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NOTATION

A=incident wave amplitude (half the regular wave
height)

a=radius of cylindrical member or characteristic
cross-sectional dimension

As;=added mass coefficients in the equations of motion

b=vertical distance of the rig C.G. above calm water-
line

B;;=damping coefficients in the equations of motion

C.:,C,i, Cii=linear viscous and wave damping forces
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on the i* column in the x-, ¥-, and z-directions,
respectively

c=subscript to denote pertinence to column members

C;;=restoring force coefficients in the equations of
motion

C;=viscous drag coefficient

D=viscous drag or damping force

d.i=diameter of the #** column

dyi=diameter of the 7 hull

E;=wave energy

E,=motion energy
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g=gravity acceleration

H;=wetted length of the #** column

H,;, H,;, H,;=linear viscous and wave damping forces
for the #* hull in the z-, y-, and =z- directions,
respectively

H,,.=significant wave height (average of the 1/3-
highest wave heights)

Ah=hulls as a subscript

h=water depth

I, I, I,=rig moment of inertia about the z-, y-,
and z-axes, respectively

k=wave number

L;=length of the i® hull

M=rig mass

m=mass displaced by the 7" column

my;=mass displaced by the 7® hull

dm,., dm,.;’ and 4m,;=added mass of the ¢ column
in the z-, y-, and z-directions, respectively

Admy.; Amy;” and dm,;=added mass of the ith hull
in the z-, y-, and z-~directions, respectively

R, (w) =transfer function

R,(w) =response motion energy spectrum density

S, (wy=wave spectral energy density

T=wave period (sec)

t=time

V=velocity of a rig motion

X, Y, Z=force components on the rig in the -, y-,
and z-directions, respectively

(z, v, ) =cartesian coordinate system fixed in space

(.1, ¥.:) =location of the #* column in the (z;, ¥, 2:)
coordinates

zpi=the vertical distance of the hull axis below the
rig C. G.

a=angle of incoming wave direction relative to the
(z,¥,2) coordinates

B:=angle of incoming wave direction relative to the
(i, ¥i, 3)

r:=angle between the z— and z;-axis

¢;=phase angles for the j** mode of motions

&, 7, L=rectilinear translational amplitudes which cor-
respond to surge, sway, and heave, respectively

$, 0, ¥ ==angular rotations which correspond to roll,
pitch, and yaw, respectively

p=sea water density

{=wave profile

Ti=kT, ~Ry¥ei ~wk

X=mean double amplitude of the rig member oscill-
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ating displacement
w=wave frequency in rad/sec
w=dimensionless frequency (w=w?a/g)
uiy=segmental or two dimensional added mass coeffi-
cient on the 7" segment for the j"™ mode of motions
2;;==segmental or two dimensional wave damping
coefficient on the i* segment for the j* mode of

motions

INTRODUCTION

There are basically four types of offshore drilling
rigs (Fig.1); fixed platform, jack-up, surface vessel,
and column-stabilized semisubmersible rig. As the dr-
illing water depth gets deeper, the fixed platforms
and jack-up rigs are being replaced by the surface
vessels and semisubmersible rigs. Of the surface ves-
sels and semisubmersible rigs, recent trend of rig
contructions indicates that more column-stabilized or
semisubmersible rigs have been built than the surface
vessels,due to the fact that motions of the semisub-
mersible rigs are much smaller than the surface vessel
motions (Fig. 2).

In design of many floating ocean structures such as
semisubmersible drilling rigs, to have small rigs’
motion amplitudes is required to conduct safe, econo
mical, floating (drilling) operations. The heave and-
other modes (roll, pitch, surge, sway, and yaw)
of large amplitudes are undesirable by restricting the
handling of drill pipes, risers, etc, resulting in an
increase of costly drilling downtime. According to
the current floating drilling operational experiences,
the maximum allowable heave in double amplitude is
limited to about 10 feet and the maximum allowable
roll and pitch in double amplitude are limited to
about 4 degrees. To design a floating rig with mini-
mum motion characteristics and reduce the need for
expensive, time-consuming model tests, a method of
accurately predicting motions of a rig at sea is a good
engineering tool in the preliminary design and is
presented in this paper for a case of deep water.

One of the earliest works on the motions of semi-
submersible rigs is Bain’s [1] which was developed
for Project MOHOLE and is similar in approach to
the present method, but treated only the case of
parallel hulls of the column-stabilized rig. [.ater, Burke

(3] used a direct extension method tc a floating
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structure of Morison’s ‘empirical wave force equaton
[14], which was determined with a coordinate system
fixed in a structure fixed to the water bottom. Later,
Reference [13] presented a method similar to the
reference [3], and both calculations by the References
3,13} did not show all six degrees-of-freedom mo-
tions. Also the Reference [13] treated only a particu-
lar rig. References [8,10) used strip methods which
are only slightly different between the two methods.
Reviewing the results obtained by these previous
works, the last three methods show little improve-
ments in the accuracy of motion calculations over the
first two methods. Therefore the first two calculations
[1,3] were compared with the present calculations.
Note that the method used for the Reference [12] is
that of the Reference [1].

Also these previous works except the Reference
(8], for the motion calculation, used constant-value
added mass coefficients which are valid only for infinite
fluid and consequently neglected wave damping coe-
fhcients. The References [1,3,13] semiempirically
included viscous drag force for which the damping
force term required a guessing of rig’s motion velocity.
‘The Reference [8] used frequency-dependent added
mass and wave damping coefficients [11], but neglected
viscous damping effects and did not show calculations
for a rig with arbitrary arrangements of hull and
column members relative to the wave directions. The
Reference [10] presented total added mass for an
entire rig, but never used it, or could not use it for
his motion calculations.

