obtained from the potential, as was obtained in the
large-body problem combined with the scattering and the radiation problem, thus
u = — O¢y/0x and u = du/dt. Substituting u and u into equation (45) we have
0%y oy 0%y

Do) L _ xC L
o1 Pw “)at 022

A,
— (0257p,,.DC,, g + iRd**gp,,D) { "*[;W“ cos Kyi (z + h)

Z — 1" 1 — KunAugwen + Kigpwnn€” ZbK"") cos Ky(z + h)} e (46)

The motion of the tether at the joint connected to the platform structure will be the same as
the motion of the platform that was assumed to be harmonic with amplitude S and
frequency o, as y(—d,t) = Se ", and at the sea bed the motion is restrained thus,
%(— h, t) = 0. Assuming that the motion of the tether is in the same harmonic form as the
platform y(z, t) = Z(z)e ', and substituting back in the equation of motion, a reduced
equation of motion for the tether is given by

2

T* (31 2 4 {[p + 02579, D*(Co — 1] 0* + (C + Rd**p, Do) (0} Z(2)

A
= (0-257p,,D>C,.g + iRd**gp,,D) {% cos Ky (z + h)

+

n

Mg

(=1 (= KunAugpwen + Kugpwnn €™ 2PKu) cos Ky (z + h)} (47)

2
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with reduced boundary conditions
Z(—d)=S, Z(—h=0. (48)

Now equation (47) is an ordinary differential equation and ready to be solved into the
following form:

Z(z) = Cie” + Coe™ + ) a,co8 Ky,(n + h), (49)

n=1

where C,, C,, a, and a, are given in Appendix B. Accordingly, the deflection function for the
tension leg tether related to the flow field region II is established as

1z, 1) = [Cle“z + Cre™ + ) a,co8 Ky,(z + h)}:i"t. (50)

n=1

A similar relationship can be established for the tether of right-hand side with coefficients in
the equation as C¥, C%, a*, and g, which are also shown in Appendix B. Now with the
motion of the tether and the velocity potential for the wave a complete equation of motion
for the platform structure can be established with interactions among the platform, wave
and tension leg tethers.

3.5. COMPLETE EQUATION OF MOTION OF PLATFORM

The equation of motion for the platform as presented in equation (36) can be further
modified while the displacement for the pretension tethers is obtained by using equation
(50) and similarly for the velocity and acceleration. By substituting the velocity and
acceleration of tethers obtained from equation (50) into equation (40) and then into
equation (36) together with equation (39), the equation of motion for the platform in
accounting for the interactions among the platform, wave and tethers is written as

d2¢
M— + K*
dter ¢
O (0(di + i O O [0, Oy
= _— — d — d
p‘”[-,,( ot x=—p O |x=p Z+pwj_d Ot |y=—p Ot |x=p z

r—d 0
+ pDo Rd< _ 90 >dz + D2 (0252D(Cpy — 1) + iRE) Al —pss

0x x=—b+e

0
+ p,,Do Rd< — ?HW >dz
J—h X |x=-b+e
r—d a < )
+ waU Rd< - g); >dZ + waO—2 (0257'CD(Cm - 1) + IR:ik);LZ|x=bfs
J—h x=b—¢
r—d 0
+ pwDo Rd< — ‘és"w >dz, (51)
J—h X |x=-b-¢
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where R; = R¥ — 0-25iDnC,,, and

C —C, .
=—L(e ™ e M) 4 ——2(e™ — o) 4 Z sin Ky, (h — d), (52)
a a Ky,
C* _ C* o0 *
=i e h e e 4 Y I sin Kun(h — d). (53)
a n=1 181

In the equation presented above, the external forces include the wave forces on the large
body induced from the incoming incident waves and scattering waves and wave forces on
the small body of the inertia and the drag forces. The subscript w denotes the radiated wave
effect, from which two kinds of damping were induced: firstly, the radiated damping from
the incident wave that may bring the energy away from the floating structure so that the
structural vibration would not amplify continuously; secondly, the energy-dissipating
damping from the fluid drags on the tethers that due to the vibration of the tether would
actually damp the energy of the incident waves. Therefore, due to this hydraulic drag
damping effect, the energy is not conserved for the incident waves. There exists a similar
situation for the scattering waves. The equation of motion for the platform must be solved
simultaneously with the scattering problems. After carrying out the necessary integration
and separating the known terms from unknowns the final equation becomes