The present paper derives exact linear equations of
wave forces and motion with the coordinate system
fixed in space for a floating structure undergoing six
degrees-of-freedom motion at sea. The present method
is similar in principle to and more general than the
Reference [1], can handle almost all types of existing
semisubmersible and multihull structures, treats arbi-
arary arrangements of hull and column members, and
also shows a way to cut computer time required for
the calculations. Also the the present motion calcula-
tions use real, accurate added mass coefficients, incl-
ude wave damping coefficients and semi-empirical
viscous damping coefficients, which are linearized

and do not require guessing.
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EQUATIONS OF MOTION AND
WAVE FORCE

Consideration of the Problem

Most semisubmersible (floating) rigs consist mainly
of tubular, cylindrical structural members with various
cross-sectional shapes. These members are either sub-
merged or semisubgerged. Wave forces acting on these
members induce rig motions. The arrangement of these
submerged members differs from one design to another,
causing different rig motions for given sea states.’

The amplitudes and slopes of the incident waves
are assumed to be so small that the waves may
be described as infinitesmal waves. A rig is asumed
to undergo a small-amplitude, rigid-body motion
with six degrees of freedom in waves. Sufficient
distance is assumed between adjacent supporting me-
mbers so that the hydrodynamic interference effects
between adjacent columns or hulls can be neglected.
Also the members are idealized as a group of many
tubular T-segments consisting of a column and a huli
(Fig.3); the member parallel to the mean fre= surface
is called a hull, and that normal to the mean free
surface a column. The hydrodynamic treatment of the
rig is made on each tubular T-segment, neglecting
the hydrodynamic interference by the T-joints.

The present wave forces consist of Froude-Krilov
forces (forces exerted by incoming waves and assumed
to be undisturbed by the presence of the members),
added mass forces, wave and linearized viscous dam-
ping forces, and hydrostatic forces. Reflected wave
systems caused by the presence of the rig members
are small and are neglected.

A cartesian coordinate system (x,y,2) is fixed in
space with its origin at the center of gravty (CG) of
a rig (Fig.3). The z-axis is positive forward, the
y-axis is positive toward port, and the z-axis positive
upward. Another coordinate system (xi,y;, 2;) is in-
troduced with its origin at z==0 of the i* T-segment.
The z;-axis is along the hull axis, and there is an
angle 7; in the horizontal plane between the x-and
zi-axes for a hull which can have any angle relative
to the wave heading. When submerged members inc-
luding the hulls are parallel to each other or x fxs,
7:=0. The ri2c0 allows any orientation of the sub-

merged members relative to the wave heading. The
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vertical axis of the i** T-segment is perpendicular to

the plane of z=x.; and y=y.;, where the subscript

“c” stands for a column and the subscript “A” will be
used for hull.

Let & 7, and { be the rectilinear translational disp-
lacements corresponding to surge, sway, and heave,
respectively, and ¢, 6, and ¥ the angular rotations
about the rig CG corresponding to roll, pitch, and
yvaw. Thus the translational displacements for a point

located at z; are expressed in the form of

Ei=(E+zib—y.¥)cos 7t (+2: ¥ —2:d)siny:, (1)

= (p 4zl — i) cos Ti— (6420~ ya¥)sin i, (2)
and

Ci=C+y.p—x.if (3)

Note that Eqs. (1) and (2) will have only the first

{DRILLING FORCES
JWEGHT
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bracket terms when hulls and bracing members are
parallel to the x-axis (or 7:;=0).

Let the incoming wave elevation be in the following
form,

&(x, v, 2(x,y)it) =Aerttocos (byx — kyy — i) 4)
for infinitely deep water, and wave number is defined
as

w?

g
where A=wave amplitude (half the

(5)
regular wave
height); d=vertical distance from the mean water
surface to the rig VCG; k,=kcosBis k,=ksing;; o=the
circular wave frequency in rad/sec and is the same
as the frequency of the rig response in waves; and
g=gravity acceleration.

Assuming that the port and starboard of a rig are
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symmetric about the longitudinal axis of the rig CG,

the equations of motion are expressed in a general

form of
L] dizk d. 5 )
lg[(Mir{'-Ajb)d—;—F B,-,.T‘?L—G—C;,.a:,,] =—-"Fj (G)
where
§Y surge
n 1 sway
= ¢ | heave %)
¢ i roll
6 | pitch
) yaw

and Mj, are the components of the generalized mass
matrix for the rig, A;, and Bj, are the added mass
and damping coefficients, Cj are the hydrostatic res-
toring coefficients, and F; are the exciting forces and
moments. Fy, F,, and F; refer to the surge, sway,
and heave exciting forces, while F,, F;, and F; are
the roll, pitch, and yaw exciting moments.

The generalized mass matrix of the rig is given by

M 0 0 0 0 0
0 M 0 0 0
My=| © 0 M NG
0 0 0 I, 0 0
0 0 0 0 I 0 }
v 0 0 0 0 0 Iy

where M is the mass of the rig, I; is the moment
of inertia in the j™ mode (j=4,5,6). Other compon-
ents in Eq.(8) vanish, since the origin of the coor-
dinate system (Figs.1 and 3) is the same as the rig’s
CG and the rest of the compenents are zeros or very
small (neglected).

The added mass (or damping) coefficients for the

rig are
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Furthermore, the hydrostatic restoring force coeffici~

ents for the rig are

0 0 0 0 0 0
0 0 0 0 0
Ci= 0 0 Cis Cu Gy 0 (10)
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Fig. 2 Heave-Motion Comparison for Barge, Ship,
and Semisubmersible Drilling Vessels

For the stationary rig, the coefficients are symme-
B,-;.=B,.,~,and C,-,.zij.

trics Aju=A~4, In order to

Fig. 3 The Coordinate Systems and Definition of Force Components
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«determine the coefficientt in Eqs. (9) and (10), the
equations of total wave force on the individual T-
segments in the three orthogonal directions are first
derived and then equated to the rig mass acceleration
‘product, which follows in the next sections. This
leads to simultaneous ordinary linear differential
-equations of motion, and the solution gives a4, k=1,
D, e 6 : surge, sway, heave, roll, pitch, and yaw

‘motions in regular waves (see Eq. (7)).