(=i
— Pw |:n;1 CE)S If:h <Zr?>:| Apon — [61 + 61 Auwer

+L

& (—ig) o
Z A
+ pw |;§,1 cos K h {Zy> | Amwn

M8

((G — pr,) + (G — ﬂrn*)e_ZbK"" :|AIIan

2

Mg

(G, — BI,) e~ 2"%w + (G — *I, n*)):| Attwn

2

+[K —o?M — (BQ + p*0*)]1S

A€ xp,0
= — 2 etz
pw|:COSK1he < l>

* (=i
+ PW|: (Zig) <Z2>:| A — [61 + 611 Ausm

,Z‘l cos K, h

+L

o (—ig) .,
+ Pw |:n;1 cos Knh <Zn>:| Alllsna (54)

M8

(G, — BL) + (Gy — B*Fn*)eZbK“")] Anspn

2

M8

(G, — pI,) e > w 4 (G ﬁ*r*)):| Augnn

2
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Figure 3. Convergence test on the reflection coefficient subject to: Nylon; D = 5.08cm, h =20m, b =4m,
d =2m, mass = 100kg. (a) 2-10 s wave period: —{1—, T =25, —O— T =4s;, —A— T =65, —%— T =85
—O—T =10s.(b) 12-20 s wave period: —1—, T = 125;—O— T =14s,—A— T =16s;—%x—T = 18 5; —O—
T =20s.

where the parameters g8, f*, Q, Q*, I',, '}, ¢,, ¢, G, and GF are all defined in Appendix C.
With this equation combining the 4N boundary conditions together, solutions for these
4N + 1 equations were carried out and then the motion of the platform, the motion of the
pretension tethers and the unknown amplitudes for the velocity potential were obtained
analytically.

4. NUMERICAL RESULTS AND DISCUSSIONS

To demonstrate the analytical solution, numerical examples were presented for both the
platform motion and the reflection and transmission coefficients. The convergence test for
the series of analytical solutions was also carried out. The period adopted for the incident
waves in the numerical demonstration was varied from 2 to 20s. The parameters being
examined for the TLP system include the platform draft, platform width and mass, water
depth, wave amplitude and the property and dimension of the tether. The following are
numerical examples, where the dimensions of the TLP system under study are shown in the
corresponding figures.

4.1. THE CONVERGENCE TEST OF THE ANALYTICAL SOLUTION

The convergence test was performed for the reflection coefficients when the wave period
ranged from 2s to 20s. Shown in Figure 3(a) and (b) are the reflection coefficients
corresponding to the mode numbers in the series of analytical solution; the number of
modes needed for the convergence is about 15 and after that the reflection coefficient
converges to a constant value.

4.2. INFLUENCE OF PLATFORM PARAMETERS ON THE DRAG SURGE MOTION

The parameters being examined here are the width, draft and the mass of the platform
structure while the wave parameters and the tether material remain constant. The motion of
the platform was studied and compared with the case without tether drag effect.
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Figure 4. Reflection coefficient with respect to the platform width variation: Nylon; D = 5.08 cm, d = 5.08 cm,
d=2m, h =20m, mass = 1000kg; ——, b=2m; -——, b=4m; -~ ,b=6m;----, b=8m.
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Figure 5. Comparison of dimensionless amplitude of platform with respect to width variation: Nylon;
D =5.08cm, d =508cm, d =2m, h = 20m, mass = 1000 kg; ——, with tether drag; ------ , no tether drag.

4.2.1. Platform width on the drag surge motion

Presented in Figure 4 is the reflection coefficient corresponding to the dimensionless wave
frequency when the TLP system is subjected to the variation of the platform width.
Corresponding to the increase of the platform width both the resonant frequency and the
reflection coefficient increase. It is clear that the increase of the platform width will enhance
the wave reflection effect and also the pretension stiffness for the system and therefore, the
system resonant frequency is increased.

Figure 5 shows a comparison of the dimensionless amplitude for the platform motion
corresponding to the variation of the platform width while the drag effect of tether was
being examined. When the platform width increases the vibration amplitude is reduced no
matter if the tether drag effect is considered or not. However, the tether drag will reduce the
vibration amplitude, particularly when the platform width is small. Once the platform width
is large the tether drag effect becomes insignificant. This is due to the fact that when the
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Figure 6. Nylon; D = 5.08cm, b = 4m, h = 20m, mass = 1000 kg; (a) Square sum of reflection and transmission
coefficient with respect to draft variation, (b) reflection coefficient with respect to the draft variation: —— d = 1 m;
-———d=2m; - ,d=4m; ----,d=6m.

platform width is larger the wave transmitted is less which reduces the wave forces exerted
on the tether and additionally, the larger platform width increases the pretension force on
the tether that prevents the vibration of the tether. When the vibration is not significant the
drag effect is mitigated too.