Froude-Krilov Forces and Hydrostatic Forces

The pressure is given by Bernoulli equation, neg-
lecting the higher order terms,

p=rgz—p ;? -+constant Qan

where g=gravity acceleration; ¢=water density;
¢ =velocity potential.
The kinetic and dynamic condition on the free

surface are expressed in a combined form of
The substitution of Eq. (12) into Eq. (11) gives
—p=g{—x--24+y)+Age* D cos(kyz — R,y —ot) (13)
for infinitely deep water.
For later use, derivatives of Eq. (13) are taken to

be in the form of

- ———aai‘ = — gl —pAwe**tHcos §, sinr; (14)

- aaP =/g¢-+pAwle**Psin 8; sin r; (15)
y

- __B;;, =0g-+pAwle*tsin ¢; (16)
4

where Bi=a-+7ri; a=angle of incident wave direc-
tion relative to the hull (z;-) axis in the z-y plane,
a=r/2 for beam waves, a=z for head waves; and
Ti=kx—kyy—wt.

Integration of the pressure over the cross-sectional
area, or using Green’s theorem with the pressure
dervatives, Eqgs. (14) to (16), one obtains the Froude-

Krilov forces and the hydrostatic forces

x;:“si P, COS(n,x)dSi="I]'IV‘%dVi an

y-=HSl.z>f COS(n,y)dS.-=—mvl_3§’7‘dV,- (18)
and

z=|, pi costa, z)dS;:—I””_aa%‘—dVi (19)

where S; and V; are the cross-sectional area and
volume of the #*t T-segment, respectively.

Since members of most semisubmersible rigs have

«<ross-sectional dimensions which are very small com-
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pared to the wave length, the T-segment can be
represented as displaced mass of a column and a hull.
This approximation greatly simplifies the pressure
integrals without losing accuracy and greatly reduces
the computer time. Thus, the Froude-Krilov forces
and hydrostatic forces on the i* T-segment (Fig.3)
obtained from Egs. (17) to (19) are

=it AQo(k) cosfs sine: (20)
yoi = —maw?AQy (R)sin B sin t; @D
2= — (maw2Qo(#) —rgS.) Acos ti— (g Sz (22)
xpi=mpw® AL (E)cos 8; sinc; (23)
=~ AL (R)sin B sin < 24)
2ai= —mw AL (E)cos 7, — gShizi (25)

where m,;=displaced mass of the ¢** column; #;=
displaced mass of the i hull;

Qo(B)=(1—e*9)kH; (26)

for infinititely deep water; L;, Hi=submerged leng-
ths of the #* hull and column, respectively; S, Si:
=cross-sectional areas of the 7* column and hull.

respectively;
Lk =sin(izéicos Bie= (zi—B) /(RL/2)cos B (27)

for infinitely deep water;
1

2, OF 2, =—7

HiJ u

and z,;=the mean vertical distance from the rig

zdz;
1

CG to the center of buoyancy of the ¢** hull. With
the assumption of small ¢ and ¥ in Egs. (14) to
(16), the hydrostatic forces associated with ¢ and 7
are small and are neglected in Egs. (20) to (25)
which are wave forces under the Froude-Krilov hypo-
thesis and the hydrostatic force.

A rig's oscillating motion in response to the incom-
ing waves generates additional pressure gradients by
a change of the acceleration and velocity field in the
fluid, which corresponds to the forces due to the
added mass and wave damping coefficients. These
forces together with the Froude-Krilov forces and
hydrostatics forces are the total wave forces acting

on the member and are discussed in the next sections.
Added Mass and Damping Forces

Added Mass and Damping Coefficients: the for-
ced wave system generated by the rig motions changes
the pressure field around the submerged portion of

members, due to the body motion-wave interaction
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and the bottom-depth effect, in addition to the pres-
sure field generated by tye member motion in infinite
fluid. The pressure component in phase with the
acceleration is the added mass component, and the
component in phase with the velocity is the wave
damping component. The resulting forces are added
mass and damping forces on the members. The wave
damping coefficient A;; is connected with the energy
dissipation due to surface waves generated by the
member during rig's oscillating motions.

When a submerged member oscillates close to the
water-bottom boundary, the added mass and damping
coefficients are influenced by both the water depth
and free surface effects. The frequency range of
interest for the submerged members of the ordinary
floating drilling structure for the operational and

survival sea states is from w=w® a/g=0.05 to 2.0

Wave Dauping Coefficients, A,

R = 2,296
/o= Li67

1
t
!
|
?
gk \
1
|

L

Ya=59 pa=7.9
s/a=7.9

\f/, o hfa=w } Experiment |
! A L i L 1 it }

0.5 Lo 1.5 2.0

Dimensionless Frequency, 'O

Heave and Sway Added Mass Coeffici-
ents for a Model of Submerged Oval
with Vertical Circular Cylinder
Heave and Sway Wave Damping Coe-
ficients for a Model of Submerged Oval
with Vertical Circular Cylinder

Fig. 4(a)

Fig. 4(b)
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where @ is the rig’s motion frequency in rad/sec and
is the same as the wave frequency and a is a diame-
ter of characteristic cross-sectional dimension of the-
rig members.

Fig. 4 shows experimentally determined added
mass and wave damping coefficients for a model of
submerged oval with vertical circular cylinder; the
oscillation experiment was carried out with planar
motion mechanism, and the oscillation amplitudes.

were kept linear against the total force measured.