4.2.2. Platform draft on the drag surge motion

Figure 6(a) illustrated the square sum of reflection and transmission coefficient and
Figure 6(b) presents the variation of the reflection coefficient corresponding to the
dimensionless wave frequency when the TLP system is subjected to draft variation in a drag
surge motion. Corresponding to the increase of the platform draft the reflection coefficient
increases while the resonant frequency is reduced. Similar to the increase of the platform
width, the increase of the draft will enhance the reflection effect, but for the influence on the
resonant frequency, larger draft will put more added mass on the system so that the
resonant frequency is reduced.

Figure 7 shows a comparison for the dimensionless amplitude of the platform motion
while the drag effect of tether was being examined corresponding to the variation of the
platform draft from 1 to 6 m. For the motion without considering the tether drag effect, the
platform amplitude generally reduced corresponding to the increase of the draft but this is
not the case when the tether drag effect was included. As is shown by the solid line in the
figure the tether drag effect would reduce the vibration amplitude particularly when the
draft is small. Once the draft is large, due to the same reason that the draft increment
increases the pretension force on the tether, the drag effect of the tether becomes
insignificant. However, unlike the case of the width variation, the dragged surge response is
not monotonically related to the platform draft. There is an ultimate response
corresponding to the variation of platform draft when other parameters remain the same.

4.2.3. Platform mass on the drag surge motion

For the mass variation effect Figure 8 shows the reflection coefficient and Figure 9 shows
the dimensionless response amplitude corresponding to the dimensionless wave frequency.
With respect to the increase of the mass, the response amplitude is increased while the
reflection coefficient is reduced and the resonant frequency moves to the low value range. It
is well-known that the increase of the platform mass reduces the system frequency. The
increase of the response amplitude is due to the increase of the initial draft that reduces the
equivalent stiffness of the system and the reflection coefficient is reduced when more
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Figure 7. Comparison of dimensionless amplitude of platform with respect to draft variation Nylon;
D =5.05cm, b =4m, h = 20m, mass = 1000 kg; ——, with tether effect; ------ , no tether effect.
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Figure 8. Reflection coefficient with respect to mass variation: Nylon; D = 5.08cm, b =4m,d =2m, h = 20m;
- —, M =500kg; -+ , M =1000 kg; -—-, M = 3000 kg; ——, M = 5000 kg.

platform excitation is allowed. The tether drag effect is more obvious when the structure
mass is larger.

4.3. INFLUENCE OF WATER WAVE ON THE DRAG SURGE MOTION

The parameter of water depth and the amplitude of the incident wave were examined
here. The comparison of the response amplitude between the cases with and without the
tether drag effect was presented and the coefficient of the reflection and the transmission
was also further studied.

4.3.1. Water depth on the drag surge motion

The response amplitude of the platform system under various water depths was presented
in Figure 10, whether the water depth varied from 10 to 30 m. When the water is deep the
difference between the platform with and without considering the tether drag effect is large
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Figure 9. Comparison of dimensionless amplitude of platform with respect to mass variation: Nylon;
D =508cm, b=4m,d =2m, h =20m; ——, with tether drag; ------ , no tether drag.

I~
O

IS
<
T

h=30m

[9%)
wn
T

W
a o
T T

h=20m

ABS (S/Ai)
[\*]
(]

H
wn
T
>
I
—
o
=

10

Period (s)

Figure 10. Comparison of dimensionless amplitude of platform with respect to water depth. Nylon;
D =5.08cm, b =4m, d =2m, mass = 1000 kg; ——, with tether drag; ------ , no tether drag.

while in the shallow water case the difference becomes small. It is because when the water is
deep the tether needed to anchor the platform structure is longer and subjected to more
severe wave motions that consumes more energy input into the TLP system and then
reduces the response of the platform. However, this phenomenon similar to that found in
the case of the platform draft variation is not linearly related to the depth variation. It is due
to the more complicated cause that the change of water depth will not only influence the
stiffness of the platform system but also affect the wavelength and subsequently, the related
flow field.