2,0
‘ T
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5
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Fig. 5(a) Heave and Sway Added Mass Coeffici-
ents for a Model of Submerged Hori-
zontal Circular Cylinder (Deep Water)
Fig. 5(b) Heave and Sway Wave Damping Coe-

fficients for a Model of Submerged
Horizontal Circular Cylinder (Deep.
Water)
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Although submergence ratios s/a of Fig, 4 are different
between the finite-water depth test and the infinite-
depth test, the test data clearly indicate, (a) that
the heave added mass coefficients for the finite depth
are larger than the heave coefficients for the infinite
depth, (b) that for the heave coefficients the free
surface effect becomes negligibly small when s/a2>6. 0
and for the sway coefficients the free surface effect
becomes little when s/a>>8.0, and (¢) that the sway
coefficients are only slightly larger at higher frequ-
ency range than the sway coefficient for the infinite
depth. The free surfaces and water depth effects
significantly influence the sway coefficients over the
frequency range of interest. The closer to the bottom
the model oscillates, the larger both the heave and
sway coefficients become. As w increases, the added
mass coefficients for the finite depth generally become
larger than the coefficients for the infinite depth.

Fig. 5 shows both theoretically [11] calculated
and limited, experimentally determined, heave added
mass and wave damping coefficients for a submerged
model of horizontal circular cylinder in infinitely
deep water. Comparison of the calculations with
limited expermental points for s/a=2.0 [4] shows
good agreement except for_damping. The theoretical
basis of Reference [11] permits to assume that the
calculated coefficients are accurate for at least s/a>>
2.0. Also unpublished experimental data for s/a>
6.0 for finite-depth water (4] show that the free
surface effect on or frequency dependence of the
coefficients becomes practically zero for both heave
and sway oscillations. Thus the above information
leads to a conclusion that the free surface effect on
both the heave and sway coefficients for s/a>>5.0
becomes very small and can be neglected for the
motion calculations: the wave damping coefficients
become zero and the added mass coefficients become
a constant.

In design and operational practice s/a=3~4 for the
drilling draft of many semisubmersible rigs such‘as
the MOHOLE rig with circular cylindrical hulls and
s/a=1.5~2.0 for the survival draft. For the MOH-
OLE rig, the drilling draft ranges 60ft (18.29m) to
70 ft (21.34m) corresponding to s/a=2.43~3.0, and
the survival draft is 45 ft (13.72m) corresponding

to s/a=1.57. Thus the present motion calculations

Journal of SNAK

use the added mass and wave damping coefficients
calculated on the basis of Reference [11].

The added masses on the column and hull of the
i*h segment in the x;-, -, and z-directions are

defined in terms of the segment mass and added mass

coefficients,
AMcsy dthyes, A ai=Mei(fei) 2,9,0 (28)
AMns, Amgni, Aani=mui(f4i) 2,5, (29)

where the added mass coefficient is defined as,
(i) j=(in-phase force):j/muiw?A for a hull and(30)
(pz:) ;= (in-phase force) i/mawA for a column,
7=1,2,3 (31)

These hydrodynamic coefficients affect the rig mo-
tions only near resonance as will be discussed later.
The added mass and wave damping coefficients w;;
and Ay, respectively are a function of the rig-oscilla-
tion frequency and direction, geometry of the hull
and column members, submerged distance of the
member from the free surface, and the water depth
according to Reference [4].

Besides the added mass and wave damping forces,
viscous damping influences the rig motions through
the Reynolds number effect. The viscous damping
effect on the motions is significant only near resonance
periods. For an oscillating rig, velocity can be deter-
mined from the frequency and amplitude of the rig’s
oscillations. As a basis for using the wind tunnel data
for drag coefficients Cq, a Reynolds number is introd:
uced as

v

v

R= (32)

where V=wicos(wt—¢); o=circular frequency of
the rig oscillation: X=mean double amplitude of rig
member oscillation: »=dynamic viscosity: [=principal
dimension of the rig member normal to the direction
of the motion: and e=phase angle.

The linearized viscous drag [2] on the i* column

and hull is

D,ini= 4 CapSei,niV (33)
3

where S.i,»;=the principal projected area of the 7t
column and hull segment, respectively.

C, is drag coefficient obtained in general format
by normalizing the drag without the factor 8/37=
0, 8488,

The linearized total damping force component for

the i* column and hull segment is expressed in the
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form of

Cuis Cyir Coi= -2 Car St (X eryr ) -+ (e, 2, oy 500

37
(30
Heiy Hyy Hiim= e Car S0 () )+ (i i
(35)
where
the mean double amplitudes of the mo-
(X“)""‘: tions of the ¢** column and hull se-
(Kai)x, s, s gment in x-,y-, and 2- directions, res-
pectively; and

() the wave damping coefficients of the /*

ci)xiysz
={ column and hull in the =z-. y-, and

(z‘li)s,yn

2-directions, respectively;

7 is the " member segment number. The first terms
in Egs. (34) and (35) are the linearized viscous dam-
ping force component as defined in Eq. (33). In
nonlinear equations of motion, the viscous drag or
damping coefficient C, is associated with the quad-
ratic velocity term. But in the present linear equations
of motions, C, is associated with a linear velocity
term.

Mathematical Derivation of Added Mass and
Damping Forces: since the diameters of the hull
and column members of the rig are smallvcompared to
the incoming wavelength, the motion of the water
surface is assumed to be uniform across the member
diameters. The velocity components of the water par-
ticle in the y-direction relative to the /** column at
z; 1S

Vyei= — Awe* @+ cos 7; sin i —7. (36)
where the motion of the column is defined as

Ei=(E-+E.:0— Y. U)cos 7i+ (nt-2.:¥ —2.¢)sin 7:(37)

= (n+2,¥ — 2.} cos yi— (§-+Ea6.¥)sin
.and

Ci=LFyeip — X0

Other notations are defined previously. A dot over
the displacement variables indicates the first deriva-
tive with respect to time 2z Similarly, the velocity
components V.. and V,.; in the y-and z-directions,
respectively are obtained. Similarly, the accelerations
of water particles relative to the i column can be
obtained upon taking the derivative of the velocity
-components of Eq. (36) with respect to time.

The added mass force on the i column in the ;-
direction due to the acceleration of water particles
relative to the i** columnis obtained by integrating

the acceleration with respect to z;,
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ANtye; -b y -
_?"._ _ (H;+b)V’CidZi_ —Am,“-

{Aw*Q,(k)cos 8; sin 43} (38)
and the corresponding damping force is obtained
from Eq. (36).

%}f:lémw) Vyudzi=—C,:

{A0Q. (k) c0s i cos ri-7ul (39)
where 4m,.; and C,; are the added mass and the
damping forces, respectively.

Thus, the added mass and damping forces acting
on the i* sfgment in the («:¥i,2:) coordinate are
expressed in the following form:

Xei= (dmy Eiit-Caif o) + A0 AQ, (£) (cos fi sin =

+C.iwAQ, (k) cos 8; cos z; (40)
Xyi= — (dmgnipitHon& )4 Ao AL (k)cos 5; cos =
+H,wAIL(k)cos B: cos 7, 41

Y= —(Amyeil it Cyi i) — dmyiwrAQ, (k) sin 8: sin 2
—Cyiw AQ,(k)sin 3; cos z; 42)

Yii= —(dmynithei--Hyjuni) — dmyuio*AL(k)sin §; sin z;
(43)

Zei=— (dm;i#i+C.if) +CoiwAQ, (k) sin 8; cos 7:(44)
and

Zyi= — (dmapi¥i+H, %) + FLiw AL (k) cos ©; (45)

A dot on top of symbols means the first derivative
with respect to time, and two dots mean the second

derivative with respect to time.

Total Wave Forces on T-Segments

In the previous section, the Froude-Krilov force
(including the hydrostatic force) and added mass and
damping forces were obtained. Upon summing these
linear forces, the total wave forces acting on the 7**
T-segment in the (Z:i,2:) coordinate can be obtained
as follows.

Thus the total z:-directional force component of
the i** column (X.;) is obtained as the sum of Egs.
(20) and (40). If the dimension of the cojumn cross
section is much smaller than the submerged length of
the circular column, generally m. ~=dm,.~dm,.;.

For the motion of cylindrical hull along its long-
itudinal axis such as that of the Project MOHOLE rig,
the added mass and wave damping forces are negli-
gible, but not for the motion of a non-cylindrical hull
like the hulls of the SEDCO rig (Fig. 1). The total
x;-directional force component on the i*™ hull (¥;)
is obtained as the sum of Eqs. (gl) and (41).

The total y;-directional force component on the i**
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column (Y.:) is the sum of Eqs. (22) and (42),
Y= — (d0yeioi4-Coines) — (et dmy.) *AQ. (k)
X sinBisinz; — C,iwAQ, (k) sin 8; cos (46)
The total y;-directional force component on the i**
hull (Y,:) is the sum of Egs. (23) and (43),
Yii= — (dmgpimni-Hyioni) — (mait-dm i) 0* AL (R)
~ Xsin 8: sin ri— H,iwAL{k)sin B; cos;  (47)
For the hull and column of a circular cylindrical
cross section, it is generally true [4]) that Amy™=
dm,y; for the hull and dm,..=dm,.: for the column,
and that the wave dampings have the relationship
Apim=Aam; for the hull and A.;=2,; for the column.
Project MOHOLE rig (Fig. 1) belongs to this case.
For the cylinder in axial motion, the hydrodynamic
inertia and damping forces are small and negligible.
The total heaving forces on the i* column (Z.;) and
hull (Z.:) are obtained as the sum of Egs. (24) and
(44) and the sum of Eqs. (25) and (45), respectively.
The total wave forces derived above for the (=i,
vis2;) coordinate can be rewritten for the total wave

forces in the (x.v,2) coordinate

N N
X=3Xi= IE(XH'_‘_XH) cos 7i— ( Yot Yai)sin 7]
3 1=
(48)
N N
Y= Z )’iz_ :1[( Y+ YH) cosS 7i-+ (X“‘—'I—X}..') sin 7’.']
1 1=
and 49
N N
VA =ZZ.= Z 1(Z,+Z,..) (50)
7 1=

where N is total number of the T-segments. Note
that Egs. (48) and (49) will have only the first
bracket terms when the hulls and bracing members
are parallel to the z-axis (or 7;=0). For the structural
analysis, the total forces for the (i, yi, 2:) coordi-

nate can be used.

Eguations of Motions

With the total wave forces derived in Eqs. (48)
to (50) for the (z.y,2) coordinate the equations of

motion can be expressed in the form of

Me=X (51)
My, =Y (52)
Mi=Z (53)

.. N d
L¢ =Z{_fH.[—d;( Y, cos ri+Xalogr)lz dz
1

4 (Yii cos 7i+Xui siny ) Zyi+Zs Y.i+g(myi 2as
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_inS,;zdz)gﬁ} (54)

Igzév{f [ d (zicosyi— Yeosiny:)]zds
b : H; ds ci Ti i riylzaz
—(Xuicosyi— Yyisinye) zn— 2

4 .
—f“ ( = Zy)x dz-+-g(miizss

_ f 11, Sezd=)6) (55)

and

.. N
LU =3 {—X; Yot (Yacos yot-Xei sin i)
1

+f“ [7a;—( Y, cos 7i+Xsi sin 7;) 1w dx} (56)

where 1., I,, I.=the mass moments of inertia about
the z-, y-, and z-axis, respectively.