4.3.2. Wave amplitude on the drag surge motion

Figure 11(a) and 11(b) present the square sum of the reflection and transmission
coefficient and the reflection coefficient itself when the amplitude of the incident wave is
a variable. In this case the coefficient of platform without considering the tether drag is also
shown in the figure, where as shown in Figure 11(a) the square sum of the reflection and the
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Figure 11. Nylon; D = 5.08cm, b = 4m,d = 2m, mass = 1000 kg; (a) Square sum of reflection and transmission
coefficient with respect to wave amplitude; (b) reflection coefficient with respect to wave amplitude: —--,
Ai=01m; - ,Ai=025m; --—, Ai =0-5m.
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Figure 12. Comparison of dimensionless amplitude of platform with respect to wave amplitude. Nylon;
D =508cm, b =4m,d=2m, mass = 1000kg; ---, 4i=01m;------ ,Ai=025m; --—, Ai=05m.

transmission coefficient is a unit quantity no matter what the amplitude of the incident
wave is. When the tether drag was accounted for corresponding to the increase of the wave
amplitude the reflection coefficient increases. Figure 12 shows the response amplitude of
the platform, where the response decreases corresponding to the increase of the wave
amplitude. This is because the particle velocity corresponding to the increased wave
amplitude amplifies the drag effect on the tethers that reduces the platform motion.

4.4. INFLUENCE OF TETHER PARAMETERS ON THE DRAG SURGE MOTION

Three types of material were used for analysis, namely, Polyethylene, Nylon and GFRP,
of which the elastic modulis are 0-7, 2-:0 and 7-0 GPa respectively. The effect of the diameter
of the tether was also studied here.

4.4.1. Tether material on the drag surge motion

When the material of the tether is varied the behavior of the drag motion of the platform
is also changed. Figure 13 shows the variation of the reflection coefficient for the system
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Figure 14. Comparison of dimensionless amplitude of platform with respect to variation of material property:
Nylon; D = 5.08cm, b =4m,d = 2m, h = 30m, mass = 1000 kg; ——, polyethylene; - - - - - ,nylon;-----+ , GFRP.

with respect to the wave frequency, where corresponding to the increase of the elastic
modulus of the material the reflection coefficient decreases while the resonant frequency
increases. Figure 14 shows the dimensionless response amplitude of the platform, where the
drag amplitude decreases corresponding to the increase of the elastic modulus. It is clear
that the increase of the elastic modulus increases the system stiffness and the resonant
frequency.

4.4.2. Tether dimension on the drag surge motion

Presented in Figure 15 is the comparison of the dimensionless response amplitude for the
platform system with and without considering the tether drag effect when the diameter of
the tether is varied. It shows that corresponding to the increase of the tether diameter the
response is reduced and the tether drag has significant influence on the responses. The
difference between the platform system with and without tether drag is significant no matter
how large the tether diameter is as long as the material is the same.
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Figure 15. Comparison of dimensionless amplitude of platform with respect to the variation of

tension-leg tether diameter. Nylon; b = 4cm, d = 2m, h = 30 m, mass = 1000kg;
tether drag.

5. CONCLUSIONS

A set of equations to describe the drag surge motion for the platform and the tether
of tension leg were derived. The corresponding close form analytical solution was obtained
as an infinite series for the dynamic behavior of both the platform subjected to the
wave-induced surge motion and the tethers subjected to the flow-induced drag motion. The
solution of infinite series was first examined in the convergence test for the reflection
coefficient and then demonstrated in the numerical examples in accounting for the variation
of the parameters of the platform, wave and the tethers.

In the comparisons for the response between drag surge and surge motion it showed that
the tether drag would significantly reduce the responses in general. However, when
the parameters of the platform or wave or tethers varied, the drag effect was influenced.
In the consideration of platform parameters, the tether drag is very significant for
platform with small draft or dimension. The tether drag effect is also more obvious when
the platform mass is larger. However, when the draft or dimension of the platform is
large the drag effect of the tethers becomes insignificant. In the variation of water depth,
the tether drag is more significant for platform system located at shallow water.
Corresponding to the increase of the wave amplitude, the drag surge response of the
platform is decreased. For the tethers of varied material or dimensions, the drag surge
motion of the platform is decreased corresponding to the increase of the dimension or
elastic modulus.

Therefore, we may conclude that the traditional analysis on the tension-leg platform
system without considering interactions of the drag effect of the tether legs tends to
overestimate the vibration amplitude for the platform when the draft or dimension of the
platform is small or when the structural mass is large.
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