Upon substituting the total wave forces derived
above into Egs. (51) to (56) and carrying out the
integration, the added mass, damping, and restoring
force coefficients aj, bii, respectively and the exciting
force F; in Eq. () can be determined through stra-
ightforward, but tedious algebra. Upon solving Eq.
(6), the six degrees-of-freedom rig motions (surge,
sway, heave, roll, pitch, and yaw) in regular waves

are obtained.

Motions for Regular Waves

Basic Data and Definitions. The motions calcu-
lated by the present method are compared with and
validated by existing model test data {3, 12] full-scale
test data [9], and previous works [1,3].

The present motion calculations are made with Eq.
(6), and the rig characteristics of the 3-column
stabilized SEDCO 135-F and 6-column stabilized
MOHOLE used for the present calculations are close
to those [1,3], which simulate principal dimensions
and weight distribution of the prototype rigs (see
Table 1). A method of calculating motions of floating
drilling rigs in a finite-depth water is fortunately
available [15]. Therefore, the SEDCO 135-F motions
are calculated by the method of the Reference (15}
for 400ft (121.92m) and 80 ft (24.38m) draft and
by the present method for deep water and 75ft
(22.86m) draft. The present calculations used the
frequency-dependent added mass coefficients and
wave damping coefficients as given in Figs. 4 and
5, viscous damping coefficient of Cy=1.0, and the
hydrodynamic end effect of the rig member is neg-

lected.
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Reference [3] used a direct extension to a floating
ocean structure of Morison’s empirical wave force
equation [[14] determined for a fixed structure. The
motion calculations by the Reference (3] use constant-
value added mass coefficients which are guessed for
infinite fluid, consequently neglected wave damping
coefficients, and empirically included viscous damping
coefficients which again require a guessing of rig's
oscillating motions velocity for the damping force
term in the equations of motion (Eq. (6)). Note
that the Morison’s equation was determined for a
fixed structure so that wave damping does not exist.
The Reference [1] used a method similar in approach
to the present method, but treated the case of parallel
hulls: his calculations for the MOHOLE rig used
constant-value added mass coefficients which are valid
for a circular cylinder in infinite fluid, neglected the
wave damping, and viscous damping coefficient of
C,;=0.8~1.0 which was not clearly explained.

A part of the model test data [3] of motion am-
plitudes and phase angles for the SEDCO 135-F rig
were obtained for the regular waves; the water depth

was 400 ft (121.92m), and the simulated rig’s draft
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was 80 ft (24.38m). The full-scale test data (9] of
motion amplitudes were obtained for the SEDCO 135-
F rig off Vancouver coastline, British Columbia,
Canada; the wave heading was not known, and water
depths were between 180 ft (54.9m) and 330 ft
(100.6m). Due to the uncertainty in the accuracy of
the full-scale data for the modes of motions other
than heave, only the heave (Fig. 6) is used for the
present motion correlation. Also the heave amplitudes
do not significantly change due to the variation of
the wave headings. The model test data [12] of the
MOHOLE rig were obtained for the regular waves
and provided limited data of motion amplitudes only;
the water depth was claimed to be infinitely deep,
the simulated draft was 70 ft (21.34m), and phase
angles of the motions were not analyzed.

In Figs.8 to 16 the surge (£), sway ( ), and heave
(2) amplitudes in regular waves are presented as and
referred to response amplitude operators, or transfer
functions (R,); &/A4, r./A, and Z,/A, respectively,
and the roll (¢), pitch (6), and yaw (¥) amplitudes
as transfer functions (R,); ¢./A4, 6./A, and ¥./A,

respectively, These motion transfer functions are the
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Fig. 7 Heave of MOHOLE (beam waves; deep water)
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steady state values, (;),/A from the following ex-
pression,

X; _ (X)

N Eh * cos(wt—¢;), Jj=1,2,---, 6 (&Y))

where ¢; are phase angles in degree as indicated
in Figs. 6 to 16. The phase angles of motions are
positive when the motions lag the wave, with the
wave crest being at the rig CG as a reference.

Motion Comparison and Discussions. To test
the present method’s validity and accuracy in deter-
mining floating-rig motions in regular waves, motions
predicted for the SEDCO 135-F rig in waves of 400
ft (121.92m) water depth were compared with mo-

tions measured by model-scale tests [3] and full-scale

Table 1 Particulars of “MOHOLE” and “SEDCO
135-F” Rigs Used For the Motion Cal-

culations
SEDCO 135-F
MOHOLE | (est.)
Displacement (L. tons) 22,813.0 17,657.0
(M. tons) 24,337.0 17,978.0
Draft (ft) 70.0 80.0
(21.34)* (24.38)
VCG (ft) 67.5
(20.57)
Radii of gyration
T, (ft) 108. 8
(33.16)
Iy (ft) 101.6 109.0
(30.97) (33.22)
| (ft) 119.9
(36.55)
Column diameter (ft) 31.0 35.0
(9.14) (10.67)
Hull diameter (ft) 35.0
(10.67)
Effective hull length(ft) 340.0 100.0
(103. 63) (30.48)
Hull height (fey e 25.0
(7.62)
Hull width (ft) e 60.0
(18.29)
Column spacing (ft) 130.0 280.0
(39.624) (85.344)
Hull spacing (ft) 215.0 280.0
(65.532) (85. 344)
Approx. steel weight**
(L. tons)  9,821.0  7,464.0
(M. tons) 10, 000.0 7,600.0

% Numbers inside the parentheses are in metric unit.
% % Exclude variable deck load.
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heave tests [9]. Also, motions predicted for the MO-
HOLE rig in waves of deep water with the model-
scale test data [12]. Comparison shows good agree-
ment of the present SEDCO 135-F heave predictions
with both the model-scale test data and the full-scale
test data over the wave period range of practical
interest (Fig. 6). Fig. 7 through 16 for both rigs
show good agreement between the present predictions
and measured data for both amplitudes and phase a
ngles of heave, roll, pitch, surge, sway, and yaw
motions. Finally, comparisons of the present predicted
motions (Figs. 7 to 16) with the Reference [3] and
partly with the Reference [1] show that the present
calaulations are more accurate for both motion amp-
litudes and phase angles. Usually wave components
of T=5 to 15 sec are of interest for the drilling
operations at sea, and waves of T>>15 sec are of great
interest for the survival conditions. Wave components
of perhaps T >25 sec are very rare at sea. For the
present two rigs, only the heave has its natural period

below T=25 sec, and roll, pitch, surge, sway and
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vaw have their natural periods beyond T=25 sec.

The total wave force components acting on the
submerged portion of each bracing member are small
as compared with the force components acting on
each main hull and column member. Tests with the
present analytical calculation with and without bracing
members of both rigs showed little hydrodynamic
influence of the bracing members on the calculated
motions.

Heave. Figure 6 shows that the present heave
prediction for the SEDCO 135-F rig for infinitely
deep water agrees well over the wave period range
with the model-scale test data obtained for the same
condition and agrees reasonably well with the full-
scale data measured for the various water depths.
Note that the full-scale data [9] did not encounter
the wave period range outside that indicated in Fig.
6. Figure 7 also shows that the present heave calcula-
tion for the MOHOLE rig is more accurate than the
Reference [3). The viscous damping coefficient for
the present two rig members is empirically selected as
C,=1.0 (Figs. 6 and 7), since it gives good agreement
between the present motion calculations and the
model test results near the heave resonance. The
larger the damping forces, the smaller the heave
amplitude near its resonance period. Submerged mem-
ber’s surface of the full-scale rig is usually rougher
due to marine fouling than that of the scaled model,
and consequently viscous damping force is expected
to be larger for the full-scale rig; that is, the heave
resonance amplitude is expected to be smaller than
for the scaled model. The heave and sway added
mass coefficients used for the present SEDCO 135-F
calculation at the drilling draft (or s/a=6.4) are
0.85 and 0. 4 respectively, and the corresponding wave
damping coefficients are zero (Fig. 4). The heave
and sway added mass coefficients used for the MO-
HOLE calculations at its drilling draft (or s/a=3.0)
are given in Fig. 5. The added mass coefficients
given in Figs. 4 and 5 are frequency-dependent due
to the free surface effect and larger for finite-depth
water than for deep water [4]-details are discussed
above.

Though not presented in this paper, comprehensive
analysis [4] of the present method shows that a
change of the wave direction relative to the rig head-

ing does not significantly alter the heave amplitudes
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of most semisubmersible rigs, but can significantly
influence the heave phase angles. The wave period
at which the minimum heave amplitude occurs at T<C
10 sec depends on the column spacing and the distance
between the hulls in beam waves, and on the column
spacing and the hull lengths or sizes in head waves.
For the present calculations, wave amplitudes used
are A==15{t (4.572m). Variations of the wave amp-
litudes for the present calculations change the heave
amplitudes near resonance through the viscous damp-
ing term in Eq. (6).

Other Modes of Motion. The present roll (Figs.
8 and 9) and pitch (Figs. 10and 11) predictions for
both rigs give good agreement with the model-scale
test data and clearly show better accuracy of roll
predictions, as compared with the References [1,3,
12]. Atlthough not presented here, comprehensive
motion analyses [15] show non-zero pitch for beam
waves. This is because the SEDCO 135-F rig has
three columns and hulls {or pontoons) which are nnt
symmetric about the y-axis when the incident waves
act on the submerged members of the rig. On the
other hand, many existing floating semisubmersible
drilling rigs such as the MOHOLE have near symme-
try about both the z-and y-axes, and amplitudes of

the roll for the head waves and pitch for the beam

waves are zero.

Surge (Fig. 12) and sway (Fig. 14) predictions for
the SEDCO 135-F rig agree well with the model-scale
test data. Model test data of surge and sway for the
MOHOLE rig do not exist. Unlike ships’ surge and
sway, the surge in head waves and sway in beam
waves are nearly the same on the order of magnitude
of the amplitude for the present rigs and most column-
stabilized semisubmersible rigs at their drilling drafts.

Comparison of yaw motions in the present calcula-
tion and the model-scale test data gives good agree-
ment in both the amplitude and phase angle (Fig. 16).
This good agreement of yaw partly supports the
assumption made above that the hydrodynamic end
effect of the rig members can be neglected in the
motion calculation. Fig. 16 also shows that the pre-
sent prediction accuracy of yaw is better than the
Reference [3]. There exist no vaw test data for the
MOHOLE rig.

For the modes of motion other than heave, the

effects of the added mass and damping on motions
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are very small over the frequency range of interest.
This is because the added mass and damping forces
significantly influence the motions only near the
resonance periods and except for heave, the motion
resonance occur at T >>25 sec which has little practical
significance. Ocean waves rarely possess wave compo-
nents of T=25 sec. Therefore, for the modes of
many floating structures” motion other than the
heave, motion resonance periods are longer than
perhaps 25 seconds, and small errors in the added
mass and damping coefficients in the equations of
motion affect little of the accuracy of the calculated

motions.

Motions for Irregular Waves

The motions obtained for regular waves are used
to predict response energy spectra and statistical
values for motions in a given sea, using spectral
analysis. The response motions obtained as transfer
functions R,(w) in regular waves must be the same
for the same rig in different irregular sea states
under the previous assumption that wave slope is
small and responses are linear. We can apply the
proper wave stectrum for a specific seaway in a
specified season to R.{w) to get motion energy spectra
for irregular sea. This statistical analysis does not
give time history of the responses, but gives statistical
description of the motions which can be used in
preliminary design of a rig.

It is assumed, that the irregular seaway and the
response motions are random processes, that the
random processes are represented by a stationary
Gaussian distribution, and that the sum of the mo-
tions in response to a number of simple regular
waves is equal to the motion responses to the sum
of waves-linear superposition principle [7]. Under
these assumptions, the rigs’ motion response energy
spectrum R,(w) can be represented by

Ru(@) =S5,(@)R*(w) 58)

where S)(w) is a unidirectional ocean wave spec-
trum energy density and R.(w) is a motion transfer
function such as given in Figs. 6 to 16.

Integration of S,(w) over the frequency gives wave
energy E,;, and the integration of R,{(w) over the fre-
quency gives motion energy E, for the seaway 5, ().

Based on the results of Longuet-Higgins [5], signi-
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ficant wave height (an averaged value of the 1,3-
highest wave heights) and significant motion in

double amplitude respectively can be obtained,

}11/3=4-01/I—f: 569
and
Ris=4.0vE; (60)

One of the statistical ocean wave representations
is the Pierson-Moskowitz wave energy spectrum [6)

which is defined as

Sl(w)=%e""w4 (61)
where
C=0.0081g?

g==gravity acceleration in ft/sec?

w==wave frequency in rad/sec
k=32.38/H3,,

H, ,s=the 1/3 highest averaged (significant) wave
height in ft.

This spectrum is the result of the analysis of wave
data measured for a long period of time in the North
Atlantic Ocean.

Using the Pierson-Moskowitz wave spectrum for the
Si(w)-see Table 2 and Fig. 18, significant heaves
(%1,2) in double amplitude (Fig. 18) are calculated
with the heave energy spectrum R,(vw) for the R,(w)
of heave of Fig. 7. Figure 17 shows calculated signi-
ficant heave in double amplitude for the irregular
waves represented by the Pierson-Moskowitz wave
spectra. In Fig. 18, the wave energy densities S| ()
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Fig. 17 Significant Heave Versus Significant Wave
Heights for the MOHOLE Rig (beam waves;
deep water)
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are obtained for the given significant wave heights
as indicated, and the shaded portion is the heave
motion energy spectra R,(w) calculated with Egs. (58)
and (61) for the MOHOLE heave
R,(w) given in Fig. 7; the significant wave height

transfer function

used is H,,;=30ft (9.144m). The significant heaves
(&4,5) in Fig. 17 are calculated with Eq. (60) for

39

the various H,,; indicated in the Figure.

Usually this statistical analysis of motions for the

irregular waves has been a simple and practical

TABLE 2 Pierson-Moskowitz Wave Spectrum

Sea Significant Signficant Range Period of Average Average
Wave Height of Periods Maximum Energy Wave Period Wavelength
tate (fr) (sec) (sec) (sec) (o)
0 0.10 0.34— 1.09 0.87 0.62 1.31
0 0.15 0.42— 1.33 1.07 0.76 1.97
1 0.50 0.77— 2.43 1.95 1.39 6. 57
1 1.00 1.09— 3.43 2.76 1.96 13. 14
1 1.20 1.19— 3.76 3.02 2.15 15.76
2 1.50 1.34— 4.21 3.38 2.40 19.70
2 2.00 1.54— 4.86 3.90 2.77 26.27
2 2.50 1.72— 5.43 4.36 3.10 32.84
2 3.00 1.89— 5.95 4.78 3.40 39.41
3 3.50 2.04— 6.43 5.16 3.67 45.98
3 4.00 2.18— 6.87 5.52 3.92 52.54
3 4.50 2.31— 7.29 5.86 4.16 59. 11
3 5.00 2.44— 7.68 6.17 4.38 65. 68
4 6.00 2.67— 8.41 6.76 4.80 78.82
4 7.00 2.89— 9.09 7.30 5.19 91.95
4 7.50 2.99— 9.41 7.56 5.37 98.52
5 8.00 3.08— 9.71 7.81 5.55 105. 09
5 9.00 3.27—10.30 8.28 5.88 118.22
5 10.00 3.45—10. 86 8.73 6.20 131.36
5 12.00 3.78—11.90 9.56 6.79 157.63
6 14.00 4.08—12.85 10. 33 7.34 183.90
6 16.00 4.36—13.74 11.04 7.84 210.17
6 18.00 4.63—14.57 11.71 8.32 236.45
6 20.00 4.88—15.36 12.34 8.77 262.72
7 25.00 5.45—17.17 13.80 9.80 328.40
7 30.00 5.97—18.81 15.12 10.74 394.08
7 35.00 6.45—20. 32 16.33 11.60 459.76
7 40. 00 6.90—21.72 17.46 12.40 525.43
8 | 45. 00 7.32—23.04 18.52 13.15 591.11
8 | 50. 00 7.71—24.28 19.52 13.87 656. 79
8 } 55.00 8.09—25.47 20. 47 14.54 722.47
8 ‘ 60.00 8.45—26. 60 21.38 15.19 788.15
9 | 70.00 9.12—28.73 23.09 16. 41 919.91
9 ' 80. 00 9.75—30.72 24.69 17.54 1050. 87
9 90. 00 10.35—32.58 26.19 18.60 1182.23
9 100. 00 10.91—34. 34 27.60 19.61 1313.59
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Fig. 18 The Pierson-Moskowitz Wave Spectrum
and a Heave Motion Spectrum of the MO-
HOLE Rig

method in design. Nonlinearity problem exists for
high sea states, can not be presently solved for prac-
tical use, and is not discussed here, since it is beyond

the scope of the present paper.
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